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Fiber Metal Laminates (FML) are well suited for high performance structures, e.g. in aeronautics. Despite their great 
mechanical potential, they already suffer a decrease of material strength at temperatures that are likely to occur on a 
standard flight profile. Therefore, an accurate thermal analysis is important, if dimensioning load cases occur at 
elevated temperatures. Within this paper the modeling of  a FML panel, its verification and experimental validation is 
described. This method of modeling is then applied to a large aircraft structure. Special attention was paid to the 
different thermal conductivities in thickness direction of each layer, which account for an expensive 3D discretisation 
when using commercial finite element codes. An alternative and much faster 2D method is presented. It relies on a 
layer-wise theory for hybrid composites, where the numerical effort is independent of the number of physical layers. 
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1  Introduction  

Since the late 70ies [1] intensive research on 
several variants of Fiber Metal Laminates (FML) has 
been carried out. With the intention to design a light-
weight material with favorable fatigue behavior similar  
to fiber reinforced composites and damage tolerance 
akin to aluminum alloys, different variants like 
ARALL, GLARE or CARE were developed. Using 
such high performance materials within aircraft primary 
structures, problems may arise by thermal loads, due to 
material strength decrease at high temperatures and 
eigenstresses due to incompatibilities between the fiber 
and metal layers. For both cases an accurate thermal 
analysis is necessary which is rather complex due to the 
anisotropic and inhomogeneous material.  

This paper focuses on modeling FML’ s using the 
finite element method (FEM) for the purpose of an 
accurate thermal analysis in a range of temperatures 
typical for aircraft structures. Since high mechanical 
loads already occur very early in a flight scenario, the 
temperature field of the structure, heated up by hot 
environmental conditions, may be approximated by a 
steady state analysis. For refined computations, and for 
considering cooling effects during take-off, transient 
analyses have to be conducted. 

2  Reliable Modeling  

A prerequisite for an accurate thermal analysis is a 
reliable modeling method. Using the FEM, two 
important aspects have to be considered. On one hand, 
the chosen model has to be verified, meaning that 
errors, made by discretisation and homogenization tend 
to zero for the chosen model (“solve the equations 
right”). On the other hand it has to be validated by 
experiments, that all major physical effects, relevant for 
thermal analysis, are properly considered (“solve the 
right equations”). Subsequently, a typical aircraft panel 
is investigated, see Fig. 1. The panel consists of a 
GLARE skin and aluminum stringers and frames which 
are glued onto the skin. The skin consists of 9 
symmetrically alternating layers of aluminum (Al) and 
glass-fiber epoxy (GF), where each GF layer consists of 
a 0° and 90° sub-layer, forming an orthotropic laminate.    

2.1  Modeling considerations  

In a first convergence study one strip of the panel 
is investigated using MSC.NASTRAN. A constant heat 
flux on the outer skin is applied as a representative load 
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case. The upper part of the stringer is held at a constant 
temperature. Since MSC.NASTRAN does not support 
heat conduction in the normal direction of 2D-elements, 
the skin had to be modeled with solid elements. 

 
Figure 1: GLARE-Panel 

 
Fig. 2 shows some different discretisations, where 

3 of them have each layer modeled with solid elements 
and 3 others have a homogenous skin with “smeared” 
orthotropic heat conduction coefficients k, calculated by 
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In both equations ti are the layer thicknesses with the 
respective heat conduction coefficients ki . 
 

 
 
Figure 2: FE convergence study. 3 models (left) with 

each layer modeled by solid elements and 3 
models (right) with smeared skin solid 
elements 

 
As a result Fig. 3 compares the temperature over the 
thickness of the skin for the finest model (4 solid 
elements for each layer) to the homogenous model with 
2 solid elements in skin normal direction. The curves 
refer to the most critical position at the stringer foot. 
Due to the reasonable values with an affordable amount 
of computational effort, this homogeneous model is 
used for further simulations. 
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Figure 3: Temperature vs. skin coordinate. Result of 

convergence study 

2.2  Test Configuration 

The experimental configuration is shown in 
Fig. 4. The panel is loaded by infrared radiators 
arranged above it. It is laid on the border of an isolated 
water basin. Only the feet of the frames are in contact 
with the water which is permanently stirred and 
represents in this way a good conductor and large heat 
capacity.  
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Figure 4: Test Configuration for GLARE-Panel 
 
Principally, experiments can be conducted under 
uniform radiation or radiation concentrated along a 
strip. The latter is more suitable when in-plane-
conduction is investigated, the first one is appropriate 
when regarding heat conduction through the panel and 
heat transfer resistances at the contact faces between 
GLARE and aluminum parts. There are altogether 39 
thermocouples and one heat flux sensor attached to the 
faces of the skin, the stringers and the frames. 

2.3 Steady-State Analysis  

For reasons of symmetry only a quarter of the 
panel is modeled. The heat transfer resistance at contact 
faces is modeled by a s=0.5mm thick layer of solid 
elements to which a heat conduction coefficient λ   



based on an estimated heat transfer coefficient 
/ sλΛ =  is assigned and which later will be adjusted 

in order to fit experimental results. A temperature plot is 
shown in Fig. 5. As a result of all simulated cases the 
spatial temperature distribution on the panel 
outer face is evaluated. 
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Figure 5: Temperature plot of the panel, whole panel 

face radiated 
 
In order to simplify further investigations, instead of the 
radiation a temperature load of the form 

 
 ( , , ) ( , ) ( )statT x y t T x y g t= ⋅

 
is applied to the nodes of the panel outer face. The 
spatial distribution  is taken in such a way 
that it fits best the measured steady state results. The 
function g(t) is taken from a centrally positioned 
measurement point on the outer side panel surface. 
Fig. 6 shows comparisons between measured and 
simulated temperature time functions at three 
measurement points (MP 24 at frame, MP 34 at stringer, 
MP 43 at outer face skin, near border). The maximum 
error of about 5 K occurs at the stringer. 
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Figure 6: Comparison between measured and 

simulated temperature time functions 

3  Application to Large Aircraft Structures  

Introducing FML materials into large aircraft 
structures also demands an accurate thermal analysis of 
these parts. Beside structural heat conduction and heat 
capacity which were determined by the experimental 
panel investigations, realistic boundary conditions for 
solar heat flux, air-, sky- and ground- temperature, wind 
speed and thermo-optical values of the surfaces have to 
be considered. Since standing on the ground leads to the 
possibly hottest structural temperatures, the 
computation of cool down during the take off is of great 
importance. Fig. 7 shows such a computation for a 
fuselage section of an Airbus A380. 
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Figure 7: Cool down of A 380 fuselage during take off 
 
Starting out with the steady state temperature while 
standing on the ground, a little drop of temperatures is 
observed during taxiing. Then, by having a one minute 
stop, the structure heats up again. During the following 
take off a rapid cooling is visible. 

4  Fast 2D Computation  

Most commercial FEM codes provide 2D elements 
suitable for stress analysis of composite and sandwich 
structures. Modeling and computational effort would be 
drastically reduced if such 2D elements would also be 
able to determine the full 3D temperature distribution. 
For laminated composites Rolfes [2] has proposed the 
linear and the quadratic thermal lamination theory. 
Other approaches are described by Argyris et al. [3] and 
Noor et al. [4]. Subsequently, new 2D finite element 
formulations are outlined which assume a layer-wise 
linear or quadratic temperature distribution in thickness 
direction. This allows to analyze hybrid composite 
structures as FML’s with layer-wise varying thermal 
conductivity. The elements can even describe load-
bearing structures and isolations as in thermal 
protection systems with large differences in stiffness 
and thermal properties in one go.  
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Assuming perfect thermal contact at the interfaces, 
the linear layered theory (LLT) describes a linear 
temperature distribution in each layer. Sipetov et al. [5] 



used such a theory for steady state problems. Non-
linear temperature distribution in thickness direction 
can occur in cases of large temperature gradients in 
thickness direction in conjunction with temperature-
dependent properties, in transient problems with rapid 
heating, or under concentrated thermal loads. These 
problems can be tackled by means of a quadratic 
layered theory (QLT) assuming a quadratic temperature 
distribution in thickness direction. 

Application of equilibrium conditions for 
temperature and heat flux in transverse direction at each 
layer interface for LLT and additionally equilibrating 
the change of the heat flux for QLT makes the number 
of functional degrees of freedom independent of the 
number of layers. This leads for layer  to 
temperatures 

k
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for the linear layer-wise approximation LLT and 
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for the quadratic layer-wise approximation QLT. The 
index b denotes the reference layer. For the values of 

 and , which are functions of the thickness-
coordinate z, see [6]. 

kz kz

Based on the layered thermal lamination theories 
LLT and QLT, respectively, the quadrilateral finite 
elements QUADLLT and QUADQLT are developed 
using linear shape functions in membrane direction.  

A comparison with a full 3D analysis applying the 
HEXA element of MSC.NASTRAN is given for a FML 
plate made from aluminum and CFRP layers (CARE). 
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Figure 8: Comparison of 2D and 3D thermal analysis 

 

The square plate with an edge length of 0.09 m is 
centrally loaded with a heat flux of 100 kW/m2 on a 
square surface of 0.01x0.01 m2, whereas adiabatic 
conditions are assumed at the remaining upper surface. 
At the bottom and along the edges a convection 
condition with an ambient temperature of T∞ = 0 °C and 
αc = 30 W/m2K is applied. Fig. 8 compares the 2D and 
3D results beneath the load. Excellent agreement is 
obtained especially with the QLT. It should be kept in 
mind that such a concentrated heat flux is a rather tough 
test; in many applications the thermal loading will be 
much more uniform so that the difference between QLT 
and LLT would become negligible. 

5 Conclusion 

The paper focuses on the thermal analysis of FML 
in aircraft structures. A procedure for reliable modeling 
and the application to large structures is presented. For 
a fast and accurate analysis a new 2D FEM is 
described. 
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