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Shape evolution of a melting nonspherical particle
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In this study melting of irregular ice crystals was observed in an acoustic levitator. The evolution of the particle
shape is captured using a high-speed video system. Several typical phenomena have been discovered: change of
the particle shape, appearance of a capillary flow of the melted liquid on the particle surface leading to liquid
collection at the particle midsection (where the interface curvature is smallest), and appearance of sharp cusps
at the particle tips. No such phenomena can be observed during melting of spherical particles. An approximate
theoretical model is developed which accounts for the main physical phenomena associated with melting of an
irregular particle. The agreement between the theoretical predictions for the melting time, for the evolution of
the particle shape, and the corresponding experimental data is rather good.
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I. INTRODUCTION

Phase change processes on spherical solids have always
been of fundamental interest. Typical examples include the
well-known Stefan and Neumann problems [1]. One of the
simplest cases of a Stefan problem is melting of a solid sphere.
Such one-dimensional problem includes a solution for the
heat conduction in the solid and liquid regions of the sphere
and matching using the Stefan condition at the solid-liquid
boundary. For a sphere heated by an external gas flow also the
thermal boundary conditions on the liquid surface have to be
considered, which account for the convection in the outer gas
region. Despite its “simplicity” this problem still does not have
an exact analytical solution. The problem becomes especially
complicated if the initial temperature of the solid particle is
not uniform or even if it is not equal to the fusion temperature.

Among theoretical models, the problem of phase change of
a sphere at various asymptotic conditions are models devel-
oped for small Stefan numbers [2–7], short time asymptotic
solutions [7–9], and remote asymptotic solutions for long
times [6,10]. Results valid for general Stefan numbers are
obtained numerically [7] and analytically [11].

Simplified models allowing one to roughly estimate the
typical melting times and rates of melting are also very
useful for various engineering applications, mainly if the heat
conduction in the solid particle and thermal transient effects
are negligibly small [12,13]. A simplified one-dimensional
model has been proposed by Mason [14]. Such a model, which
assumes the melting particle to be spherical and isothermal, is
widely used [15–17]; also in applications involving the melting
of nonspherical particles [18–20].

A description of a phase change, melting or condensation,
at a surface of solid bodies of irregular shape is even a
more challenging problem. This problem is associated with
melting of clusters of particles [21], melting or condensation in
porous media [22,23], in suspensions [24] or in granular media
[25–27], and melting of snow flakes [28,29] or other dendritic
structures [30]. Melting of solid particles is a key element
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in thermal spraying technology [31,32] or in the production
of spherical particles. This problem is also associated with
phase-change materials for energy storage components [33].

Melting of particles in the submicron size range have also
attracted much interest, including studies on the dependence
of the melting temperature on the particle size [34–36], or
even on the size dispersity [37]. Melting of particles, in
particular irregular particles [38], is an important element of
the technology of selective laser sintering, which is a rapid
prototyping technique for fabrication of components with
complex geometries and from complex materials; for example,
sintered metallic parts [39] or artificial bones [40].

Atmospheric ice crystals can adhere and accrete at the
internal surfaces of jet engines or aircraft instrumentation [41]
if they partially melt. Ice accretion reduces the engine’s
reliability, power, and efficiency. Atmospheric ice crystals
usually form due to condensation and desublimation, leading
to various geometries such as needles, plates, prisms, or
dendrites [42,43]. The melting behavior of such particles
differs significantly from spherical ones.

Some experimental studies on particle melting have been
undertaken in the past; for example, investigations of snow
flakes [28,29] or other dendritic structures [30]. Wind tunnel
experiments are often used to investigate the melting of
ice spheres [44–46] under conditions similar to real flight
conditions.

For many applications in which particle melting is involved,
a knowledge about the temporal evolution of the liquid part
is necessary for a better prediction of associated physical
phenomena. A one-dimensional model, based on a spherical
geometry of the particle cannot provide accurate data for the
volume of the liquid portion of the particle since it does not
capture the flow along the particle surface.

This study presents an experimental investigation and a
theoretical model for the melting process of an irregular,
nonspherical particle. The model accounts for the main
phenomena associated with irregular particles and observed
in experiments, namely, the capillary flow of the melted
liquid, leading to its collection at the particle midsection,
where the interface curvature is smallest, and appearance of
the cusps at the particle tips. The results obtained with this
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model are compared with experimental data of melting of
grinded irregular ice particles. It is shown that the composition
of the ice particles deviates significantly throughout the
melting process from that of spherical particles, resulting in
a significant impact on the icing behavior. The theoretical
predictions agree well with the experimental data.

II. EXPERIMENTAL METHOD

An experimental study for melting of irregular ice particles
was carried out to observe the variation of their shapes and
to measure the typical times, corresponding to the complete
transformation into a spherical drop and to complete particle
melting. In these experiments ice particles in an acoustic
levitator [47,48] are melted by a forced convection flow with
variation of particle size and shape, temperature, and humidity
of the incident air flow as well as the flow velocity.

A. Experimental setup

In Fig. 1 a sketch of the experimental setup is shown. The
main components of the setup are an acoustic levitator used to
suspend single ice particles, an optical and recording system
to record the melting particle with a decent magnification, and
a flow supply and control system which generates a defined
air flow.

a. Acoustic levitator. An acoustic levitator (tec5 AG,
Oberursel, Germany) is used for suspension of a particle in
a standing acoustic wave, generated between an ultrasound
transducer and concave reflector. The working frequency of
the levitator is 58 kHz.

Several equally spaced nodes and antinodes of sound
particle velocity and sound pressure can be identified in the
standing wave. Particles, whose density ranges from 0.5 to
2 g/cm3, can be levitated just below the pressure nodes in the
stable region due to the axial levitation force and the Bernoulli
stress which stabilizes the suspended particle radially. The
magnitude of the acoustic force is controlled by setting the
power level of the acoustic levitator.

In our experiments the acoustic levitator is located in a chest
freezer. This allows one to keep a definite initial ice particle
temperature determined by the surrounding temperature. The
surrounding, hence the initial ice particle temperature, is
measured by a resistive temperature detector (RTD) sensor
(Pt100) attached to the levitator close to the ice particle posi-
tion. A DP9602 high accuracy digital thermometer (OMEGA,
Stamford, USA) is used.

b. Flow supply and control system. The ice particle is melted
by a warm, uniform, and controlled airflow. The pressurized
air (at 1 bar and 20 ◦C) is passed through several gas washing
bottles filled with water to control the relative humidity of
the airflow. The humidified air is then passed through a coil
of copper tube immersed in a temperature-controlled water
bath to control the air temperature. The mass flow rate of the
pressurized air is controlled using an FMA-2600 mass flow
controller (OMEGA, Stamford, USA).

Finally, the air flows through a flow tube which contains
20 screens to generate a nearly uniform velocity profile in the
experimental cell. The tube, made of aluminum, is thermally
insulated.

FIG. 1. Sketch of the experimental setup and levitator.

The levitated ice particle is positioned on the extended axis
of the flow tube and is located approximately 5 mm away from
the tube open end.

The temperature of the airflow is measured with a RTD sen-
sor (Pt100). A B-530 humidity sensor connected to a GL220
data logger (both from Graphtec Corporation, Yokohama,
Japan) is used to measure the relative humidity. A pressure
transducer system (Aerolab LLC, Laurel, USA) measures the
ambient pressure.

c. Optical and recording system. A Phantom v611 high-
speed video camera (Vision Research Inc., Wayne, USA) at-
tached to a SZX10 microscope (Olympus Corporation, Tokyo,
Japan) is used for the observation of the melting process.
A Dedocool cold light source (Dedo Weigert Film GmbH,
Munich, Germany) illuminates the ice particle suspended in the
acoustic field. Frame rates of the camera during capturing of
the melting process ranged from 120 to 250 fps. Typical values
of pixel resolution, exposure time, and overall resolution were
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approximately 156 pixels per mm, 500 µs, and 752 × 504
pixels, respectively.

Between flow and line of sight, there is an angle of
approximately 50◦. That means that the true dimensions of the
ice particle during its melting have to be corrected accounting
for the particle orientation in the levitator. The majority of
the particles is usually aligned perpendicular to the flow.
Therefore, the estimation of the particle dimensions from its
projection on the camera view can be based on the known
angle between the flow vector and the axis of view. This angle
(50◦) is determined by the configuration of the levitator.

B. Test procedure and conditions

a. Particle generation. Nonspherical ice particles are
collected from the ice layer grown on the walls of a chest
freezer at temperatures in the range of −15 to −25 ◦C. Cold
tweezers are then used to place an ice particle in the acoustic
levitator.

A spherical ice particle is generated by melting a nonspher-
ical ice particle until approximately 90% of its mass is liquid.
Then, the warm airflow is stopped and a spherical particle
is generated by refreezing, usually within seconds due to the
residual ice core acting as a seed for crystallization.

b. Particle melting.The power of the acoustic levitator is
adjusted to ensure that the particle will not be blown out of the
acoustic field by the airflow but the shape of the completely
melted ice particle will not be strongly distorted by an acoustic
pressure and remains nearly spherical. By adjusting the mass
flow controller and the temperature of the water bath, the flow
velocity and temperature are set.

When steady-state airflow conditions are reached, the flow
tube, which is initially kept outside of the chest freezer, is
placed in its mount next to the ice particle. A few seconds
before the placement of the tube in its mount, the camera is
started to record both the initial unaffected particle and the
melting process.

Exemplary time sequences captured using the camera are
shown in Figs. 2–4. Due to the melting of the irregular
particle not only the size of the solid part reduces, but also
its irregularities are smoothed. The melted liquid is always
collected in the midsection of the particle. After some time
sharp cusps are formed at the particle tips. Such phenomena
do not occur during melting of a spherical particle (Fig. 4) due
to symmetry of its geometry. Similar phenomena have been
observed during ice flakes melting [50].

The ice particle shown in Fig. 3 breaks up during melting.
Such a possibility has been previously mentioned for snow
flakes [50,51].

III. APPROXIMATE MODEL FOR THE PARTICLE SHAPE

A. Mechanisms of particle melting

Five main stages of the melting process can be identified.
Stage I is characterized by the warming of a particle without
phase change up to the melting temperature. In stage II
the particle begins to melt, leading to water accumulation
in the area of lowest curvature, as can be seen in Figs. 2
and 3. The shape of the liquid water is determined by the
total volume of the melted liquid and by the contact angle,

Stage I

Stage II

Stage III

Stage IV

Stage V

t = 0

t = 0.1 tm

t = 0.2 tm

t = 0.3 tm

t = 0.4 tm

t = 0.5 tm

t = 0.6 tm

t = 0.7 tm

t = 0.8 tm

t = 0.9 tm

t = tm

FIG. 2. (Color online) Comparison of the noncollapsing ice par-
ticle shape with the theoretical predictions for the operational
conditions corresponding to case 1 from Table I. Experimental results
are shown on the left, while the corresponding computed shape
is shown on the right. The observed movie of particle melting is
available online [49].

which for ice is � = 12◦ [52]. The apparently dry portions
of the particle surface are in fact wetted due to melting. The
thickness of the liquid film in these regions is small; however,
the camera does not resolve this film. During stage III the
solid particle is completely covered by a nonspherical liquid
droplet, pinned at the particle tips. In stage IV the length of
the ice portion is smaller than the drop diameter—the particle
is completely immersed in the liquid drop. In the final stage V
the completely melted liquid drop is heated above the melting
temperature.

During the first stage (I) the thermal effects associated with
the temperature gradients in the solid, and development of
the thermal boundary layer, are small. The lumped capaci-
tance method predicts the evolution of the average particle
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FIG. 3. (Color online) Comparison of the observed particle shape
with the theoretical predictions for the operational conditions
corresponding to case 2 from Table I. At t ≈ 0.55tm the particle
collapses due to surface tension of the accumulated melted water.
The corresponding movies are available online [49].

temperature rather well since the Biot number of the particle,
Bi = Nuka/kp, is small. Here Nu is the Nusselt number, and
ka and kp are the thermal conductivities of the air and of the
particle, respectively.

During the second stage (II) the mechanism of melting
of a nonspherical particle is influenced significantly by a
capillary flow of the melted liquid on the particle surface.
The pressure in a liquid film covering the particle of a typical
size a can be estimated using the Young-Laplace equation,
p ∼ γ /a, where γ is the surface tension of the liquid. The
typical velocity in the film of thickness hf is estimated from
the mass balance equation as u ∼ uma/hf , where um is the
typical melting velocity. This velocity can be estimated from
experiments through um ∼ a/tm. Here tm is the total melting
time. Finally, the film thickness can be estimated from the
momentum balance equation p/a ∼ ηu/h2

f (η being the liquid
viscosity) which considers the forces related to the pressure
gradient in the liquid film and the viscosity effects. The
resulting estimation for the liquid film thickness is

hf ∼ a4/3η1/3

γ 1/3t
1/3
m

. (1)

Stage I
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t = 0.7 tm
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t = 0.9 tm

t = tm

FIG. 4. (Color online) Comparison of a nearly spherical ice
particle shape with the theoretical predictions for the operational
conditions corresponding to case 3 from Table I, and aspect ratio of
E = 1.1. As a result of the low aspect ratio, the melting stages II and
III make up only a small fraction of the entire melting time. Most
of the melting takes place in stage IV, which corresponds to the 1D
sphere model. The observed movie of particle melting is available
online [49].

In our experiments the typical melting time of a millimetric
particle is approximately 101 seconds. Expression (1) yields
hf ∼ 10 μm. The influence of the thin film on the heat transfer
in the particle is rather small. It will be neglected in the further
analysis.
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FIG. 5. Comparison between melting times obtained by the
isothermal sphere model and from a detailed numerical simulation
(DNS), taking into account the temperature field in the spherically
assumed ice particle. Results were generated assuming an ambient
pressure of p∞ = 96 kPa, a flow velocity of 1 m/s, dry air, and an
initial particle temperature of 255 K. The size of the particles varies
between 0.5 and 0.8 mm.

B. Main assumption for modeling

Since the thermal conductivity of the particle is much higher
than that of the surrounding gas, the temperature gradient in
the particle is relatively small. The Stefan number

St ≡ cp�T

L
, (2)

represents the ratio of the sensible heat to the heat spent on
melting. In our case the specific heat for ice is cp,ice = 2060
and for water is cp,water = 4180 J/(kg K), and the latent heat of
melting L = 3.33 × 105 J/kg. The maximum Stefan numbers
in our experiments are therefore Stice ≈ 0.12 for ice and Stice ≈
0.3 for water. These numbers are based on �T = Tm − T0 =
20 ◦C for ice and �T = T∞ − Tm = 25 ◦C for water, where Tm

is the melting temperature, T0 is the initial particle temperature,
and T∞ is the surrounding gas temperature.

Since the Stefan numbers are small, the particle can be
considered to be isothermal throughout the melting process
as has already been assumed by Mason [14] for spherical
geometry. Figure 5 compares melting times of spherical
particles once obtained by the one-dimensional isothermal
sphere model tm,1D and once by a detailed numerical simulation
which takes into account heat conduction in solid and liquid
regions of the melting spherical particle tm,DNS. The employed
numerical algorithm is based on the enthalpy method and is
spatially discretized one dimensionally using finite volumes.
In this approach no liquid flow is considered and therefore
only conductive heat fluxes are accounted for in the solid
and the liquid phase. A heat flux, derived from suitable
Nusselt correlations, is applied on the outer boundary of the
initially solid particle. This heat flux heats the particle up
nonuniformly until it reaches its fusion temperature, followed

by the movement of the solid-liquid interface towards the
particle center.

It is known that modeling of the melting of nanoparticles
leads to the appearance of a singularity in the solution as the
particle radius goes to zero. At small particle radii the effect
of the dependence of the melting temperature on the particle
curvature becomes significant. Back et al. [53] show that
this singularity can be avoided by accounting for the kinetic
effects. The total melting time of a nanoparticle is finite and
much shorter than the typical melting time considered in our
experiments. Therefore, the singularity effects almost do not
affect the results of the present study.

The deviation between the two models slightly increases
as the flow temperature, and therefore the heat flux, rises.
Also, a dependency on the particle size is observed. This
dependency has nearly no influence when considering ice
particles of the size of a few millimeters suspended in air. In all
considered cases, the isothermal sphere model yields slightly
lower melting times than the detailed numerical simulation.
This is explained by the time the heat needs to be conducted
towards the ice core of the particle, which is neglected in
the isothermal model. Anyhow, the deviations are rather low
when considering ice particles suspended in air and moderate
temperature differences. The assumption of isothermal particle
will then be applied also to the description of nonspherical
particle.

C. Numerical algorithm

It is known that heat transfer coefficients depend on the
particle shape, and that the heat flux at the particle surface
is not uniform. Nevertheless, these effects are secondary in
comparison with the influence of the liquid redistribution.
Therefore, as a zero approximation we assume a uniform
distribution of the average heat flux on the particle surface,
which is derived from the heat transfer for a volume-equivalent
sphere. In this case the evolution of the particle shape
is determined completely by the uniform melting velocity
um and is described by an eikonal equation [54]. In fact,
the problem is reduced to the computation of the surface
propagation with a uniform velocity in the normal direction.
For a three-dimensional case the most convenient technique of
solution of this equation is based on the level-set method [55].
This computational method allows calculation of equidistant
surfaces which describe the shape of the melting particle in
time assuming a uniformly distributed heat flux. The family of
these surfaces is determined only by the initial body shape.

In Fig. 6 two examples of the surface evolutions are
shown, which are analogous to a melting of a single bump
on a planar surface, and to the melting of a spheroid. These
simulations explain the smoothing of a surface leading to
the bump elimination. Similar surface smoothing has been
observed earlier during melting of artificial hailstones [56].
The example in Fig. 6 demonstrates also an appearance of the
sharp cusps, where the local curvature radius vanishes. This
situation is analogous to the mechanism of cusp formation
on a rim bounding a free liquid sheet [57,58] and analyzed
in the study on the emergence of singularities during melting
processes [59]. The cusp is formed since the local curvature
radius changes linearly with the propagation distance of the
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FIG. 6. (Color online) Examples of the theoretically predicted
evolutions of the shapes of a bump on a planar surface, and of an
ellipse. The dimensionless velocity um = 1.

interface. At some time instant the curvature vanishes, which
corresponds to the appearance of the cusp.

Stages II and III do not appear during the melting of a
spherical particle. The heat transfer and particle melting during
phases IV and V can be well predicted by the well-known
models based on the spherical drop or particle shape [1].

D. Estimation of the heat flux and of the typical melting rate

In order to describe the melting process of a nonspherical
particle we approximate its initial shape by a spheroid, keeping
the volume and the maximum dimension Dmax the same as for
the particle. The melting velocity um is evaluated from the
energy balance. The heat flux at the particle surface [60] is
determined by the particle and surrounding gas temperatures,
particle relative velocity, and the thermodynamic properties of
the gas.

Applying the heat and mass transfer coefficients of a volume
equivalent sphere on the surface AA of the solid and/or liquid
particle which is in direct contact with the airflow yields the
heat flux

Q̇ = AA

[
α(T∞ − TP ) + β(C∞ − CP )LevMH2O

]
. (3)

Heat and mass transfer coefficients are denoted by α and β,
while T and C stand for temperature and mole fraction. The
indices correspond to far-field conditions (∞) and values at
the particle surface (P ). This heat flux is composed of a
convective heat transfer component visible in Eq. (3) as the
first term in brackets. The second term is a specific mole flux
multiplied with the latent heat of evaporation Lev and the molar
mass of water MH2O yielding the heat transfer accompanying
a convective mass flux, e.g., evaporative cooling. A suitable

Nusselt correlation [60] for a sphere is employed to derive the
heat and mass transfer coefficients. This Nusselt number NuSp

of a sphere comprises a laminar component

Nulam = 0.664
√

Re Pr1/3, (4)

and a turbulent contribution

Nuturb = 0.037 Re0.8 Pr

1 + 2.443 Re−0.1(Pr2/3 − 1)
, (5)

where Re and Pr denote the Reynolds and Prandtl number,
respectively. Blending the two components by

NuSp = 2 +
√

Nu2
lam + Nu2

turb, (6)

yields the Nusselt number for a sphere. This value is used to
derive the applicable heat transfer coefficient

α = NuSp ka

deq
, (7)

where ka is the thermal conductivity of the surrounding fluid
and deq corresponds to the diameter of a volume equivalent
sphere which is the characteristic length of the problem. The
mass transfer coefficient is computed with the same set of
equations by substituting Pr with the Schmidt number Sc =
ηa/(ρaD) and Nu with the Sherwood number Sh = β deq/D.
The diffusion coefficient of the material the particle is made
of in the ambient fluid is denoted by D while ηa denotes
the surrounding fluid’s dynamic viscosity. Assuming that the
obtained heat flux Q̇ is evenly spread over the surface of the
solid ice AI yields the melting velocity um which is constant
over the surface. It reads

um = − Q̇

LmρAI

· n, (8)

where the vector n is the unit normal vector on the surface of
the ice, Lm is the latent heat of fusion, and ρ is the density
of the ice. By integrating this velocity over the time t a new
shape of the solid fraction of the particle is found which is
subsequently used to obtain the melted volume Vm.

IV. RESULTS AND DISCUSSION

In the second phase the shape of the solid part is computed
using the level-set method, mentioned above. The volume of
the liquid is estimated from the mass balance of the entire par-
ticle. Since the dynamic effects in the liquid portion are small,
its quasistatic shape can be approximated by an axisymmetric
constant-mean-curvature surface, whose analytical solution is
known [61].

In the cylindrical coordinate system the shape of the liquid
interface has to satisfy the following equation:

1 + R2
z − RRzz

R
(
1 + R2

z

)3/2 = κ, (9)

where R is the radius of the local interface, and z is the axial
coordinate. The local curvature κ is constant.

The solution of (9) yields

z = ±
∫

dR√
4R2

κ2(R2−c)2 − 1
, (10)
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TABLE I. Operating conditions for the presented cases 1–3.
Ambient pressure and temperature are denoted by p∞ and T∞,
respectively, while T0 corresponds to the initial particle temperature.
The relative humidity of the flow is denoted by ϕ which flows at a
velocity of u and the particle shape is characterized by its maximum
dimension Dmax, initial mass m0, and aspect ratio E. Measured overall
melting times are denoted by tm,expt.

Case 1 Case 2 Case 3

p∞ (kPa) 95.30 95.87 95.33
T∞ (K) 288.25 292.88 293.22
T0 (K) 254.75 257.53 255.95
ϕ (%) 61 4 56
u (m/s) 0.751 0.990 1.25
Dmax (mm) 2.43 3.49 0.837
m0 (ng) 267.4 232.2 233.6
tm,expt (s) 14.46 13.78 7.06
E (−) 5.07 9.39 1.1

where c and κ are constants, obtained from the conditions of a
given volume of the liquid part and a given local contact angle.

Examples of the theoretical predictions of the particle shape
are shown in Figs. 2–4. The predictions agree rather well with
the observed particle shapes. Operational parameters of these
three cases are given in Table I. Case 1 is a typical case where
irregularities are smoothed in the beginning of the melting
process and sharp cusps appear at a later stage. Figure 7 shows
the projected particle length lproj nondimensionalized with the
diameter of a volume-equivalent sphere deq over time. For the
computation of the projected length the particle is assumed to
align with an angle of 50◦ to the line of sight owing to the
experimental setup.

The melting process of case 2 exhibits peculiarities which
could be observed in approximately 10% of the cases. At
t ≈ 0.55tm the particle collapses due to surface tension forces
in the accumulated meltwater. Such a particle collapse usually
results in a less precise prediction of the melting time, as the
surface area evolution deviates from the idealized one. This
collapse also manifests itself in the evolution of the projected
particle length. Figure 8 shows this length over time for case
2. After the collapse, the particle is nearly spherical in the
experiment.
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FIG. 7. Projected length lproj, nondimensionalized with the diam-
eter of a volume-equivalent sphere deq, of case 1, defined in Table I.
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FIG. 8. Projected length of case 2, defined in Table I.

A nearly spherical particle with an aspect ratio of E = 1.1
is considered in case 3. In this case, the melting in stage
IV dominates the process. This stage corresponds to the
one-dimensional sphere model. If the aspect ratio is further
reduced, the duration of stages II and III decrease until at
E = 1 the sphere model is recovered.

Figure 9 shows the modeled surface area AA nondimen-
sionalized with the surface of a volume equivalent sphere ASp

as the particle melts. During the first stage this area remains
constant as no phase change occurs. The second stage exhibits
a nearly linear surface area change and makes up most of
the melting time in all of the considered cases, except the
spherical particle shown in Fig. 4. The theory predicts the end
of the second stage at the time instant t ≈ 0.8tm, which agrees
very well with the experimental observations for a wide range
of parameters. It is obvious that a model based on a spherical
particle shape is not able to predict such times, typical for the
nonspherical shapes.

Figure 10 shows the predictions made by the spheroid
model for the total melting times in comparison with ex-
perimental data. In the experiments the initial ice crystal
temperature was between −18 and −17 ◦C, the air velocity
ranged between 0.75 and 1.25 m/s, the relative humidity
between 2.2 and 78%, and the characteristic particle size varied
between 0.5 and 1.2 mm. While for the model always a prolate
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FIG. 9. Ratio of the modeled surface area AA to the surface area
of a volume equivalent sphere ASp during the melting process. The
distinct melting stages are indicated by dashed vertical lines. The
operational parameters are the same as in Fig. 3 (case 2 from table I).
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FIG. 10. Comparison of the theoretical predictions (spheroid
model) for the total particle melting time with the experimental data.
The data include also the total melting times of the particles collapsed
during the melting process.

shape was assumed, the real particles exhibited prolate and
oblate geometries, indicated by the symbol.

Comparing the results obtained by the presented model
and with the one-dimensional sphere model, the difference in
melting time only depends on the aspect ratio and the initial
temperature T0 of the particle. Figure 11 shows the melting
time difference between the models �t normalized with the
melting time of the spheroid tm,E over the aspect ratio. At
E = 1, the models coincide and no difference emerges. With
increasing aspect ratio, the difference between the models
increases. A melting process with no warming up of the
particle, i.e., T0 = 0 ◦C is shown as a solid line, while the
dashed lines correspond to particle starting temperatures of
T0 = −20, −40, and −60 ◦C. The colder the particle initially
is, the larger this difference becomes.

The temporal development of the melt volumetric ratio
predicted by the sphere model is linear due to the constant
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FIG. 11. (Color online) Difference of melting time predicted by
the sphere model and the spheroidally assumed particle over the
aspect ratio E.
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FIG. 12. (Color online) Maximum deviation of the particle’s
water content during melting between the sphere model and the model
in the present study.

surface area over the entire melting process. In this study the
surface area is time dependent, resulting in a nonconstant heat
flux and, therefore, a nonlinear development of the melt ratio in
time. This leads to a time dependent deviation in the melt ratio
between the two models, which is zero at the beginning and at
the end of the melting process and has a maximum in-between.
This maximum deviation of water volume �Vl,max normalized
with the entire particle volume V , yielding the melt ratio, is
shown in Fig. 12. The deviation is shown for four different
initial particle temperatures from 0 ◦C to −60 ◦C in steps of
20 ◦C. It rises with increasing aspect ratio E and decreasing
particle starting temperature T0. This result demonstrates the
importance of accounting for the particle shape in the modeling
of its melting, since the approximation of its shape by a sphere
is not appropriate.

V. CONCLUSIONS

An experimental investigation of the melting process of
nonspherical particles is carried out using an acoustic levitator.
Phenomena, typical for process, are observed and explained.
It is shown that for melting of ice particles the simplified
approach, which neglects the heat conduction in the solid and
liquid parts in comparison to the latent heat, is valid.

A simple method is proposed which is able to describe the
shape change during melting of a nonspherical particle. Using
this model, the main phenomena associated with nonspherical
particle melting (collection of the liquid in the midregion of
the particle, appearance of sharp cusps, smoothing of the par-
ticle roughness) are reproduced and explained. Theoretically
predicted melting times agree well with the experimental data.
Moreover, the differences in the obtained results in terms of
melting times and water content of the particle are discussed.
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