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a b s t r a c t

A series of experiments were conducted for temperatures below 0 �C, air velocities of 5, 8 and 11 m s�1,
with the goal of studying the structural characteristics and sublimation of ice structures grown over
cylindrical rotating collectors. The results show that the accreted ice presents structures similar to lobes.
A connection between the surface characteristics of the accretion and the environmental conditions was
established. It was also found that the size and lobe-number density of the ice accreted on the surface do
not affect sublimation rate when the sublimation process occurs in free convection conditions.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

A cloud or fog consists of small water droplets or ice crystals.
Even if the temperature is below the freezing point of water, the
droplets may remain in the liquid state. Such supercooled droplets
freeze immediately upon impact with objects in the airflow. This
process is usually called accretion. When the temperature of the
flux of water droplets towards the object is below the freezing
point of water, and each droplet freezes before the next droplet im-
pinges on the same spot, the ice growth is said to be dry. When the
water flux increases, the ice growth will tend to be wet, because
the droplets do not have the necessary time to freeze, before the
next one impinges.

Atmospheric icing of structures, trees, power line cables, road
surface, etc. has been the subject of several physical and engineer-
ing studies for decades, specially focusing on learning about the
accretion process in order to reduce problems and economical loss
caused by this phenomenon.

Numerous numerical models have been developed with the
purpose of understanding and determining the ice accretion pro-
cess as well as the structure and morphology of the accreted ice
on collectors of different geometries [1–3]. Usually, numerical
models require empirical adjustment of parameters such as ice
density, temperature of the accretion and heat and mass transfer
coefficients [4–7].

The physical properties and the appearance of the accreted ice
will vary widely according to meteorological conditions during
ice growth. Basically, they depend on the shape and size of the col-
lector (a), the wind speed (V), the air temperature (T), the collector
ll rights reserved.
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temperature (Ts), the liquid water content (LWC), the droplet size
distribution, and the accreted ice density (q). Some of these vari-
ables are measured directly in the experiments while others need
to be determined indirectly by means of other parameters.

The temperature of the collector can be significantly increased
by the releasing of the latent heat of fusion as the supercooled
water droplets freeze on its surface. This temperature is one of
the most important variables involved in the accretion process be-
cause it controls the density of the accretion and in consequence it
affects the surface characteristics and the appearance that accreted
ice achieves. The temperature of the accreted ice is determined by
the balance between the rate at which latent heat is released by
the freezing of collected water drops and the rate at which heat
can be lost by convection and sublimation, i.e. the heat and mass
transfer process plays an essential role in the temperature of the
accretion. To calculate this temperature it is necessary to introduce
parameterizations of the Nusselt number (Nu) and the Sherwood
number (Sh), which are dimensionless numbers related to the heat
and mass transfer coefficients, respectively [8].

There is experimental evidence [5,7,9,10,15] that the roughness
of the accretion affects the air flux in its vicinity and therefore the
heat transfer process (Nu). Therefore, the following questions are in
order: (1) How are these rough surfaces generated? (2) How is the
mass transfer between the accretion and the surroundings when
the surface of the sublimating ice is not smooth but rough? In or-
der to provide information regarding these questions, the present
work presents studies of ice accretions, together with measure-
ments of their sublimation rate, i.e. mass sublimating from the de-
posit per unit time. This work also focuses on the structural
characteristics of the growing surface. The results presented
correspond to three different air-flux velocities for the accretion
growth.
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Nomenclature

amax diameter of the ice-covered cylinder (mm)
dm median diameter of the spectra of cloud droplet (lm)
Dm mean diameter of the lobes (mm)
Ew effective liquid water content (g m�3)
K Stokes’ number
L length of the ice-covered cylinder (mm)
MAR mass accretion rate (g s�1 m�2)
t total time of the accretion process (min)
T air temperature (�C)
Ts accretion surface temperature (�C)
V wind speed (m s�1)

Ve impact velocity at the stagnation point of the cylinder
(m s�1)

X Macklińs parameter (lm m s�1�C�1)

Greeks
a sublimation rate (g s�1 m�2)
g surface lobe density (mm�2)
ga dynamic viscosity of air (kg m�1 s�1)
q accreted ice density (g cm�3)
qa air density (g cm�3)
qw water density (g cm�3)
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2. Experimental setup

Ice structures were formed over a cylindrical collector placed
inside a cold chamber of height 3 m and floor area 2 � 3 m2 and
of controlled temperatures ranging from 0 to –30 �C. A vertical up-
ward-flux wind tunnel was mounted inside the chamber. Fig. 1
shows a schematic diagram of the wind tunnel and other devices
used in the experiments. A cylindrical rod of diameter a = 4 mm
was placed in the wind tunnel and connected to a controlled fre-
quency rotation device which allows the rod rotates around its axis
(0.5 Hz was used in this study). This device allows the whole cylin-
drical rod to be accreted and azimuthally symmetric ice deposits
were obtained.

The cylinder was placed with its axis orthogonal to the air flow-
ing in the tunnel. A water drop generator was placed at the en-
trance of the tunnel, which provided the cloud of water drops
necessary to produce accretion on the cylinder. The speed of the
airflow past the collector (V) was controlled by adjusting the power
Cloud
Droplets
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Cloud
Droplets

Accreted
Cylinder

Scale

To
Vacuum
Pump

Fig. 1. Sketch of the experimental device used for the laboratory study.
to an air pump and was determined by using a Pitot-tube type ane-
mometer. The measurements were conducted for air velocities of
5, 8 and 11 m s�1 determined with an error of ±0.5 m s�1.

The water droplet sizes were obtained by taking cloud samples
with a microscope glass-slide covered with a thin film of 5% form-
var solution. Several cloud samples were taken at the position of
the collector for different velocities. The samples were analyzed
under a microscope, and the droplet sizes were determined. The
median diameter (dm) of the spectra determined was 30, 31 and
30 lm, for V = 5, 8 and 11 m/s, respectively. The range of sizes
reached 80 lm, and in some cases, drops were found with sizes
as large as 100 lm. Fig. 2 is an example of a typical size-distribu-
tion histogram, obtained for an experiment corresponding to
5 m/s.

Besides dm, clouds were also characterized by the effective li-
quid water content, Ew. This variable represents the amount of li-
quid water, per unit air volume, which can be collected by the
target, Ew ¼ M=AVt, where M is the mass of water deposited, A is
the effective cross-section in the air flux, V is the air-flux velocity
and t is the accretion time. The effective liquid water content
Fig. 2. Cloud droplets size distribution used in the experiments.
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(Ew) is usually smaller than the liquid water content (LWC) which
represents the total mass of the cloud water droplets per unit vol-
ume. Ew was determined using dimensions obtained through pho-
tographs of the accretions. Section A was determined as the
average between the area of the ice-free cylinder and that of the
ice-covered cylinder at the end of the experience. Accretions were
carried out for times ranging from 14 to 28 min. During this time,
velocity V, the amount of water in the cloud, and room (ambient)
temperature were all held constant.

Once the ice accretion was obtained, air flux was interrupted,
and the collector removed from the rotating system and held from
a scale, allowing the determination of mass as a function of time.
Values for the mass of the accretion were recorded in a computer
until the ice completely sublimated. The appreciation of the scale
used to register masses was 10�5 g.

While measurements were carried out, relative humidity inside
the chamber varied between 70% and 80%. The size of the deposit
(diameter amax and length L) and its surface characteristics were
obtained through photographs taken immediately after accretion
and when the ice-covered cylinder was hung on the scale. The pho-
tographs in Fig. 3 are examples of the ice structures obtained
through accretion, amax and L are indicated in the figure. The values
of amax and L were obtained averaging different measurements
made on several of the pictures taken. The parameters used in each
experiment are shown in Table 1, where T is the temperature of the
chamber during sublimation, MAR is the mass accretion rate per
unit surface area (MAR = V Ew), and t is the total time of the accre-
tion process.
Fig. 3. Photographs of the ice structures obtained in the experime

Table 1
Experimental conditions (V, T, dm, Ew), time of the accretion (t), dimensions of the accretio

No. T (�C) V (m/s) dm (lm) t (min)

1 �11 ± 1 5.0 ± 0.5 30 ± 1 14.0 ± 0.2
2 �11 ± 1 5.0 ± 0.5 30 ± 1 14.0 ± 0.2
3 �11 ± 1 5.0 ± 0.5 30 ± 1 28.0 ± 0.2
4 �11 ± 1 5.0 ± 0.5 30 ± 1 28.0 ± 0.2
5 �11 ± 1 8.0 ± 0.5 31 ± 1 28.0 ± 0.2
6 �11 ± 1 8.0 ± 0.5 31 ± 1 28.0 ± 0.2
7 �11 ± 1 11.0 ± 0.5 30 ± 1 14.0 ± 0.2
8 �11 ± 1 11.0 ± 0.5 30 ± 1 14.0 ± 0.2
9 �11 ± 1 11.0 ± 0.5 30 ± 1 14.0 ± 0.2

10 �11 ± 1 11.0 ± 0.5 30 ± 1 14.0 ± 0.2
11 �11 ± 1 11.0 ± 0.5 30 ± 1 28.0 ± 0.2
12 �5 ± 1 5.0 ± 0.5 30 ± 1 28.0 ± 0.2
13 �5 ± 1 5.0 ± 0.5 30 ± 1 28.0 ± 0.2
14 �5 ± 1 8.0 ± 0.5 31 ± 1 14.0 ± 0.2
15 �5 ± 1 11.0 ± 0.5 30 ± 1 14.0 ± 90.2
3. Results and comments

3.1. Accretion morphology

As can be seen from Fig. 3, accretion surface presents structures
similar to lobes. Lobe distribution and sizes changed for each
accretion. In order to characterize the form of the accretions, the
diameter of a circle with an area equivalent to the base of the lobe
was determined and for each accretion the distribution of these
diameters was obtained. The mean diameter (Dm) was then ob-
tained for each distribution and this value was taken as an estimate
of the size of the lobes in each accretion. Accretion surfaces were
further characterized by the surface lobe density (g), defined as
the number of lobes per unit cylinder area. The density of the ice
structure (q) was characterized by the mass and volume of the
accretion; the last parameter was determined from dimensions
measured through photographs.

The characteristics of the accretions are determined by micro-
physical processes but are probably not completely determined
by the environmental conditions (T, V, Ew and dm) used in each
experiment. However, based on inspection of the photographs of
all the experiments, support was found to assume that the general
surface characteristics of the accretions (Dm and g) could be re-
lated to the environmental variables.

With the purpose of establishing a connection between the sur-
face characteristics of the accretion and the sizes of the accretion as
well as the environmental conditions, the Stokes’ number (K) was
used in data analysis. The Stokes’ number is defined as
nts. Ta = �11 �C, dm = 30 lm. (a) V = 5 m/s and (b) V = 11 m/s.

n (amax and L) and the mass accretion rate (MAR) corresponding to each experiment.

L (mm) amax (mm) Ew (g m�3) MAR (g s�1 m�2)

72.0 ± 0.1 7.2 ± 0.2 0.24 ± 0.06 1.20 ± 0.60
78.9 ± 0.3 8.4 ± 0.2 0.27 ± 0.06 1.35 ± 0.60
71.0 ± 0.6 8.6 ± 0.2 0.19 ± 0.04 0.95 ± 0.50
66.6 ± 0.3 5.7 ± 0.2 0.08 ± 0.02 0.40 ± 0.50
68.4 ± 0.1 6.4 ± 0.1 0.14 ± 0.02 1.12 ± 0.50
68.4 ± 0.1 7.2 ± 0.1 0.16 ± 0.02 1.28 ± 0.50
68.8 ± 0.1 8.6 ± 0.1 0.49 ± 0.05 5.39 ± 0.60
69.4 ± 0.1 9.2 ± 0.2 0.60 ± 0.07 6.60 ± 0.60
68.6 ± 0.1 7.3 ± 0.1 0.36 ± 0.04 3.96 ± 0.50
68.8 ± 0.2 7.3 ± 0.2 0.61 ± 0.07 6.71 ± 0.60
68.7 ± 0.1 7.3 ± 0.2 0.18 ± 0.02 1.98 ± 0.50
67.5 ± 0.1 6.9 ± 0.1 0.21 ± 0.05 1.05 ± 0.60
67.5 ± 0.3 5.8 ± 0.1 0.11 ± 0.02 0.55 ± 0.50
69.1 ± 0.1 8.7 ± 0.2 0.61 ± 0.09 4.88 ± 0.60
69.0 ± 0.1 9.0 ± 0.1 0.68 ± 0.07 7.48 ± 0.60
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K ¼ qwd2
mV=9gaamax, where qw is water density, and ga the dy-

namic viscosity of air. The number K is related to water drop collec-
tion efficiency and serves to describe how well drops follow the
flow current lines of the wind field around the collector [11,12].

After trying several combinations of the variables we found that
a suitable parameter to characterize the surface characteristics of
the accretion is Ew K�1. It is important to recall that Ew is one of
the variables that handles the temperature that ice accretion can
achieve. This temperature is a key variable to determine the sur-
face characteristics of the accretion. The average size of the lobes
is expected to be proportional to Ew and their density to be inver-
sely proportional to this variable. On the other hand, the Stokes’
number is proportional to water drop collection efficiency and it
is expected that small droplets or low velocities (low K values)
form smaller and denser lobes on the surface accretion than those
produced by larger K values. For these reasons, it seems reasonable
to parameterize the surface characteristic of the accretion by Ew
K�1.

Fig. 4 displays the experimental values of Dm and g as a func-
tion of the dimensionless parameter Ew qa

�1K�1. The air density
(qa) was included in the parameter in order to make it dimension-
less. As can be seen, the results show that the size and density of
the lobes increase exponentially with Ew qa

�1K�1. Thus, they can
be parameterized as

Log Dm ¼ 0:0385Ewq�1
a K�1 � 0:333 ð1Þ

Logg ¼ �0:0642Ewq�1
a K�1 þ 0:4 ð2Þ
a

b

Fig. 4. (a) Mean lobe diameter (Dm) and (b) surface lobe density (g) as a function of
the dimensionless parameter Ew qa

�1K�1.
The size (Dm) and density (g) of the lobes are given in mm and
mm�2, respectively. It is important to note that the number of
experimental data is limited and the values span only a single dec-
ade; therefore, the semi-log relationships proposed here need to be
considered carefully and in the context of the range of variation of
the variables.

Since Dm and g seem to depend on the same variables, the
question arises as to which is the relation between them. Fig. 5
Fig. 5. Relationship between lobe diameter and density on the surface of cylinders.

Table 2
Experimental values of the sublimation rate (a) obtained, together with the
corresponding Dm, g, q and temperature values.

No. Ta (�C) Dm (mm) g (mm�2) q (g cm�3) a (�10�4 g s�1 m�2)

1 �11 ± 1 0.8 ± 0.2 1.0 0.20 ± 0.02 �1.8 ± 0.1
2 �11 ± 1 1.1 ± 0.3 0.6 0.16 ± 0.02 �6.2 ± 2.0
3 �11 ± 1 1.1 ± 0.3 0.6 0.22 ± 0.02 �1.9 ± 0.1
4 �11 ± 1 0.5 ± 0.1 2.5 0.21 ± 0.04 �18.0 ± 5.0
5 �11 ± 1 0.6 ± 0.2 1.4 0.50 ± 0.03 �16.0 ± 0.8
6 �11 ± 1 0.5 ± 0.2 2.3 0.43 ± 0.03 �1.3 ± 0.6
7 �11 ± 1 0.8 ± 0.3 1.2 0.57 ± 0.03 �13.4 ± 1.6
8 �11 ± 1 1.2 ± 0.4 0.5 0.61 ± 0.05 �40 ± 10
9 �11 ± 1 0.6 ± 0.2 1.4 0.57 ± 0.03 �13.3 ± 1.3

10 �11 ± 1 0.7 ± 0.2 1.2 0.97 ± 0.08 �5.8 ± 0.7
11 �11 ± 1 0.6 ± 0.2 1.5 0.59 ± 0.07 �15.9 ± 0.8
12 �5 ± 1 0.7 ± 0.2 1.5 0.39 ± 0.02 �4.4 ± 0.3
13 �5 ± 1 0.5 ± 0.1 2.4 0.32 ± 0.02 �10.6 ± 1.6
14 �5 ± 1 0.9 ± 0.2 0.8 0.52 ± 0.06 �10.1 ± 0.6
15 �5 ± 1 1.1 ± 0.3 0.6 0.72 ± 0.03 �16.9 ± 1.0

Fig. 6. Time evolution of the accreted ice mass in free convection.
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shows values of Dm vs g. It is possible to observe how lobe size de-
creases as lobe density increases. This is in agreement with the
idea that a high small-size lobe density should correspond to a
smooth surface. This figure shows the close relationship between
lobe diameter and density on the surface of cylinders, as expressed
by the linear fit shown in the plot. From this plot the dependence of
Dm on g is

Dm ¼ 1:24g�0:58 ð3Þ

where Dm and g are given in mm and mm�2, respectively.
a

b

c

Fig. 7. Sublimation rate values as a function of (a) amax, (b) Dm and (c) g.
The density of the accretion is determined by the tendency of
the colliding supercooled water droplets to spread out on the sur-
face, as well as by the speed of the freezing process. When the
droplet tends to maintain its shape during the freezing process,
the accretion builds with higher surface roughness and a more por-
ous structure. The values of mean ice density obtained (q) were
calculated by using the empirical fit given by Macklin [13]:
q = 0.11X0.76, where X is defined as X ¼ dmVe=2Ts, and Ve is the im-
pact velocity of the droplet at the stagnation point of the cylinder
and Ts the accretion surface temperature. Because of the droplet
inertia and the change in droplet trajectory, the impact velocity
at the stagnation point (Ve) is smaller than the airflow velocity
(V), and it was calculated following Castellano et al. [6]. The tem-
perature of the accretion (Ts) was obtained according to Ávila
et al. [5]. In general, the experimental data obtained in the current
work are within the dispersion of the data obtained by Macklin
[13]. By analyzing the ice density values as a function of the param-
eters characterizing the morphology of the accretion, Dm and g, it
was possible to conclude that there is not any relationship between
them.

3.2. Accretion sublimation

Fig. 6 is a typical curve showing the evolution of an accreted ice
mass as a function of time, when hanging from the scale, free of
wind and cloud. In order to perform an analysis of the data, the
sublimation rate a was defined as accretion mass variation per unit
time and surface area, a ¼ Dm=ADt. This figure shows that the sub-
limation rate is slowly modified over a long period; for this reason
the value of a was determined by using the first 104 s in each
experiment. Table 2 displays values of a obtained, together with
the corresponding Dm and g values, as well as the values of tem-
perature and q.

In order to check whether the sublimation rate is related to the
morphology of the accretion, Fig. 7a, b and c present results for a as
a function of amax, Dm and g, respectively. The plots clearly show
that a is not related to either of these variables, characterizing
accretion surface roughness.

This finding is consistent with the results by Aguirre Varela
et al. [14], who studied the influence of lobes on the heat transfer
process to the environment. They used metallic cylinders, the sur-
faces of which were molded using different numbers of lobes and
lobes of different heights. They found that the presence of lobes
on the surface did not significantly modify the ventilation coeffi-
cient of the cylinders. It is important to remark that the mecha-
nisms of heat and mass transfer in ice are analogous.
4. Conclusions

The current work presents an experimental study of the surface
characteristics of the ice accretion on a rotating cylindrical
collector. The presence of lobes was observed on the collector;
the surface characteristics of the accretion depend on the Stokes’
number as well as the environmental conditions used in the
experiments. A marked correlation was also found between the
average lobe diameter and lobe surface density. These irregulari-
ties on the accreted surface, however, do not affect its sublimation
rate when the sublimation process occurs by free convection.
According to the results obtained, in the case of free convection,
ice structures with smooth surface or with protuberances subli-
mate in the same manner, which leads to believe that the bound-
ary air layer surrounding the ice surface smoothens the presence
of lobes.

These new results are a contribution to the accretion processes
occurring in cold regions.
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