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Abstract

Atmospheric icing on ground structures is a concern from design, operation,
and safety perspectives. Supercooled water droplets size and liquid water con-
tent (LWC) are important weather parameters to better understand the ice
accretion physics on ground structures. Most existing studies are based on
measurements at high altitude. The study is based on the field results of a spe-
cific event (from 9:30 to 22:27 h on October 29, 2022) in Arctic region of north-
ern Norway. The data from this event are presented and used for analytical
validation and simulation. Field measurements of different meteorological
weather parameters including the droplet size and LWC are carried out lead-
ing to recording of resultant atmospheric ice load and intensity. A comprehen-
sive study is also carried out to validate droplet collision efficiency and ice load
using the existing analytical model ISO-12494 and computational fluid dynam-
ics (CFD)-based numerical simulations. Furthermore, the differences in icing
simulation using parameters such as median volume diameter (MVD), Lang-
muir B -J as alternatives to the actual droplet size distribution (DSD) spectrum
are also analyzed. The results show that under natural meteorological condi-
tions, the characteristics of water DSD change in real time. Using MVD alone
to calculate the water droplet collision efficiency on circular cylinders can lead
to significant errors. Accurately selecting the Langmuir distribution as a substi-
tute for the actual DSD can reduce simulation errors to within 5%. Compared
to the analytical model, the numerical simulations result better reflects the col-
lision characteristics of water droplets of different sizes on the cylindrical
object.
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1 | INTRODUCTION

In cold climate regions around the globe, icing on struc-
tures is a safety hazard for many industries. For example,
power transmission line icing can cause an increase in
line load, wire torsion and fracture, insulator ice flash-
over discharge, tower collapse, etc. (Shu et al., 2014),
resulting in large-scale power outages and huge economic
losses. Since the recording of power line icing disasters in
1954, there have been various types of transmission line
icing accidents (Hu et al., 2016). Relevant reports have
been made in regions such as China (Lei et al., 2016),
Canada (Volat et al., 2011), Japan (Matsuda et al., 1991),
Norway, Sweden, and the United States (Charneski
et al., 1982). In order to study the physics of ice accretion
and propose corresponding mitigation methods, extensive
research has been conducted. The ice accretion process
on structures is relatively complex, with different icing
types. The environmental and geometric factors such as
the size and shape of the structure, wind speed, tempera-
ture, liquid water content (LWC), and water droplet size
distribution (DSD) in the air (Jiang et al., 2014) affect the
ice accretion process. To quantitatively analyze the icing
process and propose corresponding physical and mathe-
matical models, artificial icing experiments in labs or
computer-based numerical simulations are usually being
used in the research, but not much research work has
been carried out in terms of field experimentation in nat-
ural conditions.

Improved understanding of ice accretion physics
requires knowledge about environmental weather param-
eters such as wind speed, temperature, relative humidity
(RH), water droplet size, and LWC. The measurements of
these weather parameters in icing environment are chal-
lenging, as even measurement of wind speed requires
specially designed heated anemometer. The existing
research work about droplet size and LWC measurement
has been carried out at higher altitudes with specific
focus of aviation sector, and not much work has been
done for ground structural icing, and there is also a lack
of long-term effective data collection specifically addres-
sing liquid size and LWC under icing conditions (Brun &
Mergler, 1953; Goldberg et al., 2018). This makes the
applicability of existing analytical model applications for
ground structural icing calculation with limited accuracy.

The methods for measuring water DSDs in the atmo-
sphere vary significantly, and their applications differ
accordingly. Lawson and Blyth (1998). introduced the use
of a cloud droplet spectrometer (CDS) instrument to mea-
sure LWC and DSDs at high altitudes (within the isother-
mal region at altitudes of 0.5 to 2 km). They compared
the in-flight measurement data with data from other sen-
sors, including the Forward Scattering Spectral Probe

(FSSP) from Particle Measuring Systems (PMS), the “fast”
FSSP (FFSSP) developed by the French National Meteo-
rological Research Centre (CNRM), and Gerber Scien-
tific's Airborne Particle Volume Monitor (PVM.100A),
and found good agreement between the results. Subse-
quent research by Burnet and Brenguier (1999) and
others compared the advantages and disadvantages of
various methods, such as the Forward Scattering Spec-
trometer Probe (FSSP), the Fast-FSSP, the CDS, the Par-
ticulate Volume Monitor (PVM), the CSIRO hot wire
probe, and the Phase Doppler Particle Analyzer (Chuang
et al., 2008). But these comparisons were primarily
focused on measurements of liquid water at high alti-
tudes. Wang et al. (2023). utilized a dual-channel air-
borne microwave radiometer to detect supercooled water
in cloud layers and developed a supercooled water detec-
tion algorithm to address the limitations of other instru-
ments, such as hot-wire LWC sensors, when detecting
supercooled water. The research by Inoue and Sato
(2023). focused on a novel laser ceilometer with depolari-
zation capability (Vaisala CL61), which was used to dis-
tinguish different phases of cloud layers and compare its
detection results with a CPS sounding instrument. SEA is
also a modern hot-wire device used for LWC measure-
ments, but due to the influence of baseline drift and
droplet retention characteristics, its performance calibra-
tion still faces some challenges. Guo et al. (2023). devel-
oped an in situ drying power calibration method to
improve the calibration performance of this sensor. Spirig
et al. (2021)., in their study of fog events in Central
Namib desert, used a CDP (CDP-2, Droplet Measurement
Technologies) to measure water DSD and derive LWC in
the air. However, measuring LWC and droplet size on
the ground is influenced by wind speed and rainfall, and
the LWC obtained with this device is often underesti-
mated when wind speeds are low. Dhar et al (2024 and
Dhar and Khawaja 2021)., while investigating ship icing
issues, proposed using a laser radar to measure fog drop-
let impact flux on the ship's surface, but did not provide a
detailed description of the DSD. Dai et al (Dai
et al., 2022). used an active humidity-controlled aerosol
particle sizer to measure aerosol liquid water content
(ALWC) in the air at different RH levels, but this device
cannot be directly used under icing conditions. Unlike
measuring LWC in the air that leads to icing, Gui et al.
(2022). discussed and tested a cascade detection method
using impedance spectrum characteristics, which can be
directly used to measure ice thickness on structures
under mixed ice-water conditions. Ge et al. (2022). pro-
posed a fiber-optic sensor-based method for measuring
ice accretion thickness and type with a 92.8% accuracy in
ice type identification and a 0.27-mm ice thickness mea-
surement error.
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According to the standard document ISO 12494 (ISO
12494:2001(E), 2001), both numerical and analytical
models for icing calculations require inputs such as LWC
and DSD in the air. These inputs are used to calculate the
droplet collision efficiency a;, sticking efficiency a,, and
freezing efficiency ;. In the simulation of rime ice accre-
tion, the impact of DSD on «; is particularly significant.
Therefore, when environmental conditions change, it is
important to accurately measure and use the MVD or
DSD spectrum, which requires further knowledge. There
is a lack of sensors for measuring MVD and LWC under
severe near-surface icing conditions. The rotating multi-
cylinder method (Knezevicil & Kindf, 2014) is commonly
used to indirectly measure LWC and the MVD in the air
near the ground surface under icing conditions. This
method involves measuring the differences in icing rates
on various cylinders of different diameters. However,
experimental results indicate that as icing time increases,
the final diameters of different diameter cylinders tend to
be the same. Therefore, it is necessary to ensure that
there are always differences in cylinder diameters, and
the sensor measurement accuracy should be sufficient to
capture the differences in icing rates between the cylin-
ders. In addition, holographic imaging technology is also
employed for measuring MVD and LWC (Kaikkonen
et al., 2020; Tiitta et al., 2022), such as pioneering work
done by Silverman and Thompson (1964), and modern
digital holographic airborne cloud measurement system
realized by Fugal et al. (2004), but this method also
requires heating equipment to ensure that the measure-
ment device is not affected by icing.

Currently, there are two main methods for validating
analytical, numerical, and experimental models: artificial
and natural icing tests. Artificial icing tests are widely
used because they offer controlled conditions. For exam-
ple, Sokolov and Virk (2019) and Zhang et al. (2017) used
wind tunnel icing tests to validate icing models for cylin-
ders. In natural conditions, environmental parameters
change in real time, making data collection more chal-
lenging. Typically, only icing form and mass are used as
validation parameters. For instance, Shu et al (Shu
et al., 2018). conducted continuous observations of wind
turbine blade icing forms in natural conditions, validat-
ing their numerical icing calculation model for wind tur-
bine blades.

This paper focus on field measurements of icing
events and validating the existing analytical and numeri-
cal models of ice accretion with the experimental data.
Circular cylinder is used as reference ice collector. The
droplet distribution spectrum and resultant ice accretion
loads from field measurements are used for validation
with the existing models. The differences in droplet colli-
sion characteristics under different DSD and MVD were
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FIGURE 1 Flow chart explaining the analysis procedure used.

analyzed and compared. The aim is to reveal the influ-
ence of water DSD under natural conditions on the icing
process and to provide technical and data references for
precise icing simulation and prediction of cylindrical
structures such as transmission lines.

2 | DESIGN OF EXPERIMENTS

In this study, the results from analytical, numerical, and
field experiments are used. Main focus has been on the
field measurements of meteorological icing parameters in
natural conditions and then use the existing analytical
(ISO12494) model and multiphase CFD-based numerical
models to validate with the field measurements. Using ana-
lytical and numerical models, this study calculates droplet
collision coefficients on the surface of a cylinder under
three different conditions: MVD, DSD, and Langmuir
DSDs. The input data for these calculations are obtained
from water DSDs and MVD collected by ICEMET sensor
(Juttula et al., 2022; Molkoselka et al., 2021) installed in the
field. Additionally, simulated calculations are performed to
replicate the ice accretion morphology and thickness on
the cylinder surface. These simulations are then validated
against real field measurement data. This approach enables
a more comprehensive analysis of the impact of DSD char-
acteristics on ice accretion simulations, as depicted in the
specific framework presented in Figure 1.
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Field experiment setup

The field icing experiments were carried out at 1000 m
above sea level at 68 degree north in the arctic circle of
norther Norway. This station is installed by UiT
researchers. A state-of-the-art field ice monitoring station
comprises various meteorological sensors, and icing sen-
sors are used. Wind speed, wind direction, atmospheric
temperature, RH, and pressure are measured using a
heated multipurpose weather sensor. LWC and droplet
size measurements are carried out using ICEMET sensor.
Accreted ice load and icing intensity are measured using
two ice load monitors (IL1 and IL2) and T-44 HoloOptic
sensor. Additional ICETROLL sensor is installed for com-
parison of ice load from ice load monitors. A video cam-
era with heated lenses is installed to monitor the icing
event. Figure 2 shows the field ice monitoring station
used in this study.

To comprehensively demonstrate the differences
between MVD (Lang-A, monodisperse distribution) and
DSD for simulating icing, field icing experiments on two

circular cylinder-based icing sensors are carried out. Both
sensors have different cylinder diameters, where IL-1 has
30 mm cylinder diameter, whereas IL-2 has 57 mm diam-
eter cylinder rod 0.5-m length. Due to the high altitude of
the test site, strong winds, and proximity to water
sources, icing is very severe in winter. As shown in
Figure 3, the icing test tower was completely covered by
ice, forming a thick wing-shaped ice cover on the wind-
ward side of the cylinders.

2.2 | Analytical model

To estimate the droplet collision from accreted ice load,
ISO-12494-based analytical modelling approach is used
in this study. Ice accretes due to particles in the air collid-
ing with the object. These particles can be liquid (usually
super-cooled), solid, or a mixture of water and ice. In any
case, the maximum rate of icing per unit projection area
of the object is determined by the flux density of these
particles. The flux density, dm/dt (kg/s), is a product of

FIGURE 2 File ice monitoring station setup.

FIGURE 3
station during winter season.

Field icing
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the mass concentration of the particles, w (LWC, water
liquid content in the air, kg/m®), and the velocity,
U (m/s), of the particles with respect to the object. Conse-
quently, the rate of icing is obtained from Equation (1).

d
d—r:l:alaz()!3'W'A'U (1)

where A is the cross-sectional area of the object, square
meter. If a single size water droplet diameter spectrum,
MVD (Lang-A), is used instead of the DSD, then as per
the Finstad icing model of 1988, the collision coefficient
of water droplets on a cylinder @; can be calculated
according to the formula (Finstad et al, 1988) in
Equation (2).

a (K, ) = {cleCXZe(CﬁKC*‘O + cxs} - [Cx6(¢ ~100)%
X [CxSKnge(mechu) + Cle]
(2)
where C,;—Cy;, are constant coefficients and K and ¢ rep-

resent the inertia parameter and Langmuir parameter
during the movement of water droplets, respectively:

MVD?p,U
K —_Y2 Paro (3)
uD
18p2DU
p=—PaZ0 )
PaH

where pq and p, are the density of water droplets and air,
respectively, kg/m3; Uy is the wind speed, m/s;
D represents the diameter of the cylinder (or the cylinder
covered with ice), m; u is the kinematic viscosity of air,
m?/s. In addition, when the constant coefficients Cy—
C,, take different values, a; can also represent the local
droplet collision coefficient f, at the centre line of a cyl-
inder, maximum collision angle «, (rad), and droplet col-
lision velocity V, (dimensionless), the detail values of
Cu-Cy2» can be found in the reference (Finstad
et al., 1988). If the DSD spectrum is used to calculate the
droplet collision coefficient on a cylinder, the diameter of
droplets in the air is divided into n intervals, the average
value of droplet diameter in each interval is d;, and the
volume fraction is P;. The collision coefficient of water
droplets with a diameter of d; on the cylinder is E (d;);
then, the overall droplet collision coefficient is a; which
is calculated as:

pen Acc
Science and Technology for Weather and Climate

a = iPiE(di) (5)

2.3 | Numerical model

The multiphase CFD-based numerical simulations are
carried out using Eulerian water droplet impingement
solver. The general Eulerian two-phase model for viscous
flow consists of the Navier-Stokes equations augmented
by the droplet's continuity and momentum equations
(FENSAP User Manual ANSYS, 2021):

JP
a—d""v'(PdVd):o (6)
t
(9(PdVd) _ CDRed
T“"V[Pdvd@‘/d}— AR Py(Va—Va) (7)

Pa) 1
Pe(1-22) =
- d( Pd)Ffz

where Py is the volume fraction of water droplets in the
air; V, and V, are the velocities of air and water droplets,
respectively, meter per second; Cj, is the resistance coeffi-
cient of water droplets; Req is the Reynolds number of
the water droplet; and Fr is the local Froude number
(Sokolov & Virk, 2019). According to the basic idea of the
Euler method, the local droplet collision coefficient f; on
a cylinder is:

pr=— Vet 0

wV

where w is the LWC in the air, kilogram per cubic meter;
N is the normal vector of the cylinder surface; V, is the
airflow velocity, meter per second. The overall water
droplet collision coefficient of a cylinder «; is:

i / s

ap =
DXL

9)

where L is the length of the cylinder, meter; C is the area
of the water droplet collision area on the cylinder, square
meter. The icing density on cylinders is calculated
according to the following formula:

p; =378 +42510g 1, (Rn)-82.3(log o (Rm))* (10)
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FIGURE 4 Cylinder icing weight and images. (a) Icing mass
on cylinder IL1 and IL2. (b) Icing pictures of IL1 and IL2.

where R, is the Macklin density parameter, which is
expressed as:

VoMVD
= 11
" 2T, (1)
where V is the impact velocity of the droplet in m/s cal-
culated using Equation (2) and T is the surface
temperature.

3 | RESULTS AND DISCUSSION

3.1 | Field measurement data

Ice loads in the field are measured using two circular
cylinders-based icing sensors. These sensors (COMBI-
TECH Ice load monitors) were circular cylinders having
different diameters (30, 57 mm). The ice load data from
sensor with 30 mm cylinder diameter is presented at IL1,
whereas ice load data from sensor with 57 mm cylinder
diameter is presented at IL2. The purpose of using two
different cylinder diameters is to estimate the MVD and

LWC from ice load values using ISO-12494 model. For
direct measurements of droplet size DSD and LWC, ICE-
MET sensor was used and the ICEMET results were cal-
culated using the ICEMET-server version 1.12 with a
sampling rate 0.15cm?/s; the calibration and related
technical parameters of ICEMET can be referred to in the
work of Kaikkonen Ville A and his colleagues (Juttula
et al., 2022; Molkoselka et al., 2021). For this study, an
icing event occurred on October 29th, 2022 is analyzed.
Results show that ice gradually accumulated on the
windward side of the ice sensors cylinders. As shown in
Figure 4a, taking IL1 as an example, the accreted ice
mass on cylinder IL1 began to increase from 9:30 h, and
gradually grew until it reached its maximum value at
22:27 h. However, during the period from 15:00 to 22:27,
there is a brief decrease in ice mass followed by an
increase. This phenomenon is likely due to the influence
of the wind, resulting in both icing and ice shedding. As
shown in Figure 4b, the ice accumulated on the wind-
ward side of the cylinders and the ice thickness gradually
increased.

As shown in Figure 5a-e, during this icing period,
environmental weather parameters such as wind speeds
varied between 5.0 and 15.0 m/s, the environmental tem-
perature ranged from -2 to —4°C, RH fluctuated
between 92.0% and 96.5%, the median volume diameter
(MVD) of water droplets ranged from 9 to 49.7 pm, and
LWC ranged from 0.03 to 0.6 g/m>. It is worth noting that
the ambient temperature dropped below 0°C as early as
4:48 h on this day. However, it was not until 9:30 that the
surface icing mass on the cylinder began to significantly
increase. The reason for the initial lack of ice accretion
on cylinders may be twofold: (1) The surface of IL1 and
IL2 may not have cooled down to below 0°C. (2) Although
the LWC is not small, the wind speed is low, and the
speed and quantity of water droplets colliding with
the cylinder with the wind are relatively small. After
9:30, the wind speed and LWC increased significantly
(U > 6 m/s), ultimately leading to the icing event.

As shown in Figure 5a,b, the results for MVD and
LWC revealed that when there was no icing, the LWC in
the air was extremely low, typically below 0.03 g/m>.
In contrast, during the icing period, LWC was mostly
above 0.2 g/m>. Correspondingly, while during the icing
period, MVD was typically above 20 pm. The DSD in the
air changed in real time during the icing period. If we
consider 30-min intervals for statistical analysis, the DSD
spectrum can be obtained. The dispersion of droplet sizes
can be expressed by the standard deviation (o).

10
o= P;x(di—MVD)’ (12)
i=1
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FIGURE 5 Environmental weather parameters during the icing event. (a) MVD. (b) LWC. (¢) U. (d) T. (e) RH. LWC, liquid water

content; MVD, median volume diameter; RH, relative humidity.
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where d; represents the droplet diameter. Table 2 pre-
sents the droplet distribution spectrum. To reduce com-
putational complexity, when 5pm <d; <10 pm, d; is
taken as 7.5 pm, and so on, resulting in d; of 7.5, 12.5,
17.5 pm, and so forth. P; is the volume fraction of drop-
lets with diameters ranging from d; —2.5um to
d; + 2.5 pm within the total volume of all droplets.

Between 9:30 and 22:27 h on October 29, 2022, this
time frame was divided into 11 intervals. The MVD of
water droplets during this period ranged from 17 to
39 pm. As shown in Figure 6, by extracting the volume
fractions of different-sized droplets within each of the
11 intervals, a water DSD spectrum can be plotted. Over
these 11 intervals, the standard deviation of droplet sizes,
denoted as o, ranged from a minimum of 4.77 pm to a
maximum of 12.47 pm. When ¢ was at its minimum, the
droplet sizes were primarily concentrated within three
distinct bars in the range of 10 to 25 pm. (as seen in
Figure 6b). Conversely, when ¢ was at its maximum, the
droplet sizes were dispersed over nine distinct bars, cov-
ering a broader span from 5 to 60 pm (as seen in
Figure 6a). Therefore, even within such a short icing
event, the variability in the DSD in the air is substantial.
The maximum standard deviation of droplet sizes is
nearly three times that of the minimum standard devia-
tion, highlighting the significant changes in DSD during
this relatively brief period.

3.2 | Analytical model

According to Equation (1), a system of equations can be
written like Equation (13) with known rates of ice accre-
tion on IL1 and IL2, dM;/dt and dM,/dt, as well as the
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FIGURE 6

diameters of the cylinders, d; and d,, and the wind speed
U and ambient temperature T obtained from meteorolog-
ical sensors. In this system of equations, only the MVD
and the LWC (w) are unknown. Although it is not possi-
ble to directly formulate f, numerical methods can be
used to solve for the values of MVD and w as shown in
Equation (14). Because the external shape of the cylin-
ders after icing is not perfectly cylindrical, using
Equation (2) to obtain the water droplet collision coeffi-
cient may introduce some errors into the calculations.
However, these calculations can be partially validated by
comparing the results with MVD and w measurements
obtained from ICEMET.

{a‘lM1 /dt=f(U,MVD,w,T,d,) 13)

dM, /dt =f(U,MVD,w,T,d,)

{MVD = F,(dM, /dt,dM, /dt) a4
W:Fz(dMl/dt,sz/dt)

As shown in Figure 7 in terms of the range of varia-
tion, both the calculated values of MVD and the measure-
ments from ICEMET fall within the range of 10 to 70 pm.
However, the correspondence between the two is not
good during the early period (9:30 a.m. to 12:00 p.m.),
but after 12:00 p.m., both the trends and values become
closer. Similarly, the comparative results for w also
exhibit similar patterns. This is because the diameter of
the IL2 cylindrical rod is 57 mm, which is larger than
IL1, leading to a relatively smaller water droplet collision
coefficient and slower ice accretion rate. As a result, the
ice accumulation mass is close to zero during the early
stages. In the calculation of Equation (14), dM,/dt =~ 0,
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Water droplet size spectrum during the icing event. (a) 6 = 12.47 pm. (b) 6 = 4.77 pm.
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FIGURE 7 Comparison of MVD and w between ICEMET measurement and analytical calcula