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Abstract 9 

Sea spray icing on ships and marine structures depends on a complex correlation between metocean 10 
parameters and vessel characteristics. Sea spray icing rates have mostly been investigated and given as a 11 
function of general metocean parameters. The existing models suffer from lack of experimental data. 12 
More experimental data is required for better prediction models and understanding of the icing process. 13 
This paper presents results from a comprehensive cold laboratory study of the dependence and trends of 14 
sea spray icing rates related to 8 parameters. Experiments were performed simulating sea spray from a 15 
nozzle towards a vertical surface in freezing environment. This study presents 20 unique tests structured 16 
into 8 experiments, each of which focusses on change in icing rates due to one independent variable. 17 
Results showed that  the sea spray rates dependence of the investigated parameters comply with existing 18 
knowledge, however preliminary analysis points out various unintentional covariates for most 19 
experiments which calls for further investigations. This is the greatest number of variables tested in one 20 
set of experiments to date and serve as valuable sea spray icing data experimental data – a limitation for 21 
the evaluation of previous models that pointed out to the lack of enough icing measurements in this field 22 
of research. 23 

Keywords: Sea spray icing, icing on ships and offshore structures, experimental icing data, icing rates. 24 

1. Introduction 25 

Arctic and Sub-Arctic regions have seen a growth in marine and offshore operations in terms of fishing, 26 
aquaculture installations, oil and gas exploration, and more recently, tourism. Marine operations in cold 27 
climate have numerous challenges out of which, sea spray icing has been pointed out to be a major 28 
challenge. Sea spray icing, possibly in combination with snow [1], has been attributed to 80-90% of all 29 
offshore icing incidents [2]. Icing predictions are essential for safe marine operations. Winterization of 30 
vessels and offshore structures includes anti-icing and de-icing procedures that require estimation of 31 
expected icing already at the design stage [3].  32 

Previously, researchers have presented models for the prediction of sea spray icing [4]–[9]. A recent 33 
review article suggests need for improvement of these models and points out to the lack of enough full-34 
scale and laboratory experimental data studying sea spray icing [3]. 35 

Full scale measurements for sea spray icing were carried out by some researchers [10], [11]. However, 36 
large variations were expected due to limitations in measurement techniques and the measurements 37 
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were not detailed enough for validation of computational results [3]. Laboratory experiments were 38 
conducted by Stallabrass & Hearty, 1967 for studying sea spray icing in cylinders [12]. Variation of 39 
atmospheric temperature was the only variable in this experiment. In reality, sea spray icing is a complex 40 
process including numerous uncertain variables [3].  41 

Deghani-Sanij et.al., 2019 presented an experimental study for sea spray icing that analyzed mass and 42 
thickness due to sea spray icing with 12 unique sets of measurement. This was a major step forward into 43 
experimentation with multiple variables for sea spray icing. The experiment consisted of two variations 44 
each of atmospheric temperature and salinity, 3 variations of wind speeds, and 2 variations of a 45 
combination of spray duration and spray period. This experiment did not include sea temperature as a 46 
variable which was measured at 20.9°C in the water tank outside the freezing room, and about 17°C 47 
measured in pipe just before the nozzle inside the freezing room. The temperature in the freezing rooms 48 
during the experiments varied by 4°C during the tests. [13]  49 

The current study presents results from a set of 20 unique tests in which 8 different variables identified 50 
to affect sea spray icing were tested under controlled conditions in the cold climate laboratory at UiT, The 51 
Arctic University of Norway, Campus Narvik. The study is divided into 9 different experiments (8 variables 52 
+ 1 repeatability)  with either 3 or 4 tests included in each experiment. In each experiment, one variable 53 
is varied for individual tests while keeping the others constant to study the effects of individual variables 54 
on icing rates. The results of the tests are presented in the form of icing rates on a vertical plate in terms 55 
of weight and thickness. In a first, the time dependency of icing rates in the initial stages of an icing event 56 
is presented. Some parameters are difficult to be kept constant even under laboratory conditions and 57 
thus the difference between ideal and practical conditions are presented for every test.  The variation due 58 
to different measurement methods is part of the study. The results presented in this article illustrates how 59 
icing rates could vary the selected variables and methods of measurement. However, owing to the 60 
relatively large scope of the experiments, detailed level of measurements, and the fact that many of the 61 
variables cannot be kept constant even under controlled laboratory conditions, it is not straightforward 62 
to investigate the connection to existing sea spray models based on metocean parameters. However, the 63 
provided experimental data of the icing process show important trends that would be useful for further 64 
analysis. The complete lab setup and lessons learned during the experimental work and data collection 65 
are shared to assist improvements during any similar experiments in the future. Data analysis with the 66 
help of machine learning, interpretation of the results in terms of metocean conditions and ship 67 
characteristics, and comparison of results with existing models is suggested as a progression for this study. 68 

2. Selection of variables 69 

Sea spray icing is a complex process involving many variables, some of which are difficult to measure 70 
to full extent or be controlled in an experimental setup. Different researchers also had very different 71 
approaches to prediction models and selection of governing variables in the icing process.  72 

The simplest of the models is an empirical model presented by Overland 1986 based on statistical 73 
analysis of metocean data, that predicts the icing thickness rate (cm/hr) from wind speed (U10), air and 74 
sea temperatures, and the freezing point of water, that is a function of salinity [8], [10]. Stallabrass 1980 75 
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presented a stationary theoretical model for the prediction of icing thickness rate (mm/hr) using wave 76 
height, relative wind speed, temperature of icing surface, air temperature, spray droplet temperature at 77 
impingement, sea temperature, thermal conductivity of air, Nusselt number for wind flow, density of 78 
water, specific heat of water, droplet diameter, latent heat of vaporization, barometric pressure, specific 79 
heat of dry air, vapour pressure at air temperature and at droplet temperature at impingement [9]. 80 
Kulyakhtin 2014, used a hybrid theoretical and numerical model for predicting icing thickness rates in the 81 
MARICE model using density of accreted ice, latent heat of fusion of pure ice, ratio of entrapped liquid 82 
mass to mass of ice accretion, thermal conductivity of water, freezing temperature of water film, water 83 
film thickness, specific heat capacity of water film, spray flux on freezing surface, spray temperature at 84 
generation, heat transfer coefficient at air-water interface, air temperature, thermal conductivity of 85 
water, liquid water content (LWC)  [4]. The ICEMOD2 model presented by Horjen 2013 predicted the icing 86 
rate in terms of ice mass (kg/m2/s) using wind speed (U10), height above the mean sea level, significant 87 
wave height, vessel speed, relative wind heading, density of water, spray frequency, spray duration, and 88 
vessel direction with respect to waves as the main parameters [5].  Forest et.al. 2005, in the RIGICE04 89 
model, predict the total ice accretion mass on offshore structures with variables including spray 90 
frequency, significant wave height, LWC, mass of water in one spray, height above the mean sea level, 91 
velocity of water droplets, spray duration, salinity, air temperature, sponginess of accreted ice, wind 92 
speed [6]. 93 

Laboratory setups favour controlled experiments and detailed measurements, but does not enable 94 
modelling of ship characteristics as wave generation, long spray flights with cooling of airborne spray 95 
droplets etc. Therefore, this experimental study was focused on basic fluid mechanics parameters and 96 
fluid properties governing sea spray icing, and what may be modelled and measured in the confined lab. 97 
These variables could be categorised into two categories: metocean parameters and parameters 98 
dependent on ship characteristics. The metocean parameters include atmospheric temperature, sea 99 
temperature, wind speed, and salinity. The parameters that are dependent on ship and wave 100 
characteristics  include spray flux, spray frequency and spray duration. Wind speed may also be considered 101 
as a parameter depending on ship characteristics since the ship design and wind direction highly affects 102 
the near-surface wind conditions and cooling of the surface. Material was the lone parameter identified 103 
that is only ship/ structure specific.  104 

Kulyakhtin 2011 has shown that changes in humidity inside a droplet cloud has no significant effect 105 
upon the droplet temperature [14]. Humidity was hence not considered as a variable. Most of the existing 106 
sea spray icing models mentioned above use droplet diameter as a variable. Ryerson 1995, measured the 107 
droplet size spectrum and the LWC close to the spray impact location on the 115m Coast Guard Cutter 108 
wherein 39 spray events were sampled [11]. It is difficult to determine if a spray generated due to the 109 
impact of any random vessel with waves would confirm with these spectra of droplet sizes from the 110 
observations from one ship. Researchers have investigated the use of mean volume diameter (MVD) as 111 
an estimation for the complete spectrum of droplet sizes, and Kulyakthin 2012 concluded that uncertainty 112 
in the spray MVD can result is errors of several orders of magnitude [15]. Therefore, the droplet size was 113 
not  included in this study. However, the nozzle and pressure combinations were selected in the range of 114 
droplet sizes that were presented in previous research. Details of the selection of the nozzle are outlined 115 
in section 3.1.  116 
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3. Experimental Setup 117 

 118 

Figure 1: Schematic of experimental setup 119 

The experimental setup consisted of 2 rooms. The first room (right side in Figure 1), called the ‘cooling 120 
room’, simulated the cold sea conditions and was set between +2°C and +6°C throughout all the 121 
experiments. The second room (left side in Figure 1), called the ‘freezing room’ simulated the freezing air 122 
conditions and was set between -15°C to -5°C depending on the experiments.  123 

Seawater was stored in a 1000 litre reservoir in the cooling room. A pump was used to build up the flow 124 
in the system. Pressure in the system was measured about 1.5m before the nozzle and was controlled 125 
with the help of a control valve. A solenoid valve, controlled by a PLC (Programmable Logic Controller), 126 
was used to simulate periodic spray conditions. This helped to set the spray duration and period. A return 127 
pipe returned the seawater back to the reservoir from the pump since the pump was in continuous 128 
operation. Temperature measurement after the pump showed that there was a significant rise in the 129 
temperature of seawater at the output of the pump. A heat exchanger on the return side helped maintain 130 
the temperature of seawater in the reservoir. Another heat exchanger before the nozzle ensured that the 131 
seawater temperature through the nozzle was as close to the set water temperature in the room.  The 132 
line then proceeded to the nozzle through a check valve in the freezing room. The intermittent spray 133 
conditions made in necessary to have a check valve to prevent air entering the system when the solenoid 134 
valve turned off, the absence of which resulted in reduction of flow through the nozzle over time. Finally, 135 
the freezing room had the test plate at a distance of 2 meters from the nozzle, on which the ice accretion 136 
was measured. The weight of ice was measured as a function of the output voltage from the load cell in a 137 
data logger. In addition to the schematic, there were numerous thermocouples that were strategically 138 
placed throughout the system and connected to the datalogger outside of both rooms. 139 

Additionally, there was a cross-flow fan of a length greater than the plate to simulate near-surface wind. 140 
This fan was placed in close proximity to the plate in a manner that the whole plate was subjected to the 141 
airflow.  142 

Figure 1 shows the schematic of the experimental setup and the images from the setup can be seen in 143 
Figure 2, Figure 3, and Figure 4. 144 
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 145 

Figure 2: Cooling room setup 146 

 147 

Figure 3: Freezing room setup 148 

 149 

Figure 4: Cold climate laboratory at UiT, The Arctic University of Norway - Campus Narvik 150 
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3.1. Spray nozzle 151 

Selection of the spray nozzle and operational pressure for experiments with sea spray icing controls 152 
droplet sizes, flow rate and distribution of the spray. 153 

The experimental setup presented by Deghani-Sanij et.al., 2019 with respect to the nozzle, wind, and 154 
the plate, allowed for droplets that were only carried by the wind to impinge on the plate. In reality, there 155 
is a wide spectrum, of droplets within a spray cloud after interaction of a vessel with waves. Larger 156 
droplets tend to fall rapidly back in the water or in the forward part of the vessel whereas smaller droplets 157 
are carried by the wind to the aft part. The experiment used a nozzle and pressure combination that 158 
produced droplets of DV0.5 (Median Volume Diameter) approximately 975μm [13]. Droplets with 159 
diameters greater than 400μm are too large to be lifted by the turbulence [4], this value was however 160 
computed from wind generated spray. This could suggest that larger diameter droplets never reached the 161 
test plate, as it was not the momentum of the droplets, but the wind that carried the droplets to the plate. 162 
It is thus a possibility that the results of this experiment might be more useful for the aft regions of the 163 
ship than the forward regions since a CFD simulation by Kulyakhtin et.at. 2012 suggests a difference in the 164 
flow rate distribution of as much as 1x104 between the forward and aft part of the ship [15].   165 

Droplets of size 250 -500 μm are the primary reason for the spray flux at the aft, and sides of the vessel 166 
[2], this however depends on the size and design of the vessel. The nozzle used for the current 167 
experiments have a rated DV0.5 of 520μm ,410μm, and 350μm, at 1, 2, and 3 bars respectively. 3 bar 168 
pressure was the maximum that could be achieved with the available pump at the location of 169 
measurement (Figure 1). The nozzle was full-cone nozzle with a rated spray angle of 30°. Owing to the 170 
setup of the current experiment presented in Figure 1, most of the droplets within the full spectrum could 171 
be assumed to be impacting the plate due to the momentum of the particles exiting the nozzle. 172 

4. Test structure 173 

The test structure is presented in Table 1. The study comprised of 20 unique tests divided into 9 174 
experiments. The first experiment, experiment 0, was conducted to  study the repeatability of the tests 175 
under the same set conditions. The next 8 experiments with experiment numbers 1-8 are main 176 
experiments. In each experiment, 3 tests (4 in case of wind speed) were conducted by varying one variable 177 
while keeping the others constant. In each row in  Table 1, the highlighted column shows the variable for 178 
the particular experiment. 179 
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Table 1: Experiment structure 180 

 181 

Some variables mentioned in Table 1 have underlying parameters that were the actual subjects of the 182 
test. The variation of the test plate material corresponds to the change in thermal conductivity and the 183 
change in pressure corresponds to the change in spray flux. The unit used for salinity is ppt (parts per 184 
thousand) which is the same as psu (practical salinity unit) used by oceanographers [16]. 185 

For all experiments, the distance between the nozzle and the plate, or the minimum spray flight 186 
distance, was constant at 2m. Video analysis showed that, in case of 3 bar pressure, the approximate flight 187 
time or the time required for the spray to reach the plate from the nozzle was 0.3 seconds giving an 188 
approximate ejection velocity of 6.66m/s. Atmospheric pressure measured inside the freezing room, 189 
located approximately at an altitude of 120m over the mean sea level, at -9°C with a multi-function 190 
ventilation meter was 97.5KPa. Changes in this value over the course of the study are not taken into 191 
consideration. 192 

Some fluctuations were observed during the experiments. For example, the recorded temperatures 193 
showed slightly variation from the set temperatures and varied by about 1-2°C during each test due to 194 
the manner in which the refrigeration system controlled the temperature in the cold climate lab. This 195 
topic is discussed in detail in the results section for individual experiments.  196 

Exp. 
Nr.

Constants

Material
Wind speed

(m/s)

Atmospheric 
temperature 

(°C)

Seawater 
temperature

(°C)

Gauge 
Pressure

(bar)

Spray 
duration
(seconds)

Spray 
period

(seconds)

Salinity
(ppt)

0 Repetition Aluminium 0 m/s -9°C +4°C 3 bar 0.25 s 9 s 32.45 ppt

1 Material
1. Aluminium

2. Steel
3. Fibreglass

0 m/s -9°C +4°C 3 bar 0.25 s 9 s 32.45 ppt

2
Wind speed 

(m/s) Aluminium

1. 0 m/s
2. 2 m/s
3. 4 m/s
4. 6 m/s

-9°C +4°C 3 bar 0.25 s 9 s 32.9 ppt

3
Atmospheric 
temperature

(°C)
Aluminium 6 m/s

1. -5°C
2. -9°C

3. -15°C
+4°C 3 bar 0.25 s 9 s 32.9 ppt

4
Seawater 

temperature
(°C)

Aluminium 6 m/s -9°C
1. 2°C
2. 4°C
3. 6°C

3 bar 0.25 s 9 s 32.9 ppt

5
Gauge Pressure

(bar) Aluminium 6 m/s -9°C +4°C
1. 1 bar
2. 2 bar
3. 3 bar

0.25 s 9 s 32.9 ppt

6
Spray duration

(seconds) Aluminium 6 m/s -9°C +4°C 3 bar
1. 0.25 s
2. 0.5 s
3. 1 s

9 s 32.9 ppt

7
Spray period

(seconds) Aluminium 6 m/s -9°C +4°C 3 bar 0.25 s
1. 3 s
2. 6 s
3. 9 s

32.9 ppt

8 Salinity
(ppt)

Aluminium 6 m/s -9°C +4°C 3 bar 0.25 s 9 s
1. 0.03 ppt

2. 32.45 ppt
3. 32.90 ppt

Varibles
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5. Test procedure 197 

The test procedure started with ensuring that the plate temperatures (using thermocouples glued in 198 
holes on the plate at a distance of 0.5mm from the surface facing the spray ) and the water temperature 199 
in the reservoir were stable and as close to the set temperatures in the freezing room and the cooling 200 
room respectively. In addition, it was ensured that all other parameters are adjusted in accordance with 201 
the set test conditions.  Recording the data logger was started. The pump was started at this point. The 202 
PLC was programmed to give a continuous spray for the first couple of minutes to ensure removing that 203 
all air pockets from the spray line. This ensured minimum variation of water exiting the nozzle throughout 204 
the experiment. During the initial continuous spray, there was a drainage system (Figure 5) that diverted 205 
the spray to the water collection tank and ensured that the spray does not come in contact with the plate.  206 

 207 

Figure 5: Spray drainage system 208 

After the start of pulsating spray, the drain cover was removed with the help of a pulley mechanism. 209 
The pulley mechanism helped to remove the drain cover without entering the freezing room, without 210 
which, opening and closing of the freezing room resulted in excessive vibrations of the test plate, and 211 
thereby resulting in excessive noise in the weight data. This marked the start of the test period of 1 hour. 212 
The spray continued for exactly one hour, at the end of which, the pump was switched off. This marked 213 
the end of the test. The plate was allowed to rest for a few minutes to dampen the vibrations caused by 214 
the pulsating spray for recording the total ice weight (including ice stalactites under the plate). Next, the 215 
ice stalactites were scraped with a sharp metal plate, ensuring as close as possible, that no ice on the 216 
projected surface area of the plate was removed. The plate was again allowed to rest for some minutes 217 
for recording the reading of ice weight without the ice stalactites. This step marked the end of the test. 218 
Figure 8 provides details of the time intervals pertaining to the test.  219 

6. Measurements and Data analysis 220 

Table 2 presents a list of all variables used for the current study. It includes nomenclature, description, 221 
the source of measurement, and the formulae used for calculation, if any.  222 

 223 
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Table 2: Nomenclature & data source 224 

Symbol Unit of  
measurement Description Source of 

measurement 
Formula/ 
Reference 

uset m/s set wind speed hot wire 
anemometer Figure 6 

TaSet °C set air temperature in freezing room  set in cold climate 
lab - 

TwSet °C set seawater reservoir temperature (set air 
temperature in cooling room) 

set in cold climate 
lab - 

pgauge bar gauge pressure measured approximately 1.5 
meters before the nozzle manometer - 

ts sec spray duration set in PLC - 

tp sec spray period or time between two consecutive 
sprays set in PLC - 

TaMean °C mean air temperature in freezing room for the 
duration of each test 

thermocouple/ 
data logger avg over 1 hour 

TwRes °C Temperature of seawater in reservoir  thermocouple/ 
data logger - 

TwNc °C 
mean temperature of seawater measured before 
nozzle in cooling room for the duration of each 
test 

thermocouple/ 
data logger avg over 1 hour 

TwNf °C 
Mean temperature of seawater measured before 
nozzle in freezing room for the duration of each 
test 

thermocouple/ 
data logger avg over 1 hour 

TwMean °C Mean temperature of seawater out of nozzle thermocouple/ 
data logger (TwNc+ TwNf)/2 

m ̇plate kg/hr mass of seawater impinging the plate per hour   physical 
measurement Figure 7 

Qplate kg/m2/hr mass flux of seawater impinging the plate per 
hour calculation (m ̇plate)/(Ap) 

sppt ppt salinity Conductivity meter - 

ρi kg/m3 density of sea spray ice (assumed = 900 kg/m3) literature [4], [17], [18] 

Ap m2 surface area of each test plate (= 0.49m2) physical 
measurement - 

wice15 kg total weight of ice in first 15 mins of test  
(from 10 min moving avg curve of ice weight)  

Load cell/ data 
logger  Figure 9 

wiceX15 kg total weight of ice excluding first 15 mins of test  
(from 10 min moving avg curve of ice weight)  

Load cell/ data 
logger Figure 9 

wice60 kg total weight of ice in 1 hour of the test  
(from 10 min moving avg curve of ice weight)  

Load cell/ data 
logger Figure 9 

wtot kg total weight of ice in 1 hour of the test  
(measured average after end of each test)  

Load cell/ data 
logger  Figure 8 

wplate kg 

weight of ice in 1 hour of the test without ice 
stalactites (after scraping ice hanging below plate 
surface projected area)   
(measured average after end of each test)  

Load cell/ data 
logger  Figure 8 

rice15 kg/m2/hr effective icing rate for first 15 mins of each test calculation wice15*4/Ap 
riceX15 kg/m2/hr effective icing rate excluding 15 mins of each test calculation wiceX15*(4/3)/Ap 

rice60 kg/m2/hr effective icing rate for each test calculated from 
10 min moving avg of total ice weight calculation wice15/Ap 

rtot kg/m2/hr effective icing rate for each test calculated from 
avg total ice weight measured after test calculation wtot/Ap 
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 225 

Some measurements that do not have an obvious explanation in Table 2, are detailed out below. 226 

6.1. Wind speed (uset) 227 

A cross-flow fan of a length greater than the test plate was used to simulate the influence of wind on 228 
and near the freezing surface. The placement of the fan is shown in Figure 6.  229 

The wind speed was measured with the help of a hot wire anemometer 9mm over the surface of the 230 
plate as shown in  Figure 6. Wind speed was measured as an average of several readings at the top and 231 
the bottom of the plate. The difference in the wind speeds measured at the top and bottom varied by 232 
approximately 5% and was assumed constant over the entire surface of the plate. 233 

 234 

Figure 6: Schematic of windspeed measurement 235 

The measurement of wind speeds in the experiment presented by Deghani-Sanij et.al., 2019 took place 236 
at a distance of 40cm from the fan, which was 2.1m from the plate, given that the distance between the 237 
fan and the test plate was 2.5m [13]. Wind speed measurements in the setup for the current study shown 238 
in  Figure 6, were measured at the plate, which is a more accurate measurement for the wind speed 239 
affecting the freezing surface.  240 

rplate kg/m2/hr 
effective icing rate for each test calculated from 
avg ice weight without ice stalactites measured 
after test 

calculation wplate/Ap 

ip mm/hr icing rate assuming uniform ice layer, calculated 
from ice weight without ice stalactites calculation wplate/Ap/ρi/1000 

i25 mm/hr icing rate considering all 25 points  physical 
measurement Figure 11 

i6- mm/hr icing rate considering upper 6 points (low icing 
region)  

physical 
measurement Figure 11 

i6+ mm/hr icing rate considering lower 6 points (heavy icing 
region)  

physical 
measurement Figure 11 
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6.2. Temperatures 241 

Temperatures were measured with the help of thermocouples and recorded every second with a 242 
datalogger. The locations of measuring probes for air and seawater temperatures are shown in Figure 1. 243 
The air temperature in the freezing room was monitored with a thermocouple suspended close to the 244 
setup, but away from the spray.  245 

Temperature of seawater was monitored in the reservoir (TwRes), but not used during the analysis owing 246 
to the rise in temperature due to the pump. Instead, seawater temperatures were measured close to the 247 
nozzle. The seawater temperature close to the nozzle was measured with a thermocouple inserted 248 
perpendicularly in the pipe, about 10cm upstream of the nozzle inside the freezing room (TwNf). The 249 
intermittent stagnation of seawater in the freezing room due to periodic spray was expected to lower the 250 
seawater temperature out of the nozzle compared to the temperature of seawater in the reservoir. 251 
Thermocouple readings can be affected by radiation errors [19]. Since the pipe in this location was 252 
constantly exposed to the freezing temperatures, despite of the insulation, the readings for the sea 253 
temperature at the nozzle could have been lower than the actual values. Thus, another measurement of 254 
the seawater temperature was taken about 1.5m upstream of the nozzle, but this one in the cooling room 255 
(TwNc). The actual temperature would lie somewhere in between the seawater temperature measured 256 
upstream of the nozzle in the freezing room (TwNf) and the one measured upstream of the nozzle in the 257 
cooling room (TwNc) and thus, the actual seawater temperature exiting the nozzle (TwMean) was considered 258 
to be the average of these two readings.  259 

6.3. Mass of seawater impinging the plate per hour (m ̇plate) 260 

The setup for measuring the mass of seawater impinging on the plate is shown in Figure 7. The setup 261 
was run for all combinations of the input variables (wind speeds, pressure, spray duration, spray period) 262 
used in the test, each for 15 minutes, with the first batch of seawater with 32.45ppt salinity. The setup 263 
consisted of a frame with inner dimensions of that of the test plate (0.7m x 0.7m). A plastic water retainer 264 
collected all the spray water and drained it through a hole at the bottom into a collection bin. The mass 265 
of water collected in a collection bin was measured. This mass was multiplied by 4 to give the mass per 266 
hour.  267 

 268 

Figure 7: Setup and schematic for spray flux measurement 269 
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Measurements using the method used by Dehghani-Sanij et. al. 2018 to measure spray flux by collecting 270 
the water after hitting the plate in the small container [13], showed about 11.4% lesser flux than the 271 
current method shown in Figure 7. In the current method, 100% of the spray droplets that would have hit 272 
the plate are measured, whereas in the method described by Dehghani-Sanij et. al. 2018, some droplets 273 
that bounce back after hitting the plate are not captured, thus giving a lower value of flux than actually 274 
hits the plate. This difference in the measurement techniques is especially important due to the difference 275 
in the setup of the spray nozzle and the plate in both experiments (see Figure 1).  In the experiment by 276 
Dehghani-Sanij et. Al. 2018, the nozzle was directed upwards, parallel to the plate, with a DV0.5 of 975μm, 277 
and the droplets that hit the plate were purely due to wind, and not the momentum of the droplets 278 
coming out of the nozzle. In section 3.1, it was suggested that it is possible that relatively larger droplets 279 
would be unable to be carried by the wind to the plate. This could have resulted in only the smaller 280 
droplets actually hitting the plate. In this case, the spray flux measurement technique applied by 281 
Dehghani-Sanij et. Al. 2018 would be valid, although, the results from such a setup would be more 282 
appropriate only for the aft parts of the vessel where the droplets might reach mainly due to being carried 283 
by the wind. In the setup for the current study, the spray nozzle faces the plate, thereby taking also the 284 
relatively larger droplets to the plate due to momentum. The flux measurement technique used in this 285 
case (Figure 7) is more appropriate for the current setup.  286 

The tests were carried out with two samples of seawater and one of freshwater. Measurements for the 287 
mass of impinging seawater per hour (m ̇plate) were done at ambient room temperature with the seawater 288 
sample with 32.45ppt salinity. Since the density of water changes with salinity and temperature, assuming 289 
the volume of water hitting the plate during measurements and the tests remaining constant, the 290 
percentage difference in m ̇plate during the measurements and the tests is solely due to the difference in 291 
the density. Table 3 shows how neglecting the changes in the density causes only a negligible error in 292 
m ̇plate of a maximum of 0.45% for both seawater samples and 1.54% for the sole test with freshwater. It 293 
is however to be noted that this applies only for the calculations of the mass flux and not the mass of 294 
accreted ice, since the mass of ice is directly measured with the help of a load cell. The densities in Table 295 
3 are obtained from an open source density calculator [20].  296 

Table 3: Density difference in various water samples 297 

  Water 
sample 

Salinity 
(ppt) 

Approx. 
Temp. 

Density 
(kg/m3) 

Error due to 
neglecting 

difference in 
density (%) 

During 
Measurement 
of m ṗlate  

Sample 1 32.45 25°C 1015.63 - 

During icing 
tests 

Sample 1 32.45 
2°C 
  

1019.779 0.41 

Sample 2 32.895 1020.242 0.45 

Fresh water 0.03 999.992 -1.54 
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6.4. Weights from datalogger 298 

The data logger registered the output voltage from the load cell throughout the duration of the whole 299 
test, in addition to some periods before and after the actual test duration. 11 calibration tests confirmed 300 
a 0.001mV/gm increase in the output voltage from the load cell. This calibration was used to calculate the 301 
ice weights from the raw data. A sample raw data from one of the tests is shown in Figure 8. To reduce 302 
the effects of the noise in the data, there were periods before and after the actual test duration for 303 
measuring weights. Before the actual test starts, there is a period to measure the average start weight of 304 
the plate. After the actual test duration, average weight is taken before and after scraping of ice 305 
stalactites, providing the basis for the calculation of wtot and wplate respectively. 306 

 307 

Figure 8: Timewise division of raw data from data logger (example of Experiment 7, test 1 with 3sec spray period) 308 

Next, processing of the actual test data was carried out and is explained in the next section.  309 

6.5. Data processing of weight measurements 310 

Raw data for the actual test duration shown in Figure 8 was extracted and processed further to remove 311 
noise from the data. After experimenting with several curve smoothing algorithms and spans, it was 312 
concluded that the Robust Locally Weighted Scatterplot Smoothing (RLOWESS) algorithm [21] with a span 313 
of 600 timesteps (10 minutes) gave the bet fit for the raw data.  314 

In Figure 9, the output voltage from the raw data is first converted to weight and then smoothed with the 315 
aforementioned function (blue curve). Due to the noise in the data, the start was not necessarily at 0gms. 316 
This data was then zero-adjusted, i.e., the start of this curve was moved to 0gms. The resulting red curve 317 
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in Figure 9 was considered to be the ice weight curve for individual tests. Figure 9 also shows the 318 
calculation procedure for the rest of the weights that were not covered in Figure 8. 319 

 320 

Figure 9: Noise reduction of weight data (example from experiment 2, test 1 for 0 wind speed) 321 

Most calculations required the actual weight on the plate from Figure 9. However, it is the area density 322 
(mass per unit area) of ice accretion that is of more interest, for which another calculation was performed. 323 
As shown in Figure 10, the zero adjusted ice weight in grams from Figure 9 is first converted to kgs, and 324 
then, the mass per unit area is calculated by dividing this with the area of the plate. The icing rate is then 325 
calculated by taking the difference in the mass per unit area of consecutive points (per second) and 326 
converting the rate to per hour. Since the icing rate is calculated from the time averaged weight of ice 327 
accreted over 10 minutes, the icing rate too would be the time averaged icing rate over ten minutes. 328 
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  329 

Figure 10: Calculating ice weight per unit area and time averaged icing rates. 330 

6.6. Ice Weight measurements and icing rates 331 

Figure 8 and Figure 9 show the 5 different weights measured for each test and Figure 10 shows the 332 
icing rate and ice weight per unit area calculated from the instantaneous total weight of ice on the plate. 333 
Most tests showed high icing rate in the initial stages of the test and  that quickly declined to a near 334 
constant icing rate for the rest of the test. This is clearly spotted in  Figure 10, where a knee-bend can be 335 
observed for the icing rate. It is later seen in 7.3 how this knee-bend is more visible for lower wind speeds. 336 
The reason for this is due to the difference in the thermal conductivities of the plate material and the ice 337 
layer and is explained in further detail in 7.2. 338 

As shown in Table 4, rice15 gives the effective icing rate for the first 15 minutes of the test. riceX15 gives 339 
the effective icing rate excluding the first 15 minutes of the test. The knee-bend was observed at different 340 
times for different test conditions. The knee-bend that was furthest from the start was approximately at 341 
15 minutes. Thus, it was decided to keep 15 minutes as the split time for all tests. Taking different initial 342 
time periods would obviously show a difference in the initial effective icing rates. wplate gives the ice weight 343 
without ice stalactites after one hour. wice60  and wtot  are the weight of total ice on the plate after one 344 
hour with ice stalactites. The difference is purely due to the difference in the methods of calculation as 345 
shown in Figure 8 and Figure 9. Icing rates (r) in kg/m2/hr with corresponding prefixes are then calculated 346 
as shown in Table 2.  347 

There is a reason for inclusion of all different measurements of icing rates in the analyses that can be 348 
attributed to the application. Knowledge about the development of the initial icing rate could prove to be 349 
applicable for anti-icing methods using heat, pulse heating, or vibration. Using icing rates that exclude the 350 
few initial minutes or those that consider the entire 60 min test duration could simplify long-term 351 
estimations for icing. Since the icing rates seem to be much higher in the initial stages of a maximum of 352 
15 minutes, the effect of this high icing rate would disappear for longer test periods. In real conditions, 353 



16 
 

the mean duration for icing events is 15 hours with a standard duration of 13 hours [2], [22]. The icing 354 
rates with and without ice stalactites, again depend on the application. Estimation of ice accretion on 355 
large surfaces would require the icing rates without ice stalactites as the water forming the ice stalactites 356 
would flow to the next ‘cell’. Icing rates with ice stalactites would be necessary for estimation of ice 357 
accretion where development of ice stalactites is a possibility. In the analyses for individual experiments, 358 
the 3 different icing rates after 60 minutes are visualised as an error bar, in Plot 3 of each experiment 359 
result figure, for example, in Figure 12 – Plot 3. The median of these 3 values is plotted, and the error bar 360 
shows the 2 extreme values. 361 

6.7. Plate divisions and thickness measurements 362 

Each of the 3 plates used in the experiments was divided into a grid of 25 divisions as shown in Figure 363 
11. Since the plates were oriented vertically during the tests, icing observed in the lower parts was higher 364 
than that of the upper parts as the water film slides down due to gravity before freezing. This results in 365 
different icing rates in different regions on the plate. The icing rate measured by weight could not 366 
differentiate between the different regions. For determination of the icing rate by thickness however, at 367 
total of 75 measurements were done over the plate, 3 in each division with the depth probe of a vernier 368 
calliper. In case of very uneven ice build-up, the extremities or peaks were excluded, and the mean of 369 
multiple measurements was recorded for each of the 75 points. For measurements up to approximately 370 
7-8mm of ice thickness with seawater, the probe could relatively easily pierce the ice. For larger 371 
thicknesses, holes had to be bored to take the thickness measurements. An ultrasonic thickness gauge 372 
proved of little help for measuring the ice thickness. The reason for this could have been air bubbles in 373 
the sea spray ice and the uneven nature of the ice layer that prevented good contact with the probe, in 374 
addition to the brine pockets. If using an ultrasonic thickness gauge, it is suggested that the ice surface be 375 
gently polished [23], for example, with the probe or a finger, to flatten out the surface. This method could 376 
be used if the ice surface is relatively smooth and the ice is without entrapped air bubbles.  377 

 4 different thickness measurements are presented in Plot 4 of all the experiments, for e.g., in Figure 378 
12 – Plot 4. These include the mean of all 75 measurements in all 25 divisions of the whole plate, a mean 379 
of 18 measurements from each of the 6 divisions of the low icing region and the heavy icing region, and 380 
finally a thickness estimation assuming uniform ice layer, calculated from the weight of ice on the plate 381 
without ice stalactites (wplate) assuming an ice density of 900 kg/m3 [4]. Icing intensity is classified into 382 
slow, fast, and very fast icing depending on icing rates, which are <10, 10-30, and >30 mm/hr respectively 383 
[3], [24]. These intensities are indicated in the same plots.  384 

It should be noted that the ice density was not measured during this experiment, and that literature 385 
provides different values of sea spray ice density. Ryerson and Gow, 2000  observed sea spray ice densities 386 
between 693-917 kg/m3. Stallabrass, 1980 assumed an ice density of 890 kg/m3 [9] ,whereas several other 387 
researchers assumed an ice density of 900 kg/m3 [4], [17], [18] . The value of 900 kg/m3 is used in the 388 
current article only for the purpose of calculation of icing rate assuming uniform ice layer, calculated from 389 
ice weight without ice stalactites (ip). 390 

 391 
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 392 

Figure 11: Plate divisions for thickness measurements 393 

7. Results 394 

7.1. Experiment 0: Repeatability 395 
Repeatability is the precision of analytical measurements [25]. An ideal experiment has to be inherently 396 

repeatable. However, practically, some variables are difficult to hold constant throughout multiple 397 
readings. For testing the repeatability of the current study, 3 readings were taken in with the same set 398 
conditions. The measured air and seawater temperatures however, showed some variation. It is thus 399 
necessary to find out the amount of variation to be expected in a reading if taken multiple times. The 400 
repeatability was tested under one of the set conditions otherwise tested. The set conditions for 401 
Experiment 0 -  the repeatability test are shown in Table 1 and the results are shown in Figure 12 and 402 
Table 4. 403 

 404 

 405 

 406 

 407 

 408 

 409 

 410 

 411 

 412 

 413 

0 1 2 3 4 50

1

2

3

4

5

Plate Division

1

6

11

16

21

3 4 5

10

15

20

25

2

7 8 9

12 13 14

17 18 19

242322

Low icing region

Heavy icing region

0.7m

0.7m



18 
 

Experiment 0: Repeatability 
Plot 1: Ten min. averaged icing rate and ice weight Plot 2: Temperatures and spray flux during experiment 

  
Plot 3: Effective icing rate in different time periods Plot 4: Icing rates in different regions of plate 

  

Figure 12: Exp. 0 - Ice weights, temperature & spray flux variations, and icing rates for 3 repetitions with same set conditions.  414 

Figure 12 - Plot 1, shows the variation in the icing rates and the weight of accreted ice during the 415 
duration of the three repetitions. Some variations, albeit minor, are visible from this figure. Figure 12 - 416 
Plot 2 shows the variations in the mean of measured temperatures in each test. The mean air 417 
temperatures show a small variation of less than a degree from the set temperatures. The seawater 418 
temperature is about 2°C lower than the set water temperature for each test. Figure 12 – Plots 3 and 4 419 
show minor variations also in the icing rates.  420 



19 
 

Table 4: Repeatability analysis (Exp. 0) 421 

 422 

The repeatability analysis is shown in Table 4 in terms of relative standard errors (RSE). The actual 423 
temperatures cannot be practically kept constant. The RSE in the air temperature was 8.02%, whereas the 424 
RSE in the seawater temperature was only 1.78%.  425 

In case of icing rates by weight, the icing rate by weight excluding the first 15 minutes (riceX15) shows the 426 
greatest RSE at 10.11% and all other measures of the icing rates by weight have  much lower RSEs. 427 

In case of icing rates by thickness, the icing rates by thickness for the low icing region (i6-) and that for 428 
the whole plate, either by measurement (i25) or by weight measurements assuming a uniform icing layer 429 
(ip) show RSEs under 10%. The icing rate by thickness in the heavy icing region of the plate (i6+) however, 430 
shows a relatively high RSE of 30.48%.  431 

Sea spray icing is a complex physical phenomenon having multiple independent variables. The 432 
experiment with the repetitions is just an example of how, even in controlled laboratory conditions, and 433 
the difference in the methods of measurement, there could be a variation in the recorded measurement 434 
of icing rates. 435 

7.2. Experiment 1: Effect of material 436 

Lightness, strength, and easy production make aluminium alloys one of the best choice for structures 437 
for several kinds of boats and vessels [26]. Construction of large scale container ships uses high strength 438 
and thick steel plates [27]. Fire retardant glass reinforced polyester (GRP) is used for construction of hulls 439 
and deck for totally enclosed type of lifeboats [28]. Depending on the possibility of procurement, the 440 
materials chosen for this study were aluminium alloy AL 5052, steel alloy S355 NVA/NVE, and GRP supplied 441 
by VikingNorsafe. 442 

material uset TaSet TwSet pgauge ts tp sppt TaMean TwMean Qplate

- m/s ͦC ͦC bar sec sec gms/litre ͦC ͦC kg/m2/hr

0 1 aluminium 0 -9 4 3 0.25 9 32.45 -8.91 2.34 10.63
0 2 aluminium 0 -9 4 3 0.25 9 32.45 -9.13 2.30 10.63
0 3 aluminium 0 -9 4 3 0.25 9 32.45 -8.64 2.21 10.63

-8.89 2.29
8.02 1.25

assuming 
uniform 
ice layer

wice15 wiceX15 wice60 wtot wplate rice15 riceX15 rice60 rtot rplate ip i25 i6- i6+

0 1 0.51 0.48 0.99 0.97 0.92 4.16 1.32 2.03 1.97 1.87 2.08 2.24 1.99 3.44
0 2 0.49 0.63 1.12 1.07 0.98 3.99 1.72 2.29 2.18 2.00 2.22 2.65 1.93 4.66
0 3 0.47 0.51 0.99 0.99 0.92 3.88 1.40 2.02 2.01 1.87 2.08 2.47 2.16 3.67

4.01 1.48 2.11 2.05 1.91 2.13 2.45 2.02 3.92
6.84 10.11 7.24 5.08 3.35 3.72 9.60 5.81 30.48

Mean
Rel. Std. error (%)

Mean
Rel. Std. error (%)

Test Results

Exp 
nr

Rep
 nr

Ice Weights (kg) Icing rates
by weight (kg/m2/hr) by thickness (mm/hr)

From 10 min 
moving average

From 
end readings

From 10 min 
moving average

From 
end readings

measured
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Set Parameters
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Al 5052 has a high corrosion resistance in marine atmospheres, and has a thermal conductivity of 138.4 443 
W/m·K (W/m·°C) [29]. S355 has a thermal conductivity of 45 W/m·K [30]. Thermal conductivity of polymer 444 
resins and glass fibre typically lie in the range of 0.05-0.18 W/m·K and is dependent on several factors 445 
including composition [31], [32]. This value, compared to that of steel and aluminium is extremely small. 446 
The exact composition of the GRP plate was unknown, and its thermal conductivity was assumed to be 447 
0.18 W/m·K. Thermal conductivity is also a function temperature, and all values mentioned in this section 448 
are for ambient room temperature.  449 

Atmospheric icing research has shown that thermal conductivity of a substrate affects the dynamic ice 450 
accretion process significantly [33]. Other parameters such as surface coating and surface finish might 451 
significantly affect the icing rates [3]. The aluminium and steel plates used for this test were uncoated. 452 
For the purpose of this study, thermal conductivity is assumed to be the dominant parameter of 453 
differentiation between the materials and effects due to any other parameters are neglected. 454 

This experiment (exp. 1) with thermal conductivity or material as the variable was conducted without 455 
wind. All the set input conditions for this experiment are listed in Table 1. 456 

 457 

 458 

 459 
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 472 

 473 
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Experiment 1: Thermal conductivity (Material) 
Plot 1: Ten min. averaged icing rate and ice weight Plot 2: Temperatures and spray flux during experiment 

  
Plot 3: Effective icing rates by weight Plot 4: Icing rates in different regions of plate 

  

Figure 13: Exp. 1 - Ice weights, temperature & spray flux variations, and icing rates (Variable: Material) 474 

Figure 13 – Plot 3 shows that the mean icing rates for the initial 15 minutes period vary greatly with the 475 
thermal conductivity. The Icing rates for the aluminium plate in the initial 15 minutes were close to twice 476 
that of the GRP plate. However, if the initial 15 minutes period is neglected, the icing rates have negligible 477 
variation with the material. This shows that the material plays an important role only during the initial 478 
icing phase, after which, the icing rates are more or less independent of the material of the substrate. This 479 
is in agreement to Kulyakhtin 2014, who stated that the average ice growth rate becomes constant after 480 
the first few sprays since the heat stored in the substrate is spent in the first few sprays and does not 481 
contribute in subsequent spray events [2]. Figure 13 – Plot 1 too, shows how, after 15 minutes, the icing 482 
rates for all materials are similar and the ice weight curves for all materials with respect to time are 483 
approximately parallel.  484 
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Owing to the lack of wind, all materials show slow icing intensity in Figure 13 – Plot 4, irrespective of 485 
the region on the plate. The icing thickness in all regions of the plate increases slightly with the increase 486 
in the thermal conductivity of the material. However, this increase is quite low. Since the ice thickness 487 
was measured only after the culmination of the tests, the icing rates by thickness for the first 15 minutes 488 
cannot be commented upon. It is however possible that the small difference in the icing rates by thickness 489 
at the end of 1 hour are a result of the unequal icing rates in the initial stage.  490 

Figure 13 – Plot 2 shows that the average temperatures during all the tests in Exp. 1 were stable and 491 
deviated by less than a degree between all tests. The seawater temperature was more than a degree 492 
lower than the set seawater temperature for all tests.  493 

Summary of results from Exp.1: 494 

Experiment 1 investigates the variation in icing rate due to the material of the freezing surface.  The 495 
experiment clearly shows that the icing rates in the initial few minutes are dependent on the material, 496 
more specifically, the thermal conductivity. As the ice layer builds up, the influence of the material on the 497 
icing rate is reduced. The initial ice layer itself insulates the freezing surface such that all materials become 498 
‘equal’ in terms of further icing. For applications where the initial icing rates are important, for e.g., 499 
automation of anti-icing thermal cables,  the material is definitely of consequence. In other cases, that 500 
require icing rates for a longer period of time, the influence of the material can be neglected as stated by 501 
Kulyakhtin 2014 [2]. 502 

The plate in the current experimental setup was not insulated, such that the temperature of the 503 
freezing surface on the side facing the spray were equal to the temperature at the rear at the start of the 504 
test. The temperature inside the hull of a vessel or inside a marine structure, or any other forms of heat 505 
sources close to the freezing surface would obviously affect the icing rate, especially in the early phase of 506 
the icing period. 507 

7.3. Experiment 2: Effect of wind speed 508 

Wind speed, or relative wind speed is one of the most significant factors contributing to sea spray icing 509 
[9]. Wind speed directly affects the evaporative heat transfer coefficient [7]. Higher wind speeds not only 510 
lead to faster in-flight cooling of the spray droplets, but also lead to faster freezing of the ice film. Previous 511 
research clearly shows that higher wind speeds lead to higher icing rates [8], [9], [15]. Especially during 512 
intermittent spray, higher wind speeds lead to faster freezing of the water film between the ice-air 513 
interface leading to higher icing rates. 514 

Experiment 2 involved investigating the relation of icing rates to wind speed on and near the freezing 515 
surface. In the 4 tests in the experiment, the wind speed was varied for each test with all other parameters 516 
constant as shown in Table 1. Wind speeds were measured near the freezing surface as shown in Figure 517 
6 and were varied from 0-6 m/s in steps of 2m/s. It should be noted that these are the equivalent of 518 
relative wind speeds and not the same as U10, which is a standard for forecasting and metrological wind 519 
measurement. Relating this experiment to field conditions would require interpretation of these wind 520 
speeds in terms of U10  and the wind field near and around a ship or marine structure.  521 
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Experiment 2: Wind 
Plot 1: Ten min. averaged icing rate and ice weight Plot 2: Temperatures and spray flux during experiment 

  
Plot 3: Effective icing rates by weight Plot 4: Icing rates in different regions of plate 

  

Figure 14: Exp. 2 - Ice weights, temperature & spray flux variations, and icing rates (Variable: wind speed) 522 

Figure 14 – Plots 3 & 4 show how the icing rate increases with the increase in wind speeds. Figure 14 – 523 
Plot 3 shows that the icing rates for the first 15 minutes are higher than after the first 15 minutes. The 524 
difference however is reduced with increasing wind speeds. This means that as the wind speeds increase, 525 
the icing rate becomes less time dependent, at least for the first hour of icing. In case of no wind (which 526 
is a hypothetical icing case for field conditions), the rate of icing was 3.15  times higher in the first 15 527 
minutes compared to after it, and 2.05 compared to the icing rate for the complete one hour (including 528 
the first 15 minutes), whereas, at 6m/s wind, the initial icing rate was just 1.19 times higher than that 529 
excluding the first 15 minutes.  530 
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As the wind speed increased from 2 to 6 m/s, the icing rate by weight increased from 5.11 to 8.01 531 
kg/m2/hr and that by thickness increased from 6.96 to 10.02 mm/hr for the entire plate, and 14.06 to 532 
20.66 mm/hr for the heavy icing region. 533 

Icing rate trends from both, Figure 14 – Plots 3 & 4, show that the change of icing rate with respect to 534 
wind speeds is reduced with increase in wind speeds. The icing rate is approaching a constant value at a 535 
certain threshold of wind speed.  536 

Figure 14 – Plot 1 confirms this finding. It can be seen that the curves of icing rates and weights for 537 
higher wind speeds are closer to each other than the curves for lower wind speeds. From Figure 14 – Plot 538 
1, it can also be seen that the difference in the icing rates in the initial stages, compared to the later stages, 539 
is higher for lower wind speeds. This difference is not as visible for higher wind speeds where the time 540 
dependence of wind speeds on icing rates becomes lesser. Since all experiments starting from experiment 541 
3, are performed with a wind speed of 6m/s, this ‘knee bend’ that is seen for 0 and 2 m/s wind, would not 542 
be as prominent as in Plot 1 of Figure 12, Figure 13, and Figure 14. 543 

The experimental setup did not allow for testing at higher near surface wind speeds than 6m/s, so the 544 
threshold of windspeed when the icing rate stops increasing remains to be found. It must also be 545 
considered that higher wind speeds will increase the inflight cooling of incoming spray. 546 

Figure 14 – Plot 4 shows that the heavy icing region on the plate experiences fast-icing already at 2m/s 547 
wind. The mean icing rate for the entire plate, approaches fast icing for higher wind speeds. The local 548 
variation in the icing rates measured in mm/hr are dependent on the local flux on the freezing surface. 549 
Although the total mass flux across the plate surface was measured, the local flux at each of the 25 550 
divisions on the plate was out of the measurement scope. In a way, this is analogous to field conditions 551 
where different regions on the ship will have different amounts on incoming spray leading to different 552 
icing conditions, but this is not a point of consideration for the current study.  553 

Though the mass flux through the nozzle was  constant throughout this experiment, the mass flux 554 
measured at the plate varied due to the wind affecting the flow of the droplets and driving some away 555 
from the plate. It is interesting to notice although the icing rate increased with wind speeds, Figure 14 – 556 
Plot 2 shows that the flux measured at the plate decreased with increase in wind. This means that the 557 
icing rates increased even though lesser water impinged on the plate. Due the variation of spray flux for 558 
different wind speeds, the flux acts as a covariate, and if ideally kept constant, could give a slightly 559 
different curve for the icing rates in Figure 14 – Plots 3 & 4. In ideal experimental conditions, the flux 560 
across the plate should remain constant despite of varying wind speeds. The drop in the icing rate in the 561 
low icing region for 6m/s wind could be attributed lesser spray reaching this region of the plate at higher 562 
wind speeds. Figure 14 – Plot 2 also shows that the experiments with the highest wind speed had lower 563 
mean air and seawater temperatures than the other tests. This might have resulted into an overestimation 564 
of icing rates at higher wind speeds. 565 

 566 

 567 
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Summary of results from Experiment 2: 568 

Experiment 2 concerning relation between the icing rates and wind speeds gives a clear indication that 569 
the icing rates are highly dependent on wind speeds. For further analysis, the role of the covariates, i.e., 570 
the air and water temperatures, and especially the spray flux, needs to be evaluated.  571 

The mean icing rate in terms of weight was almost 4 times higher at 6m/s wind than without wind. The 572 
icing rate in terms of thickness was approximately 5 times higher for 6m/s wind compared to no wind 573 
irrespective of the region on the plate. This confirms that wind plays a significant role in determining the 574 
icing rates due to sea spray icing. 575 

7.4. Experiment 3: Effect of Air Temperature 576 

Experiment 3 investigates the role of air temperature for sea spray icing rates. Along with wind speed, 577 
air temperature is one of the two most significant factors for determining icing severity [9]. Lower air 578 
temperatures lead to quicker freezing of the water film between sprays, leading to higher icing rates. 579 
Experiment 3 consisted of 3 tests at different set air temperatures, under the freezing temperature of -580 
1.8°C at 32.9ppt salinity (Eq. (1)), with the other conditions constant as given in Table 1. 581 

𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤 = −0.002 − 0.0524 ∙ 𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝 − 6 × 10−5 ∙ 𝑠𝑠𝑝𝑝𝑝𝑝𝑝𝑝2  Ref: [9] Eq. (1) 
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 595 
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Experiment 3: Air temperature 
Plot 1: Ten min. averaged icing rate and ice weight Plot 2: Temperatures and spray flux during experiment 

 
 

Plot 3: Effective icing rates by weight Plot 4: Icing rates in different regions of plate 

  

Figure 15: Exp. 3 - Ice weights, temperature & spray flux variations, and icing rates (Variable: Atmospheric temperature)  597 

The three tests in this experiment were carried out at set air temperatures of -15°C, -9°C, and -5°C with 598 
recorded mean air temperatures of -15.45°C, -10.17°C, and -6.13°C respectively. Since this experiment 599 
focussed on air temperatures, for which the measured values were available throughout all the tests, the 600 
graphs in Figure 15, unlike the other experiments, are plotted against the measured mean air 601 
temperatures rather than the set air temperatures.  602 

Figure 15 – Plots 3 & 4 show a clear trend where the icing rate increases with decrease in air 603 
temperature. Except for the initial 15 minutes, all measures of icing rates in terms of weight show almost 604 
a linear increase with the decrease in temperature for the range of temperatures tested. The icing rate in 605 
terms of weight increased from 6.06 kg/m2/hr at a mean air temperature of -6.13°C to 9.92 kg/m2/hr at -606 
15.45°C corresponding to an increase of 0.41 kg/m2/hr/°C fall in air temperature if linear relation is 607 
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assumed. The icing rates in terms of thickness increased by 4mm/hr for the entire plate, and 10mm/hr in 608 
the heavy icing region as the mean air temperature dropped from -6.13°C to -15.45°C. 609 

There is only a small difference in the icing rates in the initial 15 mins as compared to the rest of the 610 
test for the tests with lower temperatures. This can also be confirmed from Figure 15 – Plots 1 where the 611 
deviations in the icing rates are comparatively low as compared to the experiment with wind at lower 612 
wind speeds.  613 

In case of the icing rate in the first 15 minutes, the change of icing rate with temperature is higher for 614 
higher temperatures (from -6.13°C to -10.17°C) compared to lower temperatures (from -10.17°C to -615 
15.45°C). The increase in icing rate due to air temperature is more or less linear if the first 15 minutes are 616 
neglected. The difference in the initial and overall icing rate in case of the highest temperature of -6.13°C 617 
however, is almost constant. Reasons for this could be that the marginal difference in the atmospheric 618 
temperature to that of the freezing temperature of seawater (4.33°C for the test with mean air 619 
temperature of -6.13°C) leads to slow freezing of the impacting seawater and might cause some of the 620 
accreted ice to melt in the initial stages when the ice layer is thin. The small difference in temperatures 621 
could also lead to lack of adhesion between the ice and the surface causing some of the ice sliding away 622 
due to weight in case of vertical surfaces. This was observed in case of the test with -6.13°C as shown in 623 
Figure 16. Plot 1 of Figure 15 also shows how, for the test with -6.13°C air temperature, the icing rate 624 
actually increases with time in the initial period.  625 

 626 

Figure 16: Breakup of initial ice layer at higher temperatures 627 

Another important point to notice in Figure 15 – Plot 3 is that the icing rate in terms of weight has 628 
longer error bars for higher temperatures. As mentioned in 6.6, the error bar denotes difference in values 629 
due to difference in the interpretation of the weight of ice accreted. This means that the method of 630 
calculating the weight of ice accreted plays an important role for higher temperatures. The reason for this 631 
is that the formation of ice stalactites was more for higher temperatures. This was confirmed from the 632 
pictures from the tests shown in Figure 17.  633 
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 634 

Figure 17: Testing effect of air temperature - More ice stalactites at higher air temperatures 635 

Due to slower freezing for higher temperatures, a considerable amount of impacting spray water 636 
trickles down or ‘runs off’ before freezing, giving rise to more ice stalactites. Depending on the application, 637 
either the total weight of ice on the plate with the ice stalactites would be required, or in case a larger 638 
surface area is considered, the ice specifically on the projected area would be considered with the ice 639 
stalactites ice being a part of another ‘cell’ during the calculations. However, in case of larger surfaces the 640 
middle ‘cells’ will have a similar amount of water coming in from upper ‘cells’. 641 

Figure 15 – Plot 4 shows that the heavy icing region of the plate experiences fast icing rates for all 642 
temperatures. This is owing to the fact that the standard wind conditions throughout the experiment were 643 
of 6m/s. As the air temperature falls, it is seen that the mean icing rate for the entire plate too, experiences 644 
fast-icing.  645 

Figure 15 – Plot 2 shows that the mean air temperature throughout the tests for higher air 646 
temperatures was at least a degree lower than the set temperature. This however has no implications on 647 
the results of this experiment since the results are reported at the actual mean air temperatures recorded 648 
during the individual tests. The seawater temperature was a bit higher for the test with -6.13°C air 649 
temperature than that of the other 2 readings, which could suggest some underestimation of the icing 650 
rates for this test at the given mean air temperature. All the 3 tests in this experiment had the same spray 651 
flux. 652 

Summary of results from Experiment 3: 653 

Atmospheric temperature is one of the most important factors in sea spray icing. The icing rates show 654 
a near linear increase due to the decrease in atmospheric temperature. The icing would start at a 655 
maximum temperature just lower than the freezing point of seawater, which depends on the salinity (-656 
1.8°C for the salinity of 32.9ppt of the seawater used for this experiment). It was observed from the 657 
experiment that the icing rate increased by 0.41 kg/m2/hr/°C fall in air temperature if linear relation is 658 



29 
 

assumed. In addition, at higher air temperatures close to the freezing point of seawater, freezing of the 659 
water film is slow. This leads to the impinged water trickling down at a higher rate then at lower air 660 
temperatures before it freezes. This showed an increase in ice stalactites i.e., more ice hanging below the 661 
plate. In certain situations where there is danger of falling ice, it could be said that the ice formed at 662 
temperatures closer to the freezing point pose a greater threat. This difference in the ice formed at lower 663 
and relatively higher freezing temperature also affects how the total mass of accreted ice is calculated. At 664 
temperatures closer to the freezing point, the total mass of ice on the projected surface area of the plate 665 
would be relatively lower than if the weight of the ice stalactites is included. This could prove to be 666 
important during ship stability calculations. 667 

7.5. Exp. 4: Effect of Sea Temperature 668 

Experiment 4 investigates the role of the surface sea temperature in sea spray icing. Sea temperatures 669 
are of moderate significance for sea spray icing [9]. It could be imagined that at constant atmospheric 670 
temperatures, lower sea temperatures lead to higher icing rates due to lesser time taken for the water 671 
film to freeze owing to lower difference in sea and atmospheric temperatures. 672 

As shown in Figure 18 – Plot 2 (and Plot 2 for all other experiments), the seawater temperature was 673 
measured at 2 places, upstream of the nozzle, one in the freezing room, and one in the cooling room. The 674 
temperature had to be registered due to two practical difficulties in keeping the seawater temperature 675 
constant in the entire system; the first being the rise of temperature due to the pump, and the second 676 
being the periodic stagnation of the seawater in the line leading to the nozzle, in the freezing room (more 677 
in section 6.2).  678 
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Experiment 4: Sea temperature 
Plot 1: Ten min. averaged icing rate and ice weight Plot 2: Temperatures and spray flux during experiment 

  
Plot 3: Effective icing rates by weight Plot 4: Icing rates in different regions of plate 

  

Figure 18: Exp. 4 - Ice weights, temperature & spray flux variations, and icing rates (Variable: Seawater temperature) 692 

The three tests in this experiment were carried out at set seawater temperatures of 2°C, 4°C, and 6°C 693 
with recorded mean seawater temperatures of 0.46°C, 1.12°C, and 3.1°C respectively. Since this 694 
experiment focussed on seawater temperatures, for which the measured values were available 695 
throughout all the tests, the graphs in Figure 18, unlike the other experiments, are plotted against the 696 
measured mean seawater temperatures rather than the set seawater temperatures.  697 

Figure 18- Plot 3 shows an increase in the icing rates for the first 15 minutes and the rest of 45 minutes 698 
of each test with decrease in seawater temperature. The absolute increase is however, small; 0.72 699 
kg/m2/hr for a 2.64°C drop in the set seawater temperature; showing that the sea temperature is not as 700 
significant as wind and atmospheric temperature in the sea spray icing process. This can also be seen in 701 
Figure 18- Plot 1, where the icing rates for all the three tests are very close to each other.  702 



31 
 

The icing thickness calculated from weight with an assumption of uniform icing over the entire plate 703 
shows an increasing trend in Figure 18- Plot 4. The values of all the different measurements of ice 704 
thickness differ with only 2-3 mm in corresponding regions over the complete range of seawater 705 
temperatures that are tested. It should be pointed out that the unconfirming trend of the physical mean 706 
thickness measurements could be a result of complexity for measurements due to uneven ice accretion 707 
as shown in Figure 17. This is the reason for inclusion of the data where uniform icing is assumed. In cases 708 
where the difference in icing rates does not significantly increase due to change in a certain variable, such 709 
as experiment 4, it could happen that the trends for measured ice thickness visible in the graph do not 710 
reflect the real trend due to either the practical difficulties in achieving ideal test conditions, or the 711 
random selection of points for thickness measurement within individual plate divisions. 712 

The temperatures in Figure 18- Plot 2 show that the mean seawater temperatures were lower than the 713 
set seawater temperatures, as the setup did not allow for complete control over the seawater 714 
temperatures. This however has no implications on the results of this experiment since the results are 715 
reported at the actual mean seawater temperatures recorded during the individual tests.  716 

Summary of results from Experiment 4: 717 

Figure 18- Plot 3 shows a clear trend of higher icing rates with lower seawater temperatures. The 718 
difference between the icing rates over the range of mean seawater temperatures tested is, however, not 719 
as significant as due to the variation of wind and atmospheric temperatures. This confirms that the 720 
seawater temperature is only of moderate significance for sea spray icing. 721 

7.6. Experiment 5: Effect of Spray flux 722 

Depending on weather and spray parameters, ice accretion due to periodic sea spray icing may involve 723 
melting and freezing cycles. On each incoming spray in this case, the layer of ice at the ice-air interface 724 
melts due to the impinging seawater that is warmer than the ice. Freezing of this layer takes place in 725 
between 2 consecutive sprays [3]. The amount of seawater impinging on a freezing surface, i.e., the spray 726 
flux, directly affects the amount of ice accretion [34]. In general, the increase in the spray flux impinging 727 
on the plate increases the rate of icing up to a certain threshold of flux for the given conditions. However, 728 
over this threshold, it is possible that the incoming spray with a larger amount of water might melt or 729 
wash away some of the ice; the extreme condition of which is wave washing, where there is no ice 730 
accretion as the ice is mechanically removed by sea waves [4]. This suggests that the icing rate depends 731 
significantly on the incoming spray flux.  732 

In experiment 5, the spray flux was varied by adjusting the pressure in the system with the control valve 733 
as shown in Figure 1.  Each reading corresponds a gauge pressure of 1, 2, and 3 bars respectively measured 734 
approximately 1.5m before the nozzle. Finding the threshold of flux at which the icing rate falls was out 735 
of scope of the current experiment. Since the droplet size distribution through nozzles are dependent on 736 
pressure, this could be considered as another covariate in the experiment. The effect of droplet size is 737 
however not considered, rather, the selection of the nozzle is based on the droplet sizes used in previous 738 
literature (see section 3.1).  739 
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Studying the variation of icing rates due to change in the spray flux is also important since the flux was 740 
a covariate in several experiments in the current study due to the fact that the spray flux showed variation 741 
due to wind, spray duration, and spray period. 742 

Experiment 5: Spray flux 
Plot 1: Ten min. averaged icing rate and ice weight Plot 2: Temperatures and spray flux during experiment 

 
 

Plot 3: Effective icing rates by weight Plot 4: Icing rates in different regions of plate 

  

Figure 19: Exp. 5 - Ice weights, temperature & spray flux variations, and icing rates (Variable: Spray flux) 743 

Figure 19 – Plots 3 & 4 show that the icing rate increases with the increase in spray flux. The icing rate 744 
by weight for the lowest flux at 1 bar pressure however was unexpectedly low. This could have been due 745 
to the fact that the low pressure of just 1 bar in the system did not carry the spray as well as in the other 746 
tests with 2 and 3 bars of pressure. This can also be seen in the value of icing rate by thickness that is zero 747 
in the low icing region for the test with the least spray flux. This would have led to severe underestimation 748 
of ice weights and thereby icing rate.  749 
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Additionally, Figure 19 – Plot 2 of the actual conditions in the experiment shows that the air 750 
temperature for the second reading was significantly higher than the set temperature. This suggests that 751 
the icing rates for this case might be underestimated. This can be an explanation of the dip in the icing 752 
rate towards the end of the second test with 2 bars of pressure and a flux of 7.43 kg/m2/hr in Figure 19-753 
Plot 1.  754 

Summary of results from Experiment 5: 755 

“When researchers selectively report significant positive results, and omit non-significant or negative 756 
results, the published literature skews in a particular direction. This is called ‘reporting bias’, and it can 757 
cause both casual readers and meta-analysts to develop an inaccurate understanding of the efficacy of an 758 
intervention.” [35] 759 

Except for the test with 3 bars of pressure with a flux of 8.96 kg/m2/hr, the other two results are not 760 
reliable. The test with a pressure of 2 bars (flux of 7.43 kg/m2/hr) showed an unexpected dip in the ice 761 
weight at the end of the test, the reason for which could not be pinpointed, but can be a result of the 762 
higher mean temperature in the freezing room. More importantly, the test with 1 bar pressure (flux of 763 
6.51 kg/m2/hr) did not seem to carry the spray well on to the plate. This could have resulted in false spray 764 
flux measurement since the entirety of the plate was not exposed to the spray and resulting into a severe 765 
underestimation of icing rate.  766 

A suggested improvement while repeating this experiment would be to use higher pressures to vary 767 
the spray flux. This was unfortunately not possible for the current setup where a maximum of 3 bar 768 
pressure measured 1.5m before the nozzle. 769 

Throughout the current study, there was an indirect variation in the spray flux due to other factors like 770 
wind, spray duration, and spray period in the other experiments. Analysis of the effect of the spray flux 771 
on icing rates could be done from these readings using statistical procedures.  772 

7.7. Experiment 6: Effect of Spray Duration 773 

Several existing sea spray icing models use the liquid water content (LWC) in kg/m3 per spray as a 774 
variable for estimating icing rates [2], [7], [9]. It is a function of wave height, and researchers have 775 
presented various methods to estimate the LWC [6], [36]–[38]. The spray duration, along with the spray 776 
period, is dependent on wave and ship characteristics. Overland 1990, points out that icing forecasts 777 
provided by weather services is based on meteorological data, but for ship specific forecasts, the vessel 778 
length, wavelength, and wave height are all important factors [8]. 779 

The aim of having the spray duration as a variable is  to investigate how the wave height (along with 780 
the wavelength and ship characteristics) play a role in sea spray icing. Although this analysis regarding the 781 
wave and ship characteristics is beyond the scope of the current study, experiment 6 investigates the 782 
direct relation of the spray duration with sea spray icing.  783 

The spray duration and spray period are complex functions of factors including the wavelength, wave 784 
height, wind, ship characteristics, and sailing direction. In general, keeping the spray period constant and 785 
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increasing the spray duration gives less time for the water film to freeze before the arrival of the next 786 
spray. Since the spray frequency or period is kept constant in this experiment, the number of sprays per 787 
hour for all 3 tests are constant at 400 sprays/hour. This experiment assumes that the spray flux per hour 788 
would naturally increase owing to the increase in the spray duration of individual sprays. This causes the 789 
spray flux to be a covariate in the analysis for spray duration.  790 

Experiment 6: Spray duration 
Plot 1: Ten min. averaged icing rate and ice weight Plot 2: Temperatures and spray flux during experiment 

  
Plot 3: Effective icing rates by weight Plot 4: Icing rates in different regions of plate 

  

Figure 20: Exp. 6 - Ice weights, temperature & spray flux variations, and icing rates (Variable: Spray duration) 791 

Figure 20 – Plot 3 shows that the mean icing rate recorded in the first 15 minutes goes up when the 792 
spray duration goes up from 0.25 seconds to 0.5 seconds. However, at a spray duration of 1 sec, the mean 793 
icing rate during the first 15 minutes falls significantly. Increasing the duration of spray adds more flux to 794 
the plate. The thin layer of ice formed at the start would be partially washed away due to the incoming 795 
spray. The icing rate for the remaining 45 minutes, however, suggests that once the initial ice layer builds 796 



35 
 

up, the icing rate increases much more than when the spray duration is small. This phenomenon can be 797 
observed in Figure 20 – Plot 1 where the icing rate for a spray duration of 1 second is the lowest at the 798 
start and steadily increases to a higher icing rate than the smaller spray durations. As seen in experiment 799 
1, as the initial ice layers develop, the effect of the freezing surface on the icing rate decreases. 800 

This is an example why it is important to study the icing rates also in the initial stages of icing. This 801 
difference between the initial and later icing rates could help to optimise anti-icing systems. To the best 802 
of authors’ knowledge, none of the previous models have taken this difference in icing rates in the initial 803 
and latter stages of icing into consideration. However, as discussed earlier in experiment 1, when an icing 804 
event lasts for a relatively longer duration (several hours), the initial icing rate is of less importance. 805 

The increasing error bars in Figure 20 – Plot 3 also suggest that there is a significant difference between 806 
the weights recorded with and without the ice stalactites. This in turn means that as the spray duration 807 
(and spray flux) increases, more water flows down and freezes below the projected area of the plate 808 
causing larger or more ice stalactites. As discussed earlier, although the ice stalactites can be said to be a 809 
part of the next lower ‘cell’ for calculations, in case of large surfaces, a similar amount water could be 810 
expected to enter from the upper ‘cell’ into the current one. 811 

Figure 20 – Plot 4 for icing thickness rates show the heavy icing region of the plate experiencing ‘Very 812 
fast icing’ for a spray duration of 1 second. It is clear from Figure 20 – Plot 2 that the reason is the close 813 
to 2.5-fold increase in the spray flux compared to a spray duration of 0.25 sec. It is clear that the thickness 814 
of the accreted ice increases with the spray duration. It can also be noticed that the uniform icing thickness 815 
calculated from the weight over the entire plate not as high. This suggests that the icing becomes relatively 816 
more non-uniform as the spray duration increases. 817 

Figure 20 – Plot 2 shows the significant increase in spray flux due to increase in the spray duration. To 818 
study the variation of icing rates due to change in spray duration, the flux ideally should have been kept 819 
constant throughout the experiment. Flux was something that was not directly controlled in the 820 
experiments, but changed primarily by changing the pressure in the system, and was further affected by 821 
wind. It was thus practically not possible to keep the flux constant. The average temperatures were a 822 
lower than the set temperatures indicating slight overestimation of the icing rates. 823 

Summary of results from Experiment 6: 824 

Though this experiment is aimed to study the dependence of icing rates on the spray duration, the 825 
significant difference in the spray flux makes it a significant covariate. Further investigation is necessary 826 
to form a conclusion about the dependence of the icing rates purely on the spray duration with a constant 827 
flux. If it is assumed that the flux would naturally increase as a result of increase in the spray duration, the 828 
test clearly shows higher icing rates for higher spray duration. This however would be true up to a certain 829 
threshold of spray duration, after which the rate of ice formation could slow down or eventually stop as 830 
the heat from incoming water limits the freezing of the water film on the plate. Analysing this threshold 831 
could be a suggestion for further research. Using the results for the spray duration for field estimations 832 
would necessitate interpretation of this data in terms of ship and wave characteristics. 833 
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7.8. Experiment 7: Effect of Spray Period/ Spray Frequency 834 

Spray period is the time between two consecutive sprays. Spray period or spray frequency, just as spray 835 
duration, is a complex function of the ship characteristics and sea conditions. The frequency of spray 836 
impact on marine surfaces depends on the speed of the vessel relative to the wavelength and direction 837 
of the waves [10]. Overland, 1990 also suggests that the number of deck wettings, i.e., the frequency of 838 
spray is a function of significant wave height, speed of the vessel, and its length [8]. If the time between 839 
2 consecutive spray events increases, the water film would get more time to freeze completely in between 840 
the 2 sprays. Since the spray period is changed, the number of sprays per hour changes for all the 3 tests 841 
in this experiment with 1200, 600, and 400 sprays per hour for spray periods of 3, 6, and 9 seconds 842 
respectively. Since the spray duration is kept constant, though the flux per spray is constant, the spray 843 
flux per hour for higher spray periods will naturally reduce due to the lesser number of sprays. This 844 
experiment assumes that the spray flux per hour would naturally decrease owing to the increase in the 845 
spray period or the time between 2 consecutive sprays. This causes the spray flux to be a covariate in the 846 
analysis for spray period. 847 
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Experiment 7: Spray period/ spray frequency 
Plot 1: Ten min. averaged icing rate and ice weight Plot 2: Temperatures and spray flux during experiment 

  
Plot 3: Effective icing rates by weight Plot 4: Icing rates in different regions of plate 

 
 

Figure 21: Exp. 7 - Ice weights, temperature & spray flux variations, and icing rates (Variable: Spray period) 865 

Figure 21 – Plot 3 shows that as the spray period increases (as spray frequency decreases), the icing 866 
rate in terms of weight decreases. This is a direct result of the decreasing spray flux on the plate per hour. 867 
Figure 21 – Plot 2 shows the 3-fold decrease in the spray flux per hour as the spray period increases. 868 

The icing rate in the first 15 minutes for a spray period of 3 seconds is much lower than in the latter 869 
part of the test. The reason is similar to the case of higher spray duration in experiment 6. The water film 870 
on the plate does not get enough time to freeze completely owing to the less time between incoming 871 
sprays and thus keeping the surface relatively warm. However, after the formation of the first few layers 872 
of ice, the ice keeps on growing rapidly. This too, as in case for experiment 6 with spray duration, can also 873 
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be observed in Figure 21 – Plot 1, where the icing rate for the spray period of 3 seconds is initially lower 874 
compared to higher spray periods, but eventually increases steadily to have the highest icing rate. As seen 875 
in experiment 1, as the initial ice layers develop, the effect of the freezing surface on the icing rate 876 
decreases. 877 

Figure 21 – Plot 4 shows that the icing rate in terms of thickness decreases as the spray period increases, 878 
except for the heavy icing region. This could again be attributed to the decrease in spray flux. The ice 879 
thickness in the heavy icing region however shows an inconclusive trend. A closer look at Figure 21 – Plot 880 
4 suggests that the difference between the icing rates by thickness in the low and heavy icing regions on 881 
the plate are smaller for a spray period of 3 seconds than larger spray periods. This could suggest relatively 882 
more even icing on the surface for more frequent sprays. 883 

The seawater temperature measured at the nozzle in Figure 21 – Plot 2 shows a dip for the longer spray 884 
period of 9 seconds. This is because the water in the pipe towards the nozzle stays stationary for a longer 885 
time in the freezing room. This is an example of why the seawater temperature was recorded at multiple 886 
locations and measuring it close to the nozzle is important. Overall, all the readings had lower average 887 
temperatures for air and seawater than the set temperatures, suggesting that the icing rates could have 888 
been slightly overestimated.  889 

Summary of results from Experiment 7: 890 

Though this experiment is aimed to study the dependence of icing rates on the spray period, the 891 
significant difference in the spray flux per hour makes it a significant covariate. Further investigation is 892 
necessary to form a conclusion about the dependence of the icing rates purely on the spray duration with 893 
a constant flux. If it is assumed that the flux would naturally decrease as a result of decrease in the spray 894 
frequency, the test clearly shows higher icing rates for lower spray periods. This however would be true 895 
up to a certain minimum threshold of spray period, after which, more frequent sprays could slow down 896 
or eventually stop the ice formation as the heat from incoming water limits the freezing of the water film 897 
on the plate. Analysing this threshold could be a suggestion for further research. Using the results from 898 
the experiment with spray period for field estimations would necessitate interpretation of this data in 899 
terms of ship and wave characteristics. 900 

7.9. Exp. 8: Effect of Salinity 901 

To study the variation of icing rate to salinity, 3 tests were conducted in experiment 8. The first reading 902 
was taken with fresh water, the next with 2 different batches of seawater with a salinity of 32.45 and 903 
32.90 ppt respectively.  904 

Salts in supercooled sprays lower the nucleation temperature. Thus, increase in salinity lead to lesser 905 
icing rates [9]. Stallabrass, 1980 states that a small change in salinity of 5ppt results in variation of the 906 
freezing temperature by only 0.25°C; and is hardly of any practical significance for the severity of icing [9]. 907 
On the other hand, Kulyakhtin 2014 mentions how salinity plays an important role in ice accretion process 908 
at the water film level between consecutive sprays [4]. Kulyakhtin 2014 also mentions how wind 909 
generated spray has a significantly lower freezing temperature than seawater owing to higher salinity [4]. 910 
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Since the freezing temperature, and thus the icing rate is affected by salinity, the experiment with 911 
differing values of salinity were performed. This experiment is especially important since multiple batches 912 
of saltwater were used for the entire study. 913 

Experiment 8: Salinity 
Plot 1: Ten min. averaged icing rate and ice weight Plot 2: Temperatures and spray flux during experiment 

  
Plot 3: Effective icing rates by weight Plot 4: Icing rates in different regions of plate 

  

Figure 22: Ice weights, temperature & spray flux variations, and icing rates for Exp. 8 (Variable: Salinity) 914 

Figure 22 shows that icing rates for freshwater and for 32.45ppt salinity in terms of both, thickness (Plot 915 
4) and weight (Plot 3), as expected, go down for the test with seawater. It can also be seen in Figure 22 – 916 
Plot 2 that the mean temperatures for both tests are almost equal. However, in the last test with 32.90ppt 917 
salinity, the icing rates showed unexpected behaviour. The reason for the increase in the icing rates for 918 
this batch of seawater can be clearly seen in Figure 22 – Plot 2, which shows that the mean temperatures, 919 
both air, and water, during the experiment were close to 1°C lower than the first 2 readings. Figure 22 – 920 
Plot 4 shows that the significant dip in the temperature also caused the ice thickness to increase 921 
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significantly for the 32.9ppt salinity test. The air and seawater temperatures contribute to icing more than 922 
salinity, and thus the unexpected hop in the curve, also for the ice thickness. These temperatures act as 923 
significant covariates for this experiment.  924 

Additionally, it is interesting to see that the icing rate with fresh water in Figure 22 – Plot 1 shows a 925 
strong periodic behaviour. Icing rate with fresh water depends purely on air and water temperatures with 926 
the other variables constant. The cooling mechanism of any refrigeration system holds the temperature 927 
between a certain upper and lower threshold of the set temperature. If the room temperature falls below 928 
the lower threshold, the refrigeration system stops and starts again only when the room temperature 929 
reaches the upper threshold – explaining the periodic appearance of the icing rate for fresh water. This 930 
cyclic nature of the refrigeration system does indeed also affect the icing rates for tests with sea water. 931 
However, the periodic appearance of the icing rates is not as prominent in case of saline water. This could 932 
be explained by the complex freezing process of periodic sea spray (saline water). At each incoming spray, 933 
salt exchange takes place between existing brine pockets and the newly formed brine film, and  the 934 
freezing temperature of the brine changes due to salt rejection. This phenomenon can be said to dampen 935 
the effect of the periodic temperature change of the refrigeration system on the icing rates. This also 936 
shows that salinity indeed plays an important role in the calculation of icing rates for periodic sea spray 937 
icing.  938 

Summary of results from Experiment 7: 939 

Literature already suggests that higher salinity results in lower icing rates owing to lower freezing 940 
temperatures. This was observed from the first 2 readings of freshwater and 32.45ppt salinity. Analysis 941 
from the last test with a salinity of 32.9ppt showed lower mean temperatures of air and seawater during 942 
the test duration compared to the first 2 tests, and thus led to significantly higher icing rates. Significant 943 
variation in the temperatures for the tests make it difficult to reach a conclusion on the effect of salinity 944 
considering the effect of air and seawater temperatures on the icing rate is much greater in comparison.  945 

8. Lessons learnt, summary, and future work 946 

This paper presents results from a comprehensive experimental study of sea spray icing, including a 947 
detailed description of the experimental setup and lessons learned from the experimentation. Eight 948 
parameters governing the sea spray icing process were investigated experimentally. In particular, the 949 
initial stages of sea spray icing have been analysed and documented. 950 

Sea spray icing is a complex process, and this also marked complexity under controlled laboratory 951 
conductions. Some of the general experiences and lessons learned from the experiments are listed below 952 
followed with a summary of observations from the results, and suggestions for future work. 953 

8.1. Lessons learned 954 

• Basis for the selection of the method of measurement of icing rate should be investigated and 955 
selected carefully. Variation in the method of measurement could lead to variation in the results. 956 
The weight of accreted ice can be measured with or without ice stalactites and could be used  in 957 
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case of different applications. The weight measured by processing the raw data of the test 958 
duration and that which is measured after the duration of the test might show some variation 959 
depending on the data processing methods. If not presented as a range, and rather a single value, 960 
these variations should be accounted for in the errors.    961 

• Icing rates in the initial stages of an icing event are generally higher than if the initial few sprays 962 
are neglected. None of the existing sea spray icing models account for this difference and neglect 963 
the higher icing rates at the start. Anti-icing methods requiring real time icing rates could make 964 
use of this difference in the icing rates for optimization purposes However, in other cases where 965 
long-term icing rates are applicable, the initial icing rates can be neglected. For general 966 
experiments with sea spray icing, it is suggested to report variation of icing rates with time.  967 

• As sea temperature affects the icing rates, it is necessary to control and report the temperature 968 
of seawater during experiments. Internal heat generation in the pump significantly affects the 969 
temperatures of seawater, making it necessary for a heat exchanger between the pump and the 970 
nozzle, at least for a similar setup. 971 

• Wind is a major factor affecting ice accretion. Measurements of wind speeds should be done as 972 
close as possible to the freezing surface or interpreted in such a manner so as to reflect the real 973 
wind speeds that act on the surface. Failing to do this would be a major source of error in the 974 
results.  975 

• Because of how temperature control in refrigeration systems works, variations in the air 976 
temperature in cold climate laboratories cannot be avoided and the icing rates would have a 977 
certain dependence on these variations. This is a challenge for absolute repeatability of such 978 
experiments, and thus repeatability analysis should be reported. 979 

• Air bubbles in the pipe leading to the nozzle proved to affect the flow rate through the nozzle. 980 
This is especially important while achieving periodic spray through mechanical means. It was 981 
experienced that as time progressed, the build-up of air bubbles caused the spray to be visibly 982 
weaker, within the 1-hour duration of the tests. This was tackled with the help of a check valve 983 
before the nozzle and ensuring the existing air pockets are removed by having continuous spray 984 
before the start of periodic spray, thus proving the spray drainage system in Figure 5 to be quite 985 
important.    986 

8.2.  Summary of observations from the  results: 987 

• Material: The material of the test plate affected the initial icing rates, but after some initial sprays, 988 
the difference in the icing rates was not significant. This means that for applications such as anti-989 
icing with heating where the heat energy needs to be sufficient to avoid icing at all, information 990 
of the initial icing rates in the given condition could be used to optimise the heating systems such 991 
that the heat energy is enough to avoid any ice accretion. Whereas in cases where, for example, 992 
the total weight of ice accretion is required, the initial icing rates can be ignored since they are 993 
applicable only for the first few sprays. 994 

• Wind speed: As expected, the icing rates varied greatly with wind speeds. Increase in wind speed 995 
caused increase in the icing rate. The increase in the icing rate for unit increase in wind speed 996 
decreases with increase in wind speed. This points to a threshold of windspeed after which the 997 
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icing rate would not considerably increase. Finding the threshold was out of scope for the current 998 
study.  Though other variables were constant, the wind resulted in change in spray flux at the 999 
plate. The flux was thus a covariate and the reported icing rates are not purely for wind alone and 1000 
further analysis of the data is required. 1001 

• Air temperature: Decrease in the air temperatures caused significant near-linear increase in the 1002 
icing rates for the tested temperature range. At higher temperatures below the freezing point for 1003 
a given salinity, more ice stalactites could be expected. Air temperatures were recorded for every 1004 
second during the one-hour tests and showed fluctuations that could have affected the icing 1005 
rates. The mean air temperatures during each test are reported, but the effect of instantaneous 1006 
variations in the air temperature could be studied further from the data. Higher air temperatures 1007 
resulted in more stalactites. 1008 

• Sea temperature: Icing rates increased with decrease in seawater temperature almost linearly. 1009 
The variation was not as significant as due to air temperature and wind speed. The seawater 1010 
temperature showed some amount of fluctuation during the tests. This too, like air temperature 1011 
was recorded for ever second of the test. The seawater temperature showed only a moderate 1012 
effect on the icing rates, and the instantaneous fluctuations could be considered to not affect the 1013 
icing rate as much as the air temperature.  1014 

• Spray flux: Results from the experiment with spray flux as the variable was deemed to be not 1015 
useful due to weak spray at lower pressures. The selection of the pump and piping is suggested 1016 
to be improved to achieve higher pressures instead of testing with low pressures of 1 -2 bars. The 1017 
spray flux acted as a covariate for several other experiments where it varied due to either wind, 1018 
spray duration, or spray period. It could be interesting to analyse the data of these experiments 1019 
through statistical means to investigate if any conclusion on the role of spray flux can be made. 1020 

• Spray duration: Longer spray durations tended to give lower icing rates in the initial stages. 1021 
However, as time progressed, longer sprays resulted into higher icing rates as the effect of the 1022 
substrate reduced after the formation of initial ice layers. Spray flux was a significant covariate, 1023 
and the presented graphs are as result of a combination of spray duration and flux. Longer spray 1024 
durations resulted in more ice stalactites.  1025 

• Spray period: Lower spray periods (more frequent sprays) gave lower icing rates in the initial 1026 
stages but showed an increase as the icing progressed as the effect of the substrate reduced after 1027 
the formation of initial ice layers. The spray flux, also here, was a significant covariate and should 1028 
be considered while reading the results. Shorter spray periods or more frequent sprays give more 1029 
ice stalactites. 1030 

• Salinity: Considering the first two readings in the experiment for salinity, the icing rates for 1031 
seawater were lower than that of freshwater. The difference, however, was marginally more than 1032 
the relative standard error in repetitions (experiment 0), suggesting that the salinity plays only a 1033 
marginal role in the icing rates. In the third reading however, significant temperature deviations 1034 
from the set temperatures were observed.  1035 
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8.3. Future work with the experimental data 1036 

The current study gives a general idea of the trends for icing rates due to 8 different variables. The 1037 
study also touches the topic of good practices for sea spray icing experiments by sharing the noteworthy 1038 
experiences from the whole exercise. The real temperatures during the course of individual tests showed 1039 
deviation from the set temperatures. The mean observed temperatures during individual experiments, 1040 
too, varied when ideally, they should have remained constant. Reporting icing rates with these 1041 
temperatures could include significant errors. The spray flux proved to be a significant covariate in many 1042 
experiments. Inclusion of multiple variables that are highly interdependent calls for advanced statistical 1043 
methods to make a correlation analysis and pinpoint how individual variables affect the icing rate. The 1044 
huge amount of data collected from the 20 test that are presented in this article, calls for in investigation 1045 
into the use of machine learning techniques for analysis. Moreover, variables such as spray flux, spray 1046 
period, and spray duration, are a function of ship and wave characteristics. For the practical use of these 1047 
variables, results have to be interpreted in terms of metocean conditions and ship characteristics. Lastly, 1048 
the results have to be compared with existing models to ensure that the experimental data is suitable to 1049 
be used as a basis for the development of a prediction model. 1050 
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