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The objective of this study is to test thermal conductivity characteristics of CNT nanorefrigerants and
to build a model for predicting the thermal conductivities of CNT nanorefrigerants. The influences of
CNT diameters and CNT aspect ratios on nanorefrigerant’s thermal conductivity were reflected in the
experiments, and R113 was used as the host refrigerant for the convenience of the experiments. The
experimental results show that the thermal conductivities of CNT nanorefrigerants are much higher
than those of CNT-water nanofluids or spherical-nanoparticle-R113 nanorefrigerants. Experiments also
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Carbon nanotube show that the smaller the diameter of CNT is or the larger the aspect ratio of CNT is, the larger the
Experiment thermal conductivity enhancement of CNT nanorefrigerant is. The existent models for predicting thermal
Model conductivity of CNT nanofluid, including Hamilton-Crosser model, Yu-Choi model and Xue model, were
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verified by the experimental data of CNT nanorefrigerants’ thermal conductivities. The verification shows
that Yu-Choi model has the mean deviation of 15.1% and it is more accurate than the other two models.
A modified Yu-Choi model was presented by improving the empirical constant of Yu-Choi model, and

the mean deviation of the modified Yu-Choi model from the experimental results is 5.5%.

© 2008 Elsevier Masson SAS. All rights reserved.

1. Introduction

The nanofluid is a new type of heat transfer fluid by suspending
nano-scale materials in a conventional host fluid and has higher
thermal conductivity than the conventional host fluid [1-10]. The
nanorefrigerant is one kind of nanofluid and its host fluid is refrig-
erant [11]. A nanorefrigerant has higher heat transfer coefficient
than the host refrigerant and it can be used to improve the perfor-
mance of refrigeration systems [11,12]. The heat transfer coefficient
of a fluid with higher thermal conductivity is lager than that of a
fluid with lower thermal conductivity if the Nusselt numbers of
them are the same. So researches on improving thermal conduc-
tivities of nanorefrigerants are necessary.

There are two methods to improve the thermal conductivity of
a nanorefrigerant. The first one is to increase the volume fraction
of nano-scale materials in the nanorefrigerant, and the second one
is to use nano-scale materials with high thermal conductivity. As
the increase of the volume fraction of nano-scale materials may re-
sult in deposition of the nano-scale materials and instability of the
nanorefrigerant, the usage of the first method is limited and the
second one becomes quite interesting. The thermal conductivity of
a carbon nanotube (CNT) is much higher than the thermal conduc-
tivity of a metal nanoparticle or a metal oxide nanoparticle [13,14],
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therefore CNTs become very valuable nano-scale materials in the
application of the second method to improve the thermal conduc-
tivity. The effects of CNTs on enhancing the thermal conductivities
of nanofluids have been validated in a CNT-oil nanofluid [15] and
a Cu-oil nanofluid [16], and it is believed that CNTs will also have
their capability of enhancing thermal conductivities of nanorefrig-
erants.

Experiments showed that the effect of a CNT on thermal con-
ductivity enhancement of nanofluid depends on the diameter and
the aspect ratio (ratio of length to diameter) of the CNT [17-21].
In order to get a suitable CNT for nanorefrigerant, the thermal
conductivity characteristics of CNT nanorefrigerants with different
CNTs’ diameters and aspect ratios should be studied experimen-
tally and theoretically. Then a model for predicting thermal con-
ductivity of a CNT nanorefrigerant should be proposed and the
input variables of the model should include the diameter and the
aspect ratio of a CNT.

Thermal conductivities of some CNT nanofluids, such as CNT-
water [17,21], CNT-oil [15], CNT-decene [18] and CNT-ethylene
glycol [18], have been experimentally investigated. But there is
no experimental research on CNT nanorefrigerants, and the in-
fluences of the CNT diameter and the CNT aspect ratio on the
nanofluid’s thermal conductivity have not been reported in the ex-
isting researches. Comparing to sufficient models for thermal con-
ductivities of nanofluids containing spherical nanoparticles, there
are only three models for CNT nanofluids, i.e. Yu-Choi model
[19], Xue model [20] and Hamilton-Crosser model [22]. Hamilton-
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Nomenclature

d diameter of carbon nanotube........................ m
kng thermal conductivity of nanofluid or

nanorefrigerant ........................... Wm~1K!
kg thermal conductivity of pure fluid or
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kent thermal conductivity of carbon nanotube. Wm~1K~!
L length of carbon nanotube .......................... m
R electric resistance..........coovviiiiiiiineiieenaeannns Q
r TAdiUS .o e m

w | 210) <) w

t MeasUuring time . ......oueiieteinereeierieernanaenanns S
volume fraction of carbon nanotube in fluid or refrig-
erant

w 01 W

o temperature coefficient............................ K1

AT tEMPerature IiSe. .. .uune e eeeeeeeeeenneenneennann, K

K thermal diffusivity of fluid..................... m2s~!

g 200 nm

X

(b) No.2-CNT, L=10pum, d=15nm

(¢) No.3-CNT, L=1.5um, d=80nm

(d) No.4-CNT, L=10um, d=80nm

Fig. 1. Transmission electron microscope photos of the CNTs.

Crosser model and Yu-Choi model show their suitability for CNT-
oil nanofluid [19] while Xue model shows its suitability for CNT-
decene nanofluid and CNT-ethylene glycol nanofluid [20]. However,
the applicability of these three models for CNT nanorefrigerants
has not been validated.

The objective of this study is to know thermal conductivity
characteristics of CNT nanorefrigerants by experiments and then
to build a model for predicting the thermal conductivities of CNT
nanorefrigerants. The experiments should reflect the influences of
CNT diameters and CNT aspect ratios. In order to build a suitable
model for the thermal conductivity of CNT nanorefrigerants, it is
better to validate and to find a suitable model from the existing
models for CNT nanofluids, i.e. Yu-Choi model, Xue model and
Hamilton-Crosser model, or to build a new model based on the
existing models.

2. Preparation and characterization of CNTs and CNT
nanorefrigerants

2.1. Preparation and characterization of CNTs

Four kinds of CNTs employed in this research are produced
by the chemical vapor deposition (CVD) method [23]. The CVD

Table 1

Parameters of CNTSs.

Item No.1-CNT No.2-CNT No.3-CNT No.4-CNT
Mean diameter (d) 15 nm 15 nm 80 nm 80 nm
Mean length (L) 1.5 pm 10 pm 1.5 pm 10 pm
Aspect ratio 100.0 666.7 18.8 125.0
Purity >95% >95% >95% >95%
Amorphous carbon <2% <2% <2% <2%

Ash <0.2 wt% <0.2 wt% <0.2 wt% <0.2 wt%

Specific surface  160-180 m2g~! 160-180 m% g~ 55-65 m?g~! 55-65 m?g~!

method can offer several advantages over the sputtering and
evaporation methods which are other two common methods for
preparing nano-scale materials. It can provide good coverage, re-
duced system complexity, and high purity deposits.

The four kinds of CNT are numbered as Nos. 1 to 4 in this re-
search. The transmission electron microscope photos of the CNTs
are shown in Fig. 1. The diameters of Nos. 1-, 2-, 3- and 4-CNTs
are 15, 15, 80, and 80 nm, respectively; and the aspect ratio of
Nos. 1-, 2-, 3- and 4-CNTs are 100.0, 667.7, 18.8 and 125.0, re-
spectively. The detailed parameters of the CNTs are listed in Ta-
ble 1.
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2.2. Preparation and characterization of CNT nanorefrigerants

R113 (Formula: ClyFC-CCIF;; CAS Number: 76-13-1) is chosen as
the refrigerant in experiment based on the following two reasons:
(1) R113 is in the liquid state at room temperature and atmo-
spheric pressure, and so it is easy to prepare a nanorefrigerant
based on R113 instead of commonly used refrigerants; (2) The ther-
mal conductivity deviation of R113 from other refrigerants such as
R134a and R410A, is quite smaller than that of refrigerants from
water, oil, decene and ethylene glycol, and so thermal conductivity
characteristics of nanorefrigerant based on R113 can reflect those
of other nanorefrigerants.

Experiments showed that CNTs would aggregate and form non-
homogeneous and unstable clusters in the CNT nanofluids [17,21].
However, the ultrasonic processor can make the CNTs well dis-
persed in the refrigerant [17,21]. So an ultrasonic processor with
300 W power supply is used in the experiment.

The detailed procedure on CNT nanorefrigerant’s preparation is
as follows.

Step 1: Weighing the CNT by a digital electronic balance, and
putting them into a vessel.

Step 2: Weighing the pure refrigerant by a digital electronic bal-
ance, and putting them into the vessel with CNT.

Step 3: Vibrating the vessel containing the mixture of refrigerant
and CNT with an ultrasonic processor for 30 minutes.

The volume fractions of CNTs in each kind of CNT nanorefriger-
ant are 0.2, 0.4, 0.6, 0.8 and 1.0 vol%, respectively. The test temper-
ature and pressure of CNT nanorefrigerant are 303 K and 101 kPa.
The thermal conductivity of pure R113 is 0.06726 Wm~1K~! at
303 K and 101 kPa.

3. Experiments on thermal conductivity of CNT nanorefrigerant
3.1. Experimental setup

In order to measure the thermal conductivity of the CNT
nanorefrigerant, a thermal constants analyzer produced by Hot
Disk Company is employed. The thermal constants analyzer uses
the transient plane source (TPS) method to measure the thermal
conductivity of a nanofluid [24]. The TPS method use the Fourier
Law of heat conduction as its fundamental principle for measuring
the thermal conductivity, just like the transient hot wire (THW)
method. As the uncertainties of the TPS and THW methods [25] are
about 5%, and the most enhancements of nanofluids’ thermal con-
ductivities to pure fluids’ thermal conductivities in experiments are
higher than 10%, the majority of nanofluids’ thermal conductivities
are measured by the TPS method [26-31] or THW method [1,2,4,6,
8,9,21]. Some researchers pointed out that the TPS and THW meth-
ods ignored the influence of thermal wave effects via hyperbolic
heat conduction so the two methods might be not fit for heteroge-
neous suspensions, such as nanofluids [32]. However, the TPS and
THW method are commonly used for measuring nanofluids’ ther-
mal conductivities [1,2,4,6,8,9,21,26-31]. So in research here, the
thermal conductivities of CNT nanorefrigerants are also measured
by the thermal constants analyzer.

The experimental setup is schematically shown in Fig. 2. The
setup includes a thermal constants analyzer, a vessel, a constant
temperature bath and a thermometer. The thermal constants ana-
lyzer has a probe and the probe is immersed in the nanorefrigerant
vertically. The nanorefrigerant is put in the vessel. The vessel is
placed in the constant temperature bath and the thermometer is
immersed in the vessel to measure the temperature of the nanore-
frigerant.

— Probe

Nanorefrigerant [
\ | Thermometer

-
I

| 2

Thermal constants analyzer

Computer Constant temperature bath

Fig. 2. Schematic diagram of the experimental setup.

Fig. 3. Schematic diagram of TPS probe.

3.2. The probe

According to the TPS method, the fluid’s thermal conductiv-
ity is yielded by measuring the resistance of the probe which is
immersed into the fluid [24]. The probe consists of an electrical
conducting pattern of thin foil and an insulating layer, just as Fig. 3
shows.

When a constant electric power is supplied to the probe, the
temperature rise of the probe, AT(t), can be measured by the
probe resistance with time, R, (7):

AT(r)zg[R%)q] (1)

where « is the temperature coefficient of the electric resistance;
Ro is the electric resistance of the probe when t =0; 7 is the
variable on the time of electrification and be defined as:

T = —_ (2)

where t is the measuring time; « is the thermal diffusivity of fluid;
rp is the radius of the probe.

According to Fourier Law of heat conduction, if no natural con-
vection of a fluid occurs, AT(7) can also be calculated as [24]:

w
AT (1) = ——D(7) (3)
mlorpk
T 1 1 2 5
D(r):/dao_Z/vdv/udu xexp(%)lo(;’—g) (4)
0 0 0

where W is the electric power supplied to the probe; k is the
thermal conductivity of fluid; Ip is a modified Bessel function.
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Table 2
Parameters of the thermal constants analyzer.
Amount Power Measurement Probe Temperature Disk Temperature
of probe time radius coefficient type rise of probe
of resistance
1 0.01W 55 2.001 mm 0471 K~! Kapton 1.4 K
0.075
Calcualted by REFPROP 8.0
i ®  Measured
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Fig. 4. Validation of the thermal constants analyzer with R113.

If no natural convection of a fluid occurs, by fitting the experi-
mental data to the straight line given by Eq. (3), the thermal con-
ductivity of fluid can be obtained by calculating the value of slope
for the fitting line W/(nl'srpk). If natural convection of fluid oc-
curs, the thermal conductivity calculated by Eq. (3) will vary with
D(t), and the result is not correct. In this case, the thermal con-
stants analyzer can automatically give an alarm to avoid using the
unbelievable result.

In order to avoid the happening of natural convection, the pa-
rameters of the analyzer should be controlled properly. In the
experiment, the parameters of the thermal constants analyzer are
shown in Table 2.

3.3. Validation of the thermal constants analyzer

In order to test the thermal constants analyzer in this research,
the thermal conductivities of pure R113 in different temperature
are measured directly on an absolute basis. The deviation of the
measured data from those calculated by REFPROP 8.0 [33] is less
than 3%, as shown in Fig. 4.

3.4. Experimental procedure
Following shows the experimental procedure.

Step 1: Putting the CNT nanorefrigerant into a vessel placed in a
constant temperature bath.

Step 2: Immersing the probe of thermal constants analyzer and a
thermometer into the nanorefrigerant vertically.

Step 3: Adjusting the temperature of CNT nanorefrigerant to 303 K.

Step 4: Measuring the thermal conductivity of nanorefrigerant by
the thermal constants analyzer for three times to get the aver-
age.

4. Measuring results and discussion

Fig. 5 shows the experimental ks /ky of CNT-R113 nanorefriger-
ants, where k;s and k¢ mean the thermal conductivities of nanore-

2.2+
3, d=15 nm, aspect ratio = 100.0
3, d=15 nm, aspect ratio = 666.7
2,04 3, d=80 nm, aspect ratio = 18.8 -
d=80 nm, aspect ratio = 125.0 ot

T T T

- T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2

CNT volume fraction,%

Fig. 5. kyy /ky of four kinds of CNT-R113 nanorefrigerants.

frigerant and pure refrigerant, respectively. It can be seen that
the thermal conductivities of CNT nanorefrigerants increase signif-
icantly with the increase of the CNT volume fraction. When the
CNT volume fraction is 1.0 vol%, the experimental thermal con-
ductivities of No.1-CNT-, No.2-CNT-, No.3-CNT- and No.4-CNT-R113
nanorefrigerants increase 82%, 104%, 43% and 50%, respectively.

The experimental results in Fig. 5 show that the thermal con-
ductivities of nanorefrigerants with different kinds of CNTs are
different. For the No.3-CNT whose diameter is 80 nm and aspect
ratio is 18.8, knr/ky¢ is 1.43 when ¢ is 1.0 vol%. The enhancement
of the No.3-CNT-nanorefrigerant’s thermal conductivity to pure re-
frigerant’s thermal conductivity is close to the experimental results
of CNT-decene [18], in which kys /kf is 1.20 when ¢ is 1.0 vol%. For
the No.2-CNT whose diameter is 15 nm and aspect ratio is 666.7,
kns/k ¢ is 2.04 when ¢ is 1.0 vol%. The enhancement is close to the
experimental results of CNT-Oil [15], in which k¢ /ky is 2.60 when
@ is 1.0 vol%. Since the CNTs in this research were prepared by the
same method and the purities of CNTs are the same, it indicates
that the influences of CNT’s diameter and aspect ratio on the ther-
mal conductivity of nanorefrigerants are obvious. So the influences
of CNT’s diameter and aspect ratio should be analyzed.

4.1. Influence of diameter of CNT on thermal conductivity

As Fig. 5 shows, the thermal conductivities of nanorefrigerants
with No.1-CNT and No.2-CNT whose diameters are 15 nm are much
higher than those of nanorefrigerants with No.3-CNT and No.4-
CNT whose diameters are 80 nm. The smaller diameter means the
larger specific surface of CNTs and the larger specific surface means
more obvious Brownian movement which is regarded as an impor-
tant factor to increase the thermal conductivity of nanofluid [4,7,
10]. Moreover, larger specific surface means that there are more
liquid molecules close to the surface of CNT if the volume frac-
tions of CNTs are the same. These liquid molecules can form a
layer structure, called interfacial layer [34]. The interfacial layer on
the nanoparticle surface can increase the thermal conductivity of
nanofluids [3,19,35]. So the smaller diameter means the thicker in-
terfacial layer and the greater thermal conductivity enhancement.

4.2. Influence of aspect ratio of CNT on thermal conductivity
As Fig. 5 shows, for the CNTs with the same diameter, the larger

the aspect ratio of CNT is, the higher the thermal conductivity of
nanorefrigerant is. The reason may be that the CNT can build up
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high thermal conductivity percolation paths to enhance the ther-
mal conductivity of the refrigerant. The longer the percolation path
is, the greater the enhancement of thermal conductivity is. Higher
aspect ratio means longer percolation path and the greater ther-
mal conductivity enhancement. So the CNT with high aspect ratio
could be used to enhance the thermal conductivity of nanorefrig-
erant.

Fig. 5 also shows the thermal conductivity of No.1-CNT-nano-
refrigerant is higher than that of No.4-CNT-nanorefrigerant though
the aspect ratio of No.4-CNT is larger than that of No.1-CNT. The
reason may be that No.1-CNT’s diameter is less than No.4-CNT’s. It
means that the influence of aspect ratio of CNT on nanorefriger-
ant’s thermal conductivity is less than that of diameter.

4.3. Comparison of thermal conductivities among CNT nanorefrigerants,
CNT-water nanofluids and spherical-particle nanorefrigerants

The thermal conductivities of four kinds of CNT-water nanoflu-
ids and five kinds of spherical-nanoparticle-R113 nanorefrigerants
were measured and then compared with the experimental results
of thermal conductivities of CNT-R113 nanorefrigerants. The spher-
ical nanoparticles in the experiments include copper, aluminum,
nickel, copper oxide and aluminum oxide nanoparticles. The vol-
ume fractions of CNT and nanoparticles in above nanorefrigerants
and nanofluids are 0.2 vol%. The comparison is shown in Fig. 6.
It can be seen that the thermal conductivities of CNT nanorefrig-
erants are higher than the thermal conductivities of CNT-water
nanofluids and spherical-nanoparticle-nanorefrigerants. The results
show that the CNT is better than other nano-scale materials in im-
proving thermal conductivities of nanorefrigerants.

Experimental results in Fig. 6 show that knf/ks of CNT-R113
nanorefrigerant is larger than that of CNT-water nanofluid with
the same CNT volume fraction. The reason may be that kcnt/ky
for CNT-R113 nanorefrigerant is one order of magnitude larger than
that of CNT-water nanofluid. Therefore, the enhancement on ther-
mal conductivity of CNT-R113 nanorefrigerant is more obvious than
that of CNT-water nanofluid.

Experimental results show that the smaller the diameter of CNT
is or the larger the aspect ratio of CNT is, the higher the thermal
conductivity of CNT-water nanofluid is. The influences of CNT’s di-
ameter and aspect ratio on thermal conductivities of CNT-water
nanofluids are as the same as those on CNT nanorefrigerants. It

1.5 4
1.46

1.35

proves that the analysis of influences of CNT’s diameter and aspect
ratio in Sections 3.1 and 3.2 is fit for other CNT nanofluids.

5. On modeling the thermal conductivity of CNT
nanorefrigerants

Yu-Choi model, Xue model and Hamilton-Crosser model are
the existing models for predicting thermal conductivities of CNT
nanofluids. In order to find the model for predicting thermal con-
ductivities of CNT nanorefrigerants, it is better to validate the pos-
sibility of using these existing models for nanorefrigerants.

In Yu-Choi model [19], ks can be calculated by Egs. (5)
and (6):

(. 3yY%A
knf_<1+ gy )kf (5)

a=1.55 (6)

where kn¢ and k¢ are thermal conductivities of nanofluid and pure
fluid respectively; v is the parameter on sphericity; ¢ is volume
fraction of CNT in fluid; A is the parameter on thermal conductiv-
ity of CNT.

In Xue model [20], k;s can be calculated from Eq. (7):

kng — kg [
9(1 — +
TR

__ Lkent
knf L+2Rykent

k kﬂf
kns +0.14d( iy — 1)

=0 (7)
— knf)]

where kys, kf and keny are thermal conductivities of nanofluid,
pure fluid and CNT, respectively; ¢ is volume fraction of CNT in
fluid; L and d are length and diameter of CNT, respectively; and Ry
is an empirical constant. The value of Ry is 13.9 x 10~7 m2KW™!
as Xue recommended.

In Hamilton-Crosser model [22], if the particles in fluid are
cylindrical, just like CNTs, k;s can be calculated as:

dkent
knf T d+2 Rikent

g7 +0.5( gy kenr
(nf *“\d+2Rygkent

_ kent + 5k —5(ks — kent)
kent + 5k + (kf — kent)@
where kys, ky and keny are thermal conductivities of nanofluid,

pure fluid and CNT, respectively; ¢ is volume fraction of CNT in
fluid.

nf (8)

=
<5
113
1.10
1.14 1.08
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1.03 . o3 L4
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Fig. 6. Comparison of ku¢/kf among CNT-R113, CNT-water and spherical-particle-R113, for ¢ = 0.2 vol%.
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Fig. 7. Experimental data vs. predicted data of Yu-Choi model, Xue model and Hamilton-Crosser model.

Yu-Choi model, Xue model and Hamilton-Crosser model are
validated by experiments on CNT-R113 nanorefrigerants, as shown
in Fig. 7. The mean and maximum deviations of Yu-Choi model are
15.1% and 27.4%, respectively. The mean and maximum deviations
of Xue model are 31.5% and 61.0%, respectively. The mean and max-
imum deviations of Hamilton-Crosser model are 26.9% and 47.9%,
respectively. Yu-Choi model is more accurate than Xue model and
Hamilton-Crosser model, but there is still obvious deviation of the
predicted results of Yu-Choi model from the experimental results.
It is better to establish a more accurate model by improving Yu-
Choi model, for example, modifying Eq. (6), which is used for the
calculation of the empirical constant «.

Eq. (6) is yielded by regression analysis on experimental data
of CNT-oil's thermal conductivities [19]. In Eq. (6), the influences
of CNT's length and diameter on thermal conductivities are not
reflected. However, the experimental data in this research show
that the influences of length and diameter on thermal conductiv-
ities cannot be ignored. So Eq. (9) is presented instead of Eq. (6)
by regression analysis on experimental data of CNT-R113 nanore-
frigerants’ thermal conductivities. In Eq. (9), the non-dimensional
parameter, d/L, is used and it reflects the mechanism that the

CNT’s length and diameter have obvious effect on the thermal con-
ductivity of CNT nanorefrigerant.

o =1.55+16.7(d/L)°7! (9)

where L and d are length and diameter of CNT, respectively. The
modified Yu-Choi model, consisting of Eqgs. (5) and (9) is used to
predict the thermal conductivities of the CNT-R113 nanorefriger-
ants. Fig. 8 shows the comparison between the experimental data
and the predicted results of the modified Yu-Choi model. The
mean and maximum deviations of the modified Yu-Choi model
are 5.5% and 15.8%, respectively, which shows that the modified
Yu-Choi model is better than the existing models in predicting
thermal conductivities of CNT nanorefrigerants.

6. Conclusions

(1) The thermal conductivities of CNT nanorefrigerants increase
significantly with the increase of the CNT volume fraction.
When the CNT volume fraction is 1.0 vol%, the measured
thermal conductivities of four kinds of CNT-R113 nanorefrig-
erants increase 82%, 104%, 43% and 50%, respectively. The ther-
mal conductivity enhancements of CNT-R113 nanorefrigerants
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Fig. 8. Experimental data vs. predicted data of the modified Yu-Choi model.

are higher than those of CNT-water nanofluids and spherical-
nanoparticles-R113 nanorefrigerants with the same nanoparti-
cle volume fraction.

The diameter and aspect ratio of CNT can influence the ther-
mal conductivities of CNT nanorefrigerants. The smaller the
diameter of CNT is or the larger the aspect ratio of CNT is,
the higher the thermal conductivity of CNT-R113 nanorefriger-
ant is. The influence of aspect ratio of CNT on nanorefrigerants’
thermal conductivities is less than the influence of diameter of
CNT.

The existing models for predicting thermal conductivities of
CNT nanofluids, including Hamilton-Crosser model, Yu-Choi
model and Xue model, cannot predict the thermal conductiv-
ities of CNT nanorefrigerants within a mean deviation of less
than 15%. Yu-Choi model is more accurate than the other two
models. On the basis of Yu-Choi model, a modified model is
proposed and it has a mean deviation of 5.5%. The modified
Yu-Choi model is recommended for predicting thermal con-
ductivities of CNT nanorefrigerants.

—
\S]
—

3

=

References

[1] US. Choi, Enhancing thermal conductivity of fluids with nanoparticles, ASME
FED 231 (1995) 99-105.

[2] J.A. Eastman, U.S. Choi, S. Li, W. Yu, LJ. Thompson, Anomalously increased ef-
fective thermal conductivities of ethylene glycol-based nanofluids containing
copper nanoparticles, Appl. Phys. Lett. 78 (2001) 718-720.

[3] BX. Wang, LZ. Zhou, X.F. Peng, A fractal model for predicting the effective
thermal conductivity of liquid with suspension of nanoparticles, Int. J. Heat
Mass Transfer 46 (2003) 2665-2672.

[4] Y.M. Xuan, Q. Li, W.F. Hu, Aggregation structure and thermal conductivity of
nanofluids, AIChE 49 (2003) 1038-1043.

[5] S.K. Das, N. Putra, P. Thiesen, W. Roetzel, Temperature dependence of thermal
conductivity enhancement for nanofluids, J. Heat Transfer 125 (2003) 567-
574.

[6] H.E. Patel, S.K. Das, T. Sundararajan, A.S. Nair, B. George, T. Pradeep, Ther-
mal conductivities of naked and monolayer protected metal nanoparticle based
nanofluids: Manifestation of anomalous enhancement and chemical effects,
Appl. Phys. Lett. 83 (2003) 2931-2933.

[7] S.P. Jang, U.S. Choi, Role of Brownian motion in the enhanced thermal conduc-
tivity of nanofluids, Appl. Phys. Lett. 84 (2004) 4316-4318.

[8] S.M.S. Murshed, K.C. Leong, C. Yang, Enhanced thermal conductivity of TiOz—
water based nanofluids, Int. . Therm. Sci. 44 (2005) 367-373.

[9] M.S. Liu, C.C. Lin, C\Y. Tsai, C.C. Wang, Enhancement of thermal conductivity
with Cu for nanofluids using chemical reduction method, Int. ]. Heat. Mass
Transfer 49 (2005) 3028-3033.

[10] R. Prasher, R. Bhattacharya, P.E. Phelan, Thermal conductivity of nanoscale col-
loidal solutions (nanofluids), Phys. Rev. Lett. 94 (2005) 025901.1-025901.4.

[11] KJ. Wang, G.L. Ding, W.T. Jiang, Development of nanorefrigerant and its rudi-
ment property, in: Q.D. Wei, X.G. Deng (Eds.), Proceedings of 8th International
Symposium on Fluid Control, Measurement and Visualization, China Aerody-
namics Research Society, Chengdu, China, 2005, Paper No. 13-13.

[12] S.S. Bi, L. Shi, L.L. Zhang, Application of nanoparticles in domestic refrigerators,
Appl. Therm. Eng. 28 (2008) 1834-1843.

[13] J. Hone, M. Whitney, A. Zettl, Thermal conductivity of single-walled carbon
nanotubes, Synth. Met. 103 (1999) 2498-2499.

[14] S. Berber, Y.K. Kwon, D. Tomanek, Unusually High Thermal Conductivity of Car-
bon Nanotubes, Phys. Rev. Lett. 84 (2000) 4613-4616.

[15] U.S. Choi, Z.G. Zhang, W. Yu, EE. Lockwood, E.A. Grulke, Anomalous thermal
conductivity enhancement in nanotube suspensions, Appl. Phys. Lett. 79 (2001)
2252-2254.

[16] J.A. Eastman, U.S. Choi, S. Li, LJ. Thompson, S. Lee, Enhanced thermal conduc-
tivity through the development of nanofluids, in: Fall Meeting of the Materials
Research Society, Boston, USA, 1996, pp. 3-11.

[17] YJ. Hwang, Y.C. Ahn, H.S. Shin, C.G. Lee, G.T. Kim, H.S. Park, J.K. Lee, Investi-
gation on characteristics of thermal conductivity enhancement of nanofluids,
Curr. Appl. Phys. 6 (2006) 1068-1071.

[18] H.Q. Xie, H. Lee, W. Youn, M. Choi, Nanofluids containing multiwalled carbon
nanotubes and their enhanced thermal conductivities, ]. Appl. Phys. 94 (2003)
4967-4971.

[19] W. Yu, U.S. Choi, The role of interfacial layers in the enhanced thermal conduc-
tivity of nanofluids: A renovated Hamilton-Crosser model, . Nanopart. Res. 6
(2004) 355-361.

[20] Q.Z. Xue, Model for the effective thermal conductivity of carbon nanotube com-
posites, Nanotech. 17 (2006) 1655-1670.

[21] MJ. Assael, C.F. Chen, I. Metaxa, W.A. Wakeham, Thermal conductivity of sus-
pensions of carbon nanotubes in water, Int. ]. Thermophys. 25 (2004) 971-985.

[22] R.L. Hamilton, O.K. Crosser, Thermal conductivity of heterogeneous two-
component systems, IREC Fundamentals 1 (1962) 187-191.

[23] H.M. Cheng, F. Li, G. Su, H.Y. Pan, LL. He, X. Sun, Dresselhaus M.S., Large-scale
and low-cost synthesis of single-walled carbon nanotubes by the catalytic py-
rolysis of hydrocarbons, Appl. Phys. Lett. 72 (1998) 3282-3284.

[24] S.E. Gustafsson, Transient plane source techniques for thermal conductivity
and thermal diffusivity measurements of solid materials, Rev. Sci. Instrum. 62
(1991) 797-804.

[25] U. Hammerschmidt, W. Sabuga, Transient Hot Wire (THW) method: uncertainty
assessment, Int. J. Thermophys. 21 (2000) 1255-1278.

[26] ED.S. Marquis, L.PF. Chibante, Improving the heat transfer of nanofluids and
nanolubricants with carbon nanotubes, JOM 57 (2005) 32-43.

[27] H.P. Hong, B. Wright, ]. Wensel, S.H. Jin, X.R. Ye, W. Roy, Enhanced thermal
conductivity by the magnetic field in heat transfer nanofluids containing car-
bon nanotube, Synthetic Met. 157 (2007) 437-440.

[28] B. Wright, D.T. Thomas, H.P. Hong, L. Groven, J. Puszynski, E. Duke, X.R. Ye, S.H.
Jin, Magnetic field enhanced thermal conductivity in heat transfer nanofluids
containing Ni coated single wall carbon nanotubes, Appl. Phys. Lett. 91 (2007)
173116.1-173116.3.

[29] ZH. Liu, X.F. Yang, G.L. Guo, Effect of nanoparticles in nanofluid on thermal
performance in a miniature thermosyphon, J. Appl. Phys. 102 (2007) 013526.1-
013526.8.



W. Jiang et al. / International Journal of Thermal Sciences 48 (2009) 1108-1115 1115

[30] X.E. Li, D.S. Zhu, XJ. Wang, N. Wang, ] W. Gao, H. Li, Thermal conductivity
enhancement dependent pH and chemical surfactant for Cu-H,O nanofluids,
Thermochim. Acta 469 (2008) 98-103.

[31] D.S. Zhu, X.E. Li, N. Wang, XJ. Wang, J.W. Gao, H. Li, Dispersion behavior and
thermal conductivity characteristics of Al;03-HO nanofluids, Curr. Appl. 9
(2009) 131-139.

[32] JJ. Vadasz, S. Govender, P. Vadasz, Heat transfer enhancement in nanofluids
suspensions: Possible mechanisms and explanations, Int. J. Heat. Mass. Trans-
fer 48 (2005) 2673-2683.

[33] EW. Lemmon, M.L. Huber, M.O. McLinden, REFPROP, Version 8.0. National In-
stitute of Standard and Technology, USA. 2007.

[34] CJ. Yu, A.G. Richter, A. Datta, M.K. Durbin, P. Dutta, Molecular layering in a lig-
uid on a solid substrate: an X-ray reflectivity study, Physica. B: Phys. Condens.
Mat. 283 (2000) 27-31.

[35] W. Yu, USS. Choi, The role of interfacial layers in the enhanced thermal conduc-
tivity of nanofluids: A renovated Maxwell model, ]J. Nanoparticle Res. 5 (2003)
167-171.



	Measurement and model on thermal conductivities of carbon nanotube nanorefrigerants
	Introduction
	Preparation and characterization of CNTs and CNT nanorefrigerants
	Preparation and characterization of CNTs
	Preparation and characterization of CNT nanorefrigerants

	Experiments on thermal conductivity of CNT nanorefrigerant
	Experimental setup
	The probe
	Validation of the thermal constants analyzer
	Experimental procedure

	Measuring results and discussion
	Influence of diameter of CNT on thermal conductivity
	Influence of aspect ratio of CNT on thermal conductivity
	Comparison of thermal conductivities among CNT nanorefrigerants, CNT-water nanofluids and spherical-particle nanorefrigerants

	On modeling the thermal conductivity of CNT nanorefrigerants
	Conclusions
	References


