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Abstract. Ice accretion presents a major threat for performance and
safety of aircraft. Electrothermal Ice Protection Systems present a re-
liable and flexible alternative to protect critical parts against it. Their
main drawback is the high power consumption especially when operat-
ing in fully evaporative anti-ice mode. In this work, a genetic algorithm
was deployed to optimize the power distribution on the fixed heaters of
an electrothermal ice protection system for an airfoil operating in fully
evaporative anti-ice mode. The GA is crossover based with a large popu-
lation and no mutation. The reduction of the overall power consumption
is sought. The objective function was constrained with the no-formation
of ice in any location of the airfoil. The constraint has been included into
the objective function by means of a penalty function. The freezing mass
rate is numerically computed by means of the in-house developed code
PoliMIce. The best solution encountered, could reduce the power con-
sumption by 13.6% with respect to an intuitive design from literature.
Moreover, the optimal layout of heat fluxes reduces the convective losses
which are inefficiencies of the system.

Keywords: In-Flight Icing · Ice Protection System · Optimization ·
Genetic Algorithms

Nomenclature

Parameters
α Angle of attack [deg]
∆li Size of the heater i [m]
∆si Control volume surface area[m]
P Heat Fluxes vector
A Control volume surface area [m]
c chord [m]
cp Specific heat [Jkg−1K−1]
F Wetness fraction []
H IPS Substratum thickness
h Heat transfer coefficient[Wm−2K−1]
il−s Solidification latent heat [Jkg−1]
il−v Vaporization latent heat [Jkg−1]
kwall Effective solid conductivity
LWC Liquid Water Content [kgm−3]

MVD Mean Volume Diameter [µm]
Pi Heat Flux of the heater i [Wm−1]
T Temperature [K]
v Velocity [ms−1]
Subscripts
0 Total
∞ Free stream
ice Freezing
imp Impinging
in Incoming to a control volume
out Outgoing from a control volume
rec Recovery
ref Reference Temperature, 273.15K
wall External solid surface
water Liquid film
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1 Introduction

Ice accretion consists of the accumulation of ice on the surfaces of
an aircraft when it interacts with supercooled clouds. These contain
water droplets that are at a temperature below the freezing temper-
ature but they remain liquid in a metastable equilibrium. When the
droplets impact, they totally or partially freeze forming ice shapes
[9]. Among other effects , it causes reductions in the lift capability,
increase in drag, decrease of the control surface effectiveness [10].
Furthermore, severe ice accretions have been the cause of several ac-
cidents in the past [13]. According to literature, ”the average altitude
of icing environments is around 3000 m above mean sea level (msl),
with few encounters above 6000 m”[14]. Commonly, aircraft surpass
these altitudes during take-off and landing. For this reason, the crit-
ical parts of aircraft must be protected against ice, which include
wings. There are two operational modes for IPS which are anti-ice
and de-ice. Anti-Icing systems prevent the formation of ice whereas
de-icing technologies remove an already formed layer of ice. Within
the anti-ice mode, exists two sub-modes: fully evaporative and run-
ning wet. Electrothermal IPS is a mature technology, which has been
widely deployed in small critical parts such as probes due to their re-
liability. It consists of a substratum including resistors to transform
electricity into heating power [20]. One of its main drawbacks is its
high power consumption compared to other technologies, specially
in fully evaporative operation in large areas. Wing electrothermal
IPS are deployed in several substratum bands that extend spanwise.
In each band, a different thermal power can be allocated. Anti-ice
operation requires a large amount of power supply sustained over the
encounter of icing conditions. Despite its drawbacks, there is room
for improvement and motivation for such in the development of fully
electric aircraft.

There is a very limited research effort available in open literature
concerning the experimental study of wing electrothermal IPS. This
is due to the high costs and confidenciality. It is highlighted the work
conducted by Al-Khalil[1], which consists of a set of icing wind tun-
nel tests of an electrotheremal IPS. Due to the cost of experiments,
there is a large research effort on the development of numerical mod-
els for the prediction of the performance of thermal anti-ice IPS. It
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aims to support the preliminary design of these systems and to im-
prove the understanding of the physics of the phenomenon. These
codes include Antice[1], FENASP-ICE[2], and the works by Silva[18,
19] and Bu[4]. These models are based on the formulation of mass
and energy conservation equations in a discrete surface. With the
development of numerical codes, there is a recent research effort on
optimizing the power consumption of thermal IPS. Pellisier [12] per-
formed a surrogate-based numerical optimization of the geometric
parameters of a thermal IPS in fully evaporative regime. The goal
was to minimize the power consumption while ensuring all water was
evaporated. Genetic Algorithms were selected for this purpose. The
population size was 30 ran for 50 generations. Pourbagian performed
a 2D surrogate-based optimization study of an electrothermal IPS
for aircraft in both anti-ice and running wet operation modes[15].
The optimization algorithm selected was the gradient free Multi-
Adaptive Direct Search (MADS). Further work of Pourbagian[16]
included several formulations of objective functions and constraints
for the Optimization of an electrothermal IPS.

In this work it is presented the numerical optimization of an elec-
trothemal IPS working in fully evaporative mode. The numerical
framework of optimization of the IPS includes only in-house devel-
oped or free-source codes. The optimization algorithm selected was a
crossover based Genetic Algorithm. Particular focus is set on the un-
derstanding of the physics of optimal configurations compared with
intuitive designs. The main goal is the understating of the link be-
tween the physics and an optimal performance. In the section 2, the
framework for numerical simulations is presented. Section 3 describes
the optimization methodology including the objective function se-
lected. In section number 4, the results obtained will be presented
and discussed. Finally in section 5 the concluding remarks are ex-
plained.

2 Numerical Modelling

2.1 Model Equations

The full numerical modelling of the complete physics of an elec-
trothermal IPS is complex and it can be computationally demand-
ing. In this work, several assumptions and simplifications have been
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undertaken. Steady-state is assumed, given that generally, Ani-Ice
systems deal with long exposures to icing conditons. The physics has
been decomposed in several numerical steps that have been loosely
coupled. A schematic view of the process is presented in the figure
1.

Mesh Genera-
tion uhMesh

Aerodynamic solver
SU2

Particle tracking
PoliDrop

Anti-Ice solver
PoliMIce

Results

Airfoil coordinates
Computational

domain

Environment and
flight conditions

Flow field varaibles

Cloud properties
IPS Design Properties

Droplet properties Collection Efficiency

Fig. 1. Flow diagram of the numerical steps required for the modelling of anti-ice IPS.
On the right hand side of the nodes the input values are presented whereas on the left
hand side, the model outputs are shown

The initial step consists of the computation of the aerodynamic
flow field which has been performed with the CFD code SU2[8]. The
flow has been modelled as inviscid. The distribution of water im-
pingement is computed by means of the in-house developed software
PoliDrop [3]. Consists of a Lagrangian particle tracking solver which
computes the trajectories of water droplets in an aerodynamic field.
The thermal calculations are performed by the Anti-ice module of
PoliMIce. The model equations are based in the work of da Silva[18,
17]. PoliMIce solves mass and energy conservation equations.These
equations are solved in a discrete domain in control volumes. The
mass conservation equation reads:

ṁin + ṁimp = ṁout + ṁevap + ṁice. (1)

The equation of the energy conservation in the solid substratum of
the IPS is presented next:

d

ds

(
kwall H

dTwall

ds

)
− F hwater (Twall − Twater) + q̇

′′

IPS

− (1− F ) [hair (Twall − Trec)] = 0

(2)
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Finally, a second conservation equation is formulated:

F A hair (Trec − Twater) + F A hwater (Twall − Twater)

+ ṁin cpwater (Tin − Tref )− ṁout cpwater (Tout − Tref )

+ ṁimp

[
cpwater (T∞ − Tref ) +

V 2
∞
2

]
− ṁe [il−v + cpwater (Twater − Tref )]

+ ṁice [il−s − cpwater (Twater − Tref )] = 0.
(3)

The main heat fluxes in the film energy balance correspond to the
evaporative and convective fluxes. The convective heat fluxes rep-
resent inefficiencies as ideally all the power would be devoted to
evaporation. The evaporative heat flux depends exponentially on the
temperature whereas the convective heat flux is linear. It is assumed
there is no conduction across the height of the film. An icing term
has been included to the conservation equations reported in [18].
In this case, the multiple layers of an IPS have been modelled as
a unique layer with an equivalent thermal conductivity and a fixed
thickness following the work of Silva[18]. The results obtained with
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Fig. 2. Comparison of the experimental measurements of the surface temperature pre-
sented in Al-Khalil[1] and the predictions of the numerical model used in this work

the implementation of this model for the testcase 67 from the work
of Al-Khalil[1] are presented in the figure 2. One can see that the
computational results are in good agreement with the experimental
results, in particular in the region of impingement.
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2.2 Baseline Design

The layout of the IPS was taken from the experimental work of Al-
Khalil[1]. The geometry consists of an extruded NACA0012 profile
with a chord of 0.9144m. The IPS consists of a set of 7 symmetric
multilayered heaters fitted at the leading edge. Due to a manufac-
turing issue, the heaters have been shifted towards the suction side
a total of 0.0145m.

A

C

B

E

G

F

D

Fig. 3. Layout of the heaters of the
electrothermal IPS. Note that due
to a manufacturing issue the heaters
are shifted towards the CEG side

Variable Value

T0[K] 255.37
v∞[ms−1] 89.41

α[◦] 0
LWC[gm−3] 0.55
MVD[µm] 20

Table 1. Flight and
cloud properties for
the test case 67A

Therefore, the geometry of the case is not symmetric and it is pre-
sented in the figure 3. This layout has been selected as the reference
test-case for the optimization problem because it presents a realistic
design with reasonable parameters. Moreover, the experimental test-
case 67A has been selected as the baseline design to be compared
with the optimal layout. The values of the cloud and flight proper-
ties are presented in the table . Due to the constant cloud and flight
properties , the water impingement does not vary. Therefore, for the
optimization of the heat fluxes, the solution of the aerodynamic field
and the water impingement it only computed once. This will reduce
the computational cost of sampling to the order of 20 seconds per
sample.
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3 Optimization Methodology

3.1 Problem Formulation

The main drawback of large power consumption in electrothermal
IPS motivates the study of design optimization. The end goal is the
minimization this heating power while ensuring that no ice will be
formed. The design vector P includes the heat fluxes corresponding
to each one of the 7 heaters. The no-formation of ice is included as
a model constraint, considering that all the designs for which there
is mass rate of water freezing greater than 10−7kgs−1 are unfeasible.
Hence, the formulation of the optimization problem for a discrete
domain reads:

minimize
P ∈ IR7

7∑
i=1

Pi∆li (4a)

subject to
N∑
i=1

ṁice(si) = 0, (4b)

Pi ≥ 0m−2, (4c)

Pi ≤ 45000m−2 (4d)

Constraint Handling To deal with constraint, the penalty method
was chosen[5]. It integrates the constraints into the objective function
as a penalty. The penalty is proportional to the amount of constraint
violation. In this case, it is proportional to the amount of extra-power
that would be required to evaporate the mass rate of freezing water.
The final formulation for the optimization problem is:

minimize
P ∈ IR7

7∑
i=1

Pi∆li − k
N∑
i=1

ṁice(si)il−v (5a)

subject to Pi ≥ 0Wm−2, (5b)

Pi ≤ 45000Wm−2 (5c)

Where k is an integer proportionality factor. Depending on the value
set, low values will drive the optimization algorithm to the unfeasible
region of the design space. High values will stop the optimization al-
gorithm to explore the portions of the design space that are close to
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the constraint. When the constraint is inactive, the objective func-
tion depends linearly on the heat fluxes and it can be computed
from equation 5a. Further decrease of the heat fluxes will lead to
the formation of ice in unprotected parts and the constraint will be-
come active. At that point the monotony of the objective function
will change due to the penalty. Then, it is expected that the global
minima is found at the feasibility boundary.

3.2 Optimization Procedure

The objective function exhibits non-linear behaviour in the unfeasi-
ble region. The bounds of the feasible region are unknown a priori
and it is possible that there are several local minima. In addition, the
computational cost of sampling is short. For the reasons , stochas-
tic and population based optimization algorithms are suitable [5].
Their drawbacks include large sampling required and slow conver-
gence to the minima which in occasions is not reached. The nature-
inspired genetic algorithm was chosen because it has been widely
implemented and proven to be effective when appropriate parame-
ters are set. Genetic Algorithms(GA) are inspired in the principle of
evolution and the survival of the fittest with simple chromosome-like
data encoding. A set of transformations are deployed into a popula-
tion of designs. The survival is biased towards the most fit individ-
uals, namely, the designs with minimal value of the objective func-
tion[11]. The number of bits selected for the binary coding dictates
the desired accuracy of the design variables. In this case, 23 bits were
required to attain an accuracy of 0.01, needing a total of 151 bits.
The selected genetic operators for evolution and transformations are
selection, crossover and elitism. In this case, a roulette wheel selec-
tion algorithm was chosen[11]. In a thorough study of the interactions
between parameters, Deb [7] suggested crossover based GA are more
reliable for an arbitrary problem. One point crossover between two
individuals was selected with a probability of 0.9. Elitism operator
was chosen to avoid loosing optimal individuals due to randomness.
Deb [7] also encouraged the selection of an appropriate population
size, in this case a population of 500 individuals was chosen. This
value is in the range of population values presented in Deb’s work.
To converge to a global minimum it is necessary to set an appro-
priate balance between exploration exploitation [6]. The exploration
is attained by having a large and space filling initial population by
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means of a latin hypercube design of experiments. The exploitation
is performed by means of the selection and crossover operators. The
convergence criteria was the computational time available, limiting
it to 72 h.

4 Results

The value of the penalty factor k was set to 10 and the best so-
lution found by the algorithm presented a power consumption of
4174.63Wm−1. The baseline design presented a performance of 4815.82Wm−1.
That represents a reduction of 13.3% in power consumption. For
lower values of k such as k=3 the best solution found presented a
performance of 4064.81Wm−1, however the constraint was violated
as the ice mass rate was equal to 2.53e-05 kgs−1. The convergence
history of the genetic algorithm is presented in the figure [?]. A to-
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Fig. 4. Convergence history over the course of the simulations run in the available
runtime. A much better performing solution has been found. However, the convergence
on the objective function was not reached yet

tal of 102665 simulations were run over the computational budget.
Despite the algorithm did not reach convergence, a better perform-
ing design from the baseline was found after 20000 simulations. The
slow convergence could be due to the large bit representation of each
individual, or to a suboptimal selection of GA parameters and oper-
ators.
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Next, the comparison of the heat fluxes set for each heater is pre-
sented in table 2. For both designs, the water is fully evaporated
within the protected part, before the heaters end limits. The maxi-
mum heat fluxes of the best design are located in heaters A, B and C.
In this regions the maximum water impingement takes place, being
the highest in heater A. In the case of the optimal deign, the total
power supplied by heaters A,B and C is larger. This leads to a more
rapid evaporation, hence the liquid film will be shorter. Them, the
water reaching heaters F and G will be limited, the thermal power
requirements are reduced. Additionally, these heaters are the longest
and therefore high heat fluxes there would lead to a drop in perfor-
mance. Moreover, as part of the heater is dry, it is undesirable to set
large heat fluxes there, as all the spare heat will be dissipated by the
air stream.

Power [W/m] Heater A Heater B Heater C Heater D Heater E Heater F Heater G

Baseline 43400 32550 26350 21700 18600 20150 18600
Optimal 36424.9 42929.5 42451.9 30090.8 17041.9 8.9 2887.6

Table 2. Comparison of the thermal heat fluxes of the baseline and optimal distribu-
tions of heat fluxes

Then, the surface temperature on the airfoil is presented in figure
5. One can see that for the optimal profile, the temperature is lower
nearly in every location, reducing the convective losses in these loca-
tions. In two surface areas the temperature is higher. This correspond
to the locations of the heaters B and C. The temperature raise ex-
ploits the dependence of the heat fluxes on temperature. That is, the
exponential increase of the evaporative flux with temperature with
respect to the linear increase of the convective flux. When a large
power supplied in a heater, the energy heat flues going out of those
control elements present a larger percentage devoted to evaporation
than to convection, which is prominent at large temperatures. For
this reason, more rapid evaporation occurs there and this reduces
the thermal requirements downstream. The percentage of the sup-
plied power transformed into convective losses is 33.8% whereas for
the optimal it accounts for 30.5%. The optimality then resides in the
reduction of the convective losses.

Additionally, the water temperature at the end of the film is iden-
tified in the figure 5 with black dashed lines. For both designs, the
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Fig. 5. Temperature predictions on the solid surface of the protected airfoil for baseline
and optimal designs

water is fully evaporated within the protected part, before the heater
limits. Ideally, the temperature at the end of the film should be close
to the freezing temperature, such as it occurs in the suction side
represented on the right of the figure (s/c ¿ 0). In that case, the
reduction of any of the heat fluxes on that side of the airfoil would
lead to ice formation and constraint violation. When this occurs in
both sides of the airfoil, it represents a local minimum of the objec-
tive function. In this case, the temperature at the end of the liquid
film in the pressure side (s/c ¡ 0) is equal to 290 K. Consequently,
the heat supplied could be further reduced until the boundary of
feasibility. For this reason, the solution found cannot be the global
optimum solution or either a local minima, which is one of the draw-
backs of Genetic Algorithms. Therefore, further investigation of the
algorithm parameters would be required.

5 Final Remarks

The genetic algorithm successfully improved the initial intuitive de-
sign in terms of the performance metrics selected. That is, minimum
power consumption constrained to the no-formation of ice. The best
solution found is not the global optimum, because the power could
be reduced extending the film on the pressure side. The computa-
tional cost was large requiring large number of samples, which is a
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drawback of genetic algorithms. In order to find the global optimum, 
and to speed up the convergence, the parameters of the genetic al-
gorithm must be investigated. Moreover, the binary encoding should 
be investigated as well. The accuracy set for the input (0.01) in-
creased the poll of possible input combinations to 2154. This could 
have slowed down the convergence of the algorithm and the chances 
to find the global optimum.

It is concluded that an optimal design presents minimal overall 
convective losses for the same amount of evaporative fluxes. This can 
be achieved by increasing the water temperature in locations where 
there is a large water mass flux. Additionally, reducing the extension 
of the liquid film can help reduce the convective losses. Furthermore, 
the heat fluxes in dry parts should be low or otherwise, the convective 
losses will increase.

Due to the accuracy of the numerical model presented in section 
2, it is expected a mismatch between the best solution here presented 
and reality. However, the qualitative design guidance here presented 
is expected to help on the allocation of heat fluxes on an electrother-
mal IPS.

Acknowledgements. The work in this paper was supported by the 
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