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ABSTRACT: The present paper experimentally determined the evaporation characteristics of nanofluid fuels with stable
suspension of carbon-based nanostructures under radiation absorption in the ultraviolet−visible range. The results show that the
evaporation rates of the ethanol-based nanofluids containing multiwalled carbon nanotubes (MWCNTs) or carbon nanoparticles
(CNPs) are both higher than the evaporation rate of pure ethanol. Additionally, ethanol fuel with the addition of MWCNTs has
a higher droplet temperature and a higher evaporation rate than the one with the addition of CNPs or aluminum (Al). To
determine the optical properties of various nanofluids, which can help to explain the observed evaporation behavior, we measured
the transmission spectrum for each nanofluid, and the extinction coefficient was determined accordingly. The optical properties
were also modeled using Rayleigh approximation. The importance of radiation absorption and scattering by the suspended
nanostructures was identified for various nanofluids. The results show that MWCNTs are more effective than Al and CNPs for
radiation absorption in nanofluid because less energy is scattered away.

1. INTRODUCTION
Nanofluids are liquids with stable suspensions of nanoscale
(typically 1−100 nm) materials. The nanomaterials can be
metals, oxides, carbides, nitrides, or carbon-based nanostruc-
tures that can be of various shapes, such as sphere, rod, fiber,
disk, and tube. Many studies have reported that nanofluids
exhibit significantly enhanced thermal conductivity.1−4 Because
of this unique property, they have great potential to be used in
different kinds of energy and thermal systems as an advanced
heat-transfer fluid, e.g., advanced cooling of electronics systems
and microelectromechanical systems (MEMS).1 Several theo-
ries have been proposed to explain the fundamental
mechanisms for enhanced thermal conductivity.1 One, for
example, suggests that it is because of the nanoconvection
caused by the random Brownian motion of nanoparticles.5,6

Another proposes that the layered structure is acting as a
thermal bridge between a solid nanoparticle and a bulk liquid.7,8

Others believe that aggregation of nanoparticles plays an
important role for heat conductivity enhancement.9−11 Despite
many studies, our understanding of the thermal conductivity of
nanofluids is still incomplete.
The present paper is based on a new concept, nanofluid-type

fuels, which have generated much interest in the combustion
and propulsion communities. Nanoscale materials (mainly
energetic nanomaterials and nanocatalysts) were suggested as
additives for mixing with traditional liquid fuels in a proper way
to enhance ignition and combustion. Previous studies have
shown elevated performance by nanofluid fuels that contain the
addition of energetic nanomaterials, such as aluminum and
boron, and nanocatalysts, such as cerium oxide. These
improvements included higher energy release,12 shortened
ignition delay,13 increased burning rate,14,15 increased ignition
probability,16 and enhanced catalytic effects.17,18 However, the
applications of nanofluid fuels may be limited by issues such as
particle aggregation and potential emissions of metal oxide
particles.

Most recently, carbon-based nanomaterials have also been
suggested as fuel additives because of their unique thermal and
optical properties. Sabourin et al.19 discovered that the addition
of only 1% (by mass) functionalized graphene sheets to
monopropellant nitromethane can significantly enhance the
burning rate and also lower the ignition temperature. Finigan et
al.20 recently found that carbon nanotubes (CNTs) could be
used for distributed photo-ignition of fuel/oxidizer mixtures,
similar to the flash ignition of Al nanoparticles.21 Furthermore,
the authors observed flame acceleration and deflagration−
detonation transition as a result of the distributed ignition.
Radiative heat transfer plays an important role in

combustion.22 For example, in diesel engines, it contributes
20−35% of the total heat transfer,23 mostly coming from high-
temperature soot particles formed during combustion pro-
cesses. However, knowledge on the radiative heat-transfer
properties of nanofluid fuels does not exist. A fundamental
understanding of the optical properties of nanofluid fuels is
important for their application in combustion and propulsion
systems. Radiative heat transfer in a multiphase system, such as
nanofluids, is highly complex. The base fluid and particles can
both be an absorber with different absorption abilities; thus, it is
possible that there is a temperature gradient between the
particles and the base fluid. Moreover, scattering over the
particle surface will take place, and the mode of scattering
depends upon several factors, such as particle size (Rayleigh or
Mie scattering), geometry, and volume fraction (dependent or
independent; multiple or single scattering). In the latter, the
interactions of the scattered radiation waves from neighboring
particles and the secondary scattering over neighboring
particles must be considered.
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In our previous study,24 we have investigated the radiative
properties of various nanofluid fuels containing Al and Al2O3, as
well as their effects on the droplet evaporation rate when
exposed to radiation. The results show that the nanofluid with
Al nanoparticles has a higher droplet evaporation rate than the
one with Al2O3 nanoparticles. However, at high particle-loading
rates, such enhancement was mitigated by the increasing
aggregation of nanoparticles, which tends to inhibit diffusion
and suppress evaporation.
The present paper examines the radiative properties of

nanofluid fuels with suspensions of carbon nanostructures,
including carbon nanoparticles (CNPs) and CNTs. Because of
their unique structures and unusual mechanical and electric
properties, CNTs have been widely studied as applications in
material, electrical, and biomedical sciences.25,26 They also have
unique thermal properties; e.g., CNTs are reported to have
unusually high thermal conductivity compared to the bulk
material−graphene monolayer.27,28 Intensive investigation has
been conducted into the thermal conductivity of nanofluids
with CNTs.29−33

However, the optical and radiative properties of nanofluids
with carbon-based nanostructures, as well as their impact on
droplet evaporation and combustion, have not been studied.
Thus, this paper first reported the evaporation behavior of
nanofluid droplets with suspensions of CNTs and CNPs under
radiation absorption. Then, the transmission spectra of these
nanofluids were measured, and the extinction coefficients
compared to theoretical results predicted by Rayleigh
approximation were determined. The relative importance of
radiation absorption and scattering by the nanoparticles was
discussed with regard to different nanofluids. Lastly, the results
were used to explain the observed evaporation behavior.

2. EXPERIMENTAL SECTION
The preparation methods for nanofluid fuels are essentially the same as
in our previous studies.34,35 Briefly, the physical method (using
ultrasonic waves) and the chemical method (using a surfactant or
polymer) were both used to disperse the nanostructures homoge-
nously in the base fuel and to minimize agglomeration. The duration
and power levels of the ultrasonic treatment were carefully controlled
to prevent damage to the structure of CNTs. Ethanol was chosen as
the base fuel; we have shown in a previous study that good suspension
quality of nanoparticles in ethanol can be achieved even without the
use of a surfactant.34 Three types of carbon-based nanostructures were
studied here as fuel additives, including CNPs and single-walled and
multiwalled carbon nanotubes (SWCNTs and MWCNTs).
Figure 1 shows transmission electron microscopy (TEM) images of

the samples studied. All were purchased from Nanostructured and
Amorphous Materials, Inc., with no further treatments. The TEM
image of CNPs with a mean diameter of 6 nm is shown in Figure 1a.
The CNPs can be seen to have a quite uniform size. However, they
tend to agglomerate. Figure 1b shows the TEM image of the
SWCNTs. The diameter of the SWCNTs is 1−2 nm, and the length is
5−30 μm. Because of the large aspect ratio, the SWCNTs tend to
entangle with one another and form network structures. Single and
isolated SWCNTs are fewer. The characteristic size of the network
structures is about 10 μm. The TEM image of the dispersible
MWCNTs is shown in Figure 1c. The dispersible MWCNTs are
coated with selected polymers in solid powder form. The polymers
functionalized the surface of MWCNTs to be hydrophilic; thus, the
stability of MWCNTs dispersed in polar fuels (such as ethanol) can be
significantly enhanced. In comparison to the SWCNTs in Figure 1b,
the MWCNTs in Figure 1c are more separated and show much fewer
network structures because of entanglement. Also, the length of the
MWCNTs is about 100 nm, significantly shorter than that of the
SWCNTs.

The suspension quality of the nanofluid fuels was compared. For the
purpose of comparison, the loading rate of all nanostructures was kept
at 0.1 wt % with no surfactant being added. Suspension quality was
evaluated on the basis of the time that it takes for all particles to settle
at the bottom of the test tube after sonication. SWCNTs were found
to have the worst suspension quality; all of the SWCNTs settled in
about 5 min. It was difficult to use an ultrasonic bath to break the
network structures and to separate the SWCNTs from one another.
Immediately after sonication, visible agglomerates were formed.
Because of the quick and strong agglomeration of SWCNTs that a
table suspension cannot maintain, we did not study fuels with the
addition of SWCNTs. Instead, dispersible MWCNTs were used, which
have much better suspension quality; good suspension was well-
maintained for at least 4 weeks. The suspension quality of ethanol with
CNPs is good; it can maintain stable for more than 24 h. This is
comparable to ethanol with Al nanoparticles, which we have previously
studied.

The droplet evaporation experiment was described in detail in our
previous study [24]. Here we will only briefly describe the
experimental setup. A mercury lamp was used as a radiation source
with adjustable light intensity, for which most of the radiation energy
lies in the UV and visible range. The radiation from the lamp was
collimated to a beam size of 5mm in diameter. The evaporation
process of a suspended nanofluid droplet, which was placed in a closed
chamber with optical access, was recorded using a high-speed camera.
Images were processed by a self-developed MATLAB code to derive
the droplet evaporation rate. A type K thermocouple with a thickness
of 76 μm was used to suspend the nanofluid droplet for all the tests.
The initial size of the suspended droplets was around 1.2 mm. Thus
the nanofluid droplet size and temperature history can be monitored
simultaneously. For each test condition, the experiment was repeated
at least three times, and an averaged evaporation rate was obtained
with an error bar to indicate the standard deviation.

3. RESULTS AND DISCUSSION
3.1. Evaporation of Nanofluid Droplets under

Radiation. First, the evaporation rate of pure ethanol droplets
under various radiation levels was examined as a baseline for

Figure 1. TEM images of (a) CNPs (6 nm), (b) SWCNTs (diameter,
1−2 nm; length, 5−30 μm), and (c) dispersible MWCNTs (diameter,
20 nm; length, 1−5 μm). Images were taken by FEI/Philips CM-100
TEM.
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studying the effect of the addition of carbon-based nanostruc-
tures. As indicated in Figure 2, the evaporation rate of the

ethanol droplet increases with the power level of the mercury
lamp. An increase of 13.4% was observed when the power level
was increased to 175 W, from 75 W. This indicates that part of
the radiation energy was absorbed by the ethanol droplet,
which increases the evaporation rate.
We then investigated the evaporation rates of ethanol with

MWCNTs and CNPs. Note that the loading rate was kept at
0.1 wt % in all instances. The results show that the evaporation
rate of all nanofluids increases when the power level of the
mercury lamp increases. The evaporation rates of all nanofluids
are higher than those of pure ethanol at all radiation levels.
However, the level of droplet evaporation rate enhancement
differs. The enhancement was most significant for the nanofluid
with MWCNTs, an increase of 25.6% at 175 W compared to
the evaporation rate of pure ethanol. For a purpose of
comparison, Figure 2 also shows the evaporation rates of
ethanol with the addition of Al particles (the average size is 80
nm, and the concentration is the same at 0.1 wt %). The
enhancement for the nanofluid with Al nanoparticles was
weaker than with MWCNTs, an increase of 18.7% at 175 W.
Lastly, the evaporation rates of the nanofluid with CNPs are
only slightly higher than that of pure ethanol, a slight increase
of 5.7% at 175 W.
When the droplets are exposed to radiation, part of the

radiation energy will be reflected away on the droplet surface
and the rest will be refracted into the droplet. Part of the
refracted radiation will be either absorbed or scattered by the
nanofluid, and the rest will be transmitted through the droplet.
Radiation absorption by both the base fuel and the suspended
nanostructures can enhance droplet evaporation. Because the
base fuel is the same for all situations discussed above, the
different evaporation enhancement is most likely because of the
various radiation absorption abilities of the nanostructures.
3.2. Droplet Temperature History. To further under-

stand the radiative heat transfer inside an evaporating nanofluid
droplet, we measured the droplet temperature history, which
has a direct correlation with the evaporation rate. Here, we used

a thermocouple to suspend the nanofluid droplet and,
simultaneously, to measure the droplet temperature.
Figure 3 shows the temperature histories of evaporating

nanofluid droplets containing 0.1 wt % SWCNTs, MWCNTs,

and CNPs and when the power of the mercury lamp was set at
175 W. The temperature profiles of these nanofluid droplets
share some similarities. Before t = 10 s, when the radiation
source is blocked from the droplet, the temperatures of all
droplets are essentially the same (about 10.5 °C). Immediately
after the droplet is exposed to radiation from the mercury lamp,
the droplet temperature undergoes a steep rise. After this
transition stage, steady-state evaporation has been established
and the droplet temperature approaches a constant value.
Despite these similarities, there are major differences. For the

transition stage, the nanofluids with MWCNTs and Al
nanoparticles have a steeper increase of the droplet temperature
than with CNPs and pure ethanol. After the transition stage, a
higher droplet temperature was observed for the nanofluids
with MWCNTs (18 °C) and Al nanoparticles (17 °C) than
with CNPs (15 °C) or pure ethanol (14.5 °C). These results
indicate that more radiation energy may be absorbed and will
dissipate in the nanofluids with MWCNTs and Al nano-
particles, resulting in higher droplet temperatures and,
consequently, higher evaporation rates.

3.3. Transmission Spectrum. To quantitatively determine
the wavelength-dependent radiation absorption and scattering,
we measured the transmission spectrum of the nanofluids in the
UV−vis range, which corresponds to the spectrum of the
mercury lamp that was used as a radiation source. For the
transmission spectrum measurement, the nanofluid was placed
in a fused quartz cuvette with a thickness of 1 mm. A UV−vis
spectrometer was used to detect the transmitted light and to
calculate the corresponding transmission spectrum.
Figure 4 shows the transmission spectra of pure ethanol,

ethanol with Al nanoparticles, CNPs, and MWCNTs. Pure
ethanol is almost transparent to radiation in the visible range
(>360 nm), with a transmittance of more than 90%. A quick
drop of transmittance was observed in the UV range, which
indicates a strong absorption of radiation energy by ethanol in
this range. In comparison to pure ethanol, nanofluids with Al
nanoparticles, CNPs, and MWCNTs have a much lower
transmittance. Among them, ethanol with Al nanoparticles

Figure 2. Droplet evaporation rate of pure ethanol and nanofluids with
the addition of Al particles, CNPs, and dispersible MWCNTs at
different radiation levels.

Figure 3. Droplet temperature history of pure ethanol and nanofluids
with the addition of Al particles, CNPs, and dispersible MWCNTs.
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shows the lowest transmission; only 2% of the light was
transmitted over most of the spectrum. The nanofluid with
MWCNTs has lower transmission in the UV range but higher
transmission in the visible range. Because most of the radiation
energy from the mercury lamp lies in the visible range, the
nanofluid with MWCNTs has a higher overall transmission
than that with Al nanoparticles. The nanofluid with CNPs has a
higher transmission than the other two nanofluids. Lastly, in
comparison to the spectrum of pure ethanol, we observed no
steep drop of transmittance for the nanofluids when the
radiation is shifted from the visible range to the UV range.
On the basis of the measured transmission spectrum, we

calculated the extinction coefficient of the nanofluids using the
Lambert−Beer law. The thickness of the tested nanofluid
sample is 1 mm in the present experiment. The results are
shown in Figure 5. The extinction coefficient of ethanol is very
low, only 1 cm−1 in the visible range. For the nanofluids with

carbon nanostructures (MWCNTs and CNPs), the extinction
coefficient decreases with an increasing wavelength. The
nanofluid with MWCNTs has a higher extinction coefficient
than with CNPs. For the nanofluid with Al nanoparticles, a
stable extinction coefficient of about 40 cm−1 was observed for
most of the wavelength range.
We noticed an interesting phenomenon when comparing the

transmission spectrum, droplet evaporation rates, and temper-
ature histories of these nanofluids. The nanofluid with Al
nanoparticles has the lowest transmission, which may indicate
the strongest radiation absorption; thus, it is expected to have
the highest droplet temperature and evaporation rate. However,
as shown in Figures 2 and 3, the nanofluid with Al
nanoparticles has a lower droplet temperature and evaporation
rate than the nanofluid with MWCNTs.
It is well-known that light extinction is due to both

absorption and scattering. The absorbed radiation energy,
especially by particles, will be used to heat the droplet and, thus,
contribute to the increase of the droplet temperature and
evaporation rate. The scattered energy, however, will be largely
dissipated into the environment and, thus, will not contribute
to the heat transfer to the droplet. Thus, our speculation is that
more radiation energy is scattered away by Al nanoparticles
than by MWCNTs. Motivated by this, in the following section,
we will theoretically model the radiation properties of the
nanofluids and quantitatively determine the relative importance
of absorption and scattering.

3.4. Modeling of the Optical Properties of the
Nanofluid Fuels. When thermal radiation interacts with a
medium containing particles, the radiative intensity will be
changed because of absorption by and scattering from the
particles.36 Our goal here is to understand radiative heat-
transfer mechanisms in the nanofluids containing carbon-based
nanostructures, especially the interaction between absorption
and scattering, resulting from the presence of the nanostruc-
tures. Nanofluids are two-phase systems; the optical properties
of the solid and liquid phases will be modeled separately as a
first step. The results will then be combined to determine the
radiation properties of the nanofluids.
We will first discuss radiation absorption and scattering from

nanoparticles. Four parameters (interparticle distance, particle
shape, particle material, and particle size) fundamentally
determine the amount of radiation energy that is absorbed or
scattered.36 In the present modeling, the particle size will be
characterized by size parameter α, which is defined as α = πD/
λ, where D is the particle diameter and λ is the wavelength. The
effect of particle material is reflected by the index of refraction
and absorption of the material. The estimated interparticle
distance based on particle size and volume fraction determines
the scattering pattern, e.g., independent or multiple and
dependent scattering. For simplicity, the shapes of all of the
nanostructures are assumed to be spherical, including CNTs,
which have large aspect ratios. It is reported that CNTs exhibit
strong nonlinear optical properties because of their unique
geometry, and this will also result in optical limiting
behaviors.37−40 The nonlinear optical properties and the
related optical limiting behaviors of CNTs are quite
complicated and may deserve a separate study.41 Because of
this, here we have assumed a spherical geometry for CNT. This
assumption will certainly bring in inaccuracy when modeling
light scattering and absorption by them. Nevertheless, our goal
here is to understand the overall optical properties of nanofluid
fuels. The modeling, although simplified for CNTs, can provide

Figure 4. Transmission spectrum of pure ethanol and nanofluids with
the addition of Al particles, CNPs, and dispersible MWCNTs.

Figure 5. Measured extinction coefficient of pure ethanol and
nanofluids with the addition of Al particles, CNPs, and dispersible
MWCNTs.
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a qualitative understanding of the dominant factors that are
responsible for the enhancement of the droplet evaporation
rate.
The scattering pattern, whether it is independent, multiple,

or dependent, is largely affected by the particle concentration
or, in other words, interparticle distance. For multiple
scattering, the scattered wave from one particle becomes the
incident on another and is then scattered again. Dependent
scattering happens when the scattered waves from neighboring
particles interfere with one another. For the nanoparticles and
CNTs studied in this paper, their characteristic size is in the
range of 6−80 nm. When the nanoparticles are properly
suspended in the base fluid and assuming that they are evenly
distributed, the interparticle distance can be estimated on the
basis of the particle size and volume fraction ( f v). Figure 6

shows the particle spacing ratio as a function of the mass
concentration for the nanofluids. The spacing ratio is defined as
the ratio of the interparticle distance (ID) to particle size, and it
was calculated on the basis of the following equation:42

= −

D
f

ID
2.77 v

0.381
(1)

Figure 6 shows that, for the dilute nanofluids (0.1% by mass)
studied in this paper, the spacing ratio is about 60. For the
scattering over spherical particles, independent scattering will
happen if the following criteria can be met:22

λ+ >DID 0.1 /2 (2)

With these criteria, we may conclude that the effect of multiple
and dependent scattering can be neglected for the present
dilute nanofluids (0.1% by mass). Thus, scattering from
particles was assumed to be independent and single scattering.
The scattering from the solid phase will be a sum of scattering
from all particles. This conclusion is also consistent with the
classic treatment of the scattering pattern for particulate
systems developed by Tien.43 Figure 7 shows that Tien divided
the scattering map into several regimes for various particulate
systems. As we can see, the particle system of nanofluids with
0.1 wt % particles lies in the independent scattering zone.

The fundamental absorption and scattering characteristics of
a single particle can be obtained by solving the electromagnetic
field equations.43 Because the characteristic particle sizes are in
the range of 6−80 nm for the present nanofluids, which are
much smaller than the wavelength (190−900 nm) of radiation,
the scattering is mainly Rayleigh scattering. Because of the small
size parameter (α < 1), the solution for Rayleigh scattering can
be simplified using the Rayleigh approximation equations.36

The equations to calculate the scattering (Qscat), absorption
(Qabs), and extinction (Qext) efficiencies are as follows:36
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= +Q Q Qext scat abs (5)

where m is the relative complex refractive index of the
nanofluid, defined as m = np/nf, in which np and nf are the
complex refractive index of the nanoparticles and the base fluid,
respectively. All relevant optical properties, including the index
of refraction and absorption, were obtained from a handbook.44

In particular, the optical properties of the bulk material graphite
were used for MWCNTs, and the properties of the bulk
material diamonds were used for CNPs because CNPs are
made from synthetic diamonds. The optical properties of the
MWCNTs are quite wavelength-dependent, whereas the optical
properties of CNPs are constant over most of the wavelength
range. On the basis of the extinction efficiency of nanoparticles,
we can calculate the extinction coefficient σp using the following
equation:42

σ π=
f Q

D
3
2p

v ext

(6)

Figure 6. Nanoparticle spacing ratio at different particle mass
concentrations for nanofluid.

Figure 7. Dependent and independent scattering regime map for
different particulate systems (modified on the basis of ref 39).
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Next, we will calculate the extinction coefficient of radiation
energy by the base fluid. As seen from the transmission
spectrum (Figure 4), ethanol is almost transparent in the visible
range. However, it has very strong absorption in the UV range.
Because there is no scattering from the base fluid, we need only
to consider the absorption of radiation by the base fluid. The
extinction coefficient σf can be calculated using the following
equation:42

σ
π
λ

=
k4

f
f

(7)

where kf is the imaginary part of the complex refractive index of
the base fluid.
Lastly, we can calculate the total extinction coefficient of the

nanofluids by adding the extinction coefficient of the
nanoparticles and the base fluid together.

σ σ σ π π
λ

= + = +
f Q

D
k3

2
4

f p
v ext f

(8)

The theoretically predicted extinction coefficients of various
nanofluids studied in this paper are shown in Figure 8. A

qualitative agreement, as compared to the measured values
(Figure 5), was achieved for ethanol and the nanofluids with
CNPs and MWCNTs in the visible range. However, disagree-
ment in the UV range is significant. For the nanofluid with Al
nanoparticles, significant disagreement was observed in both
the visible and UV ranges. Especially in the UV range, the
predicted coefficients are of one magnitude higher than the
measured values. This is because the size parameter of Al
nanoparticles is close to unity in the visible range and is larger
than unity in the UV range, which means that the Rayleigh
approximation is no longer valid and an alternative treatment
should be used here. For particles with size parameters larger
than the unit, the Mie scattering theory should be adopted to
calculate the absorption and scattering.45 This is the work
planned in our future study.
We also compared the scattering (Qscat) and absorption

(Qabs) efficiencies of the nanofluids with MWCNTs and Al
nanoparticles, as shown in Figure 9. Figure 9a shows that the

scattering efficiency from Al nanoparticles is much higher than
the absorption efficiency. However, for the MWCNTs in Figure
9b, the absorption efficiency is more significant than the
scattering efficiency. This helps to explain the phenomenon
that we observed in the previous section; that is, the nanofluid
with Al nanoparticles has a lower droplet temperature and
evaporation rate than the nanofluid with MWCNTs, although
its transmittance is lower. This is because, even though the total
extinction of light is higher for the nanofluid with Al
nanoparticles, much of the radiation energy is indeed scattered
away and, thus, will not contribute to the heat deposit within
the nanofluid droplet. For the nanofluid with MWCNTs,
however, most of the radiation energy will be absorbed by the
MWCNTs and then dissipated within the droplet. As a result,
the droplet temperature of the nanofluid with MWCNTs is
higher and the droplet evaporation rate is significantly
enhanced. Lastly, it is noted that particle aggregation was not
considered in the modeling. Particle aggregation is a highly
complex process, which will change particle size and
morphology. Nevertheless, the present paper considered dilute
nanofluids with a particle concentration of 0.1 wt %; thus, the

Figure 8. Calculated extinction coefficient of pure ethanol and
nanofluids with the addition of Al particles, CNPs, and dispersible
MWCNTs.

Figure 9. Calculated extinction efficiency of nanofluids with (a) Al
nanoparticles and (b) MWCNTs.
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assumptions made in the modeling are reasonable as a first step
toward understanding a very complex phenomenon.

4. CONCLUSION
The optical properties of and radiative heat transfer within
several nanofluid fuels with a stable suspension of carbon-based
nanostructures were investigated for the first time. The
evaporation characteristics of these nanofluids were determined
when exposed to radiation in the UV−vis range. The major
conclusions are as follows: (1) The results reveal that the
ethanol-based nanofluids with the addition of MWCNTs or
CNPs both have a higher droplet evaporation rate than pure
ethanol. Additionally, ethanol with MWCNTs can achieve a
higher droplet temperature and, thus, a significantly increased
droplet evaporation rate than those with CNPs or Al. (2) To
quantitatively determine the wavelength-dependent radiation
absorption and scattering, the transmission spectrum of these
nanofluids was measured and the extinction coefficient was
determined on the basis of the Lambert−Beer law. In
comparison to pure ethanol, the nanofluids with Al nano-
particles, CNPs, and MWCNTs have a much lower trans-
mittance. Among them, ethanol with Al nanoparticles shows
the lowest transmission; only 2% of the light was transmitted
over most of the spectrum. Additionally, the nanofluid with
MWCNTs has a lower transmission in the UV range but a
higher transmission in the visible range. (3) The optical
properties of these nanofluids, including absorption, scattering,
and extinction, were also theoretically modeled using the
Rayleigh approximation. The results show that MWCNTs in
nanofluid are more effective for radiation absorption in
comparison to Al or CNPs because less energy is scattered
away.
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