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Abstract: As use of composite materials increases, the search for suitable automated processes gains
relevance to guarantee production quality by ensuring uniformity of the process, minimizing the
amount of generated scrap and reducing time and energy consumption. Limitations on production
by traditional means such as hand lay-up, vacuum bagging and in-autoclave methods, tend not to be
as efficient when the size and shape complexity of the part being produced increases, motivating
the search for alternative processes such as the Automated Tape Laying (ATL). This work aims to
describe the process of modelling and simulating a composite ATL with in situ consolidation by
characterizing the machine elements, using the finite differences method in conjunction with energy
balances, in order to create a digital twin of the process for further control design. The modelling
approach implemented is able to follow the process dynamics when changes to the heating element
are imposed as well as to predict the composite material temperature response, making it suitable to
work as a digital twin of a production process using an ATL machine.
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1. Introduction

The search for more efficient and automated manufacturing processes for composite
materials has found that the automated tape laying (ATL) process with in-situ consolidation
for thermoplastic laminates is a good alternative to reduce material scrap, and increase
manufacturability of complex geometries by out of autoclave processes [1–4].

This process requires a machine mainly composed by a heating source and a compaction
mechanism in order to raise the composite temperature, guaranteeing the quality of the final
part by ensuring that all the laid composite layers have been welded among themselves
[5]. The main parameters that affect the quality of the final product are the temperature
and the compaction roll pressure at the nip point [3,6]. The temperature is the most critical
parameter to be controlled in order to reduce defects such as voids or delamination.

The heating process is the most critical stage, reaching the necessary composite
temperature ensures a good bonding condition between the layers [7,8]. Inadequate
temperature exposures of the thermoplastic matrix may cause degradation of the material
and residual thermal stresses [2,9–11], making the final part defective and unable to meet
the required performance.

Most modelling works of a heating head for the tape laying process that can be found
in the literature, use lasers as heat sources [12–14] due to its controlled power delivery at a
fixed wavelength and localized region. The way the heat source is pointed to the surface
has a significant effect on the heating process due to the material surface reflection of the
incoming energy, making the study of where to aim a laser beam, a relevant parameter as
presented by [15] that relates the composite surface irregularities with its optical properties
for a defined wavelength range.

Other studies using similar heat sources, study the temperature distribution by
measuring the temperature just before the nip point using thermal cameras [16] and
analysing the results for three different power values of the heat source. [4] proposes a
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model using lasers to heat a set of thinner composite tapes, in order to study the influence
of the tapes width on the overall heating process when the machine has to follow a non
straight path.

Another heat source for this process are hot gas torches [14,17], where the heat transfer
into the composite depends mainly on the convection coefficient computed using empirical
correlations.

Independently of the heat source, all the models share the same phenomenological
problem, that is, understanding the temperature response of the composite material during
the process. The majority of the authors focus their works on numerical and experimental
studies of the problem assuming constant process parameters like heat power and feed
velocity, without considering the use of control strategies to improve the overall process by
adjusting its parameters.

Another common characteristic of the models proposed in literature is related to
their mathematical approach, using a three dimensional heat exchange as proposed by
[18], which implies a high computational cost, that increases when the model results are
used in combination with resin cure models as proposed by [19]. A simplified model was
proposed by [20], using a hot air gun as heating source in which a 1.5D thermal approach
is used; this model does not take into account the variations of the material properties
with temperature. On the other hand, an analytical model was developed by [21], which
relates process parameters such as laser beam power, process speed and mold temperature,
regardless of the geometrical characteristics of the material being processed. This analytical
approximation makes assumptions such as uniform heat flux exposition, no heat loss to
the environment and constant thermophysical properties.

This work focuses in the development of a digital twin model for an automated tape
laying (ATL) machine. The model takes into account the heat source, the composite material,
the compaction roll and the surroundings as an enclosure, to study the temperature
distribution along the material under different process conditions. The mathematical
model is 1.5 dimensional as both the material and the reflector thickness are modelled with
only one element in that direction. The thermo-optical properties of the elements with
its temperature dependence were also considered within the infrared range, to obtain an
accurate description of the process response.

In Section 2 are described the ATL machine head components. Section 3 presents
the 1.5 dimensional mathematical model for the components described at the previous
section, emphasising the radiation heat exchange model which involves optical and
temperature dependant properties as well as their spatial distribution, it is also presented
the mathematical model for the material the machine processes. Section 4 presents the
thermal properties equations, as function of temperature, for the machine head elements.
Section 5 presents the composite material to be used in terms of thermal and optical
properties; it also presents the equation solver method to simulate the ATL process
and it is described the strategy to measure the ATL process variables needed to feed
the mathematical model. Section 6 presents the model validation by comparing the
obtained measurements of the ATL process variables with the results calculated using the
mathematical model.

2. The ATL Machine Head

The main components of the machine head assembly, numbered from 1 to 5 in Figure
1, are: 1 a material feeder, consisting on an unwinding mechanism that keeps the material
straight along its pathway through the heating section; 2 a heat source, consisting on an
infrared lamp and 3 a back plate that acts as a reflector; 4 an optical temperature sensor to
measure the material temperature; 5 a compaction roll in which interior circulates a fluid at
a controlled temperature that presses the heated material against 6 a mold.
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Figure 1. Machine head assembly. (1) material feeder. (2) heating element. (3) reflector. (4) optical
temperature sensor. (5) compaction roll. (6) mold. (7) nip point.

The goal of the machine head is to create a laminate by heating up a continuous
material tape to a temperature above its melting point, ensuring that when the material
gets to the nip point, Figure 1, it will weld to a previous laid material layer, or the case for
the first layer against the mold, it will follow the mold shape.

2.1. Infrared Heating Element

The infrared heater in the machine head assembly consists on a tungsten filament coil
heated by an electric current that serves as the emitter. This emitter is surrounded by a
quartz glass envelope. This quartz glass acts as an enclosure containing an inert gas to
prevent filament oxidation at high temperatures as well as small amounts of halogen to
inhibit the evaporation of tungsten via the halogen cycle.

To maintain the atmosphere inside the quartz envelope the current is passed through
a pair of Molybdenum foil pads, ensuring the gas chamber seal to the outside atmosphere,
for an increased service life. Figure 2 shows the heating element assembly.

Tungsten FilamentInert Gas Quartz

Lamp leads

Molybdenum foil

Figure 2. Heating element and its cross section

2.2. Compaction roll

The compaction roll is a cylinder that rotates with the motion of the entire machine
head assembly while applying a fixed amount of pressure on top of the new material layer
and the previous laid one, or mold surface for the case of the first laid material, ensuring
a contact bonding between the two surfaces at the nip point. To avoid any damage to
the heated material by the cylinder, a 5 mm coating of silicone rubber from Silex [22]
covers the 100 mm diameter aluminium cylinder, preventing it from sticking to the material
matrix during the process. On the other hand, to avoid overheating of the compaction roll
silicon cover, a fluid is circulated through the metal housing of the cylinder to control its
temperature, that according to the silicon manufacturer can go up to a maximum of 300 ◦C.
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2.3. Material feeder

The material feeder consists on a cylinder with a tension mechanism that ensures
the material roll placed around it, to be always in tension while is being fed towards the
compaction roll.

3. 1.5D Mathematical model for the ATL heating process

As given in the previous section the ATL head is composed mainly by an infrared
lamp as a heating element with an aluminum back plate as a radiation reflector and a
consolidation roll pressing down the heated material against the mould. The process
involves two main phenomenons namely: the heating process to achieve the adequate
consolidation temperature in the incoming material, and the consolidation process itself.

In this work the focus is given to the heating process of the incoming material because
it is the most critical for process quality [8,11,23,24]. Both the reflector and the material
will be modelled using a single element along its thickness. For the reflector, as its main
function is to redirect the heating energy towards the material, it is not relevant to know
the temperature distribution along its thickness; a compensation factor is implemented
for heat losses due to convection at the surface facing the composite material and at the
opposite surface. For the material, its thickness is significantly smaller than its length, so a
temperature gradient along its thickness is negligible; hence, a 1.5D heat transfer model of
the ATL head is proposed to develop a process digital twin allowing to run simulations
and design proper control strategies.

Figure 1 presents the layout of the machine head assembly. It moves horizontally,
parallel to the heated mold, and the material is fed vertically to the compaction roll which
changes its orientation to horizontal when the nip point is reached. This makes the material
feed velocity to match, the machine head assembly velocity. The other assembly elements
such as the infrared lamp, the reflector, the compaction roll and the optical temperature
sensor move horizontally along with the machine head.

Understanding the relative movements between the machine head components and
the material is relevant as it determines the selection of the appropriate correlation for
estimating the convection coefficients.

Figure 3 shows a schematic of the simplified model of the ATL presented in the
previous section. The curved path was simplified to a straight line, where yconvection
corresponds to the region before reaching the roll, yroll corresponds to the curved path in
contact with the roll with its equivalent length and ymold corresponds to the region after
the nip point.
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Figure 3. 1.5D model schematic.

The ATL model involves an open cavity radiation problem where the heat emitted by
the lamp and reflected by the reflector is used to increase the temperature of the entering
material tape before it reaches the nip point. Heat loss to the ambient by convection and
radiation also takes place and will be considered in the modelling.

Figure 3 shows three different zones of heat exchange over the material: The first one,
delimited by yconvection has radiation from the lamp and convection to the surrounding air,
which convection coefficient depends on air temperature, air flow velocity and direction.
The second one, delimited by yroll involves heat exchange from radiation, convection
and conduction to the compaction roll. The third zone, delimited by ymold involves only
conduction to both, compaction roll and mold.

To develop the proposed model each one of the components is analyzed as follows.

3.1. Heater

The heater element is a halogen lamp composed by a tungsten filament enclosed by a
cylindrical quartz envelope filled with neon gas. A simplification of the lamp geometry is
presented in Figure 4 where a concentric arrangement of the components is proposed [25].
Figure 4a presents a front view of the lamp model as the tungsten is modeled as a solid
cylinder of length lw and diameter dcoil as a simplification of its spiral construction (Figure
4c), and the quartz envelope as a hollow cylinder of length lq, thickness tq (Figure 4a) and
external diameter dl (Figure 4b).
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lw
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dcoil df

(c)
Figure 4. Lamp model. (a) Lamp model front view. (b) Lamp model cross section. (c) Filament model

3.1.1. Tungsten filament

The tungsten filament is considered as an homogeneous element with an internal
heat generation given by its electrical resistance which is a function of temperature Tf ,
and the applied voltage, that exchanges heat with the neon by conduction and with the
inner face of the quartz lamp by radiation. No convection between the filament and the
neon is considered because of the low value for the Grashof number as suggested by [25],
indicating conduction as the predominant phenomena for this particular heat exchange
process. Then the heat transfer model used for the tungsten filament is the energy balance
given in (1) [26,27],

m f cp f (Tf )
dTf

dt
=
(

Pel −Qr, f −Qc,n

)
(1)

where:
m f : Filament mass, [kg]
Tf : Filament temperature, [K].

cp f (Tf ): Filament specific heat (temperature dependent),
[

J
kg·K

]
.

Pel : Electric power, [W].
Qr, f : Radiation heat, [W].
Qc,n: Conduction heat, [W].

The electric power of the resistance, can be expressed using (2),

Pel =
U2

e
R(Tf )

(2)

where Ue stands for the applied voltage, and the electrical resistance R(Tf ) can be expressed
as a function of the resistivity, filament length l f and filament cross sectional area a f (3).

R(Tf ) = rw(Tf )
l f (Tf )

a f (Tf )
(3)

3.1.2. Neon

The neon has a very low thermal capacitance compared to the tungsten and quartz,
hence its thermal capacitance is neglected. Accordingly, the neon transfers heat from the
tungsten to the lamp internal surface by conduction. Taking advantage of the cylindrical
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configuration, the heat conducted by the neon can be approximated using the cylindrical
solution for radial conduction (4) given in [26].

Qc,n = 2 · π · lq · Kn(Tn) ·

(
Tf − Tq

)
ln
(

dL
dcoil

) (4)

where:
Qc,n: Conduction heat, [W]

Kn(Tn): Neon conductivity (temperature dependent),
[

W
m·K

]
.

Tn: Neon mean temperature
( Tf−Tq

2

)
, [K]

Tq: Quartz lamp temperature, [K]
dL: Lamp diameter, [m]
dcoil : Filament coil diameter, [m]
lq: Lamp length, [m]

3.1.3. Quartz glass envelope

The quartz envelope is considered to have a constant temperature Tq across the
thickness because it has a small thickness. The energy balance for the envelope is given in
(5).

mq · cpq(Tq) ·
dTq

dt
=
(

Qr, f + Qc,n −Qr,q − h2q Aq
(
Tq − T∞

))
(5)

where:
mq: Quartz cylinder mass, [kg]

cpq(Tq): Quartz specific heat,
[

J
kg·K

]
Qr, f : Incoming radiation heat, [W]
Qr,q: Outgoing radiation heat, [W]
Qc,n: Conduction heat, [W]

h2q: Convection coefficient,
[

W
m2K

]
Aq: Quartz surface area, [m2]

T∞: Air Temperature inside the radiation cavity, [K]

Some of the data required for the lamp simulation is expressed in Table 1 from
measurements performed on a series of lamps.

Table 1. Measurements for the lamp characteristics

Lamp Property Measured value

Lamp length 189 mm ± 0.34 mm
Lamp diameter 10 mm ± 0.19 mm

Lamp resistance (at 23 ◦ C) 9.6 Ω ± 6.41 ·10−6 Ω
Filament diameter 0.41 mm ± 0.0038 mm

Filament coil diameter 2.89 mm ± 0.0039 mm
Filament coil length 290 mm ± 0.37 mm

Filament mass 5.2019 g ± 0.00048 g
Lamp glass mass 13.8780 g ± 0.00049 g

3.2. Reflector

The lamp reflector is considered as a thin metal sheet with constant temperature
across thickness tr and is modelled as a 1.5D finite volume problem along its width Wr. The
reflector is transferring heat with the ambient air at its right hand side surface (T∞, h1(T)),
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transferring heat with the internal air in the cavity (T∞, h2r(T)), and reflecting radiation
heat from the lamp. An energy balance over a reflector cell of volume Vr is given in (6)
taking into account its surfaces Sr for heat exchange.

∂

∂t

∫
Vr

ρr · cpr(Tr)cdotTr · dVr =
∫

∂Vr
kr(Tr) · (∇Tr · n̂) · dSr

(6)

+
∫

∂Vr
q′′rad,r · dSr +

∫
∂Vr

q′′conv,r · dSr

where:
ρr: Reflector material density, [kg/m3]
Tr: Reflector temperature, [K]

cpr(Tr): Reflector specific heat (temperature dependent),
[

J
kg·K

]
kr(Tr): Reflector conductivity (temperature dependent),

[
W

m·K

]
q′′rad,r(Tr): Radiation heat,

[
W
m2

]
q′′conv,r(Tr, T∞): Convection heat

[
W
m2

]
A finite volume technique is used to discretize the lamp reflector geometry as shown in

Figure 5. The application of the energy balance to each reflector cell gives the cell equation
(7a) for the unknown cell temperature, with the coefficients given by (7b) through (7e).
The material properties inside the volume cell are constant and are evaluated at the nodal
temperature.

T0

...

Ti−1

Ti

Ti+1

...

Tn

Li

tr

Wr

Air convection
T∞, h1(T )

Air convection
T∞, h2r(T )

Cavity radiation
heat exchange

Figure 5. 1.5D model for the reflector

Ṫr = (Ar)Tr−1 − (2Ar + Br,1 + Br,2)Tr + (Ar)Tr+1 + (Br,1)T∞,1 + (Br,2)T∞,2

+(Cr) q′′rad,r(Tr) (7a)

with:
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Ar =
kr(Tr)

ρr · cpr(Tr) · L2
r

(7b)

Br,1 =
h1

ρr · cpr(Tr) · tr
(7c)

Br,2 =
h2r

ρr · cpr(Tr) · tr
(7d)

Cr =
1

ρr · cpr(Tr) · tr
(7e)

where:
r: Reflector cell number 0,1,. . . ,n
Lr: Length of reflector cell, [m]
tr: Reflector thickness, [m]
T∞: Air temperature, [K]

h1(Tr, T∞): External convection coefficient,
[

W
m2·K

]
h2r(Tr, T∞): Internal convection coefficient,

[
W

m2·K

]
The lateral conditions for the reflector are defined as adiabatic (8a) (8b) due to

Wr � tr, making the heat exchange in those surfaces negligible in comparison with
the heat exchange of the remaining surfaces.

∂T
∂y

∣∣∣∣
y=0

= 0 (8a)

∂T
∂y

∣∣∣∣
y=Wr

= 0 (8b)

3.3. Material

The material fiber tape is placed at a velocity U, over a mold at constant temperature
Tmold, while it is heated by the lamp. The material domain begins at the section where the
material is feed (Z1), exchanging heat by radiation and convection, followed by the section
Z2 where heat transfer by conduction also occurs due to the contact between the material
and the compaction roll, and ends with Z3 at which the consolidation point its located.

The tape is considered as a thin sheet with constant temperature across its thickness
and supplied at a constant temperature T0. The energy balance for a cell volume Vm of the
material tape is given in (9),

∂

∂t

∫
Vm

ρm · cpm(Tm) · Tm · dVm =
∫

∂Vm
km(Tm) · (∇Tm · n̂) · dSm

−
∫

∂Vm
ρm · cpm(Tm) · Tm · (U · n̂) · dSm (9)

+
∫

∂Vm
q′′rad,m · dSm +

∫
∂Vm

q′′conv,m · dSm +
∫

∂Vm
q′′cond,m · dSm

where:
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ρm: Composite material density, [kg/m3]
Tm: Material Temperature, [K]

cpm(Tm): Composite specific heat (temperature dependent),
[

J
kg·K

]
km(Tm): Composite conductivity (temperature dependent),

[
W

m·K

]
q′′rad,m(Tm): Radiation heat,

[
W
m2

]
q′′conv,m(Tm, T∞): Convection heat,

[
W
m2

]
q′′cond,m(Tm, Tmold): Conduction heat,

[
W
m2

]
A finite volume technique is used to represent the tape geometry, Figure 6, and the

application of the energy balance to each tape cell gives the cell equation (10a) for the
unknown cell temperature using the coefficients given by (10b) through (10h).

T0

...

Ti−1

Ti

Ti+1

...

Tn−1

Tn

Uy

Z1

Z2

Z3

∆y

∆x

yconvection

yroll

ymold

x

y

Figure 6. 1.5D material model

Ṫm = ( A|Z1,Z2,Z3
) · Tm+1 +

(
A|Z1,Z2,Z3

+ B|Z1,Z2,Z3

)
· Tm−1

+
(
−2 A|Z1,Z2,Z3

− C1 |Z1,Z2
− C2 |Z1

− D1 |Z2
− D2 |Z3

)
· Tm (10a)

+C1 |Z1,Z2
· T∞ + C2 |Z1

· T∞ + D1 |Z2
· Troll + D2 |Z3

· Tmold

+D3 |Z1,Z2
· q′′rad

with:
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A =
km(Tm)

ρm · cpm(Tm) · ∆y2 (10b)

B =
U
∆y

(10c)

C1 =
h2m

ρm · cpm(Tm) · ∆x
(10d)

C2 =
h3m

ρm · cpm(Tm) · ∆x
(10e)

D1 =
1

ρm · cpm(Tm) · ∆x · Rroll
(10f)

D2 =
1

ρm · cpm(Tm) · ∆x · Rmold
(10g)

D3 =
1

ρm · cpm(Tm) · ∆x
(10h)

where:

m: Material cell number 0, 1,. . . , n
Rmold: Composite wall resistance for heat conduction between mold and

the material, [m2 · K/W]
Rroll : Composite wall resistance for heat conduction between compaction

roll and the material, [m2 · K/W]
q′′rad: Net radiation from the surfaces involved in the heat exchange

process, [W/m2]
h2m: Convection coefficient for the material surface facing the heating

element, [W/m2]

The terms (10b) through (10h) are evaluated into (10a) taking into account each
material section Zi as shown in Figure 6, allowing to obtain the corresponding boundary
conditions for the cell. After evaluating all the terms for all the material cells, a system of
differential equations is built to compute the new material temperatures.

At section Z1 the material arrives at an initial temperature T0 = T∞ where convection
(C1, C2) and radiation (D3) are the main heat exchange phenomena. At this section the
convection, which relation is defined using the inside enclosure air properties (T∞, h2m), and
the radiation phenomena are added to the balance to complete the relation. The radiation
term added comes from an energy balance further discussed in this work; at section Z2
radiation (D3), convection (C1) and conduction (D1) are the heat exchange phenomena
present; at section Z3 the material is located between the compaction roll and the mold, this
means that conduction (D1, D2) is the main heat exchange phenomena occurring between
the compaction roll and the mold simultaneously. For this model, the temperature of the
nip point is located at the material cell Tn, and the previously laid material temperature is
modelled assuming constant value of Tmold. The terms Rmold and Rroll are explained in the
following section.

The boundary condition related to the y axis at the first material cell is represented
using (11a), and the last material cell, in the same y axis, is represented using (11b).

T|y=0 = T0 (11a)

∂T
∂y

= 0 (11b)
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3.4. Compaction roll and mold

The compaction roll is used to press the incoming material, once heated, against
the mold or the previously laid material during consolidation. It consists on a hollow
aluminum cylinder in which interior circulates water at a constant temperature to avoid
mechanical damage to the seals and bearings. The exterior of the cylinder is covered by a
layer of solid high temperature silicone rubber Silex GP60THT [22].

The model strategy to simulate the heat exchange process between the compaction roll
and the material is to use a combination between composite hollow cylinder with 1D radial
conduction for the compaction roll internal fluid, the aluminium structure and the rubber
layer, and 1D conduction of a plane wall approximation for the material [26], becasue
the thickness of the material is thinner than the the rubber layer or even the aluminium
structure of the cylinder, making the relation ln

(
Droll/2 + trubber + ∆x

Droll/2 + trubber

)
≈ 0, where Droll is

the compaction roll diameter without the rubber layer, trubber is the thickness of the rubber
layer and ∆x is the thickness of the material.

For the case presented at section Z2 in Figure 6 the heat exchange phenomena are
convection, radiation and conduction. The energy balance for conduction to the compaction
roll at this section can be obtained from Figure 7a, where the heat exchange by conduction
is mathematically expressed as an array of resistors connected in series relations (12a) and
(12b).

+

Tf

Ts1

Ts2

Ts3

Tm

1
hf ·r1

ln(r2/r1)
kAl

ln(r3/r2)
kSil

Lm/2
km

q′′roll
q′′rad

q′′conv,2

r1 r2

r3

(a)

Material PTFE
Aluminium
(Mold)

Tm

km

TPTFE

kPTFE

Tmold

kmold

Lm LPTFE Lmold

Tm Ts4 Ts5 Tmold

Lm/2
km

LPTFE

kPTFE

Lmold

kmold

q′′moldq′′roll

(b)
Figure 7. Composite wall for the heat conduction balance. (a) Composite wall model for the
compaction roll 1D Compaction roll D3. (b) 1D Compaction roll in section D4

Rroll =
1

h f · r1
+

ln(r2/r1)

kAl
+

ln(r3/r2)

kSil
+

Lm/2
km

(12a)

Rroll =
ln(r2/r1)

kAl
+

ln(r3/r2)

kSil
+

Lm/2
km

(12b)

From Figure 7a the term Rroll is deduced taking into account the convection coefficient
of the internal fluid giving relation (12a) and for a constant internal temperature it can be
deduced the relation (12b).

At section Z3 in Figure 6, the scheme for the energy balance involves conduction
through the mold, as presented in Figure 7b. For the mold it is considered a film of
Polytetrafluoroethylene (PTFE) acting as a mold releasing agent between the laid material
and the mold; from Figure 7b the term Rmold gives the relation (13)

Rmold =
Lm/2

km
+

LPTFE
kPTFE

+
Lmold
kmold

(13)
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3.5. Radiation

Radiation as heat transfer has been well studied when gray surfaces participate
inside an enclosure, it is described in several text books [26–29] and by several researchers
[25,30–32]. For this work, the general enclosure is described in Figure 3 where the reflector,
the lamp and the material are involved, and the dashed lines represent a hypothetical
surface acting as the surroundings to close the enclosure. In order to simplify calculations,
the radiation flux problem is modeled as a two dimensional system allowing to calculate
the heat flux per unit of area; equations (7a) and (10a) can be solved using the radiation
heat input expressed in [W/m2]. It is worth to mention that the view factors for two
dimensional problems are well studied and equations have been developed to simplify
calculations [27–29,32,33], these equations are discussed further in this work.

This work also considers another enclosure, in this case the lamp, which is composed
as described in section 3.1 by a tungsten filament inside a quartz glass envelope. In this
enclosure, the filament exchanges heat, mostly in form of radiation with the inner surface
of the quartz envelope. At the same time, part of this radiation is also exchanged with the
external glass surface due to the glass being a transparent media; this is fundamental when
defining the Radiosity balance among the involved surfaces in the general enclosure.

To calculate the radiation energy of a gray surface, first, the radiation energy for an
equivalent black body is calculated using the Planck’s Law (14a), then a correcting factor,
particular for each surface nature and temperature, is applied to transform the black body
radiation into a gray body radiation. Those correcting factors are further discussed.

Eb =
∫ ∞

0

C1

λ5 ·
[

e
(

C2
λ·T

)
− 1
]dλ (14a)

with:

C1 = 2 · π · h · c2
0 = 3.742 · 108

[
W · µm4

m2

]
(14b)

C2 =
h · c0

kb
= 1.439 · 104 [µm ·K] (14c)

where:

λ: Wavelength, [µ m]
T: Absolute temperature of the black body, [K]
h: Universal Planck constant, 6.626 · 10−34 [J · s]
kb: Boltzmann constant, 1.381 · 10−23 [J/K]

c0: Speed of light in vacuum, 2.998 · 108 [m/s]

For this work, the radiation energy is focused on the infrared region of the spectrum,
narrowing the calculation region between λ1 and λ2 (0.4 µm and 20 µm respectively), then
the total energy for a black body is obtained using (15) from Planck’s Law (14a).

Eλ,b =
∫ λ2

λ1

C1

λ5 ·
[

e
(

C2
λ·T

)
− 1
]dλ (15)

As the energy calculation depends of the wavelength, and the integration is required
along a finite band of wavelengths, the numerical solution is achieved evaluating the first
10 terms of the infinite series (16a), where σ stands for the Stefan-Boltzmann Constant,
5.670 · 10−8

[
W

m2·K4

]
. By dividing the studied wavelength interval into 20 equally distributed
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evaluation domains it is possible to obtain a good approximation while improving the
calculation time in comparison with numerical integration routines [27,30].

Eb(T) = σ · T4

[
15
π4

(
∞

∑
n=1

e−n·ξ2

n

(
ξ3

2 +
3ξ2

2
n

+
6ξ2

n2 +
6
n3

)
(16a)

−
∞

∑
n=1

e−n·ξ1

n

(
ξ3

1 +
3ξ2

1
n

+
6ξ1

n2 +
6
n3

))]

with:

ξ2 =
h · c0

kb · λ2 · T
(17a)

ξ1 =
h · c0

kb · λ1 · T
(17b)

3.5.1. Radiative fluxes

To define the radiative balance, an identification of the surfaces involved is presented
in Figure 8, as well as the Radiosity, Ji, and Irradiation, Gi, notation for each surface with
its respective indices.

Material ReflectorLamp

Black Body
Surroundings

1

2
3

45

6

J1

G1

J2
G2

J3

G3

J4

G4

J5

G5

J6
G6

Figure 8. Surface identification. 1 Tungsten filament surface. 2 Internal quartz glass surface.
3 External quarts glass surface. 4 Reflector surface. 5 Material surface. 6 Equivalent surroundings
surface

The boundary condition labeled as 6 is defined as a black body representing a surface
that closes the enclosure. This allows to determine the net radiating heat transfer (18) using
relation (19) for each surface.

q
′′
i = Ji − Gi, (18)

Jλ,i=rλ,i · Gi+τλ,i · Gλ,i+ελ,i · σ · T4
i (19)
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The first step is consider the Radiosity for each surface, giving the set of relations (20a)
through (20f):

Jλ,1 = rλ,1 · Gλ,1 + ελ,1 · Eλ,1 (20a)

Jλ,2 = rλ,2 · Gλ,2 + τλ,3 · Gλ,3 + ελ,2 · Eλ,2 (20b)

Jλ,3 = rλ,3 · Gλ,2 + τλ,2 · Gλ,2 + ελ,3 · Eλ,3 (20c)

Jλ,4 = rλ,4 · Gλ,4 + ελ,4 · Eλ,4 (20d)

Jλ,5 = rλ,5 · Gλ,5 + ελ,5 · Eλ,5 (20e)

Jλ,6 = rλ,6 · Gλ,6 + ελ,6 · Eλ,6 (20f)

as suggested in [25,33]. In generic matrix form, for n involved surfaces, the relation is given
by (21): [

Jλ,j
]

n×1 = [r]n×n
[
Gλ,j

]
n×1 + [τ]n×n

[
Gλ,j

]
n×1 + [ε]n×n

[
Eλ,j

]
n×1 (21)

where relations (20b) and (20c), which are related to the quartz envelope, contemplates
the transmission τλ,i between both inner and outer surfaces due to the glass being a
semitransparent media. The term rλ,i refers to the reflectivity of the body and the term ελ,i
refers to the emissivity; all surfaces are considered diffuse gray bodies. Relation (20f) refers
to the surroundings considered as black body, acting as a heat sink as the temperature
is known and kept constant along time, according to literature [25,27,28,34] it is defined
rλ,6 = 0.

The second step is to consider the irradiation balance on the different surfaces by
using (22):

Ai · Gλ,i =
n

∑
j=1

[
Aj · Jλ,j · Fj−i

]
(22)

where Fj−i is the view factor from surface j to surface i, Ai and Aj are the areas of surfaces i
and j respectively.

From the view factor reciprocity property (23), the expression (22) can be written as
(24a), or in its compact form (24b).

Ai · Fi−j = Aj · Fj−i (23)

Ai · Gλ,i = Ai · Jλ,1 · Fi−1 + Ai · Jλ,2 · Fi−2 + Ai · Jλ,i · Fi−i + · · ·+ Ai · Jλ,n · Fi−n (24a)

Gλ,i =
n

∑
j=1

Jλ,j · Fi−j (24b)

In matrix form, for n involved surfaces the relation can be written as (24c):

[Gλ,i]n×1 = [F]n×n
[

Jλ,j
]

n×1 (24c)

In order to solve this equation system, the equations (21) and (24c) are combined,
leading to (25) enabling the irradiation computation.

[Gλ,i]n×1 =
(
[I]n×n − [F]n×n

(
[r]n×n + [τ]n×1

))−1
[F]n×n[ε]n×1[Eλ,i]n×1 (25)

Then, the results obtained using (25) are used into (21) to calculate the Radiosity Jλ,i.
This allows the computation of the net radiative flux leaving each involved surface per
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r
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b1

a

(a)

r

α α

b

a

(b)
Figure 9. View factor between a cylindrical surface and a plane surface. (a) Rectangle not aligned
with the cylinder vertical center line. (b) Rectangle symmetrically aligned with the cylinder vertical
center line.

unit area defined as (18) which are the boundary conditions needed to solve the lamp (1)
(4) and (5), the reflector (7a) and the material (10a) temperatures.

3.5.2. View Factors

The view factors used in (22) through (25) are taken from literature [27–30,35], the
view factor relations (26) and reciprocity (23).

n

∑
j=1

Fi−j = 1 (26)

As mentioned before, the lamp is modeled as a solid tungsten cylinder inside a quartz
glass envelope (enclosure), so the view factor for infinitely long concentric cylinders can be
expressed as (27a), (27b) and (27c), which indices refer to the notation shown in Figure 8.

F1−2 = 1 (27a)

F2−1 =
dcoil
dl

(27b)

F2−2 = 1− F2−1 (27c)

The view factor for an infinitely long cylinder to an infinitely long rectangle can be
obtained using the scheme presented in Figure 9a, being the one presented in Figure 9b a
particular case when b1 = b/2.

The relation to calculate the different view factor values for the case between the lamp
and the reflector, and the lamp and each material cell are expressed in (28a) and (28b),
where the subscript cyl. refers to the outer lamp surface labeled as "3" in Figure 8 and the
subscript rect. refers to the reflector labeled as 4 and the material labeled as 5 ain the same
figure.

Fcyl.−rect. =
1

2 · π

(
tan−1 b1

a
− tan−1 b2

a

)
(28a)

Frect.−cyl. =
r
b

(
tan−1 b1

a
− tan−1 b2

a

)
(28b)

The view factors between two planar surfaces, in the 2D case, can be expressed using
the Hottel’s cross string method. Figure 10 shows the different components of this method.
The values L1, L2, L3, L4, L5 and L6 are lengths, being L1 and L2 the surfaces involved in
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the view factor and the remaining values distances between the edges of the surfaces, in
this case the cells of the finite volume method.

L2

L1

L5

L6L3

L4

Figure 10. Two dimensional planar geometry. Hottel’s method

The view factor using the Hottel’s method is expressed as (29a) for the case FL1−L2

and (29b) for the case FL2−L1 .

F1−2 =
(L5 + L6)− (L3 + L4)

2 · L1
(29a)

F2−1 =
(L5 + L6)− (L3 + L4)

2 · L2
(29b)

4. Properties

The properties of the elements involved in the heat exchange process are temperature
dependant and they can be classified as thermal and optical properties, affecting directly
the heat flux distribution model.

4.1. Thermal properties

In equations (1), (4) and (5) the specific heat of the tungsten, cpw(Tf ), as well as the
quartz, cpq(Tq), are needed. This data has been collected from literature [25,28,36] and
summarized in (30a) and (30b) for the tungsten with a temperature range of 298 K < T <
1900 K and 1900 K < T < 3680 K respectively and for the quartz (30c) with a temperature
range of 298 K < T < 2000 K [28,37,38].

cpw(Tf ) =

23.9593 + 2.63968
Tf
10 + 1.25775

( Tf
10

)2
− 0.25364

( Tf
10

)3
− 0.048407(

Tf
10

)2


183.84 × 10−3 (30a)

cpw(Tf ) =

−22.5764 + 90.2798
( Tf

10

)
− 44.2715

( Tf
10

)2
+ 7.1766

( Tf
10

)3
− 24.0974(

Tf
10

)2


183.84 × 10−3

(30b)

cpq(Tq) =

[
55.98 + 15.4 × 10−3 · Tq − 14.1×105

T2
q

]
60.085 × 10−3 (30c)

Also the tungsten resistivity and thermal conductivity of the Neon, both temperature
dependant, are required. From [25] the data for the tungsten resistivity is given by (31) for
a temperature range 300 K < T < 3655 K and the conductivity for the Neon gas is given
by (32) for a temperature range of 100 K < T < 2500 K.
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rw(Tf ) = −5.0134 × 10−9 + 7.3070759 × 10−11 · T1.1796583
f (31)

kNe(TNe) = −3.6018021 × 10−3 + 1.4290623 × 10−3 · T0.63362378
Ne (32)

Equation (7a) requires the specific heat of the reflector, cpr(Tr), which expression is
presented in (33) for a temperature range of 298 K < T < 933 K [36,39,40] and its thermal
conductivity, kr(Tr), expressed in (34) for a temperature range of 250 K < T < 800 K [41].

cpr(Tr) =
4.186 ·

(
4.94 + 2.96 × 10−3 · Tr

)
26.98154

(33)

kr(Tr) = 186.0219 + 0.327088 · Tr − 6.069629 × 10−4 · T2
r + 3.101227 × 10−7 · T3

r (34)

4.2. Optical properties

The optical properties needed by the system of equations (21) for each surface type
are wavelength dependant. For general surfaces the relation among its optical properties
is expressed by (35a), and for the case of opaque surfaces which have no transmissivity
τ = 0, the relation among its optical properties is expressed in (35b) [26,40].

r + α + τ = 1 (35a)

ε ∼= α = 1− r (35b)

To estimate the optical properties of the opaque surfaces, the Maxwell electromagnetic
wave theory gives the emissivity value (36a), that when used in (35b) leads to the reflectivity,

εn,λ =
4 · n

n2 + k2 + 1 + 2 · n (36a)

where n and k are given by equations (36b) and (36c) respectively:

n2 =
1
2

√( ε

ε0

)2
+

(
λ

ri · 2 · c0 · ε0

)2
+

ε

ε0

 (36b)

k2 =
1
2

√( ε

ε0

)2
+

(
λ

ri · 2 · c0 · ε0

)2
− ε

ε0

 (36c)

with:

ε
ε0

: Relative material i permitivity
ε0 : Vacuum permitivity [F ·m−1]

ri: Resistivity of element i, [Ω ·m], for filament the resistivity is given by
(31), for reflector the resistivity is given by (37) [41,42]

rr = −1.1961 × 10−8 + 1.5272 × 10−10 · Tr − 9.4257 × 10−14 · T2
r

+7.2288 × 10−17 · T3
r (37)

For the tungsten filament the value for the relative permitivity is ε/ε0 = 1.000068 and
for the reflector ε/ε0 = 1.00000065 [43].
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The optical properties of the quartz glass envelope are gathered from specialized
literature on the study of infrared dryers [33]; the the values of the quartz glass optical
properties, for the range of wavelengths between 0.1 µm and 20.0 µm is shown in Table 2

Table 2. Optical properties for the quartz glass envelope [33]

L [µm] ε r τ L [µm] ε r τ L [µm] ε r τ

0.1 0.05 0.05 0.90 1.4 0.04 0.07 0.89 3.75 0.23 0.05 0.72
0.2 0.05 0.05 0.90 1.6 0.03 0.06 0.90 4.0 0.36 0.04 0.60
0.3 0.05 0.05 0.90 1.8 0.02 0.07 0.91 4.5 0.65 0.03 0.32
0.4 0.05 0.05 0.90 2.0 0.01 0.08 0.91 5.0 0.90 0.03 0.07
0.5 0.05 0.05 0.90 2.2 0.01 0.06 0.93 6.0 0.97 0.03 0.00
0.6 0.05 0.05 0.90 2.4 0.02 0.06 0.92 7.0 0.96 0.04 0.00
0.7 0.06 0.05 0.89 2.6 0.01 0.07 0.92 8.0 0.92 0.08 0.00
0.8 0.06 0.05 0.89 2.8 0.02 0.07 0.91 9.0 0.63 0.37 0.00
0.9 0.05 0.06 0.89 3.0 0.05 0.05 0.90 10.0 0.74 0.26 0.00
1.0 0.05 0.06 0.89 3.25 0.03 0.06 0.91 11.0 0.89 0.11 0.00
1.2 0.05 0.07 0.89 3.5 0.04 0.06 0.90 >12.0 0.92 0.08 0.00

The emissivity value used in (20f) is ελ = 1 as surroundings are considered as black
bodies.

4.3. Convection coefficients

For the convection parameters, needed for solving (5), (7a) and (10a), empirical
correlations are used to estimate h1, h2r, h2q, h2m and h3 [26]. Those correlations estimate an
average convection coefficient for the air hi by calculating an average Nusselt number Nu.
The properties for the air at atmospheric pressure are computed at Tf ilm (38) according to
the information presented in literature [26].

Tf ilm =
Ti + T∞

2
(38)

To estimate h1 the set of correlations (39a), (39b) and (39c) for perpendicular air flow
were used, where the value U of the movement of the machine head is used to calculate
the Reynolds number.

Rer1 =
U ·Wr

ν(Tf ilm)
(39a)

Nur1 = 0.228 · Re0.731
Wr
· Prair(Tf ilm)

1/3 (39b)

h1 =
Nur1 · kair(Tf ilm)

Wr
(39c)

For the left hand side of the reflector h2r, the correlations for a vertical plane with free
convection (40a), (40b) and (40c) were used,
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Nur2 =

0.825 +
0.387 · Ra1/6

r2[
1 +

(
0.492/Prair(Tf ilm)

)9/16
]8/27


2

(40a)

Rar2 =
g · (1/Tf ilm) · (Tr − T∞) ·W3

r

ν(Tf ilm) · α(Tf ilm)
(40b)

h2r =
Nur2 · kair(Tf ilm)

Wr
(40c)

where g = 9.807 m/s2.
For the lamp h2q, the correlations for a cylinder with free convection were used (41a),

(41b) and (41c). The position of the reflector relative to the lamp blocks the air flow due to
the machine head assembly movement.

Nuq =

0.60 +
0.387 · Ra1/6

q[
1 +

(
0.559/Prair(Tf ilm)

)9/16
]8/27


2

(41a)

Raq =
g · (1/Tf ilm) ·

(
Tq − T∞

)
·W3

r

ν(Tf ilm) · α(Tf ilm)
(41b)

h2q =
Nuq · kair(Tf ilm)

dL
(41c)

For the case of h2m and h3, the same correlations are used (42a), (42b) and (42c) which
consider an external air flow of velocity U parallel to the material surface due to the
material motion relative to the air, that is assumed be at a quiescent state.

Rem =
U ·Wm

ν(Tf ilm)
(42a)

Num =
0.3387 · Re1/2

m · Prair(Tf ilm)
1/3[

1 +
(

0.0468/Prair(Tf ilm)
)2/3

]1/4 (42b)

hm =
Num · kair(Tf ilm)

Wm
(42c)

5. Materials and methods
5.1. Material description

As a case of study for the ATL process, the employed material is a carbon fiber
reinforced Polyamide 6 tape from Toray with the commercial denomination Cetex TC910®,
it is 50 mm width, 0.16 mm thickness, and has a fiber content of 60% [44].

5.1.1. Thermal properties

Equation (9) requires the material heat capacity as a function of temperature, cpm(Tm).
An experimental procedure was performed according to ASTM E 1269-9901 [45] to material
samples, giving the results shown in Figure 11 for a temperature range of 300 K < T <
508 K.
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Figure 11. Specific heat for the composite material as a function of temperature.

Another property required in (9) is the material conductivity, km(Tm). An in house
procedure was used to determine this property as a function of temperature based on
theoretical and practical works by [46], [47], [48] and [49]. The resulting data is presented
in Figure 12 for a temperature range of 300 K < T < 503 K.
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Figure 12. Thermal conductivity for the composite material as a function of temperature.

5.1.2. Optical properties

In order to obtain the emissivity, εm(Tm), and reflectivity, rm(Tm) of the composite
material as function of temperature, an in house test was designed based on the procedure
indicated by pirometer manufacturers to determine the emissivity of the object being
measured [50]. The results are presented in Figure 13.
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Figure 13. Emissivity and reflectivity as function of temperature for the composite material
obtained by an in house test.

5.2. Methods
5.2.1. Time Integration Scheme

The mathematical model involves a set of non-linear ordinary differential equations
(ODE) for the temperature time derivative of the different components namely: the tungsten
filament (1), the quartz lamp (5), the reflector cells temperature (7b) and the material cells
temperature (10a). To solve this ODE system the initial condition is set to be the ambient
temperature for all the components. The implicit solver Radau IIA is selected from the
Scientific Python library [51] to avoid time-step limitations due to equations stiffness.

The ODE equation system is structured in a array-like way to be an explicit function
of the given trial temperature suitable for the external solver. To evaluate the ODE system,
the following steps are performed:

Step 1. For the given trial temperature.
Step 2. Evaluate all material properties at the trial temperature.
Step 3. Solve the radiation heat flux system for the trial temperature.
Step 4. Evaluate the ODE system array with the temperature derivatives.

The model solver consists on two parts, being the first one the calculation of the net
radiation flux using the current temperature as reference to determine all the properties
required. The second part consists on implementing the result of the net radiation flux as
input to predict the process components temperature at the next time step. Finally, the
new temperatures are used to calculate a new net heat flux and the cycle repeats until the
defined stop time.

The relative error tolerance for the solver is set to 10−4 and the absolute error tolerance
to 10−6.

5.2.2. Convergence analysis

A convergence analysis is performed to define a proper cell size for the material
simulation in order to lower the required computational resources consumption using the
lowest mesh size. Mesh sizes from 11 cells up to 239 cells were tested for the material. The
mesh for the reflector is defined using the same cell size used for the material, regardless of
the amount of cells, in order to preserve stability during computation. Taking into account
the temperature percentage variation using as reference three selected points, namely the
first cell at which the material has it’s first interaction with heat exchange process, the
middle cell along the length of the material, and the last cell of the material, the mesh
size is selected based on the lowest number of cells which gives a temperature variation
under 0.5% with respect to the mesh size of 239 cells. The number of cells defined using
odd values is intended to guarantee a central cell along the mesh, at the same position,
regardless the mesh size.
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5.2.3. Measures and instrumentation

In order to measure the process parameters and the variables needed to feed the
mathematical model, two types of data acquisition cards from National Instruments
were used, namely, a NI 9234 for voltage measurements and a NI 9211 for temperature
measurements. The NI 9234 data acquisition card allows high sampling rates, which is
adequate to measure the 50 Hz frequency mains voltage that feeds the heating element.

To compute the electrical power delivered to the heating element, the applied voltage
and the current consumption must be measured. A voltage transformer is used to step
down the mains voltage sine wave to a safe range for the data acquisition card, as well as
to provide galvanic isolation. For the current, a non-invasive current transformer is placed
around one of the lines that powers the heating element; the output of this transformer is a
voltage signal which is read by the same data acquisition card that reads the transformed
mains voltage signal. The measurement strategy for voltage and current is presented in
Figure 14.

Voltage
transformer

Heating
element

Phase angle
Solid state
relay

R1

R2

R3
ADC

Current
transformer

ADC

Rref

Figure 14. Voltage and current measurement strategy for electrical power consumption
calculation

To measure the involved temperatures, a set of thermocuples are placed at the
following locations: the compaction roll fluid inlet and outlet, and on the top surface of the
mold. The composite material temperature is measured using a pyrometer PyroNFC K from
CALEX facing the composite material at a point h above the center line of the compaction
roll as presented in Figure 15. The output of the pyrometer is a thermocouple like signal,
that can be read by the same data acquisition card, NI 9211, as the other thermocouples.
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Figure 15. Composite material temperature measurement scheme. (1) Pyrometer PyroNFC-K. (2)
Incoming composite material. (3) Compaction roll. (4) Compaction roll axis; fluid inlet/outlet ports.
(5) inlet fluid temperature sensor; outlet temperature sensor located at the other end of the axis. (6)
mold temperature sensor.
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The last parameter to measure is the process speed, this value is obtained directly as a
voltage from the analogue output of the servo motor driver OMROM R88D-KN08H-ECT,
being read by the NI 9234 data acquisition card.

5.2.4. Model validation

The experimental validation is performed in two parts. The first part consists on
validating the temperature dynamics of the material at the measuring point as shown
in Figure 15, using a constant set of parameters namely: process speed, compaction roll
temperature and mold temperature, and impose changes to the voltage applied to the
heating element. This voltage variation is done using a solid state relay which takes
advantage of the phase angle strategy to reduce the delivered root mean square voltage,
hence the electrical power delivered to the heating element.

The compaction roll temperature and the mold temperature are kept constant because
any change to their respective reference generates a slow response in comparison with any
change in reference for the voltage delivered to the heating element. The process speed is
kept with a constant value along the experiment because the driver controlling the servo
motor only has signal outputs to monitor its value, and any change will imply to stop the
process and change it manually. In order to see the influence of the speed upon the process,
two sets of tests are defined with different speed values, as presented in Table 3.

Table 3. Values for the process parameters

Parameter Set 1 Set 2

Compaction roll temperature 55 ◦C 55 ◦C
Mold temperature 22 ◦C 22 ◦C
Process speed 5 mm/s 15 mm/s

To understand the machine parameters influence in the operation of the ATL head,
regarding the consolidation temperature of the material tape at the nip point, the proposed
test cases presented in Table 4, will be simulated.

Table 4. Values for the process simulation

Simulation Parameters Values

1

Compaction roll Temperature 55 ◦C
Mold Temperature 22 ◦C
Speed 5 mm/s
Voltage 100 V
Voltage 150 V
Voltage 200 V

2

Compaction roll Temperature 55 ◦C
Mold Temperature 22 ◦C
Voltage 150 V
Speed 5 mm/s
Speed 10 mm/s
Speed 15 mm/s
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6. Results
6.1. Mesh convergence

Results for the convergence analysis are shown in Figure 16, for a speed value of
5 mm/s in Figure 16a, and for a speed value of 15 mm/s in Figure 16b, both with a
simulation time of 30 seconds and the same process conditions of initial temperature and
electrical power delivered to the heating element, as well as compaction roll, mold and
ambient temperature.
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(b)
Figure 16. Temperature error as a function of the mesh size for the material. (a) speed
value 5 mm/s. (b) speed value 15 mm/s.

Data presented in Figure 16a shows that for a process speed of 5 mm/s the material
temperature value, at the selected locations, has a tendency to stabilize with a relative error
below 0.5% for mesh sizes above 47 cells, and for the case of a process speed of 15 mm/s,
the error below 0.5% is achieved with a mesh size above 35 cells. From this results, the
selected mesh size is 51 cells, corresponding to the scenario presented in Figure 16a, with a
cell size of ∆y = 2.87 mm.

The reflector cell size is fixed to have the same size than the material, although the
reflector mesh size should have less influence.

6.2. Model validation

In order to compare the dynamic response of the ATL machine with the predicted
response of the proposed numerical model, different tests with multiple changes in the
voltage supplied to the heating element are presented in Figure 17 and Figure 19 using the
sets of fixed parameters presented in Table 3. This was done to simulate a possible control
action, and to analyze the transient response of the machine and the material.
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Figure 17. Results of Power consumption and temperature variation at the measuring point according
to parameter set 1 from Table 3. (a) test 1, electrical power. (b) test 1, composite temperature response.
(c) test 2, electrical power. (d) test 2, composite temperature response.

First, the predicted power consumption agrees with the experimental measured
response as shown in Figure 17a and Figure 17c. This means that the proposed model is
capable to predict the overall energy flow of the system, which is a desirable result because
it is based in energy conservation laws.

Comparing the measured temperature with the predicted temperature at the corresponding
"machine measurement point", it is verified that the proposed model can predict the heating
and cooling dynamics of the system as shown in Figure 17b and Figure 17d according to
the process speed value, compaction roll temperature and mold temperature presented in
Table 3 as Set 1.

The prediction of the material temperature was adjusted by defining a compensation
factor for the convection coefficient of the heating element of 5.5, correlation (41c), and a
compensation factor of 2.5 for the convection coefficient of the material, correlation (42c),
in order to compensate the correlations approximations related to geometry and relative
movement.

Additionally, the corresponding measurements for the compaction roll temperatures,
mold temperature and process speed for the test set 1 are shown in Figure 18a and Figure
18b.
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Figure 18. Inlet and outlet compaction roll temperatures and speed measurements for two test runs,
Set 1 from Table 3 (a) first test, refering to Figure 17a and Figure 17b. (b) second test, refering to
Figure 17c and Figure 17d.

The test and simulation results for the process parameters presented in Table 3 as Set
2 are presented in Figure 19, showing predicted and measured power consumption for the
heating element, Figure 19a and Figure 19c, and predicted and measured temperature for
the material at the measuring point, Figure 19b and Figure 19d.
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Figure 19. Results of Power consumption and temperature variation at the measuring point according
to parameter set 2 from Table 3. (a) test 1, electrical power. (b) test 1, composite temperature response.
(c) test 2, electrical power. (d) test 2, composite temperature response.

The model used to predict the composite material temperature at the machine measuring
point shown in Figure 19b and Figure 19d includes the same compensation factors in
the convection coefficient for the heating element as well as in the material convection
coefficient, showing an acceptable geometrical and relative movement compensation for
those values.
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The corresponding measurements for the compaction roll temperature, mold temperature
and process speed are shown in Figure 20.
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Figure 20. Inlet and outlet compaction roll temperatures and speed measurements for two test runs,
Set 2 from Table 3. (a) first test, refering to Figure 19a and Figure 19b. (b) second test, refering to
Figure 19c and Figure 19d.

As shown in Figure 17b, Figure 17d, Figure 19b and Figure 19d, the model is capable
of predict the temperature of the material for values above 150 ◦C (423.15 K).

Comparing the measured temperatures at the same machine measuring point for both
process speeds, it is noticed that when defining a machine speed of 15 mm/s, temperatures
at this point are lower than the temperatures at the same point when tests are performed
with a machine speed of 5 mm/s, showing the influence of the transport phenomena upon
the temperature evolution along time.

It can be seen that the compaction roll inlet and outlet temperatures are similar at
both tests, this fact added to an internal fluid flow through the compaction roll of 40 l/min
produced by a temperature control unit Tool-Temp 137BP, indicates that the internal flow
is enough to guarantee a constant temperature along the compaction roll, validating the
proposed model assumption of constant temperature given in section 3.4.

Figure 21 presents the prediction of the Nip Point temperature, related to the measured
tests presented in Figure 17b and Figure 17d. A delay between the nip point temperature
change and the predicted temperature at the measured point can be noticed in Figure 15,
when simulating the change in voltage of the heating element by a control system while
the process speed remains constant.
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Figure 21. Temperature at measuring point, predicted at measuring point and predicted at Nip Point.
(a) first measured test. (b) second measured test

This result is expected and is related to the transport phenomena due to the feed
speed, and the heat conduction to the roll.
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6.2.1. Sensitivity analysis

The results for the simulations described in Table 4 are presented in Figure 22 for the
simulation in which the speed of the process is kept constant (Simulation 1), and in Figure
23 for the simulation in which the voltage applied to the heating element is kept constant
(Simulation 2).
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Figure 22. Results for the simulations according to the first simulation proposed in Table 4
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Figure 23. Results for the simulations according to the second simulation proposed in Table 4

For the case presented in Figure 22, the temperature at the nip point also presents a
delay with respect to the measuring point as expected, and is controlled by ambient losses
and the heat transferred to the roll. Figure 23 shows that the process speed has a relevant
influence on the nip point temperature as its value increases, this effect that can be noticed
for the simulated speed of 10 mm/s, where after the nip point temperature starts to rise,
it almost matches the temperature of the measuring point, and for the case of a speed
of 15 mm/s the temperature experiences a start delay and rapidly reaches higher values
with respect to the measuring point. This behaviour demonstrates the high sensitivity of
the system to the feed speed, meaning that the transport phenomena dominates over the
conduction and convection losses.
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7. Conclusions

The energy balance model proposed for the heating element is able to replicate
the dynamics of its electrical energy consumption, taking into account its components
properties and geometrical parameters. It is also capable of predicting the outgoing energy
flux towards the material being processed causing the temperature to raise along the
material length.

The compaction roll can be modelled assuming isothermal conditions along its internal
fluid section by ensuring a sufficient fluid flow, causing a temperature gradient along the
compaction roll thickness. This assumption simplifies the heat transfer model at this
element.

The proposed 1.5D heat transfer model for the automated tape laying machine head,
can be used to simulate the temperature distribution along the processed material, and its
dynamics upon changes on the heating element input voltage and process speed, predicting
the temperature along the heating zone domain.

The most relevant parameters that influence the machine behavior are the input
voltage of the heating element that increases the temperature of the processed composite
material by directly heating its surface using radiation, and the process speed that influences
the material temperature by the transport effects.

The current machine configuration has an appropriate design, being capable of raising
the material temperature to the required consolidation temperature value, if a suitable
control system is implemented.

With this model, that takes into account the thermal and optical properties of the
material involved, and their changes with temperature, a digital twin of the process can be
formulated to develop control strategies using the machine head speed and the lamp power
as the variables manipulated in order to control the nip point temperature. This model also
allows to estimate the composite temperature profile along the heating zone, acting as a
supervisory function for a control system allowing it to handle imposed constraints related
to the material.

As the digital twin of the process is capable of estimating the composite temperature
at the nip point, it lends to create a temperature registry along time for further thermo-
mechanical analysis in order to analyze defects due to residual stress.

The digital twin model can be used for selecting the best process elements and their
capabilities in terms of the heat source delivering capabilities, the process speed and the
mold temperature as a function of the composite material being processed in order to meet
quality requirements of the final product. So, the study of those effects on an already built
machinecan be avoided, with large time and economic benefits.
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