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1Abstract— Carbon fibre reinforced polymer (CFRP) is 

increasingly used for aero-structure applications due to their high 

strength-to-weight ratio. The integration of the on-board electrical 

power system (EPS) with CFRP is challenging due to the 

requirement to thermally and electrically isolate these systems to 

meet existing safety standards. By capturing the thermal 

characteristics of CFRP at a macro (component) scale for CFRP 

components, it is possible to understand, and design for, the 

increased integration of the EPS into CFRP aero-components. A 

significant challenge is to develop a macroscale characterisation of 

CFRP which is not only of an appropriate fidelity for compatibility 

with systems level models of an EPS, but can be used to represent 

different geometries of CFRP components.  This paper presents a 

novel methodology for capturing a transient, macro-scale thermal 

characterisation of CFRP with regards to component lay-up and 

geometry (thickness). The methodology uses experimentally 

derived thermal responses of specific resin and ply orientation 

CFRP samples to create generalised relationship for the prediction 

of thermal transfer in other sample thicknesses of same material 

type. This methodology can be used to characterise thermal 

gradients across CFRP components in aircraft EPS integration 

applications, ultimately informing the optimised integration of the 

EPS with CFRP. 

 

Index Terms— Carbon fibre reinforced polymer, electrical 

protection, thermal characterisation, aircraft electrical power 

systems, aerospace. 

I. INTRODUCTION 

here is a continuing upwards trend for the use of composite 

materials, in particular, carbon fibre reinforced polymers 

(CFRP) for aircraft structures due to their superior 

mechanical properties compared to traditional metal structures. 

This results in lower airframe weights and hence fuel burn. 

However, the increased use of CFRP strongly influences the 

wider holistic aircraft design, including the electrical power 

system (EPS) [1]. In particular the poorer electrical and thermal 
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properties of CFRP compared to metallic structures [2, 3], has 

had a significant influence on how the EPS is integrated with 

composite aero-structures.  

The selection of cable size for an aircraft EPS is governed by 

the rated maximum temperature for a conductor which is 

influenced by the environment that a cable is operating in [4]. 

To prevent thermal damage to surrounding materials under 

abnormal (fault) conditions, cables require thermal insulation 

and appropriate physical separation [5]. In the case of integrated 

EPS with aircraft structures, surrounding materials would 

include CFRP structures. In addition the relatively poor 

electrical conductivity of CFRP results in significant Joule 

heating during electrical current conduction [2], as well as poor 

shielding against electromagnetic interference (EMI) and poor 

electromagnetic compatibility (EMC) [6]. At present this 

requires the addition of metallic structures to provide electrical 

current return [7, 8], metallic meshes for lightning strike 

protection and EMC shielding [9], and extensive use of heavy 

cable harnesses to route cables around CFRP structures [10]. 

To date, the integration of the EPS with composite structures 

has focused on these electrical response of CFRP [2, 11, 12, 

13], in particular to the degradation of CFRP due to localised 

increase of temperature to above the glass transition 

temperature of the resin due to Joule heating during electrical 

conduction [2, 14].  However, heating CFRP to temperatures 

below the glass transition temperature is also known to have an 

influence on the mechanical performance of the CFRP [14]. 

Whilst existing methods to integrate the on-board EPS with 

the CFRP structure of an aircraft are safe, they require 

additional metallic structures. There is an opportunity to reduce 

the EPS system mass if the thermal response of CFRP on a 

macro (component scale, from mm up to 10s of m [15] due to 

sustained Joule heating is better understood.  Firstly, in the case 

where a fault is detected and removed before glass transition 

temperature is reached. Secondly, to enable the possibility of 
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intentional conduction of electrical current through CFRP. 

Thirdly, such understanding is needed to inform the layout and 

sizing of electrical cables over CFRP to enable appropriate 

thermal management system design [16], including where 

cables must pass through confined spaces in composite 

structures [17], [18]. In all of these cases, the optimisation of 

the thermal system design will provide an opportunity for mass 

reduction.  The integration of the thermal characteristics of 

CFRP with existing electrical models of CFRP [2] and the EPS 

will enable studies to inform and optimise system design, both 

in terms of EPS architectures, but also choice of lay-up and 

shape of CFRP structures.  

Critical to this is that the level of complexity of the thermal 

characterisation of the CFRP is such that it maps the appropriate 

complexity level of the modelling paradigm for modelling 

aircraft EPS, as set out in SAE AIR 6326 [19], thus enabling 

systems level transient studies to take place. Thermal models of 

carbon fibre composites are typically based on numerical 

modelling methods [20]–[23], which are too complex (require 

too small a simulation time-step) for transient, systems studies 

according to [19].  Numerical models can be used to identify 

thermal response of a CFRP component, the response is for a 

particular component geometry. Therefore, there is an 

opportunity to develop a method to thermally characterise 

CFRP to enable the thermal response of CFRP to sustained 

heating to be captured at an appropriate complexity, to then be 

able to estimate the thermal response of different geometries, 

thus informing the integrated design process.   

CFRP is a complex, heterogeneous material comprising of 

carbon fiber and a resin matrix.  The thermal response of CFRP 

is sensitive to lay-up, choice of carbon fibre and resin, volume 

fraction of fibre, imperfections in the internal structure, 

surrounding temperature and geometry of the structure [24]–

[29]. The layup and shape of CFRP, alongside local 

environmental conditions, vary in different parts of an aircraft. 

Hence it is not a bespoke model of a particular CFRP lay-up 

which is required, rather a methodology to enable the capture 

of the thermal characteristics of a CFRP layup, from which an 

appropriate representation of the thermal response of CFRP that 

can be integrated into EPS models can be derived.    The aspect 

of variation of thermal response with component geometry is 

particularly applicable to aerospace where thickness of a 

component may offer another opportunity to optimise the size 

of a component. 

This paper provides an experimental methodology to derive 

a component-scale thermal characterisation and datasets for a 

CFRP layup, where the derived characterisation can be 

extrapolated for different thicknesses and sizes of CFRP 

structures, at a level of complexity suitable for integration with 

aircraft EPS design.  The method is demonstrated by using the 

proposed methodology to thermally characterise aerospace 

grade 8552/IM7 UD [0o] CFRP [30].  By focusing on a basic, 

aerospace grade CFRP, the resulting thermal characterisation 

provides a strong platform for future extension to more complex 

lay-ups and resin matrices which contain additives (e.g. carbon 

nanotubes) [31] as well as the impact of variation in the shape 

and thicknesses of CFRP structures. 

 The remainder of this paper is organised as follows: Section 

II of this paper discusses the relevant properties of CFRP, their 

potential impact and reviews the theoretical thermal modelling 

approaches presented in the literature; Section III describes 

existing methods of thermal characterisation; Section IV 

presents a testing methodology that is appropriate for 

quantifying thermal properties and a characterisation system 

that can be used to predict behaviour in varying structural 

conditions that can be used in the design and implementation of 

the application described. Finally, Section V presents 

discussions and Section VI conclusions and future work. 

II. THERMAL PROPERTIES OF CFRP 

A.  Complexity of CFRP 

CFRP is a heterogeneous material comprising a resin 

(usually a thermosetting epoxy) forming the matrix and carbon 

fibre (CF) providing tensile strength.    Aerospace grade pre-

preg CFRP has a volume fraction for carbon fibre of circa 55 % 

- 60%, the type of carbon fibre chosen has a high modulus and 

strength [32] and the layup can either be woven or 

unidirectional (UD). This paper will focus on UD [0°] CFRP, 

where fibres of CFRP lie parallel within each ply, held in place 

by the resin  

Thermally, CFRP is a complex material due to thermal 

resistance and localised heating at the interface between the 

carbon fibre and the resin matrix [21], [33].  In addition the 

thermal conductivity of carbon fibre is much higher than resin, 

leading to a strong interdependency between lay-up and thermal 

properties [23], [29]. The localised fibre fraction volume 

content can be highly varied across a given sample on the 

micro-scale (10s of µm [15])  due to variation in the curing 

process, resulting in imperfections through the CFRP [34].  In 

addition, misalignment (waviness) of aerospace grade carbon 

fibre results in non-uniform distribution of contact points 

between fibres, both cross-ply and along ply, as well as gaps 

between fibres at the micro-scale which are resin rich [35], [36].  

The different thermal properties of the carbon fibre and resin, 

combined with different lay-ups and imperfections in the CFRP 

result in the CFRP having highly complex, micro-scale thermal 

properties, which are then difficult to extrapolate to the macro-

scale. A significant challenge for integration of CFRP structures 

with the aircraft EPS, is to capture the overall thermal 

characteristics at a component-scale, at a level of complexity 

compatible with a systems level computer simulation tool.   

B. Thermal and Electrical Response of CFRP 

 

The relatively high electrical and thermal conductivity of 

carbon fibre compared to resin results in UD CFRP having 

highly anisotropic thermal and electrical properties [2], [11], 

[12], [37]. If electrical current is injected into CFRP (for 

example, due to an electrical short circuit to ground), localised 

Joule heating occurs along sections where the fibre strands are 

conducting electrical current [2], [11], [38].  Existing aerospace 

industry standards do not allow the intentional conduction of 

electrical current through CFRP on aircraft [39], due to the 

relatively high electrical resistance of CFRP compared to 

metals. The electrical power, Pd (W), which is dissipated as heat 

in a section of CFRP with an electrical resistance, RCFRP (Ω), 

conducting an electrical current, I (A), can be defined as 
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 𝑃𝑑 = 𝐼2 ∙ 𝑅𝐶𝐹𝑅𝑃  . (1) 

 

CFRP may also be heated due to close proximity to a cable.  

The sizing of electrical cables is influenced by the allowable 

heat dissipation in cables, combined with EPS impedance [16].  

To meet airworthiness standards, there must be adequate 

physical separation between cables to ensure that hazardous 

conditions in the event of a fault conditions do not arise and to 

ensure that there is adequate cooling between cable bundles [5], 

[18]. If the thermal response of a CFRP structure is known, then 

the optimum layout of the EPS can be developed and 

requirements for necessary thermal management systems and 

insulation derived. 

In the case of a localised temperature increase in CFRP due 

to conduction of electrical current or proximity to a heat source 

(e.g. cable) the difference in temperature, ΔT (oC), between the 

CFRP, TCFRP (oC), and the local ambient temperature, Ta (oC), 

can be expressed as, 

 

 
∆𝑇 = (𝑇𝐶𝐹𝑅𝑃 − 𝑇𝑎) =

𝑃𝑑 ∙ 𝑑

𝜆 ∙ 𝐴
 

(2) 

  

where Pd (W) is the electrical power dissipated in the section 

of CFRP, λ (W/moC) is the thermal conductivity, and A (m2) is 

the cross-sectional area, and d (m) the distance that the current 

is passing through.   

  Whilst (1) and (2) can be used to estimate the localised 

temperature increase through a section of CFRP, there is no 

indication of how quickly the temperature will rise, or the speed 

at which the dissipation of heat through the component level 

region will occur.  Further, it is known from the literature that 

thermal conductivity and heat capacity varies with temperature 

and although this relationship can be assumed to be linear [25], 

this temperature dependence significantly increases the 

complexity of the development of a thermal model for CFRP.  

An estimation of the relationship between CFRP geometry and 

temperature response is required.  However due to the variation 

in thermal properties for different layups and resins for CFRP, 

it is more useful to develop a methodology to capture thermal 

characteristics, rather than a characterisation that is bespoke to 

a specific CFRP layup and resin. 

C. Review of existing thermal models for CFRP 

 

Thermal models for CFRP in the literature fall into two broad 

categories: those based on component-scale heterogeneous 

analytical models, and those based on homogenisation of the 

CFRP using numerical modelling methods.  The analytical 

methods based on the work of Maxwell and Raleigh are only 

valid for CFRP lay-ups with a low volume fraction of CF, as 

these do not take interfacial thermal interactions between the 

fibres and resin matrix into account [33], [40].  The Hasselman 

and Johnston model [33] has adapted the Raleigh model to take 

interfacial thermal interactions into account, but has only been 

verified for low volume fractions of carbon fibre.  Hence these 

are not suitable for aerospace grade CFRP which has a high 

volume fraction of CF.      

An alternative approach is to model the system as a parallel 

thermal resistor network, using the law of mixtures to estimate 

thermal conductivity [41], [42].  This gives good results for 

directions parallel and perpendicular to fibres, but cannot be 

used to confidently predict thermal characteristics if the heat 

source is not parallel or perpendicular to the fibres [26], [42]. 

This is because the rule of mixtures models the CFRP as a 2 

dimensional, rather than a 3 dimensional system which neglects 

thermal interactions in the transverse (through thickness) 

direction [42]. 

Results from homogenised macro-scale models based on 

numerical modelling methods such as finite element modelling, 

have been demonstrated in the literature to give a good 

representation of the thermal behaviour of UD CFRP materials 

with high fibre content [20], [23], [37], [43], [44]. The methods 

presented develop a thermal micro-mechanical model of a unit 

of the CFRP at a micro scale, and then directly use this to model 

the CFRP as a homogenous material at a macro-scale e.g. [23], 

or create an intermediary meso-scale model (a few mm [15]) 

which is then used to develop a macro-scale model e.g. [37].  

The implementation of numerical modelling is challenging.  

Firstly, the selection of the size of the unit section of 

heterogeneous CFRP for the unit model must be carefully 

selected to ensure it will give a good average indication of the 

properties of the CFRP when extrapolated to a macro-scale 

model [43], [45].  If the unit section size wrongly selected, then 

non-periodic variations in the system (e.g. variations in resin 

thickness due to variable gaps between CFs) will result in errors 

of up to 15% in the final model [29].   Secondly, numerical 

modelling methods require significant computational effort:  

thermal interactions between CF and resin, and between the 

individual unit blocks which form the macro-model must be 

considered at a three-dimensional (rather than 2 dimensional) 

level [21], [22], [42], [44].  Ultimately each model is only valid 

for the specific lay-up that it represents.  Numerical models for 

inductive heating of CFRP are also well developed, however 

these have been developed for high frequency (400 kHz) 

inductive heating applications [46].  This is a much higher 

frequency than would be expected for a more-electric aircraft 

power system, where AC system frequency typically ranges 

from 320-800 Hz [47], [48] and the switching frequency of 

power electronic converters can be up to 20 kHz [49]. 

 The results presented in the literature, for UD CFRP, have 

utilised the numerical modelling method to develop macro-

scale models, from which the transient thermal response e.g. 

[20], [23], [37] for a predetermined size of CFRP panel can be 

estimated. Hence, in order to compare the thermal response of 

different sizes of structures, the numerical model must be re-

run.  

Critically for the design of integrated systems, the level of 

complexity of numerical based models, and the resulting high 

fidelity required for such computational models, is not 

compatible with the level of modelling complexity and 

computational time step required for systems level modelling 

for an EPS.  As is set out in SAE AIR 6326 [19] there are four 

levels of modelling for an aircraft EPS: Architectural, 

Functional, Behavioural and Device Physical.  The two levels 

of modelling of interest for transient EPS studies, are 

Functional, which uses average models of systems (e.g. no 

switching models of power electronic converters) at system and 

sub-system level, and Behavioural, which uses fully (idealised) 



This paper is a pre-print of 10.1109/TTE.2019.2914890 accepted by IEEE trans. on Transportation Electrification on 8th of May 

2019 and as such is subject to IEEE copyright. 

 

4 

 

switching models to carry out sub-system analysis, including 

detailed power quality and harmonics analysis.  The numerical 

thermal models of CFRP described in the literature will fit 

within the Device Physical level of modelling, which includes  

 

 
Fig. 1. Left – UD [0°] CFRP sample 120 ply thick used in validation 

experiments. Right – dimensions of all samples used, with materials consisting 
of UD [0°] Hexcel 8552 IM7 with a 1.77 g/cm3 fibre density and nominal fibre 

volume of 57.7%. 

multi-physics modelling and detailed component design, 

however it will not enable systems or sub-systems level 

modelling (Behavioural and Functional levels) which will 

enable full system design and physical layout. Hence there is a 

need for an approach that will map to the systems level of 

modelling which allows for comparison of different geometries 

of CFRP structures.  Experimental methods are presented in the 

literature for capturing the thermal conductivity of a material at 

a macro-level e.g. [50] and capturing the transient thermal 

response e.g. [23].  However, these do not convert the captured 

results into a transient characterisation that can be used to 

estimate the thermal response of other structures of a similar 

lay-up but different geometry, which can be used in systems 

level modelling to estimate the thermal response of CFRP to 

EPS induced heating. 

 

III. REVIEW OF THERMAL CHARACTERISATION 

METHODOLOGIES OF CFRP 

   Experimental methodologies of thermal characterisation 

presented in the literature focus predominantly on estimating 

the thermal conductivity (or thermal resistance), with a fixed, 

constant temperature. For example, the modular differential 

scanning calorimetric methodology requires reference samples 

with a known thermal conductivity. This is also limited in the 

range of temperatures over which it is valid, and measures the 

thermal properties of a small sample size (10 – 100 mg), hence 

any imperfections will not be taken into account [51].  Laser 

flash analysis (LFA) measures the response of a composite to a 

pulse of energy, to capture thermal diffusivity, from which 

thermal conductivity can be calculated [52], [53].  However, 

achieving the correct conditions in the laboratory to obtain 

accurate results from the laser flash methodology is known to 

be difficult [52].  It also requires measurements to be made at a 

small scale (a few mm), rather than a macro-scale [53] which 

may result in errors due to the heterogeneous nature of the 

material during extrapolation to macro scale. Furthermore, LFA 

requires knowledge of the specific heat and density of the 

material [52], which if not accurately known, significantly 

reduces confidence in the final estimation of the thermal 

conductivity to as low as 10% [45].  Finally, LFA only provides 

the thermal diffusivity for a specific temperature, and hence 

measurements must be made at a range of temperatures to 

extract the relationship between temperature and thermal 

conductivity for the CFRP lay-up under investigation [25]. 

Alternative standard methodologies for investigating thermal 

properties to understand the thermal response of CFRP to Joule 

heating due to electrical current conduction and hence inform 

EPS integration, are described in standards D5470-17 [54] 

which measures the thermal impedance, C518-17 [55] to 

measure steady state thermal transmission, and C177 -13 [56] 

to measure the steady state heat flux.  However, these 

methodologies are focussed on the captured thermal properties 

of a composite material by placing it between a heat source and 

a heat sink.  Whilst these methodologies do allow for the 

variation in geometry and thickness to be taken into account, 

for example by consideration of (1) and (2), these equations 

cannot simply be utilised without an understanding of how the 

thermal properties vary with temperature. The basic 

experimental methodology employed of placing a material to 

be tested between a thermal source and a heat sink, provides a 

starting point for a methodology to capture data to develop a 

characterisation of heat transfer through CFRP as the geometry 

of the CFRP is varied.  

IV. NOVEL THERMAL CHARACTERISATION METHODOLOGY 

An experimental methodology is presented to develop a 

thermal characterisation of CFRP which models the dissipation 

of heat through different geometries of CFRP.  The selected 

methodology is based on introducing thermal energy along 

different axes (due to anisotropic material properties) from a 

thermal source.  This is where thermal energy is introduced via 

a surface or from a single point/conductive line source that 

propagates through the component.  By introducing thermal 

energy along different axes, it was also possible to investigate 

the effect of fibre direction on the thermal response of CFRP 

representative of the conditions in electrical protection settings. 

The methodology of the characterisation process is summarised 

in Fig. 2. The methodology uses 3 samples of differing 

thicknesses that can be experimentally characterised through 

thermal testing. 

The thicknesses of samples are selected to match the 

expected component thicknesses that would be created with this 

CFRP material. The samples are then tested for thermal 

response along each sample axis multiple times to ensure 

repeatability.  The measured responses (time constant and final 

temperature) are then used to derive a thermal response as a 

function of thickness. In the context of the work described, the 

time constant was defined to be the time taken to reach 63.2% 

of the final set point as used in signal analysis and control 

applications. This allows the prediction of the thermal response 

of other samples thickness of the same CFRP material within 

the range of thickest and thinnest test samples. 

To validate the thermal characterisation, untested samples 

are then characterised so that the actual thermal response can be 

used to evaluate the predicted response and hence the accuracy 

of the derived thermal characterisation and appropriateness of 

the methodology. The number of untested samples that are 
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characterised is dependent on the required confidence level of 

the final thermal characterisation. 

 

 

 

Fig. 2. Methodology of macro-scale characterisation of CFRP material based 

on thickness with capture of experimentally derived thermal time constants and 

asymptotic final temperature per axis, including decisions regarding confidence 
interval (CI) limits, and validation of the resulting thermal characterisation. 

 
Fig. 3. Top - Experimental setup with controller (left), carbon fibre panel with 

insulation applied and 4 RTD’s on opposing thermal surface (centre). Y axis 
direction is under test. Bottom - Control system for temperature feedback and 

heater power modulation using a microcontroller and PC for setpoint 

definition/data logging. 

A. Samples 

Fully cured UD [0°] Hexcel 8552 IM7 CFRP aerospace 

grade composite was used in the experimental case study 

presented in this paper. This material used an amine cured 

toughened resin with unidirectional, PAN-based fibres with a 

1.77 g/cm3 fibre density and nominal fibre volume of 57.7%, 

which was consistent across all 4 samples. A set of 4 samples 

were created with a ply number of 40, 80, 120 and 240, with all 

layers orientated in the same direction and shown in Fig. 1. The 

samples were cut to 120 x 70 mm in the ‘X’ and ‘Y’ directions, 

with the ‘Z’ direction determined by the ply number (40 plies is 

approximately equivalent to 5 mm). 

B. Experimental Equipment 

A silicone rubber heater mat was used to introduce thermal 

energy into the samples. The heater pad was driven by a 

modulated 240 VAC input that was controlled using a 

Proportional-Integral-Derivative (PID) controller (tuned using 

Ziegler-Nichols) on a local microcontroller (MC) that could 

receive signals from a computer so that customised thermal 

profiles could be applied [57]. Prior to conducting the tests, the 

heater pad was monitored with a thermal camera to determine 

the spatial variation of heat dissipation.  It was found that the 

heater pad had a 2σ of 0.5℃ at 20℃ and a ±2σ of 1.2℃ at 

150℃.  For the set point of 20℃ this meant that 95% of the 

heater pad surface area was within ±0.5℃ after 2 s of receiving 

the given set point. 

The MC was an 8-bit Atmel ATMega 328 with 6 Analogue-

to-Digital Converters (ADC) and 1 digital output to control the 

scheduling of the heater pad. The ADCs were single-ended 

successive approximations and their channels were 

multiplexed, providing a 10-bit resolution. 

The system used class A, pt100 resistive temperature 

detectors (RTD) with a signal conditioner to provide 

temperature feedback within ± 0.25℃. This type of temperature 

sensor provided a linear resistance-temperature relationship 

within the experimental temperature range (0-180℃) profile 

[58].  The sensor would report a resistance value of 100Ω at 0℃ 

if provided with a 2.5V and 1mA supply voltage and current. 

The conductive heater mat used was rated at 1.2W/cm2 using a 

240VAC supply. The MC sampled at a frequency of 5Hz and 

returned the rolling windows average of these values (equating 

to a 1 Hz sampling on the PC side) to reduce ADC noise [59]. 

The architecture of the heating system is illustrated in Fig. 3. 

C. Laboratory Environment 

The experiments were conducted in a temperature and 

humidity controlled laboratory in which the ambient 

temperature was between 20-21℃ and the humidity was within 

the range of 36-40% (relative humidity for 20 – 21℃). 

D. Temperature Profile 

A single thermal step change was used to characterise the 

samples where the heater pad temperature would initially 

stabilise at 30 ℃ for 30 s before increasing the setpoint to 

150℃. The setpoint was selected to prevent damage within the 

samples to ensure repeatable measurements as CFRP can 

become damaged at temperatures above 180℃, as above this 

temperature localised heating above the glass transition 

temperature (200 ℃) of the material may occur. A single step 

was selected as this is representative of the case where an 

electrical fault develops within the composite resulting in a 

rapid temperature rise.  From this response, the time constant 

for each system was estimated (time taken to reach 63.2% of 

the final temperature), and of the thermal delta between each 

opposing surface could be measured [60]. The coefficient of 

thermal expansion (CTE) for Hexply 8552 [0°] was taken to be 
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16.73 µm/m°C from [61], however as the derived change in 

volume from ambient to 150°C would result in an increase of 

volume by 0.217%, the effect of CTE was assumed to be 

negligible for smaller size components. 

E. Experimental Procedure 

A sample was wrapped securely with fleece insulation on the 

non-test faces.  The sample was placed with one exposed face 

directly on the heater pad and secured with a clamp (see Fig.3). 

The opposing face to the heated surface was instrumented with 

4 RTDs, attached using thermal tape, to measure the thermal 

response when heating.  The 4 RTDs were secured to the 

opposing face at evenly spaced intervals along the central axis 

(for example, when testing thermal conduction along the ‘Y’ 

axis the 4 RTDs were placed at 17.5 mm intervals in the 

centreline of the ‘X’ axis, as illustrated in the top of Fig.3).  This 

face was not insulated with fleece (as can be seen in Fig.3) and 

hence provided a representative heat sink where thermal energy 

could be partially dissipated whilst measuring the response. 

An additional RTD was used to provide atmospheric 

temperature feedback throughout the experiment to verify that 

it remained between 20 – 21℃.   The thermal step input signal 

was communicated to the MC (from a PC in the laboratory), 

with the MC controlling the temperature of the heater pad.  The 

150℃ set point was maintained for 120 min, at which point the 

power to the heater pad was switched off and the sample was 

allowed to cool to ambient temperature.  The procedure was 

repeated 5 times for each sample, for each X, Y and Z 

orientation and so 15 tests were carried out per sample.  In all 

experiments, a single step input of 150℃ was used and the 

starting temperature was within the range of 20 – 21℃ (both 

heater pad and ambient temperature). Each set of 5 

experimental repetitions for the X, Y and Z orientations per 

sample were evaluated for repeatability by evaluating the 

standard deviation (σ) across each set. 

V. RESULTS 

The controller returned thermal measurements (℃) from 

each RTD at a frequency of 1 Hz. The thermal readings across 

all 6 RTDs were associated with a common timestamp.  The 

parameters for the samples for 40, 80 and 240 ply are shown in 

Table I. 

A. Initial Processing and Data Representation 

Each of the 60 datasets were plotted (RTD measured 

temperature and step input against time).  The 5 repetitions for 

each experiment were analysed to determine the repeatability 

of the experiments by assessing the spread of values over the 

time period (see Fig. 4).  The time constant was derived by 

assessing the time taken for the thermal step response to reach 

63.2% of the final (asymptotic) temperature. In Fig. 4, the 

summary of the thermal profiles obtained from each experiment 

is shown.  Each individual trace represents the average of 5 

separate experiments.  Solid, dashed and dotted lines represent 

40, 80 and 240 ply experiments, respectively.  

 The time constant (τ) for each trace is indicated by a dot and 

the set point used to drive the heater pad and thermal transfer 

onto the sample is shown at the top with a flat line.  The results 

presented in Fig. 4 indicate the non-linear relationship between 

the thickness of a sample with both the time taken for heat to 

propagate through the sample and the final temperature 

reached.  This further indicates the mathematical complexity 

associated with modelling this response, and justifies the need 

for an experimental approach to characterising the material. The 

thermal characterisation presented in this paper fits with the 

presented models of macro-scale research where the asymptotic 

final temperature follows an approximate exponential function 

when responding to a thermal step input [24].  

 

Fig. 4.  Summary of thermal responses for each experiment grouped by axis (each trace is the average of 5 individual tests).  Solid lines represent 40 ply samples, 

dashed lines represent 80 ply samples and dotted lines represent 240 ply samples. The setpoint (SP) of 150℃ that is shown in black at the top of each plot.  The 

time constant (τ) for each trace is indicated by a dot. In the tabulated columns below the plots are the standard deviations for the 5 sets for each experiments are 

shown. For example, the x-axis 40 ply sample experiments were repeated 5 times and the standard deviation of the temperature readings was found to be 1.2℃ 
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1) X Direction 

The X direction corresponded to the along ply orientation and 

was also the largest distance the thermal step response was 

measured across (120 mm). Theoretical thermal conductivity is 

highest along fibres rather than across due to the presence of 

resin and non-uniform contact between threads.  It can be seen  

TABLE I 

SUMMARY OF HEATED SURFACE AREA AND FINAL TEMPERATURE FOR 

EACH SAMPLE AND DIRECTION 

  Ply # 40 80 240 

X 

 

Heated Area (mm2) 350 665 2030 

Loss Area (mm2) 18350 19745 25790 

Heat/Loss % 1.9 3.4 7.9 

Final Temp (℃) 32.9 41.5 72.3 

Time Constant (s) 828 1140 1067 

2σ (℃) 0.81 0.79 0.89 

Y

 

Heated Area (mm2) 600 1140 3480 

Loss Area (mm2) 18100 19270 24340 

Heat/Loss % 3.3 5.9 14.3 

Final Temp (℃) 28.3 33.2 44.3 

Time Constant (s) 964 1220 1929 

2σ (℃) 0.80 0.85 0.92 

Z 

 

Heated Area (mm2) 8400 8400 8400 

Loss Area (mm2) 10300 12010 19420 

Heat/Loss % 81.6 69.9 43.3 

Final Temp (℃) 128.9 123.7 89.1 

Time Constant (s) 216 317 943 

2σ (℃) 0.99 1.10 1.31 

 

 

 
Fig. 5. Approximation of step response for an 80 ply sample along the Y axis. 

that the smallest thermal delta between the heater pad and the 

monitored opposing face was observed in the 240 ply sample 

experiments.  This was expected as the proportion of the heated 

area (the section of sample where the heater pad was in contact) 

was larger as a percentage of the non-heated surface area 

(7.9%), as shown in Table I.  This meant that a larger surface 

area was available to introduce conductive thermal energy.  The 

40 ply sample had a heat/loss percentage of 1.9% which would 

reduce the total thermal energy induced at the point of 

measurement on the opposite face.  The difference in time for 

each sample reaching the asymptotic final temperature followed 

a similar pattern when considering each time constant. 

 

2) Y Direction 

The Y axis experiments measured thermal transfer over 70 

mm but in the cross ply direction.  Theoretically the thermal 

transfer would be lowest (compared with X and Z axes) due to 

the lower thermal conductivity between carbon strands and 

resin, in contrast to the X axis.  It can be observed in Fig. 5 that 

the Y axis followed a similar pattern to the X axis, where the 

smallest thermal delta was observed in the 240 ply samples due 

to the heat loss percentages.  The asymptotic final temperatures 

were all significantly lower than the corresponding X axis 

experiments due to the far lower thermal conductivity in this 

direction. 

 

3) Z Direction 

The Z axis offered an interesting combination of 

experimental parameters as the thermal delta was measured 

over a far shorter distance of 5-29 mm (depending on sample) 

and the heated area was constant for each sample thickness.  

This was also the through-ply direction (heat was transferred 

from one ply layer to the next). Due to the composition of UD 

[0°] there is no difference in the material thermal properties 

with the cross ply (Y axis) direction as there is no weave/weft 

to alter the strand/resin configuration.  When observing the 

results, it was found that the 40 ply samples had the smallest 

thermal delta in contrast to the X and Y axes.  This was due to 

the short overall distance and the highest heat/loss percentage 

(see Table I), despite the lower theoretical material thermal 

conductivity of the cross thread direction. 

B. Ply-Thermal Relationship 

The data obtained from the experiments was used in the 

derivation of a ply-thermal characterisation for prediction of 

thermal transfer in other CFRP structure geometries. The 

relationship between thermal conduction and sample thickness 

is critical to electrical protection and layout of the EPS: by 

accommodating for thermal transfer, electrical protection 

systems have deeper insight into the thermal capacity of a given 

structure influencing the development of appropriate electrical 

fault detection and protection systems, and optimising the 

layout of an EPS on a composite structure. 

 

1) Approximation of Step Response 

The first stage was to approximate the step response of each 

case using an appropriate function.  All of the experiments had 

a similar response where the surface temperature would change 

slowly in the initial stages, followed by a period of rapid 

temperature increase that would then reduce as the final 

asymptotic point was reached.  An exponential function was 

found to be the most appropriate approximation for each 

experiment (adjusted r2 = 0.99 or higher), 

 

 𝑓(𝑡) = 𝑎 ∙ 𝑒𝑏𝑡 + 𝑐 ∙ 𝑒𝑑𝑡 (4) 

 

 where f(t) is temperature (℃), t is time (s) and (a, b, c, d) are 

coefficients that modify the shape of the function such as the 

asymptotic final value or the rise time.  Each experimental 

dataset used (4) as a base function for curve fitting within the 

MATLAB Linear and Non-linear Regression Toolbox [62] and 

the values for each coefficient (with a 95% confidence interval) 

was found. An example of approximating the step response for 

a 40 ply sample in the Y axis is shown in Fig. 5.  As the 

coefficients (a, b, c, d) define the shape of the step response for 

each experiment, it is possible to use these values to derive a 

generalised relationship. The assumptions for this generalised 
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relationship would be based on a component between the ply 

thickness (40 and 240 ply) with same layup, resin system, 

atmospheric conditions and conductive surface heat transfer.  

The complexity of the material is such that (4) is a compromise 

between modelling the response with one single equation, with 

a small amount of error, and modelling the response with two 

equations, one for the initial rise, and one for the steady state. It 

was decided that the error of 5 % was sufficiently small to 

justify modelling the system with a single equation. 

 

2) Derivation of Step Response Coefficient Relationship and 

Ply Number 

As individual sets of exponential coefficients (a, b, c, d) were 

found for each experimental setup, a general relationship based 

on ply number (sample thickness) and these coefficients could 

be derived for each axis.  A two-term power series model was 

selected to fit each coefficient value, 

 

 𝑔(𝑛) = 𝑝1 ∙ 𝑛2 + 𝑝2 (5) 

 

where g(n) is coefficient value a, b, c or d from (4), n is the ply 

number and (p1, p2) are coefficients.   

The values of coefficients p1 and p2 were derived, using (5), 

for all the experimental coefficients from (4). This allowed a 

relationship to be established between sample thickness and the 

each of the corresponding coefficients, a, b, c and d (see Fig. 

7). With p1 and p2 known, thermal step response of the part of 

a given sample thickness can be predicted. 

 

3) Application of Ply-Thermal Relationship and Validation 

The characterisation derived using (4) and (5), allows the 

estimation of the thermal step response for any number of ply 

in the layup within the range of 40 and 240 ply. To validate the 

estimated thermal response of the characterisation, additional 

experiments were conducted for a test sample of 120 ply using 

the same methodology as described in Section IV and it was 

repeated 5 times. The predicted thermal response obtained from 

the characterisation was subsequently compared to the 

experimental response as it can be observed in Fig. 6.  

The metrics of the characterisation (final temperature and time 

constant) were found for predicted/actual results and are 

summarised in Table II (the 95% confidence intervals between 

repetitions are stated in brackets using the t-distribution used 

for 5 or less samples). 

VI. DISCUSSION 

The derived characterisation served as an example of the type 

of thermal prediction possible, based on full sized samples 

where thermal transfer is a function of sample thickness 

direction. 

A. Validation of characterisation 

By comparing the derived characterisation to data obtained 

from a differing sample thickness, the performance of the 

derived characterisation was assessed.  Overall the 

characterisation approximated the response of the 120 ply 

samples with the largest final temperature error for ± 4.4℃ for 

the Z axis and time constant error of ± 3 min for the Y axis. 

When considering the CFRP characteristics as detailed in 

Section II, the Y and Z directions were most likely to produce 

errors in prediction due to the non-uniform contact of electrical 

and thermally conductive carbon fibre strands.  

 The same effect is found in the Z axis, but due to the larger 

total thermal energy transfer from the larger conductive surface 

area, the effect is reduced when compared to the Y axis.  In the 

X axis, the energy is largely conducted along the fibres 

continuously and so the presence of resin regions has smaller 

impact and allows for more efficient thermal transfer. These 

results show that the derived characterisation is able to predict 

with reasonable accuracy the expected final temperature and 

time constant which would provide the main characteristics 

required to assess the thermal response.  

For electrical protection systems in aerospace, the sample 

thicknesses represented the extremes that would be found in 

structural CFRP. Consequently, the validity of the derived 

characterisation in the range 40 and 240 plies is adequate. 

 

 

Fig. 6. Example of the thermal response for the predicted 120 ply sample response using the ply-thermal characterisation (shown by ‘x’ marks), compared with 

the actual experimental results for each axis. 
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Fig. 7. Derivation of a generalised relationship between exponential function 

coefficients and ply number.  Each lines, solid, dashed and dotted, represents 
the coefficient curve for the X, Y and Z axes respectively.  The coefficient 

(CF) in question is labelled above each plot. 

TABLE II 

COMPARISON OF PREDICTED AND ACTUAL FINAL 

TEMPERATURE/TIME CONSTANT FOR 120 PLY SAMPLES 

Axis Metric Predicted Actual 

X 

 

Final Temperature 
(℃) 

49.9 (±3.4) 52.2 

Time Constant 

(min) 
19.6 (±2.1) 20.9 

Y 

 

Final Temperature 

(℃) 
36.2 (±3.1) 36.8 

Time Constant 

(min) 
27.1 (±3.0) 28.1 

Z 

 

Final Temperature 

(℃) 
116.5 (±4.4) 118.6 

Time Constant 

(min) 
6.0 (±0.9) 5.5 

 

B. Application of characterisation and methodology for 

transient temperature response 

 The resulting thermal characterisation from the 

methodology described provides a relationship between sample 

thickness and thermal transfer for larger sample sizes where the 

effects of localised variations in material properties become 

negligible.  This enables the estimation of the time taken for a 

section of CFRP to reach a particular temperature, for different 

thicknesses of CFRP material.  

A specific application of the derived thermal characterisation 

is the case where an EPS which is integrated into a CFRP layup 

has a high operating temperature [2, 11, 12].  A typical layup of 

a CFRP inner wing support stringer cross section is illustrated 

in Fig. 8, with cabling routed along the spar centreline (cabling 

used in more-electric aircraft typically use 3 core AWG 4/0 with 

a diameter of 1cm for each cable). Including the inner and outer 

shielding and structural brackets, the approximate surface 

contact area between the cable sand spar is 0.7 m2 for a 1m 

section of cable. During periods of maximum power, the outer 

shielding at the interface between the cable and the spar will 

reach in 150℃.  This thermal energy will be conducted onto the 

surface of the spar. Ambient temperature is assumed to be 20℃. 

If the spar to which the cable is attached is 52 plies thick (6.5 

mm) and is made of using Hexply 8552 [0°] and heated to 

150℃, it is possible to determine the effect of the heated cable 

on the spar using the derived ply-thermal relationship. Initially, 

Eq. 5 is used to determine the value of the coefficients (a, b, c, 

d) by using the 12 derived relationships for each coefficient and 

each axis direction as shown in Fig. 8. Once these are known, 

they can be used in Eq. 4 to create the thermal response 

equations for the axes with respect to time. This allows the final 

temperature response to be evaluated and the time constant, 

allowing the impact of heat transfer onto CFRP components to 

be understood.  

The implementation of the ply-thermal relationship is 

summarised in Fig. 8 and would be repeated for different values 

of ply thickness. The thermal characterisation would predict, 

for a 52 ply spar, that the opposing surface temperature (z-axis) 

would reach a steady state of 124.5℃ when the cable 

temperature in contact is 150℃, with a time constant of 480 s.  

Using (3) with a cross sectional area of 0.7 m2, thermal 

conductivity of 0.78 W/m°C  [63], a depth of 6.5 mm for a 52 

ply layup and an ambient temperature of 20°C, the power 

dissipated on the opposite face per spar meter length would be 

14.9kW. If the spar thickness was increased to 104 plies, the 

dissipated power would reduce to 7.5kW, highlighting the 

effect of part geometry on the localised heating. Other factors 

would influence the heat transfer and dissipation, for example 

fuel lines or other electrical control systems, however the 

derived relationship can inform the design of the aircraft in 

more electric settings. The increase in temperature in the Z axis 

would be of chief concern as the design of these spars is to allow 

communication and fuel channels to be routed along the length 

of the wing.   

 

  
(a) (b) 

n = 52 Direction 

Coefficient Value 

(Derived Using 

Eq. 5) 

x-axis y-axis z-axis 

a 40.1 29.7 125 

b -0.152x10-5 -0.253x10-5 -0.0164x10-5 

c -23.4 -12.2 -137 

d -0.0523 -0.0455 -0.241 

Thermal 

Response 

(Derived Using 

Eq. 4) 

f(t) = 
40.1·exp(-

1.52x10-6·t) – 

23.4·exp(-
0.0523·t) 

f(t) = 
29.7·exp(-

2.53x10-6·t) – 

12.2·exp(-
0.0455·t) 

f(t) = 
125·exp(-

1.64x10-7·t) – 

137·exp(-
0.241·t) 

Final 

Temperature 

Response Along 

Axes (℃) 

40.8 29.6 124.5 

Fig. 8. Above (a) - Bay stringer wing cover support with integrated electrical 

protection cabling secured to surface of spar (vertical support), spar ply 

thickness is 52 plies [0o] CFRP. Above (b) – Electrical fault inducing heating in 

spar due to surface contact. Lower– Calculation of steady state induced 

temperature. 
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Without sufficient understanding of the potential thermal 

effects of integrated power systems in more-electric aircraft, the 

impact of high temperature cable operation and the even higher 

cable temperatures induced in response to fault conditions. 

VII. CONCLUSIONS 

This paper has demonstrated a method to characterise macro-

scale CFRP layups of different component geometries, to derive 

coefficients that allow the transient thermal response of the 

material (for a pre-determined range of geometries) to be 

evaluated. The presented case study detailed the application of 

this characterisation process for the integration of on-board 

electrical power systems with CFRP structures. The 

methodology to derive thermal characterisation of UD [0o] 

CFRP presented relates thermal transfer to sample thickness 

based on UD [0o] CFRP, enabling an estimation of the expected 

thermal transfer within the given conditions, and upper and 

lower limits of the material dimensions.   Therefore, the 

resulting thermal characterisation will inform the design and 

operation of aircraft EPS, supporting the development of 

appropriate electrical protection systems, the physical layout of 

the EPS and design of appropriate thermal management 

systems.  The level of complexity of the resulting thermal 

characterisation is such that it can be integrated with 

appropriate systems level simulation studies of an aircraft EPS.  

Furthermore, the thermal characterisation also provides an 

opportunity to estimate the thermal response of Joule heating 

due to electrical conduction in the CFRP, informing the design 

limits for the integration of CFRP structures with the EPS, and 

subsequently enabling the design of integrated EPS-composite 

structures.   

The methodology presented in this paper, also provides the 

basis for the future development of aerospace component-scale 

thermal characterisations for more complex layups, including 

woven CFRP.  From the literature, thermal models of woven 

CFRP have been developed using similar, multi-scale 

numerical methods to those developed for UD CFRP e.g. [24], 

[64], Similar to UD CFRP, these models have not been 

developed into a form suitable for integration with systems 

level studies of aircraft EPS.  It is known that additives such as 

carbon nanotubes or graphene offer an option to improve the 

thermal and electrical conductivity of CFRP [65], [66]. This 

would provide a database of thermal characterisations for 

different layups of CFRP to inform the selection of an 

appropriate CFRP lay-up and geometry for an integrated design 

process based on thermal requirements for the optimised design 

of the full system (EPS and CFRP structure). This database 

would also include an indication of the sensitivity of each 

thermal response to both layups by different manufacturers, and 

different layup parameters such as fibre orientation, weave and 

resin matrix. 

  Future analysis of scaled complex geometry components 

that are representative of full scale aero-structures would also 

provide understanding of the dominant thermal transfer 

characteristics of these parts. If thermal characterisation at 

fidelity compatible with systems modelling of aircraft EPS for 

these variants of CFRP can be developed, then this has potential 

to offer opportunity to fully optimise the integration of 

electrical power systems, and appropriate electrical protection 

system design, with CFRP structures on future aircraft systems. 
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