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Abstract

The convective heat transfer coefficients of several nanoparticle-in-liquid dispersions (nanofluids) have been mea-
sured under laminar flow in a horizontal tube heat exchanger. The nanoparticles used in this research were graphitic
in nature, with aspect ratios significantly different from one (//d ~ 0.02). The graphite nanoparticles increased the static
thermal conductivities of the fluid significantly at low weight fraction loadings. However, the experimental heat transfer
coefficients showed lower increases than predicted by either the conventional heat transfer correlations for homoge-
neous fluids, or the correlations developed from the particle suspensions with aspect ratios close to one. New correla-
tions on heat transfer need to be developed for nanofluid systems.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Heat transfer fluids provide an environment for add-
ing or removing energy to systems, and their efficacies
depend on their physical properties, such as thermal
conductivity, viscosity, density, and heat capacity. Low
thermal conductivity is often the primary limitation for
heat transfer fluids. Recently, there has been interest in
using nanoparticles as additives to modify heat transfer
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fluids to improve their performance [1-12]. Dispersion
or suspension of nanoparticles of high thermal conduc-
tivities in heat transfer fluids (the so-called “nanofluids”)
is one of the methods for improving the thermal conduc-
tivity of the mixtures [1-5], and thus increasing their
heat transfer coefficient in various applications. Some
examples of nanofluids with improved thermal conduc-
tivity include metal nanoparticle suspensions as working
fluids in microchannel heat exchangers [1], copper oxide
particles suspended in water [3], and silicon carbide
nanoparticles in water or ethylene glycol [9,12]. Com-
pared with millimeter- or micrometer-sized particle sus-
pensions, nanofluids possess better long-term stability
and rheological properties, and can have dramatically
higher thermal conductivities. Current efforts have
mainly been focused on low aspect ratio nanoparticle
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Nomenclature

A area

Cp heat capacity

diameter of particle
diameter of test tube
acceleration due to gravity
heat transfer coefficient
thermal conductivity
thickness of particle
length of test tube

mass flow rate

shape factor

heat transfer rate
temperature

overall heat transfer coefficient
weight flow of fluid

gqq&:}h\‘»&% Wi

Greek symbols

p coefficient of expansion
u viscosity

v kinematic viscosity

p density

¢ volume fraction of nanoparticles
Gr Grashoff number
Gz Graetz number
Nu Nusselt number
Pe Peclet number

Pr Prandtl number
Re Reynolds number
Subscripts

b bulk

e equivalent

eff effective

f fluid

hf heating fluid

i inside

in inlet

o) outside

out outlet

p particle

w wall

dispersions (disks), since controlling the thickening effect
of the high aspect ratio particles (rods) is still a very
challenging task [10,13].

A model has long been established by Hamilton and
Crosser [14] to estimate the effective thermal conductiv-
ity, keg, of macroscopic solid-liquid mixtures, which is
given in the following equation:
keff o kp + (n - l)kf — (}’l — 1)¢(kf — kp)

ke kp o+ (n— ke + plke — ky) M

in which k¢ and k;, are the thermal conductivities of the
fluid and particles, respectively. ¢ is the volume fraction
of the particles, and » is the empirical shape factor.
Large aspect ratio particles, such as carbon nanotubes
[10], have high values of n in Eq. (1), and therefore more
potential for thermal conductivity enhancement. How-
ever, the addition of large aspect ratio particles into a
liquid may result in huge increase in viscosity as com-
pared to the continuous phase [13].

Recent work by Choi and colleagues [4,5,8,10] indi-
cates that the thermal conductivity increase caused by
the addition of nanometer-sized particles is much higher
than predicted by the above equation. For example, the
addition of 0.3vol% of copper nanoparticles increases
the thermal conductivity of ethylene glycol by 40% [8],
and 1vol% carbon nanotubes lead to a 150% increase
of the thermal conductivity of a synthetic poly(a-olefin)
oil [10].

Keblinski et al. [15] explored the mechanisms of heat
transfer in nanofluids, and proposed four possible rea-

sons for the contribution of the nanometer-sized parti-
cles to the increase of the thermal conductivity of the
system: Brownian motion of the particles, molecular-
level layering of the liquid at the liquid/solid interface,
the nature of the heat transport in the nanoparticles,
and the effects of nanoparticle clustering. The authors
of the current communication believe there may be a
synergistic effect of several above-mentioned mecha-
nisms, among which the percolation effect may be
favored for particles with high or low aspect ratios.
Nanofluids are multicomponent systems, and the
morphology and orientation of the dispersed solids is
complex. That is probably the reason that very few corre-
lations have been developed for their convection heat
transfer coefficients [16,17]. Considering the small size
and the low volume fraction of the particles in most
nanofluids, it might be reasonable to treat nanofluids as
pure liquids in certain cases. Under these circumstances,
the conventional correlations for homogeneous liquids
might be applied to these systems. Three such correla-
tions are the Seider—Tate equation for convective heat
transfer of laminar flow in tubes [18], the Oliver correla-
tion [19], and the Eubank and Proctor correlation [20].
The Seider-Tate equation is [18]

D\ '/ 0.14
Nu = 1.86Re'*Pr/? (Z) (&) 2)

Hy

in which Nu is the Nusselt number, Re is the Reynolds
number, and Pr is the Prandtl number. (;(‘—‘1)014 repre-
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sents the radial variation of fluid properties and natural
convection effect.

The Oliver correlation [19] for horizontal flow in
tubes is

0.14
Nu(ﬂ—w> =1.75(Gz + 5.6 x 10°*(Gr - Pr- L/D)*™")'
o
3)

. . . WwC, .
in which Gz is the Graetz number, Gz = —*, Gr is the
BATD? plg

Grashoff number, Gr = , W is weight flow of

fluid, and fy, pg, and g are thre coefficients of expansion,
the density, and the viscosity of fluid measured at film
temperature, respectively.

The Eubank and Proctor correlation [20] for laminar
flow in horizontal tubes is

0.14
Nu (’;—) = 1.75(Gz + 12.6(Gr - Pr-D/L)"*))'*  (4)
b

In both Egs. (3) and (4) the Grashoff number, Pra-
ndtl number, and the ratio of L/D are intended to ac-
count for the effect of the natural convection.

Only a few papers have discussed the heat transfer
coefficients of nanofluids in convective flows
[1,6,7,16,17]. Choi [1] pointed out that heat transfer
coefficients should increase with flow rates or with
increasing thermal conductivities of the fluid provided
that other properties of the nanofluid system, such as
heat capacity, density, and viscosity, are kept the same
as the base fluid. If a nanofluid can have high thermal
conductivity at low volume fractions, a high heat trans-
fer coefficient might be obtainable without the pumping
power being increased significantly. In heat exchanger
design, the length of the exchange surface affects the lo-
cal heat transfer coefficient via entrance effects and other
factors. In some cases, using nanofluids can help achieve
higher exchanger efficiency without increasing exchanger
size. Recently Li and Xuan [16,17] studied convective
heat transfer and flow characteristics of Cu-water nano-
fluids. The heat transfer coefficients of their nanoparticle
suspensions are much higher than that of the base fluid
and, when the volume fraction of nanoparticles is low,
the friction factor of the fluids is not changed. They gave
the new correlation for the convection heat transfer
coefficient of nanofluids in a horizontal tube as [17]:

Nu = 0.4328(1.0 + 11.285¢"7>* Pe?218) Re 333 pr04 (5)

in which Pe is the particle Peclet number.

The purpose of this article is to relate increases of
thermal conductivity with the increases of the heat trans-
fer coefficient for nanofluids containing low aspect ratio
nanoparticles. The data are compared to Egs. (2)—(5) to
determine whether the correlations developed for
homogenous fluids could be applied to the nanoparticle
dispersions with aspect ratios different from one.

2. Experimental

Two series of nanofluids are investigated in this study
with different base fluids. The base fluid for Series 1
(abbreviated as BF#1 hereafter) is a commercial auto-
matic transmission fluid (ATF), while that for Series 2
(abbreviated as BF#2 hereafter) is a mixture of two
commonly used synthetic baseoils with commercial
additive packages. The experimental nanofluids listed
in Table 1 are stable dispersions of base fluids with
nanoparticles (they show no signs of settling after 30
days of rest).

All fluids were tested at two different temperatures.
Comparing fluid EF#1-1 and EF#1-2 illustrates the
effects of nanoparticles loading. Comparing fluid
EF#1-1 with EF#2-2 illustrates the effects of base fluid
differences. Comparing fluid EF#2-1 with EF#2-2 illus-
trates the effects of different nanoparticles sources. The
average diameter of the graphite nanoparticle is about
1-2 pm, with the thickness around 20-40nm (/d = 0.02).

The following physical properties of the nanofluids
were measured: thermal conductivity (k), density (p),
heat capacity (Cp) and kinematic viscosity (v). Thermal
conductivity measurements were done by using an in-
house transient hot-wire device based on the design by
Nagasaka and Nagashima [21]. Density was measured
using a pycnometer. Heat capacity was measured using
a differential scanning calorimetry (TA Instruments,
Model 2920 Modulated). Kinematic viscosity was mea-
sured using a reverse tube capillary viscometer.

A small volume (~100ml) flow loop heat transfer sys-
tem has been constructed in-house. A schematic is pre-
sented in Fig. 1, with the geometry of the heat transfer
sections illustrated. Because L/D > 1, it is reasonable
to neglect the entrance effects in the test system. The
whole system is heavily insulated to reduce heat loss.
Pipes are wrapped with insulation material, and plastic
fittings are attached at both ends of the test area to ther-
mally isolate the connection. Static mixers are put at the
ends of the test section to mix the fluids and improve
accuracy of the bulk fluid temperature measurement.
A positive displacement pump is used to control the
fluid flow rate, and its displacement settings are cali-
brated to determine the volumetric flows (62-507cm?’/
min) that give average linear velocities between 6.3 and

Table 1
Experimental fluids
Base fluid Nanoparticle Particle loading
EF#1-1 BF#1 Graphite 2wt%
EF#1-2 BF#1 Graphite 2.5wt%
EF#2-1 BF#2 Graphite® 2wt%
EF#2-2 BF#2 Graphite 2wt%

# From a different source than that used in the other
experimental fluids.
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Test tube 45.7 0.457 0.635 smooth
Heating jacket  45.7 1.09 / smooth

Fig. 1. Heat transfer testing apparatus. (/) thermocouple.

52cm/s. The fluid first passes through the thermostatic
counter-current flow heating jacket in which water is
used as the heating fluid, with its temperature set at
either 50°C or 70°C. Four thermocouples are placed
as shown in Fig. 1, two of which, 1 and 4, measure the
fluid temperature at the inlet and outlet of the test area,
and the other two, 2 and 3, are placed at the outlet and
inlet of the heating jacket to measure water temperature.
A thermostatic cooling jacket system, which is adjusted
to 5°C, is applied to the system for it to reach a steady
state. The bubble collector collects and separates air
bubbles from the fluid.

The experimental procedures are as follows: (1) the
system is warmed up by starting the pump and heater.
It takes 5-10min to increase the temperature to the
operating range and remove interior bubbles; (2) The
flow rate is set, then open the cooling system for temper-
ature control; (3) The system usually reaches a thermal
steady state within 30 min (the variability of temperature
measurements is £0.1°C): (4) Each measurement was re-
peated at least once. Average heat transfer coefficients
were calculated. The deviations of the data are less than
2% in most cases and less than 5% in some high-flow rate
cases.

Table 2
Physical properties of the test fluids

3. Results and discussion
3.1. Physical properties of the test fluids

Physical properties of the base fluids and nanofluids
are illustrated in Table 2. Thermal conductivities of
the base fluids are typical for hydrocarbon fluids, in
the range from 0.12 to 0.18 W/mK. The increase of the
thermal conductivity of the nanofluid versus the base
fluid ranges from 3% to 56%. If we apply Eq. (1) to
the nanofluid with highest particle loading, EF#1-2,
and assume that the thermal conductivity of the particle
is 100W/mK, and the empirical shape factor can be cal-
culated from the size and shape of the particles, we
would get a increase of at most 12.5%, much lower than
the measured value, 56%. As being discussed earlier, Eq.
(1) is deduced from suspensions containing millimeter to
micrometer-sized particles, not nanometer-sized ones.

Density and heat capacity do not show much change
as compared to those of the corresponding base fluid,
which is reasonable due to the low volume fraction of
the particles and moderate temperature change of the
system. Kinematic viscosity is measured at four temper-
atures, 35, 43, 50 and 70°C, in which the latter two are

Thermal conductivity Density (g/cm®)

Heat capacity
(J/gK)

Kinematic viscosity (cSt)

k (W/mK) klko 35°C 43°C 35°C 43°C 50°C 70°C
BF#1 0.134 1 0.840 0.835 2.10 44.8 339 26.8 14.5
EF#I1-1 0.173 1.29 0.847 0.842 2.10 41.4 30.6 23.7 12.2
EF#1-2 0.209 1.56 0.847 0.843 2.10 52.4 38.4 29.6 14.9
BF#2 0.148 1 0.820 0.815 2.20 28.5 21.9 17.5 9.78
EF#2-1 0.153 1.03 0.823 0.819 2.20 29.3 22.7 18.4 10.5
EF#2-2 0.182 1.23 0.825 0.820 2.20 31.1 24.1 19.5 11.2
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the temperature of the heating fluid (water), and the first
two are the calculated average temperature of the test
fluid at the center of the test section at the corresponding
heating fluid temperature. The dependence of kinematic
viscosity on temperature is fairly significant for all fluids.
Both base fluids were formulated with viscosity modifi-
ers to get their viscosity to the appropriate range re-
quired by the application. Nanoparticles themselves
modify fluid viscosity, so viscosity modifiers were ad-
justed to make sure they have similar viscosity with base
fluids.
The heat transfer rate into the process fluid is

q= rhCP(Toul - Tin) (6)

The inlet and outlet temperature measurements are
based on the average fluid temperature taken after the
static mixers. The heat transfer rate from the heating
fluid is

e = 1itnt Cone(Tout — Tin) e ™

Subscript hf is used to represent the heating fluid.
The differences between energy lost by the heating fluid
and energy gained by the process fluid were around 25%,
which is typical for a small-scale testing equipment. The
mass flow rate of the heating fluid is much higher than
that of the test fluid so the value of the temperature dif-
ference, (Toue — Tin)ns» 1S very small (less than 1°C) and
contributes to the energy balance inaccuracies. Incom-
plete isolation could also contribute to energy losses in
the system. The heat obtained by the process fluid was
used as the energy transferred as it was the more accu-
rate value.

We can calculate the heat transfer coefficient of the
test fluid, /;, through the following equation:

1 1 D,

L__ 1 Dy D 1
U™ h(4/4,) 2k

na+h—o (8)

1
where U is the overall heat transfer coefficient, k is the
thermal conductivity of the tube wall, and %; and h,
are the individual heat transfer coefficients of the inside
and outside fluids, respectively. U is given by

. q
U= A AT ®)

where A, = nD,L, and AT is the log-mean temperature
difference.

The outside heat transfer coefficient 4, is computed
from the Monrad and Pelton’s equation [22] for turbu-
lent flow in annuli, Nu = O.OZOReO'SPrUS(Dlel)O‘53, in
which D; and D, are the inner and outer diameter of
the annulus respectively. The heating fluid is water in
turbulent flow, so the heat transfer -coefficients
(3780 W/m>K for 50°C and 4784 W/m*K for 70°C) are
much higher than that of the process fluid. The equiva-
lent diameter is used for heat transfer calculations,

D __ ID2-op? h . L .
. = —55— Where ID, is the inside diameter of the

annulus and OD is the outside diameter of the tube.

The thermal conductivity of base fluid #1 (BF#1) is
0.134W/mK, and its viscosity decreases by a factor of
3 over the temperature range 35-70°C. Figs. 2 and 3
show the heat transfer data as a function of Reynolds
number for all test fluids at different experimental condi-
tions. These figures illustrate the effects of Reynolds
number, temperature, nanoparticle loading and source,
and base fluid, on the heat transfer properties of nanofl-
uids. A power law correlation, & = a* Re®, has been used
to represent the base fluid data as an aid to the eye, with
R® values as 0.97 for BF#l and 0.95 for BF#2,
respectively.

3.1.1. Reynolds number effect

The experiments were conducted over a range of
Reynolds numbers, 5 < Re < 110. The base fluids and
the nanofluids all show increasing heat transfer coeffi-
cients as the average flow velocity, and Reynolds num-
bers increase (Figs. 2 and 3).

3.1.2. Nanoparticle loading effect

The effects of nanoparticle loading can be seen by
comparing EF#1-1 with EF#1-2 (Fig. 2a and b).
EF#1-1 with 2wt% graphite nanoparticles has a heat

600
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3007

h/(W/m*.K)

1007

0 20 40 60 80

600
(b)

500 A
< 400 A A
X
§ 300 A
< 200
=

100

0 20 40 60 80
Re

Fig. 2. Plot of heat transfer coefficient versus Reynolds number
for Series 1 fluids (a) 50°C, (b) 70°C. (#) base fluid 1; (H)
EF#1-1; (A) EF#1-2; (—) fitting for BF#1 according to power
law correlation.
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Fig. 3. Plot of heat transfer coefficient versus Reynolds number
for Series 2 fluids (a) 50°C, (b) 70°C. (¢) Base fluid 2; (OJ)
EF#2-1; (A) EF#2-2; (----) fitting for BF#2 according to
power law correlation.

transfer coefficient similar to that of the base fluid
(BF#1) at both temperatures. There is a modest increase
in the heat transfer coefficient, but it is not much differ-
ent from the experimental error. At 50°C, the nanofluid
(EF#1-2) with the higher loading (2.5wt%) has a typical
increase in heat transfer coefficient of 22% over the base
fluid, while its thermal conductivity is about 50% higher
than that of the base fluid. At 70°C, the heat transfer
coefficient increase averages 15%.

The thermal conductivity ratios of the nanofluids to
the base fluid are about 1.30 and 1.50, suggesting that
under quiescent conditions, both nanofluids are above
the percolation limit at which there is excellent parti-
cle-to-particle contact. However, the experimental re-
sults on heat transfer properties indicate that over the
Reynolds number range, 5 < Re < 80, the nanofluid with
2 wt% nanoparticles loading is not above the percolation
limit, while the nanofluid with 2.5wt% loading is.

3.1.3. Temperature effect

Fig. 2a shows that, at 50°C, EF#1-2 has a typical in-
crease in heat transfer coefficient of 22% over the base
fluid. However, at 70 °C, the heat transfer coefficient in-
crease averages only 15%. Several mechanisms may lead
to smaller improvements in heat transfer coefficient
between the nanofluids and the base fluids at higher
temperature. These include: (1) rapid alignment of
\nanoparticles in lower viscosity fluids, leading to less

contact between nanoparticles, and (2) depletion of par-
ticles in the near-wall fluid phase [23], leading to an
intrinsically lower thermal conductivity layer at the wall.
Understanding and isolating which mechanism or mech-
anisms might be responsible for the experimental results
will require significant future work, including computa-
tional fluid dynamic modeling of the flows in nanoparti-
cle dispersions.

3.1.4. Nanoparticle source effect

Fig. 3a and b compare data for two different graphite
nanoparticles at the same loading, 2wt%, in base fluid 2.
At 50°C, the heat transfer coefficient of the base fluid is
modeled well by the power law expression (R = 0.98).
The data for dispersion EF#2-1, which contains graph-
ite particles from a different source than the rest of the
nanofluids, suggests that this nanofluid is not above
the percolation limit for this range of Reynolds numbers
and temperatures. On the other hand, the fluid with
graphite material used in the rest of the study, EF#2-
2, shows increases in its heat transfer coefficient relative
to that of the base fluid at higher Reynolds numbers
(Re > 40). There may be similar effects such as nanopar-
ticle alignment and nanoparticle separation near the wall
that are sensitive to nanoparticle structure and interac-
tion. The difference could be caused by particle shape,
morphology, or surface treatment. In any case, this com-
parison demonstrates that one type of nanoparticle is
more efficient than the other in increasing the heat trans-
fer coefficient of the nanofluid.

3.1.5. Base fluid effect

The choice of the base fluid also affects the heat
transfer coefficients of nanofluids. In EF#1-1 and
EF#2-2, the same graphite nanoparticles were dispersed
in the two base fluids at 2wt%. EF#1-1 has similar heat
transfer coefficients to BF#1 at both temperatures.
EF#2-2 has higher heat transfer coefficients than
BF#2, particularly at higher Reynolds numbers. These
data demonstrate that Reynolds number, temperature,
nanoparticle loading, nanoparticle source, and the
choice of the base fluid can all affect the heat transfer
coefficients of nanofluids.

3.2. Correlations for convective heat transfer

The correlations for the convective heat transfer of
the single-phase fluid may be applied to predict / of a
nanofluid system, if the volume fraction of particles is
very low. Eq. (2) can be re-written into a form more con-
venient for identifying the impact of Reynolds number
on the heat transfer coefficient:

_ia( L U\ 1/3
Q=Nu-PrF° D = = 1.86Re (10)

W
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Fig. 4 shows the experimental results plotted as Q
versus Re.

The 1/3-dependence as predicted by Eq. (10) is clearly
shown in Fig. 4. However, at low Reynolds number,
Re < 30, the data are more scattered. The larger error
at low Reynolds number is likely due to the effect of nat-
ural convection. As a first approximation, Eq. (10) is
adequate, but it obviously misses important information
about the thermal properties of the nanoparticle suspen-
sion, particularly at low Reynolds numbers.

The data sets can be correlated using the following
equation:

Q = aRe’ (11)

The results listed in Table 3 show that the Reynolds
number exponent, b, of the nanofluid is fairly close to
that of the base fluid, with the value at 70°C lower than
that at 50°C for the same fluid. This effect seems to be
more apparent for the Series 2 fluids (i.e., BF#2,
EF#2-1, and EF#2-2), and could be due to the fact that
the viscosity of Series 1 fluids is higher. For fluids with

10

0.3333

y =1.86 x

1 T .
1 10 100
Re

1000

Fig. 4. Plot of Q versus Reynolds number for all the test fluids.
(0) test data; (—) fitting according to Eq. (10).

Table 3
Coefficients of Eq. (11) for each test fluid
Heat fluid a b R? of the
temperature fitting
(°0)
BF#1 50 1.90 £0.13 0.33+0.02 0.980
EF#1-1 50 1.64+£0.08 0.33+£0.01 0.991
EF#1-2 50 1.66 £ 0.10 0.34 +0.02 0.984
BF#1 70 2.28%+0.19 0.28+0.02 0.964
EF#1-1 70 2.00+0.19 0.28+0.03 0.952
EF#1-2 70 1.88+0.13 0.30+0.02 0.976
BF#2 50 2.09+0.14 0.31+£0.02 0.982
EF#2-1 50 2.17+0.12 0.29+0.01 0.985
EF#2-2 50 1.81£0.13 0.33+0.02 0.983
BF#2 70 311030 022%0.02 0931
EF#2-1 70 292+0.30 0.23+0.03 0.928
EF#2-2 70 2.66+0.24 0.24+0.02 0.948

higher viscosity, natural convection (for example, the
term including the Grashoff number in Eq. (3)) contrib-
utes less to the heat transfer effect, which results in the
smaller temperature dependence for the Series 1 fluids.
The value of the pre-exponential coefficient, @, of the
suspension is always lower than that of the correspond-
ing base fluid. Fig. 5 shows that most of the experimen-
tal data for the nanofluids are below the theoretical line
(Eq. (10)) while the base fluid values are generally the
same as the theoretical line.

Eq. (10) provides a basis for comparing the heat
transfer coefficients calculated from the theory with
those calculated from the experimental data. Since den-
sity and heat capacity of the nanofluid are very close to
those of the base fluid (Table 1), the heat transfer coef-
ficient ratio should be sensitive to two important terms,
k** and (%)’0'14. The comparison is listed in Table 4.

Table 4 indicates that the increase of the heat transfer

coefficient of nanofluid is much less than that predicted
from a conventional correlation. It seems that some

10
Base Fluids
G
1 (a) y - 1 86 X0.3333
1 10 100 1000
Re
10
Nanofluids
G
(b) y =1.86 5 0.3333
1 T T
1 10 100 1000
Re

Fig. 5. Plot of Q versus Reynolds number for base fluids and
nanofluids. () test data on base fluids; () test data on
nanofluids; (—) fitting according to Eq. (10).
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Table 4

Heat transfer coefficient ratios of nanofluid versus correspond-

ing base fluid

Heating fluid Eq. (10) Experiment
temperature (°C)
h(EF#1-1) 50 1.19 1.03
h(BF#1) 70 1.19 1.03
h(EF#1-2) 50 1.36 1.22
n(BF#1) 70 1.36 1.15
h(EF#2-1) 50 1.02 1.01
h(BF#2) 70 1.02 1.01
h(EF#2-2) 50 1.14 1.08
h(BF#2) 70 1.14 1.07
14
12 A -
o "R A
10 - TR oSk
s 81 -7, ol
2 61 ¢
4 -
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0 5I0 1(I)0 1I50 200
Gz
12 >
10 - -z -é_@@
N
3 67 ¢
2 4l
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0 5IO 1(I)O 'léO 200
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special factors in the nanofluid mixture are affecting the
heat transfer mechanisms, especially for Series 1 fluids at
higher wall temperature. The results suggest that heat
transfer property improvements can be made by varying
the base fluid, the nanoparticle source, and the nanopar-
ticle loading.

Nanoparticles may enhance the heat transfer coeffi-
cient by two mechanisms: an increase in the thermal
conductivity of the overall system, and the movement
of the nanoparticles relative to the streamlines. Higher
temperature differentials between the process fluid and
the heat source result in lower heat transfer coefficients
than expected. As the process fluid begins to be heated
at the entrance of the exchanger, the fluid viscosity de-
creases, the velocity profile ceases to be parabolic and
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Fig. 6. Relationship between the Nusselt and Graetz numbers for the test fluids. () test data; (----) calculation based on Oliver
correlation [19]; (———) calculation based on Eubank and Proctor correlation [20].
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starts to change. As shear rates change (the most change
will occur near the wall), nanoparticles may align with
the velocity. Alignment of the nanoparticles can de-
crease the thermal conductivities of fluids if the nano-
particle-nanoparticle interactions responsible for the
enhanced heat transfer are disrupted. The shear force
in the fluid or near the tube wall will make the particles
orient to some extent, and break up the percolation
structure. Higher shear rates can disperse nanoparticles
that have “clustered”, especially in a turbulent flow.
However, in a laminar flow system, this dispersing effect
might be relatively small. These experiments have a lam-
inar flow (5 < Re < 110) with relatively high shear rate
(between 100s~' and 1000s™"), which may contribute
to the lower heat transfer coefficients. Near wall particle
depletion is another possible reason for the phenome-
non. Moreover, adding particles into a fluid increases
the viscosity of the final mixture, which may suppress
the natural convection of the system. In summary, due
to the possible mechanisms for nanoparticle movements
in laminar flows under heating, Eq. (2) may not be di-
rectly applicable to the nanofluid system.

The correlation developed by Li and Xuan [16,17],
Eq. (5), is based on a laminar flow of the nanofluids.
However, this correlation predicts heat transfer coeffi-
cients that are much higher than the experimental val-
ues. The correlation developed by Li does not include
the aspect ratio of the particles. Spherical copper nano-
particles were used in their work, while, in our system,
the nanoparticles are disc-like graphite nanoparticles.
There is at least one order of magnitude difference in
the aspect ratio of the particles between these two cases.

The correlations by Oliver [19] and Eubank and
Proctor [20] address natural convention that will occur
in a laminar flow. The relationship between the Nusselt
and Graetz numbers of the test fluids is plotted in Fig. 6,
together with theoretical curves. It can be seen that the
data from the Series 1 fluids fit the Oliver model fairly
well, while the data from the Series 2 fluids lie in between
the plots of these two models. This indicates that an im-
proved correlation for heat transfer coefficient in nano-
fluid systems should be developed, which is the future
direction of this research project.

4. Conclusion

The convection heat transfer performance of the
graphite nanofluids were studied in laminar flow
through a circular tube. The experimental results show
that the nanoparticles increase the heat transfer coeffi-
cient of the fluid system in laminar flow, but the increase
is much less than that predicted by current correlation
based on static thermal conductivity measurements.
The type of nanoparticles, particle loading, base fluid
chemistry, and process temperature are all important

factors to be considered while developing nanofluids
for high heat transfer coefficients. Further investigation
is needed to develop an appropriate heat transfer corre-
lation for non-spherical nanoparticle dispersions.
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