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Sea-spray icing resulting from sea spray droplets accreting on exposed surfaces poses a significant safety concern
for vessels and marine structures operating in cold climate regions. One of the key parameters determining the
amount of ice accretion is the quantity of incoming sea spray, which eventually comes in contact with the
structure in the presence of brine film freezing temperature. Hence, to develop marine icing estimation models,
researchers have been inclined towards conducting field measurements to acquire data on sea spray and its key
characteristics, such as liquid water content (LWC, mass of spray water per unit volume of air), spray frequency
and duration, and droplet size distribution. This paper provides a critical review of various techniques used by
researchers for sea spray field measurements. By employing Computational Fluid Dynamics (CFD) simulation,
this paper also evaluates the performance of instruments for measuring sea-spray flux employed in such field
campaigns. Design issues and potential areas for improvement are identified and discussed, based on which
further recommendations for improvement of sea spray data collection are provided. The study provides valuable
insights for researchers planning field measurement expeditions and exploring viable options to design an effi-
cient system for collecting sea spray data.

1. Introduction

For decades, sea-spray icing has been a well-known problem
adversely affecting vessels operating in cold regions (Shellard, 1974).
Regardless of the type of vessel or structure, spray icing has the potential
to be hazardous. Ice accumulation may hamper the safety of the oper-
ators, affect manoeuvrability, or damage critical pieces of machinery
onboard. The effect may be detrimental, especially for smaller vessels,
such as fishing vessels with lower residual stability, where the building
of topside icing due to freezing sea spray may rapidly lead to a negative
metacentric height (GM), impairing the stability of the vessel and
eventually resulting in capsizing (Chung, 1995). The sinking of the
fishing trawlers “Lorella” and “Roderigo” north of Iceland in January
1955, attributed to icing, served as a catalyst and drew attention to the
inherent dangers associated with this phenomenon and marked the
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beginning of research on the topic (Blackmore and Lozowski, 1993; Hay,
1956). Despite the passage of time, reports of catastrophic incidents
resulting from ice accumulation in recent years, such as the capsizing of
fishing vessels Destination in February 2017 (NTSB, 2018) and Scandies
Rose in December 2019 (NTSB, 2020) in the Bering Sea and the
capsizing of fishing trawler ONEGA in December 2020 in the Barents Sea
(Dhar et al., 2022), continue to emphasise the importance of addressing
this issue.

Forecasting icing events and estimation of icing rates are vital for
studying the risk of ice build-up. With improvements in marine icing
prediction models and warning systems, operators in the region may
take preventive actions and have the possibility to plan their tasks
accordingly. The formation of ice on structures is primarily determined
by the heat exchange between the surrounding environment and the
liquid water available to freeze (Samuelsen, 2017). Therefore, to

Received 26 July 2023; Received in revised form 19 September 2023; Accepted 22 September 2023

Available online 24 September 2023

0165-232X/© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:sushmit.dhar@uit.no
www.sciencedirect.com/science/journal/0165232X
https://www.elsevier.com/locate/coldregions
https://doi.org/10.1016/j.coldregions.2023.104029
https://doi.org/10.1016/j.coldregions.2023.104029
https://doi.org/10.1016/j.coldregions.2023.104029
http://crossmark.crossref.org/dialog/?doi=10.1016/j.coldregions.2023.104029&domain=pdf
http://creativecommons.org/licenses/by/4.0/

S. Dhar et al.

accurately estimate marine icing, it is important to know the spray flux
at the location of icing calculations.

In order to model the intricate process of spray generation, re-
searchers usually break the process down into its components. This in-
volves analysing the events based on droplet size and other crucial input
parameters for icing estimation models such as the LWC (required to
calculate the spray mass flux), the frequency of spray generation, and
the duration of exposure of the marine structure to the spray cloud
during a spray event (Mintu and Molyneux, 2022).

There are various types of icing models available that employ
different approaches for utilising the spray models to estimate icing,
which can be categorised as follows: (1) Fully stationary models such as
RIGICE (Roebber and Mitten, 1987) and MINCOG (Samuelsen et al.,
2017), where a constant spray mass flux input is applied throughout the
entire icing period. (2) Quasi-steady models, such as the Midgett model
(Lozowski and Zakrzewski, 1993; Lozowski et al., 2000), are charac-
terised by changing spray mass flux input. (3) Fully time-dependent
models such as ICEMOD (Horjen, 1990, 2013, 2015). In a model of
category (1), it is not necessary to use the spray frequency and duration,
and the time-average spray mass flux can be employed directly. How-
ever, in cases where LWC is used, all three model categories will require
spray frequency and duration as input.

In general, three main approaches have been applied for the research
on sea spray related to icing: laboratory experiments, simulations, and
field measurements.

Attempts were made to generate wind-generated sea spray and
quantify the flux in laboratory wind-wave tanks (Toba, 1962; Lai and
Shemdin, 1974). However, such studies often produced discrepancies
when compared to field studies (Monahan, 1968; Preobrazhenskii,
1973; Wu et al., 1984) primarily due to the difference in fetch, which
creates considerably higher roughness in the field than in laboratory
conditions. Additionally, humidity levels are near saturation in the field,
while the laboratory environment is less humid (Itagaki, 1984). There
have been a few attempts to analyse spray generation through scale-
model experiments. Chung et al. (1998) performed scale-model experi-
ments using a 1:13.43-scale model of the stern trawler Zandberg in a
towing tank to generate impact-generated spray. However, the spray
droplets were not suitably scaled, and this produced unrealistically large
droplets at full-scale. In a 1:36-scale model experiment on an FFG-7 class
combat ship, Sapone (1990) utilised surfactant to lower the surface
tension. Despite the effort to scale down the critical spray properties, the
water Weber number was still significantly smaller than the full-scale
requirement (Mintu et al., 2021a). A 1:30-scale model experiment was
conducted to replicate the full-scale measurements of spray events at
Tarsuit Island (Muzik and Kirby, 1992). In order to match the droplet
size with full-scale measurements, wind velocity was not scaled. Spray
data was collected by measuring water volume deposited over half of the
model island and then doubled to estimate the total spray overtopping
volume. Results showed laboratory values of the spray volume were
almost three times higher than those in the field, where the spray was
collected in drums. The discrepancy is attributed to the scaling effects of
the wind speed in the model study, data collection method variation,
and differences in average wind speeds between the field observations
and the model study.

Additionally, a few numerical simulations (Mintu et al., 2019) and
theoretical models (Dehghani et al., 2016a, 2016b, 2018) have been
utilised to simulate and analyse the characteristics of wave-impact sea
spray. Notably, computational fluid dynamics (CFD) techniques, such as
the smooth particle hydrodynamics method, have also been introduced
to simulate wave-generated sea spray (Mintu et al., 2021b; Chen et al.,
2022). Nevertheless, these methods are accompanied by several as-
sumptions and limitations. One of the main challenges lies in using the
appropriate droplet size to accurately capture the intricate dynamics of a
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fine spray cloud, which currently exceeds the computational capabilities
of GPU-accelerated or extensive parallel CFD software packages (Mintu
et al., 2021b).

Given the limitations associated with the laboratory and simulation
approaches, researchers have often emphasised the importance of col-
lecting sea-spray data from the field for developing or calibrating ac-
curate icing models. The spray pattern and droplet trajectory generated
under a given set of meteorological and oceanographic conditions are
influenced by various factors such as the shape, size, loading, manoeu-
vrability, speed, and heading of the hull or structure relative to the
waves and the wind (Bodaghkhani et al., 2016; Kulyakhtin et al., 2016).
These factors result in variations in the incoming spray flux for different
ship types and marine structures, ultimately impacting the extent of ice
accretion. As a result, empirical formulae developed from observations
of specific ships or structures may exhibit uncertainty when applied to
different ship types or marine structures (Roebber and Mitten, 1987;
Sultana et al., 2018). Therefore, it is desired to collect spray data from
multiple ships and structures for an extended period in order to develop
a robust icing model (Samuelsen and Graversen, 2019).

Several field expeditions have been conducted on various ships
(Tabata, 1969; Horjen et al., 1986; Borisenkov et al., 1975; Ryerson and
Longo, 1992; Ozeki et al., 2018; Teigen et al., 2019), offshore structures
(Jorgensen, 1986, 1985, 1984; Minsk, 1984), and on islands (Muzik and
Kirby, 1992; Andreas, 2016) to gather field data on sea spray. A range of
instruments has been employed to measure sea-spray flux and important
components of sea spray for the development of icing models, including
unconventional items like toilet paper rolls (Tabata, 1969) and baby
diapers (Jorgensen, 1984), as well as specialised instruments like the
cloud imaging probes (CIP) (Andreas, 2016) and high-speed camera
(Jorgensen, 1984).

Collecting field data on sea spray in cold regions can be challenging
in terms of logistics, required technology, cost, and safety consider-
ations, particularly due to the harsh conditions associated with cold
temperatures, including heavy seas and strong winds. The information
on previous field expeditions has been scattered across various sources,
many of which are difficult to access and/or written in non-English
languages, such as reports on measurements conducted on Japanese
patrol boats between 1963 and 1967 (Tabata, 1969) written in Japanese
and measurements on the drilling rig Treasure Scout (Jorgensen, 1984)
written in Norwegian. Moreover, to the best of the authors’ knowledge,
a study that provides a thorough, systematic, and critical review and
analysis of the literature regarding the instruments and techniques uti-
lised in such expeditions is currently lacking.

The objective of the current study is to provide a comprehensive
overview of field expeditions undertaken for sea-spray data collection,
emphasising the deployed equipment, addressing encountered chal-
lenges and design issues, and identifying potential areas for improve-
ment. This study also employs CFD as a numerical simulation method to
evaluate the efficiency of the sea-spray flux measuring instruments used
by the researchers during the field expeditions to gain qualitative insight
into their performance without the need for physical testing. In order to
achieve this, we used computer-aided design (CAD) models to recreate
the geometry of the instruments according to descriptions provided by
the researchers. These models were then run on ANSYS® Fluent CFD
software. The CFD solver is based on the Reynolds-averaged Navier-
Stokes (RANS) equations with the k-o Shear Stress Transport (SST)
turbulence model. The simulations mimic a wind tunnel experiment to
analyse the fluid flow characteristics around the instruments. The results
of the analyses are further used to assess the advantages and constraints
of the existing techniques for measuring sea-spray flux. The overall
study provides a practical resource for researchers planning field mea-
surement expeditions for collecting sea spray data, enabling them to
explore suitable options to devise an efficient system for their specific
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needs.

The subsequent sections of this paper are organised as follows: Sec-
tion 2 provides a review of field expeditions for collecting sea-spray
data; Section 3 outlines the CFD methodology used to assess the effi-
ciency of spray flux measuring devices; Section 4 analyses the perfor-
mance of these devices; Section 5 discusses the measurement methods
for different sea spray parameters and provides device evaluations and
recommendations for future designs; Section 6 presents the concluding
remarks.

2. Field measurements

This section provides a historical review of field expeditions that
collected data on sea spray with the primary objective of developing or
calibrating models for estimating marine icing.

2.1. Sea spray measurement onboard Japanese patrol boats

According to the available literature, Tabata (1969) provides the
earliest documented record of sea-spray measurement, highlighting two
distinct methods. The first method involved gathering reports from pa-
trol boats operating in icing waters between 1963 and 1967, where
meteorological and oceanographic conditions were recorded alongside
the amount of sea spray and ice accretion. The information was gathered
from 256 surveys completed by twelve boats of different sizes that were
operating in the water nearby Hokkaido, Primorsky Krai, the Kuril
Islands, and the Kamchatka region. The spray quantity was estimated
based on the extent, specifically reaching the bridge window, and was
categorised into three levels: no spray, moderate spray, and heavy spray.
Based on the survey findings, it was concluded that icing initiation
occurred at air temperatures below —2 °C, relative wind speeds of 6-8
m/s or higher triggered icing, and ice accretion intensified with slight
changes in wind speed or temperature. The relative angle between the

(b)
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wave and ship heading was identified as a crucial factor in icing, as with
smaller angles, smaller ships, or higher wave heights resulting in
increased sea spray observations (Itagaki, 1977).

The second type of measurement was carried on the 350-metric-
tonne patrol vessel “Chitose”, using a sea-spray collector (Fig. 1 (a))
consisting of a water-absorbing cylinder made of toilet-paper roll and
wind cups. Ten devices were installed on the upper deck positions (Fig. 1
(b)), and measurements were conducted on 30 July 1964 outside
Wakkanai Port. The water-absorbing cylinders were removed at in-
tervals of every five to six minutes during spray events, placed in pol-
yethene bags, and weighed upon arrival at the port. Measurements were
taken at different headings relative to the waves, with angles of 0°, 30°,
and 60°, and at vessel speeds of 12.5 knots and 10.7 knots. Despite the
moderate weather conditions prevailing during the measurements,
variations in sea-spray flux were observed based on the relative angle
and speed.

2.2. Spray measurements on medium-sized fishing vessels by soviet
researchers

During the 1960s-1970s, Soviet researchers extensively studied
marine icing, particularly on medium-sized fishing vessels (MFVs). The
research included field observations, device development, laboratory
experiments, estimation models, and de-icing techniques. Zakrzewski
carefully reviewed reports and journals and extracted essential infor-
mation (Zakrzewski, 1987, 1986; Zakrzewski and Lozowski, 1989).
Nevertheless, still much of the information remains inaccessible and
vague. The researchers conducted various studies to investigate the
collision-generated spray, including the spraying zone of a ship (Buya-
nov, 1971; Kultashev and Panov, 1970; Kuznietsov et al., 1971; Shar-
apov, 1971; Smirnov, 1972), frequency of spraying (Aksyutin, 1979;
Kultashev et al., 1972; Panov, 1976, 1971), and LWC and droplet size
distributions (Borisenkov, 1972; Borisenkov et al., 1975; Borisenkov and

Fig. 1. (a) Sea-spray collector device consisting of absorption cylinder made of toilet paper rotated by wind cups; (b) locations of the device installed onboard patrol

vessel “Chitose” (Tabata, 1969).
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Panov, 1972). Based on the available information, it can be ascertained
that the spraying zone and spray frequency were primarily obtained
through visual observations. Spray cloud parameter measurements of
LWC and droplet size were carried out on two Soviet ships, namely the
MFV Iceberg and MFV Narva. However, only limited details are avail-
able concerning the specific instruments and methodologies employed
during these field expeditions.

Research of Gashin (Borisenkov, 1972; Borisenkov and Panov, 1972)
focused on the observations made on MFV Iceberg between August and
November 1969 in the Atlantic Ocean. The study states that collision-
generated droplets measured were in the range of diameter 1.0 to 3.5
mm, with an average size of 2.4 mm. The mean duration of a spray event
was around 2 s. The average values of the LWC were presented during
one spray event for different locations on horizontal and vertical sur-
faces at different wind speeds ranging from 0 to >15 m/s and heading
angles relative to waves of 0-90°. The data showed water content of the
spray clouds gradually decreased to the midship part and with increased
heights over the deck. The wave height is considered the main factor for
determining the incoming LWC. The amount of spray was also greater at
wave heading angles of 30-60°, and it increased with increasing wind
speed. Under certain wave conditions, the spray flux on horizontal and
vertical surfaces varied within the range of 0-3-10~2 g/cm?/s. Spray
formation was more pronounced in wind wave conditions, which
resulted in more spray entering the ship.

Measurements on MFV Narva were carried out in February 1973 in
the Sea of Japan (Borisenkov et al., 1975). The field expedition involved
collecting approximately 50 samples from the spray cloud at various
points on the deck and at multiple levels. The measurements were
conducted under air temperatures varying from 2 to 6 °C, sea-surface
temperatures ranging between —1 and — 0.8 °C, sea states classified
as 5 to 6, wind speeds ranging from 10 to 12 m/s, and a heading angle
relative to the wave between 70° and 90°. The spray droplet size dis-
tribution was determined by trapping droplets using a soot and viscous
oil mixture (1:3 weight ratio). The mixture was applied on a metal
substrate with a 5-10 mm thickness, aligned perpendicular to the spray
propagation. The trapped droplets made distinct imprints, with each
imprint reflecting the diameter of the corresponding droplet. Addition-
ally, the droplet spectrum was measured using absorbent and colouring
substrates. The arithmetic mean droplet diameter on viscous substrates
was 0.49 mm, while on absorbent substrates, it was 0.84 mm with a
maximum droplet size of 3-4 mm.

LWC measurements were conducted at the height of 0.7-4 m from
the deck, using special traps designed by the Leningrad Polytechnic
Institute. However, no information about the design or construction of
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the traps was provided. The spray cloud propagation velocity was
determined to be 6 m/s, with a duration of 5.8 s which was measured
using a high-speed camera. The total water content of the spray cloud
above the MFV deck was estimated to be around 300 1 per spray event.

Some studies regarding wind-generated spray have also been con-
ducted. Preobrazhenskii (1973) measured the vertical distribution of
LWC of wind-generated spray at 1.5, 2, 4, and 7 m above the sea surface
from a ship in moderate to high winds (7-25 m/s) (Wu, 1990). Spray
droplets were collected on 10-20 mm oil-coated glass slides. The slides
were fixed to a boom, which extended about 3 m from the bow of the
ship, cruising slowly into the wind. The droplet impressions on the plates
were counted and sorted size-wise. It was deduced from the measure-
ments that the net droplet volume diminished with height. The data
shows that spray droplets exceeding 30 pm in diameter may reach
heights above 7 m when wind speeds exceed 12 m/s, while droplets
larger than 100 pm reach that height when wind speeds surpass 25 m/s.
Gashin registered wind-generated droplets size ranged between 60 pm —
1 mm during the MFV Iceberg expedition (Borisenkov and Panov, 1972).
Also, during the MFV Narva research expedition, about 30 samples of
wind-generated spray were collected to determine the spectrum of
droplets at the height of about 1 m above sea level (Borisenkov et al.,
1975). The minimum droplet size that was possible to be measured by
their technique was 0.08 mm in diameter. According to the data, the
average droplet diameter of wind-generated spray was 0.25 mm, and the
maximum was approximately 1.2 mm.

2.3. Spray measurements on Tarsiut Island

Muzik and Kirby (1992) provide a description of the spray mea-
surements carried out during the 1982 open-water season on Tarsiut
Island, an artificial caisson-based island (Fitzpatrick and Stenning,
1983) in the Beaufort Sea (Fig. 2 (a)). The measurements aimed to
evaluate the horizontal distribution of sea spray on the island and esti-
mate the spray volume generated from the impact of waves during high
winds and wave events.

The spray amount on the island was collected using 45-gal drums
(0.56 m diameter x 0.8 m high) by placing them in the proximity of the
wind (Fig. 2 (b)). Spray level was logged hourly during some strong
weather events (see Table. 1) and half-hourly during event peak. During
the “middle of the event” period, spray generation was observed for
every third or fourth wave in the wave train, while during the “peak of
the event”, spray landing on the island occurred approximately for every
second wave. A scaled model study was also conducted in the laboratory
for comparison. As mentioned earlier in Section 1, the field results of

SCALE

(metres)
—r T
0O 0 20 30

Fig. 2. (a) Tarsiut Island, Beaufort Sea (Picture R. R. Ward). (b) Typical layout of measuring drums (black dots numbered) on the island during the field study (Muzik

and Kirby, 1992).
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Table 1
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overview of wind, wave, and spray data measured on Tarsiut Island (Muzik and Kirby, 1992).

Date Maximum recorded significant wave height (m) =~ Maximum recorded spray rate (cm/h)  Average wind speed (m/s) *  Maximum wind speed (m/s)
20, 21 August 1982 2.5 61 16.6 18.9
6,7,8 September 1982 2 31 10.6 17.3
17 September 1982 1.75 6 5.1 (estimated) 5.1 (estimated)

" Measured at a height of 34 m.

spray overtopping volumes were found to be one-third of the compa-
rable model results.

Collected data on Tarsiut Island were utilised by Lozowski et al.
(2002) to improve the LWC and the spray frequency algorithm (based on
probability distribution of wave heights producing spray) for the RIGICE
model, which was developed to compute ice loads on drilling rigs in
Canadian waters. Forest et al. (2005) later claimed to improve this
model to RIGICEO04, also by using these spray data to develop a new LWC
and spray frequency algorithm.

2.4. Spray measurements for ICEMOD

The “Offshore icing” research program launched in 1983 aimed to
improve understanding and estimation of icing on offshore structures
and vessels through field data collection, wind tunnel experiments, and
the development of the icing model ICEMOD (Horjen, 1990; Horjen and
Vefsnmo, 1987) (originally called ICING (Horjen and Vefsnmo, 1984))
and its subsequent versions (Horjen, 2015, 2013).

2.4.1. Spray measurements on offshore platforms

Jorgensen (1984, 1985, 1986) describes six field data collections
conducted on the Treasure Scout drilling rig from April 1983 to
December 1984. Measurements were also made on the Edda platform
from September 1985 to January 1986.

Specialised instruments were developed to collect spray character-
istics data on LWC and droplet sizes. Absorbent panels made of dispos-
able baby diapers (Fig. 3 (a)) were used to measure the spray LWC
because of their high soaking capacity. These diapers were held in place
by a rectangular plexiglass holder (25 cm x 10 cm) with clamps for
attachment to railings or similar structures, secured by netting. Another
designed equipment was the pipe bend collector (Fig. 3 (b)), consisting
of a 10 cm diameter bent plastic pipe with a glued-on transition cone and
a graduated measuring gauge made of plexiglass. The collector, attached
with a clamping device, allowed for the collection of spray, with a valve
at the bottom of the measuring gauge for emptying the collected spray.

The panels and collectors were positioned in various locations below
the main deck, and spot measurements were carried above the main
deck. The positions of the instruments were constantly changed
depending on the wind direction. The water absorbed by the diapers was
weighed before and after exposure using a spring balance, while the
water collected by the pipe bend collectors was directly read in milli-
litres on the graduated measuring glass. Measurement readings were
omitted during precipitation, and experimental corrections were applied
to account for evaporation.

A photographic technique was developed to record droplet sizes in a
spray cloud (Jorgensen, 1983). Parts of the droplet cloud passed through
an open box at the end of the long tube attached with a powerful flash.
The flash was triggered manually when a sea spray hit the box. The
droplets passing in front of an illuminated plate were photographed by a
motor-driven camera placed in a waterproof case above the open box
(Fig. 4).

Two observers visually recorded the sea spray frequency by counting
the occurrences of spray events elevating 2 m above the waterline level
during 10-min intervals, and the average of their observations was used
to calculate the spray frequency. Simultaneously necessary meteoro-
logical data was recorded from the weather station on the rig or esti-
mated visually.

2.4.2. Spray measurements on vessels

Sea-spray measurements were carried out on four vessels: Troms
Tjeld, Tender Turbot, Tender Trout, and Endre Dyrgy, with the findings
detailed by Horjen et al. (1986).

Horizontal spray flux was measured using seven pipe bend collectors
at different heights (10.2 m, 11.3 m, and 13.8 m above sea level) on the
sister ships Tender Turbot and Tender Trout. Flux measurements
showed no significant difference between the upwind and leeward sides
of the ship. As wind strength increased, spray fluxes also increased. The
measured frequencies varied between 0.3 and 1.25 per minute at a
reference height of 10 m above sea level. Droplet sizes were captured
using the photographic technique, on the bridge deck at the height of 10

Fig. 3. (a) Absorbent panel made of baby diaper; (b) pipe bend collector (Jorgensen, 1984).
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camera

open section

; I,
\

illuminated plane

Fig. 4. Picture and schematic of the photographic technique used to measure droplet size (Jorgensen, 1984, 1986).

m, with droplets ranging from 0.0 to 5.5 mm.

Spray flux was measured on the vessel Endre Dyrgy using pipe bend
collectors positioned at heights on the mast (6.6 m, 7.5 m, 9.1 m, and
10.9 m above sea level). The spray flux exhibited an exponential
decrease with increasing height, while the vessel speed showed no sig-
nificant impact. Spray flux also increased with heading within the range
of 0°-45°.

On the vessel Troms Tjeld, spray flux was measured with six pipe
bend collectors attached to different locations and heights (4.95 m, 9.95
m, and 11.65 m above sea level). The measurements indicated a strong
correlation between the spray flux and significant wave height. The
average spray frequency was measured to be three sprays per minute
that reached the wheelhouse.

2.5. Spray measurement on the USCGC Midgett

Ryerson and Longo (1992) provides an overview of the measure-
ments aboard the U.S. Coast Guard Cutter Midgett, a 115 m Hamilton-
Class high endurance cutter, carried out by Cold Regions Research and
Engineering Laboratory (CRREL) between 5 February and 13 March
1990. The objective was to gather empirical data on spray delivery and
superstructure icing in the Gulf of Alaska and the Bering Sea.

The details of the various equipment that was designed for the

expedition is provided by Walsh et al. (1992). A spray icing unit (SIU)
illustrated in Fig. 5. was designed as a stand-alone system to autono-
mously collect spray and icing data. The unit mainly comprised spray
flux and ice thickness measuring equipment, a data logger control sys-
tem, and pneumatic and battery power supplies housed in a rectangular
box weighing approximately 250 kg. The CRREL horizontal separator
interceptor (Fig. 5 (a)) was designed for collecting spray flux in the
horizontal direction, and for vertical spray flux (Fig. 5 (b)), a vertical
spray collector was designed. A total of six SIUs were installed on the
ship at various distances from the bow and at different heights (port and
starboard main deck and 02 level bulkhead surfaces, and on 01 level and
flying bridge deck surfaces).

The CRREL horizontal spray interceptor is a flow-through design that
uses the principles of momentum and coalescence to separate spray
droplets from the air stream. The air-borne droplets enter the separator
through the inlet and are redirected around a convex baffle. The large
droplets, due to their momentum, collides with the baffle and separate
from the air stream and fall into the measuring tank. After passing the
baffle, the air stream enters the chamber twice the size of the inlet. The
smaller droplets, which were not separated at the baffle, then impact
and coalesce around a mesh screen behind the baffle in this chamber. As
these droplets coalesce and become heavy, they run down the screen and
are collected in the tank. The accumulated spray is measured by a
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Fig. 5. (a) Schematic of CRREL horizontal spray interceptor mounted on the SIU; (b) schematic of CRREL vertical spray collector (Walsh et al., 1992).
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Table 2
Vessel specifications of the USCGC Midgettt and USS Monterey (Thomas, 1991).
USCGC Midgettt USS Monterey
Displacement (t) 3065.40 9752.02
Length between perpendiculars (m) 106.68 161.24
Beam (m) 12.8 16.76
Draft (m) 4.26 6.1
Freeboard (m) 7.92 9.45

capacitance change detector circuit fitted inside the measuring tank. The
tank drain is connected to a ball check valve which is triggered by a
pneumatic cylinder. A Campbell CR10 data logger is used to store data
and, as a controller, is programmed to activate the pneumatic cylinder
for 10 s to drain when full. The data logger store one water level reading
every second by averaging 12 sample readings.

The CRREL vertical collector is similar to the rain gauge, consisting
of a funnel with a diameter of 30 cm diameter with a debris screen. The
funnel is connected to an 11.6-1 holding tank. Alongside it, two Young
automatic rain gauges (Model 50,202, RM. Young Co.) were installed on
the SIUs, while two standard manual rain and snow gauges (Model
6310-A, Qualimetrics, Inc.) were placed adjacent to enable a comparison
of the vertical spray flux measurements.

Sea-spray measurements were only made when air temperatures
were above freezing as no heating element was not installed due to
limited power availability by the batteries. When the temperature
dropped below freezing, the controller disabled the spray collection
system and opened the drain valve.

Two cameras equipped with wipers and freshwater washers were
mounted on the flying bridge with a clear view of the bow. The collected
footage was analysed to estimate the duration and characteristics of
spray events, and it was also used to confirm the spray events by
comparing the collected data with video images of the events. A uni-
versal flying particle camera, which is a stroboscopic video system, was
used to measure the sizes of droplets in the spray cloud.

Ryerson (1995) provides detailed information on 39 spray events
during the expedition, including information on the spray duration, the
number of drops per cubic meter, droplet diameter, LWC, spray flux, the
ship speed, and wind and wave parameters. The duration of the spray
event ranged between 0.47 and 5.57 s, with an average of 2.73 s. The
concentration of droplets in most spray clouds ranged from 2.0 x 10° to
3.0 x 10° drops/m>. The sizes of the droplets in the spray clouds ranged
from 14 to 7700 pm in diameter, with a median of 234 pm. The LWC of
the spray clouds varied between 1.1 and 1162.9 g/m>, with an average
of 64.1 g/m°>.
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2.6. Spray generation measurement on USCGC Midgett and USS
Monterey

Thomas (1991) conducted full-scale ship trials to investigate the
relationship between ship motion and bow spray generation. Measure-
ments were conducted onboard the USCGC Midgett in the Bering Sea in
1990 and on the USS Monterey in the northwest North Atlantic Ocean in
1991. Ship motions were recorded using a Ship Motion Recorder (SMR)
and a tri-axial accelerometer package. Bow spray events were captured
using video camera systems mounted on the forward superstructure of
the vessels. Each trial measurement involved maintaining a constant
heading and speed for 20 min, with the number of observed bow spray
events recorded during this period. Table 2 presents the specifications of
the vessels during the expedition.

Analysis revealed a strong correlation between bow spray occurrence
and ship pitch and vertical acceleration. No significant relationship was
found between roll motions and bow spray generation. In the absence of
significant ship motions at the bow, spray clouds across the bow could
not be generated by wind alone, although differences in total sprays
were attributed to variations in true wind speed. The data indicated
specific threshold values for pitch and acceleration for spray generation,
which were smaller for the Midgett (pitch >1.06° and the vertical ac-
celeration > 0.19 g) compared to the Monterey (pitch >1.46° and the
vertical acceleration > 0.22 g), which is expected given the larger size
and greater freeboard of the Monterey. However, large vertical accel-
erations did not always result in spray events, suggesting the importance
of considering both vertical acceleration and the relative ship-wave
position for predicting spray events.

2.7. Sea-spray measurements using SPC and MRS

Ozeki et al. (2016) mention the development of two gauges, the
Spray Particle Counter (SPC) and Marine Rain gauge type Spray gauge
(MRS), for measuring sea spray droplets size distribution and the spray
amount.

The SPC (SPC-S7, Niigata Denki Co.), illustrated in Fig. 6 (a), was
initially developed to measure drifting snow (called Snow Particle
Counter) but was later modified to count sea spray droplets. The sensor
unit has a Super-Luminescent Diode (SLD) oriented in parallel rays
measuring the light attenuation by passing droplets and has a sensing
region of dimension 25 mm wide, 3 mm height, and 0.5 mm depth. The
system is comprised of the sensor, data processor, and personal
computer.

The marine rain gauge type spray gauge (MRS) illustrated in Fig. 6
(b) consists of an automatic rain gauge Young model 50,202 for vertical
spray flux measurements and a cylindrical trap fitted above to block

(@) ||

®76.3
mm

/, Attached cable
SENSOR part 7=

7

d
~~ RS232C cable

74

Vo — e

DATA processor Power “100V AC”

(b)

Cylindrical
Spray Trap

Marine Rain Gauge Sensor

Fig. 6. (a) Schematic diagram of SPC; (b) schematic diagram of MRS; (c) SPC (Left) and MRS (Right) mounted on a vessel (Ozeki et al., 2016).
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Fig. 7. (a) Microscope slides attached to a support for collecting spray drops samples; (b) sea spray concentrations (dC/dr) of nine observations, along with the wind
speed at 10 m (U;o) and significant wave height (H;,3) and wind direction (dir) (Jones and Andreas, 2013).

Fig. 8. Cloud Imaging Probe (CIP) and the Sonic anemometer (Andreas, 2016).

spray in the horizontal direction. The cylindrical spray trap is 120 mm
high and has a diameter of 76.3 mm and a projected area of 92 cm?. The
impinging spray impacts the trap and drains into the catchment funnel
of the rain gauge. The data is recorded every minute with the smallest
measurable unit of 1 mm.

Between 2012 and 2021, several expeditions were conducted that
involved spray measurements on vessels using the two gauges (Fig. 6 (c))
across various locations, including the Arctic Ocean, Bering Sea, North
Pacific region, and Antarctic Ocean region (summarised in Table 4).
Though no specific spray flux formulae have been presented thus far
based on the collected data (Ozeki, personal communication, 2022), the
analysis shows a strong correlation apparent between the amount of sea
spray generated and the relative wind velocity (Ozeki et al., 2016a;
Shiga et al., 2015).

2.8. Spray measurements at Mt. Desert Rock

Sea-spray measurements were conducted on Mt. Desert Rock, located

Fig. 9. Rotating multicylinder mounted on Mt. Desert Rock lighthouse (Jones
and Andreas, 2014).

near the coast of Maine, USA. This island, chosen for its resemblance to
artificial islands in the Arctic, serves as a representative location to
measure wind-generated spray concentrations and generation rates. The
collected data is potentially applicable in estimating spray icing on
similar structures found in the Arctic region. The data collection method
and results from the measurements made on the island are summarised
in the following part.

Jones and Andreas (2013) describe the wind-generated spray data
collected from December 2012 to January 2013. Microscope slides of
12.5 mm in width, coated with Vaseline to enhance hydrophobicity,
were placed on the island lighthouse catwalk 20 m above sea level
(Fig. 7 (a)). In order to capture the air-borne droplets, the slides were
exposed for an hour to 2 min, depending on the wind speed. Then the
slides were immediately photographed under a microscope and ana-
lysed using Image-Pro software. It is observed that the drop concentra-
tion is dependent on both the significant wave height and wind speed
(Fig. 7 (b).
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Andreas (2016) analyses the near-surface spray measurements con-
ducted in January 2013 using a cloud-imaging probe (CIP) developed by
Droplet Measurement Technologies, Inc. The CIP (Fig. 8) is an optical
spectrometer equipped with 64 photodetectors that enables the counting
and measurement of droplet size through optical imaging. The study
provides data on spray droplet concentration and production rate for
various wind speeds (5 to 17 m/s) and droplet radii ranging from 6.25
pm to 143.75 pum at a rocky shoreline. The findings reveal that spray
concentration increases with the cube of wind speed while the shape of
the concentration spectrum remains consistent across different wind
speeds. Moreover, the near-surface spray concentration and production
rate are significantly higher at the rocky shoreline compared to the open
ocean, with a difference of three orders of magnitude.

Jones and Andreas (2014) reported measurements conducted be-
tween January and February 2014 to evaluate the spray concentration
gradient formulation proposed by Fairall et al. (2009). They collected
sea spray droplets simultaneously from two levels, 19 m and 7.5 m above
sea level, using drop slides and a multicylinder device. While the drop
slides had a limited sampling volume of 0.08 to 0.8 m®, the multicylinder
device (Fig. 9) was employed to supplement the data by sampling 10 s to
100 s of air volume (m®) (Jones et al., 2014). The multicylinder works on
the principle that the collision efficiency of wind-blown droplets on
cylinders reduces with decreasing drop diameter. While the rotating
multicylinder was developed to characterize drop distributions in
supercooled clouds, it was modified to make measurements in the
above-freezing conditions by using absorbent paper to cover each
cylinder.

2.9. Sea-spray measurements on Norne FPSO

Teigen et al. (2019) provide a description of a device called the
“Fluxmeter”, designed under the project RigSpray for carrying real-time
and autonomous measurement of sea-spray flux. Six fluxmeters were
installed on the Norne floating production, storage, and offloading
(FPSO) during the winter seasons of 2017-2018 and 2018-2019 (Fig. 10
(a)). The purpose of the measurement was to gather a dataset of spray
measurements, meteorological data, and vessel motions to calibrate
spray icing models for large ship-shaped offshore structures.

The RigSpray Fluxmeter (Fig. 10 (b) and 10 (c)) is a device designed
to operate safely in environments with the potential for explosions
(ATEX-compliant), making it suitable for installations in locations
vulnerable to the risk of explosion due to the presence of fuel. It includes
a video recording camera with a wide-view lens to monitor the bow
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. device

Fig. 11. The simulated wind tunnel setup.

region. The device features a collector plate of 0.5 m x 0.5 m dimension,
and the instrument cabinet made of coated 5 mm thick steel, ensuring
durability in harsh weather and sea conditions. Sea spray is collected on
the collector plate and drained into a tipping bucket inside the cabinet
through a hose. The water level in the tipping bucket is monitored by a
Yokogawa wireless gauge pressure transmitter at a 1 Hz measurement
frequency, and the data is transferred wirelessly. The tipping bucket
automatically tips when the centre of gravity exceeds its rotation axis.
After emptying the water, the bucket pivots back into its original posi-
tion. The study results from this project are not publicly available as they
are proprietary.

3. CFD method
3.1. Sea spray droplets and stokes number
The Stokes number (St), which is a dimensionless number, is defined

as the “ratio of the particle inertial relaxation time to the timescale
characteristic of the turbulent flow” (Stokes, 1851; Veron, 2015). In the

(b)

Fig. 10. (a) Locations of the six Fluxmeters mounted on FPSO Norne; (b) schematic diagram of the Fluxmeter; (c) instrument cabinet fitted with the tipping bucket

and pressure sensor and transmitter (Teigen et al., 2019).
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Table 3
Simulation parameters.

Reynolds-averaged Navier-Stokes, steady-state, k- o SST,

Model isothermal, incompressible
Gravitational
acceleration 9.81 m/s?

Fluid Air (gas):
Boundary conditions
Initial and ambient

molecular mass 0.02896 kg/mol
wall (adiabatic, no slip)
Pressure = 101,325 Pa,

conditions Temperature = 293.2 K
Free-stream wind speed
along z 15, 30 m/s
length 2 = 3 m, widthx =2 m,
Domain heighty =2 m

context of sea spray, the trajectory of the droplets can be characterised
by assessing their St by comparing their inertia to the fluid drag they
experience in the airflow. When the St is low (i.e., << 1), it indicates
that the fluid drag is dominant, and the droplets will tend to follow the
airflow trajectory and respond instantly to the fluctuations. On the other
hand, when the St is high (i.e., >> 1), the droplets have significant
inertia and follow their own inertial path and are less influenced by the
surrounding airflow.

Based on previous measurements, the size of sea spray droplets varies
between 0.02 pm and 7.7 mm in diameter (Ryerson, 1995; Veron, 2015).
Smaller droplets with low St remain entrained in the airstream, and if a
spray-flux measuring device is able to capture these smaller droplets, it
is more likely to collect larger droplets with higher St, as higher St values
result in increased collision efficiency due to greater body force (Lennox
et al., 2013). Here, collision efficiency refers to the fraction of liquid
water in the volume swept out by an object that actually collides with its
surface (Finstad et al., 1988).

Therefore, the qualitative performance of the spray-flux measuring
device can be assessed by analysing the wind flow around it, which
provides insight regarding the collection efficiency. In this context,
collection efficiency refers to the ratio between the number or mass of
droplets successfully collected or accounted for by the device and the
total number of droplets in the sampled air stream (Montecinos et al.,
2018). In this study, steady-state wind flow simulation using the RANS
k- SST turbulence model (Menter et al., 2003; Menter, 1994) is utilised,
as the information on time-averaged velocity and turbulent fluctuations
to evaluate the performance of the device is found sufficient.

3.2. Boundary condition and discretisation

The computational domain for the wind tunnel simulation was a 3 m
x 2m x 2 m rectangular box that represents the environment (Fig. 11).
The model of the spray measuring device being studied is located in the
centre of the box. The x-axis runs along the width, the y-axis is the
vertical direction, and the z-axis is the longitudinal direction. The origin
point of these axes is at the base of the model, specifically in the centre of
their cross-section. The domain is described using an unstructured mesh
that combines tetrahedral and/or prismatic elements, which is deter-
mined by the specific geometries used in the simulation. Table 3 pro-
vides the list of the parameters used in the simulations.

Mesh convergence analyses were performed for each device simu-
lation, affirming that the mesh utilised was sufficiently refined, with
additional refinement yielding no significant impact on simulation re-
sults. The total number of elements in mesh on convergence and used in
the simulation is listed in the Appendix, Section A.1, Table A.1.

4. Analysis of the sea-spray flux measuring devices

This section presents an analysis of the sea-spray flux measuring
devices used in field expeditions, supported by the CFD simulations,
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following the methodology outlined in Section 3.2. The objective is to
assess the performance and efficiency of the devices in collecting sea
spray by studying airflow patterns, as described in Section 3.1. The
analysis of each device is divided into two parts: one focusing on the sea-
spray collector design and issues and the other on the method of
quantifying the collected spray amount. For reference, the dimensions of
the CAD models employed in the CFD simulations within this section are
provided in Appendix Section A.1, Table A.1.

4.1. Sea spray collector device consisting of absorption cylinder and wind
cups

4.1.1. Collector design analysis

The simulation (Fig. 12) of wind flow around Tabata’s (1969) device
shows that when the cylinder is placed in airflow, flow separation oc-
curs, causing the airflow to detach from the cylinder surface and form a
turbulent wake behind it (Houghton et al., 2017). This separation re-
duces the collision efficiency as this phenomenon takes place on the
windward side of the cylinder, particularly for smaller droplets with low
Stokes numbers that follow the airflow around the cylinder without
effective collisions. Moreover, in the case of this device with a rotating
cylinder made of absorbent material (toilet paper), not all the colliding
spray droplets are absorbed; some may bounce off.

The rotation of the cylinder causes uneven pressure symmetry,
affecting the airflow around the surface. The Coanda effect further in-
fluences the flow pattern by causing the airflow to adhere to the curved
surface of the cylinder (Panitz and Wasan, 1972). Initially, as the cyl-
inder starts to rotate, the absorbing efficiency (i.e., here, absorbing ef-
ficiency is defined as the ratio of the absorbed droplet mass flux to the
impinging droplet mass flux) increases due to the larger surface area of
the absorbent paper exposed to wind. However, the efficiency may
decrease with faster rotation at higher wind speeds as droplets have less
time to collide and be absorbed before being flung off the cylinder.
Additionally, the absorbing capacity is influenced by exposure time, and
absorbent materials like toilet paper may become saturated over time.
Consequently, using this setup in areas with high spray flux and heavy
weather conditions is not practical, as the absorbent material may
saturate quickly, leading to measurement errors.

4.1.2. Measurement method analysis

According to Tabata (1969), the toilet paper rolls had to be replaced
every five to six minutes during spray events, and the soaked rolls were
placed in a polyethene bag and weighed upon arrival at the port. Any
account for the consideration of the evaporated amount is not
mentioned.

4.2. Drums

4.2.1. Collector design analysis

The wind flow simulation around the drums used for spray distri-
bution measurement on Tarsiut Island (Muzik and Kirby, 1992) dem-
onstrates that the collection efficiency of the gauge decreases with
increasing wind speed. This is attributed to the pressure bias (Fig. 13 (a))
near the drum orifice, which can cause spray droplets to miss or be
deflected away from the orifice (Fig. 13 (b) and 12 (c)). Consequently,
the measured spray amount is underestimated. This is a prevalent error
associated with catching-type precipitation gauges due to their physical
shape, referred to as “wind-induced undercatch” (Pollock et al., 2018).
Winds higher than 15-20 m/s can significantly decrease the amount of
precipitation caught by such gauge, often by up to 50% (Ryerson and
Longo, 1992). Furthermore, the data collected with this method only
considers the vertical spray flux that falls directly onto the drums (Mintu
and Molyneux, 2022), which does not account for the spray flux in the
horizontal direction.
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Table 4
Summary of the sea-spray field measurements.
Measurement period Measurement site Region Device / method used Spray parameters Reference
measured
1963-1967 12 Japanese Patrol Nearby Hokkaido, Visual Spray amount Tabata (1969)

28-30 July 1964

February 1968
March 1968
March 1968
April 1968
April 1968

January — February
1969

January — February
1969

August — November
1969

February 1973

unknown

19-20 July; 20-21
August; 6-8
September; 17
September

April 1983 — December
1984

September 1985 —
January 1986

5-6 October 1985,
18-19 December
1985, and 21-25
January 1986

5 September — 25
November 1985

5-9 April 1986

5 February — 13 March
1990

boats (270-ton -
1100-ton class)

Patrol boat Chitose
(350- ton class)

MFV Academic Ber
(39.5 m long)

MFT Aland (54.2 m
long)

Siener
Murmanchanin

MFV Academic
Knipovitch

MFV Polyarnik (38.5
m long)

MFV Academic Ber
(39.5 m long)

MFV Professor
Somov

(39.2 m long)

MFYV Iceberg (39.2 m
long)

MFV Narva (39.5 m
long)

Ship (unknown)

Tarsiut Island

Semi-submersible
drilling rig Treasure
Scout

Jacket platform Edda

Sister ships Tender
Turbot and Tender
Trout

Stand-by vessel
Endre Dyrgy
Supply ships Troms
Tjeld

USCGC Midgett (115
m long)

Primorsky Krai, the
Kuril Islands, and the
Kamchatka region
Outside Wakkanai Port,
Japan

Sea of Japan

Barents Sea

Bering Sea’

Barents Sea

Barents Sea

Sea of Japan

Barents Sea

North Atlantic Ocean

Sea of Japan

unknown

Beaufort Sea

Barents Sea

North Sea

Central North Sea region

Central Bank

(74°30' N, 31°00' E)
southwestern Barents
Sea

Gulf of Alaska and the
Bering Sea

Sea-spray collector consisting of water
absorbing cylinder made of toilet
paper roll and wind cups

Visual

Visual
Visual
Visual
Visual
Visual

Visual

Unknown

Unknown

Droplet size measured by trapping
droplet in a mixture of soot and
viscous oil (1:3 ratio) deposited on a
metal substrate. Also, an absorbent
and colouring substrate.

Specially designed traps (unknown
construction) by the Leningrad
Polytechnic Institute

High-speed camera

10-20 mm oil-coated glass slides
attached to a boom extending from a
ship at 1.5-2, 4, and 7 m above the sea
surface

Spray collected in 45-gal drums (0.56
m diameter by 0.8 m high)

Absorbent panels made with baby
diaper

Pipe bend collector

High-speed camera

Visual

Absorbent panels

Pipe bend collector

Pipe bend collector

Visual

Pipe bend collector

Pipe bend collector

Visual
Horizontal spray interceptor

Vertical spray collector
Young automatic rain gauges (Model
50,202)

Rain and snow gauges (Model 6310-A)
Video camera
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Spray flux

Spray frequency
Spray frequency

Splashing of the ship
with spray
Spray frequency

Splashing the ship with
spray
Spray frequency

Splashing of the ship
with spray

Droplet size

LWC on different
locations (horizontal
and vertical surfaces)
Spray duration
Droplet size (wind and
collision generated
spray)

LWC (vertical profile)

Spray duration
Droplet size (wind-
generated spray)

Spray flux distribution
on the island

Vertical spray flux
distribution
Horizontal spray flux
distribution

Droplet size

Spray frequency
Limited measurements
collected due to safety
concerns during high
winds

Horizontal spray flux
distribution

Spray frequency

Horizontal spray flux
distribution
Horizontal spray flux
distribution

Spray frequency
Horizontal spray flux
distribution

Vertical spray flux
distribution

Vertical spray flux
distribution

Vertical spray flux
Estimate the duration
and characteristics of
spray events

Golub’iev (1972); Gurvitch
(1972); Panov (1976) *
Aksyutin (1979); Gurvitch
(1972); Rozenberg (1971)*
Rozenberg (1971)*

Rozenberg (1971)*
Gurvitch (1972; Rozenberg
(1971)*

Panov, (1976) *

Gurvitch (1972; Rozenberg
(1971)*

Gashin’s work published in
Borisenkov (1972);
Borisenkov and Panov (1972)

Borisenkov et al. (1975);
Panov (1976)

Preobrazhenskii (1973)

Muzik and Kirby (1992)

Jorgensen, (1986, 1985,
1984)

Horjen et al. (1986)

Ryerson and Longo (1992);
Ryerson (1995)

(continued on next page)
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Table 4 (continued)
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Measurement period Measurement site Region Device / method used Spray parameters Reference
measured
Universal flying particle camera Droplet size
1990 USCGC Midgett (115  Bering Sea Ship Motion Recorder (SMR) and a tri- ~ Ship motion Thomas (1991)
m long) axial accelerometer
Video cameras Spray events
1991 USS Monterey (173 northwest North Ship Motion Recorder (SMR) and a tri- ~ Ship motion

December 2012 —
January 2013

January — February
2014

July — August 2012

2013-2014 (JARE-55)
and 2014-2015
(JARE- 56)

22 August — 2 October
2016 (ArCS 2016)

24 October — 7
December 2018
(ArCS 2018)

27 September - 7
November 2019
(ArCS 2019)

11 September — 17
October 2021 (ArCS
2021)

winter seasons of
2017-2018 and
2018-2019

m long)

Mt. Desert Rock

Mt. Desert Rock

CCGS Icebreaker
Louis S. St-Laurent
(11,345 GT)
Icebreaker Shirase
(12,650 GT)

R/V Mirai (8706 GT)

R/V Mirai (8706 GT)

R/V Mirai (8706 GT)

R/V Mirai (8706 GT)

Norne FPSO

Atlantic Ocean

Gulf of Maine, 38 km
south of Bar Harbor

Gulf of Maine, 38 km
south of Bar Harbor

St. John’s to Lancaster

Sound and Canada Basin

Antarctic Ocean region

Arctic Ocean, Bering
Sea, and North Pacific
region

Arctic Ocean, Bering
Sea, and North Pacific
region

Arctic Ocean, Bering
Sea, and North Pacific
region

Arctic Ocean, Bering
Sea, and North Pacific
region

Norwegian Sea

axial accelerometer

Video cameras
Microscope slides coated with

Vaseline
CIP

Rotating multicylinder covered with
absorbent paper and microscope slides

Spray events

Droplet size (wind-
generated spray)
Droplet size and near-
surface spray
concentration
Characterize droplet size
distributions (wind-
generated spray)

Jones and Andreas (2013);
Andreas (2016); Jones and
Andreas (2014)

SPC Droplet size distribution ~ Ozeki and Sagawa, (2013);
and volume flux Shiga et al. (2015); Ozeki
et al. (2016, 2018); Ozeki
SPC Droplet size distribution et al., (2016b)
and volume flux
MRS Volume flux distribution
SPC and MRS Droplet size and volume Ozeki et al. (2016¢); Fushimi
flux vertical distribution et al. (2019); ArCS (2016,
2018, 2019, 2021)(Ozeki
SPC and MRS Droplet size and volume et al. (2016b)
flux distribution
SPC and MRS Droplet size and volume
flux distribution
MRS Volume flux in the bow

Rigspray Fluxmeter
Video recording system

region

Spray flux
Bow spray events

Teigen et al., (2019)

MFV - Medium-sized fishing vessel, MFT - Medium-sized freezing trawler, FPSO - Floating production, storage and offloading, GT — Gross Tonnage.
* Information found from Zakrzewski and Lozowski (1989); “Most Likely.

Fig. 12. The CFD simulation (15 m/s) of the wind flow of the sea-spray col-
lector device used by Tabata (1969).

4.2.2. Measurement method analysis

Muzik and Kirby, 1992 reported that the collected spray level was
manually recorded during strong weather events at regular intervals,
and there was no mention of an automatic measuring system. However,
the manual approach poses safety risks for personnel carrying mea-
surements in rough weather conditions and may introduce potential
errors, such as those arising from sloshing due to liquid movement
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within the container and parallax resulting from viewing angle
discrepancies.

4.3. Absorbent panels

4.3.1. Collector design analysis

According to the simulations, the absorbent panel (made with baby
diaper (Jorgensen, 1984)) shape causes flow separation (Fig. 14 (a) and
14 (b)) due to a pressure bias, with higher pressure on the front than the
backside. As a result, the collision efficiency decreases as wind speed
increases, reducing contact between spray droplets and the absorbent
material. Turbulent conditions can further diminish the absorbing effi-
ciency, as droplets may be carried away before being absorbed. More-
over, the absorbent capacity of the material diminishes over time.
Consequently, using this setup in high spray flux and adverse weather
conditions may introduce measurement inaccuracies.

4.3.2. Measurement method analysis

The soaked absorbent panels were weighed using a spring balance to
measure the vertical spray flux. However, this method may introduce
errors because of the acceleration of the moving platform.

4.4. Bend pipe collector

4.4.1. Collector design analysis
The simulation around the bend pipe collector indicates that when
the air-borne droplets are carried at higher wind velocity can lead to the
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Velocif =
Streamline 1

2.343e:

Fig. 14. (a) The CFD simulation (15 m/s) shows the wind field in a vertical plane; (b) Wind field in a horizontal plane (both planes crossing the centre of the
absorbent panel).
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Fig. 15. (a) The CFD simulation (15 m/s) shows the pressure field across the bend pipe collector; (b) the wind flow around the bend pipe collector.
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Fig. 16. (a) The CFD simulation (15 m/s) shows the wind flow around the CRREL horizontal spray interceptor; (b) pressure field across the horizontal spray

interceptor.

e\ /].<_ Capacitance wire

Fig. 17. Capacitance wire measurement system in the tank.

formation of an air plug at the inlet. This is caused due to the pressure
bulb located around the opening, as depicted in Fig. 15 (a), which blocks
the airflow due to the dead-ended or constricted design of the collector.
As the wind speed increases, the pressure bulb intensifies, resulting in
most spray droplets not entering the collector but instead passing
around the bulb (evident in Fig. 15 (b)). The air plug may significantly
reduce the collection efficiency. Only larger droplets with higher kinetic
energy and momentum may have the ability to overcome the resistance
created by the pressure bulb and enter the collector. The larger droplets
with higher stokes numbers possess more body force which helps them
to resist airflow deviation.

4.4.2. Measurement method analysis

During the field expedition, manual readings were taken from the
level gauge attached to the pipe bend collector. However, this approach
poses risks in adverse weather conditions and difficulty accessing
equipment (Horjen et al., 1986). Additionally, parallax errors may occur
when reading the spray level.
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4.5. CRREL horizontal spray interceptor

4.5.1. Collector design analysis

The wind simulation of the CRREL horizontal spray interceptor
(Walsh et al., 1992) demonstrates effective airflow dynamics. The air
enters the constricted inlet, flows through the large internal chamber
with twice the inlet diameter, then flows around the convex baffle and
exits through the mesh at the back (Fig. 16 (a)). The design utilises the
Venturi effect (Venturi, 1797), which minimises flow separation and
prevents the formation of a pressure bulb at the inlet (Fig. 16 (b)). This
results in enhanced airflow and efficient transport of spray droplets
within the collector.

4.5.2. Measurement method analysis

A system with Teflon-coated capacitive wire (Fig. 17) was designed
to measure the spray level automatically in the collecting tank. How-
ever, the system produced fluctuating and noisy measurements during
the Midgett expedition. The noise in the spray data was attributed to the
measurement of saline spray instead of fresh water (Ryerson and Longo,
1992). There were only minimal noise issues before filling the tanks with
seawater and draining them for the first time. The noise significantly
increased after the capacitive wires became covered with saltwater.
Variations in the wetness of the wires due to splashing and humidity
changes likely contributed to the noise problem.

4.6. CRREL vertical spray collector

4.6.1. Collector design analysis

A rain gauge-like collector with a 30 cm diameter funnel was used to
measure vertical spray flux (Walsh et al., 1992). Similar to the drum
simulation discussed in Section 4.2, this collector faced the problem of
undercatch (Ryerson and Longo, 1992).

4.6.2. Measurement method analysis

The CRREL vertical collector collected spray in the measuring tank
with the same capacitive wire system as for the horizontal collector
(Section 4.5). However, the noise in the vertical spray flux collectors was
noticeably lesser. This suggests the presence of an additional factor
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Fig. 19. (a) The CFD simulation (15 m/s) of MRS showing the pressure field around spray trap mounted on top of the Young gauge (Model 50,202); (b) flow field
around the around the spray trap; (c) wind flow around the spray trap.

Yelocity — —
Streamline 1 = =

1900e+01 —— ;,: — (a)

Fig. 20. (a) The CFD simulation (15 m/s) shows the wind flow across the CIP (Cloud Imaging Probe) sensor; (b) pressure field across the CIP sensor.

amplifying the noise, possibly related to the horizontal collectors
(Ryerson and Longo, 1992). The increased noise in the horizontal col-
lector is believed to be due to its higher filling and draining frequency
(as they intercepted more spray), the fast-moving air passing through

the collectors causing splashing in the tank water, and the quick changes
in humidity resulting from the scooping action of the collectors, which
may have contributed to the noise.

15



S. Dhar et al.
4.7. Spray particle counter

4.7.1. Design analysis

The Spray Particle Counter (SPC) (Ozeki et al., 2016b) is an optical
measuring device designed with an aerodynamic shape that minimises
drag and allows the sensor probe to move through the air with minimal
resistance as long as it is oriented towards the wind. The body shape is
intended to promote smooth airflow and reduce turbulence to avoid
flow separation (see Fig. 18 (a) and (b)). The protruding sensor
component is positioned such that it can account for the droplets whose
trajectories are uninterrupted. This maximises the number of droplets
that pass through the sensor, thereby increasing the chances of suc-
cessful measurements and accurate data collection.

4.7.2. Measurement method analysis

The device can count droplet sizes ranging from diameter 100-1000
pm and accordingly is divided into 32 bins by the processor. The
measuring frequency is 1 Hz. The volume flux of the spray is estimated
by the formula of sphere volume 4xrd/3, where r. is the class value of
droplet radius. The volume flux unit is the same as precipitation which is
mm per unit of time.

4.8. Marine rain gauge type Spray gauge

4.8.1. Design analysis

The airflow simulation around the marine rain gauge type spray
gauge (MRS) spray trap (Ozeki et al., 2016b) shows that pressure bias
causes flow separation (Fig. 19 (a)), deflecting the airstream away from
the trap (Fig. 19 (b) and Fig. 19 (c)). This leads to smaller droplets
bypassing the trap, while only larger droplets collide with the trap. As
wind speed increases, this becomes more prominent, as even larger
droplets that could potentially collide with the trap may bounce and be
carried away by the wind. Consequently, the spray fails to enter the
gauge, reducing the MRS collection efficiency. The small size of the
spray trap may also limit its ability to block high spray volume, poten-
tially resulting in missed measurements.

4.8.2. Measurement method analysis

The spray amount collected in the MRS is automatically measured
with the R.M. Young rain gauge (Model 50,202). The device uses a
capacitive sensor around a measuring tube to determine the water level.
It has no moving parts, making it suitable for use on moving platforms,
such as ships and floating buoys (Weller, 2018). The readings can be
recorded using a data logger for continuous autonomous measurements.
Once the device is filled, it self-siphons the water, starting another
measurement cycle.

Cold Regions Science and Technology 217 (2024) 104029
4.9. Cloud-imaging probe

4.9.1. Design analysis

The simulation shows that the streamlined cylindrical body of the
cloud-imaging probe (CIP) (Andreas, 2016) minimises drag and allows
smooth airflow when facing the wind (Fig. 20 (a) and (b)). The extended
sensor probes aligned towards the wind account for spray droplets un-
affected by flow separation, ensuring accurate measurements.

4.9.2. Measurement method analysis

The CIP can detect spray droplets and measure their sizes as they pass
through its probe within its measurement range (6.25-775 pm radii for
the model used by Andreas (2016)). It also provides the LWC, which can
be used to calculate the spray flux.

4.10. RigSpray fluxmeter

4.10.1. Collector design analysis

The CFD simulation of the Fluxmeter collector plate (Teigen et al.,
2019) illustrates the influence of airflow on sea spray droplet trajectory
(see Fig. 21 (a) and 21 (b)). The plate placed in an airflow creates a high-
pressure zone in the front and a low-pressure zone behind (Fig. 21 (c)),
resulting in vortexes. This diverts the airflow around the plate, causing
smaller droplets to be carried away and reducing their collision with the
plate. Heavier droplets are more likely to collide and collect in the in-
strument cabinet for measurement. The design of the collector plate
resembles a vertical surface, such as the bulkhead of a marine structure,
to measure spray flux impinging on such surfaces. As wind speed in-
creases, the stronger pressure bias makes it more challenging for spray
droplets to land on the plate, further reducing collision efficiency.

4.10.2. Measurement method analysis

The spray intercepted by the plate is directed into the instrument
cabinet through a pipe and collected in a tipping bucket. A pressure
gauge is integrated into the bucket to measure the water level by
detecting the corresponding pressure change during the collection
process.

5. Discussion

The performance of spray measuring devices can be discussed from
the perspective of the effectiveness of the methods used to measure
important sea spray parameters, including LWC, spray frequency,
duration, and droplet size distribution. Furthermore, evaluation of the
practicality in operational settings should consider various components
of the devices, emphasising the collector part design, spray amount
measurement part, and logging aspects. By integrating the performance
of both measurement methods and device components, valuable insights

Fig. 21. (a) The CFD simulation (15 m/s) shows the wind field in a vertical plane. (b) wind field in a horizontal plane (both planes crossing the centre of the collector

plate of the RigSpray Fluxmeter). (c) pressure field in a horizontal plane.
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Fig. 22. (a) The CFD simulation (15 m/s) showing the wind flow from the mesh screen of the CRREL horizontal spray interceptor. (b) Efficiency curve for calibration

of the horizontal spray interceptor (Walsh et al., 1992).
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Fig. 23. (a) Water level measurement system prototype (1987); (b) a sea spray “profiling system”; (c) measurement system on a rig column (Roebber and

Mitten, 1987).

are gained, enabling the identification of strengths, limitations, and
potential areas for improvement in the measurement methods and de-
vice components.

The devices used to measure droplet sizes, such as high-speed cam-
eras, SPC (Ozeki et al., 2016c¢), and CIP (Andreas, 2016), are suitable for
remote data collection with minimal assistance. However, it is important
to consider that these devices are designed to measure droplet sizes
within specific ranges. As sea spray droplet sizes can vary significantly,
ranging from 0.02 pm to 7.7 mm in diameter (Ryerson, 1995; Veron,
2015), one specific device might not cover the entire spectrum. Addi-
tionally, it should be acknowledged that these techniques provide
measurements of a small sample volume, which may not be represen-
tative of the droplet size distribution of the entire spray cloud.

Spray frequency data is primarily collected through visual counting,
which has limitations regarding the quantity of data that could be
collected and the accuracy due to subjective assessment. For instance,
Jorgensen (1984) reported a discrepancy of approximately 10% in spray
frequency measurements counted by two observers. Regarding the spray
duration measurement, during the Midgett expedition, spray duration
data were obtained from 39 events by meticulously analysing camera
footage frame by frame (Ryerson, 1995). Acquiring spray frequency and
duration data through these techniques is time-consuming and
cumbersome, leading to limited available data.

The sea-spray flux measuring devices utilising absorbent materials
like toilet paper (Tabata, 1969) and baby diapers (Jorgensen, 1984) are
inexpensive but prone to saturation and unsuitable for autonomous
measurement. Optical instruments like SPC (Ozeki et al., 2016c¢) and CIP
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(Andreas, 2016), despite their aerodynamic shapes and ability to ac-
count for horizontal and vertical flux, have limited droplet size mea-
surement capabilities. They are costly, delicate, and may need frequent
maintenance when deployed in saline marine environments.

Catching-type collector designs like drums (Muzik and Kirby, 1992),
bend pipe collector (Horjen et al., 1986; Jorgensen, 1984), CRREL
horizontal and vertical spray collector (Ryerson and Longo, 1992), MRS
(Ozeki et al., 2016c¢), and RigSpray Fluxmeter (Teigen et al., 2019) are
favoured for their ease of manufacturing and long-term deployment in
harsh weather conditions. However, they face problems related to flow
separation due to their bluff body shape, leading to decreased collection
efficiency. Quantifying the wind-induced measurement error is essential
to avoid establishing all modelling and subsequent decision-making
based on flawed knowledge (Colli et al., 2018). There are experi-
mental (Pollock et al., 2018; Cauteruccio et al., 2021) and numerical
methods (Colli and Lanza, 2016; Colli et al., 2018) used to address this
issue. Windshields can be employed for vertical collectors to minimise
wind-induced undercatch (Colli et al., 2016).

Among the horizontal collector designs, the CRREL horizontal spray
interceptor (Walsh et al., 1992) has an efficient design to keep the flow
separation minimal. However, with an increase in wind speed, its
collection efficiency decreases, as smaller droplets entrained in the
airflow may escape through the mesh at the back of the collector instead
of falling into the measurement tank (Fig. 22 (a)). Walsh et al. (1992)
presented a calibration curve (Fig. 22 (b)) based on experimental results
to compensate for this efficiency decrease. However, it only accounts for
droplets of diameter 0.5 mm, while real-world scenarios may involve
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even smaller sea spray droplets, which further reduces the efficiency.
Additionally, some smaller droplets may not enter the collector due to
pressure perturbations at the inlet, which are also not accounted for in
the experimental efficiency graph.

An automatic measuring device is the preferred method for logging
the amount of collected spray due to the various advantages it offers.
Notably, it provides larger amounts of data over extended periods,
which can be beneficial in more advanced data analysis methods,
including those based on machine learning. Moreover, it eliminates the
need for constant human presence during harsh weather conditions,
leading to enhanced safety in data collection campaigns.

The automatic capacitive water level measuring system (Walsh et al.,
1992) used in the Midgett expedition exhibited high noise. Ryerson and
Longo (1992) evaluated various methods and found that tipping and
weighing buckets were unreliable due to the potential errors caused by
ship motion. Instead, buckets (with float) or capacitive sensors in stilling
wells and ultrasonic level detectors were identified as suitable alterna-
tives. The RigSpray Fluxmeter (Teigen et al., 2019) design employs a
tipping bucket arrangement, which also may be influenced by platform
movement. The R.M. Young rain gauge (Model 50,202) performed well
during the Midgett expedition (Ryerson and Longo, 1992) and during its
use in MRS (Ozeki, personal communication, 2022). The gauge reading
is also unaffected by the moving platform, making it a reliable choice.

Roebber and Mitten’s (1987) report provides guidance on planning
field expeditions, which includes suggestions on equipment for collect-
ing sea-spray data. An illustration of a measurement system for col-
lecting and measuring spray is presented (Fig. 23 (a)). The system was
developed at the National Research Council Canada. It included a
serrated surface, funnel, electrical contacts, and a heated jacket and
utilised a siphon tube or an electrical dump valve for draining (described
by Stallabrass in personal communication with Roebber and Mitten).
Another option suggested is a sea spray “profiling system” (Fig. 23 (b))
with collectors at different heights on a pole. Zakrzewski proposed
(personal communication with Roebber and Mitten) placing collectors
below the main deck of a rig to capture spray from different directions
and heights (Fig. 23 (c)). Each collector would have an evaporation
barrier, an electrically controlled suction, measurement, and a draining
system for automated operation.

Ryerson and Longo (1992) proposed some optical-based measure-
ment systems, concerning the equipment malfunctioning issues they
encountered. They recommend particulate volume counters, such as
Laser Doppler Velocimeter and Particle Analyser, as potential options to
measure sea spray, as they have the ability to detect small changes in
spray flux. The optical instruments offer the advantage of directly
measuring local LWC without significantly disturbing the surrounding
wind field. The spray mass flux at the icing location is proportional to
the droplet impact velocity and will hence depend more on test condi-
tions. More recently, Dhar (2021) and Dhar and Khawaja (2021) pro-
posed how LiDAR equipment might benefit sea spray measurement
because of its high spatial and temporal resolution.

6. Concluding remarks

In this critical review, various techniques and devices used in field
expeditions for collecting sea spray data are analysed. CFD simulations
are utilised in order to assess the efficiency of spray flux measuring
devices. The review also provides a summary of the field expeditions
that were carried out with the objective of collecting data on spray
characteristics, including liquid water content, spray frequency, dura-
tion, and droplet size distribution. These parameters are crucial for
developing robust spray-flux expressions, which is a key part of accurate
marine icing estimation.

Visual counting, commonly used for spray frequency data, has lim-
itations in terms of data quantity and accuracy due to subjective
assessment. Frame-by-frame analysis of video footage for spray duration
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is time-consuming and yields limited data. Therefore, there is a need for
more efficient techniques, potentially incorporating machine learning
algorithms for automated spray event counting and duration estimation
from video recordings.

Absorbent material-based sea-spray flux measuring devices offer
cost-effective solutions but are prone to saturation and require regular
replacement and weighing. Optical instruments have advantageous de-
signs but limited capabilities in measuring a wide range of droplet sizes.
They are also costly and may require frequent maintenance in marine
environments.

Catching-type collector designs are favoured due to their ease of
manufacturing and suitability for long-term deployment in harsh
weather conditions. However, the flow separation issue leading to
decreased collection efficiency needs to be addressed. Quantifying wind-
induced measurement errors is crucial for improving their accuracy. Our
CFD simulations demonstrated that the CRREL horizontal spray inter-
ceptor has an efficient design compared to other horizontal catching-
type collectors. However, its collection efficiency decreases at higher
wind speeds, highlighting the need to overcome this limitation.

For logging the amount of collected sea spray, automatic measuring
devices are ideal. These devices continuously log the collected spray
level and automatically empty when full, ensuring uninterrupted
autonomous measurements. The R.M. Young automatic rain gauge
(Model 50,202) has demonstrated satisfactory performance in prior field
expeditions and is suitable for installation on moving platforms, making
it a viable option.

In conclusion, this critical review provides valuable insights into the
advantages and limitations of techniques and instruments used in sea-
spray data collection. We emphasise the importance of selecting
appropriate measurement systems tailored to the challenges, which will
contribute to the development of robust marine icing models. While
standard equipment or methods for such measurements are currently
unavailable, researchers have employed diverse equipment designs
based on their specific requirements. By identifying areas for improve-
ment and considering insights gained from CFD simulations, future re-
searchers can design more efficient systems for comprehensive and
reliable sea-spray data collection.
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Appendix A. Appendix

Table A.1. CAD model dimensions and total number of mesh elements used in the CFD simulations.
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Fig.A.1. Model used in Section 4.1. Fig.A.2. Model used in Section 4.2. Fig.A.3. Model used in Section 4.3.
Number of elements: 3,380,452 Number of elements: 4,105,459 Number of elements: 3,850,342
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Fig.A.4. Model used in Section 4.4. Fig.A.5. Model used in Section 4.5. Fig.A.6. Model used in Section 4.7.
Number of elements: 3,768,576 Number of elements: 16,755,803 Number of elements: 3,505,798

(continued on next page)
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(continued)
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Young precipitation
gauge model 50202

Fig.A.7. Model used in Section 4.8.
Number of elements: 3,673,694

Fig.A.8. Model used in Section 4.9.
Number of elements: 4,830,076

S

Fig.A.9. Model used in Section 4.10.
Number of elements: 4,443,261
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