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a b s t r a c t
The evaporation characteristics of liquid ethanol droplets containing graphite nanoparticles under infrared radiation were studied both experimentally and numerically. The experimental results show that the
droplet evaporation rate is higher in the presence of a 2 mW infrared radiation field with a fixed wavelength of 2.3 lm than without radiation. The evaporation rate, however, decreases over time.
Additionally, with particle addition, the evaporation rate no longer follows the classical D2-law. The deviation is greater at higher particle concentrations. A model was developed to simulate the instantaneous
evaporation rate, considering both effects of particle accumulation on the droplet surface and radiation
energy absorption by the nanoparticles. In particular, a stochastic Monte Carlo method coupled with
Mie theory and Beer–Lambert law of volumetric absorption was used to calculate the distribution of
the absorbed radiation energy within the droplet, which was then used to compute the temperature profiles of the droplet. The modeling results show under infrared radiation, the evaporation rate of the nanofluid droplet increases as a function of particle concentration. This is due to rising droplet surface
temperature through radiation absorption by the nanoparticles near the droplet surface. However, at
the later stage of evaporation, as the particles start to accumulate on the droplet surface, the effective surface area for evaporation decreases and hence reduces the evaporation rate. These two competing mechanisms combine to control the instantaneous evaporation rate.
Ó 2017 Elsevier Ltd. All rights reserved.

1. Introduction
Recently, there is increasing interest in developing highperformance nanofluid-type fuels for high-speed propulsion systems. The idea is to suspend energetic nanomaterials in traditional
liquid fuels to increase the fuel’s energy density. Previous studies
[1–11] on nanofluid fuels with the addition of energetic nanomaterials such as aluminum and boron, as well as nanocatalysts such as
cerium oxide, iron oxide, cobalt, and gold, have shown promising
performance. Liquid-fueled combustion systems typically spray a
cloud of small droplets into a hot combustion chamber. The
high-temperature environment inside the combustor causes rapid
vaporization of the droplets. The process of droplet evaporation is
thus a critical component of spray combustion in practical engines.
In our previous work [12], we measured the burning rate of
ethanol droplets containing graphite nanoparticles and found the
burning rate can be very much enhanced with even a small amount
of particle addition. We then performed Monte Carlo (MC) simulations to compute the distribution of the absorbed radiation energy
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in the infrared (IR) region (which is emitted from the ethanol
flame) by the nanoparticles and found that most of the radiation
energy is absorbed by the nanoparticles near the droplet surface.
We believe this is the primary reason for the burning rate enhancement phenomenon observed in the experiment. Motivated by this,
we decided to investigate the evaporation process of liquid fuels
containing nanoparticles under the influence of IR radiation, which
can help understand the effect of IR radiation on the burning process of nanofluids fuels.
Despite of a number of studies, the vaporization behavior of
nanofluids has not been well understood. A portion of the literature on the subject focused on a sessile droplet placed on a heated
surface [13–15]. For sessile droplets, the evaporation behavior is
dominated by the pinning effects. For example, when a sessile drop
deposited on a solid substrate, the wetted area is limited by a contact line. During the evaporation process, the contact angle of the
sessile droplet changes over time depending on the liquid vapor
pressure and the ambient conditions. While investigating the evaporation and dry out characteristics of strongly pinned water-based
nanofluid droplets, Chon et al. [13] reported that the droplet
regression did not follow a constant evaporation rate and attributed this to the variation in latent heat of the vaporization.
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Nomenclature

Acronyms
IR
infrared
MC
Monte Carlo
Symbols
A
cp
d
D
D
H
I
K; K
MW
N
P
Pe
r
R
R
S
T
u
V
wt%
X
Y

area
specific heat
particle diameter
droplet diameter
diffusivity
enthalpy
incident radiation
evaporation rate
molecular weight
number density
pressure
Peclet number
radius
gas constant
normalized radius
source term
temperature
velocity
volume
weight percentage
mole fraction
mass concentration

For suspended nanofluid droplets, Gan et al. [7] showed that
under the natural or weak convection, the nanofluid droplet
regression deviates from the classical D2-law. Furthermore, it
was observed that for natural convection, aluminum particle addition to pure ethanol results in an increase in the initial evaporation
rate and the evaporation rate continues to drop throughout the
entire droplet lifetime. More recent work by Gerken et al. [16]
showed that the addition of aluminum nanoparticles to ethanol
suppresses vaporization and reduces the initial evaporation rate.
Later Wei et al. [17] supported Gerken’s conclusions, and they suggested that particle accumulation and aggregation at the gas-liquid
interface is the main reason for the reduction of evaporation rate.
Wei et al. investigated the effect of the Peclet number (a nondimensional ratio of particle diffusion time to the droplet lifetime)
and the initial particle concentration on the evaporation behavior
of nanofluid droplet prior to shell formation. The formation of
the nanoparticle shell reduces the mass fraction of the evaporating
fluid at the surface and hence reduces the evaporation rate.
Gan et al. [18,19] investigated the effect of radiation on the
vaporization behavior of nanofluids. The results indicated that
nanofluids vaporize faster in the presence of ultraviolet–visible
radiation. Strong radiation absorption by the nanoparticles suspended in the liquid is the governing factor for this enhancement
in evaporation rates. Similarly, for the case of combustion of nanofluid fuels where enhancement in droplet burning rate was
observed [20], it was hypothesized that absorption of infrared radiation (emitted by major combustion product species CO2 and H2O
during combustion) by the nanoparticles is the primary mechanism contributing towards burning rate enhancement of liquid
fuels with the addition of nanoparticles.
Motivated by the above, the current study focuses on the evaporation characteristics of ethanol droplets containing graphite
nanoparticles under the influence of infrared radiation. Graphite

Greek symbols
/
contact angle
r
effective area ratio
f
concentration
q
density
k
thermal conductivity
#
volume fraction
d
surface particle layer
Subscripts
0
initial
1
infinity
boil
boiling
e
effective
l
liquid
mix
mixture
p
particle
r
radial
s
surface
sp
single particle
sat
saturation
t
total
u
universal
v ap
vapor

was chosen mainly because its reflective index at the nanoscale,
which is required for the modeling, have been well documented.
Ethanol was selected as the base liquid fuel. Since ethanol is a polar
compound, the nanofluid exhibits good suspension quality even
without the use of a surfactant, which, otherwise, would complicate the analysis and modeling. The experimental results show that
the presence of IR radiation increases the evaporation rate of the
nanofluid droplets. Nevertheless, the instantaneous evaporation
rate decreases with time. With particle addition, the droplet surface regression deviates from the classical D2-law, and the deviation becomes greater as the particle concentration increases. A
mathematical model was developed to simulate the evaporation
process, in which the absorption of the incident radiation was calculated using Monte Carlo (MC) simulations. The modeling results
show in the presence of IR radiation, the droplet surface temperature increases, leading to faster evaporation rate. The predicted and
measured instantaneous evaporation rates agree reasonably well.
It was found two mechanisms - particle accumulation at the droplet surface which tends to suppress evaporation and droplet surface heating due to absorbed radiation by the nanoparticles which
tends to enhance evaporation – compete against each other to
dominate the change of the evaporation rate.

2. Experimental method
2.1. Nanofluid preparation
The nanofluids were prepared using physical and chemical
(where required) dispersion methodologies as discussed in the earlier studies [6,12]. The appropriate amounts of particles were first
vigorously stirred with the base fuel, ethanol. This was followed by
sonication of the colloidal mixture in an ultrasonic disrupter
(Qsonica Q500A) to minimize and delay particle agglomeration.
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The sonication was performed in an ice bath to maintain a constant
temperature of the nanofluid. The sonicator generated a series of
4 s long pulses at 4 s spacing. The mixture was sonicated for a
duration between 8 and 30 min. Graphite nanoparticles (averaged
size of 50 nm, from Nanostructured and Amorphous Materials,
Inc.) were considered as additives to ethanol. The amount of particles added was precisely measured using an analytical scale (Torban AGZN 100) with an accuracy of 0.1 mg. Nanofluid samples
prepared (1–5 wt.% graphite in ethanol) maintained good suspension quality for at least several hours.
2.2. Experimental setup
Fig. 1 shows the experimental setup used to measure the droplet evaporation rates under the influence of near IR radiation.
The nanofluid droplet was suspended on a thin Silicon Carbide
(SiC) fiber (75 lm thick, Specialty Materials, Inc.). The average initial droplet diameter varied between 1.0 and 1.2 mm. The droplets
were vaporized under natural convection at room temperature and
atmospheric pressure. A transparent protective shield was placed
around the setup to prevent disturbances from the lab environment and to provide a clear optical access.
A 2.3 lm diode laser was used as the infrared radiation source.
A laser beam with a diameter of 5 mm surrounded the suspended
droplet providing a uniform blanket of radiation energy. The laser
provided a constant power of 2 mW. A photodiode detector was
used to ensure a constant laser power throughout the experiment.
High-speed backlight shadowgraphy was employed to record the
transient evaporation process and thus to measure the time history
of the droplet diameter from which the droplet evaporation rate
can be determined. The shadowgraph system consisted of a
100 W (ARC HAS-150 HP) mercury lamp light source, a highspeed camera (Vision Research Phantom v7) and a micro-lens
(Nikon 105 mm, f 2.8). Shadowgraphy images were captured with
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a resolution of 800  720 pixels at a frame rate of 100 fps. The spatial resolution of the camera was 10 lm per pixel. To ensure
repeatability, 5 tests were performed for each condition.
3. Modeling
To understand the effects of various mechanisms on the evaporation characteristics of nanofluids, we developed a model to simulate the transient evaporation process of an ethanol droplet
containing graphite nanoparticles under natural convection with
radiation. We were particularly interested in two mechanisms:
(1) the effect of nanoparticle loading which changes the effective
surface area and thus is believed to reduce evaporation rate, as
has been suggested by several experiments [7,16,17]; and (2) the
effect of radiation absorption by the nanoparticles, which is
hypothesized to increase droplet surface temperature and thus
enhance evaporation rate. In the following, we will describe the
model in details.
3.1. Model formulation
Consider a single ethanol droplet containing homogeneously
distributed spherical graphite nanoparticles at the beginning of
the evaporation process, as schematically shown in Fig. 2(a). The
droplet is placed in a quiescent environment, and it is assumed
to retain spherical symmetry throughout its lifetime. For every graphite/ethanol nanofluid combination, two scenarios are considered: evaporation under natural convection with and without the
presence of an IR radiation field. For the latter situation, the entire
droplet is surrounded by IR radiation as the laser beam to the droplet diameter ratio is greater than 4 in the experiment.
During the evaporation process, the ethanol vapor from the droplet diffuses away from the droplet surface leaving behind a densely packed ‘‘shell” of partially wetted graphite particles. The

Fig. 1. Schematic of the experimental setup to study the effects of near-IR radiation on the evaporation characteristics of a single ethanol droplet containing Graphite
nanoparticles.
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Fig. 2. (a) Schematic of uniform particle distribution inside the ethanol droplet initially, (b) parameters related to a single particle trapped at the liquid–particle–gas interface.

shell formation can be characterized using a nondimensional Peclet number, Pe [17,21]. It is defined as the ratio between the characteristic time required for particles to diffuse across the droplet
and the characteristics evaporation time (or lifetime) of the
droplet,

and the particle number density on the surface, N s , we can calculate Ap . The area occupied by a single particle on the surface can
be written as [17],

Pe ¼ K=8Dp

where dp is the mean particle diameter, / is the contact angle of the
particle on the liquid–gas interface. The mean diameter of graphite
nanoparticles used in our experiment is 50 nm. The contact angle, /
is assumed to be constant, / ¼ 40 throughout the evaporation process [17].
As the droplet surface regresses, the particle concentration near
the surface increases, whereas the particle concentration at the
center of the droplet remains the same. This situation is true for
large Peclet numbers because the droplet evaporates faster than
particle diffusion thus the particles near the surface do not have
sufficient time to move to the center of the droplet. This results
in a particle density gradient in the radial direction inside the droplet. The particle concentration was computed using Fick’s second
law [17,26] which accounts for two competing process involved in
the evaporation process - droplet regression and particles
diffusion.
Since the diameter of a single graphite particle is much smaller
than the droplet diameter, dp  D0 , we can assume the thickness of
the surface particle layer, d equal to particle mean diameter, d  dp .
Thus, the area ratio at any instant of the droplet evaporation process can be written in the following form [17],

ð1Þ

where Dp is the diffusivity of graphite particles in ethanol, and K is
the droplet evaporation rate. When the Peclet number is less than
unity, the evaporation rate is smaller than the particle diffusion
rate, indicating all the particles have sufficient time to redistribute
themselves by diffusion within the droplet. This would result in a
more uniformly packed spherical shell. On the contrary, for large
Peclet numbers, evaporation is much faster than particle diffusion.
Thus, the droplet surface regresses quickly before the particles get
a chance to redistribute themselves evenly inside the droplet,
resulting in a hollow or doughnut shaped shell [22,23]. The Peclet
number for the nanofluids in the present experiment was found
to be within 20 < Pe < 80, where the evaporation rate ranges from
1  109 to 3.7  109 m2/s and the diffusivity of graphite particles
in ethanol is 5.65  1012 m2/s [24].
3.2. Particle number density at surface and effective surface area
At the beginning of the evaporation process, a layer of graphite
particles are partly exposed to the ambient as shown in Fig. 2(a).
Thus, the effective droplet surface area, Ae for evaporation is
reduced. The surface area without the presence of graphite particles is referred as the total surface area, At . The ratio of these areas
is defined as,

r ¼ Ae =At

ð2Þ

To determine the instantaneous evaporation rate, we must first calculate the effective surface area due to the presence of graphite
nanoparticles at every time step. The effective surface area changes
because of both droplet surface regression and particle motion
within the droplet. To obtain the instantaneous effective surface
area, we must compute particle concentration as a function of time,
especially at the surface. Here we followed the approach developed
by Wei et al. [17] to calculate particle concentration and hence the
effective surface area.
To calculate the effective surface area, we need to calculate the
exposed area of the trapped particles at the droplet surface. The
schematic of a partially submerged particle on the droplet surface
is shown Fig. 2(b). Since the particle size is much smaller than the
size of the ethanol droplet, the effect of curvature in the liquid–
particle interfacial region is negligible [17,25]. Fig. 2(a) shows that,
Ae ¼ At  Ap , where Ap is the total surface area occupied by the particles. Hence if we know the area occupied by a single particle, Asp


2
Asp ¼ p=4 dp sin /

r¼

ð3Þ

Ae At  Ns Asp
¼
At
At

¼ 1  ðsin /Þ

2

 3
3
dp
D0
expðPe=2Þ
f0
R1
4
D
3 R2 expðPeR2 =2ÞdR

ð4Þ

0

where f0 is the initial particle density, R, is the normalized radial
coordinate, R ¼ R=Rs .
3.3. Evaporation rate
For quasi-steady evaporation under natural convection and uniform pressure, the transient evaporation rate of an ethanol droplet
can be expressed as [27],



K ¼ 8D

qs
1  Y1
ln
ql
1  Ys


ð5Þ

where D is the mass diffusivity of ethanol vapor in air, qs and ql are
the density of surface vapor and liquid respectively, Y 1 and Y s are
the vapor mass fraction in the far field and on the droplet surface
respectively. The presence of graphite nanoparticles changes the
effective surface area available for evaporation. Thus, the effective
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evaporation rate constant, K of an ethanol droplet containing graphite nanoparticles can be written as [17],

K ¼ rK

ð6Þ

where r is the ratio of the effective surface ratio to the total surface
area.
The gas phase mass fraction of the diffusing species at the
liquid-vapor interface, Y s is calculated by employing the
Clausius-Clapeyron relation and solving the following set of
equations,

X s ¼ PPsat

MW l
Y s ¼ X s MW
mix
h

i
DH
¼ exp  Rv ap T1s  T 1
boil

ð7Þ

MW mix ¼ X s MW l þ ð1  X s ÞMW air
where X is the mole fraction, MW is the molecular weight, P is pressure, DHv ap is heat of vaporization, R is the local gas constant,
R ¼ Ru =MW, Ru is the universal gas constant, T boil is boiling temperature of ethanol, T s is the temperature at the droplet surface. The
subscript mix stands for vapor/air mixture, s denotes surface condition, sat denotes saturation condition, and l stands for liquid. The set
of Eq. (7) are solved to find the mass fraction of ethanol vapor on the
surface.
Under the influence of incident radiation, the droplet surface
temperature changes with time. Thus, we need to solve the energy
equation to find the surface temperature, T s at every instant of droplet evaporation, which is required for solving Y s , the vapor mass
fraction at the droplet surface.



@T
þ~
urT ¼ r  ðkrTÞ þ S
@t

ð8Þ

The energy equation in the spherical coordinate, assuming ðh; /Þ
symmetry and using a global velocity for vapor diffusion,
~
u ¼ rql K=qs D, can be written as,





@T
q K @T
1 @
@T
I
þr l
¼ 2
r2 k
þ
qcp
@t
r @r
@r
V
qs D @r

ð9Þ

Here, T is the temperature field inside the droplet, k is the heat conductivity of the nanofluid, D is the instantaneous droplet diameter.
The radiation source term, S is modeled as S ¼ I=V where I is the
incident radiation which was calculated based on a Monte Carlo
method as will be described in the following section, V is the droplet volume. Fourth order discretization scheme [28] was used to
solve the above equation. Thermal conductivity of nanofluid, k can
be written using the Maxwell-Garnet model [29],

k ¼ kf


ð1  #Þðkp þ 2kl Þ þ 3#kp
ð1  #Þðkp þ 2kl Þ þ 3#kl

ð10Þ

where k is the thermal conductivity, # is the volume fraction, subscripts l and p stand for base fluid (ethanol) and nanoparticle (graphite) respectively.
3.4. Radiation absorption by the particles and temperature distribution
within the droplet
Since the graphite nanoparticles suspended in the droplet
absorb the incident IR radiation, the temperature distribution
within the droplet is changing at every time step. The radiation
absorption is included in the energy equation as the source term,
S shown in Eq. (7). In our previous work [12], we used Monte Carlo
simulations to demonstrate that radiation absorption by the
nanoparticles in a droplet is not uniform. Indeed, most of the radiation energy is absorbed by the nanoparticles near the surface; the
nanoparticles at the droplet center absorb very little radiation
energy. This results in a temperature rise near the droplet surface
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and thus enhance local boiling at the surface. In the following, we
will describe the Monte Carlo method by which we calculated the
distribution of the absorbed radiation energy by the nanoparticles
suspended within the droplet as function of time and radius.
Monte Carlo simulations, which rely on a stochastic model, have
been used to estimate radiation penetration through a participating medium. The statistical nature of the model relies on calculating the propagation of a large number of photons. Here we assume
a uniform collimated beam consisting of 10,000 photons at a fixed
wavelength (2.3 lm) is penetrating into the nanofluid droplet. The
process starts with a single photon launched into the nanofluid
droplet, after which it follows the drift or move a step. Here the
photon propagates a certain distance into the nanofluid droplet.
The magnitude of the distance is inversely proportional to the
absorption and scattering coefficients, meaning that higher the
absorption coefficient, the less it will penetrate. During each move
or drift step, part of the energy contained by the photon is
absorbed by the nanofluid. The amount of energy absorbed is again
a function of the nanofluid absorption coefficient. The larger the
absorption coefficient, greater the amount of energy absorbed during each move step. This is followed by scattering of the photons
within the droplet. The scattering of a photon is defined by the
polar or scattering and azimuth angle with respect to the direction
vector prior to scattering. In a standard Monte Carlo routine, the
scattering angle is most commonly determined using the
Henyey-Greenstein phase function, and the azimuth angle is chosen uniformly between 0 and 2p by assuming that scattering is isotropic. The Monte Carlo routine allows the photon to scatter within
the nanofluid till it either leaves the nanofluid droplet boundary or
is completely absorbed by the nanofluid [12]. The process is
repeated for all 10,000 photons.
Based on the Monte Carlo (MC) simulations, we can obtain a
polynomial function of the photon distribution from incidence
radiation as a function of droplet radius, r at each time step.

I¼

X

an r n1

ð11Þ

n

Here, a is the coefficients of the polynomial. The source term I is
then used to solve the energy Eq. (8).
3.5. Initial conditions and numerical method
At the beginning of the evaporation process, t ¼ 0 the initial
droplet diameter is D0 . The initial temperature of the droplet is
298 K. In the absence of radiation, energy equation was not solved.
In the cases where a uniform radiation field was imposed on the
droplet, the energy equation was solved to obtain the temperature
at the surface. The specific heat, cp and density, q of ethanol and
graphite change very little in the temperature range,
298 < T < 400, and thus are assumed constant. However, the temperature dependence of the binary diffusivity is considered. It is
evident from Eq. (4) that the effective surface area available for
evaporation depends on the diffusivity i.e. the Peclet number. As
the ethanol on the surface evaporates the graphite particles on
the surface starts to diffuse to the level underneath. The simulation
stops when there is no ethanol left anymore, leaving behind the
shell. This is acknowledged as the first drying stage [17]. The time
at end of the first stage drying stage is termed droplet lifetime s.
4. Results and discussion
4.1. Measured evaporation rate without radiation
We will first discuss the evaporation characteristics of graphite/
ethanol nanofluid droplets under natural convection without radi-
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ation. Fig. 3 shows the variation of droplet diameter squared as a
function of time for various graphite concentrations. Both axes
are normalized by the square of the initial droplet diameter, D0 .
It can be seen that the droplet regression history of pure ethanol
follows the classical D2-law and agrees well with the data in literature for ethanol evaporation under similar conditions [17]. With
the addition of graphite nanoparticles to ethanol under the same
conditions, however, a visible deviation from the classical D2-law
is observed. The bend of the curves in Fig. 3 represents a reduction
in the evaporation rate as a function of time. Fig. 4 shows the
instantaneous evaporation rate as a function of time. For 1 wt.%
graphite addition, the evaporation rate continuously decreases. A
42% (from 0.026 mm2/s to 0.0015 mm2/s) reduction in the evaporation rate is observed during the measured evaporation time.
When the particle concentration is increased to 3 wt.%, the change
in the instantaneous evaporation rate is even more significant - a
reduction of 47% is observed. The reduction for the 5 wt.% case is
57%, even higher.
The experimental results indicate that as we increase particle
concentration, the evaporation rate reduces as a function of time
and the deviation from the D2-law becomes more prominent. This
observation is consistent with the conclusions drawn by Gan et al.
[7] and more recently by Wei et al. [17] and Gerken et al. [16]. Several mechanisms have been suggested to be responsible for the D2law deviation phenomenon in nanofluid evaporation. However, the
most important mechanism is particle interaction/motion within
the fluid - their capture by the regressing droplet surface reduces
the mass fraction of the evaporating liquid at the liquid-gas interface, resulting in a continuous reduction in evaporation rate. In
other words, the accumulation of particles at the droplet surface
reduces the effective surface area for vaporization and thus
reduces the evaporation rate.
Fig. 4 shows the initial evaporation rate of a droplet containing
graphite nanoparticles is higher than pure ethanol. This occurs
likely because adding graphite nanoparticles in ethanol results in
a reduction in latent heat of vaporization of nanofluids, DHv ap
[30]. Our previous work of molecular simulations showed that
the strength of bonding between the nanoparticles and the base
fluid molecules is the governing factor in the variation of DHv ap
upon particle addition [30]. It is clear from Eqs. (5) and (6) that if
DHv ap decreases Y s will increases and that will increase the evaporation rate K.

Fig. 4. Evaporation rates of ethanol-based nanofluids with varying graphite
concentrations under natural convection.

4.2. Measured evaporation rate with IR radiation
The effects of adding graphite nanoparticles on the evaporation
behavior of ethanol under IR radiation are discussed in this section.
Figs. 5 shows the variation of droplet diameter squared as a function of time for pure ethanol and ethanol with 5 wt.% graphite
nanoparticles respectively, with and without radiation. For the
pure ethanol case, IR radiation does not impact the evaporation
history. This is because ethanol is nearly transparent to infrared
radiation. At 5% particle addition, both curves (with and without
radiation) follow the same regression trend of decreasing evaporation rate throughout the droplet lifetime and both deviate from the
D2-law. However, with radiation, the droplet seems to vaporize
faster.
Fig. 6 shows the instantaneous evaporation rate as a function of
time for 1%, 3% and 5% nanofluid droplets under IR radiation. For
the purpose of comparison, the evaporation rates without IR radiation as in Fig. 5 are also shown here. For the same particle concentration, we can see IR radiation enhances the evaporation rate at
the early stage of the evaporation. The enhancement is more
prominent for higher particle concentrations. We believe the
increase in the evaporation rate is attributed to the enhancement
of the droplet surface temperature because of radiation absorption
by the nanoparticles. With higher particle concentration, more of
the incoming radiation would be absorbed on the droplet surface,
leading to a higher surface temperature and thus higher evaporation rate.
We also observe that despite the addition of 2 mW radiation
energy, the evaporation rates decrease continuously till a saturation point are reached sometime during the latter phase of the
vaporization history. The reduction of the evaporation rate is
mainly due to the presence of nanoparticles on droplet surface
which reduces the effective surface area, as has been discussed in
the previous section. Thus, the evaporation rates shown in Fig. 6
are the results of the competition between the enhancement effect
due to radiation absorption and the suppression effect through the
accumulation of particles at the droplet surface reducing the effective surface area for evaporation.
4.3. Modeling results

Fig. 3. Variation of droplet diameter squared as a function of time under natural
convection for the ethanol-based nanofluids with varying graphite concentrations.

As discussed earlier, the model considers both particle motion
and accumulation at the droplet surface and radiation absorption
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Fig. 5. Effect of radiation on droplet evaporation behavior for (a) pure ethanol, (b) 5 wt.% graphite/ethanol.

Fig. 6. Effect of near-IR radiation on the evaporation rates of graphite/ethanol
nanofluids.

by the nanoparticles. Additionally, the changes in liquid physical
properties because of particle addition and radiation induced temperature change are included in the modeling, e.g., thermal conductivity, heat capacity, viscosity, and density. Fig. 7 compares
the measured and calculated instantaneous evaporation rates of
graphite/ethanol nanofluid droplets with the influence of infrared
radiation. The calculated and measured evaporation rates agree
reasonably well for all particle concentrations. A particle loading
of 5 wt.% has higher evaporation rates initially due to higher
absorption of radiation and hence higher droplet temperature near
the surface. But a droplet with higher particle loading has less
effective surface area. As the droplet surface regresses, the particle
concentration on the droplet surface accumulates at a faster rate
for 5 wt.% droplet compared to 1 wt.% or 3 wt.% droplets. Thus,
even though the evaporation rate is higher for 5 wt.% graphite/
ethanol initially, it decreases more rapidly, and the rate becomes
smaller at a later phase of the evaporation process.
4.4. Two competing mechanisms
Here we will discuss the two competing mechanisms that affect
the evaporation behavior of nanofluids under radiation: (a) the
increase in droplet surface temperature due to absorption of radi-

Fig. 7. The evaporation rates of graphite/ethanol nanofluid droplets for 1 wt.%, 3 wt.
%, and 5 wt.% graphite with infrared radiation.

ation energy which enhances evaporation, (b) the reduction of the
effective surface area which suppresses evaporation. Fig. 8 shows
the effect of particle concentration on the effective surface area
ratio r and the Peclet number Pe in the presence of incidence radiation. At a given particle concentration, the effective area ratio
decreases with time. This is because as the droplet surface shrinks,
the particle number density at the gas/liquid surface increases
leading to a decreased effective area ratio. This decreases the droplet evaporation rate. Additionally, the area ratio decreases faster
with time at higher particle concentrations. The area ratio variations as a function of time and particle concentration shown in
Fig. 8 explains the decreasing trend of the evaporation rate as
shown in Figs. 4, 6 and 7. The Peclet number decreases due to
the decreasing evaporation rate over droplet lifetime. The Peclet
number is larger for higher particle concentrations. However, for
all three particle concentrations considered in our study, the minimum Peclet number is 20. This assures our model, since the model
works only when the Peclet number is much larger than unity.
For the second mechanism, we observe the evaporation rate is
higher when the droplet is exposed to infrared radiation, even
though this enhancement is suppressed at the later stage. We
believe the enhancement is due to radiation absorption by the
nanoparticles which increases droplet temperature at the surface.
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Fig. 8. The effect of particle loading on evaporation area ratio, r and Peclet number,
Pe.

Fig. 9 shows the variation of droplet temperature as a function of
radius at various stages of the evaporation process for ethanol with
5 wt.% graphite nanoparticles under IR radiation. With the introduction of IR radiation, a rise in temperature at both the surface
and the interior of the droplet is observed. However, the temperature increase at the droplet surface is much more prominent than
at the center. At the very end of the droplet lifetime, the surface
temperature has increased to over 340 K, while the center temperature remains at 302 K.
Fig. 10 shows droplet surface temperature variation as a function of time for 1 wt.%, 3 wt.% and 5 wt.% graphite nanoparticles
concentrations. The increase in surface temperature is more
prominent for higher particle concentrations. We have explained
this phenomenon in previous work [12] which used Monte Carlo
simulations to track the distribution of the absorbed radiation
energy by the nanoparticles. The results showed that at higher particle concentrations, the majority of the radiation energy is
absorbed by the nanoparticles at/near the droplet surface. As a
result, the droplet surface temperature is higher than the interior

Fig. 10. Droplet surface temperature variation as a function of time for 1 wt.%, 3 wt.
%, and 5 wt.% graphite loading.

temperature. This localized (at the surface) radiation absorption
enhances local boiling and thus increases the evaporation rate.
Lastly, it is noted that the rise in temperature during the first
25% of the droplet life has a much higher impact on the evaporation process than the later 75%. This is because, during this initial
stage, the effect of particle accumulation near the surface is not
as significant. After this initial stage and the droplet size has
decreased, the particle accumulation at the droplet surface suppresses the effect of radiation absorption, thus leading to a continuous decrease in the evaporation rate.
5. Conclusions
The present study aims to understand the evaporation behavior
of ethanol droplets containing graphite nanoparticles aims under
IR radiation through combined experiments and modeling. With
particle addition, a deviation from the classical D2-law is observed.
The deviation becomes more significant for higher particle concentrations. Two competing mechanisms control the instantaneous
evaporation rate: (1) temperature rise at the droplet surface due
to absorbed radiation by the nanoparticles, which enhances evaporation, and (2) particle accumulation at the droplet surface, which
decreases the effective area ratio and thus suppresses evaporation.
During the early stage of the evaporation, the first mechanism
dominates so that the evaporation rate is higher than without radiation. However, at the later stage of the evaporation process, the
effective surface area available for evaporation becomes the controlling factor, which decreases during the droplet lifetime and
thus the overall evaporation rate decreases as well.
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