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Abstract

To study the effects of anisotropic thermal conductivity of composite aircraft skin on the
heat transfer characteristics of electro-thermal anti-icing system, the differential equation
of anisotropic heat conduction was established using coordinate transformation of
principal anisotropy axis. In additiont, was coupled with the heat and mass transfer
model of the runback water film on the anti-icing surface to perform numerical
simulation of the electro-thermal anti-icing system. The temperature results of the vertical
and cylindrical orthotropic thermal conduction in the rectangular and semi-cylindrical
composite skin were consistent with those obtained by the traditional orthotropic model,
which verified the anisotropic heat conduction model. The temperature distribution of

anti-icing surface agreed well with the literature data, which validated the coupled heat



and mass model of the runback water flow dhe anisotropic skin. The anisotropic

thermal conductivity of composite skin would make temperature change more gradual,
and the effect was more significant where the curvature of the temperature curve was
greater. However, the anti-icing surface of the electro-thermal anti-icing system was

slightly affected by the anisotropic heat conduction of the multi-layered composite skin.
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1 Introduction

When flying in the cloud with super-cooled water droplets, aircraft would collect the
droplets and ice accretion would occur on the outside skin surfaces such as lifting surface,
engine intake lip and so on. Aircraft icing is a serious threat to flight safety. It not only
destroys the aerodynamic shape which leads to a drop in aircraft lift and an increase in
drag, but also causes engine surge and reduces powerlofigoording to the NASA
statistics, aircraft accidents caused by ice accretion accounted for about 9% b all
ensure flight safety, ice protection system should be equipped for important surfaces.
Based on the differences in the type of energy used, typical ice protection systems mainly
include mechanical deicing system, fluid ice protection sy$teat air anti-icing systefn
and electro-thermal anti-icing/deicing systenThe latter two systems are the most

widely used for modern aircrafts.



In recent yeargjue to the inherent advantages like high strength, light weight, good
process performance, corrosion resistance and excellent fatigue resistance, composite
materials have been widely used in aircraft structure manufactuGogposite material
is a material composed of variety materials, and has various characteristics different from
its individual components. The amount of composite materials used in an aircraft and the
complexity of composite components have gradually become one of the important
indicators to measure the aircraft structural advancement. The proportion of composite
materials for Airbus A380 aircraft is 30%, of which carbon fiber composite materials
amounts to 32 toisComposite materials on Boeing B787 account for 50% of the total
material§, while the proportion for Airbus A350xwb is 53%The extensive use of
composite materials brings new problems for aircraft ice proté€ti8imce the thermal
conductivity of the composite materials is low, coupled with the lower bleed air or no
bleed air requirements of the more electric aircraft, the hot air anti-icing system is no
longer suitable to usé With various design performance and convenient heating control
ability, the electro-thermal anti-icing system, on the other hand, could meet the anti-icing
requirements of the composite skin

Studies on electro-thermal anti-icing system were carried out very early, and great
progress has been made in the numerical simulation. The ice accretion and anti-icing
software packages represented by LEWfEd FENSAP-ICE! took into account the
electro-thermal anti-icing system and verified the simulation results with experimental
data. In addition, ANTICE established by Al-Kh&lind CANICE® used by Morency
have also obtained electro-thermal anti-icing results which were in good agreement with

the experiment data. Based on the ONERA software, ‘Silfa@arried out a series of



numerical simulation studies ttie electro-thermal anti-icing system. A water film heat

and mass transfer model was established, and verified with the literature restifts. Mu
used a loose coupling method to simulate the unsteady electro-thermal deicing process,
and obtained the temperature distributions.

Studies on the design, calculation and experiment of composite electro-thermal ice
protectior’®-??2 have also been concerned. The anisotropic thermal conductivity of
composite aircraft skin was considered and involved in the conduction eqtfation
However, the numerical simulation studies were not comprehensive, and less attention
was paid to the influence of anisotropic heat conduction of composite materials on
electro-thermal anti-icing performance. Composite aircraft skin often contains layers of
materials with anisotropic characteristics, so its physical properties might be sighificant
different in various directions. The traditional orthotropic thermal analysis method could
only deal with simple configurations. For complex curved structures like wing skins, the
anisotropic principal axis directions do not coincide with the absolute coordinate system
and would change with positions. The traditional method could not effectively solve the
simulation problem of the electro-thermal anti-icing system with composite materials.
The setting of the thermal conductivity in LEWEFNas separated in directions normal
and parallel to skin surface for anisotropic effects, but the treatment of the coordinate
system was not given. Elangovéestablished the skin heat conduction equation in the
surface coordinate system with various thermal conductivities in different directions, but
the influences of the anisotropic composite materials were not simulated or analyzed.

In order to calculate anisotropic heat conduction of curved structure and numerically

analyze the effects of composite materials on electro-thermal anti-icing system,



coordinate transformation of principal anisotropy axis is usedefine the anisotropic
thermal conductivity tensor at different skin positions. Combining the anisotropic heat
conduction with the mass and energy conservation equations of the runback water film on
the anti-icing surface, the thermodynamic model is established and the simulation is

conducted for the electro-thermal anti-icing system with composite materials.

2 Numerical simulation model

2.1 Composite anisotropic heat conduction model

According to Fourier's law and the energy conservation, the heat conduction
differential equation for the internal solid skin of the electro-thermal anti-icing system
could be obtained:

pC%:V-(KVT)+S 1)

wherep is the density, c is the specific heat, T is the temperature and S is the heat
source. When considering anisotropy, the tensor form of the thermal conduftigitys

follows?>:

K. =kej (2)

where K; is the thermal conductivity matrix element, k is the conductivityé;n's

a matrix. In the two-dimensional cas€,is a tensor with four components, and there are
nine components in three dimensions. In the actual situation, composite materials of
aircraft skin are processed layer by layer and, therefore, have orthotropic properties. The

definition of the thermal conductivitil only needs to determine the components in the



principal axis directions. Local coordinate system is constructed for each control volume
(CV) of composite materials with the principal anisotropy axis taken as the coordinate
axis, and the solid heat conduction equation is established on it. Then, the anisotropic
thermal conductivity in the absolute coordinate is defined by the coordinate
transformation matrix of the local coordinate to the absolute one. Derivation in a three-
dimensional case is conducted as folltfvs

In the principal axis direction of the local coordinate system, Fourier's law could be

expressed as:
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G| [k 0 ‘2’?
qé =-| 0 K 0 x 3)
Qs 0 0 K oT

The formula is abbreviated as:

q*z_K*[aT} ”

x
The superscript * in the formula represents the parameters in the local coordinate

system, andigs the heat flux in the direction of thepxincipal axis.

The anisotropic heat conduction equation in the absolute coordinate system can be

expressed as:
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Abbreviated as:

oT
q=-K {&} (6)

The direction cosine matril is defined between the local coordinate system and
the absolute coordinate system. Then the heat flux in the absolute coordinate system can

also be calculated by:
g= Aq* (7)
Meanwhile, the partial differential vectors in the two coordinate systems have the

following relationship:
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Bringing equation (9) and equation (7) into equation (4), the following formula can
be obtained.
q=—AK'AT {@} (10)
OX

By comparing equation (6) with equation (10), it can be seen that in the absolute

coordinate system, the thermal conductivity can be expressed as
K=AK AT (11)

Correspondingly, the thermal differential equation can be written as



pc%T:v.(AK*ATVT)Jr S (12)

Therefore, for any position of the composite materials, definition of the equivalent
thermal conductivity tensor in absolute coordinate system only needs to determine the
local conductivity of the orthogonal principal axis and the direction cosine matrix. The
user-defined scalar (UDS) transport frameﬁrm FLUENT software was used to
define the anisotropic heat conduction equation of composite materials, and the discrete

solution is obtained by the finite volume solver. For a scdldn most transport

conditions, the transport equation has a similar general form:

%iw_,-@
ot 0ox OX

J= S (13)

where S¢ is the source term, BndI”" are the coefficients for the convection term and

diffusion term, respectively. Those parameters of the equation can be set by user-defined
function (UDF) of FLUENT. In this paper, temperature of composite materials is defined
as a scalar, and then the anisotropic thermal conductivity is the diffusion coefficient,

while the electric heating power is added to the equation through the source term.

2.2 Runback water thermodynamic model

According to the Messinger modglthe mass conservation equation of the runback

water film on the anti-icing surface can be obtained from Figure 1:
mn + I"‘nmp = r.]lvap_k I;nout-i_ mC( (14)
where ), andm,, respectively are the mass flow rate of runback water flowing

into and out of the current CV on the anti-icing surfagg,, is the water droplets



impinging rate, m, ., is the water evaporating ratéy,, is the mass flow rate of water

freezing into ice when the anti-icing power is insufficient.

it . . .
Q‘V Qc 1 Mimp

! :\ Mout

Water 5 Qmﬂ

Figure 1. Mass and energy conservation in an anti-icing surface control volume.

As water film runs back along the anti-icing surface, the energy terms flowing into

and out of theCV are also shown in Figure @, is the surface heat flow conducted from
internal skin electric heate€), is the convective heat flow between water film and air,
Qevap is the heat flow of water evaporatic@W is the heat flow of impinging water, and

Q.. is the heat flow released by the frozen waf@r.andQ,, are the heat flows carried

by the runback water inflow and outflow of the CV, respectively. According to the

conservation law, energy equation of the runback water film can be expressed as follows.
Qc + Qevap+ 'Qout= Qin+ QW+ Qn+ an (15)
WhereQn is obtained as follows by solving the differential equation of internal skin

anisotropic heat conduction.

Q =K, T as (16)
on



wheren is the normal vector of the outer skin surfaceiskthe thermal conductivity

in the normal directiorgnd As is the surface length of the CV.

QC Is calculated by the convective heat transferffooent kyand the temperature
difference.

Q =h-(T,-T,9-As (17)

where T is the anti-icing surface temperature andi3 the reference temperature
calculated under the hypothesis of adiabatic wall.

QW is composed of the internal energy and the kinetic energy of the impinging water

droplets, as expressed as

2

Qw = r'nmp '|:U7w+cp,w'(-|;: - -I;ef):| (18)

whereU _ is the flight velocity, gw is the specific heat of watefT, is the far field
temperature, and «f is the freezing point temperature of 273.15#, 6 can be
determined by:

My =B-U, - LWC-As (19)

wheref is the local collection efficiency, LWC is the liquid water content.

The water evaporative ratg, ,, can be calculated by the Chilton-Colburn analogy

methoﬂ as expressed below.

. hs (Prjz/s MV pv,sat(Ts)_ pv,e
M, =As——.| — | .—x.| st o Fue
P > Sc M R- p/,e (20)

Cp,air air

where g.air is the specific heat of ai§cis the Schmidt numbeRTr is the Prandtl

number,M, andM_, are respectively the molecular masses of water vapor and air,

air



P, s(Ts)is the saturated vapor pressure at the temperature of @nd p,, are the air

pressure and vapor pressure at the edge of boundary layer, respectively.

Meanwhile, Q

evap

is obtained by:

Qevap = r‘nevap' I Iv (21)
where i is the latent heat of water evaporation.

Q.. consists of the latent heat flow and the sensible heat flow, as expressed as:

Qee = Moo T+ Cp s T T (22)

where i is the latent heat of water condensation, afid is the specific heat of ice.

The solid-liquid state of the runback water film is directly related to the freezing
point temperature. According toishconstraint, the thermodynamic calculation can be
divided into three conditions: above the freezing point, at the freezing point and below
the freezing point. Therefore, the results of@&on the wet anti-icing surface satisfy:

If Ts>273.15K, there is no ice accretion in the CV, and the runback water remains

liquid:
M. =0 (23)
Qc + Qevap+ Qout: Qw+ Qin+ Qn (24)

If 75=273.15K, water and ice are simultaneously present on the anti-icing surface,

and the anti-icing surface temperature is known:
Q=0 (25)

Qc + Qevap: Qin+ Qw+ Qn+ ch (26)

If 7s<273.15K, the runback water in the CV is completely frozen, and there is no



water flowing out:
M, =0 (27)
Q+ Quap= Qut Qut Qi+ Qs (28)
In addition, when there is no water in the CV, it is a dry surface and the heat flow

conducted from internal skin is taken away by the external air:

Q.=Q, (29)
3 Results and Discussion

3.1 Orthotropic Thermal conduction of rectangular segment

The composite skin of an electro-thermal anti-icing system is selected in the open
literature, which is used for the validation of ANTErfrhe multi-layered skin structure
consists of six layers as shown in Figure 2, and the material properties of the different
layers are listed in Table 1. The electric heating element is insulated by elastomer (COX
4300), andit is closer to the outside surface of the skin. In addition, the outer erosion
shield layer is thin and has a high thermal conductivity, while the total thermal resistance
of the inner materials is very large. Therefore, more heat energy would be transferred
outwards for ice protection, and only a small amount would leak inwards. This multi-
layered skin structure is very representative, so the thermodynamic model and the results

can be extended to the design of other sdeittermal anti-icing systems.



Erosion Shied (SS 301 HH)
Outside

Elastomer(COX 4300)

Heating Element (alloy 90)

Elastomer(COX 4300)
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X

Figure 2. Multilayered skin structure of the electro-thermal anti-icing system.

Table 1. Material properties of the multi-layered §Rn

Conductivity Density Specific heat Thickness

Material
(W/m/K) (kg/m?3) J/kg/K) (mm)
Heating Element(alloy 90) 41.018 8906.26 385.112 0.0127
Erosion Shield(SS 301 HH) 16.269 8025.25 502.32 0.2032
Elastomer(COX 4300) 0.256 1383.99 1255.8 0.2794
Fiberglass/Epoxy Composite 0.294 1794.07 1569.75 0.889
Silicone Foam Insulation 0.121 648.75 1130.22 3.429

Firstly, the thermal conduction of a rectangular skin segment is calculated with the
width of 20 mm as shown in Figure 2. To analyze the effects of composite materials on
the temperature distribution, the anisotropic thermal conductivities of the elastomer and
the silicone foam insulation are considered. Based or?¥itiee thermal conductivity
ratio between in-plane and through-thickness directions is about 10 for fiber composite

materials. Therefore, the thermal conductivities in the normal direldtiae set with the



data in Tablel, and those in the parallel directiSrare 10 times of the normal value. The
specific thermal conductivities and calculation cases are listed le Zabhe inside and
outside surfaces of the multi-layered skin are both set as Newman boundary condition
with the external temperature of 265.56 K. The convective heat transfer coefficient
distribution of the outside skin surface changes with the position in the parallel direction,
andit is set to (150+5000- X) W/K/Mmwhile the value of the inside surface is 10 W/K/m

The side walls of each skin layer are set as adiabatic boundaries. The electric heating

power is added as the source term, and the corresponding heat flux is 19 kw/m

Table 2. Composite thermal conductivities used in different cases.

Material conductivity case0 casel case?2
0.256(N)
Elastomer(COX 4300) (W/m/K)  0.256 0.256
2.56(8)
0.121(N)
Silicone Foam Insulation (W/m/K) 0.121 0.121
1.21(S8)

Since the heat transfer results of the composite skin are obtained by solving the solid
heat conduction differential equation, it is easy to meet the requirements of mesh
independence. The contours of temperature for the three cases are listed in Figure 3. It
can be seen that the temperature is the highest in the heating elements, and then gradually
decreases along the inner and outer sides, reflecting the temperature gradient
characteristics of each layer. The inner temperature is higher for the left side than for the
right side. This is because the convective heat transfer coefficient outside the left skin is

small, and the same heat flux requires a higher temperature to dissipate. From the



comparison of the thresonductivity cases, it can also be found that for the temperature

in the silicone foam insulation layer, the results of case0 and case2 are consistent but the
temperature change of casel is more gradual with smaller temperature difference. The
temperature distributions of the outer materials for casel and case2 match well, while that
for caseO is higher on the left side and lower on the right side.
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Figure 3. Contour of temperature in rectangular skin segment.

The inside and outside surface temperature curves calculated by the UDS transport
equation are compared with the results obtained by the traditional orthotropic calculation
model, as shown in Figure 4 and Figure 5. Overall, the inside surface temperature is more
affected by anisotropic thermal conductivity than the outside one. From the
combinational results of different thermal conductivities, the surface temperature
distribution of the inner skin is very non-uniform. CaseO has the largest temperature
difference between left and right sidewalls, followed by case2, whereas casel has the
most uniform left-right temperature distribution. The surface temperature difference of
the outer skin in Figure 5 is relatively small compared to that of the inner one in Figure 4.
The curves of outer skin surfaces for casel and case2 differ slightly with each other, and

are a little more gradual than that for caseO.



When the thermal conductivity in parallel direction is larger, the temperature
difference between the left and right sidewalls becomes smaller. In addition, since the
inside skin surface is the boundary of the silicone foam insulation, the influence of the
anisotropic conductivity in casel directly affects the inside surface and causes its
temperature change significantly. The temperature distributions obtained in this paper are
completely consistent with the results of the orthotropic model, which validates the
anisotropic thermal conduction model with the coordinate transformation method of

principal anisotropy axis for orthotropic flat composite material segment.

temperature(K)

Figure 4. Temperature distribution of the inside skin surface for rectangular segment.

temperature(K)

Figure 5. Temperature distribution of the outside skin surface for rectangular segment.
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3.2 Cylindrical orthotropic thermal conduction of serylinder

The above-mentioned multi-layered composite skin is used for the electro-thermal
anti-icing analysis of a senapindrical model with the diameter of 10.16 cm, as shown
in Figure 6. Air flows through the semi-cylindrical skin with super-cooled droplets
impinging on the outside surface, and the composite electro-thermal anti-icing structure is
arranged in the windward skin. The thermal conductivities of composite materials are the
same with those in Table 2. The electric heating layer is divided into four elements, and
the radian corresponding to each element is 22.5 degrees. From the leading edge to the
downstream, the anti-icing heat fluxes of the heating elements are 30 kV8/kw/nt,
10 kW/n? and 10 kW/M, respectively. In addition, the air-droplet flow boundary
conditions are as follows: the far-field velocity is 44.7 m/s, the ambient temperature is -

7.6°C, the liquid water content is 0.78 gfnand the water droplet diameter is;20.

80
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Figure 6. Geometry and heating element arrangement of Semi-cylinder.

The external flow field and the temperature field are obtained by solving the Navier-
Stokes(N-S) equations with the Spalart-Allmaras(S-A) turbulence model. The flow field
mesh around the cylindrical surface is very fine and the maxiniuis smaller than 1,

which satisfies the requirements of the mesh independence and the S-A turbulence model



for capturing the boundary laydata accurately. The motion of the super-cooled water
droplets and the local collection efficiengyare calculated using the Eulerian metiod
Figure 7 presents the convective heat transfer coefficient and the local collection
efficiency on the outside surface of the semi-cylinder. The heat transfer coefficient is
small near the leading edge, whjfeis large. As the distance from the stagnation

increases, the heat transfer coefficient gradually rises, Whidereases to zero.
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Figure 7. Local collection efficiency and heat transfer coefficient on semi-cylindrical

surface.

According to the cylindrical curved structure, the local coordinate system of each
grid in the composite material layer is established with the tangential direction as the
parallel direction, and then the transformation matrix of that can be obtained. Based on
the external air-water flow results, the UDS equation of the anisotropic heat conduction is
coupled with the heat and mass transfer model of the runback water film on the anti-icing
surface, and the simulation results are presented in Figure 8. It can be seen that the
temperatures are very high near the leading edge and gradually decrédase rasve
backward, which is caused by the larger heating power near the stagnation point. The

high temperature area for casel is more shrinking than those for the other two cases.
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The temperature distributions of the inside and outside skin surfaces are compared
with the results (T in the Figures) obtained by the cylindrical orthotropic calculation
method, as shown in Figure 9 and Figure 10. It can be seen that the temperature results
obtained by the two methods show good agreement, which verifies that the anisotropic
thermal conduction model based on the coordinate transformation is effective for the heat
transfer calculation of the curved composite structure.

It can also be found that the outside temperature in Figure 10 is slightly affected by
the anisotropic thermal conductivity for all three cases, while the difference of the inside
temperature value in Figure 9 is noticeable only for case 1 which has a narrower
temperature range. The temperature distributions of outside surface for the three cases
match well with each other, and when the anisotropic thermal conductivity increases, the
temperature changes in the parallel direction are a little gentler at the location with
greater curvature and higher temperature gradient. It can be explained that due to the high
thermal conductivity of the outer erosion shield, the internal temperature deviation can be
quickly eliminated. Consequently, the anti-icing temperature of the outside skin surface is

also less affected by the anisotropic heat conductivity for the curved semi-cylinder.
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Figure 9. Temperature distribution of the inside semi-cylinder skin surface.
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Figure 10. Temperature distribution of the outside semi-cylinder skin surface.

3.3 Anti-icing Characteristics of composite airfoil skin

After verifying the anisotropic heat conduction model, simulation of the electro-
thermal anti-icing system and influence analysis of the composite materials are carried
out for NACA0012 airfoil with a chord length of 0.9144 m. The representative reference
condition, Run 22A, was chosen from Ref.12. The specific flight and icing conditions are

the same with those used for the semi-cylinder, and the angle of attack is 0°. The multi-



layered structure and material properties of the skin are consistent with those used in the
section 3.1 and 3.2. As shown in Figure 11, there are seven heating elements with
different heat fluxes around the leading edge of the airfoil. The start/end position and the

heat flux of each element are listed in Table 3, where the dimensionless surface distance
s/c=0 means the stagnation point. Three cases of different conduction characteristics in

Table 2 are simulated to reveal the effects of the anisotropic thermal conductivity.

Y{(mm)

Figure 11. NACAO0012 skin internal electro-thermal anti-ice geometry model.

Table 3. Heating strip position and heating heat flux dﬁity

Heating element  Start_s/c End_s/c Heat_flux(kWm?)

F -0.1024 -0.0607 9.92
D -0.0607 -0.0329 10.23
B -0.0329 -0.0051 32.5
A -0.0051 0.0157 46.5
C 0.0157 0.0435 18.6
E 0.0435 0.0713 6.98

G 0.0713 0.1129 10.24




The SA turbulence model is still used for the external airflow and the maximum y+
is less than 0.3. The convective heat transfer coefficient calculated by N-S equations and
the local collection efficiency obtained by the Eulerian method are shown in Figure 12. It
can be seen that both results reach their maxima at the stagnation point, and decrease
the distance from the leading edge increases. With those results, the coupling simulation
of the internal anisotropic heat conduction and the external heat transfer in the runback
water film are performed using the UDS transport equation with UDF according to the
local coordinate system defined by the principal axis direction of the solid material layers.
Figure 13 presents the anti-icing surface temperature of case 0 compared with the data in
the literature®| Since water droplets impinge on the windward surface, the temperature is
low near the leading edge and rises rapidly when all the water evaporates. The result
obtained by the coupling model and the UDS approach shows good agreement with the
literature data, which verifies the effectiveness of the simulation method for electro-

thermal anti-icing systems.
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Figure 12. Local collection efficiency and heat transfer coefficient of NACA0012 airfoil.
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Figure 13. Comparison of surface temperature and literature data.

The temperature contours for the different thermal conductivities are shown i
Figure 14. It can be seen that there are several temperature peaks in the multi-layered skin
due to the difference heat fluxes of the heating elements. The results for case 0 and case 2
match wall, while the temperature change for casel is relatively gentle with smaller peak
range and higher temperature value in the downstream area. From the temperature
distributions of the inside and outside surfaces in Figure 15 and Figure 16, it can be found
that the results for case 0 obtained by the UDS equation are almost the same with that
from the traditional isotropic differential equation of the heat conduction, which also
verifies the effectiveness of the UDS approach.

With gentler temperature changes, the inside surface temperature for case 1
fluctuates less than the other two cases, while the difference between the curves of case 0
and case 2 is not significant. The temperature deviation of the outside surface among the
three cases is small, and the differences occur mainly at the greater curvature locations,
not just in the temperature peaks or troughs. This phenomenon is the same with the semi-
cylindrical results. Firstly, the outer layer of anti-icing skin is always made of metal, and

its thermal resistance in parallel direction is small. The variation of heat flux caused by



anisotropy is weakenedhen conducted through the outer metal layer, and the outside
anti-icing surface temperature is slightly affected. Secondly, the surface temperature
distribution is determined by the surface heat flux in the normal direction when the
external conditions are the same. In the region with greater curvature, the change of the
parallel temperature gradient is larger, indicating that a larger amount of energy flows
from the normal direction of the layer to the parallel direction. Therefore, when the
parallel thermal conductivity becomes larger due to the composite property, the normal
heat flux would be redistributed more easily in the parallel direction and the temperature
distribution on the surface become gentler. Besides, although the parallel temperature
gradient is large, little change of it means that small amount of heat flux flows from the
normal direction to the parallel direction, and the influence of anisotropic conductivity is

limited.

Temperature (k)

Figure 14. Contour of temperature in NACAO0012 airfoil.
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Figure 15. Temperature distribution of the inside airfoil skin surface.
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Figure 16. Temperature distribution of the outside airfoil skin surface.

Conclusions

The anisotropic thermal conduction model is established for composite materials,
and it is coupled with the runback water thermodynamics to simulate the electro-thermal
anti-icing system. The tests on the rectangular and semi-cylindrical composite structures
are carried out by the anisotropic heat conduction model with coordinate transfoymation

and the simulation result of the NACA0012 anti-icing systentompared with the



literature data. Then, the anisotropic effects of the composite materials on electro-thermal
anti-icing systems are analyzed, and the main conclusions are as follows:

(1) The temperature distributions of the rectangular and semi-cylindrical composite
skins match well with those obtained by the traditional orthotropic model, verifying the
anisotropic thermal conduction model for the flat layer and the curved structure.

(2) The simulation result of the NACA0012 electhermal anti-icing system is in
agreement with the literature data, which verifies the coupled anti-icing model of the
solid heat conduction and the heat transfer of the runback water film.

(3) The anisotropic thermal conductivity of composite material makes temperature
change gentler and the difference is obvious at the great curvature location. However, the
outside anti-icing surface temperature of the electro-thermal anti-icing system is slightly

affected by the anisotropic heat conduction.
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