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A B S T R A C T   

The risk of sea-spray icing on vessels and marine structures in cold regions highlights the need for an accurate 
and robust marine-icing estimation model. To develop such a model, it is crucial to accurately determine the 
quantity of liquid water available for freezing on the structure, as it directly influences ice formation. As sea 
spray constitutes the primary source of liquid water contributing to marine icing, researchers have often focused 
on measuring sea-spray flux from field campaigns to establish empirical expressions for icing estimation. 
However, due to the lack of standardised equipment or methods for such measurements and concerns regarding 
the generalisability and transferability of resulting empirical expressions, researchers have resorted to employing 
a variety of equipment and techniques tailored to their specific research requirements. Nevertheless, these ap-
proaches have inherent limitations. This paper introduces a novel spray collector device inspired by the cyclone 
separator, capable of performing real-time autonomous spray flux measurements on vessels and moving plat-
forms. The collector is constructed using carbon fibre-infused nylon material, ensuring durability in harsh cold 
marine climates. Computational Fluid Dynamics (CFD) simulations and laboratory tests demonstrate that the 
design of the new collector is more efficient than that of the previously employed devices, particularly at higher 
wind speeds. The device is currently deployed on a fish farm in Northern Norway in order to assess its perfor-
mance in field conditions. The paper also shares preliminary findings, experiences, and limitations encountered 
during the deployment period.   

1. Introduction 

Ice accretion on ships and marine structures can significantly impact 
crew safety, and sea-keeping performance, impair critical machinery 
and systems, and may compromise structural stability leading to 
capsizing, as seen in the recent tragic incidents of the sinking of the 
fishing vessel ONEGA on 28 December 2020 (Dhar et al., 2022), and 
capsizing of fishing vessel Scandies Rose on 31 December 2019 (NTSB, 
2020). In order to address this issue, various approaches have been 
employed, including establishing regulations, implementing winteriza-
tion techniques, and providing marine icing forecast warnings. 

International codes and standards such as IMO Polar code (IMO, 
2017), ISO 19906:2019 (ISO, 2019), N-003:2017 (NORSOK Standard, 
2017), LR (LR, 2023), DNV-RU-SHIP Pt.6 Ch.6 (DNV, 2023) have 
established guidelines to set the minimum stability criteria for vessels 
and marine structures operating in cold regions. These regulations 
consider the potential risk of icing that may be encountered and are 

typically based on simplified and generalised equations for icing al-
lowances (Mintu et al., 2016), which may be an overly conservative 
approach as it is based on a limited number of calibration data sets 
focused on particular geographic regions (Mintu and Molyneux, 2022). 
Winterization involves implementing measures and techniques to 
ensure the vessel or structure can safely operate in cold weather con-
ditions (Baller, 1983; Cho et al., 2017). These measures may include 
applying anti-icing or de-icing systems, which can be active methods 
utilising power such as heating systems, or passive methods that do not 
primarily rely on power such as insulating critical components or using 
manual tools such as hammers and shovels (DNV, 2021). However, 
smaller ships, particularly fishing vessels vulnerable to icing, may lack 
sufficient power for active methods, and during hazardous icing events, 
it may not be feasible for the crew to use passive techniques (Naseri and 
Barabady, 2016; Barabadi et al., 2016). It is also important to consider 
that even with the implementation of anti- and de-icing measures, it 
does not guarantee safety in severe conditions (Deshpande et al., 2021). 
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Hence the best approach is to avoid such situations altogether based on 
reliable weather warnings. 

Over the past few decades, advancements in meteorology research 
have resulted in improved icing prediction for vessels operating in cold 
regions. By incorporating meteorological and oceanographic forecasts, 
the icing estimation models, such as the Modified Overland model 
(Overland et al., 1986; Overland, 1990; Desjardins, 2013), Modified 
Stallabrass model (Stallabrass, 1980; Henry, 1995), and the Marine- 
Icing Model for the Norwegian Coast Guard (MINCOG) (Samuelsen 
et al., 2017) evaluate the icing rate for a particular type of vessel. The 
output provides icing-forecast information, which is often used to issue 
warnings, usually in the form of icing-rate maps (e.g., Fig. 1; also see 
Barents Sea icing climatology (Naseri and Samuelsen, 2019)). This in-
formation can assist operators in making informed decisions regarding 
route planning to avoid such conditions, operation scheduling, and 
implementing appropriate anti-icing or de-icing measures. 

In icing estimation models, ice accretion is mainly determined by the 
heat exchange between the surrounding environment and the liquid 
water flux that is available to freeze on the structure (Samuelsen, 2017; 
Makkonen, 1987). It is also well known from observations from vessels 
and marine structures that sea spray is the main source of liquid water 
contributing to marine icing (Zakrzewski, 1987; Jones and Andreas, 
2009; Samuelsen and Graversen, 2019). According to Kulyakhtin 
(2014), the accuracy of the modelling of heat exchange part in the icing 
estimation model is relatively high given the extensive research con-
ducted in laboratories (Panov, 1976; Foy et al., 1987; Launiainen et al., 
1983; Makkonen, 1987; Stallabrass, 1980; Carstens et al., 1984; 
Vefsnmo, 1985; Kulyakhtin et al., 2013, 2016) and some field settings 
(Tabata et al., 1963; Minsk, 1984; Horjen et al., 1986; Ryerson and 
Longo, 1992). Thus, the primary source of uncertainty in icing estima-
tion arises from the limited availability of spray flux measurements 
(Kulyakhtin, 2014). 

The incoming spray flux is produced from two primary sources, one 
generated from the impact between waves and the hull, and the other 

formed by the wind tearing off droplets from wave crests, resulting in 
spume droplets. Various factors, including the structure shape, size, 
speed of the vessel, and the orientation of the hull or structure relative to 
waves and wind influence the incoming spray flux under specific 
meteorological and oceanographic conditions (Bodaghkhani et al., 
2016; Dehghani et al., 2018, 2016a, 2016b). The complexities associ-
ated with the trajectory of water droplets by airflow and the unique 
interactions with different structures make it challenging to directly 
apply theoretical and observational results between vessels or structures 
(Roebber and Mitten, 1987). To address this challenge, researchers 
emphasise conducting spray flux measurements on multiple vessels and 
marine structures under diverse meteorological and oceanographic 
conditions to develop a robust spray flux model for enhancing the ac-
curacy of marine icing estimation. 

There have been some field campaigns conducted to collect spray 
data on vessels (Tabata, 1969; Horjen et al., 1986; Borisenkov et al., 
1975; Zakrzewski and Lozowski, 1989; Ryerson and Longo, 1992; Ozeki 
and Sagawa, 2013; Ozeki et al., 2016a, 2018; Teigen et al., 2019), 
offshore structures (Jorgensen, 1986, 1985, 1984; Minsk, 1984), and 
even islands (Muzik and Kirby, 1992; Jones and Andreas, 2013, 2014; 
Andreas, 2016). Some of the data are utilised to develop empirical spray- 
flux formulae, which are consequently utilised as input for the icing 
estimation models. However, there can be differences in the output of 
these formulas (see table 1. in Forest et al. (2005)). Notably, the ICE-
MOD icing estimation model (Horjen and Vefsnmo, 1985) developed by 
the Norwegian Hydrotechnical Laboratory and the RIGICE04 model 
(Forest et al., 2005) developed by the Canadian Atmospheric Environ-
ment Service exhibit a significant disparity in spray flux input. The 
formula used in ICEMOD estimates 10–1000 times less spray flux than 
the formula used in RIGICE04 (Kulyakhtin and Tsarau, 2014). This 
discrepancy in spray flux may be due to the different structures 
considered, as ICEMOD incorporates spray generated by waves inter-
acting with a semisubmersible (Jorgensen, 1985), while RIGICE04 
measures spray after wave interaction with an island (Muzik and Kirby, 

Fig. 1. Icing-rate map during ONEGA capsizing event at 28-12-2020 04:00 UTC, according to MINCOG model.  
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1992). Nevertheless, Kulyakhtin (2014) argues that the reported 
disparity cannot be solely attributed to variations in structure geometry 
and the reason needs further investigation. The accuracy of a model is 
intricately linked to the quality and comprehensiveness of the data used 
in its development, and this, in turn, is influenced by the accuracy of the 
equipment utilised for data collection. 

Collecting spray data from the field in the hazardous cold marine 
environment, characterised by high winds, waves, and cold tempera-
tures, poses significant challenges. This presents logistical, technolog-
ical, cost, and safety obstacles (Roebber and Mitten, 1987; Dhar and 
Khawaja, 2021). Furthermore, there is an absence of standardised 
equipment and methods for spray data collection (Ryerson and Longo, 
1992). Each team implemented or designed its own devices and tech-
niques to collect field data. Various devices have been utilised for col-
lecting spray-flux data, such as absorbent materials (Tabata, 1969; 
Jorgensen, 1984; Jones and Andreas, 2014), optical instruments 
(Andreas, 2016; Ozeki and Sagawa, 2013), and catching-type collectors 
(Horjen et al., 1986; Jorgensen, 1984; Muzik and Kirby, 1992; Ozeki 
et al., 2016a; Ryerson and Longo, 1992; Teigen et al., 2019). 

Absorbent materials are cost-effective and easily deployable; how-
ever, they are susceptible to saturation requiring frequent replacements 
and may not be effective in locations receiving high incoming spray flux. 
Researchers also deployed optical instruments like Spray Particle 
Counter (SPC) (Ozeki et al., 2016a) and the cloud-imaging probe (CIP) 
(Andreas, 2016), which can count spray droplets by size as they pass 
through optical sensors. However, their limited droplet size measure-
ment ranges (SPC: 100–1000 μm, CIP: 12.5 μm to 287.5 μm in diameter) 
do not fully capture the spectrum of sea spray droplet sizes observed in 
previous field measurements (0.02 μm to 7.7 mm in diameter) (Ryerson, 
1995; Veron, 2015). Additionally, these devices are expensive, fragile, 
and may require frequent upkeep when deployed in saline marine en-
vironments. Catching-type collectors (i.e., the collectors that directly 
capture and collect spray droplets) are commonly preferred due to their 
practicality, as these do not require complex systems, are easy to 
construct, and suitable for prolonged deployment in challenging field 
conditions. 

Catching-type rain gauge designs, like drums (Muzik and Kirby, 
1992) and the “Cold Regions Research Engineering Laboratory” 
(CRREL) vertical collector (Ryerson and Longo, 1992), were used for 
vertical sea-spray flux measurement. However, these designs are sus-
ceptible to “wind-induced undercatch,” resulting in measurement un-
derestimation, particularly at higher wind speeds (Pollock et al., 2018). 
This error arises from pressure bias near the gauge orifice, deflecting 
spray droplets away from the inlet. Solutions may involve experimental 
(Cauteruccio et al., 2021) and numerical methods (Colli and Lanza, 
2016), and windshields (Colli et al., 2016) or choosing a proper gauge 
installation location to minimise this effect (Weller et al., 2008). 

Various catching-type designs have been employed for measuring 
horizontal spray flux, including pipe bend collectors (Jorgensen, 1986, 
1985, 1984; Horjen et al., 1986) (Fig. 2 (a)), Marine rain gauge type 
Spray gauge (MRS) (Ozeki et al., 2016b) (Fig. 2(b)), collector plate of 
RigSpray Fluxmeter (Teigen et al., 2019) (Fig. 2(c)). However, insight 
from CFD simulations by Dhar et al. (2023) highlights a common limi-
tation, which affects the accurate representation of spray flux mea-
surements, especially at higher wind speeds. This limitation is associated 
with their bluff body designs, causing pressure bias to induce flow 
separation, deflecting the airstream away. As a result, smaller droplets 
bypass the device inlet, with only larger droplets with more body force 
having the potential to enter. This effect becomes more pronounced as 
wind speed increases, leading to reduced collection efficiency. The 
CRREL horizontal spray interceptor (Walsh et al., 1992) (Fig. 2(d)), 
features an efficient flow-through design that minimises flow separation 
caused by pressure perturbations (discussed in Section 2.5). Neverthe-
less, its efficiency also decreases with rising wind speeds, as some 
droplets escape prior to entering the measurement chamber, as further 
elaborated in Section 3.3. Accounting for this efficiency decrease can be 
challenging, and it can introduce errors in the empirical formulae 
derived from the collected data, and subsequently affect the accuracy of 
the icing model. 

This highlights the need for a reliable spray flux measurement device 
that can accurately work even in strong winds, as higher wind speeds are 
associated with adverse weather situations that generate spray, which 
may lead to severe icing events in cold conditions. In addition to an 
efficient design for capturing sea spray, it is desirable for the device to 
operate without frequent human assistance and withstand harsh con-
ditions, enabling long-term measurements, on both fixed and moving 
structures. Cost-effectiveness is also important to facilitate the deploy-
ment of multiple devices, allowing for a comprehensive understanding 
of spray distribution on marine structures. 

To address these gaps, the SPRICE sea spray collector is introduced in 
this paper as a novel device designed for measuring horizontal sea-spray 
flux. The collector consists of two parts, with the first part featuring a 
catching-type design inspired by the cyclone separator. This innovative 
design allows for efficient separation and collection of air-borne sea 
spray droplets, isolating them from the airflow. The second part is an R. 
M. Young model 50,202, which is an automatic gauge for measuring the 
collected spray amounts in real-time. The SPRICE sea spray collector 
design is evaluated for airflow efficiency using Computational Fluid 
Dynamics (CFD) simulations. ANSYS® Fluent CFD solver is used to 
simulate steady-state wind flow with Reynolds-averaged Navier-Stokes 
(RANS) equations and the k-ω Shear Stress Transport (SST) turbulence 
model (Menter et al., 2003; Menter, 1994). The collector is subsequently 
3D printed using carbon fibre-infused nylon material for enhanced 
durability in harsh marine climates. Complementing the CFD simulation 

Fig. 2. Horizontal catching-type sea spray flux measurement devices (a) Pipe bend collector (Horjen et al., 1986); (b) MRS (Ozeki et al., 2016b); (c) RigSpray 
Fluxmeter (Teigen et al., 2019); (d) CRREL horizontal spray interceptor (Walsh et al., 1992). 
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results, laboratory tests are conducted to evaluate the collector’s per-
formance and asses its efficiency compared to other devices. 

The collector is put to the test by deploying it at a fish farm situated 
in Northern Norway, where the vulnerability of fish cages to sea-spray 
icing and related damages is a concern. The paper also highlights the 
preliminary findings obtained from this field installation, shedding light 
on the device performance feasibility in practical marine environments. 
Furthermore, the study acknowledges and discusses the limitations and 
challenges faced during the deployment, offering valuable insights into 
the real-world implementation of the device. 

The rest of the paper is organised as follows: Section 2 discusses the 
design and development of the proposed SPRICE sea spray collector; 
Section 3 focuses on experimental validation; Section 4 provides insights 
into field deployment experiences, and Section 5 presents the study’s 
conclusion. 

2. Proposed novel spray collector 

2.1. SPRICE sea spray collector concept and design 

According to Veron (2015), wind-generated sea spray droplets 
exhibit sizes varying from 0.01 μm to 6 mm in radii, while Ryerson 
(1995) observed droplets ranging from 14 μm to 7.7 mm in diameter 
resulting from wave impact with the ship’s hull during the Midgett 
expedition (Ryerson and Longo, 1992). The smaller droplets with a low 
Stokes number (<< 1) almost instantaneously respond to airflow fluc-
tuations due to their negligible inertia and consequently tend to closely 
adhere to the airstream (Jebakumar and Abraham, 2016). If the inlet of 
the catching-type spray collector experiences high-pressure build-up, 
smaller droplets may fail to enter the collector and deviate from their 
intended path due to flow perturbation, leading to a reduction in 
collection efficiency (Dhar et al., 2023). Therefore, it is crucial for an 
efficient spray collector to maintain a balanced inflow and outflow of air 
to prevent pressure build-up at the inlet. Moreover, once the spray 
droplets enter the collector, it is essential to intercept and separate them 
from the airflow to prevent their escape with the outflow. The effective 
capture of smaller droplets ensures the successful collection of larger 
droplets as well, as larger droplets possess greater body force making 
them less influenced by surrounding airflow change, thereby, more 
likely to enter the collector. These serve as the fundamental principles 
behind designing an efficient spray collector for capturing sea spray 
droplets and measuring accurate sea-spray flux. 

The SPRICE sea spray collector is developed by incorporating these 
principles in order to address the challenges associated with measuring 
sea spray flux. The design of the collector draws conceptual inspiration 
from the cyclone separator (Fig. 3.), which is a mechanical device 
commonly employed in industrial processes for particle separation 
entrained in a fluid stream (gas or liquid) (Hoffmann and Stein, 2008). 

The cyclone separators consist of a cylindrical chamber with a 
tangential inlet for fluid with entrained particles, a top outlet for cleaned 
fluid, and a bottom outlet for separated particles. The balanced orbital 
theory (Barth, 1956; Dietz, 1981) is the widely adopted theory 
explaining particle separation based on opposing forces within the 
separator (Hoffmann and Stein, 2010; Song et al., 2016). The fluid 
carrying the particles enters through the tangential inlet and spirals 
downward as the outer vortex, with centrifugal force pushing particles 
towards the wall. An inner vortex forms closer to the centre, moving 
upward, which causes inward drag force, pushing particles inward. The 
inward drag is directly proportional to the particle diameter, while the 
outward centrifugal force is proportional to the diameter cube (Hoff-
mann and Stein, 2010). Hence, larger particles dominated by centrifugal 
force, spiral down to the bottom for collection, while smaller particles 
with less inertia may escape through the top exhaust. 

The SPRICE sea spray collector (Fig. 4.) is designed to effectively 
capture and separate sea spray droplets from the airflow while ensuring 
a balanced inflow and outflow to avoid pressure build-up at the inlet. It 

incorporates design features, including a large exhaust, provision for air 
outlet from the bottom, and an absence of constriction inside, which 
promote unobstructed airflow. The round inlet minimises directional 
bias, while its truncated conical shape widening inward leverages the 
Venturi effect (Venturi, 1797) to reduce pressure perturbations. The 
involute feed directs the airflow slightly downward into the cylindrical 
body, where the separation of droplets from the airflow occurs. The 
upper part of the cylinder extends to a flat annular surface with a 0.5 cm 
high concentric rim, designed to contain upward swirling droplets and 
block them from escaping through the exhaust. The U-shaped exhaust 
primarily allows air to escape while preventing vertical precipitation 
from entering the device. The lower part of the cylinder tapers to an 
inner funnel-shaped section that channels the separated droplets to the 
spray amount measuring device. Fig. 5 depicts the final design of the 
SPRICE collector, with its dimensions achieved through iterative opti-
misation following CFD simulations (see Sections 2.3 and 2.4) to attain 
the desired airflow outcome. 

2.2. Spray measurement device 

During previous field expeditions, the measurement of collected 
spray amounts from catching-type devices such as pipe bend collectors 
(Fig. 2 (a)) (Horjen et al., 1986) and drums (Muzik and Kirby, 1992) 
involved visual readings. However, conducting manual measurements 
can be challenging, particularly during stormy conditions, due to safety 
concerns and device inaccessibility, which may limit data collection and 
introduce human error. Subsequently, researchers transitioned to 
automated measurement devices in the later field campaigns. The 
Midgett expedition (Ryerson and Longo, 1992) used the capacitive 
wired measurement system developed by CRREL, which enabled auto-
matic logging of the spray amount at regular intervals. However, the 
device exhibited high noise levels in the reading, likely due to the 
presence of saltwater. The RigSpray fluxmeter (Teigen et al., 2019) is 
designed with a tipping bucket and pressure gauge for autonomous 
spray level measurement. Tipping buckets are usually not employed on 
unsteady platforms due to potential measurement errors induced by 

Fig. 3. Schematic diagram of a conical reverse-flow cyclone separator illus-
trating the fundamental operating principle (Hoffmann and Stein, 2008). 
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motion. Ryerson and Longo (1992) also noted this issue and rejected the 
use of tipping buckets for the Midgett expedition. The R. M. Young 
automatic precipitation gauge model 50,202 was utilised both during 
the Midgett expedition (Ryerson and Longo, 1992) as well as in the MRS 
(Ozeki et al., 2016b). Unlike the capacitive measuring system used in the 
Midgett expedition, this device did not exhibit notable noise with saline 
water. Additionally, no notable issues were reported during its use with 
the MRS (Ozeki, personal communication, 2022). 

For the SPRICE sea spray collector, the R. M. Young automatic pre-
cipitation gauge model 50,202 (Fig. 6.) is chosen for measuring the 
collected spray amount based on promising results from previous field 
expeditions (Ryerson and Longo, 1992; Ozeki, personal communication, 
2022). This gauge is specifically manufactured to work effectively on 
moving platforms like ships and buoys (Cole et al., 2011; Weller et al., 
2008). According to its specifications, the gauge has good corrosion 
resistance, ensuring its longevity, and it comes with a heater, making it 
usable in a wide temperature range (− 20 ◦C to +50 ◦C). When the gauge 
becomes full, a self-siphon process drains the measuring tube in 
approximately 30 s, during which measurements cannot be taken. 
Although during this process, error may be introduced (Serra et al., 
2001), it is unlikely to be a significant concern as long as the incoming 
spray flux is not substantial during that period. The catchment part of 
this gauge fits between the gap at the bottom of the SPRICE collector’s 

Fig. 4. Working principle of the SPRICE sea spray collector.  

Fig. 5. Schematic of the SPRICE sea spray collector.  

Fig. 6. R. M. Young automatic precipitation gauge model 50202.  
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bottom outlet and the outer wall. The bottom outlet feeds the collected 
spray into the gauge, while the outer wall acts as a barrier, preventing 
spray from entering the device from the bottom. 

2.3. SPRICE collector design evaluation through CFD simulations 

In this study, steady-state airflow is simulated using the RANS 
equations and the k-ω SST turbulence model (Appendix A.). These 
simulations allow for the evaluation of velocity and pressure distribu-
tion fields, providing insight into the behaviour of airborne spray 
droplets with low Stokes numbers inside and around the collector. The 
simulation results are used to optimise the design of the SPRICE col-
lector, ensuring that it facilitates proper inflow and outflow while 
minimising pressure build-up at the inlet. To evaluate the qualitative 
performance of the collector, the time-averaged wind velocity and 
pressure information from the RANS simulations is deemed sufficient as 
it provides a basis for comparison against alternative designs, including 
those used in past expeditions. The focus was not on capturing a precise 
snapshot of the parameters at a specific instant using computationally 
intensive models, but rather on understanding the collector’s overall 
behaviour and performance. The CFD simulations were conducted with 
initial wind velocities of 5, 15, and 30 m/s. These three values were 
selected to represent the most probable levels of wind speeds that are 
expected in field scenarios. The upper level, 30 m/s, corresponds to a 
violent storm scenario (Beaufort scale 11), the mid-level, 15 m/s, cor-
responds to a near gale scenario (Beaufort scale 7), and the lower level, 
5 m/s, corresponds to a moderate breeze scenario (Beaufort scale 3). 
Studying the behaviour of the device under these varying velocities 
provides a comprehensive understanding of its flow characteristics in 
different field conditions. For illustrative purposes, Figs. 7 and 8 present 
the 15 m/s scenario. 

The CFD simulation results demonstrate that as the airflow enters the 
circular orifice and progresses through the truncated conical inlet into a 
larger internal chamber, it experiences a decrease in pressure at the inlet 
(Fig. 7 (a)) due to the Venturi effect (Venturi, 1797). This pressure 
reduction induces a suction effect, facilitating the inflow of air (Fig. 7 
(b)) with minimal velocity reduction. 

The air is then guided through the involute feed, which promotes 
laminar flow and minimises turbulence by distributing the airflow 
evenly (Ji et al., 2019). When the air is fed into the cylindrical body, it is 
forced into a spiral motion, and an outer vortex is formed, travelling 
downward. When the air reaches the bottom, an inner vortex of a 
smaller diameter is formed, reverses direction, and spirals upward, 

exiting through the exhaust pipe (Fig. 8). Also, the pressure near the wall 
is higher and gradually decreases as one moves towards the centre in the 
radial direction, becoming negative to maintain equilibrium in the 
rotating flow pattern (Hoffmann and Stein, 2010). The simulation re-
sults exhibit the effectiveness of the SPRICE collector’s design in 
achieving balanced airflow, preventing significant pressure build-up at 
the inlet, thus minimising flow separation. 

2.4. SPRICE and CRREL collector comparison through CFD 

Dhar et al. (2023) conducted an extensive critical review of the spray 
flux measuring devices utilised in prior field expeditions and used CFD 
simulations to analyse their performance. Their results demonstrate that 
the CRREL horizontal spray interceptor (Walsh et al., 1992) outperforms 
other catching-type collector designs in terms of airflow. In the CRREL 
design, the airborne spray droplets enter through a constricted inlet into 
an internal chamber double its diameter (Fig. 9). The droplets then flow 
around a convex baffle, with larger droplets falling into the measuring 

Fig. 7. The CFD simulation (at 15 m/s) (a) depicts the pressure field (with gauge pressure shown) across the inlet of the SPRICE spray collector; (b) showing 
airflow streams. 

Fig. 8. The CFD simulation (at 15 m/s) showing airflow pattern inside the 
SPRICE spray collector. 
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tank, while smaller droplets carried by the wind are intercepted by a 
mesh at the back and gradually trickle down into the measuring tank. 
This flow-through configuration is efficiently designed to minimise 
pressure build-up at the inlet, causing minimal flow separation and 
maximising the airflow for accurate spray collection. 

Given its notable performance, the CRREL design was used as the 
benchmark to assess the airflow efficiency of the SPRICE collector. CFD 
simulations were performed (keeping consistent parameters) to compare 
the airflow performance of the SPRICE spray collector with that of the 
CRREL design. The analysis focused on evaluating the pressure build-up 
at the inlet and the resulting drop in wind velocity due to flow stream 
separation. Average wind velocity and pressure were computed at the 
inlet plane for both devices, considering initial simulated wind velocities 

of 5, 15, and 30 m/s. The velocity streamlines on the inlet plane are 
illustrated in Figs. 10 (a) and 10 (b) for the 15 m/s scenario. The com-
parison presented in Table 1 demonstrates nearly similar airflow results 
between the CRREL and final SPRICE collector design. While the 
intended airflow performance of the SPRICE collector was achieved 
through specific design modifications and dimension adjustments, 
achieving greater efficiency in SPRICE spray flux measurement than the 
CRREL design requires effective mitigation of the observed limitations in 
their design, which is further discussed in Section 3.3. 

2.5. SPRICE collector fabrication and mounting 

The SPRICE spray collector is fabricated using an industrial carbon 

Fig. 9. CFD simulation (at 15 m/s) showing the wind flow around the CRREL horizontal spray interceptor (Dhar et al., 2023).  

Fig. 10. Velocity streamline (15 m/s simulation) at the inlet plane of (a) CRREL-designed horizontal spray interceptor and (b) SPRICE spray collector.  
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fibre 3D printer (Markforged, 2023). The use of 3D printing technology 
simplifies the manufacturing process and enables greater design flexi-
bility while ensuring high precision. The printing material chosen is 
Onyx Nylon filament with carbon fibre reinforcements due to its high 
strength-to-weight ratio makes the equipment both lightweight and 
durable. Its high stiffness and modulus of elasticity allow it to resist 
bending and deformation effectively. The material is highly resistant to 
corrosion and humidity, even in saline marine environments. Addi-
tionally, it has a low coefficient of thermal expansion, ensuring it re-
mains unaffected by temperature changes. 

The collector is printed in multiple parts and then attached together 
using marine grade A4 stainless steel screws (Fig. 11). Spikes are 
installed around the top to deter birds, as they are known to damage 
equipment deployed in marine environments. A white coat of marine- 
grade paint is applied to the surface to ensure water resistance. 

Subsequently, the collector and the R.M. Young 50202 are both 
mounted on a stainless-steel pipe (Fig. 12). The collector is positioned on 
top of the catchment part of the gauge, ensuring proper alignment be-
tween the bottom outlet of the collector and the outer wall while 
maintaining a gap. This configuration allows for unobstructed airflow 
and prevents constriction. 

2.6. Data logging and sea-spray flux calculation 

The R.M. Young 50202 gauge used in the SPRICE spray collector 
incorporates a measuring tube section (Fig. 6) that has a maximum ca-
pacity of 500 ml between siphon events. The spray amount is measured 
in terms of voltage output, which is calibrated to represent the volume of 
spray collected. Additionally, a data logger is required to store the 
measurement at regular intervals. 

The data loggers utilised in this study are listed in Table 2 in Section 
4.2. The loggers are installed within a weatherproof housing, ensuring 
protection from environmental elements. Data logging takes place at 1- 
min intervals, and the collected data are transmitted remotely via 4G 
telemetry for real-time monitoring. 

The sea-spray flux Rw
(
g/m2s

)
, which represents the rate at which the 

spray is collected and measured by the SPRICE collector, is calculated as 
follows: 

Rw =
Vρsw × 1000

At
(1)  

where V 
(
m3) is the spray volume measured by the R.M. Young 50202, 

ρsw 
(
kg/m3) is the sea-water density, A 

(
m2) is the inlet area of the 

SPRICE spray collector, which is 0.0102 m2, and t (s) is the measurement 
time period. 

3. Experimental validation through lab testing 

In the following part, an attempt has been made to assess the effi-
ciency of the SPRICE sea spray collector through physical experiments. 
Section 3.1 evaluates the airflow performance of the collector, while the 
subsequent section focuses on assessing the device’s collection effi-
ciency, which is the efficiency of measuring sea-spray flux. The collec-
tion efficiency is based on both the inlet efficiency, reflecting how much 
spray enters through the device’s inlet, and the retention efficiency, 
indicating how much spray is retained and reaches the device’s spray 
measuring unit. The SPRICE collector’s inlet and retention efficiency are 

Table 1 
Simulation comparison between CRREL design and SPRICE design spray 
collector.  

Parameters CRREL design SPRICE design 

Initial simulated 
wind velocity 
(m/s) 

5 15 30 5 15 30 

Average wind 
velocity at the 
inlet plane (m/s) 

3.6 10.7 21.8 3.6 10.7 21.1 

Velocity reduction 
at the inlet plane 
(m/s) 

1.4 4.3 8.2 1.4 4.3 8.9 

Ratio of inlet wind 
velocity and 
initial wind 
velocity 

3.6/5 
=

0.72 

10.7/ 
15 =
0.71 

21.8/ 
30 =
0.72 

3.6/5 
=

0.72 

10.7/ 
15 =
0.71 

21.1/ 
30 =
0.70 

Average gauge 
pressure* at the 
inlet plane (Pa) 

10.0 79.3 318.3 8.4 74.4 323.1  

* Gauge pressure refers to the pressure measured relative to the atmospheric 
pressure. 

Fig. 11. The 3D printed SPRICE spray collector.  

Fig. 12. SPRICE spray collector mounted on top of R. M. Young automatic 
precipitation gauge (model 50202). 
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evaluated in Section 3.2 under controlled laboratory conditions. In 
Section 3.3, the retention efficiency of the SPRICE collector is compared 
to the CRREL horizontal spray interceptor (Ryerson and Longo, 1992). 

3.1. SPRICE collector airflow performance 

The SPRICE collector’s airflow performance was tested in a labora-
tory setting (Fig. 13), where air blowers were used to create turbulent 
wind speeds of up to 15 m/s at the location of the collector inlet, in 
accordance with the expected average wind speeds in field conditions 
during spray generation events. The objective was to analyse air velocity 
at the inlet and the corresponding velocity reduction from the free-flow 
condition due to pressure perturbations. The reduction value provides a 
measure of the collector’s airflow efficiency. This assessment method is 
used to replicate the approach used for computing airflow efficiency 
through CFD simulations (Section 2.4). 

To achieve this, a hot wire anemometer was used to measure the 

wind velocity at the inlet of the collector over a minute (Fig. 14 (a)). 
Subsequently, the collector was removed from that location, and the 
wind velocity in the unobstructed environment was recorded for the 
same duration. This process was repeated ten times. Based on the 
collected dataset, the average ratio of the velocity at the collector’s inlet 
to the wind velocity in free-flow conditions was estimated 0.65, as 
illustrated in Fig. 14 (b). The measured ratio approximately aligns with 
the earlier simulation outcomes, which indicated a ratio of 0.715 
(Table 1). 

3.2. SPRICE collector laboratory test 

Evaluating the overall collection efficiency of the SPRICE collector to 
measure spray flux, which includes both the inlet and retention effi-
ciency, in real field conditions presents challenges. Determining the inlet 
efficiency is particularly intricate as it is difficult to ascertain the col-
lector’s ability to capture sea spray droplets of various sizes and tra-
jectories under varying turbulent environmental conditions. Despite 
optimising its design to minimise pressure perturbation at the inlet, 
there is a possibility that some droplets may not enter the collector due 
to flow separation. Measuring the actual spray flux is challenging 
because it is hard to quantify the amount of spray that should reach the 
inlet of the collector without any pressure perturbation. This complexity 
makes calculating efficiency intricate due to the absence of a definitive 
reference for comparison with measurement results. Additionally, the 
absence of standardised equipment for relative analysis further com-
plicates the assessment (Dhar et al., 2023; Ryerson and Longo, 1992). 
Consequently, an approach combining experimental testing within a 
controlled environment with a theoretical framework is proposed to 
estimate the SPRICE collector’s collection efficiency. 

The collection efficiency of the SPRICE collector e (%) is expressed 
as: 

e =
Mexperimental

Mtheoretical
× 100 (2)  

where, Mexperimental (g) is the actual mass of spray collected with the 
SPRICE spray collector, and Mtheoretical (g) is the theoretical mass of spray 
that reached the inlet area of the collector. 

The experiment depicted in Figs. 15 (a) and (b) involved positioning 

Table 2 
Instruments deployed in the field.  

Instrument Parameters measured Location Data 
logging 

Notes Reference 

SPRICE sea spray 
collector facing 
WSW 

Horizontal sea-spray flux Fish Cage No.3, 
Collector inlet: 1.2 m 
above water level 

1 min 
interval 

Spray volume measured with-R. 
M. Young 50202 

R. M. Young 
Company (2023) 

Data Transmission - 4G 
Telemetry, NexSens X2 
Environmental Data Logger 

NexSens 
Technology, Inc. 
(2023) 

SPRICE sea spray 
collector facing 
ENE 

Horizontal sea-spray flux Fish Cage No.1, 
Collector inlet: 1.2 m 
above water level 

1 min 
interval 

Spray volume measured with - R. 
M. Young 50202 

R. M. Young 
Company (2023) 

Data Transmission - 4G 
Telemetry, Campbell Scientific 
CR350 data logger 

Campbell Scientific, 
Inc. (2023a) 

OBS-Buoy400 Wave 
Buoy 

Wave parameters and sea surface temperature 68.7◦ N, 17.2◦ E 30 min 
interval 

Data Transmission - 4G Telemetry Obscape BV (2023) 

WS600-UMB Smart 
Weather Sensor 

Precipitation intensity and type (Doppler radar), 2- 
D wind direction and speed (Ultrasonic), 
Temperature, relative humidity, air pressure 

Barge Top, Sensor: 22 
m above water level 

1 min 
interval 

Data Transmission - 4G 
Telemetry, Campbell Scientific 
CR1000X data logger 

OTT HydroMet 
(2023) 
Campbell Scientific, 
Inc. (2023b) 

SPRICE sea spray 
collector facing 
WSW 

Horizontal rain flux Barge Top, Collector 
inlet: 21 m above water 
level 

1 min 
interval 

Spray volume measured with-R. 
M. Young 50202 

R. M. Young 
Company (2023) 

Data Transmission - 4G 
Telemetry, Campbell Scientific 
CR1000X data logger 

Campbell Scientific, 
Inc. (2023b) 

Thies Ultrasonic 
Anemometer 3-D 

Wind velocity in X/Y/Z-direction, Acoustic-virtual 
temperature (Ultrasonic) 

Barge Top, Sensor: 22 
m above water level 

1 s 
interval 

Data Transmission - 4G 
Telemetry, Campbell Scientific 
CR800 data logger 

Adolf Thies GmbH 
and Co KG (2023) 
Campbell Scientific, 
Inc. (2023c)  

Fig. 13. Laboratory chamber dimension and air blower set up.  
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a water sprayer at a distance of 2 m from the collector, aligning its spray 
axis towards the centre of the collector inlet. Placing the sprayer at a 2 m 
distance was based on the observation that, within this range, the tra-
jectory of the spray consistently aligned with the collector inlet. Inside 
the test chamber, air blowers were utilised to generate wind speeds of up 
to 15 m/s at the collector’s inlet location. The water sprayer operated at 
a constant flow rate of 400 ml/min (≈ 6.66 g/s) fitted with a 1.8 mm 
needle nozzle, producing a full cone spray pattern. The nozzle’s average 
spray cone angle measured 11.4◦ (Fig. 16 (a)) and generated droplets 

ranging in diameter from 10 μm to 150 μm (Fig. 16 (b)), which were 
determined from samples captured using a high-speed camera. Over a 
duration of 17 m and 15 s, a total of 6900 g of water was sprayed across 
the entire area of radius r1 (Fig. 15 (a)). The spray that entered through 
the SPRICE collector inlet of radius rc (Fig. 15 (a)) and was subsequently 
collected at its bottom amounted to 480 g (i.e., Mexperimental) during this 
period. 

As the sprayed area is larger than the SPRICE collector inlet area 
(Fig. 15), the determination of collection efficiency by directly 

Fig. 14. (a) Wind speed measurement at the inlet of the SPRICE collector with hot wire anemometer; (b) the ratio of the wind speed at the collector’s inlet compared 
to the measured free-flow wind speed (each data point shown in the plot is the average of the 10 repeated measurements). 

Fig. 15. (a) Laboratory arrangement during the spray test of the SPRICE collector; (b) Depicts the spray test being conducted.  

Fig. 16. (a) Showing the average spray cone angle; (b) Spray droplet image captured with the high-speed camera.  
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comparing the amount of water sprayed with the amount of spray 
collected by the collector is not applicable. Consequently, Mtheoretical is 
introduced to express the spray amount that reaches only the collector 
inlet. 

In order to estimate Mtheoretical a mathematical model is proposed for 
the full cone spray pattern, which can be expressed as: 

Mtheoretical = Frc T (3)  

where Frc (g/s) signifies the theoretical flow rate of the spray at the inlet 
area of the SPRICE collector of radius rc = 5.7 cm and T(s) is the total 
duration of spray during the experiment. 

However, it is essential to recognise that the spray flux may vary 
across the sprayed area, and its distribution depends on the spray 
pattern, which in turn relies on the characteristics of the sprayer and the 
nozzle being used. As illustrated in Fig. 17 (a), the full cone spray pattern 
employed in this study initially exhibits a near-triangular distribution 
and gradually transforms towards a trapezoidal to near-uniform distri-
bution as the spray emanates from the nozzle. In this experimental setup, 
water was sprayed from a distance of 2 m, indicating a trend towards a 
more uniform distribution. Nonetheless, to comprehensively assess the 
collection efficiency range of the SPRICE collector (e) in this study, it is 
assumed the spray distribution may range from triangular to trapezoidal 
and eventually to uniform, encompassing the spectrum of possibilities. 

The spray flow rate across an area can be conceptualized as its pro-
jected volume, with its height represents the flux at each discrete point, 
as illustrated in Fig. 17 (b.iii). Here, r1 denotes the radius of the circular 
spray area (Ar1 ), and the flow rate at Ar1 signifies the volume, Fr1 . 
Additionally, r2 is used to denote the radius of the upper base of the 
spray flux distribution, with h indicating its spray flux value in g/m2/s. 
During the experiment, the spray cone angle of 11.4◦ at a 2 m distance 
produces a total circular spray area (Ar1 ) of radius of r1 = 19.96 cm 
(shown in Fig. 15 (a)). As the distribution of spray flux transitions from 
triangular to trapezoidal to uniform distribution, r2 changes from r2 = 0 
to r2 = r1, resulting in four possible cases for Frc : 

Case 1. If r2 = 0, it signifies a triangular spray flux distribution (Fig. 18 
(a)), then Frc can be expressed as: 

Frc =
π
3

h
(

rc
3

r1

)

+ πrc
2h
(

r1 − rc

r1

)

(4)   

Case 2. If 0< r2 < rc, it signifies a trapezoidal spray flux distribution 

(Fig. 18 (b)), then Frc can be expressed as: 

Frc =
π
3

h
(

rc − r2

r1 − r2

)
(
r2

2 + r2.rc + rc
2)+ πrc

2h
(

r1 − rc

r1 − r2

)

(5)   

Case 3. If rc ≤ r2 < r1, it signifies a trapezoidal spray flux distribution 
(Fig. 18 (c)), then Frc can be expressed as: 

Frc = h πrc
2 (6)   

Case 4. If r2 = r1, it signifies a uniform spray flux distribution (Fig. 18 
(d)), and Frc can be expressed as: 

Frc = h πrc
2 (7)  

By denoting the total spray flow rate by Fr1 , the expression for h 
corresponding to each of the four cases can be derived as follow: 

hi =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

3 Fr1

(πr1
2) Case 1 : if r2 = 0

3 Fr1

(π(r1
2 + r1.r2 + r2

2) ) Case 2 : if 0 < r2 < rc

3 Fr1

(π(r1
2 + r1.r2 + r2

2) ) Case 3 : if rc ≤ r2 < r1

Fr1

(πr1
2) Case 4 : if r2 = r1

, i = 1,…4 (8) 

By substituting Eq. (8) into Eqs. ((4)–(7)), and subsequently inserting 
the corresponding Frc expression into Eq. (3), Mtheoretical can be expressed 
as follows: 

Fig. 17. (a) Variation in spray distribution with progress for a full cone spray pattern (H.IKEUCHI, and Co.,Ltd., 2023). (b.i) Full Cone spray pattern on a circular 
area; (b.ii) Cross Section of the spray flow with a trapezoidal distribution; (b.iii) Volumetric representation of the flow rate of the trapezoidal spray flux distribution. 

S. Dhar et al.                                                                                                                                                                                                                                    



Cold Regions Science and Technology 218 (2024) 104096

12

Mtheoreticali =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

rc
2(3r1 − 2rc)

r1
3 Fr1 T Case 1 : if r2 = 0

(
3r1rc

2 − 2rc
3 − r3

2

(r1
3 − r2

3)

)

Fr1 T Case 2 : if 0 < r2 < rc

3rc
2

(r1
2 + r1.r2+r2

2)Fr1 T Case 3 : if rc ≤ r2 < r1

rc
2

r1
2Fr1 T Case 4 : if r2 = r1

, i = 1,…4

(9) 

In the experimental setup, the spray flow rate was set at 6.66 g/s. 
Accounting for factors such as gravity-induced droplet settling, or po-
tential evaporation may be required. Consequently, assuming that 

99.7% (equivalent to three standard deviations of a standard normal 
distribution) of the spray amount reaches Ar1 the resulting value for Fr1 is 
calculated as Fr1 = 6.46 g/s. Given r1 = 19.96 cm, rc = 5.7 cm and T =

1035 s (17 m 15 s), the Mtheoretical becomes only a function r2 whose range 
can be calculated from Eq. (9) for Cases 1–4. 

Subsequently, the collection efficiency (e) of the SPRICE collector 
during this experiment is estimated using Eq. (2), taking into account the 
actual spray mass collected (Mexperimental), which was measured to be 480 
g. The resulting values are presented in Fig. 19 for a range of spray 
distribution scenarios, including triangular, trapezoidal, and uniform 
distributions. The plot shows that the collector efficiency, e is 36% for a 
triangularly distributed flow rate, ranging from >36% to <86% for 
trapezoidal distribution and reaching 86% for a uniformly distributed 
spray flow rate. 

Fig. 18. The volumetric representations of Fr1 and Frc for (a) Case 1; (b) Case 2; (c) Case 3; (d) Case 4. Fr1 corresponds to the total volume shaded in blue, and Frc 

represents the volume swept by the collector inlet and is shaded in green. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

Fig. 19. SPRICE collector’s collection efficiency (e) as a function of radius r2, where subplot (a) illustrates triangular flow rate distribution when r2 = 0; (b) il-
lustrates trapezoidal flow rate distribution (here for illustration purposes, r2 = r1/2); (c) illustrates uniform flow rate distribution when r2 = r1. The background 
colour gradient from red fading to orange and fading to green signifies the gradual shift in the flow rate distribution, transitioning from triangular r2 = 0 (i.e., Case 1) 
progressing to trapezoidal 0 < r2 < r1 (i.e., Cases 2 and 3), and ultimately reaching uniform distribution r2 = r1 (i.e., Case 4). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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Though the significance of the method presented here to estimate the 
collection efficiency of the SPRICE collector lies within a controlled 
laboratory environment under specific conditions, it also holds rele-
vance for understanding its physical performance in real-field scenarios. 
While the experiment predominantly examined smaller droplets within 
the 10–150 μm range, field conditions may encompass a broader spec-
trum of droplet sizes (Mintu et al., 2019). During the USCGC Midgett 
expedition (Ryerson and Longo, 1992), the overall mean geometric 
median of spray droplet diameter was measured to be 234 μm (Ryerson, 
1995), indicating the collector’s efficiency will be relatively higher in 
such conditions. 

Some functionalities of the collector were also visually assessed 
during the experiment. It was observed that as the spray droplets entered 
through the collector inlet, they were directed towards the outer walls of 
the cylindrical body. A liquid film was formed upon colliding with the 
wall and undergoing coalescence (Fig. 20), gradually spiralling down-
wards towards the bottom. Additionally, some liquid film resulting from 
droplet impact ascended along the wall due to the upward draft towards 
the roof, creating an upward swirling liquid film (USLF). The collector’s 
concentric rim acted as a barrier, minimising USLF from flowing over 
the edge (i.e., lip leakage) and escaping the collector. Only a minimal 
amount of spray was observed to escape through the exhaust, and a 
small quantity of droplets remained adhered to the collector body, not 
reaching the bottom measuring unit. 

3.3. SPRICE and CRREL collector comparison 

Despite demonstrating favourable airflow performance, which in-
dicates a high inlet efficiency, the CRREL horizontal spray interceptor 
(Ryerson and Longo, 1992) presents a constraint in retention efficiency, 
thereby impacting its overall collection efficiency. As spray enters 
through the inlet, some smaller droplets do not fall into the measure-
ment tank upon encountering the baffle plate. These smaller droplets, 
carried by the airflow, may escape through the mesh at the back (Fig. 21 
(a)). This becomes more pronounced with an increase in wind speed, 
resulting in a continuous decrease in retention efficiency. Walsh et al. 
(1992) attempted to address the issue of decreasing collection efficiency 
by presenting a calibration curve (Fig. 21 (b)) based on experimental 
results using a garden sprayer producing droplets 0.5 mm in diameter. 
They sprayed water into the inlet of the device, which was mounted on a 
pickup truck travelling at a fixed speed. The efficiency in the calibration 
curve was determined by calculating the mass ratio of water sprayed to 
the amount of water collected. This procedure was repeated at different 
speeds travelled by the truck, generating various wind speeds. However, 
this calibration curve exclusively addresses retention efficiency and does 

not account for inlet efficiency, as smaller droplets may fail to enter due 
to pressure perturbations at the collector inlet when sprayed from a 
distance. Additionally, the curve only considers the escape of spray 
droplets with a diameter of 500 μm. In reality, sea spray droplets in the 
field can be smaller, leading to a further decrease in retention efficiency. 

In order to compare the retention efficiency of the SPRICE collector 
with the CRREL device, a test was conducted to replicate the experiment 
performed by Walsh et al. (1992) in developing the CRREL collector 
efficiency curve (Fig. 21 (b)). Turbulent wind conditions were generated 
at approximately 30 m/s at the collector inlet within the laboratory 
using the blowers (shown in the experimental arrangement illustrated in 
Fig. 22 (a)). This approach served as an alternative to the method 
employed by Walsh et al. (1992), which involved using a moving pickup 
truck. The choice was made to test at a wind speed of 30 m/s, as this 
corresponds to the highest wind speed anticipated in the field. Accord-
ing to the efficiency graph (Fig. 21 (b)), the CRREL collector is expected 
to collect around 50% of the initial sprayed amount at the inlet at a wind 
speed of 30 m/s when the plot curve (Fig. 21 (b)) is extrapolated to 108 
km/h (30 m/s). 

During the SPRICE collector test, the sprayer (producing 10–150 μm 
droplets) was directed towards the collector inlet as depicted in Fig. 22 
(b), following a setup similar to the CRREL device (Walsh et al., 1992). A 
total of 1600 g of water was sprayed into the inlet, and the total collected 
water at the bottom of the collector was weighed to be 1585 g. This 
represented approximately 99% of the initial volume of water sprayed, 
in contrast to the projected 50% by the CRREL device at this wind speed. 
The 1% loss can be attributed to the spray that escaped through the 
collector exhaust after entering or remained adhered to the collector 
body. The experimental results obtained at a wind speed of 30 m/s ad-
dresses the worst-case scenario, as it is expected that the escape of 
droplets from the SPRICE collector would be lesser at lower wind speeds. 
Based on this, it can be reasonably concluded that the SPRICE collector 
exhibits higher retention efficiency than the CRREL collector under 
higher wind speeds. 

The comparison presented between the SPRICE collector and the 
CRREL device is exclusively based on retention efficiency. A definitive 
overall collection efficiency assessment necessitates a side-by-side 
comparison test under identical conditions. However, the absence of 
physical access to the CRREL device or availability of similar experi-
mental test results, as conducted for the SPRICE collector in Section 3.2, 
prevented a direct comparison. Though it may be argued that if the inlet 
efficiency for both devices is similar, as indicated by comparable airflow 
performance in Table 1 (Section 2.4), then in that case, it can be inferred 
that the SPRICE collector’s overall collection efficiency exceeds that of 
the CRREL device at higher wind speeds. This inference, however, needs 
to acknowledge the limitations associated with CFD simulations in 
replicating real-world scenarios. 

4. Field deployment 

The SPRICE sea spray collector is specifically designed with the 
intention to conduct real-time autonomous sea-spray flux measurements 
on both ships and other marine structures. In order to perform feasibility 
studies, the collector is deployed on a fish farm (Fig. 23) in Northern 
Norway. The primary objective is to evaluate its performance in actual 
field conditions and document the challenges encountered in such 
operational settings. 

4.1. Motivation for spray flux measurement on fish farm 

Fish farming in Norway typically takes place in fjords and along the 
coastal regions. The farms are usually made up of large, floating struc-
tures called “cages” or “pens” that are anchored to the seafloor. These 
cages or pens contain the fish and are designed to provide a controlled 
environment for them to grow. With favourable conditions for fish 
growth and increasing demand for seafood, the fish farming industry in Fig. 20. View of inside the collector showing the coalescence of water droplets.  
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Northern Norway has experienced significant development (Bergheim, 
2012). However, they are particularly vulnerable to challenges such as 
icing due to the cold temperatures and harsh weather conditions in the 
region (Jensen, 2006). The high winds, waves, heavy snowfall, and 
freezing temperatures can cause significant ice build-up on the cages, 
which can potentially cause the structure to rupture or collapse 

(Fig. 24). This may lead to the escape of farmed fish into the wild, which 
can have substantial negative impacts on the environment and local 
ecosystems (Marsden, 2021). Hence an accurate icing prediction model 
for such structures can be beneficial for the operators to take preven-
tative actions. 

As discussed, it is challenging to apply theoretical and observational 

Fig. 21. (a) The CFD simulation (15 m/s) showing the wind flow from the mesh screen of the CRREL horizontal spray interceptor (Dhar et al., 2023). (b) Efficiency 
curve for calibration of the horizontal spray interceptor (Walsh et al., 1992). 

Fig. 22. (a) Experimental setup to measure the amount of spray that escapes after entering the collector at high wind speed; (b) Showing the sprayer directing spray 
into the SPRICE collector inlet. 

Fig. 23. Representation of a typical Norwegian fish farm setup featuring a 2 × 3 fish cage configuration (AKVA Group, 2023).  
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results from one vessel or structure to another when it comes to sea spray 
measurements, particularly due to the complex interaction between the 
structure and its surrounding environment generating sea spray. Hence a 
spray-flux model built for vessels or offshore platforms may not provide 
an accurate result for fish farms. Additionally, the mountainous regions 
of Northern Norway is associated with complex wind flow, such as gap 
winds, trapped lee waves, and downslope windstorms, which can also 
contribute to spray generation (Dhar et al., 2022; Doyle and Shapiro, 
2000). To develop accurate sea-spray flux models for fish farms in 
Northern Norway, it is essential to gather field data that takes into ac-
count the unique conditions of the region. 

4.2. Equipment installation 

The SPRICE sea spray collector is deployed on a fish farm located at 
Skjærvika (68.73◦ N, 17.23◦ E) in Astafjorden (Fig. 25). The site expe-
riences prevailing strong winds and waves from the south-westerly and 
westerly directions and is also susceptible to potential ice accretion 
when strong cold winds from the North bring freezing temperatures. The 
fish farm comprises 12 fish cages of model Akva Polarcirkel 400 and 500 
(AKVA Group, 2023). Two collectors are installed in fish farm cages to 
measure sea-spray flux, with one oriented to face west-southwest (WSW, 
bearing ~247.5◦) to capture sea spray generated by the dominant winds 
and waves and another facing east-northeast (ENE, bearing ~067.5◦) to 
capture the sea spray generated from the northerly winds and waves 
contributing to icing. 

Alongside the spray flux measuring equipment, a weather station has 
been installed on a stable structure on the feed barge. This weather 
station measures additional meteorological parameters, such as wind 
parameters, to complement the sea-spray flux measurement. The loca-
tions of the instruments in the field are shown in Fig. 26. The feed barge 
is located approximately 200 m away from the fish cages. The wind 
measuring instrument is mounted on top of the barge, around 22 m 
above water level, located where the impact of local effects caused by 
the barge structure is minimum. Additionally, a wave buoy has been 
deployed in the fjord next to the cages to measure wave parameters at a 
water depth of around 160 m. The buoy is strategically placed away 
from the middle of the fjord to prevent collisions with vessel traffic, and 
an AIS transponder is fitted to notify the nearby vessels. 

The positioning of instruments had to be carefully planned to ensure 
they did not interfere with the day-to-day work of the fish farm workers. 
The attachment of instruments to the cages and barge required custom 

fabrication and regular checks to ensure stability, particularly after 
rough weather events. The instruments on the cage are powered by the 
feed barge electric generator, as installing independent battery pack is 
cumbersome and has safety concerns with seawater contact. However, 
interruptions in the electricity supply are common, particularly during 
rough weather events when sea spray is generated. Also, the cage in-
struments, like the dataloggers, being close to the water level, are 
exposed to high humidity and may necessitate frequent replacement of 
desiccants (humidity absorbents) to avoid damage. 

Another challenge emerged following the deployment of the collec-
tors on the fish cage, as instances of strong winds and waves generating 
spray frequently occurred in conjunction with precipitation from the 
south-westerly and westerly directions. This made it difficult to distin-
guish the amount of spray and precipitation collected by the WSW 
SPRICE collector. To address this issue, an identical third SPRICE col-
lector (shown in Fig. 27) was installed on top of the barge, at a height of 
21 m above water level where there is usually no spray effect. The 
collector on the barge also faces the WSW direction, aligning with the 
orientation of the WSW cage collector, allowing for the collection of only 
horizontal rain flux from that direction. Assuming the rain contribution 
is the same for both on top of the barge and on the cage, the rain mea-
surement from the barge collector can be subtracted from the mea-
surements collected by the WSW collector on the cage to account only 
for the sea-spray flux. 

The installation of all instruments was completed on 7 March 2023, 
and the collected data is being stored in the repository of the Norwegian 
Meteorological Institute and will be made publicly available. A summary 
of the instruments deployed in the field is provided in Table 2. 

4.3. Preliminary data collection 

An example of preliminary data collected from the SPRICE sea spray 
collector, during an event on 11 June 2023, between 14:15 and 15:45 
UTC, is presented to demonstrate the collector’s functionality and the 
results obtained. The significant wave height measurements ranged 
from 0.55 m to 0.76 m, while the average wind speed varied between 12 

Fig. 24. Damage in a fish cage due to ice accretion in Northern Norway (Pic-
ture: Alexander Boiko). 

Fig. 25. SPRICE sea spray collector installed in the field.  
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and 17 m/s. Sea-spray flux calculations are performed for one-minute 
intervals, utilising Eq. (1), employing an average seawater density of 
1027 kg/m3 obtained from local salinity measurements, and an average 
rainwater density of 1000 kg/m3. Additionally, calculations are con-
ducted for 30-min intervals to coincide with the wave buoy readings 
during the periods from the 15th to the 45th minute and then from the 
45th to the 15th minute of the hour. Fig. 28 presents the data from the 
SPRICE collectors and the calculated sea-spray flux alongside relevant 
met ocean data. 

In Fig. 28, graph (a) depicts the time series of spray flux measure-
ments, where the green data points correspond to the spray collected 
every minute in the west-southwest direction. The data points were 
derived by subtracting the estimated rain contribution, which is repre-
sented by magenta data points and obtained from the SPRICE collector 
installed on the barge top, from the readings of the SPRICE collector 
located on the cage facing west-southwest, depicted by blue data points. 
Graph (b) shows the calculated sea-spray flux, where the right axis, 
featuring grey data points, represents the spray flux calculated for each 
minute, while the left axis, marked with green data, illustrates the spray 
flux calculated over a 30-min period. The data reveals that the SPRICE 
collector captures sea spray when the significant wave height (Hs) ex-
ceeds the 0.6 m threshold, as demonstrated by the red data points in 
graph (c) on the left axis. Subsequently, an increase in spray flux cor-
relates with a rise in significant wave height in the presence of strong 
wind speeds, as indicated by the orange data points in graph (c) on the 
right axis, while the wind and wave direction, as shown in graph (d), 
align approximately towards the WSW collector. 

4.4. Limitations of the SPRICE sea spray collector 

During the deployment period, certain limitations have been iden-
tified in relation to the SPRICE sea spray collector. Firstly, its fixed 
attachment to the fish cage structure prevents it from rotating and 
aligning with changes in wind and wave directions and may lead to less 

Fig. 26. Instruments deployed at Skjærvika fish farm (a) SPRICE spray collector facing WSW direction; (b) SPRICE spray collector facing ENE direction; (c) OBS- 
Buoy400 Wave Buoy; (d) Instruments deployed on top of the feed barge. 

Fig. 27. SPRICE collector installed on top of the feed barge, facing the west- 
southwest (WSW) direction. 
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effective spray flux measurement when the direction of spray propaga-
tion deviates from the collector’s orientation. A potential solution to this 
issue is to fix the collector to the cage with swivel-bearing wind vane 
attachment and limiting the rotation range within a predefined arc. 

Another constraint arises due to the position of the collector inlet, 

which is situated 1.2 m above the water level and 50 cm in front of the 
vertical pipe of the cage structure to which it is attached. With the 
present configuration, the inlet position could not be altered as it ac-
commodates the necessary clearance for the Young gauge to function (to 
drain the collected spray from its bottom) and allows for attaching 

Fig. 28. (a) Time series data for mass of water collected by the SPRICE sea spray collector facing west-southwest mounted on the cage (blue data points), mass of 
water collected by the SPRICE collector positioned on top of the feed barge representing the rain contribution (magenta data points), and the differences between 
these readings representing the contribution of only spray; (b) Right Axis: Spray flux calculated for each minute, Left Axis: Spray flux calculated for the 30-min 
period; (c) Right Axis: 3 s average wind speed data representing the wind gust, 10 min averaged data representing the mean wind speed (data from: Thies Ultra-
sonic Anemometer 3-D), Left Axis: Significant wave height from wave buoy (data from: OBS-Buoy400); (d) Right Axis: 3 s average wind direction data representing 
the wind gust direction, 10 min averaged data representing the mean wind direction (data from: Thies Ultrasonic Anemometer 3-D), Left Axis: Mean wave direction 
(data from: OBS-Buoy400). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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brackets to secure the collector. This inlet location fails to intercept the 
spray trajectory generated by waves of lower heights that splash through 
the holes in the platform of the cage (Fig. 29), resulting in missed 
measurement. However, the collector proves effective in capturing the 
spray generated when wave heights are sufficiently high (as evidenced 
by the data presented in Fig. 28), which results in a parabolic spray 
trajectory (Fig. 30) that can enter through the collector inlet. Addressing 
this issue may require repositioning the collector inlet further back from 
its current location to intercept the spray trajectory effectively, although 
this adjustment could be challenging due to the existing fish cage design. 
This limitation is specific to the current structure of the fish cages used, 
as the collectors need to be installed close to the waterline. However, it 
would not be an issue for ships and other marine structures such as rigs. 
In this case, the design of the collector itself is not a concern; instead, it is 
primarily related to its positioning. 

5. Conclusions 

This study introduces a novel sea spray collector, designed, and 
developed for measuring horizontal sea-spray flux, aimed at addressing 
the limitations encountered by existing instruments used in prior field 
expeditions. The SPRICE sea spray collector incorporates a catching- 
type design inspired by the cyclone separator, to effectively capture 
and separate sea spray droplets from the airflow while ensuring a 
balanced inflow and outflow to avoid pressure build-up at the inlet. 
Through meticulous CFD simulations, the design of the collector is 
refined and optimised to ensure the desired airflow performance. The 
collector component is fabricated using 3D printing technology, utilising 
Nylon filament infused with carbon fibre reinforcement for enhanced 
durability and corrosion resistance in marine environments. The selec-
tion of the R. M. Young automatic precipitation gauge model, 50202, for 
the measurement of the collected spray amount is driven by its effective 
performance on moving platforms such as ships and marine structures, 
substantiated by previous researchers’ experience. The physical per-
formance of the collector is also assessed through different experimental 
validations conducted during lab testing. 

The design of the SPRICE collector has been adjusted to attain 
comparable airflow performance to the CRREL horizontal spray inter-
ceptor, as evidenced by CFD simulation results. This similarity in per-
formance is intended to achieve an inlet efficiency similar to that of the 
CRREL device, which is chosen as the benchmark due to its superior 

airflow performance among devices used by previous researchers. 
Notably, the SPRICE collector outperforms the CRREL interceptor in 
terms of retention efficiency at higher wind speeds. Unlike the CRREL 
interceptor, where droplets escape through the mesh and are carried 
away by the airflow, resulting in decreasing efficiency with increasing 
wind speed, the SPRICE spray collector maintains consistently high 
retention efficiency. The majority of spray droplets captured by the 
SPRICE collector end up in the measuring gauge, with only minimal 
droplets escaping through the exhaust, as observed during laboratory 
tests. 

Subsequently, the SPRICE sea spray collector is deployed on a fish 
farm in Northern Norway, evaluating its viability for real-world sea- 
spray flux data collection. Atmospheric and oceanographic data are 
collected simultaneously from the location to establish correlations with 
wind and wave parameters. The preliminary data provides valuable 
insights into the collector’s ability, and the limitations encountered in 
capturing sea-spray flux under particular weather conditions. While 
aspects of attachment and positioning of the collector need addressing 
for effective spray flux data collection on fish farm cages, the design of 
the collector demonstrates effective functionality, in particular for col-
lecting horizontal spray. 

Overall, the SPRICE sea spray collector presents a practical solution 
for measuring sea-spray flux on vessels and marine structures. Its 
autonomous real-time measurement capability remains effective even in 
demanding marine weather conditions. As the study progresses and 
more data is gathered, a comprehensive understanding of sea-spray 
generation and its correlation with wave and wind parameters is 
anticipated. This will possibly contribute to the development of a robust 
sea-spray flux formulation and enhancement in marine icing estimation 
models. 
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Fig. 29. (a) Spray being generated through the holes in the fish cage platform; (b) Resulting spray trajectory during lower wave heights.  
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Appendix A. CFD method 

A.1. Computation domain and boundary condition 

A rectangular computational domain is used to emulate the wind tunnel environment. The undisturbed wind speed was imposed parallel to the 
longest side (x-axis) (Fig. A.1.). The SPRICE spray collector is positioned at the centre of this domain. The x-axis runs along the longitudinal direction 
of the domain, the y-axis along the width, and the z-axis is along the vertical direction. The origin point of these axes is at the base of the device in the 
centre of their cross-section. The simulation parameters are summarised in Table A.1. This setup allows for the study of airflow and related phenomena 
in a controlled virtual environment resembling a wind tunnel.  

Table A.1 
Simulation parameters.  

Model RANS, steady-state, k-ω SST, isothermal, incompressible 

Gravitational acceleration 9.81 m/s2 

Fluid Air (gas) molecular mass 0.02896 kg/mol 

(continued on next page) 

Fig. 30. Illustrating the spray trajectory resulting from collisions between waves and the cage structure during higher wave heights.  
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Table A.1 (continued ) 

Model RANS, steady-state, k-ω SST, isothermal, incompressible 

Boundary conditions wall (adiabatic, no slip) 
Initial and ambient conditions Pressure = 101,325 Pa, 

Temperature = 293.2 K 
Free-stream wind speed along x 5, 15, 30 m/s 
Domain length x = 3 m, height z = 2 m, width y = 2 m  

Fig. A.1. The simulated wind tunnel setup.  

A.2. Discretisation 

Tetrahedral elements are applied to mesh the domain used in the study. Meshing is an essential part of a CFD for rendering reliable results and 
needs to be refined accordingly to capture the flow details. The study includes a mesh independence test (Fig. A.2.) to assess the sensitivity of nu-
merical results to variations in the computational mesh. It was found that employing 12,140,054 mesh elements ensured consistent results for an 
airflow simulation at 15 m/s, striking an optimal balance between computational time and solution accuracy for the simulation scenario. Increasing 
the mesh resolution further did not notably alter the air average velocity on the plane in front of the device.

Fig. A.2. Mesh independence study at 15 m/s initial airflow velocity on plane in front of device.  
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