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Abstract: A combined experimental and numerical approach for the analysis of convective heat
transfer from a multifunctional flat plate specimen under aircraft icing conditions is presented. The
experimental setup including a heat control and measurement system that is installed in a de-icing
test bed. The ambient temperature (θa = [253, 283] K), air velocity (va = {0, 15, 30} m

s ), and angle
of attack (α = {10, 30}◦) are varied, and their influence on heat transfer during local Joule heating
is discussed. The numerical approach utilises the results to compute the convective heat transfer
coefficients (HTC) based on Newton’s convective heat transfer condition. Results indicate that
the numerical model represents the heat transfer behaviour with high accuracy. The HTC for free
convection was found to hold h ≈ 2.5 W

m2K and h ≈ [10, 40] W
m2K for forced convection conditions with

minor scattering. The increase in HTC under forced convection conditions has a significant effect
on the overall heat transfer behaviour, resulting in high temperature gradients within the material.
The functional optimisation of multifunctional structures will benefit from including application
related convection conditions, dealing with resulting temperature fields by structural design. It
is expected that multifunctional structures for de-icing as well as for structural energy storage,
morphing structures, or stiffness adaptive structures with similar material constituents will benefit
from this recognition.

Keywords: multifunctional materials; multifunctional structures; heat convection; carbon fibre
composites; aircraft icing

1. Introduction

Multifunctional carbon fibre reinforced plastics (MCFRP) are materials which that
one or more functions in addition to their mechanical integrity. These additional functions
are based on the intrinsic properties of the constituents of the CFRP. For instance, in
addition to superior stiffness and strength, carbon fibres are able to provide electrical
current conduction in the longitudinal direction, emit significant Joule heat, and intercalate
lithium ions [1,2]. Accordingly, structures made from such multifunctional CFRP materials
are able to provide functions without any additional substructure or system being installed
on or joined with the CFRP. This fact opens the doors for superior lightweight design
potential on a system level, where multiple, classically monofunctional subsystems can be
replaced by a multifunctional structure made from multifunctional CFRP materials.

Recent research focused on different application scenarios for MCFRP materials, com-
prising structural energy storage [3–5], morphing (shape changing structure) [6,7], stiffness
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change and control [8,9], and thermal management, e.g., for de-icing of aircraft wing leading
edges [10,11]. De-icing has been identified as causing the most severe thermal load cases,
as it comes to heat transfer under forced convection conditions. However, all applications
are exposed to free convection or forced convection conditions as well, depending on the
individual environment (e.g., aircraft cabin interior or aircraft outer skin). It is noteworthy
that MCFRPs are beneficial not only for aircraft structures, but also for all mobility solutions,
with the aim for lightweight design (see, e.g., [12]). Significant Joule heat is emitted during
functional operation [1,8,13,14], which dominates the temperature rise inside the material.
This is either desired (e.g., de-icing, stiffness control, morphing, prewarming of structural
batteries) or needs to be limited (cooling of structural batteries during operation). The tran-
sient and stationary temperature field in the MCFRP is coupled with other physical fields of
the material. This comprises, for instance, the thermo-mechanical stiffness changes [1,15,16]
and the influences on electro-chemical transport processes [13,14].

Accordingly, the temperature field and especially its high dependence on the heat
transfer to the environment needs to be well understood. This boundary condition (BC) is
usually assumed or estimated in numerical analysis based on standard parameter ranges
from literature (e.g., [17]). The lack of information about heat transfer to the environment
from MCFRP was highlighted [11,14]. In addition, industrial adoption of these emerging
technologies requires a clear demonstration of energy efficiency and weight saving potential
compared to “off the shelf solutions”. For instance, the energy consumption of the MCFRP
equipped aircraft wing leading edge for de-icing can only be estimated and subsequently
be minimised by computational methods, when operational and environmental BCs are
known. This work aims at the characterisation of the convective heat transfer behaviour
under aircraft icing conditions with in-situ measurements.

Without measurements, the heat transfer from a solid to air can only be predicted by
surrogate models with respect to predefined lab conditions, as the individual combination
of environment, material, geometry, temperature, and convective medium directly influence
the heat transfer path in case of heat convection [18,19]. However, as the described MCFRP
utilise similar constituents (carbon fibres (CF), polymeric matrix materials and glass fibre
fabrics for separators), the characterisation in this work is believed to impact research for
all application scenarios stated above.

The conditions for icing of aircraft wing leading edges are characterised by low ambient
temperatures θa = [253, 283] K and airflow around the airfoil [20]. These conditions are
established in the de-icing test facility at TU Braunschweig (see Section 2.3.2). The MCFRP
specimen structure is designed as a flat plate with laminated architecture (see Section 2.2).
The flat plate-type specimen has been investigated in heat convection test setups for free
convection (e.g., [21]) as well as for forced convection under controlled flow-conditions
(e.g., [22,23]). In addition, this suits well to the state of the art, considering flat plate-like
structural batteries at the coupon level, as demonstrated recently [24].

The present work investigates the thermal convection behaviour of the MCFRP flat
plate structure under aircraft icing conditions with a combined experimental and numerical
approach. The main driver of maturation is computational design, analysis, and optimisa-
tion of MCFRP, which highly depends on the heat transfer coefficient (HTC) h in thermally
coupled analysis [11,14]. Accordingly, the HTC is examined in this study towards free
and forced convection conditions as well as effects from ambient temperature θa, airflow
velocity va, and angle of attack α. These results will underpin the design and energetic
optimisation of de-icing as well as the design of other MCFRP application scenarios in
future research.

This work is further outlined by a methodology section (Section 2) describing the
experimental and numerical setup, and a results section (Section 3) presenting experimental
and numerical results as well as the analysis of the convection parameter h towards influ-
encing parameters. This is followed by a discussion in Section 4, classifying these results
within the state of the art and discussing their effect on MCFRP development. The work is
completed with the conclusions and future research in Section 5.
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2. Methodology
2.1. Combined Experimental and Numerical Approach

The approach for the experimental and numerical investigation of the convective heat
transfer at the surface of a MCFRP flat plate specimen is derived from the transient heat
transfer equation:

cρ
∂

∂t
θ(x, t)−∇ · (λ · ∇θ(x, t)) = Q, (1)

where c is the mass specific heat, ρ is the density, λ is the thermal conductivity tensor (in
case of anisotropic heat transfer behviour of MCFRP [11]), θ is the local temperature, and Q
is the sum of generated and lost volumetric heat. For solving the transient heat equation,
a number of BCs can be applied. In this case, heat generation is assumed based on Joule
heating Qgen, and heat loss is assumed to be reduced to convective heat transfer Qcon to
the environment and radiative heat loss Qcon:

Qgen = κ|J · J| (2)

Qcon = h · A · (θ − θa), (3)

Qrad = σ · ε · A · (θ4 − θ4
a) (4)

where J is the vector of the electric current density, κ is the specific electrical resistance, A
is the related surface where heat is transferred, h is the heat transfer coefficient, θa is the
ambient temperature, σ is the Stefan–Boltzmann constant, and ε is the emissivity of the
material. Related to the present problem, all material constants are assumed to be available.
Once a constant DC current I is applied, heat is generated until a stationary heat transfer to
the environment is reached. At a physical specimen, the heat loss due to radiation can be
identified by measuring the ambient temperature θa and the surface temperature θ, in the
case where emissivity ε and radiating surface area A are known. The same holds for the
convective heat transfer. However, as stated above, the heat transfer coefficient h is usually
not known and is therefore assumed.

The investigation here is set up to use a flat plate specimen, of which all constants in
Equations (1)–(4) are known, except the heat transfer coefficient. Simultaneously, a virtual
geometric representation is set up, which can be used for computation of the given thermal
problem. The measured results of the applied current and the stationary temperature
distribution on the surface of the flat plate are fed into the computational model as boundary
conditions. Then, the corresponding HTC is the only unknown and can be predicted.
The next section introduces the flat plate specimen. In Section 2.4, these assumptions are
taken, and the numerical approach is described in detail.

2.2. Flat Plate Specimen Production and Properties

The flat plate specimen is made from TohoTenax IMS65 carbon fibre rovings [25],
200 g

m2 glas fibre (GF) fabric from Interglas (Nr. 05507) [26], and epoxy resin L 20 with
hardener W 300 from R&G Composite Technology [27]. Figure 1a shows the prepared flat
plate with production steps I–III and marked measurement area Am, Figure 1b introduces
the virtual geometry with identical surface area Am and indication of the single laminate
layers and compounds, and Figure 1c provides the exact dimensions of Am, where tp
indicates the thickness of the plate.

The laminate consists of nine layers of glass fibre fabric (1) and a tenth top layer, which
comprises four rovings of 24k IMS65 carbon fibres (2). Spaces between the rovings are
filled with glass fibre fabric (1) (compare Figure 1b). It should be noted that the top layer
is divided into two separate domains for the model geometry only (see Figure 1b). This
separation is related to the modelling of “active” (Joule heating) and “passive” domains,
which is explained further in Section 2.4.2. Together, these two domains represent the
tenth top layer of the flat plate specimen. The whole plate is produced in a hand laminate



Appl. Mech. 2022, 3 998

process and is cured under vacuum at room temperature (Step I). The plate’s dimensions
are 900 mm × 300 mm × 2.2 mm total. The number of nine layers of glass fibre fabric was
chosen to provide at least 2 mm thickness for structural integrity of the plate. The detailed
indication of the flat plate’s architecture and dimensions is used further for the geometry
and material representation in the numerical model (see Section 2.4.2).

(a)

y

x
I

wc0

II

y

x
z

III

(b)

2 11

(c)

8
0

 m
m

31.5 mm

61.5 mm

76.5 mm

tp = 2.2 mm

Am

5 mm

Figure 1. (a) Photographs, marked production steps I–III, and properties of flat plate specimen;
(b) geometric representation of control volume for FEM calculations in Comsol Multiphysics; (c) top
view sketch of the top layer with discrete positions of active carbon fibre rovings.

After curing, the overhanging ends of the CF rovings are connected to two copper
current collectors in step II, which are mounted on the back side of the plate. Both reliable
electrical and mechanical connections to the current collectors are realised by conductive
epoxy resin TDS CW2460 by Chemtronics [28] (see Figure 1a, step II). This method was
proven in a previous work by the authors [1]. In step III, the surface of the plate is coated
with heat consistent matte black paint to establish a homogeneous emissivity for thermal
radiation (see Figure 1a, step III). Information about emissivity of the surface is given in
the validation procedure of the thermal measurement in Section 2.3.1. All details about
material properties, volume ratios, and processing parameters can be found in Appendix A.

The temperature measurement area Am is placed in the middle of the flat plate at
position wc0 = 110 mm. The copper current collectors on the back side are used to connect
the CF rovings to the measurement and control system (see Section 2.3.1). The virtual
geometry represents exactly the surface area Am and the material architecture underneath,
indicated by the given coordinate system (compare Figure 1a,b). The whole test setup is
finally installed within the de-icing test bed (see Section 2.3.2), described subsequently.
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2.3. Experimental Setup
2.3.1. Thermal Measurement and Control System

The structure and function of the measurement and control system are specifically
developed for this work according to VDI/VDE2206 [29]. Figure 2 shows the general setup
for the measurement and control of thermal heating and temperature measurement at the
flat plate. To control the heating current, a pulse-width modulated signal (PWM) is used,
which is provided by a microcontroller (Arduino Mega 2560). The PWM level is amplified
by a MOSFET circuit to adapt the connected supply voltage U. Due to the DC component
of the amplified voltage signal, a tailored power can be converted at a DC resistor. The DC
value of the periodic voltage signal u(t) is calculated as a function of the present duty
cycle p:

U =
1
T

∫ T

0
u(t) dt =

1
T

(∫ p·T

0
U dt +

∫ T

p·T
0 V dt

)
= p ·U, (5)

where U is the mean output voltage, T is the period duration, and U is the source volt-
age [30]. The MCFRP, in particular the embedded CFs, are assumed to behave like an ohmic
resistor [1], which results in a proportional current versus voltage curve. Therefore, the ap-
plied current I is defined to be constant for given source voltage U and a known consumer
resistance Rp:

I = p · I = p · U
Rp

. (6)

For the measurement of a temperature field θm(x, y, t) at the surface of the flat plate
Am, an inhomogeneous and unknown emissivity distribution of the surface is one of the
most important reasons for unreliable temperature measurements [31]. The thermographic
camera system Flir E60, enabling superior connectivity to MATLAB, is set up to indicate
the radiation based on a constant emissivity ε(x, y) = const over the entire measurement
area (compare Figures 1 and 2). The emissivity of the measurement surface is required to
approach the emissivity of a black body, ε(x, y) ≈ 1 ,with a matte surface [31]. Accordingly,
the reflected radiation of the surface is minimised and can be assumed to not be part of the
indicated thermal image.

Figure 2. Schematic of the measurement and control system for thermal heating and temperature
measurement at the flat plate.

This condition is set up by coating the flat plate’s surface with commercially available,
thermally solid, matte black paint according to Cardenas Garcia’s procedure [32]. Accord-
ingly, the emissivity of the resulting surface is assumed to hold ε(x, y) = 0.972± 0.012
in the long-wave infrared range, which was verified according to the procedure given in
Appendix B. All surfaces in the de-icing test facility (described in Section 2.3.2) are assumed
to have ambient temperature θa. The total radiation is a combination of reflected ambient
radiation (e.g., from exterior surfaces) and emitted radiation of the specimen. It is assumed
that all reflected radiation is related to ambient temperature. This part of the total radiation
is compensated for by the camera, which receives the ambient temperature as an input
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value. In addition, the normal distance between the flat plate’s surface and the camera
is set to dm = 0.4 m. The measured or controlled quantities (θa, Ia, and p) are analysed
towards their reliability and were found to be in good agreement with actual values. Fur-
thermore, the resistance of the CF rovings, embedded in the flat plate, was determined
to hold Rfp = 4.2 Ω. For more details on the verification and on the measurement and
control procedures, see Appendix B. The next subsection describes the de-icing test facility,
including the installation of this setup together with the flat plate specimen.

2.3.2. Setup in the De-Icing Test Facility

The experimental investigation of the functional model was carried out in the de-icing
test facility (Figure 3), which has an Eiffel-type wind tunnel. The equipment is placed
in a cooling chamber with internal dimensions of 3 m × 3 m × 8 m. The wind tunnel
has a modular structure. The purpose of such a design is to enable the exchange of the
individual segments. Furthermore, it is also possible to install additional devices or to
modify a module [33]. The setpoint specifications, such as the air temperature, the wind
speed, and spray bar water pressure (for impact ice applications) in the test chamber are
entered via the control station computer. The wind speed in the measuring section is
calculated from a calibrated differential pressure measurement [34]. One measuring point
for the pressure is before the airflow enters the measuring chamber, and the second one is
at the intersecting point between modules 4 and 5.

4321 5

30
00

m
m

8000mm

6779mm
Cooling chamber wall

1. Ventilation fans, 2. Diffuser, 3. Test chamber, 4. Contraction, 5. Spray bar

B3

B2

B1

26
25

m
mAir flow

direction

Figure 3. Sketch of the de-icing test facility and its modules, with changes taken from [33].

Module (5) contains the water injection system, which consists of three bars, each
equipped with five nozzles. In the contraction module (4), the airflow with the sprayed
droplets is accelerated towards module (3). Module (3) has the test chamber inside, where
air (with or without water droplets) flows. Between the test chamber and the exterior
casing of module (3) there are aluminum profiles on both sides, which allow the test bench
to be installed. The aluminum profile on the top of the test chamber serves to mount a
camera for monitoring the experiment. Module (2) is the diffuser module that expands the
flow towards Module (1), ventilation fan [33].

The operating characteristics of the de-icing test facility for the boundary conditions
of the conducted experiments are listed in Table 1.
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Table 1. De-icing test facility properties [33].

Parameter Value Unit

Test chamber dimensions 450 × 450 × 1000 [mm3]
Max. air speed 0 to 35

[m
s
]

Temperature range 253.15 to θr
1 [K]

Air humidity 60 to 80 [%]
Spray bar 5 nozzles in each bar [-]

1 Room temperature.

Figure 4 presents the flat plate specimen (1) attached at both ends in the test cham-
ber (2). The actual temperature of the air is measured with a temperature sensor (PT100) in
the test chamber (3). The surface temperature of the plate is monitored with the thermal
imaging camera (Flir E60) (4), which is fixed at the top, outside the chamber. The test
chamber is separated from the camera by a thin plate (7). This plate is equipped with
a circular hole such that the perspective of the camera on the flat plate specimen is not
truncated. The angle of attack α is defined positive versus the horizontal airflow (see
Figure 4a). The test plate is further equipped with wood beams on the back side (5) in order
to make it robust against airflow loads. Furthermore, on the back side of the measurement
area Am, a 40 mm thick layer of polystyrene foam (6) is used to minimise heat transfer at
the back surface.

(a) (b)
4

3

1

2

5

6

7

�

Air flow va

Figure 4. Flat plate specimen in the test chamber: (a) 1. flat plate, 2. test chamber, 3. temperature
sensor, 4. thermographic camera; (b) 5. wood beam for reinforcement, 6. polystyrene foam for heat
insulation on the backside, 7. top plate covering the camera from airflow and hole for unaffected view.

This is important for the assumption of an adiabatic boundary condition in the numer-
ical model (see Section 2.4). Further influence on the thermal behaviour by the wood beams
is assumed to be negligible, which is verified during results discussion (see Section 3).

2.3.3. Free and Forced Convection Test Configurations

The convection test configurations are chosen to cover free and forced convection as
well as the typical environmental factors. Table 2 contains the defined numbers for angle
of attack α and air velocity va as well as the interval for the set ambient temperature θs in
increments of 5 K, respectively.
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Table 2. Setup configurations for convection test.

Parameter Interval Unit

Angle of attack α {10, 30} [◦]

Air velocity va {0, 15, 30}
[m

s
]

Set ambient temperature θs [258.15, 278.15] [K]

increment: 5 [K]

In total, 25 different configurations are tested, where the free convection case is only
evaluated for va = 0 m

s . This enables the analysis of the influences from these environ-
mental conditions on the convective heat transfer behaviour. Air velocity va and ambient
temperature θa are measured and controlled throughout each case. In subsequent results
analysis, the combination of these parameters is always stated by nominal and measured
(recorded) values.

For the Joule heating process, a fixed DC mean current of I = 2 A, as defined in
Equation (6), is applied and measured. During the heat-up process, the measured mean
current Im(t) as well as the temperature field θm(x, y, t) are recorded time-discretely with a
frequency of 2 Hz. This frequency is suitable, as the thermal processes are slow. The tem-
perature field of the controlled and measured surface area Am is resolved by the resolution
of the thermographic camera with 320 × 240 pixels, which corresponds to the y and x axes,
respectively (see Figure 1). This enables the analysis of the transient heat-up process and
the identification of the stationary heat transfer condition for results analysis.

The results are presented in Section 3. The measured current Im(t) and tempera-
ture fields θm(x, y, t) are further processed, and chosen conditions thereof are applied as
boundary conditions for numerical analysis (see Section 2.4.2) hereinafter.

2.4. Numerical Modelling
2.4.1. Computational Model for Stationary Heat Transfer

The investigation of the heat transfer coefficient is based on the assumption that
a control volume of the flat plate specimen can be represented in a numerical model, which
is able to cover the governing material laws for the thermal processes, the influencing
material, properties and thermal boundary conditions. Based on the transient heat transfer
Equation (1), the stationary case can be defined for ∂

∂t θ = 0 in a discrete homogenised
material domain to

−∇(〈λ〉i · ∇θ(xi)) = Qi, with xi ∈ Ωi (7)

where 〈λ〉i is the effective heat conductivity tensor of domain Ωi, θ(xi) is the stationary
temperature at a spatial point in domain Ωi, and Qi represents the sum of the local vol-
umetric heat sources and sinks (compare former work of the authors [11]). The discrete,
stationary heat transfer problem can be solved by the finite element method for arbitrary
geometries using, e.g., Comsol Multiphysics, which is used for this work in version 6.
Comsol Multiphysics is a commercial software used for coupled physics simulations based
on the finite element method, comprising also the heat transfer equation and all related
modelling tools. Furthermore, MATLAB is used to analyse measured data and transfer
such data to Comsol Multiphysics via MATLAB LiveLink. The model boundary conditions
and assumptions, e.g., homogenisation methods for GF and CF composite plies, are defined
such that the resulting temperature field can represent the state identified by experimental
investigations at the flat plate specimen (see Section 2.4.2).

However, the experimental work described previously represents a transient heat-up
process until a stationary heat transfer is reached over time. The stationary case is given at
that point of time, when the change of maximum temperature at the surface of the specimen
max[θ(x, y, t)] is minimal. This condition is defined here by the point of time when the
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minimum of the empirical variance ϑ (called “variance” hereinafter) of the desired quantity
is found. Therefore the variance is computed as

ϑk(ti) =
1

n− 1

n

∑
i=k

(θmax(x, y, ti)− θmax)
2 with n = k + 40 (8)

where ti denotes a point in time in the measurement interval, θmax(x, y, ti) is the maximum
temperature of the field at time ti, θmax is the mean value of related temperature maxima,
and [k, k + 40] is the chosen data interval over time with a length of 40 data steps. This
length corresponds to a time interval of 20 s, because the scanning frequency was set to
2 Hz. The variance is computed for the total number of k time intervals in the dataset.
The stationary maximum temperature is then θmax,stat = θmax(x, y, ts), where ts is the point
in time where the minimum of ϑk is found. With this definition, θmax,stat can be compared
with the solution of the stationary temperature field of the model.

However, the computed temperature field is dependent on the boundary conditions,
which are defined together with further model assumptions in the following subsection.

2.4.2. Assumptions and Boundary Conditions

As described in Sections 2.1 and 2.2, the control volume is related to the measured
surface area Am in xyz-coordinates. The control volume is shown again in Figure 5a with
indicated boundaries, which are named by the respective coordinate axis surface normals
(X−, X+, Y−, Y+, Z−, Z+, related to x, y, z coordinates, respectively). In Figure 5b, a closeup
of the three different domains is given: Ω1—the passive CF composite layers, Ω2—the
active CF composite layers, and Ω3—the passive glass fibre composite layers. “Active”
indicates here that Joule heating by current conduction is applied to this domain, whereas
the passive domains are electrically inactive.

x
y

zX

Passive glass fibre composite

�1

�3

Active carbon fibre composite�2

Passive carbon fibre composite

(a)

(b)

Y
_

Figure 5. (a) Domains and boundary conditions related to control volume of the flat plate, (b) Detail
on domain definition in the area of the active carbon fibres (see red square in (a)).

The domains Ω1 and Ω2 are separated only to define the active volume, where Joule
heat is emitted. The volume ratio of these domains is defined as follows:

vΩ2 =
VΩ2

VΩ1 + VΩ2

:= vcf, (9)

where VΩi are the respective domain volumes and vcf is the carbon fibre volume ratio in
the top layer of the laminate (compare Table 3 and Figure 5). Accordingly, VΩ2 is exactly
the volume of the CFs applied for Joule heating (4× 24k carbon fibre rovings, compare
Section 2.2). This definition is reasonable, as the volume (length and cross sectional area)
define the effective resistance of the carbon fibres, thus governing Joule heat emission [1].
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The material properties are defined as effective properties related to thermal conduc-
tivities resulting from fibre orientation in the laminate (see Table 3). According to earlier
work of Schutzeichel et al. [1], Ω1 and Ω2 are assumed to be thermally transversal isotropic,
where the longitudinal direction of the unidirectional (UD) CFs is related to the x-axis here.
The GF composite domain is effectively isotropic, as the thermal conductivity is identical
for all directions. This can be reduced to the low thermal conductivities of both GF and
epoxy resin.

Table 3. Material effective properties for defined carbon fibre (CF) and glass fibre (GF) composite
domains (compare Figure 5).

Const. Sym. Value Unit Explanation Comment/Reference

Ω1 vcf 0.58 [-] CF volume ratio det. by TGA
λcf,x 29.09 W

m·K Thermal conductivity ROM ‖
λcf.yz 0.28 W

m·K Specific heat capacity ROM ⊥
κ1 → ∞ Ω · cm Specific electrical resistance assumed **

Ω2 vcf 0.58 [-] CF volume ratio det. by TGA
λcf,x 29.09 W

m·K Thermal conductivity ROM ‖
λcf.yz 0.28 W

m·K Specific heat capacity ROM ⊥
κ2 1.45 · 10−3 Ω · cm Specific electrical resistance pure cf [1]

Ω3 vgf 0.27 [-] GF volume ratio det. by TGA
λgf,xy 0.11 W

m·K Thermal conductivity ROM ‖
λgf,z 0.11 W

m·K Thermal conductivity ROM ⊥
κ3 → ∞ Ω · cm Specific electrical resistance assumed **

** Assumed based on the fact that the electrical conductivity is much smaller compared to carbon fibre IMS65.

The domain related fibre volume fractions vx, resulting effective thermal conductivities
λ, and the specific electrical resistances κ for the single domains are given in Table 3.
The indices indicate the constituents as well as the effective direction or plane. It should
be noted that the fibre volume fractions were determined by thermogravimetric analysis
of material specimens taken from the flat plate after the described measurements were
finished. As the CF and GF composite domains are two-phase material domains, the rule
of mixture (ROM) is used for longitudinal ‖ as well as transversal ⊥ isotropic effective
properties, which results in proper measures according to [11]. To apply current conduction
only to Ω2, specific electrical resistances of Ω1 and Ω3 are set to infinity. All constituents’
properties feeding into the effective properties are given in Appendix A.

In addition to domain and material property definitions, the BCs are essential in this
approach to achieve a proper calculation of the heat transfer coefficient. The thermal BCs
should represent the conditions during the experimental investigation (see Section 2.3.2)
and are defined as follows:

dθ0
x = θ(X+)− θ(X−) = 0, (10)

θ(Y+) = θ(Y−) = θa, (11)

q(Z+) = nz ·Q, with Q = 0, (12)

qc(Z
−) = −nz · h · A · (θa − θ), (13)

qr(Z
−) = −nz · ε · σ · A · (θ4

a − θ4), (14)

where dθ0
x indicates a periodic BC, q indicates a boundary inward heat flux with inward

surface normal nz in z-direction, A is the local surface area, h is the HTC, σ is the Stefan–
Boltzmann constant, and ε is the emissivity of the surface. Indices c and r denote convective
and radiative, respectively. All conditions are related to the boundaries defined in Figure 5
for all domains Ω1–Ω3. The back side of the control volume is defined to be thermally
adiabatic, which is reasonable, as the back side of the flat plate was covered to minimise
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thermal heat transfer (compare Section 2.3.2). The periodic BC is chosen, as this volume
element is repeatable along the x direction of the flat plate. The boundaries Y+ and Y−

are defined to hold ambient temperature. Results of the experimental measurements
indicate this assumption (see Section 3.1). The BC on the surface Am is defined as Newton’s
convective heat transfer law (Equation (14)). In addition to the convective heat transfer at
the surface, thermal radiation is also assumed based on the defined emissivity ε = 0.972
(see Section 2.3.1).

Because ambient temperature θa and the local surface area A are known, the resulting
temperature at the surface θ is only controlled by the HTC h. This enables the comparison
of the measured maximum stationary temperature θmax,stat from the experimental investi-
gation (as defined in Section 2.4.1) and the computed maximum temperature on the surface
of the control volume θmax,c = max[θ(x, y, z = 0)]. Accordingly, h is tailored in an iterative
procedure to minimise the difference between θmax,c and θmax,stat until a quality criterion c
is reached:

dθ = |θmax,c − θmax,stat| ≤ c. (15)

The criterion is defined here to hold c = 0.5 K, which is reasonable compared to the
accuracy of the measured results.

In addition to the thermal BC and HTC evaluation, the volumetric heat source needs
to be defined via Joule heating in the active carbon fibre domain Ω2:

Qp = κ|J · J|, with (16)

J = j · nx =
Im

4 · Acf
· nx with nx ∈ Ω2 (17)

where J is the vector of the electric current density, which is given by a constant electrical
current density j and the inward surface normal nx at surface X− in domain Ω2. The current
density is related to the applied heating current Im, set to the value measured during the
experimental process (compare Section 2.3.3), and the cross-sectional area of the four carbon
fibre rovings 4 · Acf embedded in the flat plate, where

Acf = 24.000 ·
π · d2

f
4

(18)

is based on the assumption of 24,000 fibres at each bundle with fibre diameter df = 5 µm [35].
With this setup, the HTC is computed for all 25 stationary heat transfer cases defined

in the experimental investigation. Furthermore, the HTC is evaluated towards the influence
of the environmental conditions. All results are presented in the following section.

3. Results
3.1. Measured Temperature Distributions

The results of the individual experimental measurements are presented in time-discrete
temperature distributions θm(x, y, t), which provide the temperature field at the surface of
Am with a sampling frequency of 2 Hz. For the calculation of the heat transfer coefficient
based on the numerical model, the stationary heat transfer condition needs to be identified.

The variance is computed for all k time intervals in the total number of maximum
temperatures ta (see Equation (8)). The minimum of the variance min(ϑ(t)) is identified,
and the corresponding point in time of stationary heat transfer ts is indicated. Figure 6a
shows an example of the temperature rise over time θmax, meas with related variance ϑ.
The heat-up process follows, as expected, an exponential saturation curve, which develops
a stationary temperature over time. The stationary case is identified here for the minimum
variance at ts = 149 s. For each case, the set temperature θs, the applied air velocity va,
the angle of attack α, and the measured ambient temperature θa are given. The headline
provides a unique case number (K16) for these conditions and related ts. Figure 6b shows
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an example of the stationary temperature distribution θm(ts = 149 s), plotted over the
measured area Am and related to xy coordinates (compare Figure 1).

(a) (b)

ts

Figure 6. (a) Temperature θmax, meas vs. time and variance ϑ vs. time evolution; (b) related stationary
temperature distribution at time ts.

The following general observations can be made regarding the measured stationary
temperature distributions (exemplary given in Figure 6b):

1. The maximum temperatures occur along the heat emitting CF rovings.
2. The minimum temperatures occur at the boundaries y = {0, 153}mm and are equal

to the ambient temperature θa.
3. The temperature drop in between the CF rovings indicates that the heat transfer

at the flat plate is dominated by convection to the environment. The heat conduc-
tion within the flat plate is limited due to the low effective heat conductivity of the
material constituents.

4. In general, the temperature distribution appears homogeneous along the x-axis. Slight
variances, especially along the CF rovings, are reduced here to manufacturing inaccu-
racies. However, this indicates a homogeneous heat transfer in the control area (across
the material domains as well as to the environment), which belongs to a non-changing
airflow boundary near to the surface [23,36].

For the last observation, it should be noted that the aerodynamic boundary layer near
to the surface of the flat plate can affect the heat transfer behaviour. As the temperature
distribution is found to be homogeneous in the airflow direction, it is assumed that the
heat transfer and the corresponding HTC are not affected by airflow boundary layer effects
in our study. This condition is observed for all evaluated cases throughout this study.
An overview about the stationary heat distributions is presented in Figure 7, where the
graphs distributed along θa and va increase at constant angle of attack α = 10◦. Primary
effects concerning the influence of different ambient conditions can be observed:

1. With increasing ambient temperature θa, the local temperature peaks increase.
2. With increasing air velocity va (forced convection), the local temperature peaks de-

crease significantly. Furthermore, the local temperature minima become wider.
3. Maximum temperature gradients in the y-direction ( ∂θ

∂y ) increase with the increase in
air velocity va (forced convection).

4. The temperature variance along the x-axis (at y = const.) increases with va, and
manufacturing defects become more pronounced.

These observations indicate a significant influence of ambient conditions on the heat
distribution at the surface of the control area. More precisely, the heat transfer from the
heat source along the domains to the surroundings is significantly dominated by convec-
tion. Due to low heat conductivities of the composite (see Section 2.4.2), the stationary
temperature field is determined by the discrete distribution of heating carbon fibre rovings.
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Figure 7. Overview of stationary surface temperature distributions at point of time ts, for different
ambient temperatures θa and air velocities va.

The next subsection provides the computational results from the numerical model,
which utilises the presented measured, stationary temperature distributions for the compu-
tation of the heat transfer coefficients. Furthermore, the HTC behaviour is analysed versus
the applied ambient conditions.

3.2. Predicted Heat Convection Coefficients

The numerical problem is solved in Comsol Multiphysics. With the help from MAT-
LAB LiveLink, the measured stationary temperature distribution θm(x, y, ts) and the com-
puted temperature distribution θc(x, y) are adjusted. Therefore, the heat transfer coefficient
h is varied in an iterative process, and the corresponding computational result is compared
with the measured data.

The HTC is then optimised until the curves match the quality criterion c, which is
related to the maximum temperature at the surface (see Equation (15)). One example is
given in Figure 8a, where the computed temperature distribution is given. This result
can be compared with the measured distribution, given in Figure 6. To better indicate
the results, the temperature profile is compared at position x=const. (see Figure 8b). This
position is related to θmax,meas based on the measured temperature data. The resulting HTC,
corresponding to this stationary temperature condition, is computed as h = 11 W

m2K . Slight
differences between measured and computed curves are found in the position of the outer
temperature maxima, which is reduced to not perfectly aligned roving distributions at the
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flat plate specimen. Furthermore, the outer maxima are slightly lower in the measured
curve, which may be related to small inaccuracies in current distribution to the four heating
CF rovings. However, accounting for the overall fit of the curves, the numerical approach
is found to represent the experimental results properly.

(a) (b)

Figure 8. (a) Computed temperature distribution θc(x, y) of case K16 and (b) comparison of measured
and computed temperature profiles at position x = const.

Apart from this general proof, the different effects of the environmental conditions are
analysed further. Therefore, Figure 9 presents an overview on computed and measured
results (same number of conditions as given in Figure 7, with α = 10◦). The environmental
conditions are given for each case.

For free convection (first column), the representation of the measured temperature
distribution is best near to the local temperature maxima and in areas where the temper-
ature gradient

∣∣∣ ∂θ
∂y

∣∣∣ shows a high magnitude. In the areas of local minima, the measured
temperature is higher compared to the computed results. This is reduced to the effect of
heat transfer within the material, which appears to be more pronounced for free convection.
This condition is indicated by an HTC of h = [2.2, 2.8] W

m2K (see, in addition, Table 4).
Furthermore, these more pronounced minima indicate a slightly underestimated effective
heat conductivity applied in the model. This is reduced to ROM related inaccuracies,
which represent a lower boundary of actual effective heat conductivity of the composite
material. For this study, the result is appropriate, as the influence of internal heat flux is
small compared to the heat transfer to the environment. In addition, it should be noted
that the heat transfer coefficient shows only minor variation with temperature (see Table 4).

Table 4. Computed free convection coefficients.

θs [K] 258.15 263.15 268.15 273.15 278.15

h [ W
m2K ] 2.8 2.4 2.2 2.4 2.2

Apart from free convection, the HTCs of all forced convection conditions are presented
in Table 5, where each line corresponds to a specified setup of va and α. The first row
provides the corresponding set ambient temperatures θs. In Figure 9, the second and third
column are related to forced convection conditions. The local minima are more accurately
represented. The internal heat transfer process is less pronounced compared to the free
convection case, as the heat transfer to the environment dominates the stationary tem-
perature distributions. For all curves, the measured temperature drops down to ambient
temperature at the outer boundaries (y = {0, 153}mm). This justifies the boundary condi-
tion defined in Equation (11). As already indicated, the production related inaccuracies
(variant temperature maxima for the different CF rovings) are indicated here again, which
are not represented by the model. However, the overall representation of the temperature
distribution is found to fit well to the measured distribution for all cases. In addition, no
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influence by the installed, reinforcing wood beams (see Figure 2) is indicated. Accordingly,
the corresponding, predicted HTC are assumed to be a proper representation of the actual
values. The general variability of the HTC is analysed further.
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Figure 9. Overview of measured and computed curves related to a number of different environmental
conditions (compare Figure 7).

Table 5. Computed forced convection coefficients.

va [
m
s ] α [◦] θs [K] 258.15 263.15 268.15 273.15 278.15

15 10

h [ W
m2K ]

18.5 17.8 17.0 15.5 18.5

15 30 11.0 11.8 11.8 11.8 11.0

30 10 38.0 35.0 30.5 32.0 35.0

30 30 18.5 21.5 14.8 17.0 17.0

With respect to the indication for free convection, it is found that the HTC is not
proportional to ambient temperature θa. The slight variation of HTC versus temperature
is reduced to inaccuracies in the measurement chain. To further analyse these effects,
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the mean values of HTC over temperature h are computed, and the results are given as bar
plots with related standard deviation indicated by error bars (see Figure 10).

a

Figure 10. Discrete mean values of HTC h vs. air velocity va and related standard deviation; α = 10◦.

First of all, the HTC is significantly increased in case of forced convection compared
to free convection (va = 0 m

s ). For va = 30 m
s , the HTC is up to 17 times larger. However,

the measurement inaccuracy is increased as well, which is indicated by a more pronounced
standard deviation. This is understood here to be related to aerodynamic effects such
as turbulence in the air stream and to the resulting dynamic mechanical loads at the flat
plate specimen (e.g., vibration). In any case, the standard deviation is small enough to
assume temperature independent HTCs in the applied ambient temperature interval of
θa = [253, 283] K.

In addition to these influences, the angle of attack α can be analysed towards its effects
on the HTC. Figure 11 shows the different HTCs for α = 10◦ and α = 30◦ related to (a)
va = 15 m

s and (b) va = 30 m
s . A general observation is a significant decrease in HTC with

increased α. This is, again, more pronounced with increasing air velocity. Accordingly,
the highest heat transfer coefficient is expected at low angles of attack versus the surface.
Furthermore, the standard deviation is larger at high air velocities, also for α = 30◦. This
supports the interpretation of larger measurement inaccuracy due to dynamic air loads.

In summary, this analysis shows reliable results of heat transfer coefficients under
aircraft icing conditions. The computational results show good agreement with temperature
distributions measured at the flat plate specimen. Some inaccuracies are reduced to the
hand lamination production process of the specimen and to the overall uncertainty of
the measurement chain. However, the indicated heat transfer effects enable a valuable
interpretation towards MCFRP development and application (e.g., for de-icing) hereinafter.
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(a) (b)

Figure 11. Discrete mean values of HTC h vs. angle of attack α: (a) related to va = 15 m
s , (b) related

to va = 30 m
s and indicated standard deviation.

4. Discussion

The interpretation and discussion of the results can be divided into the general evalua-
tion with respect to the state of research and the discussion of these results towards their
importance for MCFRP application scenarios.

Based on these results, it is expected that heat is primarily transferred from the heat
source to the environment and that internal heat transfer processes are minor. This is
a typical observation for low heat conductivity materials, which are not able to distribute
the thermal energy when the heat sink, given here with heat transfer by convection, is
large. However, the resulting temperature distributions (measured and computed) indicate
a proper temperature increase at the surface of the laminate, although the heat conductivity
is small. This is primarily given near to the active fibres, which results in a nearly static
temperature in the x-direction (see, e.g., Figure 9). Such nearly homogeneous stationary
temperatures are typical for heated CFRPs [15], which is a benefit for heating applica-
tions (e.g., de-icing). Nevertheless, the areas without active CF rovings show significant
temperature drops. However, the local heating of the fibre reinforced plastic and the re-
sulting temperature distribution can be predicted with the simple Newton-type boundary
condition, although this assumes a constant HTC for the whole surface (see Equation (14)).

In addition, the computed heat transfer coefficients are found to be in expected value
ranges. Free and forced convection HTCs are usually given in intervals of [1, 10] W

m2K
and [20, 100] W

m2K , respectively [17,18,37]. This recognition provides confidence about the
results in terms of reliability. However, it can be seen that the forced convection HTCs for
va = 15 m

s are between typical free and forced convection parameters. At the same time,
it is indicated that the forced convection stationary temperature distribution is already
significantly influenced compared to free convection HTCs. This highlights the fact that
in the case of MCFRPs, including low material heat conductivities, a well resolved HTC
determination is needed to represent actual boundary conditions in structure modelling
and design.

In addition to these general observations, the possible influence of aerodynamic
effects is discussed. First of all, some HTC variations are reduced to inaccuracies in the
measurement chain, e.g., due to dynamic excitation by air loads. This is plausible since
an increase in standard deviation was found for increased air velocity va (see Figure 10).
However, aerodynamic boundaries, e.g., laminar or turbulent boundary layers near to
the surface or degree of turbulence in the free air stream, can have an influence on the
convective heat transfer [23]. In this investigation, the temperature distribution is found
to be invariant along the airflow direction (x direction). This indicates that the HTC of
forced convection does not change locally, which is related to a constant boundary layer
next to the surface. This is suitable to the expectation, as the boundary layer at the surface
of this plate will usually not detach due to the applied angle of attack [22]. Accordingly,
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the computed HTC values can be understood as mean values over the surface of the flat
plate with a constant air boundary layer.

However, in areas of detached boundary layers, the HTC can drop, which would
result in a local HTC distribution [22]. Although this is not indicated here, the computed
HTCs can be understood as ideal cases for heat transfer with an ideal air boundary layer
near to the surface. Furthermore, for a given air stream, the maximum forced convection
HTC is expected to be present for attached boundary layers at small angles of attack, as the
HTC was found here to decrease significantly with increased angle of attack (see Figure 11).
This is comparable to results from Test et al. [22,38], which again support the reliability of
these results.

Apart from the quantitative results of heat transfer coefficients, the recognised effects
contribute to research concerning multifunctional materials and structures. The results
of this study are, in particular, important for the development of de-icing systems for
aircraft aerodynamic surfaces made from MCFRP composites. The application of heating
carbon fibres within the composite material leads to temperature distributions, which are
dependent on the carbon fibre distribution within the structure. This is indicated by the
analysed stationary temperature distributions at the surface of the flat plate (see Figure 7).
However, former investigations of the authors, dealing with the temperature distribution
within the material domain, indicated HTC proportional temperature gradients within the
domain (e.g., thickness direction [11]). Combined with temperature sensitive stiffness and
thermal expansion of the material constituents, these variant temperature fields play an
important role for the multiphysical load scenario in material modelling (e.g., thermal and
mechanical loads simultaneously).

For de-icing systems in aircraft wing leading edges based on MCFRP (e.g., [10]), the re-
sults here are important for the functional optimisation. For instance, the distribution of
heating fibres can be optimised towards an ideal temperature distribution, which simulta-
neously supports a minimised number of fibres. This would lead to a MCFRP architecture
that performs energy efficiently during de-icing operation and reduces the material effort
(lightweight design). Because the active heating layer is part of the load bearing struc-
ture, no additional materials or system installations are needed, which again increases the
benefit. Accordingly, energy inefficient, oversized solutions for the de-icing functionality
can be avoided. Therefore, the knowledge of heat transfer coefficients under aircraft icing
conditions has a big impact on further model based innovation towards energy efficient
thermal management (de-icing) solutions.

Apart from de-icing, this contributes further to other thermally coupled functions
provided by MCFRP (e.g., structural batteries, morphing applications, and adaptive stiff-
ness composites). These applications are usually optimised towards their multifunctional
performance (e.g., structural integrity and energy storage capacity in the case of structural
batteries [3]). The electrical current conducting CFs and, in addition, electro-chemical
processes, generate heat, which always results in temperature distributions within the
material domains (see, e.g., [14]). Especially, the general property of low effective heat
conductivities of these materials can lead to local temperature peaks within or at the surface
of the material.

Moreover, this effect is additionally increased by forced convection, resulting in tem-
perature fields that are already sensitive at low air velocities (see Figures 7 and 9). This
is the case not only for vehicle outer skins, but could also be present for interior airflows
(e.g., air conditioning). Small changes of HTC can result in more pronounced temperature
gradients, as presented in this work. This recognition leads to the conclusion that future
optimisation strategies need to include thermal heat transfer requirements, e.g., forced con-
vection boundary conditions. The numbers given here can be utilised as a first benchmark.
Nevertheless, future MCFRP structures need to be verified in terms of thermal behaviour
by means of experimental or combined computational methods, as described in this work.
The next section provides the conclusions drawn from this investigation and an outlook on
future research is this field.
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5. Conclusions and Future Research

This work provides a combined experimental and numerical approach to analyse the
heat transfer behaviour of multifunctional carbon fibre reinforced plastics and the structures
made from this material. The results were found to be reliable and indicated effects
have an impact on future research towards energy efficient, lightweight multifunctional
structures. Summarising, the following main conclusions are drawn:

1. The numerical approach utilised here is able to represent the stationary heat transfer
behaviour of a flat plate specimen under aircraft icing conditions in a proper manner.

2. The local heating of carbon fibre reinforced plastics (and structures made from them)
results in significant temperature gradients when the carbon fibres are applied for
Joule heating. It is expected that further heat sources, such as electro-chemical pro-
cesses in structural batteries, can increase these effects.

3. The stationary temperature field is sensitive to the degree of heat exchange with the
environment. In this case, the heat transfer is dominated by convective heat exchange,
especially for forced convection.

4. Due to low thermal conductivities of the MCFRP constituents, even small changes in
HTC lead to significant changes in the stationary temperature field. This highlights the
importance when it comes to assumptions towards HTC in engineering simulation.

5. The HTC for free convection was found to be temperature invariant in the chosen
ambient temperature interval of θa = [253, 283] K and is computed to h ≈ 2.5 W

m2K .
6. The HTC for forced convection was found to be temperature invariant (see last item)

and was computed to be h ≈ [10, 40] W
m2K for air velocities of va = {15, 30} m

s and
angles of attack of α = {10, 30}.

7. The resulting temperature distributions, which comprise significant temperature gra-
dients, are important for the optimisation of MCFRP structures towards the applied
function (e.g., de-icing). Moreover, the assumption of free convection can result in un-
derestimated heat transfer, especially in areas where small air velocities are neglected.

8. Further fields of applications, such as structural energy storage, adaptive stiffness
composites, and morphing structures need to take the analysis of discrete temperature
fields into account, as they share similar material constituents. These effects are
coupled with the mechanical behaviour of MCFRP structures.

It should be noted that all results need to be understood as first benchmarks for in-
service conditions. Furthermore, a non-dimensional representation of the heat transfer
behaviour, e.g., by Nusselt number with respect to Reynolds number, can open the door for
the transfer to application-scale heat transfer results. This was excluded from this study,
in order to keep the focus on the computationally relevant Newton boundary condition for
convective heat transfer. However, for the development of MCFRP based structures under
related ambient conditions, which are the focus in this work, these conclusions highlight
the need for laminate design optimisation with respect to thermal heat transfer effects.

This work indicates several challenges for future research to cope with the indicated
heat transfer issues related to MCFRPs. First of all, the measurement technique could be
improved to reduce the measurement error, especially for forced convection investigations.
This could possibly be achieved by more rigid specimens, which are less sensitive to
aerodynamic loads. In addition, the influence of aerodynamic effects on forced heat
convection could be analysed. Especially, the influence of different air boundary layers
(laminar, transient, or turbulent) could be important for the design of MCFRP structures
exposed to forced convection (see, e.g., [22]). Such an investigation would be especially
interesting, as soon as the aerodynamic airfoil is defined and the aerodynamic boundary
layer can be characterised for an application related geometry. Apart from the indication of
these physical properties, this work remarks a starting point for more advanced MCFRP
structures with respect to application related heat transfer conditions. The investigation of
optimisation strategies based on, e.g., combined thermo-mechanical requirements and the
analysis of the resulting structural design will be part of future work.
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Symbols and Abbreviations
The following symbols and abbreviations are used in this manuscript:

Symbol Unit Explanation

θa [K] Measured ambient temperature
θm [K] Measured (surface) temperature
θr [K] Room temperature
θs [K] Set ambient temperature
θch [K] Temperature within the thermal chamber for control measurements
θmax [K] Mean value of all maximum temperatures in a time interval
θmax,stat [K] Stationary maximum temperature
θmax,c [K] Computed stationary maximum temperature
dθ [K] Temperature difference
c [K] Optimisation criterion
va [m

s ] Air velocity
α [◦] Angle of attack
h [ W

m2K ] Heat transfer coefficient
c [ J

kgK ] Mass specific heat

ρ [
kg
m2 ] Dichte

t [s] Time
ts [s] Point in time, where a stationary heat transfer is indicated
θ [K] Local material temperature
λ [ W

mK ] Thermal conductivity tensor
λ [ W

mK ] Effective thermal conductivity of a domain, related to directions
Q [J] Heat source
Qgen [J] Joule heat source
Qcon [J] Convective heat sink
Qrad [J] Radiative heat sink
κ [Ω cm] Specific electrical resistance
J [ A

m2 ] Current density vector
A [m2] Surface area
Am [m2] Area captured by the thermographic camera
Acf [m2] Cross sectional area of one CF roving
df [m] Diameter of one CF
σ [ W

m2K4 ] Stefan–Boltzmann constant
ε [−] Emissivity
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U [V] DC source voltage
U [V] Mean value of PWM modulated voltage
T [s] Period duration
u [V] Voltage function
p [-] Duty cycle
dp [-] Interval of duty cycle error
I [A] Resulting current due to U
Ia [A] Applied mean current
I [A] DC current
j [ A

m2 ] Scalar value of current density
Rp [Ω] Electrical consumer resistance
Rfp [Ω] Flat plate CF roving’s resistance
RL [Ω] Resistance of test resistor
Ωi [m3] Domain i
n, k [−] Counter variables for measures
ϑ [K2] Variance of measured maximum temperature in a defined time interval
vcf [−] Carbon fibre volume ratio
vgf [−] Glass fibre volume ratio
vm [−] Matrix volume ratio
n [−] Surface normal vector

Abbreviation Explanation

MCFRP Multifunctional carbon fibre reinforced composite
BC Boundry condition
ROM Rule of mixtures
HTC Heat transfer coefficient
CF Carbon fibre
GF Glass fibre
PWM Pulse width mudulated
TGA Thermogravimetric analysis

Appendix A. Material Properties

The flat plate specimen is made from three different material constituents that are
combined in several plies to form a laminate, thus representing a MCFRP (see Section 2.2).
For the calculation of effective material properties, the rule of mixture (ROM) is applied,
as all plies are either glass fibre composites or carbon fibre composites. For the resulting
two-phase composites, the ROM delivers good results for the thermal conductivity [11].
The applied constitutents’ properties are given in Table A1, and the corresponding fibre
volume ratios in Table A2.

Table A1. Material constitutent properties.

Const. Sym. Value Unit Explanation Reference

Carbon λc 50 W
m·K Thermal conductivity [39]

fibre IMS65 κc 1.45× 10−3 Ω · cm Specific electrical resistance [1]

Glass λg 0.1 W
m·K Thermal conductivity [39]

fibre fabric κg → ∞ Ω · cm Specific electrical resistance [39]

Epoxy λm 0.19 W
m·K Thermal conductivity [40]

matrix κm → ∞ Ω · cm Specific electrical resistance assumed **
** Assumed based on the fact that the electrical conductivity is much smaller compared to carbon fibre IMS65.

The fibre volume ratios were determined by thermogravimetric analysis (TGA) of
material specimens taken from the flat plate after convective heat transfer experiments
were finished. For the fibre volume ratio of the glass fibre domains, specimens were taken
from the area in between the carbon fibre rovings (see Figure 1). For the determination of
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the CF volume ratio, specimens from the carbon fibre roving and material underneath it
were analysed. The carbon fibre volume ratio is defined for the volume of domains Ω1
and Ω2 only (see Figure 5 and Equation (9)). The TGA measurement was backcalculated,
respectively, with the assumption that the matrix material is distributed equally over all
10 plies of the laminate, where carbon fibres are only placed in layer 10 (top layer).

Table A2. Volume ratios within flat plate specimen phases (1) and (2) (compare Figure 1 and 5, indices
related to Table A1).

Phase Volume Ratios Symbol Value Related Domain Volume

(1) CF volume ratio vcf 0.58 VΩ1 + VΩ2

Matrix volume ratio vm 0.42 VΩ1 + VΩ2

(2) GF volume ratio vgf 0.37 VΩ3

Matrix volume ratio vm 0.63 VΩ3

Appendix B. Details of the Measurement System Accuracy

The structure and function of the measurement and control system can be seen in
Figure A1, which is mainly divided into the control of the heating current applied to the
test object and the measurement of a surface temperature. The process is monitored and
parameterised via a graphical user interface.

Figure A1. Schematic of structure and functions of the measurement and control system.

Figure A1 indicates the power supply to the heating resistors in the flat plate, where
the energy is transferred to Joule heat and is further transferred to the environment. Ac-
cordingly, the assumption in Section 2.4.2, that all supplied energy is transferred to Joule
heat, is reasonable. Furthermore, the figure indicates the data processing that controls the
amplifier circuit and stores the measured data from the current sensor as well as from the
thermographic camera.

For measuring the actual current Ia during the heating process, a Hall sensor is used.
To determine the measurement accuracy, the current is applied to a power resistor of
RL = 6.6 Ω at a supply voltage of U = 24 V. The accuracy was found to be in the interval of
dI = [−0.28, 0.017]%, which indicates a well established measurement of the actual value.
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In addition, the signal transmission of the duty cycle over the valid value range of 0 ≤ p ≤ 1
is checked via the amplifier circuit. A negligible average deviation of dp = 0.002% was
found by oscilloscope measurements. Finally, the thermographic temperature measurement
is verified. The setup, consisting of the test object and the thermographic camera Flir E60,
is set up under controlled ambient temperature in a heating chamber. After reaching a sta-
tionary thermal state of θch = 323.15 K in the chamber, the temperature of the test object is
recorded. The combined measurement accuracy is quantified to hold dθv = [−0.04, 0.54] K,
which again indicates a very accurate measurement.
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