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In this work, heating and vaporization of a liquid droplet with dispersed magnetic
nanoparticles (ferrofluid) are analyzed. The ferrofluid droplet is in a quiescent inert gas
phase with a temperature which is set down equal to, higher and lower than the liquid
boiling temperature. Under these conditions, an alternating magnetic field is applied
and, as a result, the magnetic nanoparticles generate heat by the Brownian relaxation
mechanism. In this mechanism, the magnetic dipoles present a random orientation due
to collisions between the fluid molecules and nanoparticles. The magnetic dipoles tend
to align to the magnetic field causing rotation of the nanoparticles. Consequently the
temperature increases due to the energy dissipated by the friction between the resting
fluid and the rotating nanoparticles. Assuming a very large magnetic power and a
uniform distribution of nanoparticles, the droplet core is uniformly heated. A thermal
boundary layer is established in the liquid-phase adjacent to the droplet surface due
to heat flux from the ambient atmosphere. The temperature profile inside the thermal
boundary layer is obtained in appropriate time and length scales. In the present
model, the ferrofluid droplet is heated up to its boiling temperature in a very short
time. In addition, the combination of the heat generated by magnetic nanoparticles and
heat conduction from gas phase results in a higher vaporization rate. Under specific
conditions, the boiling temperature is achieved not at the surface but inside the thermal
boundary layer. Moreover, the results point out that the thermal boundary layer
depends directly on the vapor Lewis number but the vaporization rate reciprocally on
it. C© 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4793611]

I. INTRODUCTION

Fluids containing suspension of nanoparticles (nanofluids) have been extensively studied due to
their enhanced physical properties, e.g., viscosity, specific heat, and thermal conductivity.1–3 Rapid
augment in nanofluid applications has demanded the understanding of its properties and modelling.
In the context of thermal problems, various theoretical models have been proposed for explaining
the exceptional increase in the thermal conductivity. Empirical expressions for the effective ther-
mal conductivity were proposed based on the thermal conductivities of the solid and liquid, their
respective volume fractions and nanoparticle size.4–6 More accurate models include effects of the
nanoparticle-fluid interaction (nanolayer).7, 8 The liquid molecules close to the nanoparticle surface
form layered structures that behave much like a solid. One possible explanation for existence of
the nanolayer is that the molecular structure of the liquid is more ordered in that region. Thus, a
higher thermal local conductivity is expected in the liquid near the interface of the nanoparticle.9–11

Besides, nanofluids can present magnetic properties if magnetic nanoparticles are dispersed into the
base liquid, known as magnetic nanofluids or ferrofluids.12–16
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The advantage of ferrofluids over non-magnetic nanofluids is the wide range of applications
such as flow control, rupture into droplets, and heat transfer. For example, submitting ferrofluids to an
external magnetic field gradient, the magnetic moments of the particles tend to align to the magnetic
field and the ferrofluid is attracted to the region of the highest intensity field. Thus, ferrofluid flow
can be driven by the mechanical motion of the magnetic field. An application for that is to pump a
secondary fluid or to carry a body immersed in a ferrofluid.17–20 Another application is the rupture of
the ferrofluid droplets into microdroplets by applying a uniform magnetic field. The magnetic field
induces perturbations on the droplet surface, referred to as Rosenweig instability, that are responsible
to break it up. In this application the magnetic field can be adjusted to control the final size of the
micro-droplets.21 These ideas can also be applied to improve the spray atomization process. It is
known, atomization is the key process in heating, vaporization and burn of liquid fuels, because the
heat flux from gas phase to the droplets is directly dependent on the total spray liquid-gas interface
area.22–24

In the present model, the dispersion of the magnetic nanoparticles inside the droplet acts as
a heat source (under the influence of an alternating magnetic field). This process is known as
magneto relaxation heating. Magneto relaxation heating is the heating process produced by the
energy dissipation due to friction between the rotating magnetic nanoparticles under the influence
of an external magnetic field and the liquid surrounding them. From the droplet point of view, the
interest is on the heating and vaporization imposed by both magnetic heating and heat transfer from
gas phase. The conditions addressed in the problem consider a very larger magnetic power compared
with the thermal power. As will be seen ahead, a thermal boundary layer is established in the liquid
region adjacent to the droplet surface. It is worth mentioning that inside the thermal boundary layer,
the magnetic and the thermal heat sources are of the same order, but in the droplet core the thermal
power is negligible compared with the magnetic power.

Currently, magneto relaxation heating is used for inducing hyperthermia, which is used as an
alternative treatment for destroying cancerous cells by increasing the temperature of tumor cells,
known as magnetic hyperthermia. In this work, a new application for the magneto relaxation heating
is proposed: the acceleration of the droplet heating process.

II. PHYSICAL MODEL

The magneto relaxation heating is based on the energy dissipated by magnetic nanoparticles
when the ferrofluid is under the influence of an external alternating magnetic field.25, 26 The energy
dissipation of the nanoparticles is provided by two mechanisms: viscous dissipation due to rotation of
the magnetic particle along with its magnetic dipole in a surrounding liquid (Brownian mechanism)
and the augment of the nanoparticle temperature due to rotation of the magnetic dipole within
the nanoparticle (Néel mechanism). The most important parameter that determines the magnetic
nanoparticles heating rate is the effective relaxation time (the characteristic time of misalignment
of the dipoles) defined as t∗

m
−1 = t∗

N
−1 + t∗

B
−1, where t∗

N and t∗
B are the Néel and the Brownian

relaxation times, respectively. Thus, the shorter relaxation time determines the dominating relaxation
mechanism. In this analysis, the condition t∗

B � t∗
N is assumed, hence the relaxation occurs mainly

due to the Brownian mechanism.
The nanoparticles distribution inside the droplet is considered uniform in the present analysis.

For a high magnetic heat source compared with that one provided by the heat flux from the gas-
phase, the temperature inside the droplet is uniform.27 In the region close to the droplet surface,
both heat sources, magnetic heating and heat conduction from gas phase, have the same intensity.
Consequently, a thermal boundary layer is established in that region during the droplet heating
process. To follow the evolution of the thermal boundary layer, it is necessary to rescale the spatial
and temporal coordinates. The solution for the thermal boundary layer matches the solution of the
droplet core to that of the gas-phase, which is quasi-steady. The Brownian motion of nanoparticles
and the regression of the droplet surface can cause agglomeration of nanoparticles on the droplet
surface during the vaporization,28 but the agglomeration process is not taken into account in this
analysis, as will be proved ahead. It is worth mentioning that the change in thermal conductivity
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due to the presence of nanoparticles inside the droplet is also neglected in this work with the aim of
highlighting only the influence of the magnetic heating on the droplet heating.

III. MATHEMATIC FORMULATION

Whereas the ferrofluid droplet is in a quiescent ambient atmosphere, all processes in the liquid
and gas phases present spherical symmetry and the problem can be considered as one-dimensional.
The liquid phase presents the following properties: density ρ l, specific heat cl, and thermal con-
ductivity kl, which are considered constant. In a region far from the droplet surface, the following
properties are constant: density ρ∗

∞, temperature T ∗
∞, specific heat at constant pressure cp, and ther-

mal conductivity kg∞ . The liquid and gaseous phases are described by conservation equations, which
are written in terms of the following nondimensional variables:

t ≡ t∗

t∗
c

, r ≡ r∗

a∗(0)
, ρ ≡ ρ∗

ρ∗∞
,

θ ≡ T ∗

T ∗
b

, u ≡ u∗a∗(0)

α∞
, and a ≡ a∗

a∗(0)
,

in which t, r, ρ, θ , u, and a represent time, radial coordinate, density, temperature, gas velocity, and
droplet radius, respectively. The superscript “*” stands for variables in dimensional form and the
subscripts b and ∞ stand for boiling and ambient conditions (far from the droplet), respectively. The
time t * is nondimensionalized by an estimated heating time t∗

c ≡ [(a∗(0))2/(α∞ε)], with ε ≡ ρ∗
∞/ρ∗

l
and thermal diffusivity α∞ ≡ kg∞/cpρ

∗
∞.

The conservation equations for mass and energy in the liquid phase are given by27

d

dt
(a3) = −3λ (1)

and

∂θ

∂t
− A

r2

∂

∂r

(
r2 ∂θ

∂r

)
= Pm

f 2tm(θ )

1 + ( f tm(θ ))2
(2)

in which λ(t) ≡ ṁ(t∗)cp/(4πkg∞a∗(0)) is the dimensionless vaporization rate, ṁ(t∗) is the dimen-
sional vaporization rate and A ≡ cpkl/clkg∞ . The right hand side of Eq. (2) represents the energy
dissipation from magnetic nanoparticles under the influence of an alternating magnetic field. 1 In the
present model, the parameters that control the energy dissipation are the magnetic field frequency
f ≡ 2π f ∗t∗

Bb
, the effective relaxation time tm ≡ t∗

m/t∗
Bb

and the ratio of the magnetic heat source
to the thermal source Pm. The frequency f * is nondimensionalized by effective relaxation time
determined at the boiling temperature t∗

Bb
. The magnetic parameter Pm is defined as27

Pm ≡ μ0χ0 H 2
0 /2

ρl cl T ∗
b

t∗
c

t∗
Bb

(3)

in which μ0 is the magnetic permeability (μ0 = 4π × 10−7 T m/A), H0 is the magnetic field
amplitude, and the magnetic susceptibility χ0 is described by Langevin equation

χ0 = χi
3

ξ

(
coth ξ − 1

ξ

)
. (4)

The initial susceptibility is given by χi ≡ μ0φM2
d VN /(3κT ∗), in which φ, Md, VN , and κ are volume

fraction of nanoparticles, domain magnetization, nanoparticles volume, and Boltzmann constant
(1.38 × 10−23J/K), respectively. The Langevin parameter ξ is defined as ξ = μ0 Md H VN /(κT ∗)
with H = H0cos (2π f *t *). The equilibrium susceptibility χ0 is a conservative estimative for low
limit of the source term in Eq. (2).1 Therefore, χ0 can be assumed to be a constant. This assumption
is valid because the volume fraction of nanoparticles is constant during the heating period, as will
be seen ahead. The Brownian relaxation time is related to the inverse of temperature and is defined
as t∗

B ≡ 3ηVH/κT ∗, where η is the viscosity of the surrounding liquid, and VH is the hydrodynamic
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FIG. 1. Schematic representation of the temperature profile of the problem: (a) Liquid and gas phases in spatial coordinate
r. (b) Liquid phase in spatial coordinate x and gas phase in spatial coordinate r.

volume of the particle. The hydrodynamic volume is the effective volume that includes the volume
of the coating layer of the nanoparticle. The Brownian relaxation time t∗

B is nondimensionalized by
its value at the boiling temperature leading to tB ≡ t∗

B/t∗
Bb

= 1/θ .27

The hypothesis that the magnetic power is much larger than the thermal power, Pm � 1, is
assumed in this work. This assumption is valid for a field intensity of about 10−2 tesla. Under this
condition, the temperature profile is uniform in the droplet core, varying just with time (Fig. 1(a)).27

However, in a thin zone adjacent to the droplet surface, the uniform behavior from the temperature
profile of the droplet core changes to a time-spatial variation to match the temperature gradient
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imposed by the heat flux from the gas-phase (Fig. 1(b)). Consequently, a thermal boundary layer
must be formed adjacent to the droplet surface. Therefore it is necessary to rescale not only the
time but also the radial coordinate in Eqs. (1) and (2) to follow properly the evolution of the thermal
boundary layer.

By analyzing Eq. (2), the appropriate time scale is t ∼ P−1
m , then the new time scale can be

written as τ ≡ tPm, for τ = O(1). In addition, in order to describe the spatial variation of the
temperature profile in the liquid phase, the following change of the spatial variable r = a + δx is
necessary. As will be shown, the thickness δ is very small, δ ∼ P−1/2

m � 1. According to classical
procedure, a thermal boundary layer is established in the thickness δ, which is described by the
variable x = O(1), as exhibited in the schematic Fig. 1(b).

Equations (1) and (2) in these new variables are written as

d

dτ
(a3) = −3

λ

Pm
(5)

and

∂θ

∂τ
+ 1

δ

da

dτ

∂θ

∂x
− A

δ2 Pm

∂2θ

∂x2
= f 2θ

θ2 + f 2
. (6)

By analyzing asymptotically the source term S(θ ; f ) ≡ f 2θ /(f 2 + θ2), it is observed S(θ ; f ) ∼ f 2/θ
� 1 and S(θ ; f) ∼ θ for low (f � 1) and high (f � 1) frequencies, respectively. For δ = (A/Pm)1/2,
all terms in Eq. (6) become order unity, except the convective term that presents the order (APm)−1/2

� 1 because da/dτ ∼ P−1
m for a ∼ 1. Therefore the effect of the convection due to the variation of

the radius is negligible whereas a � P−1/2
m according to Eq. (5).

Thus, by imposing δ = (A/Pm)1/2, Eq. (6) takes the form

∂θ

∂τ
− ∂2θ

∂x2
= f 2θ

θ2 + f 2
. (7)

This equation and the following boundary conditions:

∂θ

∂x
= 0 for x → −∞ (8)

and

a2θn ∂θ

∂r

∣∣∣∣
a+

= (APm)1/2a2 ∂θ

∂x

∣∣∣∣
x=0−

+ λL at r = a (9)

describe the evolution of the temperature profile inside the thermal boundary layer. In this analysis,
the gas thermal conductivity is considered to be a function of temperature, according to kg/kg∞ = θn

with n = 0.5. The dimensionless latent heat of vaporization is defined as L ≡ L*/(cpTb), where L*
is the latent heat of vaporization. Equation (9) represents the energy conservation at the droplet
surface: part of the heat that is supplied by the ambient atmosphere to the droplet is used for the
droplet heating and part for the vaporization process.

Based on the gas phase radial flow from the droplet to the ambient atmosphere, the gas-phase
conservation equations are presented below:29, 30

εPm
∂ρ

∂τ
+ 1

r2

∂

∂r
(r2ρu) = 0, (10)

εPmρ
∂Y

∂τ
+ ρu

∂Y

∂r
− 1

r2

∂

∂r

(
r2θn

Le

∂Y

∂r

)
= 0, (11)

εPmρ
∂θ

∂τ
+ ρu

∂θ

∂r
− 1

r2

∂

∂r

(
r2θn ∂θ

∂r

)
= 0 (12)

in which Y is the vapor mass fraction and Le is the vapor Lewis number. In this work, under low
pressure conditions, ε ≡ ρ∞/ρ l is considered small enough, such that the condition εPm � 1 is still
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found. Hence, the gas phase processes can be treated as quasi-steady-state. Thus the conservation
equations can be rewritten as

r2ρu = λ, (13)

λ

r2

∂Y

∂r
− 1

r2

∂

∂r

(
r2θn

Le

∂Y

∂r

)
= 0, (14)

λ

r2

∂θ

∂r
− 1

r2

∂

∂r

(
r2θn ∂θ

∂r

)
= 0. (15)

The boundary conditions at the surface are described by Eq. (9) and

− r2θn

Le

∂Y

∂r
= λ(1 − Ys), at r = a+. (16)

The superscript + stands for the condition at the surface in the gas-side and Ys is the vapor mass
fraction at the droplet surface. In the region far from the droplet, the following boundary conditions
hold

θ = θ∞, and Y = 0 as r → ∞. (17)

At the liquid-gas interface, vapor and liquid are assumed to be in equilibrium. For this reason, the
Clausius-Clapeyron relation

Ys = exp[γ (1 − θb/θs] (18)

can be used to relate the vapor mass fraction at the surface to the surface temperature θ s, where
γ ≡ L∗Mw/(RgT ∗

b ) depends on the liquid molecular weight Mw and universal gas constant Rg.
Equations (14) and (15) can be integrated once considering the boundary conditions given by Eqs.
(16) and (17) and the energy conservation at the interface, Eq. (9), resulting in the following system

∂θ

∂r
= λ(θ − θs + L) + Q−

r2θn
, (19)

∂Y

∂r
= −λ(1 − Y )Le

r2θn
(20)

in which Q− ≡ (APm)1/2a2(∂θ/∂x)x=0− is the heat flux from surface to inner region of the droplet.

IV. NUMERICAL STRATEGY

A ferrofluid droplet with initial radius a0 = 1 is in a quiescent inert atmosphere at temperature
θ∞ and vapor mass fraction Y∞. An alternating magnetic field is applied with frequency f. In this
problem, the term “ambient temperature” means the temperature of a region far from the droplet. It
is worth mentioning that the spatial scale of the liquid phase inside the thermal boundary layer is r
= O(δ) or x = O(1), and the gas phase is solved in the scale r = O(1). For the numerical solution of
the problem the following procedure is employed:

(1) First, the energy conservation equation for the liquid phase, Eq. (7), is integrated with arbitrary
values for the surface temperature θ s and vaporization rate λ and, as a result, Q− is calculated.

(2) Using these values of θ s, λ and Q−, the integration of Eqs. (19) and (20) is performed from the
droplet surface r = a to a region far from the droplet r � 1.

(3) If the boundary conditions θ∞ and Y∞ are not satisfied, new estimates for θ s and λ are obtained
by the Newton-Raphson procedure and the process is repeated until the boundary conditions
are satisfied.

(4) At this point, the process is advanced to the next time step.
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Besides that, at each time step, the droplet radius is calculated using Eq. (5). According to this
equation, the radius has a very small variation in τ = O(1). Even for Pm � 1, the vaporization rate
λ is of the order unity because the heat flux from gas phase is order unity, as shown in Eq. (9).
Therefore the heating process occurs practically with no expressive variation of the droplet radius.
This justifies the volume fraction of magnetic nanoparticles to be considered constant during the
heating process.

V. RESULTS AND DISCUSSION

The base fluid used in this work is n-heptane at initial temperature of 297 K or θ = 0.8.
The constants properties of the n-heptane are: density ρl = 6.8 × 105 g/m3, thermal conductivity
kl = 0.609 J/m s K, specific heat cl = 2.216 J/g K, latent heat of vaporization 316.76 J/g, boiling
temperature T ∗

b = 371.15 K. The magnetic nanoparticle is maghemite (γ Fe2O3) of radius of rN

= 10 nm, thickness of coating layer δ = 1 nm, domain magnetization of Md = 414 kA/m and
volume fraction of nanoparticles φ = 0.07. The intensity of magnetic field B0 = μ0H0 = 1 tesla.
The model demands Pm �1, then the results presented ahead are for droplet radius larger than
70 μm. For these properties the parameter Pm is 100. However, for a < 70 μm, Pm decreases
according to Pm/100 ∼ (a/70)2 with droplet radius. For example, for a = 10 μm, Pm is about 2, such
condition demands the integration of Eq. (2) to describe the temperature evolution, the boundary
layer approximation is no longer valid.

The heating process is followed until any part of the droplet reaches the boiling temperature
θ = 1. This model does not allow the temperature in the droplet to be higher than the boiling
temperature because any disturbance can generate bubbles in its interior and break it up. For all
cases, the vapor mass fraction in the region far from the droplet is Y∞ = 0 and the Lewis number Le
is equal to unity, except when another value is explicitly mentioned.

It is important to highlight that, under certain conditions, the magnetic source may heat up
the droplet core and/or the thermal boundary layer faster than the droplet surface is heated by the
surrounding gas. Then, a heat flux from the droplet interior to the droplet surface must be observed.
The consequences are higher vaporization rates as well as a local maximum for the temperature
profile located inside the thermal boundary layer. Hence, the boiling condition is achieved not at the
droplet surface but inside the thermal boundary layer. The numerical simulation is ended at the time
that the boiling temperature (θ = 1) is achieved in any position of the droplet.

Figure 2(a) shows the heating time of the droplet as a function of the magnetic field frequency
f for different values of ambient temperature θ∞. The frequency f varies from f = 0.3 to values
for which the relaxation process of nanoparticles reaches the saturation state, f ≈ 5. It is worth
mentioning that, for f < 0.3, the model of the thermal boundary layer becomes unrealistic because
its thickness becomes close to one order of magnitude larger than (A/Pm)1/2, precisely δ = (A/Pm)1/2/f,
as pointed by Eq. (6). Since the magnetic source S(θ , f) increases with f, an increase of the magnetic
field frequency reduces the time for the droplet to reach its boiling temperature. The pronounced
influence of the ambient temperature on the heating time for low frequencies (f < 1.5) is observed.
For high frequencies, however, the ambient temperature has litle influence on the heating time, as
seen in Fig. 2(a).

Figure 2(b) shows the vaporization rate λb as a function of the magnetic field frequency. The
subscript b from now on will stand for the variable value when any part of the droplet reaches the
boiling condition. Unlike in the droplet heating time, the frequency of the magnetic field does not
have an expressive influence on the vaporization rate, as seen in Fig. 2(b). Thus the vaporization
rate is strongly dependent on the ambient temperature. Therefore, even for very intense magnetic
heating, the vaporization rate keeps depending on the heat flux from the gas-phase, which explains
the strong dependence on the ambient temperature.

Figure 2(c) shows the temperature at the droplet surface θ sb as a function of the magnetic field
frequency f. Like the vaporization rate, the droplet surface temperature is strongly dependent on the
ambient temperature. For the condition of low ambient temperature and low frequencies (f < 1.5),
as shown in Fig. 2(c) for θ∞ = 0.9, the magnetic field frequency also plays an important role in
determining θ sb.
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FIG. 2. Dependence of the droplet properties on the frequency of the magnetic field at the time in which any part of the
droplet reaches the boiling temperature: (a) Heating time, (b) vaporization rate, (c) droplet surface temperature, and (d)
droplet radius, for three different ambient temperatures.

Since the vaporization rate as well as the droplet surface temperature are controlled by the heat
conservation at a very thin zone around the liquid-gas interface (droplet surface), the volumetric
heat generation is negligible because of its dependence on the volume. This feature explain the
strong dependence of the heating time with magnetic heating via the frequency and of the vapor-
ization rate and droplet surface temperature with the heat flux from the gas-phase via the ambient
temperature.

Figure 2(d) shows the droplet radius ab as a function of the magnetic field frequency using the
same conditions as in the three previous plots. Since the heating time (τ = O(1)) is very short, as seen
in Fig. 2(a), the variation of the droplet radius during the heating time is very small. According to
Eq. (5), it follows the relation a3

b ∼ 1 − 3λ/Pm , a trend confirmed by Fig. 2(d). For low frequencies,
the ambient temperature is responsible, through the ambient heat flux, for the increase of the
vaporization rate and consequently the reduction of the droplet radius, hence ab is smaller, the larger
the ambient temperature θ∞ is. From Fig. 2, it is concluded that the magneto relaxation heating has
a strong influence on the heating time but weak on the vaporization rate.

Next, the droplet heating by magnetic heating process is analyzed at different ambient atmo-
sphere conditions, temperature and vapor mass fraction.

A. High ambient atmosphere temperature

This section analyzes heating and vaporization of droplet in an ambient atmosphere of θ∞ = 6
and YF∞ = 0. These values describe the ambient atmosphere with high temperature, no oxidant and
low fuel mass fraction found by droplets close to flames, due to the spray combustion. The effects
of the magnetic source are quantified in the cases f = 0.3, 1.0, and 5.0. As can be seen in Fig. 3, the
temperature inside the droplet is higher than that at the droplet surface. Therefore the temperature
reaches the boiling condition inside the thermal boundary layer. This happens because, besides
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FIG. 3. Evolution of the temperature profile for three different magnetic field frequencies f = 0.3 (a), 1.0 (b), and 5.0 (c) for
θ∞ = 6.0.

the magnetic heat source, the ambient heat flux is large enough to sustain high temperature in the
thermal boundary layer even with the vaporization, which is responsible to decrease the temperature
through mass loss. Under this ambient condition, the magnetic source S(θ , f), that depends on the
local temperature, is able to increase the temperature of the thermal boundary layer for values higher
than that of the droplet surface. This increase of temperature in adjacent layers in the liquid side
of the droplet surface is also evidenced in a previous work, where a semi-transparent droplet is
internally heated by absorption of radiation from high temperature ambient atmosphere.31 In the
present analysis, in addition to the gas phase heat flux, heat flux from the thermal boundary layer
(Q−) to the droplet surface raises the vaporization rates of ferrofluid droplet to above that described
by classical models. In such models Q− is always positive but in the present work Q− can be negative
too.

The droplet surface temperature θ s and the vaporization rate λ as functions of time are shown
in Figs. 4 and 5. It is verified that both properties rise rapidly for high frequency conditions.

For low frequency conditions, the vaporization rate seems to approach a low variation regime,
as shown in Fig. 5. For f = 1.0 and 5.0, the vaporization rate and the temperature at the droplet
surface increases almost at the same rate (Fig. 4). This feature is a consequence of the extra heat
flux from the thermal boundary layer to the droplet surface.

B. Ambient atmosphere at boiling temperature

The following results show the ferrofluid droplet in a gaseous environment at the boiling
temperature, θ∞ = 1. Temperature profiles in the thermal boundary layer are shown in Fig. 6 for
magnetic field frequencies f = 0.3, 1, and 5. Since in these cases the heat flux from the ambient
atmosphere is low, the magnetic heat source controls almost integrally the heating process. In
addition, because the magnetic nanoparticles distribution is uniform, the droplet has practically
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FIG. 4. Droplet surface temperature as a function of time for three different magnetic field frequencies f = 0.3 (a), 1.0 (b),
and 5.0 (c) for θ∞ = 6.0.

a uniform heating, resulting in a thermal boundary layer that presents only a small temperature
variation. The droplet surface temperature presented in Fig. 7 follows a similar behavior described
by the analytical solution,27 except for low magnetic field frequency but at the end of the heating
period. This indicates that the analytical solution is suitable for solving the problem in low ambient
temperature condition.

Figure 8 shows the vaporization rate as a function of time. The results show a strong dependence
of the vaporization rate on the magnetic field frequency. Unlike the surface temperature, the simulated
and analytical values for the vaporization cannot be compared directly. The comparison will be
done indirectly through the fuel mass fraction at the droplet surface. Figure 9 shows the excellent
concordance between the simulated and calculated values.

C. Low ambient atmosphere temperature

The droplet heating in an ambient atmosphere with a lower temperature than the initial droplet
temperature is analyzed, specifically the case θ∞ = 0.75 is considered. The temperature profiles are
shown in Fig. 10 for different values of magnetic field frequency.
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FIG. 5. Vaporization rate as a function of time for three different magnetic field frequencies f = 0.3 (a), 1.0 (b), and 5.0 (c)
for θ∞ = 6.0.
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FIG. 6. Evolution of the temperature profile for three different magnetic field frequencies f = 0.3 (a), 1.0 (b), and 5.0 (c) for
θ∞ = 1.0.

The results are similar to the previous case (θ∞ = 1), but the thermal boundary layer cannot
be observed easily. Furthermore the heating time is practically the same as that for the ambient
temperature θ∞ = 1, as shown in Fig. 6. As this happens at low ambient temperature as well as θ∞
= 1, the droplet heating depends practically on the magnetic source. Hence, the heating time can be
controlled just by the magnetic field frequency.

The small influence of the ambient temperature on the heating process can be quantified evaluat-
ing the heat flux across the droplet surface, which is given by q− = Q−/(APm)1/2 = a2(∂θ/∂x)x=a− .
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FIG. 7. Comparison of the results for the droplet surface temperature evolution from the present model and an analytical
solution,27 for three different magnetic field frequencies f = 0.3, 1.0, 5.0 and ambient temperature θ∞ = 1.0.
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FIG. 8. Time evolution of the vaporization rate for three different magnetic field frequencies f = 0.3, 1.0, 5.0 and ambient
temperature θ∞ = 1.0.

The value q− < 0 represents a heat loss from the droplet to the ambient atmosphere, whereas
q− > 0 represents heat gain from gas phase. Figure 11 shows the heat flux across the droplet surface
as a function of time for different conditions of the ambient temperature and the magnetic field
frequency. For conditions where the ambient temperature is higher than the initial temperature of
the droplet, the droplet initially receives heat from the ambient (q− > 0). As the vaporization rate
increases, vaporization heat loss leads to smaller values for the droplet surface temperature com-
pared with that of the core (q− < 0), as shown in Fig 11. Contrarily, in the case where the ambient
temperature is lower than the initial temperature of the droplet, the droplet loses heat to the ambient
during the whole heating period. The results reinforce the fact that the frequency f controls the
heating and vaporization of the droplet in low temperature atmosphere.

D. Low ambient atmosphere temperature with Y∞ = 0.2

Until now the vapor mass fraction in the ambient atmosphere was assumed to be zero. In this
section, results for a ferrofluid droplet in an ambient atmosphere with temperature θ∞ = 0.75 and
fuel mass fraction Y∞ = 0.2 are presented. As gas phase is at a low temperature and the vapor
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FIG. 9. Comparison of the results for the evolution of the fuel mass fraction at the droplet surface from the present
model and an analytical solution,27 for three different magnetic field frequencies f = 0.3, 1.0, 5.0, and ambient temperature
θ∞ = 1.0.
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FIG. 10. Evolution of the temperature profile for three different magnetic field frequencies f = 0.3 (a), 1.0 (b), and 5.0 (c),
and θ∞ = 0.75.

mass fraction at the droplet surface satisfies the condition Ys < 0.2, then the vapor near the droplet
surface is condensed in the initial period of the heating process. In this work, the hypotheses that the
condensed vapor on the droplet surface mixes instantaneously with the ferrofluid and the magnetic
nanoparticles distribution does not change significantly are assumed. Without this consideration, the
droplet would have a liquid layer on its surface with absence of nanoparticles. This feature is not
covered by the present model.
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FIG. 11. Heat flux across the droplet surface as a function of time for different magnetic field frequencies f = 0.3, 1.0, 5.0
under the conditions θ∞ = 0.75, 1.0, 1.25. (q− < 0 represents heat loss from the droplet to the ambient atmosphere and q−
> 0 represents heat gain from the gas phase.)
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FIG. 12. Time evolution for the droplet radius for three different magnetic field frequencies f = 0.3, 1.0, 5.0, ambient
temperature θ∞ = 0.75 and ambient fuel mass fraction Y∞ = 0.2.

It is known that, the surface of the droplet is heated during the condensation, but the temperature
increment is insignificant compared with that imposed by the magnetic source. More precisely, for
the condition f = 0.3, the droplet surface presents an increase in temperature of the order of 10−5 in
relation to the initial temperature inside of the droplet. Figure 12 shows the droplet radius as a function
of time, from which an increase in the radius during condensation process is observed. Finally,
Figure 13 shows the vaporization rate as a function of time. Negative values for the vaporization rate
represents the condensation process. During the condensation, the mass flux of the vapor controls
the droplet surface temperature and after that the magnetic source is responsible for increasing
the droplet surface temperature. The behavior shown in Fig. 13 is similar to that presented in
Fig. 8.

E. Influence of the Lewis number

The hypothesis of Lewis number equal to unity was considered to simulate the above cases,
which is appropriate to some applications. The following results show the effect of Lewis number
Le on temperature profiles in the thermal boundary layer. Figure 14 show the temperature profiles
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FIG. 13. Time evolution for the vaporization rate for three different magnetic field frequencies f = 0.3, 1.0, 5.0, ambient
temperature θ∞ = 0.75 and ambient fuel mass fraction Y∞ = 0.2.
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FIG. 14. Time evolution of the temperature profile for three different values of the Lewis number Le = 0.5 (a), 1.0 (b), and
1.8 (c), magnetic field frequency f = 5.0 and ambient temperature θ∞ = 6.0.

during the ferrofluid droplet heating at high ambient temperature, θ = 6.0, and high magnetic field
frequency, f = 5.0, for Le = 0.5, 1.0, and 1.8. The results show that the Lewis number has a direct
influence on the thermal boundary layer thickness and on the temperature profile. Since Lewis
number measures the thermal diffusivity in relation to the mass diffusivity, then the vaporization
rate, which depends on the gas phase mass diffusivity, increases as the Lewis number decreases.
Consequently, due to the increase of the heat loss by the vaporization, the droplet surface temperature
decreases. With the increasing temperature inside the thermal boundary layer and the decreasing
droplet surface temperature, the heat transfer from the thermal boundary layer to the droplet surface
increases by decreasing the vapor Lewis number, as seen in Fig. 14. This extra heat flux to the droplet
surface augments the vaporization rate.

Figure 15 shows the thickness of the thermal boundary layer as a function of time for Le = 0.5,
1.0, and 1.8. When the condition favors the augment of the droplet surface temperature θ s (Le > 1),
the difference between θ s and the droplet core temperature increases and, as a result, the thickness of
the thermal boundary layer augments. In addition, since the heat loss by vaporization decreases the
difference between the temperature surface and the droplet core temperature, the thickness thermal
boundary layer decreases for Le < 1.

Figures 16 and 17 show the vaporization rate and the droplet surface temperature, respectively,
as functions of time for different values of Lewis number. Since the fuel mass diffusivity controls
the droplet vaporization, the vaporization rate is larger for smaller values of the Lewis number, as
shown in Fig. 16. However, the increase of the vaporization rate causes an increase on the droplet
heat loss and a decrease on the droplet surface temperature, as seen in Fig. 17. Consequently, the
intensity of the magnetic source is different inside the thermal boundary layer, leading to a local
maximum on the temperature profile.
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FIG. 15. Time evolution of the boundary layer thickness for three different Lewis number Le = 0.5, 1.0, and 1.8, magnetic
field frequency f = 5.0 and ambient temperature θ∞ = 6.0.

VI. COMPARISON OF MAGNETIC AND LASER HEATING

In this section, the magneto relaxation heating of ferrofluid droplet (water-maghtemite) is
compared with the heating of pure water droplet irradiated by an unpolarizer plane wave CO2

laser beam.32–34 The case analyzed in laser heating considers a droplet of radius a = 10 μm, laser
power of 106 W/cm2 and complete absorption of laser beam by the droplet. The droplet with initial
temperature of 25 ◦C is heated up to 305 ◦C that is a value somewhat smaller than the superheat limit
Tsu = 0.9Tcr (Tcr is the critical temperature and equal to 373.85 ◦C). These conditions are assigned
for the case of the rapid heating of irradiated aerosols.34 Therefore, to compare magneto relaxation
and laser heating, the former process will be permitted running up to the droplet core temperature
to achieve T = 305 ◦C.

The comparison between the two heating methods is performed by comparing the results for
Pm and the dimensionless laser heat source PL,34 which is defined following the procedure adopted
for the magnetic one:

PL = 4π Re(n)I m(n)SI/λlw

ρl cl Tb/t∗
c

(21)
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FIG. 16. Time evolution of the vaporization rate for three different Lewis number Le = 0.5, 1.0, and 1.8, magnetic field
frequency f = 5.0 and ambient temperature θ∞ = 6.0.
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FIG. 17. Time evolution of the droplet surface temperature for three different Lewis number Le = 0.5, 1.0, and 1.8, magnetic
field frequency f = 5.0 and ambient temperature θ∞ = 6.0.

in which n = 1.179 − i0.071, S = |E|2/|Einc|2 (E is the electric field at a point and Einc is the
electric field of incident laser beam) and λlw is the laser wavelength. The conditions addressed in
the fast heating regime with S = 1 leads to PL = 3760. The simulations point out a heating time
about 1.41 μm.34 The simulations for magneto relaxation heating show the same heating time for
Pm = 1950 and magnetic field frequency f = 4. This result indicates that magneto relaxation is able
to heat up a larger droplet (about a = 300 μm) in the same time with 52% of source power. The
comparison between the two simulations is exhibited in Fig. 18.

Not only difference on the parameter values is observed but also the behavior of the temperature
profile close to the droplet surface. In the present model the term (APm)1/2 � 1, in the energy
conservation condition at the droplet surface Eq. (9), demands a heat flux at the droplet surface
in the liquid phase of order (APm)−1/2 � 1 to have order unity for that heat flux. The condition
leads to a very small difference of temperature between the droplet surface and the droplet interior,
explaining the small variation of temperature even close to the surface. In the case of laser heating,
the temperature profile changes significantly close to the droplet surface and the reason for that
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FIG. 18. Temperature profiles for magnetic relaxation heating (Pm = 1950 and f = 4) and irradiated laser heating model34

at times, t = 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4 μs.
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is different vaporization model adopted, which imposes a large vaporization rate resulting in low
droplet surface temperature.

Since the laser source is considered constant in this case, the temperature variation with time is
also constant. However, since the magnetic source depends on the temperature for high frequencies,
the temperature evolution changes with time, as seen in Fig. 18.

VII. CONCLUSION

Magneto relaxation heating on the droplet heating and vaporization processes is addressed
in this work. It is observed that the magnetic energy source is responsible to heat uniformly the
droplet interior. The heat flux from the ambient atmosphere is responsible to change the temperature
profile only in a very thin layer close the surface. A thermal boundary layer is established. The
combined heat sources inside the thermal boundary layer reduce the droplet heating time and
increase the vaporization rate. The fact that the droplet interior reaches the boiling temperature
rapidly can indicate formation of bubbles inside the droplet and its break into smaller droplets.
Therefore, the magneto relaxation heating can be used in the future to improve also the atomization
of fuels. In this work the results showed that the droplet surface temperature and the vaporization
rate are strongly dependent on the Lewis number. For Le < 1 an increase in the vaporization rate
is obtained and consequently a decrease in the droplet surface temperature due to heat loss by
vaporization. Increasing the Lewis number Le > 1 the droplet surface temperature increases and
the vaporization rate decreases. This favors that the droplet reaches the boiling temperature more
quickly. By comparing the droplet heating produced by magneto relaxation and laser, it is seen
advantages of magneto relaxation process because is possible to heat up a droplet at the same time
but with less energy. Also, the advantage of magneto relaxation is to influence a large volume in
space compared with the volume of the laser beam.
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