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Laminar convective heat transfer and viscous pressure loss were investigated for alumina–water and zir-
conia–water nanofluids in a flow loop with a vertical heated tube. The heat transfer coefficients in the
entrance region and in the fully developed region are found to increase by 17% and 27%, respectively,
for alumina–water nanofluid at 6 vol % with respect to pure water. The zirconia–water nanofluid heat
transfer coefficient increases by approximately 2% in the entrance region and 3% in the fully developed
region at 1.32 vol %. The measured pressure loss for the nanofluids is in general much higher than for pure
water. However, both the measured nanofluid heat transfer coefficient and pressure loss are in good
agreement with the traditional model predictions for laminar flow, provided that the loading- and tem-
perature-dependent thermophysical properties of the nanofluids are utilized in the evaluation of the
dimensionless numbers. In other words, no abnormal heat transfer enhancement or pressure loss was
observed within measurement errors.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Heat transfer enhancement through modification of fluid ther-
mophysical properties by adding dispersed particles to a base fluid
has been a topic of interest since the early works by Ahuja [1] and
Liu et al. [2]. However, the engineering applicability of micron-
sized particle colloids is generally hindered by sedimentation and
erosion. Nanofluids, colloidal dispersions of nano-sized particles
in a based fluid, have been shown to maintain stability through
the use of surfactant and pH control. The experimental studies of
Masuda et al. [3], Choi [4], Eastman et al. [5], Choi et al. [6], Assael
et al. [7], among others, have reported significant enhancement of
nanofluid thermal conductivity, beyond the predictions of classical
heterogeneous mixed media models such as Maxwell-Garnett [8]
and Hamilton and Crosser [9]. This finding generated great interest
in nanofluids and their potential for heat transfer enhancement.

Several experimental studies on nanofluid single-phase heat
transfer have been reported in the literature. Pak and Cho [10] ex-
plored alumina–water and titania–water nanofluids in turbulent
convective heat transfer in tubes. Xuan and Li [11] investigated
turbulent convective heat transfer and flow features of copper
oxide in water nanofluids. Xuan and Roetzel [12] considered a heat
transfer correlation for nanofluids to capture the effect of energy
transport by particle ‘‘dispersion”. Yang et al. [13] measured lami-
nar convective heat transfer performance of graphite nanofluids in
ll rights reserved.
horizontal circular tube. Wen and Ding [14] studied nanofluid lam-
inar flow convective heat transfer and reported significant
enhancement in the entry region. Ding et al. [15] observed signif-
icant convective heat transfer enhancement of multi-walled car-
bon nanotube dispersion in water and the enhancement
depended on the flow conditions (Reynolds number), carbon nano-
tube concentration and pH. Heris et al. [16–17] studied the effects
of alumina and copper oxide nanofluids on laminar heat transfer in
a circular tube under constant wall temperature boundary condi-
tion. They reported heat transfer coefficient enhancement for both
nanofluids with increasing nanoparticle concentrations as well as
Peclet number, and observed higher enhancement in alumina
nanofluid than copper oxide. He et al. [18] investigated the heat
transfer of titania nanofluids in both laminar and turbulent flow,
and found the heat transfer enhancement increased with particle
concentration and decreasing particle size. Convective heat trans-
fer of alumina nanofluid in microchannels was investigated by
Lee et al. [19]. The effective thermal conductivity of 2 vol % nano-
fluids was found to increase by only 4–5% and the viscosity by
12% relative to the base fluid. Nanofluid application in microelec-
tronics cooling were recently explored by Chein and Chuang [20]
and Nguyen et al. [21].

Most of the nanofluid studies reported in the literature have
concluded or assumed that nanofluids provide heat transfer
enhancement with respect to their respective base fluids. Nonethe-
less, assessment of what constitutes an enhancement has not been
determined on the same basis. An increased heat transfer coeffi-
cient may simply reflect the changes in the thermal physical prop-
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Nomenclature

c specific heat, J/kg K
D diameter, m
h heat transfer coefficient, J/kg
k thermal conductivity, W/m K
L length, m
q00 heat flux, W/m2

T temperature, �C
V velocity, m/s
w weight percent
x distance, m

Greek symbols
/ nanoparticle volumetric fraction
l viscosity, Pa s
q density, kg/m3

Subscripts
f fluid
p nanoparticle
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Fig. 1. Schematic of the laminar flow loop.
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erties of the nanofluid being tested while the models and correla-
tions developed for simple fluids still apply. As an example, a re-
cent study in our group measured the convective heat transfer
and pressure loss behavior of alumina–water and zirconia–water
nanofluids in fully developed turbulent flow. The results indicated
that the turbulent heat transfer and pressure loss can be predicted
by means of the traditional correlations and models, as long as the
measured temperature- and loading-dependent nanofluid proper-
ties are used in calculating the dimensionless numbers [22]. This
study is expanded from our earlier work on turbulent flow and is
aimed to investigate the heat transfer characteristics of the same
nanofluids (alumina–water and zirconia–water) in the laminar
flow regime. The key contribution of this work is in providing
experimental data to demonstrate the hypothesis that the nanofl-
uids can be treated as homogeneous mixtures, as such the heat
transfer coefficient enhancement is not abnormal, but due to the
different mixture properties of the nanofluids.

2. Experiment setup

A schematic of the experimental apparatus used in this study is
shown in Fig. 1. The experimental loop was designed for convective
heat transfer in the laminar flow domain. It was constructed with
stainless steel tubing, and the fluid was pumped throughout the
system by a McMaster-Carr miniature gear pump, part #
8220K43. This pump can operate with a flow rate of 0.61 gal/min
(38.5 cm3/s) at atmospheric pressure and 0.10 gal/min (6.3 cm3/s)
at 20 psi (0.24 MPa). The volumetric flow rate was measured with
a FTB9504 Omega flow turbine meter, which has an accuracy of
0.5% in the range of 0.013–0.264 gal/min (0.8–16.7 cm3/s). The
flow meter was positioned just after the pump discharge. The ver-
tical heated section was a stainless steel tube with an inner diam-
eter (ID) of 4.5 mm, outer diameter (OD) of 6.4 mm, and length of
1.01 m. The test section had eight sheathed and electrically insu-
lated T-type thermocouples soldered onto the outer wall of the
tubing along axial locations of 5, 16, 30, 44, 58, 89, 100 cm from in-
let of the heated section. Two similar T-type thermocouples were
inserted into the flow channel before and after the test section to
measure the bulk fluid temperatures. These thermocouples and
the flow meter provided the data to determine the thermal power
of the experimental loop. The test section used in the experiment
was resistively heated by a Sorensen DCR 20-125 DC power supply.
This power supply has a DC output rating of 0–20 V and current of
125 A. After being heated the fluid was cooled using a chiller that
provided flow to a coil placed in the accumulator. The chiller was
a Polyscience recirculating chiller, model #1175P. After the test
fluid was cooled, it ran through a 1.45 m long and 5.8 mm ID ver-
tical isothermal section where the pressure loss was measured by
an Omega PX 154-001DI pressure transducer, able to read up to
1 in. (2.54 cm) of water with an accuracy of 1% of the full scale. A
HP3852A data acquisition system controlled by a Visual Basic pro-
gram was used to record the output of all instrumentation. Addi-
tional loop components included a needle valve to control the
flow rate throughout the loop and a drain valve. The heated section
is insulated to minimize heat loss. The thermal power was com-
pared to the electrical power to determine heat loss during each
run. At lower flow rates, the heat loss was found to be higher at
>10% and often resulted in larger errors in heat transfer coefficient.
These experimental data are therefore not reported in this paper.
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The coolant temperature ranges from 20 to 37 �C with a tem-
perature rise in the heated section of about 10 �C. The flow velocity
ranges from 0.05 to 0.8 m/s. Initial tests were conducted with
deionized water for experiment validation.

3. Nanofluid properties

The nanofluids used in this experiment were colloidal alumina
and zirconia at 20 wt% (6 vol %) and 12.8 wt% (3 vol %), respec-
tively. These nanofluids were purchased from Nyacol� Nano Tech-
nologies Inc. and have a vendor-specified particle size of about
50 nm. These nanofluids were used as-received except for dilution
using deionized water. Elemental analysis was performed previ-
ously to assure the constituent and the particle weight percent
were as specified by the vendor. Full characterization of Nyacol�

alumina and zirconia nanofluids such as particle sizing, dispersion
stability after dilution was carried out previously to ensure that the
stability of the nanofluid was not affected by dilution [23]. Changes
of the particle size after dilution are measured to be less than
15 nm which is within the measurement uncertainty (±20 nm) of
dynamic-light-scattering [23]. The exact loading of the diluted
samples before and after the flow experiments was measured with
Inductively Coupled Plasma spectroscopy (ICP). The relative differ-
ence in nanofluid concentrations before and after experiments is
within 2% which indicated no settling in the loop. Verification tests
with deionized water were performed between alumina and zirco-
nia experiments to ensure loop performance was not affected by
residual nanoparticles remained in the loop. Characterization was
done to assure the specifications of the colloids are as stated by
the manufacturer. Detailed information on characterization of
these nanofluids can be found in Ref. [22].

The key parameters for assessing the heat transfer merits of
nanofluids are their thermophysical properties. The mixture prop-
erties of nanofluids are normally expressed in volume percent ð/Þ
while the loading analysis was obtained in weight percent (w). The
conversion between weight and volume fraction was done through
the bulk density ðqpÞ.

/ ¼
wqf

qpð1�wÞ þwqf
ð1Þ

The density of the nanofluids is by definition:

q ¼ /qp þ ð1� /Þqf ð2Þ

Assuming thermal equilibrium between the particles and the
surrounding fluid, the specific heat is estimated as follows:

c ¼
/qpcp þ ð1� /Þqf cf

q
ð3Þ

Specific heats of 880 J/kg K for alumina and 418 J/kg K for zirco-
nia are adopted from the NIST database. The bulk densities for alu-
mina and zirconia are 3920 and 5600 kg/m3, respectively.

The temperature- and loading-dependent thermal conductivi-
ties for the alumina and zirconia nanofluids tested in this study
were measured with a short transient hot wire apparatus which
was validated with various fluids at different temperatures and
found to have ±2% accuracy [24]. The transient hot wire apparatus
made use of a teflon-coated platinum wire to prevent the occur-
rence of parasitic currents in the test fluid. The dependence of ther-
mal conductivity on loading was measured for each fluid from zero
to the maximum loading. Temperature dependence of the conduc-
tivity was measured from 20 to 80 �C. The measurements show
that the loading dependence of thermal conductivity is bracketed
by the Maxwell-Garnet model, while the temperature dependence
is the same as that of water. Viscosity was measured by a capillary
viscometer submerged in a temperature-controlled bath. The vis-
cometer was benchmarked with water at various temperatures
and its accuracy was found to be within 0.5%.

Curve fits created for the thermal conductivity and viscosity
experimental data were initially reported in Ref. [22]. Since the
vendor adopted a new synthesis method for zirconia nanofluid
used in this study, its viscosity was re-measured for the current
study. The curve fits used in this study are given as follows.

Alumina–water nanofluid

kð/; TÞ ¼ kf ðTÞð1þ 4:5503/Þ ð4Þ
lð/; TÞ ¼ lf ðTÞ exp½4:91/=ð0:2092� /Þ� ð5Þ

Zirconia–water nanofluid

kð/; TÞ ¼ kf ðTÞð1þ 2:4505/� 29:867/2Þ ð6Þ
lð/; TÞ ¼ lf ðTÞð1þ 46:801/þ 550:82/2Þ ð7Þ

The applicable temperature range of these equations is
20 �C < T < 80 �C, with volumetric loadings up to 6% for alumina
and up to 3% for zirconia.

4. Results and discussion

4.1. Heat transfer characteristics

The heat transfer coefficient, h, was derived as follows:

h ¼ q00

Twi � Tb
Fig. 3. Measured Nusselt numbers versus x for 6 vol % alumina nanofluid.
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where q00 is the heat flux on the tube inner wall, Twi is the inner wall
temperature, and Tb is the calculated bulk temperature at the axial
location of interest. The heat flux is determined from knowledge of
the test section thermal power and geometry. The inner wall tem-
perature is calculated using the analytical solution of the conduc-
tion equation with the measured outer wall temperature as the
boundary condition and the temperature-dependent thermal resis-
tance of the stainless steel wall. The outer wall temperatures are
measured at various axial locations along the heated section. Tem-
perature-dependent thermal physical properties of the nanofluids
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Fig. 4. Measured Nusselt numbers versus x+ for 3 vol % alumina nanofluid.
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Fig. 5. Measured Nusselt numbers versus x+ for 1 vol % alumina nanofluid.
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Fig. 6. Measured Nusselt numbers versus x+ for 0.6 vol % alumina nanofluid.
are used in the heat transfer coefficient and dimensionless number
calculations based on the local bulk coolant temperature.

To allow comparison with theory, we adopted the following
curve fits which reproduce the complicated analytical solution
for local Nusselt number to within 1% discrepancy [25]:

Nu ¼ 1:302
xþ

2

� ��1=3

� 0:5; xþ 6 0:003 ð8Þ

Nu ¼ 4:364þ 0:263
xþ

2

� ��0:506

e�41ðxþ=2Þ; xþ > 0:003
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Fig. 7. Measured Nusselt numbers versus x+ for 1.32 vol % zirconia nanofluid.
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Fig. 8. Measured Nusselt numbers versus x+ for 0.64 vol % zirconia nanofluid.
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Fig. 9. Measured Nusselt numbers versus x+ for 0.32 vol % zirconia nanofluid.
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where Nu ¼ hD
k

.
The dimensionless distance is defined as:

xþ ¼ 2ðx=DÞ
RePr

ð9Þ

Re is the Reynolds number Re ¼ qVD
l and Pr is the Prandtl number

Pr ¼ cl
k .

Initial tests with deionized water confirmed that the heat trans-
fer coefficients were as predicted for laminar flow in a round chan-
nel with constant heat flux, as shown in Fig. 2. The measurements
are within 10% of prediction. This result confirms that the loop is
working properly. The experimental results for nanofluids are also
compared against the theory (Eq. (8)) based on the dimensionless
Table 1
Experimental data for laminar heat transfer coefficient in water and nanofluids.

/ Flow rate (gpm) Tin (�C) Tout (�C) Re h1

0 0.0495 26.51 36.71 1035 1434.59
0 0.0485 21.82 30.49 937 1305.23
0 0.0498 21.79 36.71 976 1346.81
0 0.0402 22.06 30.98 780 1193.55
0 0.0401 21.85 31.47 780 1202.92
0 0.0398 21.89 31.56 775 1196.10
0 0.0308 22.04 31.90 601 1048.41
0 0.0304 21.89 32.34 595 1039.29

Alumina–water nanofluid
0.0065 0.1012 21.72 31.98 1797 2002.70
0.0065 0.1027 20.60 30.51 1762 1906.02
0.0065 0.0506 21.40 31.00 884 1301.06
0.0065 0.0523 21.27 30.54 907 1326.04
0.0065 0.0504 21.33 31.15 881 1311.85
0.0065 0.0403 21.52 31.35 708 1175.92
0.0065 0.0424 21.37 30.68 738 1222.71
0.0065 0.0408 21.36 30.81 710 1197.40
0.0132 0.1085 22.63 31.84 1888 1945.63
0.0132 0.0510 21.73 31.27 870 1363.50
0.0132 0.0500 21.56 32.03 858 1340.32
0.0132 0.0500 21.48 31.39 852 1319.81
0.0132 0.0395 21.73 32.63 685 1190.23
0.0132 0.0420 21.57 31.81 719 1241.70
0.0132 0.0389 21.62 31.77 667 1189.37
0.0132 0.0297 20.84 32.09 505 992.40
0.0132 0.0297 21.18 31.57 504 997.91
0.0132 0.0327 21.49 30.59 551 1055.33
0.0276 0.1513 23.07 32.42 1666 2252.86
0.0276 0.1020 22.94 33.15 1131 1858.15
0.0276 0.0903 22.75 32.59 992 1767.05
0.0276 0.0895 22.27 30.89 957 1675.08
0.0276 0.0871 22.14 30.92 930 1651.47
0.0276 0.0526 21.38 31.79 562 1371.59
0.0276 0.0500 21.58 31.72 535 1336.03
0.06 0.2518 25.62 34.85 1089 2897.67
0.06 0.2528 26.22 36.20 1117 2927.12
0.06 0.2040 25.74 35.69 887 2637.34
0.06 0.2040 25.74 35.69 891 2637.34
0.06 0.1505 25.23 34.31 644 1679.56
0.06 0.1502 25.61 35.78 552 1691.70
0.06 0.1031 24.22 33.36 431 1894.10
0.06 0.1016 24.33 34.79 432 1898.58

Zirconia–water nanofluid
0.0032 0.1021 22.05 32.62 356 1875.25
0.0032 0.0796 21.96 32.87 278 1682.94
0.0032 0.0610 21.73 33.22 213 1494.33
0.0032 0.0408 21.05 32.06 140 1205.63
0.0064 0.1020 20.93 34.33 362 1934.62
0.0064 0.0909 22.28 32.80 324 1788.67
0.0064 0.0558 21.76 35.56 203 1432.34
0.0064 0.0404 21.16 32.47 141 1182.42
0.0132 0.0792 22.09 33.64 293 1650.35
0.0132 0.0638 22.09 31.90 231 1469.63
0.0132 0.0602 21.49 31.92 216 1418.70
0.0132 0.0896 22.02 34.27 333 1816.71

h1 through h7 are heat transfer coefficients (W/m2 K) measured at axial locations of 5, 1
numbers Nu and x+. This enables the evaluation of nanofluid heat
transfer performance on the basis of their respective properties.
The temperature- and loading- dependent properties of the fluid
as described in Section 3 are used to derive these numbers.

The alumina nanofluid data for the four different volumetric
loadings (0.6%, 1%, 3% and 6%) are shown in Figs. 3–6. The Nusselt
numbers are in good agreement with the theory prediction, if the
mixture properties are utilized for alumina nanofluid.

The zirconia nanofluid data at three volumetric loadings (0.32%,
0.64%, and 1.32%) are shown in Figs. 7–9. The data points are again
in good agreement with prediction, if the measured mixture prop-
erties of the zirconia nanofluid are used. The experimental data for
water and nanofluids are also listed in Table 1.
h2 h3 h4 h5 h6 h7

954.51 815.46 756.13 685.68 663.20 636.34
935.80 818.29 756.87 706.30 688.99 672.85
956.57 833.87 775.34 718.83 700.68 678.79
860.57 754.93 699.70 655.31 640.27 627.75
868.62 763.46 708.95 665.36 651.31 640.54
864.93 760.28 705.15 663.13 648.97 636.23
768.08 681.17 636.32 601.83 591.81 588.72
762.21 675.87 631.72 597.93 588.26 582.68

1359.21 1142.95 1014.73 918.79 878.46 832.18
1314.08 1115.28 983.83 887.81 848.90 801.57

952.82 834.76 779.74 722.70 701.88 683.38
968.44 847.49 789.85 730.93 709.90 689.70
944.95 826.45 771.28 715.46 695.20 674.78
866.28 766.33 716.94 671.64 655.63 644.22
893.54 788.99 736.77 688.98 672.13 661.76
878.31 775.98 725.38 678.51 662.56 653.41

1310.87 1110.08 1017.07 917.33 885.32 844.74
980.93 857.21 791.45 739.95 719.22 698.18
969.92 846.09 783.65 729.51 709.26 686.93
955.20 834.29 770.98 719.58 699.70 678.19
888.91 762.08 708.16 664.92 648.79 632.91
911.75 801.89 743.55 699.95 683.75 670.65
868.37 764.11 708.49 667.10 651.91 638.25
747.15 661.43 618.62 582.83 573.04 563.44
757.42 674.41 630.77 598.66 588.81 585.38
801.31 715.01 667.26 634.67 622.29 620.26

1546.14 1300.69 1193.42 1058.83 1019.44 970.62
1312.22 1126.02 1031.03 934.47 899.92 854.82
1252.23 1079.34 986.44 900.31 866.82 825.83
1206.24 1044.18 954.75 877.12 844.65 804.79
1188.81 1029.12 941.63 864.63 832.92 794.19
1003.65 876.42 808.04 756.12 733.65 709.09

974.72 850.38 783.74 732.95 711.58 687.39
1936.82 1634.54 1483.30 1312.22 1251.16 1155.64
1956.51 1648.66 1500.08 1324.07 1262.01 1166.94
1793.95 1519.25 1376.80 1226.54 1168.28 1079.11
1793.95 1519.25 1376.80 1226.54 1168.28 1079.11
1266.11 1106.42 1018.16 931.78 893.47 837.00
1270.06 1111.46 1023.37 934.32 896.50 840.15
1333.10 1139.15 1031.66 939.99 898.69 840.00
1334.28 1138.38 1032.10 940.23 898.51 836.77

1304.33 1083.14 996.60 888.47 867.03 847.33
1132.30 958.33 900.83 812.48 793.81 775.45
1015.97 870.85 820.02 744.17 725.06 710.22

860.70 751.71 710.41 655.97 641.50 633.63
1278.41 1069.06 1016.21 883.74 867.64 853.07
1201.79 1024.66 976.25 856.28 839.20 825.69

987.96 856.44 811.97 734.75 717.97 698.28
839.26 732.25 692.15 637.88 623.89 617.82

1119.64 956.87 905.62 808.96 789.71 763.88
1030.83 889.27 834.35 763.24 742.50 718.09

988.37 856.73 806.08 735.59 715.74 688.44
1197.75 1006.59 941.72 846.69 823.05 788.81

6, 30, 44, 58, 89, 100 cm from inlet of the heated section, respectively.
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Next we will discuss the heat transfer performance of nanofl-
uids in the entrance region in some detail. The thermal entry
length for laminar flow in a tube with the constant heat flux
boundary condition is approximately x

D � 0:04RePr [25], corre-
sponding to a dimensionless entrance length xþ � 0:08. However,
most of the Nu variation occurs for x+ < 0.01. The following curve
fit is a simplified equation obtained for x+

6 0.01 from Eq. (8):

Nu ¼ 1:619ðxþÞ�1=3 ð10Þ

The heat transfer coefficient can be derived from Eq. (10) to ob-
tain the following expression :

h / k2qVc
xD

 !1=3

ð11Þ

Eq. (11) suggests that, for given velocity, diameter, and axial
location, the heat transfer coefficient for the entrance region scales
with the fluid properties as follows:

h / ðk2qcÞ1=3 ð12Þ

Using Eq. (12), it is estimated that the heat transfer enhance-
ment for 6 vol % alumina nanofluid and 1.32 vol % zirconia nano-
fluid in the entrance region are 17% and 2%, respectively.

Fig. 10 shows comparisons of the predicted and experimental
ratios of alumina–water and zirconia–water nanofluid heat trans-
fer coefficients to the water heat transfer coefficient in the en-
trance region. Each data point represents the average of the heat
transfer coefficient ratios of nanofluid to water for axial locations
corresponding to x+

6 0.01 at various experiment conditions. As
shown in the comparison, there appears to be no abnormal heat
transfer enhancement in the entrance region beyond what is pre-
dicted based on the mixture thermophysical properties. The error
bars represents ±10% as indicated previously.

It is worthwhile noting that the predictions of alumina and zir-
conia heat transfer enhancements have distinctively different
trends. While the heat transfer enhancement ratio of alumina
nanofluid increases with loading, zirconia nanofluid reaches a
maximum of about 3% at about 3.5 vol %, because the decreasing
specific heat outweighs the slowly increasing thermal conductiv-
ity. This underscores the importance of including other thermo-
physical properties besides thermal conductivity when
evaluating the heat transfer performance of nanofluids.

As shown in Eq. (8) for fully developed laminar flow ðxþ > 0:1Þ,
the Nusselt number approaches a constant value and therefore the
heat transfer coefficient is proportional to thermal conductivity. Un-
der these conditions, the estimated heat transfer enhancements for
6 vol % alumina and 1.32 vol % zirconia are 27% and 3%, respectively.
0.8
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Fig. 10. Heat transfer coefficient ratios of alumina and zirconia nanofluids to water
in the entrance region.
4.2. Viscous pressure loss

In conjunction with the heat transfer measurements, the vis-
cous pressure loss was measured in the isothermal section of the
loop for water, alumina and zirconia nanofluids. The experimental
results were compared with the pressure loss predictions

DP ¼ f
L
D

qV2

2
ð13Þ

where the friction factor for fully-developed laminar flow in a circu-
lar pipe is [25]:

f ¼ 64=Re ð14Þ

Water results are in good agreements with prediction of Eq.
(13). Due to high viscosity, pressure loss of some higher concentra-
tion nanofluids exceeded the upper limit of the low-pressure trans-
ducer and these test results were not reported here. Fig. 11
compares viscous pressure drops of water, alumina and zirconia
nanofluid at various concentrations. The measured viscous pres-
sure losses are within ±20% of predictions. By combining Eq. (13)
and (14), it can be seen that, for a given flow velocity and channel
geometry, the pressure loss is proportional to viscosity only. As
nanofluids tend to have very high viscosity (see Eqs. (5) and (7)),
viscous pressure losses can become a significant issue when con-
sidering nanofluids for practical applications. For example, at
6 vol % the viscosity of our alumina nanofluid is about 7.2 times
higher than that of water, thus resulting in same increase in pres-
sure loss.

5. Conclusions

The heat transfer and viscous pressure loss characteristics of
alumina–water and zirconia–water nanofluids in laminar flow re-
gime were studied experimentally. It was found that, for given
velocity and channel geometry, 6 vol % alumina nanofluid heat
transfer coefficient can be up to 27% higher than that of water in
the entrance region, while the zirconia nanofluid heat transfer
coefficient displays a much lower enhancement with respect to
water. While heat transfer enhancement of alumina increases with
loading, zirconia exhibit a maximum enhancement at 3% at 3.5 vol
% loading. However, when the data are plotted using dimensionless
numbers (Nu and x+), based on the measured properties of the
nanofluids, they show good agreement with the predictions of
the traditional models/correlations for laminar flow. This suggests
that the nanofluids behave as homogeneous mixtures. As such, the
heat transfer coefficient enhancement is not abnormal, but simply
due to the different mixture properties of the nanofluids with
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respect to water. Similar conclusions apply to the pressure loss, i.e.,
the nanofluid pressure loss is higher than water’s, but scales line-
arly with the fluid viscosity, as expected from the traditional pres-
sure loss theory for laminar flow.
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