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Abstract
Aircraft are equipped with ice protection systems (IPS), to avoid, delay or remove ice accretion. two

widely used technologies are the thermo-pneumatic IPS and the electro-thermal IPS (etIPS). thermo-
pneumatic IPS requires air extraction from the engine negatively affecting its performances. Moreover,
in the context of green aviation, aircraft manufacturers are moving towards hybrid or fully electric aircraft
requiring all electric on-board systems. In this work, an etIPS has been designed and optimised to
replace the nacelle pneumatic-thermal system. the aim is to minimise the power consumption while
assuring limited or null ice formation and that the surface temperature remains between acceptable
bounds to avoid material degradation. the design parameters were the length and heat flux of each heater.
runback ice formations and surface temperature were assessed by means of the in-house developed
PoliMIce framework. the optimisation was performed using a genetic algorithm, and the constraints
were handled through a linear penalty method. the optimal configuration required 33% less power with
respect to the previously installed thermo-pneumatic IPS. Furthermore, engine performance is not
affected in the case of the etIPS. this energy saving resulted in an estimated reduction of specific fuel
consumption of 3%, when operating the IPS in anti-icing mode.
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1. INTRODUCTION

In-flight ice accretion occurs when an aircraft is flying through a cloud of supercooled water droplets.
these droplets are in a meta-stable equilibrium state because their temperature is below the freezing
point, but they are still liquid. Once these droplets impact on a moving surface, this equilibrium is
broken. Droplets can freeze instantaneously or retain their liquid phase and move on the surface, forming
a thin liquid film, or a combination of both, depending on the heat fluxes involved.

Ice accretion on aircraft surfaces has a significant effect on aircraft performance, and every year, several
accidents are caused by in-flight icing [1,2]. Ice can form on the most exposed zones such as wing leading
edges, engine intakes, pitot tubes, propellers and vents. these formations can lead to performance
degradation like lift reduction and drag increase. Wind tunnel tests have shown that ice accumulations
no thicker than a piece of coarse sandpaper can reduce lift by 30% and increase drag by 40% [2]. Larger
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accretions can increase drag by 80% or even more. Moreover, ice formations on the aircraft can lead to
stall at much lower angles of attack and can increase the weight, leading to a reduction of aircraft stability.
Furthermore, ice can lead to failures of the engine and of measurement tools. engine failure can be caused
either by blocking or damaging compressor blades, icing the carburator or by ice crystal injection [3].
these events can interfere with air operations and require unscheduled maintenance.

Manufacturers must be able to certificate that the aircraft is able to operate under icing conditions.
Aircraft are commonly equipped with ice protection systems (IPS) to prevent, delay or reduce ice accretion
on critical parts. IPS can operate in two modes: anti-icing and de-icing. In the former, ice accretion is
prevented, while in the latter, ice formations are removed once the system is actuated. A widely used
technology in commercial, defence and business aircraft is the pneumatic-thermal protection. the air is
supplied to the air cycle machines and exhausted through the piccolo tube of the IPS to heat the surfaces
at risk of ice accretion. this system can be very inefficient because the temperature of the air bled from
the engine must be down-regulated for safety reasons before being used by the IPS, and the extraction
of hot air from the engine can negatively affect engine performances. Another widely used technology is
the electro-thermal IPS (etIPS) that exploit the Joule effect, which occurs when current goes through 
a resistive component, to heat the surface. Several heater pads are embedded in the inner substratum; these
can be activated continuously to prevent ice formation, anti-icing mode, or actuated to remove an already
formed ice layer, de-icing mode. the etIPS is the preferred method for rotor blades and probes since it
is adaptable to complex surfaces and its weight is restrained. Moreover, with aircraft manufacturers moving
towards hybrid or fully electrical aircraft, this technology is becoming more widely adopted even for
aircraft’s wings and nacelle.

the design and certification process of these IPS generally includes wind tunnel or flight tests. two
main problems arise: the high cost of these tests and the availability of suitable facilities. Due to this in
the past years, there has been a large research effort on the development of numerical models that could
help in the preliminary design of IPS and to improve the understanding of the physics. Some examples
of numerical codes include ANtICe [4], FeNSAP-ICe [5], PoliMIce [6], the work by da Silva et al. [7,8]
and the work by Bu et al. [9]. thanks to these developments recently, there has been some research effort
to optimise IPS power consumption. In the work by Pourbagian and Habashi [10], the geometric
parameters of an etIPS of a wing have been optimised by means of multi-adaptive direct search.
Furthermore, in another work by Pourbagian et al. [11], an anti-ice etIPS for a wing was optimised
considering various different constraints like maximum ice growth, minimum surface temperature and
liquid film height at the end of the protected region. Pellisier [12] optimised a pneumatic IPS for a wing
by minimising the power consumption while ensuring that all the water was evaporated.

In this work, an etIPS for a nacelle test article for icing wind tunnel (IWt) testing has been designed
and optimised to replace a previously used thermo-pneumatic IPS in order to reduce the power
consumption. the optimisation was performed by means of a genetic algorithm because it is able to deal
with complex problems like nonlinear functions and multiple local minima as in this case. Four different
constraints were investigated considering a maximum admissible ice formation and surface temperature
bounds. In Section 2, the numerical framework, the baseline design of the etIPS and the optimisation
procedure are presented. the results obtained from the optimisation are shown and discussed in Section
3. Lastly, in Section 4, final remarks are presented.

2. METHODS

2.1. Numerical modelling

In order to optimise the power consumption of the etIPS, it is necessary to evaluate the amount of
ice accretion and the surface temperature to determine which designs are feasible and which are not.
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these quantities are computed by solving energy and mass conservation equations in control volumes on
the nacelle surface. to this purpose, different modules are required. Indeed, in an anti-ice simulation, it
is first necessary to determine the flow field around the nacelle. this is done through the open-source
software SU2 [13]; in this work, an euler simulation is performed; boundary layer quantities like shear
stress and convective heat transfer coefficient are computed through a boundary layer model based on 
the work by Silva et al. [14]. Once the flow field is known, the trajectory of cloud particles are evaluated
by means of the Lagrangian particle tracking PoliDrop [15]. this allows us to compute the impinging
water distribution on the airfoil surface, i.e. the collection efficiency β. the collection efficiency is defined
as the ratio between the far-field area and the surface area enclosed by the same droplet trajectories.
Finally, in the thermodynamic solver PoliMIce [16,17], conservation equations are solved to obtain 
the surface temperature and the amount of ice that forms on the nacelle surface. the anti-ice model
implemented in PoliMIce [16] is based on the work by da Silva et al. [7,8]; the liquid film model is
adapted to anti-ice from the work of Myers [18]. the model conservation equations are here reported for
clarity. Further details can be found in the work by Gutiérrez et al. [16]. two energy conservation laws
are solved in PoliMIce: first in the substratum of the nacelle to consider heat conduction inside the heater
mats of the IPS:

(1)

Conduction is only considered in the streamwise direction since the heating elements are thin and
conduction in the normal direction can be neglected. the multilayered substratum is modelled as 
a unique layer with an equivalent thermal conductivity kwall. It can be estimated by means of electrical
analogy, considering the thermal resistance of the materials forming the heating element in parallel.

Figure 1. Contributions to energy conservation in a finite volume [16].

the other energy conservation equation is related to the water film and includes all heat flux
contributions that are shown in Fig. 1; the complete equation reads as follows:
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(2)

the unknowns of the two energy conservation equations are the water temperature TH2O and 
the surface temperature Tsurf.

the runback water mass fluxes are determined through the liquid film model. the model is based 
on lubrication theory; the layer is considered to be thin so the liquid film velocity only depends on 
the height of the film. the mass conservation can therefore be written as follows:

(3)

Once the liquid film thickness and velocity are known, the runback water mass fluxes can be
determined. the evaporative mass flux is evaluated by means of the heat and mass transfer analogy. While
the freezing mass rate depends on the incoming mass of water and the water temperature, freezing is
considered to occur in a range of 273.15 ± 0.05 K; if TH2O is below the lower bound, all water freezes;
if it is above the upper bound, none of the water freezes; lastly, if the equilibrium temperature is within
the freezing bounds, the freezing rate depends on the normalised difference between the temperature
TH2O and the lower bound.

the solver takes as inputs the results from CFD (Computational Fluid Dynamics) and particle tracking.
the stagnation point is then identified from numerical data as the point of minimum velocity. this is 
the point where the boundary layer computations determine the shear stress and the heat transfer coefficient
for a fixed Tsurf and Trec . then, the conservation laws in eqs (1), (2) and (4) are solved for each control
volume from the stagnation point till the leading edge. these equations are non-linear since hair depends
on Tsurf and hH2O depends on TH2O. eq. (1) can be rewritten to express Tsurf as a function of TH2O. 
the only unknown is therefore TH2O, and the problem can be solved using the bisection method applied
to eq.(2). this is repeated in every control volume from the leading to trailing edge on both sides. 
the surface temperature distribution, the runback water mass fluxes, the rate of ice accretion and the
water equilibrium temperature are obtained. Tsurf and Trec are updated, and boundary layer calculations
are repeated. the loop is performed until the L∞ norm of the surface temperature difference between two
subsequent iterations is below a given tolerance, that is, max where ε = 10-2.

2.2. Electro-thermal IPS design

the nacelle test article for an IWt is designed starting from a business aircraft nacelle and then
extruding this section for the entire height of the wind tunnel test chamber. Since the geometry does not
present particular 3D features, the 2D section of the test article was used for the design and optimisation
of the etIPS to reduce the computational cost.

the etIPS design comprises a set of four heaters that operate in anti-icing mode placed in the region
close to the leading edge, which is the most exposed zone to ice accretion. A schematic representation of
the design can be seen in Fig. 2.
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Figure 2. Schematic representation of the etIPS of the nacelle. etIPS, 
electro-thermal ice protection systems.

the lower part represents the inboard of the nacelle while the upper surface represents the outboard.
the heated lip has a total non-dimensional length of lheated = 0.252; the extension of this region has been
designed according to impingement limits in CS-25 APPeNDIX O conditions, i.e. super large droplets.

the composition of the multilayered heaters has been taken from the experimental work of Al-Khalil
et al. [4]. the heater resistance is embedded inside a four-layer composite panel including erosion shield,
elastomer, fibreglass and silicone foam. the material properties are presented in table 1, and a schematic
view of the multilayered heating element is shown in Fig. 3.

table 1. Heating element layers with material properties [4].

Figure 3. Schematic view of the heater layers [11].

Material

Heating element (Alloy 90) 41.02 8,906.26 385.19

erosion shield (SS 301 HH) 16.27 8,025.25 502.42

elastomer (Cox 4300) 0.256 1,384 1,256.04 ± 125.6

Fibreglass/epoxy composite 0.294 1,794.07 1,570.05

Silicone foam insulation 0.121 648.25 1,130.44 ± 125
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According to certification specifications (CS) of the european Aviation Safety Agency (eASA) [19,20],
several environmental and flight conditions must be tested in order to guarantee safety in different adverse
conditions that an aircraft could encounter during flight. regarding engines, when they are operating in
the atmospheric icing condition specified in the CS, it must be guaranteed that they don’t suffer
deterioration of performances. Some of the situation listed in the CS are take-off, en-route and landing.
Based on a previous experimental campaign, it has been chosen to design the IPS in the worst-case
scenario, that is, the test condition at lower ambient temperature and longer exposure time. the IWt
parameters used for the simulation for the design and optimisation of the IPS are presented in table 2.

table 2. IWt parameters used for the design of the IPS.

IWt, icing wind tunnel.

2.3. Optimisation procedure

the aim of the optimisation was to reduce the overall energy consumption while assuring that there
is no or limited ice formation and that the surface temperature remains between acceptable bounds to
avoid material degradation. As presented in Sub-Section 2.2., the IPS is composed of four heaters that
can be activated separately with different heat fluxes. the design vector x comprises the heat flux of each
of the four heaters and the length of three heaters. the fourth heater length is fixed by the total length
of the protected region. Four different constraints have been considered to determine the best trade-off
between safety and power saving in a fixed operating condition. First, a very conservative constraint was
considered, where designs with ice formation on the inboard of the nacelle were considered unfeasible.
the second constraint was related to the protected region surface temperature, which was set between 
a minimum value of Tmin = 280.15 K, to ensure a limited ice formation, and a maximum value of 
Tmax = 294.15 K, to avoid material degradation. then, these two constraints have been combined to
impose a new one where the designs were considered to be unfeasible if there was ice formation or 
the temperature was above Tmax = 294.15 K. Lastly, the constraint on the maximum surface temperature
was not modified while the ice formation constraint was relaxed and  limited ice formation was allowed.
Following the CS [19,20] of eASA, it is admissible that forms on the inboard an ice build-up sheet or
slab not to exceed a maximum local thickness of: a · b · B, where a = 0.1270 m, b = 0.3048 m and 
B = 0.0095 m. Considering a safety factor, the maximum acceptable ice height was set to Bmax = 0.00464 m.
the ice height B is evaluated from the rate of ice accretion as follows:

IWT parameters

1.70

67.48

259.95

1.2886

101,325

28.0

0.583

594
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(4)

where ∆t is the exposure time, while lspan is the span of the nacelle test article. the constraints were
handled by a linear penalty method; the amount of constraint violation was integrated in the objective
function as a penalty. the penalty was different for each constraint, and the formulation of each penalty
is presented in table 3.

table 3. Penalty for each constraint.

Different proportionality factors are assigned to each constraint in order to obtain a penalty that was
of the order of magnitude of the objective function. When two penalties are applied, a larger penalty factor
is given to the constrain related to ice formation. the formulation of the optimisation problem can be
written as follows:

(5)

(6)

(7)

(8)
where lheated is the total length of the heated surface as described in Sub-Section 2.2.

2.4. Genetic algorithms

Genetic algorithms (GAs) are randomised search algorithms; they are part of the evolutionary
algorithms that are inspired by the natural process of evolution. A random initial population is initialised,
from this the fittest individuals produce offspring that inherit parents’ characteristics. then, the offspring
individuals are added to the next generation, and the process is repeated till convergence or the maximum
number of generations is reached. GAs are capable of dealing with complex problems including nonlinear
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objective functions and multiple local minima. Moreover, GAs are widely proven and versatile
algorithms. Along with this, there are some disadvantages of GAs like the fitness function formulation
and the population size, and other important parameters need to be carefully chosen, where setting
those parameters in an improper way could lead to slow or no convergence [21]. the first step of GA
(Genethic Algorithm) is the initialisation of a random population; in this work, the population size was
set to 500 individuals following the work by Gutiérrez et al. [6]. each individual is characterised by 
a chromosome containing the input parameters, known as genes and encoded as bits, and by a value of
the objective function. Once the initial population has been initialized, the evolutionary process begins
exploiting the genetic operators of selection, crossover, mutation and elitism. During selection, 
the fittest individuals are chosen through a roulette wheel selection process. the individuals with the
lower fitness value have a higher probability to be chosen as parents. then, a crossover point is randomly
selected, and the genes of the parents are swapped till the crossover point. In the mutation stage, bits
of the individuals are randomly changed to maintain the diversity in the population. Lastly, elitism is
performed, that is, the individual with the best fitness is directly transferred to the next generation to
avoid losing the best design. In this work, different GA operators have been tested: mutation-based GA
(M-GA →Mutation-Genetic Algorithm), crossover-based GA (C-GA → Crossover-Genetic Algorithm)
and a combination of them (CM-GA → Crossover Mutation-Genetic Algorithm). As suggested by Deb
[22], the crossover probability was set equal to 0.9, while the mutation probability to 1/l, where 
l represents the sum of all the genes; in this work, l = 126. Due to the non-deterministic nature of 
the GA for a fixed constraint and genetic operator, each run has been performed three times and was
stopped after 400 generations.

3. RESULTS

the results of the optimisation are now presented for each type of constraint and compared with 
the performance of the thermal-pneumatic IPS. the total power consumption is evaluated by multiplying
the heat flux of each heater   by its length ∆li; then, four values are summed and multiplied for the entire
test article span lspan, as stated in eq. (9).

(9)

Moreover, the mass of ice is evaluated starting from the rate of ice accretion  by multiplying it for the
entire span lspan and the total exposure duration, that is, ∆t = 594 s.

Figure 4 presented the evolution of the fitness function of the best design over the number of
generations for no ice constraint runs as example of convergence history. table 4 presents for each
constraint the parameters of the best designs: the power consumption per unit span, the mass of ice that
forms in the inboard and in the outboard per unit span and the minimum and maximum surface
temperature in the protected region. the last column presents the genetic operator for which the best
design was obtained.

P l q lspan IPSi ii
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Figure 4. Convergence history over the number of generations 
for no ice constraint runs.

table 4. Best design for each constraint.

It can be noticed that, as it was expected, the lowest power consumption was obtained for 
the constraints where ice is allowed to form on the surface. In both cases, the predicted mass of ice is below
the value required by CS [20] mice/lspan = 726.38 g/m. In all cases, there is ice formation on the outboard
part of the nacelle, and all constraints have a similar value; this is reasonable since there was no constraint
that impeded it. Moreover, in the design of the complete IPS, which is not shown here, it was introduced
as an additional strip on the outboard that can work in de-icing mode to remove the formed layer of ice.
regarding the temperature values, it must be noted that in the case of the no ice and temperature
constraint, the latter is violated. Indeed, the two constraint have opposite requirements: by decreasing 
the surface temperature, the ice formation is increased and vice versa. Since, as stated in Sub-Section 2.3,
the ice constraint had a larger weight with respect to the temperature one which is violated when
performing the optimisation. Furthermore, it can be noticed that there is an improvement in power
consumption when the ice formation is limited through a constraint with respect to the limitations caused
by the lower bound of the protected region surface temperature. Indeed, in the fourth constraint, 
the minimum value of the temperature is far below the lower temperature bound. this means that, if 
a minimum temperature constraint is applied, the value could be lowered to reduce the required power

Constraint Tmax [K] Tmin [K] GA

No ice 3305.65 0 320.77 326.11 266.75 CM-GA

temp. 1657.74 328.29 306.50 287.57 280.18 C-GA

No ice & temp. 3452.95 0 316.59 325.05 275.74 M-GA

Ice & temp. 1517.02 323.72 319.57 294.14 273.21 CM-GA
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consumption without exceeding the maximum ice formation allowed by CS [20]. Figure 5 shows 
a comparison of PoliMIce results for the best designs for each constrain presented in table 4.

Figure 5. result comparison for the best designs for each constraint. (a) runback water; (b) heat fluxes; 
(c) ice accretion rate; (d) surface temperature. s/c < 0 represents the outboard, s/c > 0 the inboard.

In all plots, the x axis represents the curvilinear abscissa normalised by the chord. s/c = 0 is 
the stagnation point; positive values (s/c > 0) refer to the inboard of the nacelle while negative values 
(s/c < 0) refer to the outboard. Figure 5b shows the heat flux distribution for each constraint; the protected
region was imposed to be the same for all constraints, but the length of each heater may change from one
to the other. Moreover, in the case of the two ‘no ice’ constraints, it can be noticed that there is a large
heat flux peak after the stagnation point in the inboard so that all the water is evaporated before reaching
the protected region limits. 

this is not the case for the Temp. and Ice & Temp. constraints; in this case, the heat fluxes are
constrained to remain low in order to limit the maximum temperature on the protected zone. this causes
a lower evaporation rate and therefore a larger amount of runback water flowing past the protection
limits, leading to ice formation in the inboard of the nacelle. Fig. 5a shows the runback water mass flux.
the trend in the outboard is similar for all the constraints, while there is a large discrepancy in the inboard
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among constraints that admit ice formation and those that don’t. this trend is also visible in Figure 5c
where the rate of ice accretion is very similar for all constraints in the outboard, while in the inboard, the rate
of ice accretion is zero where it was constrained, = 0 kg/((m s)), as expected. While in the other
constraints, there is water flowing past the protected region leading to runback ice formation in the inboard.

In the case of Ice & Temp. constraint a small amount of ice starts forming already in the protected
region. Lastly, Figure 5d presents the surface temperature trend on the protected region; it is clear that
the temperature is lower along the whole surface for the Temp. and Ice & Temp. Furthermore, two regions,
one in the inboard and one in the outboard, can be singled out, where the temperature is approximately
constant and equal to the freezing temperature. this is the region where ice formation occurs, and it is
clear by comparing these regions with Figure 5c. Lastly, a comparison with the previously tested thermo-
pneumatic system has been performed, as shown in table 5.

table 5. Power consumption comparison.

etIPS, electro-thermal ice protection systems; IPS, ice protection systems.

Lip surface represents the protected region of the nacelle; the etIPS covers a larger region, and this
is due to the fact that it has been design to comply with APPeNDIX O CS [19,20]. is the average
specific power along the heaters, as it can be noticed this is lower in the case of the etIPS in the case of
the Temp. and Ice & Temp. the specific power outperforms the thermo-pneumatic system that also
presented a limited ice formation both in the inboard and in the outboard. While in the safer conditions
where ice formation in the inboard is not allowed, the required power becomes higher. Compared with
the thermo-pneumatic pneumatic IPS, the electrothermal IPS for the Ice & Temp. constraints saves >30%
energy. Moreover, the energy saving results in a reduction of ‘specific fuel consumption’ of 3%, when 
the IPS is activated. this consideration arises from a comparison of a thermo-pneumatic IPS and an
etIPS where each IPS provides the same thermal energy in order to heat the lip surface. Indeed, engine
performances improve if only mechanical power and not pneumatic is extracted. therefore, if a small
amount of ice formation is accepted, the Ice & Temp. constraint presents lower power consumption with
respect to the thermo-pneumatic IPS. Nevertheless, for a safer condition, the No Ice & Temp. constraint
needs to be considered, and consequently, a higher power consumption is required.

4. CONCLUSION

In this work, an etIPS for an engine nacelle for IWt testing has been designed and optimised to
replace a previously tested thermo-pneumatic IPS. the design composed of four different heaters with
variable lengths that could be activated with different heat fluxes. the optimisation was performed
through a genetic algorithm; the aim was to minimise power consumption. Four different constraints have
been considered for the design: No Ice, temp., No Ice & temp. and Ice & temp. As expected, from the
optimisation arose the lowest power consumption if some ice is allowed to form in the inboard as in
constraint Ice & temp. and temp, whereas if a conservative design is considered, that is, no formation
in the inboard of the nacelle, more power is required and the surface temperature has higher values.

IPS 
(constraint)

Thermo
-pneumatic

ETIPS 
(no ice)

ETIPS 
(temp)

ETIPS 
(no ice/temp)

ETIPS 
(ice/temp)

Lip surf. (m2) 0.14 0.19 0.19 0.19 0.19

10 13.02 6.53 13.60 5.97

1.4 2.47 1.24 2.58 1.13



Indeed, evaporating all the water before the end of the protected region requires larger heat fluxes that
raise the surface temperature. Furthermore, it was found that, considering the Ice & Temp. constraint, 
the power required by the etIPS is 33% lower with respect to the thermo-pneumatic system. this
corresponds to lower fuel consumption and consequently less pollution, contributing to the development
of greener and safer air transport.
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