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Nanofuel Droplet Evaporation Processes

1 Introduction
Fuel droplet evaporation is of interest in many 
applications. Spark ignition and compression 
ignition engines and gas turbine systems in 
which liquid fuels are combusted are important 
examples. These internal combustion engines 
contribute to the global greenhouse gas emis-
sions and the concerns about this have led to 
the development of biofuels, hybrid internal 
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Abstract | The concern about the level of toxic emissions from the use of 
fossil fuels in internal combustion engines is widely held. Several alter-
natives have been suggested to mitigate this concern including the use 
of biofuels in the engines, hybrid internal combustion–electric power 
systems and electric propulsion systems. In the last decade there has 
been progress with adding nano-sized particle additives to hydrocar-
bon fuels with the aim of improving the thermo-physical properties. The 
nano-sized metallic particles increase the surface-to-volume ratio of the 
resultant nanofuel suspensions. Reductions in the emissions levels from 
the combustion of these nanofuels have been reported; these improve-
ments derive from the reductions in ignition delay, and therefore, higher 
burning rates arising from increases in the evaporation rates of the fuel 
droplets. Thus, droplet evaporation mechanisms influence the ignition 
time of the droplets, and consequently the ignition delay time. Optimiz-
ing these parameters can help to reduce the emissions from the internal 
combustion engines. The study presented here examines the up-to-date 
results of work carried out by various researchers on the droplet evapo-
ration mechanisms of nanofuel droplets. The predominant processes 
presented as being responsible for the enhancement of the droplet 
evaporation rate are that the nanoparticle additives increase the droplet 
fuel temperature by radiative absorption, and that at high temperature 
values the agglomerates of the nanoparticles heat up residuals of the liq-
uid fuel causing fuel droplet disruptions and micro-explosions. The vari-
ous parameters that affect these and other nanofuel droplet evaporation 
mechanisms are presented. A case is made for further studies in this 
area.
Keywords: Atomization, Droplet combustion, Droplet disruption, Droplet dry-out, Droplet evaporation, 
Droplet radiative absorption, Energetic fuels, Micro-explosion, Nano-sized particles, Nanofluids, 
Nanofuels
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combustion–electric powerplants and pure elec-
tric powerplants.

In internal combustion engines that use liquid 
fuels, the fuel droplet evaporation rates influence 
the ignition temperature, therefore the ignition 
time of the droplets, and thus, the ignition delay. 
Optimizing these parameters can improve the 
efficiency of the engine, thus affecting the emis-
sions and fuel consumption levels.
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Recent advances in nanotechnology have 
included the ability to manufacture energetic 
nanoparticles (NPs) of specific properties. NPs 
are usually metallic particles of nano size (10–
100 nm range) with high rates of energy release4, 

19, 23, 32 and volumetric heat of oxidation24.
The addition of NPs to solid fuels has been 

a subject for investigators for decades7, 9, 24, 30, 33. 
Results from these investigations indicated that 
the addition of these NPs to the solid fuels can 
decrease the ignition delay24 due to the increase 
in the surface-to-volume ratio15, 28. As a conse-
quence of the rapid temperature gradients pre-
sent in the thin oxide layers of the NPs, they can 
also ignite below the bulk-metal melting point26, 

31, 34. In the last two decades, studies have shown 
that the addition of the NPs to fluids can improve 
the thermo-physical properties of the fluids, 
including the rate of evaporation 5. Thus, it was 
inevitable that the principle would be applied to 
liquid fuels, with some of the early studies indi-
cating that the addition of Al or  Al2O3 NPs to die-
sel reduced the evaporation time, and hence, the 
ignition times compared to pure diesel fuel drop-
lets43, and similar effects were also observed for Al 
NPs added to ethanol compared to pure ethanol1.

Since then studies have been conducted on the 
fundamental aspects and applications of nanofu-
els. For instance, Miglani and Basu27 observed 
that the secondary atomization behaviour of 
burning nanofuels consisted of disruptive modes. 
These disruptive modes were characterised by the 
expulsion of internally nucleated bubbles and this 
process enables the transportation of the NPs 
from the primary nanofuel droplet to the flame 
and this leads to flame disruption. The intensity 
of these disruptive modes increased by increasing 
the NP concentration in the nanofuel. Tanvir and 
Qiao41 showed that increasing the NP concentra-
tion can increase the particle aggregation inten-
sity in the nanofuel solution, which in turn affects 
the burning rates of the nanofuel droplets. Kan-
naiyan and Sadr20 examined the effects of NP on 
aviation jet fuel sprays and observed increases in 
the nanofuel viscosity and density with increase 
in NP concentration. Asibor et al. 2 have predicted 
the effects of NP concentrations on aviation fuel 
at ambient conditions using existing correlations 
for hydrocarbon fuels.

The review reports present in the literature 
with regard to nanofuels have mostly evaluated 
the work on the application of nanofuels to inter-
nal combustion engines (ICEs). Studies by Khond 
and Kriplani22, Shaafi et al.38 and Saxena et al.35 
all examined the performance and emission char-
acteristics of ICEs running on nanofuels. The 

Nanofuels: are an exciting 
new class of fuels that utilize 
nano-sized particle additives 
to the base fuel and have the 
potential to reduce the emis-
sions from internal combus-
tion engines.
This report presents and ex-
amines the up-to-date results 
of work carried out by various 
researchers on the droplet 
evaporation mechanisms of 
nanofuel droplets.
The predominant processes 
presented as being responsible 
for the enhancement of the 
droplet evaporation rate 
are that the nanoparticle 
additives increase the droplet 
fuel temperature by radiative 
absorption, and that at high 
temperature values the ag-
glomerates of the nanopar-
ticles heat up residuals of 
the liquid fuel causing fuel 
droplet disruptions and 
micro-explosions.
It is hoped that scholars work-
ing on the fundamentals and 
applications of droplet and 
atomization processes and 
engineers designing internal 
combustion systems using 
alternative fuels, will find the 
report useful.

review reports by Basu and Miglani3 and Kar-
makar et al.21 are the only recent ones examining 
studies related to nanofuel combustion and heat 
transfer characteristics. The author is unaware of 
any review report specifically examining nanofuel 
droplet evaporation phenomena. The motivation 
for this study is, thus, to examine and present the 
current understanding of the evaporation charac-
teristics of nanofuel droplets and to suggest areas 
for further studies. The autoignition and com-
bustion processes have not been considered.

The next two sections give a background to 
the evaporation phases of fuel droplets and the 
studies outlining the evaporation phases observed 
for nanofuel droplets. Section 4 presents the cur-
rent mechanisms that have been proposed as to 
how the nanofuel droplet evaporation occurs. 
The results from studies evaluating the behaviour 
of evaporating nanofuel droplets with respect to 
the D2 law are presented next. In Section 6, the 
effects of the nanoparticle type and concentration 
are evaluated. The studies that have evaluated the 
effect of the surfactants on the nanofuel droplet 
evaporation are considered in the subsequent sec-
tion. Other factors that influence the vaporization 
process are analysed in Sect. 8. The possible areas 
for further studies are presented in Sect. 9. The 
report is concluded in the last section.

2  Evaporation Phases of Fuel Droplets
The phases of liquid fuel droplet evaporation 
are well known. Effective atomization increases 
the surface area of a liquid sheet of fuel by dis-
integrating the sheet into large numbers of fuel 
droplets, thereby increasing the mixing and 
evaporation rates leading to a lower ignition 
point, improved fuel droplet burning and con-
sequently lower fuel consumption and pollutant 
emissions levels25. The increased surface area dur-
ing the atomization process increases the rate of 
heat transfer from the surrounding gas to the fuel 
droplets. As the rate of heat transfer increases, 
the temperature of the fuel droplet increases as 
its mass simultaneously decreases due to vapori-
zation to the surrounding gas. At some point 
during the process, the fuel droplet–gas mixture 
reaches its self-ignition temperature or can be 
ignited by several means25. The process can be 
presented as a series of simplified processes as 
prescribed by Faeth8 and referring to the repre-
sentation of the variation of the fuel droplet size 
with evaporation time in Fig. 1 as: (1) if a pure 
fuel droplet is exposed to a high-temperature gas-
eous environment, there is initially a low concen-
tration of fuel vapour on the liquid surface, and 
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minimal transfer of mass from the droplet (Phase 
I on Fig. 1). This is the heat-up phase of the fuel 
droplet evaporation process. (a) The gradient of 
the slope of the droplet size versus the evapora-
tion time graph is small. (b) The fuel droplet tem-
perature is uneven, with the surface of the droplet 
being hotter than the centre of the droplet. (c) 
Most of the heat being gained by the droplet is 
used to raise its temperature and this leads to part 
of it being used to feed the heat of vaporization 
of the fuel droplet and the increasing fuel vapour 
on the surface of the droplet, reducing the rate of 
heat transfer from the gaseous environment to 
the fuel droplet, thus the fuel droplet temperature 
becomes more uniform. (2) Eventually the fuel 
droplet settles at its wet-bulb temperature at the 
point when all the heat gained by the droplet is 
used to feed its heat of vaporization. This is the 
Phase II on Fig. 1. This is the steady-state phase of 
the fuel droplet evaporation process.

The relative sizes of the heat-up and steady-
state phases in Fig. 1 depend on the operating 
conditions and volatility of the fuels being stud-
ied. However, Godsave14 showed that, considering 
just the steady-state phase in Fig. 1, with λst = λ, 
then the variation of square of the fuel droplet 
size with evaporation time can be represented by 
a straight line as:

This relationship, which has been useful in the 
analyses of fuel droplet evaporation processes, is 
known as the D2 law of droplet evaporation. D0 is 
the initial droplet diameter and λ is the evapora-
tion constant

(1)D
2
0 − D

2
= �t.

3  Evaporation Phases of Nanofuel 
Droplets

A summary of the nanofuel droplet evaporation 
studies carried out by researchers is presented in 
Table 1. The table also includes the experimental 
conditions for the studies. The present section 
outlines the distinct phases that have been dis-
cerned from the studies of the evaporation pro-
cesses of nanofuel droplets.

Researchers have identified, broadly, three 
phases (see Table 2) during the nanofuel droplet 
evaporation mechanism; in addition to the first 
two phases presented in Sect. 2, a third phase, the 
droplet ‘dry-out’ phase, typified by the presence 
of some residuals of the NPs after the near com-
plete evaporation of the base fuel liquid at the 
end of the steady-state phase, or a droplet disrup-
tion/micro-explosion stage, at temperature val-
ues much higher than the boiling temperature of 
the base fuel. The duration of any of these phases 
varies widely depending on the operating condi-
tions prevailing at the time.

3.1  Evaporation Phases at Natural 
Convection or Weak Forced 
Convection Conditions

Gan and Qiao10, during their studies of Al–etha-
nol and Al–n-decane nanofuels under natural 
convection and weak forced convection drop-
let evaporation conditions, observed three dis-
tinct regions (Fig. 2): (1) under heated nitrogen 
streams, there was weak forced convection lead-
ing to a slight increase in the droplet temperature 
after a very short (about 3 s) heat-up phase. The 
droplet size reduction was only slight. This is sim-
ilar to the heat-up phase in Fig. 1. (2) After this 
period under the heated nitrogen streams, the 
weak forced convection is almost constant with 
time, with a very small rise in the temperature 
of the droplet over this period as the droplet size 
falls linearly with time in a steady-state evapora-
tion phase. This region is akin to the steady-state 
region in Fig. 1. (3) In the third region, the dry-
out phase, the fuel liquid in the nanofuel mixture 
completely dries out, leaving behind nanoparticle 
agglomerates of about 100 μm. Gan and Qiao11 
also observed these three-phase phenomena dur-
ing their  Al2O3–ethanol nanofuel droplet evapo-
ration studies, though in their CNP–ethanol and 
MWCNT–ethanol cases12 the dry-out phase was 
not explicitly mentioned.

Figure 1: A representation of the variation of 
fuel droplet sizes with evaporation time, showing 
the heat-up (hu) and steady-state (st) phases. 
(Adopted from [25]).
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Table 1: Evaporation of fuel droplets with nanoparticle additives reported in the literature currently.

Authors
Base fuel and type 
of surfactant (S)

Type of nanoparticle, size (nm) 
and particle loading rate (PLR)

Operating conditions and evapo-
ration characteristics studied

Gan and Qiao10 n-Decane, ethanol
(S) Sorbitan oleate 

0.5 wt%

Aluminum (mean diameter 
80 nm) 1 wt%

Evaporation under natural convec-
tion at room temperature, under 
weak forced convection at up to 
227 °C

Gan and Qiao11 Ethanol
No surfactant (due to a 

previous study39 exclud-
ing the need for this)

Aluminum (mean diameter 
80 nm) 0.1, 0.5, 5 wt%

Aluminum oxide—Al2O3 (mean 
diameter 25 nm) 0.1, 0.5, 
5 wt%

Evaporation under different radia-
tion levels, characterised by the 
light intensity of a mercury lamp, 
from 75 to 175 W in increments 
of 25 W

Gan and Qiao12 Ethanol
No surfactant (as in11)

Carbon nanoparticles (6 nm) 
0.1 wt%

Multiwalled carbon nanotubes. 
0.1 wt%

Evaporation under different radia-
tion levels, characterised by the 
light intensity of a mercury lamp, 
from 75 to 175 W in increments 
of 25 W

Javed et al.16 Kerosene
(S) Oleic acid (diam-

eter 100 µm) 0.25 wt% 
0.5 wt%

Aluminum (70 nm) Ambient temperature 400–800 °C
Ambient pressure 0.1 MPa

Javed et al.17 Heptane
(S) Sorbitan trioleate (span 

85). 0.5, 1.0, 2.5, 5 wt%

Aluminum (70 nm) 0.5, 2.5, 
5 wt%

Ambient temperature 100–600 °C
Ambient pressure 0.1 MPa

Javed et al.18 Kerosene
(S) Oleic acid (diam-

eter 100 µm) 0.25 wt% 
0.5 wt%

Aluminum (70 nm) 2.5, 5.0, 
7.0 wt%

Ambient temperature 400–
800 °C.

Ambient pressure 0.1 MPa

Gerken et al.13 Ethanol
No surfactant

Aluminum (40–60 nm diameter) 
0, 0.1, 0.27, 1, 3.06 wt%

Ambient temperature 24 °C
Atmospheric pressure
Relative humidity 35–45%

Yoon and 
Baek44

Kerosene
(S) Oleic acid (diam-

eter 100 µm) 0.25 wt% 
0.5 wt%

Aluminum (70 nm) 0.1, 1.0 wt% Ambient temperature 300–700 °C
Ambient pressure 0.1, 2.5 MPa

Tanvir et al.42 Ethanol
No surfactant

Graphite (50 nm mean diameter) 
1, 3, 5 wt%

2.3 µm diode laser of 2 mW con-
stant power used as the infrared 
radiation source

Table 2: Nanofuel droplet evaporation phases.

Operating conditions Phase I Phase II Phase III

Natural evaporation
Weak forced evaporation
Gan and Qiao10, 11

Heat-up phase Steady-state phase Droplet dry-out phase

High ambient temperature above boil-
ing point of base fuel

Javed et al.16–18

Droplet distortion/micro-explosion 
phase

High ambient temperature above 
boiling point of base fuel. Javed 
et al.17. For the case of the addition 
of a surfactant to the base fuel but 
without the NP additive

Thermal decomposition of the surfactant
Droplet distortion and fragmentation

3.2  Evaporation Phases at High Ambient 
Temperature Conditions

Javed et al.16–18 carried out a series of experiments 
to study the mechanisms of nanofuel droplets at 

temperature values much higher than the boil-
ing temperature of the base fuel and the melt-
ing point of the metallic nanoparticle additive. 
In Javed et al.16. they investigated the droplet 
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evaporation mechanisms of Al–kerosene nano-
fuel. To stabilise the solution, oleic acid was used 
as the surfactant, and a droplet-evaporating range 
of 400–800 °C was investigated. A number of 
phenomena were observed in this study: (1) the 
presence of a heat-up phase as presented in Fig. 1. 
(2) The presence of a steady-state phase. (3) A 
droplet distortion/micro-explosion phase. This 
third phase occurred at the 700–800 °C range (see 
Table 3). Compared with the results from the 400 
to 600 °C values (Fig. 3a), the observations at the 
high temperature values (700–800 °C) shown in 
Fig. 3b indicate more volatile conditions. For all 
the nanoparticle concentration cases, the heat-up 
periods are shorter, the evaporation rates were 
shortened and the droplet lifetimes were shorter 
compared to pure kerosene droplets. The more 
interesting observations at these conditions were 
the onset of bubble formation and micro-explo-
sions. These were a consequence of the tempera-
ture values at these conditions being higher than 
the boiling point of the kerosene fuel. Thus, at the 
onset of the heat-up period, the nanoparticles on 
the surface of the droplets and inside the droplets 
provided multiple nucleation sites that generated 
superheated vapours, which might have led to 
the droplet fragmentation also witnessed at this 
stage of the droplet evaporation process. How-
ever, at the later stage of the steady-state evapora-
tion phase, most of the fuel droplets would have 
evaporated and agglomerates of the nanoparticles 
are left behind on the surface of the remaining 
fuel liquid. These agglomerates are exposed to the 
high temperature values present at this phase and 

are heated up. These, in turn, heat up the remain-
ing fuel liquid, rupturing the droplets in a series 
of micro-explosions. This sequence is shown in 
the photographs presented in Fig. 4. The nanofuel 
droplet rupture can be seen at t = 1.23 s for an 
Al NP concentration of 0.5 wt% (Fig. 4a) and at 
t = 1.26 s for an Al NP concentration of 1.0 wt% 
(Fig. 4b). Thus, the temperature of the surround-
ing medium in which the nanofuel droplet is 
laden profoundly affects the rate of evaporation 
and the thermo-physics especially at tempera-
tures much higher than the boiling temperature 
of the base fuel and the melting temperature of 
the metallic nanoparticle. Similar observations 
were reported by Javed et al.17 for Al–heptane 
nanofuel droplet studies with sorbitan trioleate 
as the surfactant at 100–600 °C. An interesting 
aspect of this study was that it presented results 
that indicated that, even for the case of the addi-
tion of just the surfactant to the base fuel (with-
out the NP additive), at the high temperature 
values, there is a thermal decomposition phase 
after the steady-state phase in which the sur-
factant residues can cause droplet distortion and 
fragmentation.

4  Evaporation Mechanisms of Nanofuel 
Droplets

This section presents the proposals made by vari-
ous scholars as to how the mechanisms of nano-
fuel droplet evaporation occur. These proposals 
are supported by experimental observations and 
have been summarized in Table 4.

4.1  The Radiative Process Concept
The evaporation rate of a nanofuel droplet is 
enhanced due to the nanofuel droplet tempera-
ture being increased by the radiative absorption 
properties of the metallic NP additive11, 12. This 
decreases the heat-up period of a nanofuel drop-
let compared to that of a base fuel droplet.

4.2  The Latent Heat of Vaporization 
Concept

The addition of NPs increases the evaporation 
rate by reducing the latent heat of vaporization 
of the nanofuel solution44. From Eq. (1), it can 
be shown25 that the evaporation constant λ can 
be evaluated as a function of the thermo-physical 
properties of the fuel and the gaseous surround-
ings as:

(2)� =
8kIn(1+ B)

Cpρ
.

Figure 2: A representation of the variation of 
nanofuel droplet sizes and nanofuel droplet tem-
perature with evaporation time, showing the 
heat-up (2–8 s), steady-state (8–53 s) and dry-
out phases (53–62 s), for Al–ethanol nanofuel 
(2.5 wt%)10. Reprinted from Gan et al.10, with per-
mission from Elsevier.
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B in Eq. (2) is a function of the latent heat of 
vaporization, L, thus:

Therefore: 

(3)B =
Cp (T∞ − Ts)

L
.

(4)� ∝ B ∝
1

L
.

This concept was first attributed to the 
enhancement of the evaporation rate of deion-
ized water laden with NP additives 5.

4.3  The Droplet Disruption/
Micro‑Explosion Concept

At high ambient temperatures much higher than 
the boiling point of the base fuel, the nanofuel 
droplet evaporation is enhanced by the droplet 
disruptions and micro-explosions caused by the 

Table 3: Example of a nanofuel droplet undergoing the evaporation phases. Reprinted from Javed et al. 
(2014), with permission from Elsevier.

Operating conditions High ambient temperature above boiling point of base fuel. 
Sequential photographs of vaporization of Al–kerosene nano-
fuel droplets with 2.5 wt% Al NPs coated with 1.25% oleic 
acid) at 800 °C Javed et al.18

Phase I
Heat-up phase

The heat-up phase. At t = 0.695 s there is a slight increase in 
the nanofuel droplet diameter due to vapour formation on the 
droplet surface

Phase II
Steady-state phase

The steady-state phase. The nanofuel droplet diameter reduces 
as the vapour escapes the droplet [t = 0.700 s] and the nano-
fuel droplet vaporizes linearly in droplet size

Phase III

Internal bubble formation inside the droplet [t = 1.210 s] occurs 
and the droplet ruptures [t = 1.215 s]

Droplet distortion/micro-
explosion phase

Droplet dry-out phase

The droplet dries out leaving minute quantities of NP residuals



49

Nanofuel Droplet Evaporation Processes

1 3J. Indian Inst. Sci. | VOL 99:1 | 43–58 March 2019 | journal.iisc.ernet.in

heating of the NP agglomerates left behind after 
the initial (almost) complete evaporation of the 
base fuel17, 18.

5  Evaporation Mechanisms of Nanofuel 
Droplets and the D2 Law

Many of the studies of the evaporation mecha-
nism of nanofuel droplets have tried to ascertain 
if the evaporation rates of the droplets fit the D2 
law of Godsave14. Gan and Qiao10 highlighted for 
the first time, a deviation from the D2 law (Eq. 1) 

for some instances of nanofuel droplet evapo-
ration. The steady-state evaporation trends for 
the base fuels (n-decane and ethanol) followed 
the D2 law under all the test conditions. For the 
aluminum-laden ethanol fuels, the D2 law was 
observed for the weak forced convection condi-
tions but not under the natural convection condi-
tions (Fig. 5). For the aluminum-laden n-decane 
fuels, the D2 law is valid for fuel droplet evapo-
ration trends under weak forced convection con-
ditions at elevated temperature values, but not 
so under ambient conditions (300 K) or under 
natural convection conditions (Fig. 6). The trends 
indicated that the deviations from the D2 law 
increased with increasing nanoparticle concen-
tration levels, for base fluids with higher boiling 
points, and for instances where there were long 
droplet lifetimes. The authors were of the opin-
ion that these deviations occurred due to the 
nanoparticle aggregation inside the vaporizing 
fuel droplets. Javed et al.16 observed the D2 law 
for the base fuel with the surfactants, and for the 
Al–kerosene nanofuel with oleic acid surfactants 
up to 600 °C. At between 100 and 300 °C for Al–
heptane17, and for Al–ethanol at 24 °C13, the D2 
law was also observed. However, for high (600–
800 °C) temperature conditions where droplet 
distortion and micro-explosions are prominent18, 
the heat-up and steady-state phases are much 
shorter; with the droplet distortion and micro-
explosion phase having more significance, it is 
not possible to apply the D2 law. A comparison of 
Fig. 3a with b highlights this.

6  Effect of the Type of Nanoparticle 
Additive

In this section, details of the effects of the NP 
type and PLR on the characteristics of nanofuel 
droplet evaporation are discussed.

6.1  Effect of the Nanoparticle Type
The studies conducted so far examining the effect 
of the NP type on the evaporation of nanofuel 
droplets have been carried out in the context of 
the radiative properties of the NPs (see Sect. 4.1). 
Gan and Qiao11 compared the evaporation rates 
of Al–ethanol and  Al2O3–ethanol nanofuel drop-
lets and found the latter to have a lower rate of 
evaporation compared to the former. A similar 
study was also reported later12 comparing Al–
ethanol, CNP–ethanol and MWCNT–ethanol 
nanofuel droplets, and it was observed that the 
droplet evaporation rates increased compared to 

Figure 3: A representation of the variation of 
nanofuel droplet sizes with evaporation time, for 
Al–kerosene nanofuel (0.1, 0.5, 1.0 wt%), with 
oleic acid (OA) surfactant, at ambient temperature 
values of a 400, 500 and 600 °C, and b 700 and 
800 °C. The colour of the x-axes scales on the 
graphs are for the plots of the temperature values 
of corresponding colour16. Reprinted from Javed 
et al.16, with permission from Elsevier.
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the pure ethanol fuel droplets in that order. In 
both studies, the authors posited that NPs which 
can absorb more radiative energy, when laden in 
fuels, result in nanofuels with higher evaporation 
rates compared to the base fuels.

6.2  Effect of the Nanoparticle Loading 
Rate on Nanofuel Evaporation

Table 5 gives a summary of examples of stud-
ies showing the competing factors that affect the 
effects of the PLR on the nanofuel droplet evapo-
ration rate.

Figure 4: Sequential photographs of vaporization of Al–kerosene nanofuel droplets a with 0.5 wt% Al NPs 
at 800 °C, b with 1.0 wt% Al NPs at 800 °C16. Reprinted from Javed et al.16, with permission from Elsevier.
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6.2.1  Effect on the Evaporation Rate
Gan and Qiao11 investigated the effects of differ-
ent concentrations of aluminum and aluminum 
oxide nanoparticles (0.1, 0.5, 5 wt%) of mean 
diameter values of 80 and 25 nm, respectively, as 
additives to ethanol fuel under constant radia-
tive intensity conditions. The results from the 
experiments indicated that the Al–ethanol nano-
fuel droplet evaporation rates were enhanced for 
all the cases studied compared to the base etha-
nol fuel droplet. As the nanoparticle concentra-
tion increases, the radiative energy absorption 
increases as more nanoparticles become active in 
the radiative absorption and scattering processes. 
Thus, the Al–ethanol suspension with 0.5 wt% 
concentration, has a higher rate of droplet 

evaporation compared to that with 0.1 wt% con-
centration. However, at high concentration val-
ues (here 5 wt%), the effects of the aggregation 
of the nanoparticles, which inhibit evaporation, 
are stronger than the radiative absorption effects. 
Thus, the rate of nanofuel droplet evaporation 
reduces compared to the lower nanoparticle con-
centration levels but still higher than that for 
the base fuel. For the cases of the  Al2O3–ethanol 
nanofuels, however, the rate of droplet evapora-
tion increase compared to the base fuel is not as 
marked as in the Al–ethanol nanofuel cases. In 
fact, at a concentration of 5 wt% the evapora-
tion rate decreases compared to the base ethanol 
fuel. The authors suggest that since  Al2O3 nano-
particles have a lower radiative energy absorption 

Table 4: Proposed mechanisms, supported by empirical observations, by which nanoparticles enhance 
the droplet evaporation rates of base fuels.

Mechanism Details

Radiative process
Gan and Qiao11, 12

NP additive has radiative absorption properties,
That increase the temperature of the NP-laden base fuel droplet,
That leads to the increase of the evaporation rate of the NP-laden fuel 

droplet.

Latent heat of vaporization process
Yoon and Baek44

NP additive in nanofuel solution reduces the latent heat of vaporization 
of the solution.

This leads to the increase of the evaporation rate of the NP-laden fuel 
droplet.

Droplet disruption/micro-explosion process
Javed et al.17, 18

Agglomerates of the NP additives are left behind after the evaporation of 
most of the base fuel after the steady-state phase.

At elevated operating temperature conditions, these NP agglomerates are 
heated up,

They in turn heat up the remaining base fuel liquid leading to droplet 
disruption and micro-explosions.

Figure 5: A representation of the variation of 
nanofuel droplet sizes with evaporation time, for 
Al–ethanol nanofuel, under different ambient con-
ditions, at 2.5 wt% Al NP10. Reprinted from Gan 
et al.10, with permission from Elsevier.

Figure 6: A representation of the variation of 
nanofuel droplet sizes with evaporation time, for 
Al–n-decane nanofuel, under different ambient 
conditions, at 2.5 wt% Al NP10. Reprinted from 
Gan et al.10, with permission from Elsevier.
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compared to Al nanoparticles, they have less 
impact in improving the rate of evaporation of 
the nanofuel due to radiation energy absorption 
by the nanoparticles. This difference in the radia-
tive energy absorption effect of the nanoparticles 
can also be seen in the droplet temperature–time 
plot in Fig. 7. It can be seen from the steady-state 
evaporation stage that the Al–ethanol nanofuel 
droplets have a temperature of about 19 °C com-
pared to about 15 °C for the base ethanol fuel 
droplet. However, the  Al2O3–ethanol nanofuel 
droplets do not show a marked increase com-
pared to the base fuel. Javed et al.17 investigated 
the droplet evaporation mechanisms of Al–hep-
tane nanofuel, with 0.5, 2.5, and 5 wt% PLR, in 
a similar manner to their work in Javed et al.16 
at 100–600 °C. At below 400 °C, the Al–heptane 
nanofuel droplets exhibited a lower rate of evapo-
ration. Below these temperature values, the alu-
minum nanoparticles form agglomerates which 
form a shell which inhibit the nanofuel evapo-
ration. Conversely, above 400 °C the surfactants 
are mostly decomposed, and the agglomerates 
formed by the nanoparticles are small with the 
shells formed over the droplets porous, there-
fore the evaporation rates are increased. At lower 

temperature values, an increase in the nanopar-
ticle concentration values reduces the droplet 
evaporation rates whereas at the higher tempera-
ture values the reverse is the case. An optimum 
concentration value of 2.5 wt% was observed. 

Table 5: The effects of nanoparticle loading rate on the nanofuel evaporation rate. These are entirely 
dependent on the relative strengths of the competing factors in the process. A number of examples are 
given below to highlight these

Study details

Competing factors

Optimum PLR for the study 
with details

(1) (2)

Increases nanofuel droplet 
evaporation rate

Reduces nanofuel droplet 
evaporation rate

Al–ethanol nanofuel
PLR 0.1, 0.5, 5 wt%
Gan and Qiao11

Radiative energy absorption 
by the NPs

Formation of NP aggregates Optimum PLR: 0.5 wt%
Below 5 wt%
(1) > (2)
Therefore, evaporation rate 

increases.
From 5 wt%
(2) > (1)
Therefore, evaporation rate 

decreases.

Al2O3–ethanol nanofuel
PLR 0.1, 0.5, 5 wt%
Gan and Qiao11

Al–heptane nanofuel
PLR 0.5, 2.5, 5 wt%
Javed et al.17

Operating ambient tempera-
ture of 400–600 °C much 
higher than the boiling 
point of the base fuel

Optimum PLR: 2.5 wt%
Below 400 °C
(2) > (1)
Therefore, evaporation 

rate decreases.
From 400 to 600 °C
(1) > (2)
Therefore, evaporation 

rate increases.

Al–ethanol nanofuel
PLR 0.1, 0.27, 1, 3.06 wt%
Gerken et al.13

Increase in surface area avail-
able for heat transfer

For all the PLR values 
examined

(2) > (1)
Therefore, evaporation rate 

decreases.

Figure 7: A representation of the variation of 
nanofuel droplet temperature with evaporation 
time, showing the heat-up (‘transition stage’), 
steady-state and dry-out phases, for base ethanol 
fuel, Al–ethanol nanofuel and  Al2O3–ethanol nano-
fuel11. Reprinted from Gan et al.11, with permis-
sion from Elsevier.
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Gerken et al.13 varied the PLR of Al nanoparti-
cles (1–3%) in an Al–ethanol nanofuel study and 
observed that the evaporation rate fell by 15% 
relative to the evaporation rate of pure ethanol at 
ambient conditions of 24 °C and relative humid-
ity of 35–45%.

6.2.2  Effect on Droplet Distortions 
and Micro‑Explosions

The micro-explosion phenomena during the 
nanofuel droplet evaporation at high tempera-
ture conditions were studied by Javed et al.18. Alu-
minum nanoparticles were dispersed in kerosene, 
with oleic acid used as the surfactant. The effects 

of the concentration (2.5, 5.0, and 7.0 wt%) of 
the nanoparticles on the droplet distortions and 
micro-explosion characteristics were investigated 
at 400–800 °C. For the dense (5.0, and 7.0 wt% 
PLR) Al–kerosene nanofuel solutions, the evap-
oration rate is increased compared to the base 
kerosene fuel. Al–kerosene nanofuel droplets 
with 2.5 wt% PLR at 400–500 °C (Fig. 8a) showed 
no bubble formation and no droplet micro-
explosions occurred. In contrast, the 5.0 wt% 
and 7.0 wt% PLR suspensions presented bubble 
formation and rupture at the end of the droplet 
lifetime. This was attributed to the accumulation 
of nanoparticle shells at the droplet surface that 
are at temperature values above that of the boil-
ing point of kerosene, which led to nucleation 
sites to form inside the droplet, causing gasifica-
tion of the surrounding liquid, build-up of pres-
sure and eventually fragmentation of the droplet. 
Observations at the 600–800 °C (Fig. 8b) range 
indicated that, for all the nanoparticle concen-
tration levels, bubble formations and micro-
explosions were observed. Micro-explosions are 
important in the evaporation process of nano-
fuels because they could lead to smaller droplets 
which in turn enhance the combustion process. 
With high nanoparticle concentration levels, the 
micro-explosions were more intense and this also 
increased at the high temperature values. At these 
high-temperature conditions, the micro-explo-
sions occurred with or without prior droplet 
expansion. These micro-explosions were not pre-
sent in the cases for the pure kerosene fuel, there-
fore, they can be attributable to the nanoparticle 
additives.

6.3  Effect of the Nanoparticle 
Agglomerates on the Evaporation 
of Nanofuels

This section is closely related to Sect. 6.2. When 
nanofuel droplets are subjected to high-tempera-
ture gaseous conditions, the base fuel evaporates, 
leaving behind residuals or agglomerates of the 
constituent nanoparticles10, 16–18. This is because 
the boiling points of the base fuels are usually 
considerably lower than the melting points of 
the metallic nanoparticles. For instance, kerosene 
has a boiling point of about 543 K and Al NP a 
melting point of 933 K18. Thus, when subjected 
to heating at temperatures closer to the evapo-
ration temperature of kerosene, an Al–kerosene 
nanofuel droplet will undergo an almost com-
plete evaporation of the base fuel of kerosene, but 
with agglomerates of the Al NPs left behind. This 
phenomenon affects the evaporation mechanisms 

Figure 8: A representation of the variation of 
nanofuel droplet sizes with evaporation time, for 
Al–kerosene nanofuel (2.5, 5.0, 7.0 wt%), with 
oleic acid (OA) surfactant, at ambient temperature 
values of a 400, and 500 °C, and b 600, 700 and 
800 °C. The colour of the x-axes scales on the 
graphs are for the plots of the temperature values 
of corresponding colour18. Reprinted from Javed 
et al.18, with permission from Elsevier.
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of nanofuel droplets, as already mentioned in 
Sects. 4, 5 and 6. The effects depend on the oper-
ating conditions at which the nanofuel droplet is 
exposed, and the PLR of the nanoparticles in the 
nanofuel. At operating temperature conditions 
well below the melting point of the NP, the NP 
agglomerates’ effects on the evaporation mecha-
nism of the nanofuel have been shown to depend 
on the radiative properties of the constituent NP 
and the PLR. Nanofuel droplets with NPs of poor 
radiative properties can exhibit evaporation rates 
lower than those of the base fuel at certain PLRs11. 
For nanofuel droplets with NPs having good 
radiative properties, there are also threshold PLR 
conditions at which the rate of droplet evapora-
tion would start to decrease11, 42. This is because 
the rate of accumulation of the NP agglomerates 
on the surface of the droplets increases with the 
PLR and these start to reduce the radiative heat-
ing effects on the nanofuel droplets. However, at 
operating temperatures above the boiling point of 
the base fuel, the presence of the NP agglomerates 
profoundly change the nanofuel droplet evapora-
tion mechanisms. In the first instance, at the start 
of the heat-up period, the NP inside and on the 
surface of the droplets provide multiple nuclea-
tion points that generate superheated vapours 
that lead to nanofuel droplet disruption and 
fragmentation. Secondly, at the late stage of the 
steady-state evaporation period, the NP agglom-
erates present after the evaporation of most of the 
base fuel heat up the remaining fuel liquid lead-
ing to a sequence of micro-explosions. The inten-
sity of these processes increases with an increase 
in the PLR. Tables 4 and 5 summarize some of 
these mechanisms. Javed et al.16–18 also present 
videos depicting these events. The presence of NP 
agglomerates also contributes to the deviation of 
the nanofuel droplet evaporation rate from the 
D2 law either by accumulating on the surface of 
the nanofuel droplets10 or by causing the phe-
nomenon of droplet micro-explosions18.

7  Effect of the Surfactant on Nanofuel 
Evaporation

Javed et al.16 investigated the effect of using oleic 
acid as a surfactant, in 0.25 and 0.5 wt% con-
centration values, on the droplet evaporation 
mechanisms of kerosene droplets at 400–800 °C. 
The evaporation rates of kerosene laden with 
oleic acid surfactants exhibited the D2 law as did 
the unladen kerosene droplets. With an increase 
in concentration of the oleic acid surfactant in 
the kerosene fuel droplet at a temperature range 
of 400–500 °C, a monolayer of the oleic acid is 

formed on the kerosene droplet, thereby extend-
ing the evaporation time and hence reducing 
the rate. At higher temperature values of up to 
800 °C, there were droplet distortions during the 
heat-up phase due to the entrapment of highly 
volatile components and the droplet heating-up 
period subsequently increased.

8  Effect of Other Operating Conditions
The operating conditions under which the nano-
fuel droplet is evaporating affects the competing 
mechanisms that affect the droplet evaporation 
rates. This section presents them.

8.1  The Effect of Ambient Pressure
Yoon and Baek44 studied the effects of a high-
pressure environment on the nanofuel droplet 
evaporation characteristics of Al–kerosene nano-
fuels. The conditions were the same as used by 
Javed et al.16, with oleic acid as the surfactant, 
but with an operating temperature range of 
300–700 °C and variations in ambient pressure 
values of 0.1 and 2.5 MPa. The results indicated 
that at low temperature conditions, 300–600 °C, 
the evaporation rate of the nanofuel droplets 
with a nanoparticle concentration of 0.1 wt% 
decreased as the ambient pressure was increased, 
but at 700 °C the evaporation rate increased with 
increase in the ambient pressure. At a nanopar-
ticle concentration of 1.0 wt%, this reversal was 
observed earlier at an operating temperature of 
600 °C. The authors suggested that these phe-
nomena were due to the contrasting effects of 
the heat of vaporization and diffusion coefficient 
of the nanofuel droplets. The earlier character-
istic induces a faster evaporation rate when it is 
decreased (see Eq. 4), whilst the later reduces the 
evaporation rate when it decreases. At high pres-
sure and temperature conditions, the decrease of 
the heat of vaporization becomes more dominant 
compared to the diffusion coefficient, therefore, 
the rate of evaporation of the nanofuel droplets 
increases.

8.2  The Effect of Surface Tension
Gerken et al.13 didn’t report any changes in the 
surface tension of the Al–ethanol nanofuel drop-
lets they studied even after increasing the PLR 
from 0 to 3 wt%. Their experiments were con-
ducted under room temperature conditions 
(297 K) and 35–45% relative humidity with no 
forced convection. The author is not aware of any 
other study examining the effects of surface ten-
sion on the evaporation of nanofuels, however, 
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other scholars6, 20, 22, 40 observed changes in the 
surface tension values when NPs were dispersed 
in base fluids.

8.3  Other Conditions
The effects of the radiation levels (see Sect. 6.2.1), 
operating temperature (Sects. 3.2, 6.2.1, 6.2.2, 
7, 8.1) and the types of base fuels (Sect. 5) are 
implicit in earlier sections.

9  Some Remarks and Possible Scope 
for Further Studies

Nanofuels present an exciting alternative to pure 
hydrocarbon fuels that can potentially reduce 
the emissions from internal combustion engines. 
Further studies are still required and a few areas 
are enumerated thus:

1. The effects of the stability of the nanofuel 
suspensions on the droplet evaporation 
mechanisms need further investigation. This 
is because the NPs can settle out of suspen-
sion well before the potential benefits of the 
additives can be used.

2. The effects of the thermo-physical proper-
ties (including viscosity, surface tension, 
etc.) of the NPs on the evaporation mecha-
nisms of the nanofuel suspensions need fur-
ther investigations. For example, what are 
the optimum time scales for the formation 
of the NP aggregates and for droplet micro-
explosions? These are important because 
these can either increase the droplet evapo-
ration rate or reduce it depending on when 
it forms. Pathak and Basu29 have alluded to 
the dependence of the fuel droplet bubble-
bursting events to the droplet lifetime in 
nanofuel bubble-boiling studies.

3. Following on from (2) above, the droplet 
nucleation and micro-explosion phenom-
ena could be further explained using micro-
scopic imaging studies. Similar studies have 
already been carried out for burning nano-
fuels 3.

4. The types of surfactants, the concentration 
levels and their effects on the properties of 
the base fuel before the addition of the NPs 
need to be ascertained.

5. Other qualitative and quantitative mecha-
nisms by which NPs influence the evapora-
tion rates/phases of nanofuel suspensions 
need to be identified and clearly quantified.

6. The development of analytical, and numeri-
cal models for the nanofuel droplet evapora-
tion processes would greatly aid the experi-
mental processes as has happened for fuel 
droplet evaporation processes without addi-
tives36, 37. Population balance equation mod-
els10 to understand the particle aggregation 
process, modelling of the optical properties 
using the Rayleigh approximation12 and 
Monte Carlo methods42, and more sophis-
ticated kinetic dynamics and molecular 
dynamics models36 can all be explored.

The goal is to have optimum combinations 
of surfactants, NPs and the base fuel to replicate 
desired specific nanofuel droplet evaporation 
characteristics that can be used to better control 
the combustion and hence, emissions of ICEs 
using such fuels.

10  Conclusions
Nanofuels can be characterised as stable colloidal 
suspensions of nanoparticles in a base fuel, and 
they have potential applications in the combus-
tion and propulsion sectors. From the available 
literature on the studies of nanofuel evapora-
tion, it can be concluded that the precise effects 
of a NP additive on a base fuel depend on the 
relative strengths of interacting conditions such 
as the ambient temperature, pressure, and radia-
tion levels, the PLR of the NP, the surfactant used 
and its loading, and the physical properties of the 
base fuel. These can vary widely depending on 
the conditions. We can conclude from the studies 
that:

1. Three distinct phases of the nanofuel drop-
let evaporation process have been identi-
fied: (1) the heat-up phase, (2) the steady-
state phase, and, depending on the ambient 
conditions (3) a droplet dry-out phase or a 
droplet distortion/micro-explosion phase.

2. Depending on what the operating condi-
tions are, the nanofuel droplet diameter may 
or may not diminish during the evapora-
tion process following the D2 law. The pres-
ence of NP agglomerates at high PLRs and 
at high-temperature environments leads to 
deviations from the D2 law.

3. The ambient temperature conditions can 
promote nanofuel droplet evaporation rate 
increase by increasing the nanofuel droplet 
temperature through radiative absorption of 
the NP additives.
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4. The rate of the nanofuel droplet evapora-
tion, promoted by radiation absorption, 
depends on the type of NP additive and its 
rate of radiative energy absorption.

5. However, there is an optimum loading level 
for the NPs beyond which there is a retarda-
tion of the droplet rate of evaporation. This 
is due to the formation NP agglomerates on 
the droplet surface which inhibit the droplet 
evaporation.

6. There is an optimum loading level beyond 
which the surfactant can retard the evapora-
tion rate of the nanofuel droplets by form-
ing monolayers of itself over the fuel droplet, 
and or by forming droplet distortions due to 
the entrapment of its volatile components in 
the fuel droplet.

7. At the droplet dry-out phase, the fuel liquid 
in the nanofuel solution completely dries 
out, leaving NP agglomerates behind. These 
occur at relatively natural or weak forced 
convection conditions.

8. However, at high ambient temperatures, 
the NP agglomerates left on the surface of 
the fuel droplets after the evaporation of 
most of the fuel droplets during the steady-
state phase are exposed to these high tem-
peratures. They consequently heat up the 
remaining fuel liquid causing droplet distor-
tions and micro-explosions.

9. If the ambient conditions are of temperature 
values higher than both the boiling point of 
the base fuel and the melting point of the 
metallic NPs, there would be simultaneous 
burning of the base fuel and the NP, with 
intense micro-explosions.

List of Symbols
Al: Aluminum; Al2O3: Aluminum oxide; B: 
Transfer number; CNP: Carbon nanoparticles; 
D, d: Droplet diameter, m; D0, d0: Initial drop-
let diameter, m; D1: Droplet diameter at the end 
of the heat-up phase, m; ICE: Internal combus-
tion engine; K: Thermal conductivity, J/m s k; L: 
Latent heat of fuel vaporization, J/kg; MWCNT: 
Multiwalled carbon nanotubes; NP: Nanoparti-
cle; P: Ambient pressure, kPa; PLR: Particle load-
ing rate, wt%; T: Temperature, K; t: Time, s; wt%: 
Percentage by weight; cp: Specific heat at constant 
pressure, J/kg K.

Greek Symbols
∆thu: Duration of the droplet evaporation heat-
up period, s; ∆tst: Duration of the droplet evapo-
ration steady-state period, s; µ: Dynamic viscosity, 

kg/m s; λ: Evaporation constant,  m2/s; λhu: Evap-
oration constant,  m2/s; λst: Evaporation constant, 
 m2/s; ρ: Density, kg/m3.

Subscripts
st: Droplet evaporation steady-state period; hu: 
Droplet evaporation heat-up period; 0: Initial 
value; s: Value at the fuel droplet surface; ∞: 
Ambient value.
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