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Abstract: The electro⁃thermal anti/de-icing systems have high heating efficiency and relatively simple structures， 
marking them as a key development direction for future icing protection. Existing simulation algorithms for electro-

thermal de-icing seldom delve into comprehensive ice accretion-melting-deicing models that account for ice shedding. 
Therefore， the detachment behavior of ice layers during the heating process requires in-depth research and discussion. 
This paper physically models the phenomenon of ice shedding， incorporates the detachment behavior of ice layers 
during heating， improves the existing mathematical model for electro-thermal de-icing calculations， establishes an ice 
accretion-melting-deicing model for electro-thermal de-icing systems， and conducts numerical simulation， verification 
and optimization analysis of electro-thermal de-icing considering ice shedding. Through multi-condition de-icing 
numerical simulations of a specific wing model， it is found that ambient temperature can serve as a factor for adapting 
the electro heating anti/de-icing strategy to the environment. An optimization of heating heat flux density and heating/
cooling time is conducted for the wing de-icing control law under the calculated conditions. The improved electro-

thermal de-icing model and algorithm developed in this paper provide solid technical support for the design of electro-

thermal de-icing systems.
Key words：aircraft icing； electro-thermal de-icing； ice shedding； electro-thermal control law； numerical simulation
CLC number： V244.1   Document code： A  Article ID：1005⁃1120（2025）02⁃0162⁃16

0 Introduction 

Aircraft icing occurs when an aircraft is flying 
under icing conditions due to the freezing of water 
droplets， condensation of water vapour or adhesion 
of ice crystals， which can accumulate on the aircraft 
surface to form an ice layer. Aircraft icing not only 
increases the mass， but may also lead to aerodynam ⁃
ic performance degradation， air intake blockage， 
and even loss of aircraft control， seriously endanger⁃
ing flight safety. Among all icing phenomena， super⁃
cooled water droplets icing is the main target of air⁃
craft icing and protection research.

With the in-depth study of large passenger air⁃
craft， in order to meet the higher requirements of 
airworthiness certification for flight safety under ic⁃

ing conditions， aircraft anti/de-icing systems are de⁃
signed to reduce energy consumption and ensure an⁃
ti/de-icing effectiveness， and are developing to⁃
wards economic， green and more electric aircraft. 
Among many methods of anti-icing and de-icing， 
electro⁃thermal anti/de-icing system has features of 
high heating efficiency， short response time， high 
reliability， relatively simple structure， and being 
easy to control and monitor， so it has become an im ⁃
portant development direction for wide range of 
composite materials. The working process of 
electro⁃thermal anti/de-icing system is a complex 
unsteady multiphase flow and phase change prob⁃
lem， which involves external air-water droplet two-

phase flow， runback water film flow on the surface， 
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phase changes between solid ice and liquid water， 
heat transfer in the ice layer with varying thickness， 
and unsteady internal heat conduction in the multi-
layered skin［1］. Simulation is a necessary and impor⁃
tant tool in the design study.

From the 1970s to the present， the research on 
electro-thermal de-icing has gone through the devel⁃
opment of 1D ice melting model⁃2D ice melting 
model⁃3D ice melting model⁃flight state de-icing 
model. Chauvin et al.［2］ investigated the heat trans⁃
fer in skins during icing. The first numerical simula⁃
tion of unsteady ice accretion-melting-deicing pro⁃
cess was carried out by Reid et al.［3］ in 2010. Based 
on the above studies， Pourbagian et al.［4］ conducted 
an optimization study of electro-thermal de-icing 
process in 2013 and deepened the optimization in 
2015［5］. The work of Henry［6］ demonstrated the im ⁃
portance of melting ice for ice shedding phenome⁃
non of electro-thermal de-icing systems， defining an 
empirical ice shedding criterion and comparing it 
with experimental data from the CEPr icing wind 
tunnel. Bennani et al.［7］ proposed a research to simu⁃
late the operation of the electro-thermal system in 
anti-icing and de-icing modes by using thermody⁃
namic and crack extension mechanics models in con⁃
junction with the above mentioned empirical guide⁃
lines and compared them with experimental results. 
In 2020 Ding et al.［8］ proposed that during electro-

thermal de-icing， before the phase change of the ic⁃
ing on an aircraft surface occurs， the stresses in the 
ice layer may have an effect on ice shedding. Kintea 
et al.［9］ investigated the phenomenon of aircraft icing 
and ice shedding due to ice crystal impacts， which 
was solved numerically using a computational code 
based on the finite volume method （FVM）. Numer⁃
ous research units have conducted studies on ice 
shedding for rotorcraft in recent years. They have 
presented numerical predictions for ice accretion and 
break-off， shedding times， and icing wind tunnel 
tests on the spinning rotor blade model for assess⁃
ment［10-12］. Subsequently， experimental tests in icing 
wind tunnel of airfoil equipped with a de-icing sys⁃
tem were carried out to investigate the ice shedding 

times. The results of Wallisch et al.［13］ showed that 
the angle of attack influences the shedding times sig⁃
nificantly. Enache et al.［14］ obtained several ice shed⁃
ding mechanisms highlighting the effect of the water 
layer thickness on the ice shedding process.

Meanwhile， various research institutes have de⁃
veloped electro-thermal de-icing simulation software 
or modules， for example， NASA has developed the 
LEWICE program［15-16］， and NTI has developed the 
FENSAP-ICE software with an electro-thermal de-

icing calculation module［17-18］. ONERA software［19］ 
includes a calculation function that analyses the pro⁃
cess of 2D electro-thermal de-icing using the finite 
element method （FEM）.

Practical engineering challenges are the prima⁃
ry focus of domestic research on electro-thermal de-

icing systems. Ai et al.［20］ proposed the idea of ap⁃
plying electro-thermal de-icing system to helicopter 
rotor blades. Bu et al.［21］ calculated the convective 
heat transfer coefficient on the surface of electro-

thermal anti-icing system using the boundary layer 
integral method， and established a heat and mass 
transfer model to solve the temperature distribution 
on the surface. Chang et al.［22］ established a physical⁃
ly simplified model of a 2D rectangular geometry to 
simulate the electro-thermal de-icing system. Li［23］ 
carried out a simulation of helicopter rotor electro-

thermal de-icing system based on Fluent platform， 
solved the melting ice process by using the enthalpy 
method， and analyzed the influence of the control 
law on the de-icing effect. Fu et al.［24］ analyzed the 
2D electro-thermal de-icing process based on Mess⁃
inger model with improved enthalpy method， 
whose ice shape was calculated using numerical sim ⁃
ulation method， and analyzed the melting ice pro⁃
cess on results of ice accretion calculations. They an⁃
alyzed the influence of the control law of the heating 
time and the heat flux on the temperature. Mu［25］ 
carried out a study on the 3D electro-thermal de-ic⁃
ing process in flight， established a unsteady coupled 
heat transfer model for the de-icing process， and 
proposed a corresponding solution method.

However， the above electro-thermal de-icing 
models have explored less about the ice shedding 
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phenomenon， which occurs during the actual de-ic⁃
ing process and needs to be taken into account in the 
de-icing models and simulations. In this paper， 
through reading related literatures， we model the 
phenomenon of ice shedding， introduce the shed⁃
ding behavior of ice in the heating process， improve 
the existing numerical calculation model of electro-

thermal de-icing， establish a complete ice accretion-

melting-deicing model for electro-thermal de-icing 
systems， and carry out numerical calculation of elec⁃
tro-thermal de-icing considering ice shedding. 
Through multi-condition de-icing numerical simula⁃
tions， the influence of parameters on the effect of 
electro-thermal de-icing is analyzed， and the design 
method of electro-thermal de-icing considering ice 
shedding is summarized， so as to provide a theoreti⁃
cal basis in reducing the energy consumption of elec⁃
tro-thermal de-icing.

1 Calculation Models 

The working process of electro-thermal de-ic⁃
ing system is a complex unsteady multiphase flow 
and phase change problem， coupled with heat and 
mass transfer， the physical phenomena of which can 
be shown in Fig.1. Runback water film flows on the 
surface and phase change with ice shedding occurs 
under the influence of external convective heat trans⁃
fer， supercooled water droplet impingement， and 
structural heating. In this chapter， the airflow field 
and particle motion model， icing thermodynamic 
model， and ice shedding model are introduced.

1. 1 Airflow field and water droplet motion 
model　

The airflow field calculation is a necessary pre⁃
requisite for the prediction of droplet impingement 
characteristics. The results can be used for calcula⁃
tions of droplet trajectories， external convective 
heat transfer and de-icing analysis. The airflow field 
is formulated using the Reynolds-averaged Navier-

Stokes （RANS） equations， and the Reynolds stress 
term is defined by the Boussinesq assumption as
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where u is the Reynolds average velocity vector， ρ 
the air density， μ the dynamic viscosity， μt the tur⁃
bulent viscosity， and k the turbulent energy.

After calculating the results of the airflow 
field， the droplet impingement characteristics are 
calculated using Euler method. The Eulerian meth⁃
od treats the water droplet phase as a continuous 
phase and solves the continuity and momentum 
equations for the droplet field by introducing the con⁃
cept of water droplet volume fraction， which can be 
shown as

∂ ( )ρd α
∂t

+ ∇ ⋅( ρd αud ) = 0 （4）

∂ ( )ρd αud

∂t
+ ∇ ⋅( ρd αudud ) = ρd αK ( u a - ud ) + ρd αF

（5）
where α is the water droplet volume fraction， ud the 
water droplet velocity vector， ua the air velocity vec⁃
tor， F the external force other than drag acting on 
the water droplet，and K the air-water droplet mo⁃
mentum exchange coefficient. Here K is defined as

K = 18μf
ρd d 2

d
（6）

where dd is the droplet diameter， and f the drag func⁃
tion. Here f is calculated as

Fig.1　Schematic diagram of physical phenomena in electro⁃ 
thermal de-icing system
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f = CD Re
24 （7）

CD =ì
í
î

24 ( 1 + 0.15Re0.687 ) /Re Re ≤ 1 000
0.44 Re > 1 000

（8）

where CD is the droplet drag coefficient， and Re the 
relative Reynolds number.

The droplet velocity vector u， volume fraction 
α and other results are obtained from the calculation 
of the droplet field， and further the droplet impinge⁃
ment mass on the impact surface can be obtained as

ṁ imp = ρd αu ⋅ n （9）
where n is unit vector in the normal direction.

1. 2 Icing thermodynamic model　

The icing thermodynamic model is based on 
the Messinger’s theory. The model uses the control 
volume method to analyse the mass transfer and en⁃
ergy transfer processes in the liquid water control 
volume at the wall. The mass and energy transfer 
processes involved in the control volume is schemat⁃
ically illustrated in Fig.2. The calculations start 
from the stagnation point and are finalised for the 
full computational domain by analytically calculating 
the conservation of mass and conservation of energy 
in the control units.

The mass conservation equation is expressed as
ṁ ice = ṁ imp + ṁ in - ṁ evap - ṁ out （10）

where ṁ imp is the mass flow rate of water impinging 
on the control volume，ṁ evap the mass flow rate of 
evaporation water， and ṁ ice the mass flow rate of 
water frozen to ice； ṁ in and ṁ out are the inflow/out⁃
flow mass flow rates of the control volume， respec⁃
tively.

The energy conservation equation is expressed 
as
q̇ in + q̇ ice + q̇ cond + q̇k = q̇out + q̇ evap + q̇ c + q̇w （11）

where q̇k is the kinetic energy of supercooled water 
droplets impinging on the control volume， q̇ evap the 
latent heat of water evaporation on the surface， q̇ ice 
the latent heat of water freezing， q cond the heat flux 
of the electro⁃thermal de⁃icing system transferred to 
the surface through the skin conduction， q̇w the heat 
flux of heating water， q̇ c the heat flux of the convec⁃
tive heat exchange，q̇ in the sensible heat of water 
from the previous control volume， and q̇out the sensi⁃
ble heat of water exiting the control volume.

When water droplets impinge on the wall， they 
partially evaporate within the heating zone， partially 
flow along the surface in the direction of the air⁃
flow， and partially freeze within the computational 
domain. The computational domain is divided into 
three scenarios for consideration： temperatures 
above， equal to， and below the freezing point. （1） 
Above the freezing point， the wall may be a dry sur⁃
face above 0 ℃ （273.15 K） or a wet surface with liq⁃
uid water but no ice； （2） equal to the freezing 
point， there may be both runback water and freezing 
ice on the surface simultaneously， or it may be a dry 
surface with the temperature of 0 ℃ （273.15 K）； 
（3） below the freezing point， it can either be a dry 
surface below 0 ℃ （273.15 K） or an icing region 
where all surface water has frozen into ice， but ther⁃
mal equilibrium cannot be maintained， causing the 
surface temperature to further decrease. The freez⁃
ing factor f is the ratio of the mass flow rate of fro⁃
zen ice to the total volume of water on the de-icing 
surface， shown as

f = ṁ ice

ṁ in + ṁ imp
（12）

By performing calculations on the computation⁃
al domain based on different freezing coefficients， 
computational efficiency can be improved.

1. 3 Ice shedding model　

The phenomenon of ice shedding from the sur⁃
face during the electro-thermal de-icing process is 
primarily governed by the air shear force and the ad⁃
hesive force of the ice［26］. Since ice tends to shed in 
patches during actual de-icing， the influence of ice 
cohesion force is neglected in the current study. The 
air shear force is the resultant force exerted by the 

Fig.2　Mass and energy transfer processes of control volume
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airflow field on the ice surface， and the impact of 
the ice surface must be considered. The adhesive 
force refers to the bonding force between the ice and 
the surface， which is related to factors such as the 
structural state of the ice and the ambient tempera⁃
ture. As shown in Fig.3， the ice shedding criterion 
is combined with the empirical criterion and the 
physical criterion. The latter item judges the relative 
magnitude of the air shear force F τ and the adhesion 
force F adhesion of the icing area. If F τ > F adhesion， then 
ice on the area is shedding.

Experimental measurements of ice adhesion 
stress are related to a variety of factors such as ex⁃
perimental conditions and measurement methods， 
with a wide range of variations. A summary of cur⁃
rent studies in literatures related to the magnitude of 
adhesion stresses on different materials for icing sur⁃
face is shown in Table 1.

Currently， the simulation calculations use the 
adhesion data measured by Fu［28］ on an aluminum al⁃
loy surface， with a range of 0.449—0.621 MPa. 
The average value of eight experimental records， 
0.492 MPa， is adopted.

Due to the complex physical mechanisms of ice 
adhesion， ONERA initially used an empirical ice 
shedding criterion in icing and anti/de-icing simula⁃

tion calculations. This empirical model makes the 
following assumption， as shown in Fig.4. If the ra⁃
tio of the water film length to the total ice length， Lf /
Lt， exceeds a user-defined threshold （recommended 
value is 80%）， the ice will detach from the struc⁃
ture. Specific parameters can be adjusted based on 
correlation with experimental data， and this paper 
adopts 80%. The implementation of this empirical 
criterion is relatively simple， which is used as the 
method in the research.

To summarize this section， the ice shedding 
criterion can be expressed as

Ice⁃Shedding =
ì
í
î

F τ > F adhesion Physical model
L f /L t > 80% Empirical model

（13）
By integrating the air shear force and adhesive 

force within each heating zone， the relative magni⁃
tudes of the air shear force and ice adhesive force in 
the zone are evaluated. Combined with the empirical 
shedding criterion， if either of the two conditions in 
Eq.（13） is satisfied， the ice in that zone will detach. 
This establishes a model for the physical phenome⁃
non of ice shedding during the electro-thermal de-ic⁃
ing process， laying the foundation for subsequent 
simulation calculations.

2 Calculation Methods 

The electro-thermal de-icing calculation meth⁃
ods primarily include computations of the airflow 
field， water droplet impingement characteristics， 
surface overflow phase change， and structural heat 
conduction. The calculation procedure is illustrated 
in Fig.5. The two-phase flow field， the runback wa⁃
ter film flow on the surface，phase changes between 
solid ice and liquid water， and structural heat con⁃
duction are coupled. The water droplet flow field de⁃

Fig.3　Diagram of ice shedding criterion

Table 1　Summary of literatures about adhesion stress

Literature

Rønneberg 
et al.[27]

Fu et al.[28]

Scavuzzo
et al.[29]

Laforte
et al.[30]

Ice type

Impact ice

Frozen 
water

Artificial 
ice

Rime and 
glaze

Substrate 
material

Aluminium

Titanium,alumin⁃
ium,graphene 
coating,brass

Aluminium,stain⁃
less steels

Aluminium

Adhesion stress/
MPa

0.21—0.76

0.03—0.51

0.27—0.54

0.07—0.40

Fig.4　Diagram of ice shedding empirical model
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pends on the distribution of the airflow field， while 
the calculation of structural heat conduction pro⁃
vides heating heat flux data for the runback water 
film overflow and phase changes. Simultaneously， 
its thermal boundary conditions are determined by 
the overflow and phase change state， requiring cou⁃
pled solutions［31］. Considering that the ice thickness 
during the de-icing process is very thin and the ice 
accretion has minimal influence on the external 
flow， the model neglects changes in the external 
flow field during de-icing to reduce computational 
costs and accelerate calculation speed. The calcula⁃
tions are based on steady-state flow field results， 
and one-way coupling is performed.

The steady state solution of the external air-

droplet flow field is calculated as an input to the in⁃
ternal icing thermodynamic calculations， and data 
are exchanged using interpolation for unsteady state 
de-icing simulations due to the difference between 
flow field mesh and solid mesh and coupled to solve 
the structural thermal conductivity and icing thermo⁃
dynamic by exchanging boundary conditions.

The airflow field simulation is based on the 
FLUENT software. The droplet impingement char⁃
acteristics are solved using Eulerian method and the 
control equations are discretised using the finite vol⁃
ume method and solved in second order windward 
format. The solution process of equations utilises 
the user defined scalar （UDS） transport equations 

provided by the FLUENT software solver. The air-
water droplet flow field data acts as input for icing 
thermodynamic and structural heat conduction. To 
address the mismatch between the external flow 
field grid and the structural grid of the protected re⁃
gion， an inverse distance squared interpolation 
method is employed for data mapping， enabling the 
acquisition of physical quantity distributions on the 
protected surface.

The heat conduction in the structure and the 
phase transition process are solved using a loosely 
coupled method［32］. The Dirichlet heat boundary 
condition of heat conduction is provided on the outer 
surface of the wall by the temperature results of the 
solution of water film runback and phase transition 
during the coupled solution. In return， the de⁃icing 
heat flux on the outer surface is calculated by solid 
heat conduction simulation and sent as the heat⁃flux 
boundary for the calculation of water film overflow 
and phase transition. At the current time step， both 
the solid heat conduction and the phase transition on 
the surface （including ice accretion， melting， and 
de⁃icing） are iteratively calculated until conver⁃
gence. During the iteration process， the iterative cal⁃
culations within the current time step are advanced 
by continuously updating the surface temperature 
and heat flux boundary conditions. The specific 
steps of the coupled solution are as follows：

Step 1 Loop through all surface control vol⁃
umes. If the mass flow rate entering the control vol⁃
ume is known， it is considered that the initial state 
of the control volume is known. The mass and ener⁃
gy conservation equations for the overflow water of 
the control volume are calculated to obtain the mass 
flow rate exiting the control volume （which is also 
the mass flow rate entering the adjacent control vol⁃
ume） and the temperature result of the control vol⁃
ume. If it is unknown， the calculation of the control 
volume is skipped. By repeatedly searching for the 
state of the control volumes， the overflow water 
flow results and surface temperature results of all 
control volumes can be iteratively calculated， there⁃
by obtaining the temperature distribution of the sur⁃

Fig.5　Flow chart of simulation
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face.
Step 2 Using the calculation results from 

Step 1 to provide Dirichlet boundary condition for 
solid heat conduction in the structure， calculate the 
temperature distribution inside the structure and the 
heat flux at outside boundary.

Step 3 Using the calculation results from 
Step 2 to update the heating heat flux of the surface 
control volumes， repeat Steps 1 and 2 until the cal⁃
culations within the current time step converge.

Step 4 Update the surface condition and pro⁃
ceed to the next time Step calculation.

For the judgement of ice shedding during itera⁃
tion， the procedure is shown in Fig.6.

In the simulation， after the calculations con⁃
verge within each time step， we monitor the mass 
of ice accretion in the control volume （mass_ice） 
and the ice accretion/melting rate （Mso） to compute 
the ice thickness and water film thickness. These 
two physical quantities， mass_ice and Mso， can be 

used to discuss and partition the wall regions. By di⁃
viding the wall into zones， different states of the 
wall surface at each time step can be visually repre⁃
sented， facilitating subsequent integral calculations 
of ice adhesion forces. Specifically， when mass_ice>
0，Mso≥0， ice is accumulated on the surface， and 
the ice protection surface experiences water freez⁃
ing， denoted as Part 2. In this case， the ice adhe⁃
sion force model needs to be calculated. The air 
shear force and adhesion force data for each grid on 
the wall are obtained through calculations. By loop⁃
ing the wall grids， the air shear force and adhesion 
force within each heating zone are integrated， while 
the water film conditions in each heating zone are re⁃
corded. Finally， ice shedding is determined by com ⁃
paring the relative magnitudes of the air shear force 
and ice adhesion force within the zone， as well as 
the ratio of the water film length to the ice length. If 
the shedding criterion is met， the ice mass in the 
grid is reset to zero， thereby simulating the phenom ⁃
enon of ice shedding.

3 Calculation Results and Analysis

3. 1 Validation of calculation models　

To validate the unsteady de-icing calculation 
models， we refer to experimental data from the 
NASA Lewis Icing Wind Tunnel on electro-ther⁃
mal de-icing experiment conducted by Al⁃Khalilk et 
al.［33］. Experimental wing section profile is NA ⁃
CA0012 with a chord length of 0.914 4 m. The at⁃
mospheric and icing conditions of Al⁃Khalilk’s ex⁃
periment are listed in Table 2. The leading edge 
consists of a layup composite in which seven heater 
pads are implemented as ice protection system. The 
material properties of each layer in the ice protec⁃
tion area are provided in Table 3. The positions of 
heaters on the leading edge is shown in Fig.7. The 
heating control law used in the experiment is illus⁃
trated in Fig.8， with the heater power density set 
as  heater A at 7 750 W/m²， heaters B and C at 
15 500 W/m²， and heaters D ， E， F， and G at 
12 400 W/m².

Fig.6　Flow chart of ice shedding procedure
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The unsteady de-icing models considering ice 
shedding are solved as described above. Fig.9 
shows the temperature variation over time at the lo⁃
cation of heater B. There is no significant ice shed⁃
ding phenomenon observed during the calculation. 
The computation results are compared with experi⁃
mental data from the literature， showing similar 
temperature trends with temperature difference with⁃
in 6 K， which confirms the correctness of the pro⁃
posed model and calculation methods.

The simulated temperature results are slightly 
higher than the experimental data. The main devia⁃
tion lies in the temperature plateau during the cool⁃
ing phase. This study employs the icing thermody⁃
namic model that sets the temperature of the surface 

ice-water mixed state as the freezing point tempera⁃
ture， without accounting for supercooled runback 
water overflow phenomenon. If phenomenon exists， 
the structural temperature may drop below the 
phase-transition temperature.

3. 2 Calculation object and conditions　

The model used in the simulation is a 2D airfoil 
structure with a chord length of 0.58 m. The heating 
pads are installed on the leading edge of the airfoil 
using a bonding method， as shown in Fig.10. The 
heating zone is located on the upper surface of the 
airfoil model with an arc length of 88 mm and on the 
lower surface with an arc length of 122 mm. The 
computational domain for the air flow field has a ra⁃
dius of 10 m to ensure the pressure far field bound⁃
ary and the flow field mesh is a structured mesh 
with 34 080 grids. The y+ at the ice protection area 
of the mesh file is controlled lower than 1. The solid 
mesh with 4 845 grids is chosen for heat transfer cal⁃
culations. The time step is set to 1 s， which is com⁃
putationally efficient and can improve convergence 
outcomes.

Table 2　Experimental environmental conditions for Al⁃Khalilk’s experiment

Temperature t∞/℃
-6.67

AOA/（°）
0

VelocityV ∞/(m·s-1)
44.7

MVD/μm
20

LWC/(g·m-3)
0.78

Table 3　Physical properties of materials in Al⁃Khalilk’s experiment

Material
Erosion shield

Elastomer
Fiberglass

Silicon foam insulation

Thickness/mm
0.2

0.56
0.89
3.4

Density ρ/(kg·m-3)
8 025.25
1 383.96

1 794
648.75

Cp/(J·kg-1·℃-1)
502.4

1 256.0
1 570.1
1 130.4

k/(W·m-1·℃-1)
16.26

0.256 1
0.294
0.121

Fig.7　Schematic diagram of validation model

Fig.8　Schematic diagram of Al⁃Khalilk’s experimental 

heating control law 

Fig.9　Temperature rise curves
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The leading edge consists of a 5⁃layer composite 
structure in which five heater pads are implemented as 
ice protection system. Physical property parameters 
of each layer of the model are shown in Table 4.

The heating assembly adopts a de-icing meth⁃
od， dividing the protected area equally into five heat⁃
ing zones along the chord. Only one zone （one heat⁃
er） operates at a time， with the zones and heating 
control law 1 shown in Fig.11.

Calculation conditions of the 2D airfoil are 

shown in Table 5. In Cases 1—3， all heaters set 
power density are 4 W/cm2， and Cases 2，3 
changed the ambient temperature for calculation.

3. 3 Analysis of ice shedding calculation re⁃
sults　

The analysis is conducted on a specific time pe⁃
riod during the heating cycle of Heater 1 in Case 1， 
where ice shedding is observed and easily detectable.

As shown in Fig.12， by comparing scatter 
plots of ice thickness versus the y-coordinate at dif⁃
ferent times， it is found that at 94 s， after a period 
of icing， the ice shapes calculated using the ice shed⁃
ding model and the no-shedding model are largely 
consistent. At 95 s， ice shedding occurs. At this 
point， Heater 1 is active， and the structural heat 
transfer causes the ice in this region to melt and 

shed， which is a reasonable result. After 95 s， the 
ice accretion continues to be calculated until the end 
of the heating cycle at 127 s. With incorporating the 
ice shedding model， the ice mass on the airfoil de⁃
creases by 37% at 95 s （assuming an ice density of 
917 kg/m³）. By the end of the calculation at 127 s， 
the ice mass on the airfoil decreases by 28%， dem⁃
onstrating the importance of the ice shedding model 
in predicting de-icing time and studying efficient 
electro-thermal de-icing strategies.

For Heater 2 in Case 1， the ice thickness and 
temperature data are taken from the calculation re⁃
sults at the center of each heater. As shown in 

Fig.10　Schematic diagram of heating component installa⁃
tion

Table 4　Physical properties of materials in present experiment

Designation
Leading edge sheath

Insulation
Insulation +
adhesive film

Fiberglass
Carbon fiber

Thickness/mm
0.5
0.1

0.2

0.39
2.13

Density ρ/(kg·m-3)
7 800
1 400

1 250

1 730
1 450

cp/(J·kg-1·℃-1)
502

1 200

1 300

1 050
1 080

k/(W·m-1·℃-1)
16.7
0.2

0.32

0.26
0.43

Fig.11　Schematic diagrams of heating zones and heating 
control law 1

Table 5　Calculation conditions

Case
1
2
3

Pressure/Pa
57 208
57 208
57 208

AOA/(°)
1.11
1.11
1.11

V ∞/(m·s-1)
178.84
178.84
178.84

t∞/℃
-10
-20
-5

MVD/μm
25
25
25

LWC/(g·m-3)
0.3
0.3
0.3

Control law
1
1
1
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Fig.13， plots of ice thickness， surface temperature， 
and heater power density versus time are presented.

The maximum ice thickness at the location of 
Heater 2 is 0.105 4 cm at 127 s， and the highest 
temperature is 278.3 K at 4 s. Heater 2 is active 
from 0 to 4 s， during which there is no ice accretion 

on the surface， and the wall temperature quickly ris⁃
es above the freezing point. After 4 s， Heater 2 is 
turned off， and the wall temperature decreases. The 
rise in wall temperature is primarily due to the acti⁃
vation of the heating pad at this location， with al⁃
most no influence from adjacent heating pads. After 
4 s， when the wall temperature drops to the freezing 
point， the surface enters a two-phase state of icing， 
and ice begins to accumulate， increasing in the thick⁃
ness. However， the skin temperature remains at the 
freezing point and does not drop below 0 ℃ ， pre⁃
venting more severe ice accretion. After a period of 
icing， Heater 2 operates again from 53 s to 57 s， ini⁃
tiating de-icing. The calculation data show that the 
wall temperature remains at 0 ℃ for a period， indi⁃
cating a two-phase state of melting ice. In the final 
second of this heater’s operation， the ice at this lo⁃
cation is completely removed， and the temperature 
rises above 0 ℃. Simultaneously， ice shedding is ob⁃
served in the plot. Ice shedding occurs when the 
heater is working to melt ice， which is a reasonable 
result. After 57 s， the wall temperature quickly 
drops to 0 ℃， and ice accretion begins again.

The calculation results for Heaters 3 and 4 in 
Case 1 are similar to those of Heater 2， with the dif⁃
ference being that due to the lower water impinge⁃
ment compared to Heater 2， the ice thickness is 
smaller， and the ice is quickly removed when heat⁃
ers are activated for the second time， causing the 
skin temperature to rise above 0 ℃ rapidly. The area 
where Heater 1 is located is the overflow zone， pri⁃
marily influenced by the runback water formed after 
Heater 2 is activated. The ice thickness here is rela⁃
tively thin， and the ice can be removed after heating 
begins at 98 s.

Fig.13　Simulation calculation results for Heater 2 in Case 1

Fig.12　Comparison of ice thickness on Heater 1 in Case 1
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The de-icing strategy is relatively reasonable， 
with the surface temperature exceeding 0 ℃ for a 
short duration and the maximum temperature not be⁃
ing excessively high. This ensures the effectiveness 
of electro-thermal de-icing while maintaining low en⁃
ergy consumption. Due to the thin ice accumulation 
during the icing cycles， the ice can be removed 
quickly.

For Heater 5 in Case 1， as shown in Fig.14， 
Heater 5 is activated from 98 s to 103 s. Before the 
heating pad is activated， due to the low water im ⁃
pingement at the location of Heater 5， the wall tem ⁃
perature remains at the freezing point， and the sur⁃
face is in a two-phase state of icing， leading to an in⁃
crease in ice thickness. However， the wall tempera⁃
ture remains at the freezing point and does not drop 
below 0 ℃ ， preventing more severe ice accretion. 
After Heater 5 is activated at 98 s， due to the thin 
ice layer， the wall temperature initially remains at 
0 ℃， with the surface in a two-phase state of melt⁃
ing ice （solid ice and liquid water coexistence）. The 
ice is then completely removed， and the tempera⁃
ture rises above 0 ℃ ， reaching its peak. After the 
heating pad stops operating， the wall temperature 
gradually decreases. By the end of the calculation at 
127 s， the temperature remains above 0 ℃ ， and 
there is no ice accretion on the surface.

For Case 1， the de-icing strategy is relatively 
reasonable， with the maximum temperature not be⁃
ing excessively high. However， due to the low wa⁃
ter impingement at this location， the ice accretion 
rate is slow， and the ice layer is thin， allowing the 
ice to be removed quickly. While ensuring the effec⁃
tiveness of electro-thermal de-icing， energy con⁃

sumption can be reduced by decreasing the heat flux 
of the heating pads.

4 Influencing Factors on De⁃icing 
Effect and Optimization of Heat⁃
ing Control Law 

4. 1 Influence of ambient temperature on de⁃icing 
effect　

The analysis on three different temperature 
conditions of heating zone 2 is illustrated in Fig.15. 
The simulation time is plotted on the x-axis， while 
the ice thickness and surface temperature are plotted 
on the y-axis in a line graph. Under the same electro-

thermal control law， the ambient temperature has a 
significant influence on the surface temperature and 
ice accretion.

Heater 2 is the location where the maximum 
ice thickness occurs. In Fig.15（a）， under the condi⁃
tion of an ambient temperature of -20 ℃， the ice is 
not completely removed， whereas the other two 
conditions effectively remove the ice at the heating 
control law 1. Further analysis reveals that the low ⁃
er the ambient temperature， the higher the ice accre⁃
tion rate， and the longer the de-icing time required. 
In Fig.15（b）， within the time range of the first 
working time of Heater 2， the higher the ambient 
temperature， the greater the surface temperature 
rise. During the second working time of Heater 2 be⁃
tween 53—57 s， the curves show significant differ⁃
ences. In Case 3， since the surface temperature does 
not drop to the freezing point before the second heat⁃
ing begins， the surface temperature rapidly rises to a 
higher level， resulting in unnecessary energy con⁃
sumption. In Case 2， since the ice is not completely 
removed， the surface temperature remains at the 
freezing point for melting. And then with both water 
and ice on the surface， the wall is in the phase 
change state of ice accretion. In the calculation， 
when the ambient temperature is lower than the de⁃
sign condition， the heating control law can be adjust⁃
ed by monitoring the ice thickness to ensure that the 
ice thickness does not exceed the allowable value 
during the cooling period.

Fig.14　Simulation calculation results for Heater 5 in Case 1
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Three temperature conditions of Heater 4 are 
discussed. As shown in Fig.16， the three cases at 
this location use heating control law 1， and the heat 
load of 4 W/cm² can remove the surface ice. The op⁃
eration of adjacent heaters can raise the temperature 
of Heater 4 to 0 ℃ in Case 2. Comparing the temper⁃
ature curves， it is observed that the lower the ambi⁃
ent temperature， the greater the rate of temperature 

drop after the heating ends. In three cases， the tem⁃
perature rising rates caused by the heating flux are 
similar.

4. 2 Analysis of heating control laws at different 
ambient temperatures　

Based on the analysis in the previous section， 
Case 3 exhibites energy waste. To reduce energy 
consumption， a strategy of decreasing the heater 
power is adopted for optimization. For Case 2， opti⁃
mization is achieved by altering the electro-thermal 
control law. The atmospheric and icing conditions of 
the two optimized calculation cases are summarized 
in Table 6， referred to as Cases 4 and 5， respective⁃
ly. The application of electro-thermal de-icing strate⁃
gies must ensure that the duration of the surface tem ⁃
perature below the freezing point is not excessively 
long， thereby to guarantee the effectiveness of de-ic⁃
ing. It is also desirable to prevent the maximum sur⁃
face temperature from becoming too high， to avoid 
the backward flow and freezing of runback water， 
which could lead to the formation of ice ridges. The 
optimization of electro-thermal control strategies 
aims to achieve reduced energy consumption.

In Case 4， the heater power density for all heat⁃
ing zones is 1.5 W/cm². In Case 5， Heater 2 uses 
3 W/cm²， while the remaining heaters use 2.5 W/cm². 
The heating control law 2 is shown in Fig.17.

Fig.16　Results of influence of temperature on ice thickness 
and surface temperature for Heater 4

Fig.15　Results of the influence of temperature on ice thick⁃
ness and surface temperature for Heater 2

Table 6　New calculation conditions

Case
4
5

Pressure/Pa
57 208
57 208

AOA/(°)
1.11
1.11

V ∞/(m·s-1)
178.84
178.84

t∞/℃
-5

-20

MVD/μm
25
25

LWC/(g·m-3)
0.3
0.3

Control law
1
2
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Case 4 calculates the condition where the heat⁃
er power density is reduced to 1.5 W/cm² at the 
temperature of -5 ℃ . The results show that the 
surface temperature in the protected zone exceeds 
0 ℃ for a short period， allowing some ice accretion， 
which is completely removed after heating begins. 
Fig.18 compares the temperature changes over de-

icing cycle for Heater 2 in Cases 3 and 4. It is 
found that after reducing the heater power density 
to 1.5 W/cm²， the maximum temperature decreases 
from 280.5 K to 277.3 K， and the duration of the 
surface temperature above 0 ℃ is shortened by 
78%. Although ice accumulates on the surface， the 
maximum ice thickness is only 0.042 5 cm； after 
heating began， the surface temperature quickly rises 
above 0 ℃， then the ice is rapidly removed， demon⁃
strating good de-icing effectiveness.

The energy consumption for each condition is 
calculated as

E c =∫ t∫ s
Q dsdt （14）

ec = E c /tcycle （15）
where Q is the heater power density， and tcycle the cy⁃
cle time of heating control law.

The energy consumption Ec for Case 3 is calcu⁃
lated to be 1 209 J， while for Case 4， it is 453 J， 
showing a 62% reduction in the overall system ener⁃
gy consumption. By employing the strategy of alter⁃

ing the heater power density， the duration for which 
the surface temperature exceeds 0 ℃ is shortened， 
and the required heating energy is also optimized， 
all while maintaining the de-icing effectiveness.

In the initial heating strategy Case 2， heating 
zones utilize a heater power density of 4 W/cm²， 
which meets the de-icing requirements for most ar⁃
eas. However， in the region where Heater 2 is locat⁃
ed， there is incomplete ice removal. Under this cir⁃
cumstance， the method of changing the heater pow⁃
er density is not effective for optimization and leads 
to increased energy consumption instead. There⁃
fore， the method of altering the heating control law 
is adopted for optimization.

A comparative analysis between Case 5 and 
Case 2 is conducted. Heating cycle 1 has a calcula⁃
tion time of 127 s， while heating cycle 2 has a calcu⁃
lation time of 233 s. Heating control law 2 increases 
both the heating time and the cooling time compared 
to control law 1， with an increased ratio of heating 
time to cooling time. The ice thickness-simulation 
time at the location of Heater 2 is illustrated in 
Fig.19， which clearly shows that using control law 
2 effectively removes ice accretion， reduces ice 
thickness during the cooling phase， and overall pro⁃
vides better de-icing performance. Calculating the 
energy consumption， ec for Case 2 is 9.52 W， and 
for Case 5， it is 9.56 W. With minimal change in en⁃
ergy consumption， the electro-thermal de-icing ef⁃
fectiveness is optimized.

5 Conclusions 

Flight safety is significantly impacted by air⁃

Fig.17　Schematic diagram of heating control law 2

Fig.18　Analysis of Heater 2 for Cases 3 and 4

Fig.19　Analysis of Heater 2 for Cases 2 and 5
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craft icing phenomena， and ice protection has been 
the subject of much domestic and international 
study. This study performs an unsteady simulation 
of the entire electro-thermal ice accretion-melting-

deicing process by constructing the ice shedding 
model and taking into account the shedding behavior 
of the ice layer during the heating process. The elec⁃
tro-thermal de-icing properties of airfoil under multi⁃
ple operating conditions are calculated， leading to 
the following conclusions.

（1） By combining ice accretion， melting， and 
ice shedding， this study develops a thorough mathe⁃
matical model and computation technique for the 
electro-thermal de-icing process. When the ice shed⁃
ding model is introduced， the ice in the protection 
region melts and sheds due to structural heat trans⁃
fer， which results in a 28% reduction in ice mass 
when compared to simulations without the shedding 
model. This highlights how crucial the ice shedding 
model is for forecasting de-icing times and research⁃
ing effective electro-thermal de-icing techniques.

（2） The duration of surface temperature above 
0 ℃ is reduced by 78% after the strategy is opti⁃
mized by lowering the heater power density for the 
scenario with an ambient temperature of -5 ℃. Ad⁃
ditionally， the system’s overall energy usage can be 
reduced by 62% by fully removing the ice accretes 
that form throughout the cooling time. For the con⁃
dition with the ambient temperature of -20 ℃， op⁃
timizing the strategy by increasing the heating time 
improves the probability of ice shedding during the 
heating period and reduces ice thickness during the 
cooling period， thereby enhancing the electro-ther⁃
mal de-icing effect while maintaining similar energy 
consumption.

（3） The electro-thermal de-icing control law 
can be considered from the following two aspects： 
（a） The duration of the de-icing surface temperature 
being below the freezing point should not be too 
long to ensure de-icing effectiveness； （b） the maxi⁃
mum surface temperature should not be too high to 
prevent the formation of excessively thick ice ridges 
in the overflow zone. At lower ambient tempera⁃
tures， the de-icing cycle should be adjusted by in⁃

creasing the ratio of heating time to cooling time， 
balancing the de-icing effectiveness and energy con⁃
sumption. At higher ambient temperatures， energy 
consumption can be optimized by reducing the heat⁃
er power density.

To further explore the mechanisms of aircraft 
icing protection and optimize the design of icing pro⁃
tection systems， many issues remain to be studied. 
This paper simplifies the establishment of the ice 
shedding model， and mechanical characteristics of 
ice formed by water droplet impingement are not 
thoroughly analyzed. Incorporating experimental da⁃
ta to determine a more realistic shedding model will 
be the focus of future research.
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考虑冰脱落的电热除冰模型与仿真分析

张盈盈 1， 袁先圣 2， 熊荆江 2， 卜雪琴 1

（1.北京航空航天大学航空科学与工程学院，北京  100191，中国； 
2.中国航发湖南动力机械研究所，株洲  412002，中国）

摘要：电热防/除冰系统具有加热效率高、结构较为简单的特点，是未来结冰防护的重要发展方向。现有电热除

冰仿真算法对考虑冰脱落的结冰⁃融冰⁃除冰完整模型研究较少，冰层在加热过程中融化脱离行为需要深入的研

究和探讨。本文对冰脱落现象进行物理建模，引入冰层在加热过程中的脱落行为，改进现有电热除冰计算数学

模型，建立了电热除冰系统结冰⁃融冰⁃除冰模型，开展了考虑冰脱落的电热除冰数值仿真、验证及优化分析。通

过针对某机翼模型的多工况除冰数值模拟，发现环境温度可以作为电加热防除冰策略环境适应性调整的因素。

对计算工况机翼除冰控制率进行了加热热流密度与加热时间/冷却时间的优化。本文提出的改进的电热除冰模

型和算法为电热除冰系统的设计提供了有力的技术支撑。

关键词：飞机结冰；电热除冰；冰脱落；电加热控制律；数值模拟
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