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ABSTRACT: Ice accretion on structures such as aircraft wings and wind turbine blades poses serious risks to
aerodynamic performance and operational safety, particularly in cold and humid environments. This study conducts
numerical simulations of ice formation on thin flat plates using CFD and FENSAP-ICE, exploring how air temperature,
wind velocity, and angle of attack (AOA) affect icing behavior and aerodynamic characteristics. Results indicate that
ice thickness increases linearly over time. Rime ice forms at low temperatures due to immediate droplet freezing,
whereas glaze ice develops at higher temperatures when a water film forms and subsequently refreezes into protruding
ice horns; under identical conditions, rime ice consistently produces thicker ice layers than glaze ice. Increasing wind
speed substantially enhances ice growth and coverage, while speeds as low as 1 m/s result in minimal accretion.
Changes in AOA shift the icing region toward the pressure side, and AOAs of equal magnitude but opposite sign
yield symmetrical ice accretion patterns and identical maximum thickness values. After icing, the plate’s leading edge
becomes smoother, slightly reducing drag while increasing lift and moment coefficients. These findings highlight the
dominant roles of temperature, wind speed, and AOA in determining ice morphology, extent, and aerodynamic impact,
providing valuable insights for predicting icing effects and developing mitigation strategies for structures operating in
icing-prone regions.

KEYWORDS: Icing characteristics; flat plate; computational fluid dynamics (CFD); influencing factors

1 Introduction

1.1 Research Problem
Owing to its vast geographic extent, China spans regions with highly diverse and contrasting climatic

conditions. In the far north, winter temperatures in Heilongjiang Province frequently fall below −15○C,
whereas the Qinghai-Tibet Plateau in the west is distinguished by pronounced diurnal temperature variations
and the influence of complex topography. These conditions lead to road icing, a major traffic safety hazard,
which has been prioritized by the China Meteorological Administration for early warning systems [1]. Road
icing significantly reduces tire friction, impairing vehicle handling and braking, and increasing the risk of
accidents [2]. A notable example is the 28 December 2009, incident on the Poyang Lake Bridge on the
Hangrui Expressway, where low temperatures and dense fog caused multiple collisions, endangering lives
and property. Beyond road infrastructure, the issue of icing extends to other critical engineering applications,
such as aviation. With the rapid development of China’s aerospace industry, ice accumulation on aircraft
during flight has raised serious safety concerns. Icing disrupts smooth airflow, increases drag, raises the
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critical stall speed, and reduces control efficiency, ultimately threatening flight safety [3]. Similarly, in the
wind power sector, extreme weather conditions, particularly in inland areas like Chongqing, Yunnan, and
Hunan, have led to severe ice buildup on wind turbine blades. This not only reduces power output and
annual energy production (AEP) by up to 17% but also degrades aerodynamic performance by 20% to 50%,
and in some cases, even results in turbine shutdowns [4,5]. Data from a Finnish wind farm revealed that
icing accounted for 70% of downtime during 1996–2002 [6–8]. The issue of icing is therefore of paramount
importance across a wide range of engineering disciplines. As a fundamental aerodynamic shape used in
various structures, flat plates commonly appear in applications such as ships, large wind turbine blades,
and bridge designs, posing unique challenges in icing behavior. Investigating these challenges is crucial for
improving safety, optimizing energy efficiency, and advancing engineering applications.

1.2 State-of-the-Art Review
1.2.1 Aviation and Wind Turbine Fields (Dominant Fields)

Ice accretion is a complex three-dimensional phenomenon that involves multiphase flow, latent heat
transfer, phase changes, as well as the influence of gravitational, viscous, and shear forces. Current research
on ice accretion primarily focuses on the icing of aircraft and large wind turbines. In the aviation field,
Cao et al. [9,10] developed a numerical simulation method based on Eulerian two-phase flow theory to
predict ice accretion on airfoils and wings. They initially studied ice formation on the NACA0012 airfoil
and the GLC-305 wing model, and later extended their work by incorporating a Eulerian droplet collision
method and a heat transfer model to simulate three-dimensional ice accretion, investigating the impact of
meteorological parameters. Feng et al. [11] analyzed the aerodynamic characteristics of airfoils with different
ice shapes (none, rime, mixed) using computational fluid dynamics (CFD) simulations, finding that ice shape
significantly affects lift and drag coefficients. Lian et al. [12] proposed a modified spongy icing model that
incorporates the effect of water droplet retention on the ice accretion process. The model, verified through
CFD simulations and experimental data on a NACA0012 airfoil, shows improved accuracy in predicting ice
accretion morphology, particularly under conditions where liquid water is present at higher temperatures.
Dai et al. [13] developed a phase-field-based ice accretion model to predict ice shape on aircraft surfaces,
demonstrating its ability to accurately simulate ice formation under various icing conditions. Zheng et al. [14]
investigated the impact of four design parameters on airfoil lift and drag coefficients using a simplified
ridge ice model, finding that the height of the upper ice horn had the greatest effect, followed by the angle
and location of the upper ice horn. Bhatia and al Wahaibi [15] numerically studied the impact of three ice
accretion patterns on airfoil performance, finding that ice accretion can reduce lift by 75.3% and increase
drag by 280%, with performance loss depending on ridge height, ice thickness, and extent of accretion. Liu
and Hu [16] conducted experimental research on unsteady heat transfer and dynamic ice accretion processes
on the NACA 0012 airfoil under different icing conditions. Wu et al. [17] developed a 3D numerical method
to study icing characteristics in aeroengine stage 35 compressors, finding that icing significantly impacts
compressor performance, with rime ice transitioning to glaze ice and causing flow obstruction, particularly
at the leading edge. Nogi and Imamura [18] developed a 2D/3D numerical model using the rigid sphere
model (RSM) and CFD to predict rime ice accretion on airfoils, with results validated by NASA wind tunnel
experiments. Cao & Xin [19] and Shad and Sherif [20] developed a numerical model for simulating ice
accretion on two-dimensional airfoil surface under supercooled large droplet (SLD) conditions. In summary,
significant progress has been made in the study of aircraft icing, covering various aspects such as icing
mechanisms, numerical simulation techniques, and de-icing technologies. These studies have provided
essential theoretical foundations and technical support for ensuring flight safety. In terms of anti-icing system
design, recent work has examined the influence of key geometric parameters, such as jet arrangement,
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impingement angle, and piccolo-tube positioning, on the thermal efficiency of hot-air systems for partial-
span wings [21]. In parallel, intelligent prediction methods integrating artificial neural networks with IoT
(Internet of Things) platforms have been proposed to enable real-time thermal performance forecasting and
control for wing anti-icing systems [22]. In addition, Song et al. [23,24] applied peridynamics to simulate
thermo-mechanical ice removal, capturing fracture and detachment processes beyond the capability of
conventional finite element methods. They further introduced a modified ice failure criterion to improve
prediction accuracy under combined thermal and mechanical loads, offering new insights for efficient
de-icing strategies.

In the field of wind energy, several studies have investigated the impact of icing on wind turbine blades.
Li et al. [25] developed a quasi-3D computational method to analyze the effects of temperature on ice accre-
tion near the blade tips of large-scale horizontal-axis wind turbines. Their numerical simulations revealed
that temperature variations significantly influence the distribution and characteristics of ice accretion, which
can adversely affect turbine performance. Zhang et al. [26] conducted a numerical simulation of rime ice
accretion on a 3D wind turbine blade using the Lagrangian approach, revealing that the ice accretion severity
increases near the blade tip and varies radially. Guan et al. [27] investigated the effect of ice roughness on the
performance of wind turbine blades, finding that hard rime ice has a more significant aerodynamic impact
than soft rime ice, and that surface roughness plays a crucial role in the formation of soft rime ice and its
subsequent aerodynamic performance. Dai et al. [28] investigated the effect of ice accretion at blade tips on
the vibration performance of wind turbines. Their research emphasized the need to consider icing effects in
the dynamic analysis of turbine blades to prevent potential structural issues. Wang and Zhu [29] investigated
the ice accretion on 3D wind turbine blades and found that in-cloud icing primarily occurs near the leading
edge, with icing thickness and extent increasing along the spanwise length. Manatbayev et al. [30] proposed
a numerical method to predict ice accretion shapes on vertical axis wind turbine (VAWT) blades under
varying angles of attack, finding that rime ice causes minimal aerodynamic impact, while glaze ice leads to
significant flow separation and a 60% reduction in power performance. Collectively, these studies underscore
the critical need for accurate icing simulations to assess and mitigate the adverse effects of ice accretion on
wind turbine performance.

1.2.2 Other Fields
In the field of bridge engineering, Chen et al. [31] developed a finite element model to predict ice

accretion on bridge deck pavements, incorporating meteorological, structural, and traffic factors. They found
that air temperature and water accumulation significantly affect freezing. Yang et al. [32] developed a model
to predict the icing time and thickness on bridge pavements under low solar radiation (rainy conditions)
and analyze the effects of external factors including ambient temperature, wind speed, and water depth on
icing. Li et al. [33] investigated ice accumulation on stay cables, finding that lower temperatures promote
icicle growth, while larger diameter and steeper inclination angles inhibit it. Xu and Yu et al. [34–36]
conducted comprehensive studies on pipeline suspension bridges using icing and wind tunnel experiments.
They investigated the effects of ice accretion on aerodynamic and structural performance, providing crucial
data for the wind-resistant design of similar bridges in cold regions. Górski et al. [37] conducted wind tunnel
tests on an iced cable model for cable-stayed bridges, and found that the ice accretion on the cable model
has a significant influence on the aerodynamic forces acting on the model. Additionally, Tang et al. [38]
developed a numerical simulation method for ice accretion on helicopter rotor blades. Fu et al. [39] used
3D simulations to study the effects of rotational speed on droplet impingement and ice accretion on rotating
engine components under supercooled large droplet conditions. Zhou and Yin [40] presented a numerical
study on glaze ice accretion on cables considering the effects of in-plane motions of cable on the glaze icing
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process. To tackle with the icing on transmission lines, Liu et al. [41] developed a “point-line-face-solid” ice
shape reconstruction algorithm to realize three-dimensional numerical simulation of rime ice accretion on
the insulator.

1.3 Existing Research Gaps
While significant research has focused on ice accretion in aviation and wind turbines, studies specif-

ically targeting ice formation on flat plates are relatively limited. Flat plates are commonly found in
various engineering applications, such as aircraft wings, wind turbine blades, turbine blades, reactor fuel
plates, bridge wind-resistant designs, and large fan blades, which typically feature flat or quasi-flat cross-
sections [42]. Despite their widespread use, the fundamental mechanisms, quantitative characteristics, and
aerodynamic consequences of ice accretion on flat plates remain insufficiently documented in the literature.
Most existing icing research has concentrated on complex geometries or curved surfaces, where the dynamics
of ice formation are more intricate. In contrast, flat plates, though simpler in geometry, present distinct
aerodynamic and thermodynamic challenges for accurately predicting ice growth and its influence on
performance. Key parameters, including the effects of wind speed, angle of attack, and temperature on ice
accretion, remain relatively underexplored for flat plates. Addressing these gaps is essential for developing
predictive icing models applicable to a broad range of engineering systems. Therefore, in-depth research on
the icing characteristics of flat plates and their impact on aerodynamic performance is crucial for improving
the safety and reliability of structures operating in cold and humid environments.

1.4 Aim and Structure of the Work
This study aims to address the identified gap by establishing a validated numerical framework to investi-

gate the coupled influence of key environmental parameters on flat plate icing behavior and its aerodynamic
implications. The work provides deeper insights into the mechanisms governing ice formation and growth
under controlled variations in temperature, wind speed, and AOA, thereby contributing to the development
of more accurate and physically informed ice accretion models for practical engineering applications. The
methodology integrates computational fluid dynamics (CFD) simulations with the FENSAP-ICE icing
module, enabling detailed resolution of the flow field, droplet impingement characteristics, and subsequent
ice accretion morphology. Section 2 introduces the physical mechanisms of icing and outlines the proposed
four-step numerical framework: grid generation, flow field calculation, droplet impingement analysis, and ice
accretion simulation using a “quasi-steady” approach. Section 3 validates the numerical framework against
experimental data, establishing confidence in its predictive capability. Section 4 presents the simulation
results regarding the icing characteristics of flat plates, focusing on the effects of air temperature, wind
velocity, and angle of attack on ice accretion. In addition, the section quantifies the impact of different
ice accretion scenarios on static aerodynamic coefficients, providing a direct link between environmental
conditions and aerodynamic performance. Finally, Section 5 summarizes the key conclusions and highlights
the broader engineering implications of the findings.

2 Icing Mechanism and Numerical Methods

2.1 Icing Mechanism
Icing is a common physical phenomenon in nature. Water droplets in the air freeze spontaneously into

ice only at temperatures of −40○C under undisturbed conditions. When temperatures range from −40○C to
0○C, the droplets enter a metastable state, known as supercooled droplets. In this state, droplets can remain
unfrozen for an extended period without external disturbance. However, when disturbances such as contact
with cold surfaces, mechanical impacts, or vibrations occur, the droplets freeze, leading to ice formation [43].
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In natural environments with lower temperatures and higher humidity, supercooled water droplets inevitably
collide with and adhere to the surfaces of structures, causing varying degrees of ice accretion. This process is
complex and dependent on environmental factors. The overall icing process is schematically shown in Fig. 1,
which provides a visual representation of how ice forms under specific conditions. For the purposes of this
study, the focus is on thin flat plates, a common engineering structure in applications such as aircraft wings,
turbine blades, and bridges. These plates serve as a representative model for the types of structures subjected
to icing in cold and humid environments. The icing phenomena under investigation here are categorized
as atmospheric icing, which can be classified based on two main formation processes: precipitation icing
and in-cloud icing. According to the international standard ISO 12494: 2017 [44], precipitation icing can be
further divided into glaze (freezing rain or drizzle, where air temperatures are between −10○C and 0○C) and
wet snow (with air temperatures between 0○C and 3○C). In contrast, in-cloud icing is primarily influenced by
wind speed and temperature and is further categorized into soft rime, hard rime, and glaze ice. These different
icing types are illustrated in Fig. 2, which shows how environmental conditions determine the specific icing
form. In the present study, the temperature range of interest is below 0○C, with a particular emphasis on
in-cloud icing, especially focusing on the formation of soft and hard rime, as well as glaze ice.
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Figure 1: Schematic of the icing process
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Figure 2: Various ice accretion types under different environmental conditions
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2.2 Numerical Methods
A numerical framework is proposed to simulate the formation of glaze and rime ice on flat plates,

consisting of four main steps, as shown in Fig. 3. In Step I, structured grids are generated using the pre-
processing software ICEM CFD, based on the given geometric structure. These grids serve as the background
mesh for the subsequent calculations. Step II involves using the finite element software ANSYS FLUENT
2022 R1 to calculate the flow field around the flat plate, with appropriate boundary conditions and solver
settings applied. The flow field in this step is treated as a single-phase flow, due to the extremely low droplet
volume fraction (on the order of 10−6), which allows the air and droplet phases to be decoupled [17]. As such,
the impact of the droplets on the flow field is negligible. This approach simplifies the process by enabling
the air flow to be calculated independently in the flow field module. Step III utilizes the DROP3D module
in FENSAP-ICE 2022 R1, where the flow field calculated in Step II is imported to determine the droplet
trajectories and the distribution of impacts on the plate surface. In Step IV, the ice accretion process is
simulated using a “quasi-steady” approach. This method involves solving the steady-state control equations
over small time intervals, where the solution from the previous time step (t) is used as the initial condition
for the next time step (t + Δt). This iterative process continues until the full time step is completed, ensuring
a more accurate simulation of the ice layer’s growth that closely reflects real-world icing phenomena [20].
Additionally, the ICE3D module in FENSAP-ICE is employed to compute the ice accretion characteristics
based on its icing model. As the ice shape develops, its growth is used to update the grid for the subsequent
time step, iterating until the complete time step is achieved. In the following three subsections, a more
detailed explanation of Steps I–IV will be provided.

Figure 3: Proposed numerical framework to simulate the formation of glaze and rime ice on flat plates

2.2.1 Governing Equations for Air Flow
In atmospheric conditions, supercooled water droplets are influenced by the surrounding airflow as

they move and collide with surfaces. Therefore, understanding the airflow distribution around an object is
essential before analyzing the droplet impingement characteristics. Due to parallel processing limitations in
the FENSAP-ICE flow field module, its computation speed is slower than that of other solvers. Moreover,
after ANSYS acquired FENSAP-ICE, the software now provides a comprehensive interface for integrating
ANSYS flow field analysis data. As a result, this study employs ANSYS FLUENT 2022 R1, a computational
fluid dynamics (CFD) software, to simulate the wind field and generate the necessary flow parameters for
subsequent droplet impingement calculations.
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In computational fluid dynamics, all simulations are based on the governing equations of fluid
mechanics, which include the continuity equation, the momentum equation, and the energy equation. These
fundamental equations arise from three key physical principles: the conservation of mass, Newton’s second
law, and the conservation of energy. In this study, the airflow is assumed to be low-speed, viscous, and
incompressible, behaving as a Newtonian fluid. As such, the energy equation is neglected, and the flow field
is governed by the continuity and momentum equations, simplifying the model to the Navier-Stokes (N-S)
equations, as presented in [45]:

⎧⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎩

∂ui

∂xi
= 0

∂
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(ui) +
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∂x j
(uiu j) = fi +

∂
∂xi
( μa
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∂ui

∂x j
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ρa

∂pa

∂xi
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where i and j denote the two directions of a Cartesian coordinate system; xi and ui denote the coordinates
and velocity components along the i-axis; xj and uj denote the coordinates and velocity components along
the j-axis; t denotes time; ρa denotes air density; pa denotes air pressure; μa denotes air dynamic viscosity;
and f i denotes the body force per unit volume in xi direction.

To simulate the turbulent flow in the CFD model, the SST (Shear-Stress Transport) k-ω turbulence
model was adopted for its proven capability in predicting viscous flows. It combines the near-wall accuracy
of the k-ω formulation with the free-stream independence of the k-ε model through a blending function that
applies the k-ω model close to the wall and transitions to a k-ε like form in the far field [46,47]. This hybrid
approach, enhanced by a cross-diffusion term and shear stress transport, offers reliable predictions for flows
involving boundary layers, separation, and reattachment, and demonstrates strong performance in complex
conditions such as adverse pressure gradients, airfoils, and transonic shock interactions. Its suitability for
icing simulations has been confirmed in prior studies. Yassin et al. [48] reported accurate modeling of
turbulent flow over iced airfoils, while Bhatia and Al Wahaibi [15] demonstrated its efficiency for quantifying
aerodynamic effects of ice accretion using ANSYS Fluent. By leveraging the strengths of both k-ε and k-ω
formulations, the SST k-ω model provides a robust and widely validated framework, particularly under low
Reynolds number conditions, with governing equations detailed in [49]:
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where Pk and Pω denote the production terms; F1 denotes the blending function; and μt denotes the turbulent
eddy viscosity. Pk, Pω , F1, and μt are expressed as [47,49]:
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where y denotes the distance from the field point to the nearest wall; τij denotes the Reynolds stress tensor;
CDkω denotes the cross-diffusion term of equation; Ω denotes the vorticity magnitude; and F2 denotes the
blending function. Other specific expressions for the equations are the set of constants corresponding to the
Wilcox and SST—inner equations [47,49]. τij, CDkω , Ω, and F2 are expressed as:
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2.2.2 Governing Equations for Droplet Impingement
The calculation of droplet impingement characteristics is a crucial prerequisite for the subsequent

simulation of icing accretion. Under cold and humid conditions, supercooled liquid droplets carried by moist
air are prone to impinge on the structural surfaces. Generally, droplet impingement characteristics refer to
the range of droplet impacts, the volume of water impacting the surface, and the distribution of the water
quantity at locations such as the leading edges of blades or airfoils [50]. The trajectory of supercooled droplets
in the air and their impingement on surfaces is a typical two-phase (gas-liquid) flow problem. Currently,
two main methods are used to calculate droplet impingement characteristics, i.e., the Lagrangian method
and Eulerian method [51]. The Lagrangian method, which is based on Newton’s second law of motion,
tracks the movement of droplets in the air by calculating the forces acting on them and their resulting
trajectories, ultimately determining the precise location of their impact on a surface. However, this approach
requires tracking the trajectories of numerous droplets, making the process computationally complex and
inefficient [52]. In contrast, the Eulerian method, developed from field theory, treats the droplets as a
continuous phase [53]. By introducing the droplet volume fraction, it solves the continuity and momentum
equations for the droplet phase to obtain the distribution of droplet volume fraction and velocity at various
points in the spatial grid, which can then be used to calculate droplet impingement characteristics. Since the
Eulerian method focuses on the variation of droplets within a control volume, it allows for more efficient
calculations of complex three-dimensional models.

In FENSAP-ICE, the DROP3D module uses the Eulerian method to compute the droplet impingement
characteristics. Prior to applying this method, several simplifying assumptions are introduced in the formu-
lation of the droplet motion equations [54]: (1) droplets are treated as ideal spheres without deformation
or breakup; (2) collisions, coalescence, and splashing between droplets are neglected; (3) no heat or mass
exchange occurs between the droplets and the surrounding air; (4) the influence of turbulence fluctuations
on droplet motion is disregarded; and (5) the only forces considered are aerodynamic drag, gravity, and
buoyancy. The governing mass and momentum conservation equations for this process are given in [55]:

∂α
∂t
+
→
∇ ⋅ (α→ud) = 0 (11)
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where α denotes the droplet volume fraction; →u a and →ud denote the velocity vector of air and droplet in
the flow field; ρd denotes the droplet density; →g denotes gravitational acceleration; Red denotes the droplet
Reynolds number; K denotes the droplet inertial parameter; Fr denotes the Froude number; and CD denotes
the droplet drag coefficient. The expressions for Red, K, Fr and CD are as follows [55]:
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The droplet drag coefficient CD is given by the following empirical formula [55]:

CD = {
24 (1 + 0.15Re0.687

d )/Red Red ≤ 1000
0.4 Red > 1000 (16)

where d denotes the droplet diameter; →u∞ denotes the freestream velocity; μa denotes air dynamic viscosity;
and L∞ denotes the characteristic length.

2.2.3 Governing Equations for Ice Accretion
The growth of the ice layer is simulated using the ICE3D module in FENSAP-ICE, which is based on

the shallow water ice model developed by Bourgault [56]. This model applies mass and energy conservation
equations to solve the thermodynamic behavior of icing on the surface of a structure, providing distributions
of surface temperature and ice accumulation. When the icing type is glaze ice, the environmental temperature
is relatively high, causing the droplets that impact the surface to not freeze immediately. Instead, a thin water
film forms on the surface, which is then influenced by the airflow, causing the water film to flow laterally
from the point of impact. The mass and energy conservation equations governing this water film’s dynamics
and heat transfer are given in Eqs. (17) and (18). These equations describe how the water film behaves, leading
to the formation of glaze ice. This approach allows for more accurate predictions of ice growth in real-world
conditions and provides insights into the impact of icing on structural performance [57].
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where the subscript f denotes the water film; ρf denotes the water film density; hf denotes the water film
height;

→
u f denotes the water film velocity vector; LWC denotes the liquid water content; β denotes the local

collection efficiency; ṁev a p denotes the mass flux of evaporation; ṁice denotes the mass flux of ice accretion;
cf denotes the heat capacity of the water film; cice denotes the heat capacity of ice;

∼

T denotes the equilibrium
temperature; Levap denotes the latent heat of evaporation; Lsubl denotes the latent heat of sublimation; Lfus
denotes the latent heat of fusion; ε denotes the solid emissivity coefficient; σ denotes the Boltzmann constant;
and Q̇h denotes the convective heat flux. The specific expressions for each item and the detailed solution of
the equations can be found in Ref. [57].

When the icing type is rime ice, the environmental temperature is relatively low, causing the droplets to
freeze immediately upon impact with the structure’s surface. In this scenario, heat transfer and phase change
are not considered, and only mass conservation needs to be accounted for. The mass conservation equation
is expressed as follows [54]:
→
u∞LWCβ = ṁice (19)

→
u ice =

ṁice

ρice

→
n =

→
u∞LWCβ

ρice

→
n (20)

Δhice =
ṁice

ρice
Δt (21)

where ρice denotes the ice density; Δt denotes the time increment for icing;
→
u ice denotes the icing velocity

vector; Δhice denotes the displacement of the icing surface; and →n denotes the surface normal vector.

3 Validation
To validate the proposed numerical simulation framework for ice accretion, the results are compared

with experimental data from the study by Meng et al. [58]. Their experiments primarily focus on rime and
glaze ice accretion on a stationary cylindrical model under various meteorological conditions, conducted in
a custom-built, small-scale jet-type icing wind tunnel. The cylindrical model used in the experiments has a
diameter of 25.4 mm. For the validation, this study uses the conditions from their first experiment, which
focused on rime ice, as a reference for the numerical simulations. The key parameters for the simulation are
as follows: wind speed of 60 m/s, an angle of attack (AOA) of 0○, air temperature of −15○C, air density of
1.225 kg/m3, droplet diameter (MVD, median volume diameter) of 20 μm, liquid water content (LWC) of
0.5 g/m3, and an icing duration of 200 s, as detailed in Table 1. It should be noted that at a temperature of
−15○C, the variation in air density has a negligible effect on icing simulations [5,30]. Therefore, in this study,
the air density was uniformly set to a constant value of 1.225 g/cm3 throughout the numerical simulations.
The computational domain and model dimensions used in the simulations are shown in Fig. 4a. The mesh
generation for the model is performed using ICEM CFD, where 75 grid layers are set to ensure high mesh
quality and computational accuracy. The first layer of the mesh is set at a height of 0.2 mm, with a grid
growth rate of 1.05. The grid setup and the domain dimensions are illustrated in Fig. 4a. The comparison
results are shown in Fig. 4b, where the x-axis represents the angle between any point on the cylinder’s surface
and the negative x-axis, with positive angles measured clockwise (denoted as φ). The results indicate that
the numerical simulations closely match the experimental data in terms of trends. The maximum deviation
between the two sets of data is 4.71%, which confirms that the numerical simulation method used in this
study for ice accretion is both reliable and capable of accurately capturing the underlying physical processes.
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Table 1: Key parameters for the CFD simulation of ice accretion on a stationary cylindrical model

D (mm) Air temperature
(○C)

Air density
(kg/m3)

Wind velocity
(m/s)

AOA (○) MVD
(μm)

LWC
(g/m3)

Time
duration (s)

25.4 −15 1.225 60 0 20 0.5 200

Figure 4: Comparison of the ice accretion on a cylinder between the numerical prediction and the experimental data:
(a) Computational domain; and (b) Comparison results [58]

4 Numerical Simulations

4.1 CFD Simulation
4.1.1 Geometry Model and Meshing

After validating the proposed numerical framework in the previous section, it is applied to simulate ice
accretion on a flat plate. In this study, the geometry of the flat plate is defined with a width (B) of 0.4 m and
a height (H) of 0.01 m, resulting in a width-to-height ratio of 40. This aspect ratio aligns with the definition
of a flat plate in engineering practice. To minimize flow separation at the leading edge and ensure optimal
flat plate characteristics, both the front and rear edges of the model are rounded with a 10 mm radius. The
computational domain has dimensions of 15B by 10B, with a blockage ratio of 0.25%. Since FENSAP-ICE,
the software used for simulations, requires 3D models, and to minimize the effect of spanwise dimensions
on the results, the spanwise length is extended by the width of the flat plate, as suggested by Cao et al. [59].
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The boundary conditions for the computational domain are as follows: the left side, along with the top and
bottom boundaries, are defined as velocity inlets; the right side is set as a pressure outlet; the front and
rear boundaries are treated as symmetry conditions; and the flat plate section is modeled with a fixed wall
boundary. For mesh generation, ICEM CFD preprocessing software is used to ensure high-quality grids near
the surface of the plate. A total of 50 layers are applied to refine the mesh, ensuring accuracy in the near-wall
regions. To maintain y+ <1, the thickness of the first mesh layer is set to 0.01 mm, with a mesh growth rate of
1.05. Fig. 5 illustrates the geometry of the flat plate, along with the computational domain, mesh distribution,
and boundary conditions.
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Figure 5: Numerical model of the flat plate (mm): (a) Schematic of the flat plate; and (b) Computational domain and
boundary conditions

4.1.2 Solution and Mesh Sensitivity
The numerical simulations of the airflow fields are conducted using the commercial CFD software

ANSYS FLUENT 2022 R1. During the preprocessing phase, the fluid is modeled as an incompressible ideal
gas to accurately simulate natural convection. The boundary conditions are defined as follows: the turbulent
intensity for all velocity inlets and the pressure outlet is set to 0.5%, with a turbulent viscosity ratio of
2; the relative pressure at the pressure outlet is set to zero; and the walls are modeled as stationary, no-
slip boundaries within the computational domain. Additionally, the wind speed and air temperature are
adjusted according to the specific conditions for each scenario. In the solution phase, pressure-velocity
coupling is achieved using the Coupled algorithm [45]. The convection and diffusion terms are discretized
with a second-order upwind scheme, and a convergence criterion is set with a residual threshold of 10−6.
The simulation is considered converged when all scaled residuals either stabilize or fall below the specified
threshold. Moreover, mesh independence is verified to ensure an optimal balance between computational
efficiency and accuracy. Three models with varying mesh densities are tested by changing the number of wall
layers: 97,000, 117,000, and 137,000 elements. The thickness of the first mesh layer is consistently set to 0.01
mm across all models, with wall layer numbers set to 40, 50, and 60, respectively. For instance, with a wind
speed of 20 m/s and a wind attack angle of 5○, the static aerodynamic coefficients (Cd, drag coefficient; Cl,



Comput Model Eng Sci. 2025;144(3) 2861

lift coefficient; and Cm, lift moment coefficient) are used for comparison. The results for these models are
summarized in Table 2. The analysis shows that the results for meshes G2 and G3 stabilize and exhibit strong
consistency, indicating that mesh G2 provides the required accuracy. Therefore, to optimize computational
resources without sacrificing precision, mesh G2 is selected for subsequent simulations.

Table 2: The static aerodynamic coefficients of the flat plate under various mesh densities

Grid number Number of meshes (×104) Cd Cl Cm

G1 9.7 0.005991 0.56853 −0.12682
G2 11.7 0.006538 0.57275 −0.12625
G3 13.7 0.006411 0.57174 −0.12627

4.2 Results and Discussion
This section explores the effects of key environmental factors, including air temperature, wind velocity,

and the angle of attack (AOA), on ice accretion. Additionally, the influence of ice accretion on the static
aerodynamic coefficients is examined.

4.2.1 Effect of Air Temperature on Ice Accretion
As discussed earlier, the relationship between icing types, wind speed, and temperature indicates that, at

a constant wind speed, the icing type shifts from soft rime to hard rime as the temperature increases (Fig. 2).
Once the temperature reaches a certain threshold, the icing type transitions to glaze. To better understand
the impact of temperature on the morphology of ice accretion and to distinguish between these different
types, three temperatures, i.e., −15○C, −8○C, and −4○C, are chosen to represent the conditions for soft rime,
hard rime, and glaze ice, respectively. The wind speed is maintained at 20 m/s. First, the flow field around
the flat plate is obtained through CFD simulations. The results are then imported into FENSAP-ICE, where
parameters such as liquid water content, droplet diameter, and icing duration are set to calculate the ice
accretion. The specific conditions used for the icing calculations are summarized in Table 3.

Table 3: Simulation setup for investigating the effect of air temperature on ice accretion

Parameters Case 1 (Soft rime ice) Case 2 (Hard rime ice) Case 3 (Glaze ice)
Air temperature (○C) −15 −8 −4
Wind velocity (m/s) 20 20 20

AOA (○) 0 0 0
LWC (g/m3) 0.5 0.5 0.5
MVD (μm) 20 20 20

Time (s) 360 360 360

In this study, the “quasi-steady method” is utilized for the numerical simulation of ice accretion.
According to preliminary calculations, a time step of 10 s is selected to enhance the simulation’s accuracy.
This choice is based on a series of sensitivity analyses and trial simulations conducted using multiple time-
step settings, guided by the experimental results reported in the validation study presented in Section 3 [58].
The comparison indicated that the 10-s step produced the closest agreement with the reference experimental
data, thereby ensuring the reliability of the icing simulations. However, this choice also leads to a significant
increase in computational time. To mitigate this issue and improve computational efficiency, the icing
similarity law is applied [58]. This law provides a framework for determining the size and environmental
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conditions of a scaled model based on the dimensions and meteorological conditions of a reference model,
ensuring that the icing results remain comparable. Initially developed to extend the capabilities of icing wind
tunnels, the method is especially useful when experimental limitations, such as wind speed, liquid water
content, or droplet diameter, restrict achievable conditions, or when full-scale testing is impractical due to
test section size constraints. By applying the similarity law, the range of test conditions and model sizes can
be effectively expanded within the existing experimental framework [58]. In this context, the icing similarity
law also offers a practical approach to conserving computational resources and reducing simulation time.

Over the years, numerous studies have explored icing similarity, with several similarity criteria proposed
by researchers [60], including the droplet inertia parameter (K), the collected water amount parameter (Ac),
the leading-edge freezing coefficient (n0), and the Weber number (We). Based on these criteria, various
methods have been developed to guide the selection of appropriate test parameters [61–63]. A particularly
simple approach for scaling liquid water content and icing time involves maintaining a constant product of
these two variables, while keeping all other conditions unchanged [63]. This approach ensures comparable
ice accretion under different conditions by preserving the balance between water content and icing duration.
For example, as shown in Table 3, an initial condition with a liquid water content of 0.5 g/m3 and an icing time
of 360 s can be scaled to a liquid water content of 0.9 g/m3 and an icing time of 200 s, while maintaining all
other parameters constant. This scaling method has been validated through numerical simulations, with the
corresponding computational settings and results presented in Table 4 and Fig. 6. The results demonstrate
that, under both the reference and scaled conditions, the simulated ice shape and thickness on the flat plate
surface match closely, confirming the reliability and feasibility of the similarity approach. Consequently,
for the subsequent simulations, the liquid water content and icing time are set to 0.9 g/m3 and 200 s,
respectively, optimizing computational efficiency while ensuring accurate results. It is also important to note
that in Table 4, the angle of attack (AOA) is set to 10○, where positive and negative values correspond to
upward and downward flow directions, respectively, as shown in Fig. 6a. This convention for the sign of AOA
will be consistently applied throughout the rest of the study.

Table 4: Simulation setups for two different cases based on icing similarity law

Parameters Air temperature
(○C)

Wind velocity
(m/s)

AOA
(○)

LWC
(g/m3)

MVD
(μm)

Time
(s)

Reference conditions −15 20 10 0.5 20 360
Scaling conditions −15 20 10 0.9 20 200

Figure 6: (Continued)
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Figure 6: Comparison of the ice accretion between the reference and scaled conditions: (a) Definition of AOA; and (b)
Comparison results (reference condition: t = 360 s, LWC = 0.5 g/m3; scaled condition: t = 200 s, LWC = 0.9 g/m3)

Fig. 7 illustrates the ice accretion patterns for soft rime, hard rime, and glaze ice on the flat plate under
three distinct conditions. In these plots, the horizontal axis (x) and vertical axis (y) represent the positions
along the width and height of the flat plate, respectively, as shown in Fig. 5a. This coordinate system is
used consistently throughout all subsequent figures. The results indicate that for all three types of ice, the
accretion is primarily concentrated at the leading edge of the plate, with ice thickness increasing linearly
over time. Under rime conditions, the environmental temperature is low enough that water droplets freeze
instantly upon contact with the plate surface. As a result, both soft rime and hard rime ice exhibit a smooth,
streamlined growth pattern with consistent morphology and minimal change over time. In contrast, glaze
ice forms under higher temperatures, which prevent the immediate release of latent heat during freezing.
Consequently, droplets that impact the plate surface do not freeze completely but instead form a thin water
film. This film moves toward the leading edge, where it eventually refreezes, creating protruding ice horns.
Over time, the increasing number of impacting droplets leads to a rougher ice surface. Although glaze ice
covers a larger area than rime ice under the same icing duration, the ice thickness in rime conditions is greater.
Notably, hard rime results in the thickest ice layer among the three types, with the maximum thickness
occurring at the leading edge. Specifically, the maximum ice thickness is 3.51 mm for soft rime, 3.26 mm for
hard rime, and 1.92 mm for glaze ice, the latter being observed at the most prominent ice horn. These results
indicate that higher temperatures result in thinner ice layers and more irregular glaze ice formations. The
findings underscore the significant influence of temperature on the final ice accretion pattern, as it directly
affects the heat transfer process when droplets impact the surface of the structure.

4.2.2 Effect of Wind Velocity and Angle of Attack (AOA) on Ice Accretion
In real-world conditions, both the incoming wind velocity and the angle of attack (AOA) can vary

significantly, making it crucial to understand their impact on ice accretion. To demonstrate this, the effects
of wind velocity and AOA on rime ice accretion are investigated. Specifically, a combination of four wind
velocities (1, 5, 10, and 20 m/s) and five different AOA values (−10○, −5○, 0○, 5○, and 10○) are considered, as
summarized in Table 5. All other parameters align with the soft rime icing conditions, i.e., the temperature is
set to −15○C, the liquid water content is 0.9 g/m3, the droplet diameter is 20 μm, and the icing time is 200 s.
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Figure 7: Ice accretion patterns for soft rime, hard rime, and glaze ice on the flat plate: (a) Case 1 (soft rime ice); (b)
Case 2 (hard rime ice); and (c) Case 3 (glaze ice)

Table 5: Simulation setups for rime ice accretion under various wind velocities and AOA

Wind velocity 1, 5, 10, 20 m/s
AOA −10○, −5○, 0, 5○, 10○

Fig. 8 shows the patterns of ice accretion on a flat plate under different wind speed conditions, with
AOA of 0○, 5○, −5○, 10○, and −10○. The results reveal that as wind speed increases, water droplets are more
likely to strike the leading edge of the plate. Specifically, for the same duration of icing, higher wind speeds
result in a greater number of droplets impacting the surface. Additionally, increased wind speed helps carry
away more of the latent heat released during the freezing process, which accelerates the ice accretion and
leads to an increase in both the thickness and extent of the ice layer. Despite these changes, wind speed does
not significantly affect the overall shape of the ice growth. As an example, when the wind speed increases
from U = 1 to 5 m/s, 10, and 20 m/s at a 0○ angle of attack, the ice thickness on the flat plate rapidly increases
from 0.02 to 1.03 mm, 2.51, and 3.51 mm, respectively. This highlights the significant impact of wind speed
on the ice thickness. Table 6 presents the maximum ice thickness under various combinations of wind speed
and AOA. It is also noted that for AOAs of equal magnitude but opposite sign, the maximum ice thickness
values are identical, owing to the symmetry of the flow and ice accretion patterns about the horizontal axis.
Furthermore, as shown in Fig. 8, increasing wind speed does not change the overall shape of the ice layer.
Notably, when the wind speed is 1 m/s, ice accretion on the plate is minimal under the given environmental
conditions. This is due to the insufficient number of droplets impacting the plate at low wind speeds, making
it more difficult for the droplets to reach the surface. Therefore, the analysis confirms that wind speed is
a crucial factor in determining whether ice will accumulate on the flat plate. If the wind speed is too low,
noticeable icing may take longer to develop.

To further investigate the effect of AOA on ice accretion patterns on the flat plate, the ice accumulation
patterns at various AOAs are compared, as shown in Fig. 9. As shown in Fig. 9, increasing the AOA results
in an increased impact limit on the pressure side and a decreased impact limit on the suction side. This
shift leads to a migration of the ice accretion area towards the pressure side of the plate. In other words,
the normal direction at the point of maximum ice thickness aligns closely with the direction of the AOA,
indicating that the AOA plays a key role in determining the location of maximum ice accumulation. The
movement of the ice accretion zone towards the pressure side also implies that the ice accretion shifts from
the leading edge of the plate towards the upper (or lower, depending on the direction of the incoming wind
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and AOA) surface. This results in an increase in the ice coverage on the surface of the plate. However, due to
the relatively short icing time used in these calculations, the ice thickness and the amount of ice on the upper
(or lower) surfaces are negligible. If a longer icing time were considered, more significant ice accumulation
might occur on these surfaces. Moreover, under conditions of both positive and negative attack angles (with
the same absolute value but opposite signs), the ice accretion patterns on the flat plate are symmetrically
distributed with respect to the horizontal axis (the axis of symmetry).
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Figure 8: Effect of wind velocity on ice accretion under various AOAs: (a) AOA = 0○; (b) AOA = 5○; (c) AOA = −5○;
(d) AOA = 10○; and (e) AOA = −10○

Table 6: Maximum ice thickness under various combinations of wind velocity and AOA (mm)

Wind velocity

AOA U = 1 m/s U = 5 m/s U = 10 m/s U = 20 m/s
AOA = −10○ 0.01 0.55 1.32 2.89
AOA = −5○ 0.02 0.80 1.51 3.17
AOA = 0○ 0.02 1.03 2.51 3.51
AOA = 5○ 0.02 0.80 1.51 3.16
AOA = 10○ 0.01 0.55 1.32 2.89
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Figure 9: Ice accretion patterns at various AOAs: (a) U = 1 m/s; (b) U = 5 m/s; (c) U = 10 m/s; and (d) U = 20 m/s

4.2.3 Effect of Soft Rime Ice on Aerodynamic Coefficients
The accumulation of ice on the surface of the flat plate changes its shape, which, in turn, influences

the surrounding flow field and affects the aerodynamic coefficients. These coefficients are crucial for
evaluating the wind resistance performance of structures. For example, aerodynamic coefficients are key
in flutter analysis, as they form the foundation for identifying flutter derivatives. In the field of bridge
wind engineering, these coefficients are used to calculate the drag, lift, and moment forces acting on the
bridge structure, allowing for further analysis of stress and displacement under steady wind loads, as well
as evaluations of static wind stability. Therefore, studying the variations in aerodynamic coefficients before
and after ice accretion is essential to fully understanding the impact of icing on the overall performance of
the structure.

Fig. 10 presents the aerodynamic coefficients of the flat plate before and after the formation of soft rime
ice (refer to Case 1 in Table 3). The results show that, under the selected soft rime icing conditions, the shape
of the plate’s leading edge does not change significantly, leading to relatively similar aerodynamic coefficients
before and after icing. For the drag coefficient, a slight decrease is observed after icing. This is attributed to
the smoothing and flattening of the leading edge, as seen in the ice distribution pattern in Fig. 7a. Notably, a
negative drag coefficient is observed at an angle of attack of −5○. This anomaly occurs because, at this angle,
the higher wind speed causes the ice formation at the plate’s leading edge to develop a small ice horn (as
shown in Fig. 8), which alters the flow field and results in a negative drag coefficient. Conversely, both the lift
coefficient and the lift moment coefficient show a slight increase, with both coefficients rising as the angle of
attack increases, both before and after icing.
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5 Conclusions
This study develops and applies an integrated CFD–FENSAP-ICE numerical framework to simulate

ice accretion on flat plates, with emphasis on quantifying the influence of environmental parameters and
assessing aerodynamic impacts. The research primarily focuses on investigating ice formation patterns and
thickness under different temperatures, analyzing the effects of varying wind speeds and angles of attack
(AOA) on soft rime ice accretion, and examining the aerodynamic consequences of rime ice. The main
conclusions are as follows:

(1) The ice thickness on the flat plate increases approximately linearly over time. In the case of rime
ice, the relatively low environmental temperature causes water droplets to freeze instantly upon
impact, leading to streamlined growth. In contrast, glaze ice forms at higher temperatures, preventing
immediate freezing. Instead, the impacting droplets create a thin water film that flows towards
the leading edge and refreezes, forming protruding ice horns. Under identical conditions, rime ice
consistently produces thicker ice layers than glaze ice, with the maximum thickness occurring at the
leading edge, whereas glaze ice exhibits its greatest thickness at the horn tips. These observations
confirm the dominant role of temperature in controlling ice morphology via heat transfer processes.

(2) Increasing wind speed results in more droplets striking the surface and enhances latent heat removal,
thereby accelerating the ice accretion rate and increasing both thickness and coverage. At very low
wind speeds (e.g., 1 m/s), droplet impingement is minimal and ice accumulation is negligible under
the tested conditions, indicating a threshold wind speed for noticeable accretion.

(3) Increasing AOA expands the impingement region on the pressure side while reducing it on the suction
side, shifting the icing zone toward the pressure surface. For AOAs of equal magnitude but opposite
sign, the ice accretion patterns are symmetric about the horizontal axis, yielding identical maximum
ice thickness values.

(4) Ice accretion modifies the leading-edge geometry, making it smoother and more streamlined. This
slightly reduces the drag coefficient compared with the pre-icing state. At –5○ AOA and higher wind
speeds, localized horn formation alters the flow field, leading to a negative drag coefficient in that case.
The lift and moment coefficients show slight increases, with both rising as AOA increases, before and
after icing.

This study investigates ice accretion on flat plates and its impact on structural performance, providing
baseline insights and feasibility evidence for subsequent research. Its limitation lies in focusing on basic
icing scenarios under specific computational conditions. Future work will extend the framework toward
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application relevant systems by (i) moving from flat plates to representative geometries in aircraft (air-
foils/wings), wind turbines (rotating blades), and bridges (cables/box girders); (ii) incorporating fully time
dependent icing to capture unsteady accretion and active/operational de icing scenarios, with dynamic mesh
updates to resolve ice growth and shedding; (iii) assessing alternative turbulence models and performing
targeted sensitivity/uncertainty analyses; and (iv) calibrating and validating the predictions against wind
tunnel or field measurements under similarity law consistent conditions. These steps will enhance both the
generalizability and practical impact of the framework.
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Nomenclature/Abbreviations
List of Symbols
xi,ui Coordinates and velocity tensors of the i-axis in a coordinate system
xj,uj Coordinates and velocity tensors of the j-axis in a coordinate system
t Time
ρa Air density
pa Air pressure
μa Air dynamic viscosity
f i Body force per unit volume in xi direction
Pk,Pω Production term
F1, F2 Blending function
μt Turbulent eddy viscosity
y Distance from the field point to the nearest wall
τij Reynolds stress tensor
Ω Vorticity magnitude
α Droplet volume fraction
→
u a Velocity vector of air in the flow field
→
ud Velocity vector of droplet in the flow field
→
g Gravitational acceleration
Red Droplet Reynolds number
K Droplet inertial parameter
Fr Froude number
CD Droplet drag coefficient
ρd Droplet density
d Droplet diameter
→
u∞ Freestream velocity
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L∞ Characteristic length
f Water film
ρf Water film density
hf Water film height
→
u f Water film velocity vector
β Local collection efficiency
ṁev a p Mass flux of evaporation
ṁice Mass flux of ice accretion
cf Heat capacity of water film
cice Heat capacity of ice
∼

T∞ Freestream temperature (○C)
∼

T Equilibrium temperature (○C)
T∞ Freestream temperature (K)
T Equilibrium temperature (K)
Levap Latent heat of evaporation
Lsubl Latent heat of sublimation
Lfus Latent heat of fusion
ε Solid emissivity coefficient
σ Boltzmann constant
Q̇h Convective heat flux
ρice Ice density
Δt Icing time increment
→
u ice Icing velocity vector
Δhice Icing surface displacement
→
n Surface normal vector
D Cylindrical diameter
Cd Drag coefficient
Cl Lift coefficient
Cm Lift moment coefficient
Ta Air temperature
U Wind velocity
Ac Parameter of water volume accumulation
n0 Leading edge freezing fraction
We Weber number

List of Abbreviations
CFD Computational fluid dynamics
AOA Angle of attack
LWC Liquid water content
MVD Median volume droplet diameter
IoT Internet of Things
SST Shear-Stress Transport
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