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Abstract.  The present paper focuses on the development of a model for simulating the thermoelectric behavior of 
CNTs/CFRP Organic Matrix Composite (OMC) laminates for aeronautical applications. The model is developed 
within the framework of the thermodynamics of irreversible processes and implemented into commercial ABAQUS 
Finite Element software and validated by comparison with experimental thermoelectric tests on two types of 
composites materials, namely Type A with Carbon Nanotubes (CNT) and Type B without CNT. A simplified model, 
neglecting heat conduction, is also developed for simplifying the identification process. The model is then applied for 
FEM numerical simulation of the thermoelectric response of aircraft panel structures subjected to electrical loads, in 
order to discuss the potential danger coming from electrical solicitations. The structural simulations are performed on 
quasi-isotropic stacking sequences (QI) [45/-45/90/0]s using composite materials of type A and type B and compared 
with those obtained on plates made of metallic material (aluminum). For both tested cases—transit of electric current 
of intermediate intensity (9A) and electrical loading on panels made of composite material—higher heating intensity 
is observed in composites materials with respect to the corresponding metallic ones. 
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1. Introduction 
 

The use of CFRP Organic Matrix Composite (OMC) materials for fuselage structures can 
significantly reduce the weight of an aircraft, making CFRP materials widely employed in aircraft 
manufacturing.  

However, aircraft fuselages may serve as “mass” and Faraday cages, therefore composite 
fuselage panels may be subjected to unwanted electric solicitations, such as for instance, electrical 
currents due to lightning strikes (high magnitude, kA, applied for a very short lapse of time, ns or 
μs), ordinary electrical currents due to the aircraft electronic devices (relatively low magnitude, 
few A, up to 10A and relatively high frequency, up to 1kHz), electrical currents due to the 
accumulation of static charges on the fuselage surfaces (relatively low magnitude, depending on 
the geometry and the arrangement of the panel-to-panel interfaces and gaps). These currents may 
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Table 1 Type and dimensions of employed samples 
sample n. Type + Stacking sequences Dimensions 

#1 Type A 
(with CNTs) 

[0]8 

Lx = 165mm, Ly = 18mm, e = 2mm 
#2 [0/90]4 
#3 Type B 

(without CNTs) 
[0]8 

#4 [0/90]4 
 

 

promote Joule heating. 
The study of the thermoelectric behavior of OMC for fuselage parts is therefore of paramount 

importance to understand the performance of such structures. 
Some recent research work has been devoted to the study of the thermoelectric behavior of 

OMC (Gigliotti et al. 2011), highlighting the importance of current intensity and duration on Joule 
heating phenomena (Sierakowski et al. 2008), on mechanical static and fatigue performance 
(Gigliotti et al. 2015). 

These works show that OMC are particularly sensitive to thermoelectric phenomena, this is 
mainly related to the scarce electrical conductive character of polymer matrices (Sierakowski et al. 
2008, Gigliotti et al. 2011). Moreover electrical resistance of composite materials is particularly 
sensitive to damage (Xia et al. 2003), especially fiber breaks, since the electrical conductive paths 
along the composite are affected by such kind of damage.  

In order to increase the thermoelectric performance of OMC, Carbon NanoTubes (CNT) have 
been employed in recent years, with promising results, since such materials have the potential to 
increase the thermal and electrical performance of polymer matrices (if dispersed in the matrix) 
and of the fiber-fiber electrical contacts (if attached to the fiber surfaces, Lin et al. 2015a, b), 
globally leading to an increase of the percolation behavior of the mixture. The thermoelectric 
behavior of CNT/CFRP materials can be significantly enhanced with respect to classical composite 
configurations (Lin et al. 2015a, b).  

The current literature lacks of coupled models for the prediction of the thermoelectric response 
of OMC materials.  

The present paper focuses on the development of a model for simulating the thermoelectric 
behavior of CNTs/CFRP Organic Matrix Composite (OMC) laminates for aeronautical 
applications. The model is developed within the framework of the thermodynamics of irreversible 
processes and implemented into commercial ABAQUS Finite Element software and validated by 
comparison with experimental thermoelectric tests on two types of composites materials, namely 
Type A with Carbon Nanotubes (CNT) and Type B without CNT. The model is then applied for 
FEM numerical simulation of the thermoelectric response of aircraft panel structures subjected to 
electrical loads, in order to discuss the potential danger coming from electrical solicitations. The 
structural simulations are performed on quasi-isotropic stacking sequences (QI) [45/-45/90/0]s 
using composite materials of type A and type B and compared with those obtained on plates made 
of metallic material (aluminum). For both tested cases, passage of electric current of intermediate 
intensity (9A), panels made of composite material shows a greater heating than the corresponding 
metallic ones. 

During the thermoelectric test, dimensions and electrodes of sample are chosen in order to 
generate a homogeneous temperature field along the sample and to minimize the contact 
resistance; the electrical solicitations were selected carefully so that sample temperature would not 
exceed the glass transition temperature Tg of the resin, the contributions of Joule heat and contact 
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Fig. 1 CNTs/CFRP specimens with copper deposited electrodes and schematic sample geometry (taken 
from Lin et al. 2015a, b) 

 
 
resistance heat are specifically presented in this paper. The finite element models were presented in 
detail to represent the thermoelectric tests data and then compared with the experiments results. All 
the apparatus which has been involved in the experiment and simulation process is described in 
detail in the paper. 

 
 
2. Experimental materials and equipment 
 

Materials. The composite used in this study is manufactured with the T700GC 12K carbon 
fibers as reinforcement and Epoxy M21 as matrix, currently used in aeronautical and aerospace 
industry. The geometry of the composite sample is 165mm × 18mm × 2mm and the average ply 
thickness is 0.25mm. Two types of stacking sequences are employed, namely unidirectional (UD) 
[0]8 and cross orthogonal (CR) [0/90]4, as shown in Table 1. 

The volume fraction of carbon fibers in the composite material is around 56%. In order to 
increase the electrical conductivity and shear strength of the fiber-matrix interface, CNT are grown 
on the surface of carbon fibers through chemical vapor deposition (CVD) (Zhao et al. 2004, Saba 
et al. 2013).  

Fig. 1 (taken from Lin et al. 2015a, b) shows the scanning electron microscope (SEM) images 
of CNT on the surface of carbon fiber (~2% wt of CNTs). 

All samples are equipped with Prodec® surface electrodes realized by copper electrodepositing 
(around 50-60 µm thick) on the chemically polished surface edges of the samples.  
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Fig. 2 Experimental setup for thermoelectric tests (Lin et al. 2015a, b) 

 
 
Fig. 2 shows the experimental setup employed for thermoelectric test (Lin et al. 2015a, b): The 

sample can be placed either horizontally or vertically with both ends being in contact with a 
copper electrode, which is further connected with a mechanical spring in order to provide 
necessary contact pressure, so the CNTs/CFRP sample, the electrodes, a generator together with 
the electric wires form a close loop for the current flow. DC electric currents from 1A to 9A are 
injected by an electric generator, without inducing excessive local heating or exceeding the resin 
glass transition. 

According to the preliminary thermoelectric tests (Gigliotti et al. 2011), the average induced 
temperature is around 60°C at 3A and around 160°C at 6A. The temperature is injected by steps of 
1A and the temperature field is measured on the sample surface by a CEDIP 420M infrared 
thermography camera (Fig. 2b), with precision higher than 1°C and spatial resolution 320pixels × 
256pixels, with a surface of 0.3mm × 0.3mm for each pixel. The experimental data are then post-
processed using the Altair software, giving the temperature profiles and the voltage as function of 
time at each point of the exposed surface. 

 
 

3. Modelling of the thermoelectric coupling 
 
3.1 Development of the thermoelectric coupled model  
 
The starting point of the model approach is the balance equation of a physical field (scalar, 

vector ...) k(x, t), depending mainly on the space and time; in local form this is given by (Muller 
1973) 
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k(x, t) represents the mathematical density of a physic property K(t), depending only on the times, 
while σ[K] indicates the output (source) per unit time and unit volume and jcond[K] is the 
conductive flux density. Muller (1973) introduces a distinction between intrinsic source σv[K] and 
a source connected to remote source σs[K]. In general we propose that K(t) has the property of 
conservation: 

0]K[V =s  (2)

Eq. 2 indicates that the intrinsic source is equal to zero. 
Eq. 1 can be re-written as follows 
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characterized by the presence of a total flow j[K], given by the sum of the conductive flow, 
jcond[K] and a convective flow jconv[K] = kv. 

A second alternative form to Eq.1 is present as follows 
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exploiting the concept of total derivative 
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¶
¶

= v
tdt

d
 

(5)

Before addressing the modeling of the thermoelectric coupling, we firstly consider the case of 
electrical conduction in the absence of thermal effects. In a rigid conductor, according to Eq. 6, the 
balance of electric charge per unit volume, ρz (z is the electric charge per unit mass), is expressed 
by 

0
dt
dz

=×Ñ+r i
 

(6)

In this equation it is necessary to identify and explicit the term i and the flow conduction z 
(conduction current density): i is the electric current per unit area. It is noted that, in this case, the 
current source is zero; it is assumed that the electric current can not to be created (or destroyed) 
into a material element. 

The balance of the internal energy equation (E) per unit volume, ρe, is written in the form  

iE ×=
dt
deρ

 
(7)
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where E is the electric field. In the absence of thermal effects, the internal energy flow is zero, its 
production (source) is represented by the term dissipative E·i. 

The entropy balance equation (S) per unit volume, ρs, can be written as 

TzTzdt
ds

e

e

e

e iEi
×÷÷

ø

ö
çç
è

æ m
Ñ-=÷÷

ø

ö
çç
è

æ m
×Ñ-r

 
(8)

where μe is the chemical potential of the electrons and ze is the mass fraction of the electrons. 
Comparing Eq. 4 with Eq. 8 the conductive flow of entropy can be easily identified 
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and the intrinsic entropy production is 
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Eq.10 suggests, for a homogeneous and isotropic material, a linear relationship between flux 
and thermodynamic force 
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where ρe is the electrical resistivity of the medium: Then, for negligible values of e

e

e
m

Ñ
, Eq. 11 

takes the following form 

iE er=  (12)

which represents the Ohm’s law; using the Eq. 12 in Eq. 10 dissipation, the production of 
temperature and intrinsic entropy, takes the form  

2
eV i]S[T]S[T r=s=s  (13)

which represents the dissipation by Joule effect. In considering that in dissipative process 
dissipation must be always positive, Eq. 13 states that the resistivity of a medium is strictly 
positive. For a homogeneous and anisotropic material the scalar quantity ρe is replaced by a second 
order tensor (ρ, electrical resistivity tensor) which is assumed symmetrical (based on the postulate 
of Onsager (De Groot and Mazur 1969)) but not necessarily diagonal. 

In the case of thermoelectric coupling the internal energy balance, Eq. 7, has to be enriched 
with a term taking into account the heat conduction. Then 

iEq ×=×Ñ+r
dt
de

 
(14)

in this case, shows that the internal power flow is given by the heat flow, q. 
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The new entropy balance—taking into account the exchange of thermal origin—becomes 
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in which the entropy flow takes the form  
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and a source term (intrinsic) has the form  
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Following a standard procedure in the framework of thermodynamics of irreversible processes 
(De Groot and Mazur 1969), the evolution equations for entropy flow and electric current—for a 
homogeneous and isotropic medium—are respectively obtained using phenomenological 
expressions of the type  
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where L11, L12, L21 and L22 are the phenomenological Onsager coefficients, with L12 = L21, 
according to the Onsager-Casimir symmetry relationship (De Groot and Mazur 1969). 

Eqs. 18-19 can be re-written as 
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which introduce a new set of phenomenological coefficients 
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22
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(25)

a linear combination of Onsager coefficients which represent, respectively, the thermal 
conductivity (λ), the Peltier coefficient (π), the Seebeck coefficient (ε) and the electrical resistivity 
(ρe) of the medium. Note that—according to the Onsager-Casimir symmetry relations (L12 = L21) 
—it follows that π = Tε. 

Using Eqs. 14-17 and the phenomenological coefficients (Eqs. 22-25), the internal energy 
balance equation becomes 

T
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where T indicates the temperature. 
By defining the internal energy of the medium as the product of the specific capacity at 

constant volume, cv and the temperature, the heat equation becomes 
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which replacing the classical heat equation (Fourier equation) in the presence of thermoelectric 
coupling. According to Eq. 27, if the temperature is uniform only the Joule effect (ρei2 term) and 
the Peltier effect (term i∙(Ñπ)T) contribute to the heat dissipation. If temperature gradients occur, an 

additional term ( T
TT

Ñ×÷
ø
ö

ç
è
æ

¶
p¶

-
p i )—normally indicated as «heat dissipation by Thompson 

effect»—comes into play. 
For a homogeneous anisotropic material, Eq. 27 is still valid, but, in this case, the scalar 

coupling coefficients are replaced by tensors. For example, the thermal conductivity coefficient, λ, 
is replaced by the conductivity second order tensor, λ, which in an orthonormal coordinate system 
(O, x, y, z) can be expressed by the square (3 × 3) matrix 
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(28)

Similarly, the electrical resistivity of the medium, ρe, is replaced by the electric resistivity 
tensor, ρ, the inverse of which, σ, represents the electric conductivity tensor 
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If one accepts the Onsager-Casimir reciprocity postulate, these matrices become symmetrical; 
in a principal reference system, the matrices become also diagonal. 

In particular, for an orthotropic composite material, in the orthotropic frame (O, L, T, E) 
matrices are in the form 
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(30)

The equations of the coupled thermoelectric model must be solved by using the proper 
boundary and initial conditions. 

For the solution of the heat equation, Eq. 27, the temperature field and the heat flow must be 
specified on the external boundary (or part of it) of the material sample. 

Two types of heat flow can be specified: 
· heat flow by convection, qc, expressed by a relation of the type 

)TT(hAq ac -=  (31)

where h is the convection coefficient, Ta is the ambient temperature, A is the exchange surface with 
the environment, 

· flow of heat by radiation, qr, expressed by a relation of the type 

)TT(q 4
a

4
r -se=  (32)

where σ and ɛ are a physical constant, respectively, the Stefan-Boltzmann constant (σ = 5.67 × 10-8 
W/m2K4) and the emissivity of the surface, depending on the type of radiating surface. 

The electric field and the electric current inside the material medium can be calculated by 
imposing the electric potential, φ, on a part of the boundary of the domain and using the 
relationship 

jÑ-== σσEi  (33)
 

3.2 Implementation within the ABAQUS FE Commercial Code 
 
The implementation of the thermoelectric model in the finite element commercial code 

ABAQUS (Dassault Systemes Simulia Corp. 2009) can be done by using two different strategies: 
•  by employing the HEAT TRANSFER ABAQUS module: In this case the classical Fourier 

equation is solved by adding several potential heat sources (heat dissipated by Joule effect, Peltier 
effect...) through the employment of HEATVAL subroutines. The explicit dependence of certain 
parameters on the temperature can be carried out using FORTRAN written UMAT routines. 

•  by employing the THERMO ELECTRIC ABAQUS module: This module can be used in the 
simplest cases (Joule heating only) and for validation. 
 

3.3 Development of a simplified thermoelectric model 
 
The simplified model is also used for identification of the convection coefficient of the 

composite for numerical simulations of the temperature rise induced by the passage of electrical 
currents of intermediate intensity. 
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Fig. 3 FEM model with boundary and initial conditions 

 
 
This simplified thermoelectric models can be developed by neglecting all thermal conduction 

phenomena: In this case, changes in the conductive medium temperature is governed by the 
following equation 

)T)t(T(A)T)t(T(hAV
dt
dTmc 4

a
4

av -es---×= iρi
 

(34)

where m is the mass of the sample and V its volume. At steady state, Eq. 34 takes the following 
form 

)TεσA(T)ThA(TV 4
a

4
a -+-=× iρi  (35)

which expresses the balance between the thermal power dissipated globally (in volume V) and 
heat exchanged—through the exchange surface S—with the environment by convection and 
radiation. See also Gigliotti et al. 2011 for more details. 

 
3.4 Identification of thermoelectric FE model on experiments on CFRP samples 
 
A 3D FE ABAQUS model has been built and developed based on the equations in sections 3.2 

and 3.3, employing the DC3D8E element type, specifically developed for the modeling of the 
thermoelectric coupling and a total number of 469 elements (see Fig. 3).  

The geometric size, the boundary (for an electric current I = 3A) and the initial conditions of 
atest case example are shown in Table 2 and Table 3. In order to obtain a predefined current value 
within the sample, a set of electrical tension values are specified at the end surfaces (electrical 
contacts) of the composite samples (e.g. V1 = 2.25V and V2 = 0V for I = 3A), the initial 
temperature, T0 (here T0 = 20°C), is specified in the bulk sample, then convection and radiation 
boundary conditions are specified on all external surfaces in contact with the environment.   

Table 4 shows the all the parameters and properties of the composites samples.  
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Table 2 Dimensions of the FE model 
Length Width Thickness 
0.165 m 0.018 m 0.002m 

 
Table 3 Boundary and Initial conditions 

V1 V2 T0 
2.25 V 0 V 20°C 

 
Table 4 Thermoelectric properties for materials CNT/CFRP UD [0]8 used in FE model  

Materials 
Thermal Conductivity 

(W/m.K) 
Electrical conductivity 

(S/m) 
Specific heat 

(J/kg.K) 
λL λT λE σL σT σE Cp 

Type A 5.73 0.63 0.63 52200 14000 0.51 972 
Type B 4.61 0.52 0.52 46600 12000 0.003 874 

Radiation 
exchange 

Surface emissive Ambient temperature 
ε = 1 T0 = 20°C 

Convection 
exchange 

Surface convection coefficient Ambient temperature 
h = 7 W/ (m2. K) T0 = 20°C 

 
Table 5 Thermal properties used for finite element simulations (calibration model) (Toray 2013, Hexcel 2015 
Datasheets, Kalogiannakis et al. 2004, Villière et al. 2013) 

 Density Thermal  
Conductivity 

Specific  
Heat 

 ρ (kg/m3) λL, λT, (W/m°C) Cp (J/kg°C) 
Fiber T700 1800 λL=9.4, λT=2 753.6 
epoxy M21 1280 λL=λT= 0.22 1300 

 
 

In Table 4, the only “adjusted” coefficient is the convection coefficient, h (h = 7W/m2K), 
determined by direct comparison between the experimental and the numerical curve. Electrical 
conductivities are derived from the electrical measurements illustrated in Fig. 2 the major 
reservations can be expressed about the validity of σT obtained by the law of mixtures (see Eqs. 
36-37) (for more detailed discussion, see Lin et al. 2015a, b). Thermal properties are calculated 
from those of the elementary constituents of the composites (T700 fiber and epoxy matrix M21) as 
taken from the literature (Toray 2013, Hexcel 2015 Datasheets, Kalogiannakis et al. 2004, Villière 
et al. 2013, see Table 5) and employing straightforward rule-of-mixtures equations (Eqs. 36-37), 
with a fiber volume fraction value, Vf, equal to 60%. 

For instance, for anisotropic thermal conductivities these equations read 

( ) mfffL V1V l-+l=l  (36)

( )
))(V1(

V

mRf2
1

m

fmRm
mT l-l-+l

l-ll
+l=l

 
(37)

where the subscripts f and m indicate, respectively, the fiber and the matrix. 
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(a) Evolution of the temperature, T (°C), of 3 points located on the sample surface as function of time, t (s) 

 
(b) Full temperature fields on the sample surface (t = 2600 s, I = 3A); comparison with ABAQUS 
numerical simulation for Type A (CFRP/CNT) UDs [0]8 samples 

Fig. 4 Simulations results of thermoelectric tests 
 

 
The thermal properties of CFRP composite samples thus calculated and presented in Table 5 

and are in very good agreement with experimental measurements given in Kalogiannakis et al. 
2004, at room temperature (Cp ≈ 850 J/ kg°C, λL ≈ 6 W/m°C, λT ≈ 0.6 W/m°C). 

Figs. 4, 5 and 6 illustrate the results of experiments and FE model thermoelectric simulations 
for CNTs/CFRP (Type A) and CFRP (Type B) composites materials.  

Fig. 4a illustrates the evolution of the sample temperature as a function of time, for Type A 
(CFRP/CNT) UD composite samples, for electric current values from 1A to 9A. Electric current 

Type A – [0]8 with CNTs 

Simulation profile of T, t = 2600 s  

Experiment profile of T, t = 2600 s  
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(a) Along the longitudinal centerline (A) for I = 9A (steady-state) 

 
(b) Along the transverse centerline (D) for I = 9A (steady-state) 

Fig. 5 Temperature profiles (experimental vs. numerical) on the surface of Type A UD [0]8 sample 
 
 
are injected in the sample by steps of 1A. The solid curve illustrates the result of the FEM 
simulation (maximum temperature, calculated at center of the sample external surface), while 
dotted curve shows the experimental data of three sampling points located at the specimen 
centerline, along the longitudinal axis: Point 1, located at the sample center, Points 2 and 3, located 
at a distance of 37.6 mm from Point 1.  
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Fig. 6 Profiles of FEM simulations and experimental data: Temperature T versus position x, solid curves 
show FEM simulation results and dotted curves represent the experimental data, comparisons of Type A et 
de Type B UD [0]8 (I = 9A). 

 
 

Fig. 4b illustrates the comparisons between the full experimental temperature field measured by 
infrared thermography on the external sample surface and the results of ABAQUS numerical 
simulation, in a transient state, at t = 2600 (I = 3A, maximum measured temperature around 31°C). 

Figs. 5a and 5b show, respectively, the temperature profile (experimental vs. ABAQUS 
numerical simulations) along the longitudinal (A) and transverse (D) centerline of Type A UD [0]8 

samples, at I = 9A (steady-state).  
Fig. 6 illustrates the temperature profiles (experimental vs. ABAQUS numerical simulations) 

along the longitudinal (A) centerline of Type A (CFRP/CNT) and Type B (CFRP) UD [0]8 samples, 
at I = 9A (steady-state). In this case, the additions of CNTs decreases on average the temperature 
values of around 10%, due to CNT-based electrical conductivity enhanced values for Type A 
samples. 

It is noted that the simulation results are consistent with the experiment data, both in the 
transient and the steady-state conditions, which validates the pertinence of the thermoelectric FE 
ABAQUS numerical model over a large range of temperature/electric current values. 
 
 
4. Numerical simulation of thermoelectric field in composite fuselage-like structures 
 

The ABAQUS FE thermoelectric model developed and identified in previous sections is 
employed for the simulation of thermoelectric fields generated by the circulation of intermediate 
electrical current values in composite aeronautical fuselage-like skin structures. These simulations 
are performed to have orders of magnitude overheating produced by these electrical loads in more 
or less realistic configurations. 
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(a) geometry size (b) FE model 
Fig. 7 Description and modeling of a structural fuselage-like skin panel piece using the ABAQUS finite 
element code 

 

 
Fig. 8 Schematic of the electric current injection (I = 9A) into the fuselage panel 

 

 
Fig. 9 Schematic defining the angle θ used for the calculation of the electrical and thermal plane 
anisotropic composite (Eq. 38) 

 
 
The chosen structural configuration is schematically shown in Fig. 7. For the ABAQUS FE 

modelling, the DC3D8E element is employed, about 11495 elements. 
In this model, an electric current value of 9A is injected through a section of the outer surface 

of the panel: in Fig 10 the electric current passing section is taken equals to 3.6 × 10-5m2 and the 
geometry dimension is the same as previous descriptions (same as shown in Fig. 3 and Table 4). 
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Table 6 Thermoelectric properties of Al material used in the FE model 
Density 
(kg/m3) Thermal conductivity (W/mK) Electrical Conductivity (S/m) Specific heat (J/kgK) 

ρ λ σ Cp 
2700 237 3.8×107 900 

 
Table 7 Thermal parameters of the FE model 

Exchange by radiation 
Emissivity Ambient temperature 

ε = 1 T0 = 20°C 

Exchange by convection 
Convection coefficient Reference temperature 

h = 7 W/ (m2. K) T0 = 20°C 
 
 

The simulations are performed on [45/-45/90/0]s quasi-isotropic (QI) stacking sequence 
structures by using Type A and Type B composite materials: For these configurations, electrical 
and thermal plane anisotropic properties are calculated starting from the orthotropic values of the 
elementary ply by using the following relations (for the definition of the angle θ, see Fig. 9) 
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(38)

The presented simulations are carried out by employing equivalent homogeneous anisotropic 
composite elements. The employment of a layerwise model, that is, a model involving an explicit 
representation of each single ply would possibly lead to better results, both in terms of electrical 
and thermal transient response. Moreover, this model would allow calculating with accuracy 
residual stresses at the ply level. The proposed analysis is sufficient to catch the gross 
thermoelectrical material behavior and for the identification of the main electrical/thermal 
parameters by inverse analysis of the experimental tests. 

A comparison with a panel made of metallic aluminum (Al, corresponding thermoelectric 
properties given in Table 6) is also performed; the simulations take into account Joule heating due 
to current flow and heat exchange with the environment (Table 7), associated with convection and 
thermal radiation, by employing an exchange coefficient by convection h, equals to 7 W/m2K and 
an emissivity value near 1. Room temperature is taken equals to 20°C.  

Figs. 10-12 illustrate the simulated transient temperature fields (T - T0) at different times in 
CFRP composite and Al metal materials, subject to the passage of an electric current of intensity 
equal to 9A. 

The figures show that—for the two composite panels—the heating phenomena are located 
mainly in areas near the surface of the injection current. The anisotropy of the thermoelectric 
behavior plays a role in the temperature fields which are qualitatively similar for the two 
considered configurations (Type A and Type B). For the metal panel—because of the high 
electrical and thermal conductivity—the temperature field is almost homogeneous. 

Finally, Fig. 13 compares the time evolution of the maximum temperature rise of the three 
configurations.  

For the three simulated materials, the maximum temperature rise in the panel is reached after 
about 600s and equal to about 20°C for the metal panel, to about 43°C for the QI CFRP Type A 
panel and to approximately 49°C for the QI CFRP Type B panel.  
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(1) Composite panel (IQ-type A) 9A 

 
(a) t =10 s                           (b) t = 60s 

 
(c) t =200 s                          (d) t = 500 s 

Fig. 10 Transient simulated temperature field in a QI CFRP Type A sample subjected to the transit of an 
electric current of 9A 

 
(2) Composite panel (IQ-type B) 9 A 

 
(a) t =10 s                       (b) t = 60s 

 
(c) t =200 s                       (d) t = 500 s 

Fig. 11 Transient simulated temperature field in a QI CFRP Type B sample subjected to the transit of an 
electric current of 9A 
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(3) Metal panel (Al) 9A 

 
(a) t =10 s                     (b) t = 60s 

 
(c) t =200 s                    (d) t = 500 s 

Fig. 12 Transient simulated temperature field in Al metal sample subjected to the transit of an electric 
current of 9A 

 
 
The presence of the CNTs in Type A CFRP materials helps decreasing by around 7°C the 

temperature rise with respect to Type B panels, the time needed to reach the maximum temperature 
value is almost the same for the two composite cases. 

 
 
5. Conclusions 

 
The paper has presented the development of a model for simulating the thermoelectric behavior 

of CNTs/CFRP Organic Matrix Composite (OMC) laminates for aeronautical applications. The 
model has been developed within the framework of the thermodynamics of irreversible processes 
and implemented into commercial ABAQUS Finite Element software and validated by comparison 
with experimental thermoelectric tests on two types of composites materials, namely Type A with 
Carbon Nanotubes (CNT) and Type B without CNT. A simplified model, neglecting heat 
conduction, is also developed for simplifying the identification process. The model has been then 
applied for FEM numerical simulation of the thermoelectric response of aircraft panel structures 
subjected to electrical loads, in order to discuss the potential danger coming from electrical 
solicitations. The structural simulations have been performed on quasi-isotropic stacking 
sequences (QI) [45/-45/90/0]s using composite materials of type A and type B and compared with 
those obtained on plates made of aluminum metallic material. For both tested cases—passage of 
electric current of intermediate intensity (9A)—panels made of composite material shows a greater  
heating than the corresponding metallic ones. 
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Fig. 13 Simulated evolution of maximum temperature rise over time in QI CFRP Type A, Type B and Al 
panel subjected to the circulation of electric current of intensity equal to 9A 

 
 

Perspectives include the employment of refined structural models for a more detailed 
simulation of the thermoelectrical induced residual strains and stresses at the ply level. 
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