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Abstract: This study addresses the issue of spray icing on the air intake grilles of ship power systems in cold maritime
environments. Through numerical simulation methods, the influence of environmental parameters on icing
characteristics 1s revealed, and an energy-efficient zoned electric heating anti-icing strategy is proposed. A three-
dimensional grille model is constructed to systematically analyze the effects of environmental temperature (from
—20 °C to —4 °C), droplet diameter (from 50 pm to 500 um), and liquid water content (from 0.5 g/m® to 8 g/m*)
on icing rates and blockage of the flow channel. The results indicate that low temperature and high liquid water content
significantly exacerbate icing. Under the condition of an environmental temperature of — 20 °C, droplet diameter of
500 pm, and liquid water content of 8 g/m?®, the flow channel blockage ratio reaches 30.95% within 10 min.
Additionally, as droplet diameter increases, the droplet impingement and icing regions become more concentrated
toward the leading edge of blades. To mitigate grille icing in cold environments, an electric heating film configuration
is employed for thermal protection. Optimization of the heating strategy reveals that the zoned heating approach,
compared to the initial uniform heating scheme, effectively homogenizes surface temperature distribution while
reducing total power consumption by 37.47%. This study validates the engineering applicability of the zoned electric
heating anti/de-icing strategy, providing theoretical and technical support for the design of anti-icing systems in ship
power systems operating in cold maritime regions.
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0 Introduction

With the increasing frequency of global mari-
time activities, the safety of ships navigating in cold
regions has garnered significant attention. When sail-
ing for extended periods in cold environments, ships
are exposed to rain, snow, and seawater spray,
which can rapidly freeze on ship surfaces. Ship icing
primarily manifests in two forms: Seawater spray ic-
ing and atmospheric icing. The former mainly con-
sists of saline ice formed from seawater and the lat-
ter primarily involves freshwater ice. According to

statistical studies on icing incidents involving numer-
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ous fishing vessels'"

, seawater spray icing accounts
for 89.8% of all icing events. Seawater spray icing
occurs when droplets in the air collide with the ship
and subsequently freeze. This phenomenon can be
further categorized into impact spray and wind-driv-
en spray. In fact, 90% of icing incidents are attribut-
ed to impact spray generated by the interaction be-
tween waves and the ship. Therefore, this study fo-
cuses on the icing phenomenon caused by impact-
generated seawater spray.

The formation of spray at the ship’s bow is com-

plex (Fig.1) and is influenced by numerous factors,
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including environmental parameters such as wind
speed, air temperature, droplet temperature, drop-
let size, relative humidity and wave speed. Addition-
ally, ship-specific characteristics, such as vessel
size, hull shape, speed, and heading, also signifi-
cantly influence the icing process. Through a compre-
hensive analysis of these parameters, a thorough un-
derstanding of spray icing mechanisms can be
achieved. Generally, seawater spray icing can be ob-
served within specific ranges: Wind speeds of 9—
55m/s, air temperatures of —29 °C to —2 ‘C**, and

seawater surface temperatures of —1.8 °C to 46 ‘C'*.
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Fig.1 Schematic diagram of impact spray formation

Over the past few decades, domestic and for-
eign scholars have accumulated and summarized ex-
tensive experimental data on ship icing. Early re-
search primarily focused on atmospheric and marine
spray icing experiments, combined with semi-quan-
titative analysis, to predict and evaluate icing rates.
Sawada'”' created a relationship diagram between
ship icing with air temperature and wind speed
based on data from Japanese patrol boats and fishing

[6]

vessels. Mertins'®' developed icing charts for Ger-

man trawlers based on 400 field observations in the

northeastern Atlantic. Malsh et al.!”

conducted icing
tests on new turbine intake louvers of U.S. navy de-
stroyers, while Ryerson et al."®” published a data-
base on seawater spray and ice accumulation for
Coast Guard cutters navigating the North Pacific
and Bering Sea. These studies have provided crucial
theoretical and data support for the prediction and
prevention of ship icing.

At theoretical and simulation level, research

spans from fundamental physical models to numeri-

cal simulations of complex structures. Makkonen'"”’

investigated marine spray icing on unheated horizon-
tal cylinders through experiments and model analy-
sis, finding that the model aligned well with experi-
mental data in short-term tests but showed signifi-
cant deviations in long-term tests. Paul Zakrzewski

1 [11]

eta established a seawater spray model for medi-

um-sized fishing vessels, analyzing the effects of
wind speed, ship speed, and heading on the height
of splashed seawater. The study noted that the maxi-
mum height of seawater spray occurred when the an-
gle between the ship’s heading and the wind vector

was between 110° and 120°. Blackmore et al.''*’

pro-
posed two heuristic models for spray icing, namely
the supercooling model and the nucleation model.
They calculated the marine spray icing rates under
these two conditions and validated the effectiveness
of the models using experimental data. Kulyakhtin
et al.'"* developed a three-dimensional time-depen-
dent model using the MARICE solver, employing
empirical formulas to determine the flow rate of
splashed seawater and simulating marine spray icing
on drilling platforms (as shown in Fig.2). Ku-
lyakhtin et al.""*’ introduced a new method to calcu-
late periodic spray icing, incorporating the thermal
conductivity of ice and its substrate, with the model
showing less than a 25% deviation from experimen-
tal results. Samuelsen et al.'"” developed the MIN-
COG model to predict icing on Norwegian Coast

Guard vessels.

Icing rate / (mm + h')

Front

Fig.2 Icing rate on the West Hercules drilling platform un-
ders,= —17°C, ¢ = 90°, and U, = 33 m/s"™

In 2023, Horjen'"" extended the time-depen-
dent two-dimensional sea spray icing model ICE-
MODZ2.1. The first extension, called ICEMODZ2.2,
incorporates the calculation of heat conduction

through the accreted ice. This quantity i1s derived
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from the temperature distribution within the ice,
which varies over time. The second extension,
called ICEMOD2.3, integrates the combined ef-
fects of sea spray and snow. No other icing models
have previously included this effect. In 2024, Desh-
pande et al."'”’ conducted experimental research on
sea spray icing in the cold climate laboratory at Arc-
tic University of Norway. The experiments focused
on a flat plate, and the results indicated that wind
speed and atmospheric temperature had the greatest
impact on the icing rate.

Based on the current research status, it can be
concluded that experimental and simulation analysis
of spray icing have established a certain foundation.
However, three-dimensional numerical simulation
research of icing on grille surfaces remains insuffi-
cient, particularly with regard to the quantitative
analysis of flow channel blockage caused by icing.
Existing studies have predominantly focused on two-
dimensional or simplified models, lacking in-depth
exploration of ice distribution and its impact on flow
characteristics in complex three-dimensional geome-
tries. Furthermore, research on the quantitative rela-
tionship between icing rate and degree of flow chan-
nel blockage is relatively scarce.

Therefore, this paper will focus on the ship’s
air intake grille, constructing a three-dimensional
simulation model. Through simulation methods, a
quantitative analysis will be conducted to assess the
icing rates under different meteorological conditions
(such as temperature, liquid water content, and
droplet diameter) , as well as the blockage of flow
channels. On this basis, the effectiveness of electric
heating methods for anti-icing will be evaluated and
optimized, culminating in the development of effi-
cient and energy-saving anti-icing strategies. This
work aims to provide theoretical support and techni-
cal guidance for the anti-icing design of ship intake

grilles.

1 Model Description

The main focus of this study is the freezing of
wind-driven sea spray, rather than the splashed sea

water. Compared to sea water splashing, the liquid

water content in sea spray freezing is significantly
lower. Therefore, the fundamental principles of ic-
ing on ship intake grilles are similar to those of air-
craft icing, both involving the process of super-
cooled water droplets impacting and freezing on sol-
id surfaces. Parameters such as ambient tempera-
ture, droplet diameter, liquid water content
(LWC), and airflow velocity significantly influence
the icing rate and distribution. However, the diame-
ter of seawater splash droplets is generally larger,
and the impact efficiency and droplet trajectories
may differ from those in aircraft icing. In this study,
only the icing process caused by seawater spray im-
pacting the grille surface is considered, without de-
tailed simulation of the motion and heat transfer pro-
cesses of droplets in the air. Therefore, by adjusting
the droplet diameter distribution and impact efficien-
cy according to different environmental parameters,
a process similar to aircraft icing can be adopted to
simulate the icing process on ship intake grilles.

To more accurately reflect the actual operation-
al conditions of ships in cold maritime environ-
ments, a simulation model for icing on the surface
of a ship’s intake grille is established based on actu-
al physical models. Through simulation methods,
the quantitative effects of various factors, such as
ambient temperature, liquid water content, and
droplet diameter, on spray icing are systematically

considered.
1.1 Theoretical model

To conduct simulation calculations of the icing
phenomenon on a grille surface, it is essential to
thoroughly understand the theoretical models in-
volved in the thermodynamic process. This primari-
ly includes three components: Air flow field calcula-
tion, droplet impingement characteristics calcula-
tion, and icing calculation. Below, a brief theoreti-
cal model description is provided for each of these
parts.

(1) Air flow field calculation

The fluid to be solved must satisfy three funda-
mental conservation laws: The law of conservation
of mass, the law of conservation of momentum,

and the law of conservation of energy. The govern-



No. 2 FENG Huiying, et al. Spray Icing Simulation and Anti-icing Optimization for Ship Intake Grilles--- 229

ing equations are as follows.

The continuity equation is
du,
dx 8y 8z

where u= (u,, u,, y.) represents the air velocities in

(1)

three directions, respectively, measured in m/s.

The momentum conservation equation is
du 1 ‘
f+(u-V)u:*pr+ﬁV2u+g (2)
dt 12 12

where p is the pressure and p the dynamic viscosity.

The energy conservation equation is

aT )
— - (u-V)T=aV’T
at
(3)
K
a=—
©Cp

where T is the temperature, a the thermal diffusivi-
ty coefficient, & the thermal conductivity coeffi-
cient, and ¢, the specific heat capacity.

(2) Droplet impingement characteristics calcu-
lation

The motion trajectory of supercooled water
droplets in the air and their impact on the surface of
blades is a typical two-phase flow problem. Based
on the Eulerian method, the droplets are treated as
a continuous phase to calculate the droplet impact
characteristics. The governing equations are as fol-
lows.
2t yeav)=0
a(aV,)
at

CpRey
24K
p.dV, |V.— V|
Ha
24(1+ 0.15Re¢™ )/Re;  Req<<1000
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where « represents the volume fraction of super-
cooled water droplets, V, the velocity of air, V, the
velocity of droplets, p, the density of air, p, the den-
sity of droplets, u, the dynamic viscosity of air, C,
the drag coefficient of droplets, Re, the Reynolds
number of droplets, d the droplet diameter, K the

inertia parameter, L.. the characteristic length, and
Fr the Froude number.

(3) Icing calculation

The calculation for supercooled water droplets
icing on the blade involves using thermodynamic
analysis. This approach simulates the icing process
on the surface of the grid blade by applying the con-
servation laws of heat and mass transfer. Due to
shear stress, centrifugal force, or gravity, the film
on the surface of blades may experience overflow.
Depending on the thermodynamic conditions, a por-
tion of the film may freeze, evaporate, or sublimate.

The governing equations are as follows

h
[ VeV )}z Vot LWC B~ 1ty — e

ahf'frﬁ V.
Pr|: ‘ +V(Vr foTr):l |:Cf(T _TIH_H dl:'

at

Vre 'LWL ﬂ Lemp evap +( qusion CsT ) n-zire +
UE( Ti - Yﬂ[4 )7 \(‘e rec )+ Qqnu icing

(h(Tr
(5)

where the subscript of “f” represents the water
film, 7., the instantaneous evaporation mass, 772,
the instantaneous icing mass, and Q.. the anti-ic-
ing heat flux; o, ¢, ¢,, €, 0, Lewy, and Ly, repre-

sent physical properties of the fluid.
1.2 Geometric model of an intake grille

The configuration of the grille blade is illustrat-
ed in Fig.3, while the overall grille model is depict-
ed in Fig.4. Considering both practical application
scenarios and computational workload of simula-
tions, a three-dimensional partial grille model is de-
veloped. The overall dimension of the model is
150 mm X 320 mm X440 mm, comprising a total of
seven blades. Appropriate blade spacing is ensured,

with an adjacent blade spacing of 38 mm.

Fig.3 Geometric model of single blade



230 Transactions of Nanjing University of Aeronautics and Astronautics

Vol. 42

Fig.4 Geometric model of a partial intake grille

1.3 Meshing

Based on the grille model illustrated in Fig.4, a
structured mesh for the external flow field is generat-

ed. A schematic diagram of the mesh is shown in

Fig.5.

(a) Top view of external flow field mesh

(b) Detailed view of the mesh near the grille

Fig.5 Schematic diagrams of external flow field mesh

The solid surface mesh of the grille is also con-
structed using a structured grid, with a total mesh
count of 1 615 200. The solid mesh of a cross-sec-

tion of a single blade is shown in Fig.6.

7N

Fig.6  Solid mesh of the blade

1.4 Simulation cases

Referring to the seawater spray icing database
and typical wind speeds adopted in numerous stud-
ies by scholars, a wind speed of 10 m/s is selected

as the representative value for this research. Based

on it, the effects of ambient temperature, median
volume diameter (MVD) of droplets, and LWC on
the icing phenomenon are investigated. Three typi-
cal ambient temperatures, four typical MVD val-
ues, and five typical LWC values are chosen. The

specific cases are listed in Table 1.

Table 1 Cases for icing simulation

Ambient temperature/°C MVD/pm LWC/(g'm )
—20, —12 50, 100 05,1,2
—4 200, 500 4,8

2 Icing Analysis

This paper conducts thermodynamic calcula-
tions for icing on the surface of the ship’s power in-
take grille, investigating variations in heat transfer
characteristics, ice accretion rate, and freezing area
under different temperatures, MVD values and liq-
uid water contents. The icing simulation is conduct-
ed using commercial software FENSAP-ICE, a
specialized tool designed for simulating and analyz-
ing icing and its impact on aerodynamic perfor-
mance.

To quantitatively investigate the impact of
droplet diameter on icing formation on the grille sur-
face, the droplet diameter of the incoming flow is as-
sumed to be uniform. Additionally, since the influ-
ence of non-uniformity of airflow and droplet compo-
sition are neglected in this study, the physical prop-
erties of the fluid are assumed to be constant.

In addition, although the presence of salt in
seawater affects freezing—specifically, the salt low-
ers the freezing point of water, causing seawater to
{reeze more slowly under the same low-temperature
conditions. However, according to the literature re-
viewed, the influence of salinity on the freezing rate
is relatively minor compared to environmental pa-
rameters such as wind speed and temperature''"’.
Therefore, in this study, the effect of salinity is
temporarily not considered.

The icing calculation process is illustrated in
Fig.7.

By setting the relative air velocity to 10 m/s
and the pressure to 101 325 Pa, the flow field calcu-
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Input boundary conditions for
seawater spray icing
Ambient temperature,
airflow velocity, LWC

FENSAP: Finite element method
Calculate the external flow field

l 3D airflow solution

DROP3D: Finite element method +
Eulerian method
Calculate the droplet impact
characteristics

Droplet collection coefficient and
coverage area on the surface

ICE3D: 3D finite volume method
Calculate the ice accretion on blade
surface

i Output

Obtain the variation laws of surface
temperature, ice accretion rate, and
frozen area, etc.

Fig.7 Flow chart of spray impingement and icing calcula-

tion

lation yields the air velocity and pressure distribu-
tions, as shown in Fig.8 and Fig.9, respectively.

Based on the simulation results of the air flow

field, it is evident that the pressure at the leading

Fig.8 Contour plot of air velocity distribution near the grille

Static pressure / Pa

Fig.9 Contour plot of pressure distribution near the grille

edge of the blade is significantly higher. Due to the
geometric constraints of blades, the pressure drops
sharply as the airflow passes through the grille
blades, forming a sheltered region with relatively
low velocity. The airflow between the outermost
blade and the outer frame of the grille is significantly
influenced by compression and expansion effects, re-

sulting in a relatively large sheltered region.
2.1 Gird independence study

Before conducting the impingement characteris-
tics analysis of droplets and the icing analysis, a
quantitative mesh independence study must first be
performed. For the ship intake grille, three sets of
flow field grids with different mesh densities are con-
structed, all utilizing structured grids. The total
number of grids are 3.06, 4.24, and 7.72 million,
respectively.

As shown in Fig.10, the droplet collection co-
efficient curves on the surface of the central blade
are presented for three different sets of grids under
the conditions of an ambient temperature of
—20°C, aLWC of 8 g/m®, and a MVD of 50 um.
In the horizontal axis, & represents the position
along the blade surface, while ¢ denotes the total
chord length of the blade.

0.8
_ —=— 3.06 million
,§ —o— 4.24 million
& 0.6 ——7.72 million
e
()
Q
Q
o
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2
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0.0 01 02 03 04 05 06

x/c
Fig.10 Droplet collection coefficient curves for different

sets of grids

The droplet impingement characteristics calcu-
lated under the same operating conditions are essen-
tially consistent across different grid sizes. There-
fore, for subsequent analysis in this study, a compu-
tational model with a grid size of 4.24 million cells is

adopted.
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2.2 Analysis of droplet impingement character-
istics

During the navigation of a ship, supercooled
water droplets impinge on the grille surfaces, form-
ing an impingement zone. The size of this zone and
the distribution of the impingement water mass are
referred to as droplet impingement characteristics,
which constitute an indispensable and critical step
prior to icing calculations.

To investigate the quantitative influence of
MVD values on the droplet impingement character-
istics, a comparative analysis is conducted under
conditions with a temperature of — 20 C and a
LWC of 8 g/m?® During the calculation, the inlet
droplet diameter is assumed to be uniform, and the
droplet temperature is maintained consistent with
the airflow. Since the droplet diameters used in the
study are relatively large, the influence of gravity is
taken into account in the calculation.

For analytical clarity, the protruding side and
recessed side of blades are illustrated as follows. For
each blade, the left side as shown in Fig.11 is de-
fined as the protruding side, and the right side is de-
fined as the recessed side. Both sides of the blade

consist of a windward surface and a leeward surface.

Windward

Fig.11 Schematic diagram of the blade structure

Taking a case of MVD=50 pm as an exam-
ple, Fig.12 shows the contour of droplet collection
coefficient on the grille surface, with the airflow di-
rection being in the & direction.

Further investigation into the influence of drop-
let MVD on droplet impingement characteristics on
the surface is conducted, with a comparative analy-
sis focusing on the central blade. Fig.13 illustrates

the contour map of droplet collection coefficients on

Collection efficiency

[ — ]
Fig.12 Overall contour of droplet collection coefficient on
the grille surface at MVD=50 pm, 7= — 20 C,
and LWC=8 g/m®

“ollection efficiency Collection efficiency

0.000 00e+00 9.000 00e—-01

(a) Protruding side (50 pm)

0.000 00e+00 9.000 00e-01

(b) Recessed side (50 pm)

Collection efficiency

—
0.000 00e+00 9.341 96¢-01

(d) Recessed side (100 pm)

0.000 00¢+00 9.341 96e-01

(c) Protruding side (100 pm)

Collection efficiency

Collection efficiency

om0 9msedt 0.000 00e+00 9.912 88¢-01
(e) Protruding side (500 pm) (f) Recessed side (500 pm)

Fig.13  Contour of droplet collection coefficients on the sur-
face of the central blade for MVD ranging from
50 um to 500 pm at ,=—20 °C and LWC=8 g/m®

the surface of the central blade for MVD ranging
from 50 pm to 500 pm.
The analysis of Figs.13(a) and (b) reveals a
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strong positive correlation between the mass of im-
pingement water and the windward area. The lead-
ing edge of blades tends to accumulate more water
upon impact. Due to the influence of blade’s geo-
metric configuration, on the protruding side of the
blade, the mass of impinged water initially increases
and then decreases with the change of the frontal ar-
ea, while the leeward side exhibits almost no water
impingement. On the recessed side, there is a possi-
bility that the water droplets may produce some im-
pact at the rear as the airflow is affected by the ge-
ometry of the blades.

A comparison of images in Fig.13 reveals that
as the droplet diameter increases, the range of water
droplet impact on the windward side of the protrud-
ing blade remains largely unchanged, while the col-
lection on the recessed side shows significant differ-
ences. For small particle sizes (MVD=50 pm) ,
droplets form a dual-peak impact zone at the front re-
gion of the protruding side and the rear region of the
recessed side. However, as the particle size increas-
es, the amount of water collected on the recessed
side decreases progressively. When the MV D reach-
es 500 pm, the impact zone contracts to the front re-
gion of the protruding side. This indicates that the
distribution range of impacting water varies with
the droplet size, which provides valuable guidance

for the design of experimental conditions.
2.3 Comparative analysis of icing simulation

The LWC is varied within the range of 0.5/1/
2/4/8 g/m?, the ambient temperature is varied with-
in the range of —20/—12/—4 °C, and the MVD is
varied within the range of 50/100/200/500 pm.

Fig.14 shows contours of the icing rate on the
grille surface at ,—= — 20 C, MVD=50 pm, and
LWC=8 g/m®. It is observed that when the droplet
diameter is small, significant icing occurs on both
sides of the blade, including the front region of the
protruding side and the rear region of the recessed
side. This result is consistent with the analysis of
droplet impingement characteristics.

To comprehensively understand the icing phe-
nomenon under various meteorological conditions,
the environmental temperature, MVD, and LWC
are taken as variables. The maximum icing rate

within the flow channel on the blade surface, which

S Instant ice growth / (kg - m™ * s) Instant ice groy
Z  0.00000e+00

(a) Protruding side

4391 37¢-02 Z  0.000 00e+00 4391 37¢-02

(b) Recessed side
Fig.14 Contours of icing rate on the grille surface at 7,=
—20°C, MVD=50 pm, and LWC=8 g/m*®

best characterizes the degree of flow channel block-
age due to icing, is used to simply assess the icing

severity. It can be seen from Fig.15 that when the

Icing rate / (mm - s™)
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(a)t="4°C

Icing rate / (mm * s™')
0.035 00
0.03191
0.028 82

o 0.02573
"n 0.025 0.022 64
. 0.019 55

0.016 46

= 0.015 0.013 37
° 0.010 28
0.007 19

0.004 10

(b) t=-12°C

Icing rate / (mm * s )
0.053 60
0.048 64
0.043 68
s 0.038 72
" 0.040 0.03376
. 0.028 80
0.023 84
0.018 88
0.013 92
0.008 96
0.004 00

(¢) t,=—20 °C

Fig.15 Diagrams of icing rate patterns on grille surface
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temperature is low and the liquid water content is
high, the icing rate on the grille surface is higher.
Droplet diameter has a relatively small effect on the
maximum icing rate, but affects the spatial distribu-
tion of ice, which is consistent with simulation re-
sults of droplet impingement characteristics.

Under the most severe conditions, with a tem-
perature of —20 °C, a droplet diameter of 500 pm,
and a liquid water content of 8 g/m®, the ice thick-
ness can reach 1.176 mm in 1 min. If icing continues
for 10 min, and given that the blade spacing is
38.0 mm, the blockage ratio is calculated as 11.76/
38.0 X 100% = 30.95%.

3 Anti-icing Strategy Evaluation

3.1 Uniform heating strategy evaluation

Thermal ice protection systems are currently
the most widely used ice protection systems. This
paper evaluates the anti-icing system of the ship in-
take grille based on electro-thermal heating. Build-
ing on the simulation of spray icing, an in-depth
technical analysis of new anti-icing scheme is con-
ducted according to the designed electric heating ar-
chitecture and control strategy. The quantitative im-
pact of component heating on the anti-icing perfor-
mance under various spray icing conditions is further
evaluated. The simulation calculation flowchart is

shown in Fig.16.

Data Data
exchange exchange
FENSAP ICE3D CHT3D
External flow field| |Runoff water and Conduction and anti/
computation icing computation de-icing analysis

Input DROP3D Output

Droplet impact
characteristics
computation

Fig.16  Flowchart of anti-icing simulation

Taking the calculation condition of — 20 °C
temperature, 50 pm droplet diameter, and 8 g/m®
liquid water content as an example, an optimal elec-
tric heating strategy is studied. For each blade, the
arrangement of the heating film is shown in Fig.17,
with coverage only on the upper sidewall of the

blade cavity.

9

70

Fig.17  Arrangement of the heating film

Traditional anti-icing systems on ships adopt a
completely uniform heating film, meaning that the
surface heat flux density is consistent across all heat-
ing zones. When ¢, = ¢, = ¢; = ¢, = 31 200 W/m?
in Fig.17, although ice formation in the flow chan-
nel can be suppressed, residual ice still exists at the
leading edge of the blade, with a maximum icing
rate of approximately 0.027 kg/(m?+s), as shown
in Fig.18(a). Additionally, there is a significant
temperature difference on the surface. The maxi-
mum surface temperature of the blade is 67.62 °C,
located in the central region of the blade, as shown

in Fig.18(b). This indicates that a uniform heating

Y‘};I Instant ice growth / (kg * m” + ')
[ Easee— |
'z

0.000 00e+00 2.700 00e-02

(a) Icing rate

% X V;ff temperature / ‘C
0.000 00e+00 6.762 30¢+01
(b) Surface temperature

Fig.18 Contours of anti-icing performance under uniform

heating strategy of ¢, = ¢, = ¢, = ¢, = 31 200 W/m*
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power cannot adequately meet the anti-icing require-

ments and results in heat wastage instead.
3.2 Heating strategy optimization

Based on the calculation results, a zoned heat-

ing scheme is proposed, where the high-power zone
at the leading edge and the low-power zone at the
center work in synergy. Several heating modes are
designed, and the calculation results are summa-
rized in Table 2.

Table 2 Cases for anti-icing simulation

Maximum surface

Serial number Heating power/(Wem ?)

temperature ¢, /°C

Icing rate in flow Total heating power

channel/(kgem “s ') consumption/ W

1 = q=q,= g, = 31200 67.62

¢ =45 000, g,=30 000,

2 61.34

(]3:15 000, ([4:30 000
¢,=20 000, g,=20 000,

3 24.03

¢:=0, g,=20 000
¢ =25 000, g, =25 000,

4 41.41

¢:=0, ¢, =22 000
¢:=20 000, g,=20 000,

5 45.31

q;=0, g,=25 000

0 1107.66
0 1051.77
0.038 89 554.13
0.003 6 651.11
0 692.66

By comparing working conditions 1 and 2, it
can be observed that the heating power in zone 1 has
increased from 31 200 W/m? to 45 000 W/m?, but
residual icing still persists at the blade leading edge.
This indicates that the cost of increasing the heat
flux density in this zone to elevate the tip tempera-
ture is relatively high. Since the icing at the blade
leading edge grows forward and has a minor impact
on flow channel blockage, the optimization of the
heating strategy focuses primarily on the icing with-
in the flow channel, sacrificing the anti-icing perfor-
mance at the blade leading edge to significantly re-
duce the power consumption of the anti-icing sys-
tem. To further enhance the anti-icing performance
at the blade leading edge, an optimized design of
the blade geometry is required.

In response to the significant surface tempera-
ture differences observed, the heating power for the
four zones is optimized. Based on working condition
2, the electric heating power for each zone is re-
duced, resulting in working conditions 3 and 4. It 1s
found that the maximum surface temperature de-
creases significantly, but partial icing occurs within
the flow channel, which does not meet the anti-icing
requirements. Therefore, the heating power for
zone 4 should be increased, resulting in working

condition 5. Comparing the uniform heating power

condition (working condition 1) with the optimized
condition (working condition 5) , it is evident that
while meeting the anti-icing requirements, the maxi-
mum surface temperature decreases from 67.62 °C to
45.31 *C, and the total power consumption is re-
duced by (1 107.66 — 692.66)/1 107.66 X 100% =
37.47%.

Thus, to address the spray icing phenomenon
encountered during ship navigation in cold condi-
tions, a zoned electric heating approach should be
adopted for intake grilles. Precise distribution of
heat flux can significantly optimize the anti-icing per-
formance and reduce electric heating energy con-

sumption.

4 Conclusions

This study constructs a three-dimensional mod-
el of the ship power intake grille and systematically
reveals the droplet impact characteristics and icing
dynamics of spray. It quantitatively investigates the
influence of environmental temperature, droplet di-
ameter, and liquid water content on flow channel
blockage. The results indicate that: (1) Environ-
mental temperature and liquid water content are the
dominant factors affecting the icing rate. Under the
most severe conditions of — 20 °C and a liquid water

content of 8 g/m®, the flow channel blockage ratio
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can reach 30.95% after 10 min. (2) Droplet diame-
ter alters the water impact distribution characteris-
tics on the blade surface, thereby influencing the ice
layer morphology. Small-diameter droplets (50 pm)
form a dual-peak impact zone at the front region of
the protruding side and the rear region of the re-
cessed side, while large-diameter droplets (500 pm)
are concentrated in the impact zone on the protrud-
ing side.

Based on these findings, a zoned electric heat-
ing anti-icing optimization strategy is proposed.
Through coordinated control, while ensuring the an-
ti-icing effect in the flow channel, the maximum sur-
face temperature is reduced from 67.62 °C to
45.31 °C, and the total power consumption is de-
creased by 37.47%, demonstrating significant ad-
vantages of the proposed strategy in reducing ther-
mal load and energy consumption.

By delving into the icing and anti-icing mecha-
nisms of spray impingement on the ship’s grille,
this study provides critical data support for the safe
operation of ship power systems in cold sea areas.
Future work will combine experimental validation
and multi-physical field coupling models to further
optimize the engineering applicability of the anti-ic-
ing system.

In addition, in the future work, we will further
investigate the impact of seawater salinity on the

{reezing rate.
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