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• A new laser-assited tape winding pro-
cess tool considering arbitrary tooling,
fiber path and process settings was de-
veloped.

• The temperature measurements during
the helical winding of a doubly-curved
dome was used to validated the model.

• The changing substrate curvature had a
significant influence on the processing
temperature.

• The processing temperature historywas
mapped on the product profile visualiz-
ing the location of critical points.
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A new global kinematic-optical-thermal (KOT) model is proposed to provide a proper understanding and de-
scription of the temperature evolution during laser-assisted tape winding and placement (LATW/LATP) on any
arbitrary shaped tooling geometry. Triangular facets are utilized in the kinematic model to define a generic
tooling together with a user-defined fiber path and time-dependent process settings such as the tape feeding
rate. The time-dependent heat flux distribution on the surfaces is calculated by the optical model and subse-
quently coupled to the thermal model. The numerical implementation of the developed KOT model is first veri-
fied for process simulations of the LATP on a flat tooling by comparing the temperature predictions with the
available literature data. To validate the KOT model, a total of four pressure vessels are manufactured with in-
line temperaturemeasurements. The process temperature predictions are found to agreewellwith themeasured
temperature during the helical winding. The influence of the changing tooling curvature and process speed on
the process temperature is found to be significant as shown by the experimental and numerical findings.
© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The laser-assisted tape winding (LATW) is an automated
manufacturing process to produce fiber-reinforced thermoplastic
. This is an open access article under
composites with high strength-to-weight ratio. Relatively large and
complex-geometry composite parts can be manufactured by LATW in
which the material is deposited layer by layer which is similar to the
laser-assisted tape placement process (LATP). The incoming prepreg
tape and the already deposited substrate are locally heated by the
laser source in LATW and LATP process. The in-situ consolidation
which takes place at the so-called nip point under the compaction roller
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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is the main mechanism to form the composite parts. A variety of prod-
ucts can be manufactured in a single step such as pressure vessels,
tubes, and pipes produced by LATW.

The final product quality and performance are highly dependent on
the process temperature together with the speed, consolidation force,
and surface preparation [1–4]. The process temperature has a direct in-
fluence on intimate contact development [5,6], bonding quality [7], and
process-induced residual stresses [8]. Since the thermal phenomena
play a vital role in the LATWand LATP process of thermoplastic compos-
ites, the process temperature has been researched extensively in litera-
ture as summarized in the following.

The effects of laser settings and lay-up speed on the processing tem-
perature were investigated in [9–11] for LATP processes. An optical-
thermal model was developed in [12] and the process temperature
was found to be affected slightly by the substrate fiber orientation.
The effect of roller temperature, geometry, and thermal contact resis-
tance on the substrate and tape temperature was studied in [13] in an
LATPprocess. The role of the thermal contact resistance between the de-
posited layers was investigated in [14,15] for LATP on flat tooling geom-
etries. The effect of winding direction on the process temperature was
studied for a constant curvature tooling in [16] considering a LATWpro-
cess. The temperature distribution during adjacent placement of ther-
moset prepregs was studied in [17] experimentally and numerically.
The non-uniform temperature distribution on the part and tooling
was described. The temperature distribution in the successively
wound hoop layers was investigated in [18,19] using a LATW setup.
The overlapping of the incoming tape with the already deposited sub-
strate in the case of helical LATW process was investigated experimen-
tally in [20]. It was observed that due to the local variation of the
substrate geometry a considerable peak in temperature during the
step-off stage was taking place. The temperature distributions effect
on the polymeric structural parameters such as degradation weight
loss and crystallinity were investigated with respect to the process pa-
rameters [21]. Advanced optical models were developed in [12,22,23]
to predict the anisotropic reflection behavior of the composite tapes
which directly affects the heat flux distribution on the tape and sub-
strate surface. An inverse thermal model was introduced in [24] for
LATP of thermoplastic prepreg tapes on flat tooling. The required heat
flux distribution was obtained for a given desired heating zone temper-
ature distribution. An analytical processmodel was employed in [25,26]
for the LATP process using a flat tooling geometry. Guidelines for the
thermal process design, optimum heat flux distribution and control
were drawn based on the laser power and heating length.

To date there has been limited research completed on the tempera-
ture characterization of the LATP and LATW processes on complex
tooling geometries such as helical winding of the doubly-curved dome
part of the pressure vessel. The substrate temperature was predicted
in [27] for a thermosetting resin-based AFP process with a complex
tooling geometry in aerospace applications. In order to calculate the
transient heat flux from an arrayed-infrared emitter heat source, view
factors were used for the discretized substrate and heater surfaces.
The effect of the fiber path on the temperature development was quan-
tified by comparing two fiber paths with an offset on the part surface.
The temperature variation due to the change in local tooling curvatures
was studied in [28] for a 2.5 dimensional (2.5D) geometry. It was shown
that the temperature increased due to the local decrease in process
speed and increase in the local surface curvature. An adaptive vertical-
cavity surface-emitting laser (VCSEL) source was employed to regulate
the power for a more uniform process temperature.

Since the local geometry varies while depositing the prepreg tape on
complex tooling geometries andfiber paths, e.g. [29–32], the temperature
near nip point is inherently affected which has not yet been investigated
comprehensively. The time- and location-dependent process settings
need to be adjusted and optimized to obtain the desired process temper-
ature in complex cases of LATP and LATWprocesses. To this end, a 3D ge-
neric kinematic-optical-thermal (KOT) model is developed for the first
time to predict the temperature history and evolution in LATW/LATP pro-
cesses with complex tooling geometries and arbitrary fiber paths accom-
panying time-dependent process settings. A computer-aided-design
(CAD)model of an arbitrary tooling surface is first discretized into a trian-
gulated mesh. The thickness distribution history based on the trajectory
of the tape on the tooling surface is calculated by the kinematic model
which provides also the calculated position of the tape laying head
(TLH) for the opticalmodel. The transient heatflux distribution translated
from the laser irradiation and reflections is estimated by the opticalmodel
taking the varying curvature of the substrate into account. The substrate
temperature is modeled with stationary 1D through-thickness thermal
domains defined for each triangular facet of the tooling surface. The in-
coming tape ismodeled independently with a 2D transient Eulerian ther-
mal model considering the advection term for the material flow. A mesh
study is performed to have a converged result and the numerical imple-
mentation of the developed KOT model is verified with the literature
data. To validate the effectiveness of the KOT model, a total of four pres-
sure vessels are manufactured and the measured process temperature
by the thermal camera is compared with the predictions. The effect of
the dome surface curvature and tape feeding rate (TFR) variation on the
temperature evolution is quantified using the developed model. As com-
pared with the reported literature which is summarized in Table 1, the
proposed KOT modeling approach is advantageous to simulate the
LATW and LATP process for 3D arbitrary geometries with varying fiber
paths and process settings such as process speed and laser power.

2. Experimental

The unidirectional prepreg used in this study was Celstran® glass
fiber GF70–01/high-density polyethylene (HDPE)with 70%fiberweight
fraction and 47% fiber volume fraction manufactured by Celanese. It is
well suited for applications where cost and processability are critical
providing excellent toughness and chemical resistance. The liners of
the pressure vessels (type-IV) were made of pure HDPE thermoplastic
by blowmolding process which has been exploited in hydrogen storage
[33] and compressed natural gas shells [34].

The TLH of the tape placement system used for themanufacturing of
thepressure vessel consisted of the relevant laser source, incoming tape,
and roller as depicted in Fig. 1a and b. The position of each part was de-
termined with respect to the roller center. A total of 4 pressure vessels
were manufactured using the LATW setup and the pictures of one of
the vessels are shown in Fig. 2a. As it is seen, the cylindrical part of the
liner made of blow molding process was first reinforced with three
layers by hoop winding. Subsequently, the whole vessel including the
cylindrical and dome parts was covered with four additional layers via
helical winding where each layer consisted of 29 circuits. As seen in
Fig. 2a, the already wound helical layers were overlapped at a certain
point which resulted in cross over points. It should be noted that the
focus of this work is on the helical winding process for cylinder and
dome parts, for which a geodesic path was generated by the CAD/
CAM-software ComposicaD as depicted in Fig. 2b. The designed fiber
path was then post-processed as a machine code for the robot actuator.

Each helical circuit of the tankwinding process took ~24s consisting
of 2 × 5.46s for tape placement on the cylindrical part and 2 × 6.54s for
tape placement on the dome parts. The complex geometry of the dome
required significant orientation changes of the robot positioning and
the tape winding applicator. Therefore, the TFR in the dome part was
varied and considerably lower with an average value of 46.4mms−1,
as compared to the constant TFR for the cylinder part (150mms−1).
The robot controller converted the fiber path to the synchronized
movement of the robotic arm and the liner rotation while following
the time-dependent TFR history. In this case, the TLH ran back and
forth in the plane along the symmetrical axis of the liner with a varying
velocity at the domes. The liner rotated with a time-dependent angular
velocity aswell. As the TLHgradually reversed at the poles of domes, the
corresponding winding angle needed to be adapted transiently as a



Table 1
Overview of the reported literature on numerical simulation of ATW and AFP processes with considered features in studies focusing on the investigation of temperature development in
AFP and ATW processes.

Process - ref. Tooling geometry Fiber path direction Process speed Laser power Anisotropic reflection Model validation

AFP [27] 3D arbitrary Constant Constant Constant No No
AFP [28] 2.5D single-curved Constant Time-dependent Time-dependent No Pyrometer
AFP [11] Flat Constant Time-dependent Time-dependent No IR camera
AFP [12] Flat Constant Constant Constant Yes IR camera and thermocouples
ATW [10] Single-curved Constant Constant Constant No No
Current study 3D arbitrary Varying Time-dependent Time-dependent Yes IR camera

Fig. 1. (a) A snapshot of the LATW process set-up during pressure vessel winding (©Fraunhofer IPT). (b) Schematic view of the tape laying head (TLH) geometry including laser source,
incoming tape, and compaction roller to be used in the optical model (reproduced with permission from [22]).

Fig. 2. (a) Pictures of the manufactured pressure vessel in each step of the LATW process
(©Fraunhofer IPT). (b) Designed fiber paths visualized by CAD/CAM-software
ComposicaD program for the helical and hoop winding of pressure vessel
manufacturing. Hoop winding of 1 layer and helical winding of 1 circuit are visualized.
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consequent. In addition, pretrials with systematic parameter variation
were performed in order to determine the separate laser power values
for cylinder and domes parts. The laser power was instantaneously
changed at predetermined points along the fiber path during the con-
tinuous winding process.

The parameters relevant to process stability and consolidation qual-
ity like the temperature distribution in the laser-irradiated zone, the
compression force applied by the consolidation roller and the TFR
were continuously monitored during the process. The temperature dis-
tribution was captured with an infrared thermographic camera by DIAS
Infrared (Pyroview380Lc type) andwas evaluated by extracting charac-
teristic average values from predetermined areas defined in the ther-
mographic image in the associated software Pyrosoft Professional as
shown in Fig. 3. The averaged temperature within the characteristic
boxes for the tape, nip point and substrate were extracted from the
thermal video stream with a frequency of 6.3 Hz and used for compari-
son with the simulation results. The dimensions of the tape and sub-
strate characteristic boxes equaled half of the tape width. The distance
of themeasurement box center to the visible nip point in the 2D thermal
image was approximately 5 mm as shown in Fig. 3, however, the ther-
mal camera was installed above the laser optics as seen in Fig. 2a
which means that the thermal camera did not have a visual on the ac-
tual nip point. It was estimated that the distance of the measuring box
for the tape and substrate to the actual nip point was approximately
25–30mmand 5–10mm, respectively. A constant emissivity coefficient
of 0.9 was set in the thermal camera for tape and substrate based on the
experiments performed in [19].

3. Generic kinematic-optical-thermal (KOT) model

An overview of the developed coupled KOT process model for ge-
neric LATW/LATP is presented as a flowchart in Fig. 4. The utilized ge-
ometry, mesh, winding path, as well as the process and material
properties, were first defined by the user. Accordingly, the trajectory



Fig. 3. A snapshot of the thermographic video with the characteristic components and the
predetermined areas defined for averaging the characteristic temperature of the substrate,
tape, and nip point.
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of the tape on the surface mesh and the thickness distribution were de-
fined in the kinematic model. The heat flux distribution on the surface
mesh calculated in the optical model was used as an input for the ther-
mal model in order to predict the transient temperature distribution
and evolution on the tape and substrate surfaces. Each block of the flow-
chart in Fig. 4 is described in detail in the following sections.
3.1. Tooling mesh and fiber path generations

The tooling geometry and fiber path were considered as the user-
defined inputs. The tooling was described by standard geometries, e.g.
Fig. 4. Flowchart of the kinematic-optical-thermal
a cylinder, or by generic stereolithography (STL) formatwith a 3D trian-
gular surfacemesh. The input fiber path was defined as scatter points in
3D space on the tooling surface mesh. The space between the fiber path
points was adjusted based on the desired time-dependent TFR value
considering a constant time step.
3.2. Kinematic model

The kinematic model was used to support the thermal and optical
models by providing the TLH position for the optical model and the
thickness distribution history in each time step for the thermal model.
The global inputs and outputs of the kinematic model were defined in
the flowchart of Fig. 4 and a detailed flowchart of the kinematic model
description is presented in Fig. 5. A schematic view of the kinematic
model is presented in Fig. 6 for a cylindrical shaped tooling. The path
points indicated in Fig. 6 with the red points were defined in the 3D do-
main. The location of each path point was defined at the center of the
depositing tape. A valid assumption in the kinematic model was the
geodesic fiber deposition due to the in-situ consolidation i.e. the depos-
ited tape follows the fiber path after the deposition. The details of the ki-
nematic model implementation are explained in the following.
3.2.1. Vectors in width and winding directions
The computational winding direction was defined by the vector

connecting two consecutive path points. This vector was then projected
on the plane of the former path point's facet. Then the width direction
vector (Vwidth) was determined as the cross product of the facet normal
(n) and winding vector (Vwind), i.e. Vwidth = Vwind × n since both wind-
ing and width directions laid in the same plane and perpendicular to
each other as shown in Fig. 6 by the blue vectors.
(KOT) model for generic LATP/LATW process.



Fig. 5. Flowchart of the of the kinematic model describing the tape trajectory and thickness growth algorithm. (see also Fig. 6).
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3.2.2. Width intersections
To determine which facets were covered by the deposited tape, the

path point needed to be extended in the width direction. The line
starting from the path point as the tape center to the intersection of
Vwidth with the facet edge was the first segment of the tape extension
to one side. The adjacent facet of the intersected edge can be deter-
mined since each edgewas common for two facets. The second segment
considered the adjusted width direction by projecting the Vwidth to the
adjacent facet plane and the starting point was the intersection point
on the edge. This process continued until the cumulative length of the
line segments reached half of the tape width at point E2 in Fig. 6. The
same procedure was also employed in the reverse direction to cover
the other half of the tape width (point E1). The intersections of the de-
posited tapewith the edges in thewidth direction are shown by the yel-
low points in Fig. 6.
3.2.3. Winding intersections
The intersection of the tape edges in Vwindwas calculated in the next

step with the same approach in the width direction. The starting points
were the right-most e.g. E2 and left-most e.g. E1 points across thewidth.
The line segments were added in winding direction until reaching the
width line segments of the next time step (points between E3 to E4).
If the two right-most (E2 and E3) or left-most (E1 and E4) points of
the width direction were in the same facet for two consecutive time
Fig. 6. A visualized description of the kinematic model and the 1D substrate thermal
domains positioned in the 3D space.
steps, no intersection in winding direction was defined. The intersec-
tions of the deposited tape with the edges in winding direction are
shown by the dark blue points in Fig. 6. Uniform thickness distribution
in the width direction was assumed in the developed kinematic model.

3.2.4. Covered facets and thickness increase
Knowing the intersection points and corresponding facets, the fully

and partially covered facets were determined in the final step of the ki-
nematic model. To identify the fully covered facets, the facets at the vi-
cinity of the intersection points were considered except the already
partially covered facets. The endpoints of the width intersections for
two consecutive time steps e.g. points E1, E2, E3, and E4 shown in
Fig. 6, were projected to the query facet plane. If all the vertices of the
facet were found to be on the polygon formed by the projected E1-E4
points, the corresponding facet was defined as fully covered.

During depositing the new layer i, the increase in the thickness (tdi)
on the calculation domain j with facet area of Afij was defined based on
the amount of covered facet area (Acij):

tdi ¼ Acij=Af ij � tp ð1Þ

where tp was the nominal prepreg thickness. The thickness incre-
ment equaled to the prepreg thickness (tdi= tp) for fully covered facets
since Acij = Afij and tdi b tp for partially covered facets which were lo-
cated at the tape edges as seen in Fig. 6. The time-dependent thickness
distribution was therefore determined accordingly and forwarded to
the thermal model.

3.3. Optical model

The triangulated surface in the KOT model was considered as sta-
tionary and the TLH followed the fiber path defined on the tooling sur-
face. Therefore, the TLH was positioned in each time step according to
path point location, the normal of the surface, and the winding direc-
tion. The surface of the tape and roller were also triangulated in the op-
tical model. The geometrical parameters of TLH consisted of the laser
source, incoming tape, and compaction roller are explained in Fig. 1b.
The relative position of the roller and laser source was assumed to re-
main constant throughout the process.

The optical model developed in [22] was the basis of the current op-
tical modeling approach. A summary of the optical model implementa-
tion is explained briefly in the following. Once the geometry was
constructed, a set of collimated rays were launched from the laser posi-
tion using the Sobol sampling. The rays weremodeled based on the ray-
tracing approach. It calculated the locations where the rays hit on the
tape, substrate, and roller. The interaction between a single ray and
the hit body was described by the optical micro-model. The micro-



Fig. 7. (a) Phase 1: Heating phase before the nip point, (b) Phase 2: At the depositing step,
(c) Phase 3: Consolidation region after nip point, (d) Phase 4: Cooling after passing the
roller.
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model simulates the anisotropic reflection behavior of the composite
surface using a bidirectional reflectance distribution function (BRDF).
The reflection behavior was modeled by generating new rays based on
themicrofacet distribution function imitating the reflection patterns ob-
served by the composite surface. The reflected ray energy was calcu-
lated using the Fresnel equation based on the relevant microfacets
considering the initial ray incident angle in the macro-model. Further
details can be found in [22].

The optical and thermal computational nodes for the substrate were
the same following the triangulated mesh as seen in Fig. 6. Therefore,
the absorbed light collected by each facet on the substratemeshwas in-
troduced as the input heat flux for the corresponding substrate 1D ther-
mal model. On the other hand, the optical and thermal nodes did not
match each other for the incoming tape. The tape heat flux would
post-processed to match to the fixed tape geometry with structured
square bins of 1mm2 in the feeding and width directions [22]. Although
the tape geometry complying with the roller profile together with the
relative position of the laser was fixed, the heat flux was varying due
to the reflections coming from the substrate which had a location-
dependent geometry. Only one reflection of the incoming laser ray
was considered in the present work. The output of the opticalmodel ap-
plied to the tape and substrate surfaces in the 3D space coordinates (X)
was a time-dependent heat flux field q"i (X,t). The heat flux distribution
on the tape and facets for the substratewere then forwarded to the ther-
mal model as a heat flux boundary condition in each time step to calcu-
late the transient temperature distribution.

3.4. Thermal models

The incoming tape and substrate were modeled separately because
the tape geometry remained constant, i.e. complying the roller geome-
try asmentioned before, whereas the substrate geometry had a varying
profile, i.e. time-dependent geometry. The tape was therefore modeled
up to the nip point, while the substrate computational domain on the
fiber path included all the heating, deposition, consolidation i.e. under
the compaction roller, and cooling to the surrounding air phases. The
tape and substrate thermal models were coupled at the nip point
where the tapemodel provided tape nip point temperature for the sub-
strate model.

3.4.1. Substrate model
A schematic view of the 1D thermal domains in 3D space is demon-

strated in Fig. 6. Each triangular facet of the tooling surface was defined
as one control volume (CV)-based thermal domain through the thick-
ness direction. The governing equation for the transient 1D heat transfer
problem in the Lagrangian framework was defined as [35]:

ρcp
∂T
∂t

¼ kz
∂2T
∂z2

ð2Þ

where ρ, cp and kz were the density, specific heat capacity, and ther-
mal conductivity in the thickness direction, respectively. The substrate
in-plane heat conduction rate is much lower than the relative velocity
of the laser source and heated surface, therefore, only the dominant
through-thickness conduction was considered as done in [36] as well.
Therefore, a considerable computational cost was saved by neglecting
the in-plane heat conduction to the adjacent thermal domains while
having a negligible loss in the prediction accuracy. An implicit finite
volume-finite difference (FV-FD) based numerical solution scheme
was used.

A total of 5 CVs (3 full and 2 half CVs) per layer in the thickness di-
rection was utilized as depicted in Fig. 7. Thus, the CV sizes in the thick-
ness direction depended on the thickness increment calculated by Eq. 1
in the kinematic model for each layer. Hence, the CV size variation
through the thickness was implemented for each facet using Eq. 1. Con-
sidering a single 1D growing thermal domain on the deposition fiber
path as shown in Fig. 7, the one-layer-thick substrate had a thickness
of tp and a CV size ofΔzs= tp/4. The first depositing tape had a thickness
of td1 and a CV size of Δzd1 = td1/4.

The time-dependent boundary condition at z=0was determined
based on four phases. During phase 1, laser heat flux (q"i (X,t)) and
the air cooling applied on the surface based on −kz∂T/∂z = ha
(T − Tsurr) + q"i (X,t) where ha was the convective heat transfer coef-
ficient with respect to surrounding temperature Tsurr. In phase 2
when the tape was deposited, 4 new CVs were activated in the 1D
thermal domain with the calculated tape temperature by a dedicated
tape thermal model explained in the following section. Besides, the
temperature of the nip point node (blue node in Fig. 7) was defined
as the weight-averaged of the substrate and tape temperatures
using the following expression:

Tnip ¼ Δzd1Ttape þ ΔztTsubs

Δzd1
þ Δzs ð3Þ

During phase 3 in the consolidation region, the roller heat losswith a
temperature of Trollerwas described as−kz∂T/∂z= htr(T− Troller) where
htrwas the heat transfer coefficient at the roller-substrate interface. The
consolidation region lengthwas defined based on the roller indentation
(I) into the tooling surface and the substrate profile as shown in Fig. 1b.
During phase 4 after the roller passed the thermal domain, air convec-
tion boundary condition was applied as −kz∂T/∂z = ha(T − Tsurr) at
z=0. In all the four phases, hstwas defined as the the heat transfer coef-
ficient at the substrate-tooling interface at z=tp+td1. The heat loss to
the toolingwith a constant temperature of Ttoolwas defined with a con-
vective heat transfer boundary condition using the expression −kz∂T/
∂z= hst(T− Ttool). Perfect thermal contact between layerswas assumed
since the possible thermal contact resistance at the layer interfaces is
negligible according to [14].
3.4.2. Incoming tape model
The incoming tape was modeled in the Eulerian framework where

the computational mesh was stationary and the material had a flow in
the feeding direction. A description of the 2D thermal domain for the
tape and the boundary conditions are depicted in Fig. 8a. The corre-
sponding governing equation for the 2D transient heat conduction
problem considering the advection term is given as [35]:



Fig. 8. (a) The positioning of the 2D slices of the thermal domains for the incoming tape. (b) Computational thermalmodel in the feeding and thickness direction for the incoming tape in a
Eulerain framework.
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ρcp
∂T
∂t

þ u
∂T
∂y

� �
¼ ky

∂2T
∂y2

þ kz
∂2T
∂z2

ð4Þ

where u was the linear time-dependent TFR. The advection term (u∂T/
∂y) represented the transport due to bulk tapemotion through thefinite
volumes in the feeding (y-) direction. The in-plane conductivity was
neglected in thewidth (x-) direction aswas done also in [36]. Therefore,
multiple 2D slices were considered adjacent to each other instead of
using a full 3D thermal model for the tape to save some computational
cost as shown in Fig. 8b. Total of 12 slices (Δx=1 mm) in the width di-
rection were used which covered the whole tape width and therefore
able to capture the variation of the heat flux distribution. Total of 5
and 40 CVs (Δz = tp/5 mm, Δy=1 mm) were used in the through-
thickness direction (z-direction) and feeding direction (y-direction), re-
spectively. The total number of CVs used for the tape was 2400.

The water-cooled roller was the main mechanism of the heat loss for
the tape which was formulated by using a heat transfer coefficient at the
tape-roller interface htr and the roller temperature Troller. Hence, the
boundary condition −kz∂T/∂z = htr(T − Troller) was applied at z = tp as
shown in Fig. 8a. The inlet temperature of the tape at y=0 was set to
the surrounding temperature Tsurr. An adiabatic boundary condition was
applied at y= LT, i.e. at nip-point, because the heat transfer after the nip
point was taken into account in the substrate thermal model by coupling
the tape and substrate nip point temperatures. The calculated heat flux q"i
in the opticalmodel and convective cooling to Tsurrwith aheat transfer co-
efficient of hawere used as a boundary condition at z=0mmas shown in
Fig. 8a. An implicit schemewas exploited to solve Eq. 4. The discretization
of advection term (u∂T/∂y) played a critical role in the solution stability
since itwas the dominant term compared to the diffusion term in velocity
direction. To have a stable numerical solution by using the FV-FDmethod,
an upwind scheme was employed as used also in [37].

The depositing tape temperature at the nip pointwas the input for the
substrate thermalmodel as explained earlier in Section3.4.1. This temper-
ature was considered as the average nip point temperature across the
tapewidth considering all the 2D slices defined in the tape thermalmodel.

4. Case studies

Three case studies were carried out by using the developed KOT
model as seen in Fig. 9:

• Case-1

The helical winding of the cylindrical part of the liner described in
Fig. 2b was simulated in order to ensure a converged predicted
temperature distribution with a sufficient number of laser rays and
facet size. The considered helical fiber path on the cylinder is shown in
Fig. 9a. The fiber path was 150 mm long and it took 1s to place the
tape on a 1-layer-thick substrate. The convergence of the results highly
depends on the number of laser rays (N0) used in the optical model and
the number of the illuminated facets (eIF) which were the computa-
tional parameters investigated in this case study. Themesh sizewas de-
fined based on the smallest edge of the triangles.

• Case-2

The developed KOT model was used to simulate the AFP process of
C/PEEK composites reported in [12] for verifying the numerical imple-
mentation. Fiber placement on flat tooling was simulated for the de-
fined placement path as seen in Fig. 9b which was based on the
process configuration presented in [12].

• Case-3

The helical winding of the dome and cylindrical parts of the pressure
vessel indicated in Fig. 2b were simulated by using the developed KOT
model. The corresponding winding paths on the cylinder and dome
are shown in Fig. 9c. The KOT model predictions were evaluated by
comparing the results with the measured temperatures during the
LATW process of the pressure vessels. The modeled fiber path started
1.2s before the dome part which was on the cylindrical part to make
sure that the whole dome was heated according to the performed ex-
periments. Therefore, a coarse mesh size was considered for the cylin-
drical part of the winding path as seen in Fig. 9c. The dome had a
doubly-curved surface with three curvature values of 0.021, 0.01,
0.005m−1.

The corresponding process settings and constantmaterial properties
used in the KOT model are given in Table 2. The values for geometrical
parameters depicted in Fig. 1b and the boundary conditions parameters
are reported in Table 3 for each case study. The heat transfer coefficient
used in all case studies were chosenwithin the range of reported values
in the literature [13,17,38–40]. Theses values were assumed uniform
and constant during the process to reduce the complexity of the prob-
lem. The values of the hsr and htr for case studies 1 and 3 were much
higher than the case study 2 as the roller was water-cooled. Also, the
corresponding value of the hst was lower in case 1 and 3 than case 2
as the tooling was made of pure thermoplastic in case 1 and 3 with
low thermal conductivity while in case study 2 a metal mold was
employed.

The TFR and substrate surface curvature varied during the helical
winding on the dome part as explained in Section 2. The corresponding
varying TFR and curvature evolution are illustrated in Fig. 10. The time



Fig. 9. The STL representation of the tooling and the fiber path (red solid line) which the TLH follows during the process for (a) case study 1: helical winding on the cylinder, (b) case study
2: AFP process, (c) case study 3: helicalwinding on the domepart of the vessel. (For interpretation of the references to color in thisfigure legend, the reader is referred to theweb version of
this article.)

Table 2
Process settings and prepreg thermal properties used for simulation of each case study. The thermal properties of G/HDPE and C/PEEK were taken from [12,41], respectively.

Parameter (symbol) Unit Case study 1: helical on cylinder Case study 2: AFP Case study 3: helical on dome

Laser power (P) W 850 1056 400
Laser power distribution – Top-hat Spatial emittance function Top-hat
Tape feeding rate (TFR,v) mm s−1 150 100 Varying - mean of 46.4
Prepreg – G/HDPE C/PEEK G/HDPE
Specific heat capacity (cp) J kg−1∘C−1 1180 1425 1180
Density (ρ) kg m−3 1710 1560 1710
Conductivity in fiber direction (ky) W m−1∘C−1 0.98 5 0.98
Conductivity transverse to fiber direction (kx, kz) W m−1∘C−1 0.72 0.72 0.72

Table 3
Geometrical and boundary conditions reference values used for simulation of each case
study.

Symbol Case study
2:
AFP [12]

Case studies
1,3:
Helical
winding

Description (Unit)

Rr 40 45 Roller radius (mm)
wr 40 58 Roller width (mm)
I 2 10 Roller indentation into the tooling surface

(mm)
C 28 46 Consolidation region length (mm)
wp 12 12 Prepreg width (mm)
tp 0.15 0.25 Prepreg thickness (mm)
ts 1.65 0.25,0.5 Substrate thickness (mm)
αt 67.4 60 Incoming tape angle (∘)
Rs Flat 136 Substrate radius (mm)
yl 185.6 370 Laser spot y-position (mm)
zl 61.1 165 Laser spot z-position (mm)
hl 45 67 Laser spot height (mm)
wl 16 32 Laser spot width (mm)
αl 32 30 Laser beam angle (∘)
θ – 28, Varying Winding angle of cylindrical region (∘)
Tsurr 20 25 Surrounding/initial temperature(∘C)
Troller 50 25 Water-cooled roller temperature (∘C)
Ttool 20 50 Tooling surface temperature (∘C)
ha 10 [39] 10 [39] Composite-air convection coefficient

(Wm−2∘C−1)
htr 40 [38] 600 [40,39] Tape-roller convection coefficient

(Wm−2∘C−1)
hsr 500 [13] 1000 [13] Substrate-roller convection coefficient

(Wm−2∘C−1)
hst 2000 [39] 500 [17] Substrate-tooling convection coefficient

(Wm−2∘C−1)
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t=0s corresponds to the beginning of helical winding on the cylinder
part. As it is seen, the dome winding started at 5.46s and took 6.54s.
Facets A, B, and C with corresponding surface curvatures were consid-
ered on the dome surface for further investigation. In addition to vary-
ing TFR, a constant TFR of 46.4mms−1 on the dome part was
employed in the process simulations which was averaged from 5.46 to
12s. The absolute value of the varying winding angle which was incor-
porated in the kinematics of the fiber path is also plotted in Fig. 10.
5. Results and discussions

5.1. Convergence analysis (Case-1)

The helical winding on the cylindrical part of the pressure vessel de-
scribed in Section 2 was considered for the convergence study of the
KOT model. The steady-state temperature distribution on the tape and
substrate surface which was obtained at 0.6s is plotted in Fig. 11 with
N0=5000 and eIF=43. The unfolded 2D tape domain reversely mapped
to its original 3D shape which looks like the real geometry of the pro-
cess. It is seen that the temperature variation along the nip point line
was larger for substrate than tape. The reason was that the tape was ir-
radiated fairly uniformly by the laser, on the other hand, a non-uniform
heat flux distribution was the case for the substrate due to the helical
winding and liner curvature with respect to the TLH position. The sub-
strate temperature was reported at 5 mm prior to the nip point across
the tape depositing edges indicated as the reporting line in Fig. 11. The
weight-averaged substrate temperature was defined based on the
length of line segments across the width direction which is illustrated
in Fig. 6 i.e. between the yellowdots. Theweight-average substrate tem-
perature across the width direction was found to be approximately
150∘C and this was approximately 130∘C for the tape. The effect of N0



Fig. 10. The time-dependent TFR, dome surface curvature, and absolute winding angle history along the fiber path during helical winding. The time when the TLH passed facets A, B, C are
indicated by the dashed lines. Refer to Fig. 9c for the location of the facets and the fiber path on the liner surface.

Fig. 11. Steady-state temperature distribution of the case study 1 on the substrate and tape surfaces at 0.6s. The red lines located at 5mm away from the nip point were used to extract the
temperature for the convergence study. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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and eIF on the mean and standard deviation of the temperature as well
as the computational time is discussed in the following.

The computational time of the optical model highly depended on N0

and eIF as seen in Fig. 12a. It is seen that therewas a rapid increase in the
computational time asN0 and eIF increased. Note that the process simu-
lations were run on a PC having a quad-core CPU (eight threads), with
2.6 GHz and 16 GB of RAM. Therefore, it is desirable to keep the ratio
of the launched rays to the number of illuminated facets (N0/eIF) as
low as possiblewithout losing temperature accuracy. However, a higher
N0/eIF values lead tomore accurate predictions due to themore detailed
Fig. 12. (a) Computational time of the KOTmodel based on the number of rays (N0) and liner m
from the nip point and (c) the corresponding temperature deviation across the widthwith resp
heat flux information. To find the optimum point out at which a suffi-
cient accuracy was achieved, the average temperatures across the
width for both the tape and substrate at 5 mm away from the nip
point for various mesh sizes were investigated and the obtained results
are depicted in Fig. 12b. The temperature converged approximately
with N0/eIF=330 and 133 for the substrate and tape, respectively.
These values were therefore used for the rest of the case studies in
this work. According to Fig. 12b, finer mesh did not necessarily lead to
a higher accuracy, however, to avoid any uncertainty in the results a
mesh size of 2 mmwas used for the rest of the study.
esh size. (b) The tape and substrate temperature averaged across thewidth at 5 mm away
ect to the ratio of number of rays to the number of irritated facets on the substrate (N0/eIF).
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The standard deviation of the substrate and tape temperature across
the width with respect to N0/eIF is plotted in Fig. 12c in order to have a
more elaborate in-depth analysis of the model convergence. It is seen
that the temperature variation was inversely proportional to the N0/
eIF. Generally, the tape temperature converged earlier than the substrate
since the 2D tape thermal domains together with the TLH were
remained constant and positioned along the winding direction in each
time step. The standard deviation in the tape temperature was esti-
mated approximately 3 ∘C for N0/eIF=133. On the other hand, the sta-
tionary 1D thermal domains for the substrate were unstructured with
respect to the winding direction which resulted in a larger standard de-
viation of approximately 10 ∘C for the substrate.

The time step i.e. the incremental displacement of the TLHdid not af-
fect the temperature distribution in the steady-state phase. However,
the transition period to reach steady-state distribution was affected
slightly. In order to capture the transient temperature evolution on
the dome part accurately due to a variation in tooling geometry and
TFR, a relatively small time step of Δt=30ms was used in the KOT
model simulations.
5.2. KOT model verification (Case-2)

The predicted substrate surface temperature distribution prior to the
nip point is depicted in Fig. 13a using the proposed KOT model for the
LATP process reported in [12]. Generally, a more uniform temperature
distribution was achieved compare to Case-1 due to the winding angle
of the helical winding. The obtained results were comparedwith the re-
ported predicted and measured temperature distribution at the center-
line of the substrate as shown in Fig. 13b. It is seen that the predicted
temperature distribution by theKOTmodel agreedwellwith thepredic-
tion for the similar top hat laser power distribution in [12]. However, the
actual laser power distribution in the experimental test was a spatial
emittance function, therefore, the prediction curve with top hat laser
power distribution deviated from the measured temperature for the
substrate as seen in Fig. 13b. Although a generic triangulated mesh
with the 1D thermal model was used in the proposed KOT model, sim-
ilar laser irradiation length and temperature evolutionwere obtained as
compared with the observations reported in [12]. The predicted sub-
strate temperature by the KOT model and the corresponding predic-
tions in [12] at 5 mm away from the nip point were found to be
approximately 488∘C and 520∘C, respectively.

A Dirichlet boundary condition at the mold-substrate interface with
a constant temperature of Tmold was considered in [12]. However, in the
KOT model, a convective boundary condition with the relevant
Fig. 13. (a) Steady-state temperaturedistribution of the case study2 on the substrate surface at 0
KOT model. (b) The validation study of the generic KOT model with already developed mode
substrate surface as a function of distance to the nip point. (For interpretation of the reference
coefficient in Table 3 was applied. This difference of the mold-
substrate interface boundary condition would have a negligible effect
on the surface temperature since the relatively thick substrate acted as
a semi-infinite medium. The substrate thickness was 1.65 mm which
consisted of 11 layers as presented in Table 3.
5.3. KOT model validation for helical winding (Case-3)

After verification of the KOT model implementation with optimum
N0/eIF ratio, the temperature evolution during helical winding on the
dome and cylindrical parts of the pressure vessels was investigated nu-
merically and the obtained results were compared with the experi-
ments which are discussed in the following.

5.3.1. Experimental results
The measured substrate and tape surface temperatures by the IR

camera on the fiber path seen in Fig. 9c are plotted in Fig. 14. Here,
only the helical layers 2–4 were considered since the substrate of the
layer 1was the pure HDPE linerwhich caused unreliablemeasurements
due to different emissivity for the thermal camera than the already
wound layers [42]. Similar trends were obtained for the temperature
evolution of helical layers 2–4 as seen in Fig. 14. The measured surface
temperatures of the substrate and tape according to Fig. 3 during the
manufacturing of different pressure vessels had also very similar trends.
Therefore, the IR camera measurements were found to be reproducible
with a certain degree. During winding of the cylindrical part, i.e. be-
tween 0 and 4 s, the substrate and tape temperature were found to
slightly vary with a mean temperature of approximately 150 ∘C and
130 ∘C, respectively. The variation in temperature evolutionwas approx-
imately 10–15 ∘C and mainly due to the geometrical disturbances such
as eccentricity and unroundness in the LATW system fixation [42].

In addition, the already wound helical layers caused a thickness var-
iation at the cross-over points as shown in Fig. 2a which resulted in a
variation in the process temperature as also observed in [20]. A higher
temperature variation was observed during winding on the dome part
of the pressure vessels, i.e. between 5.46-12s, mainly due to the varying
TFR and surface curvature. The increase and decrease in the substrate
and tape temperature followed the varying TFR profile presented in
Fig. 10, e.g. the lower the TFR, the higher the temperature. The drop in
temperature at around 5s was due to the sudden laser power reduction
which took place in the cylinder-to-dome transition region as men-
tioned in Table 2. The substrate and tape temperature variation in the
dome region were approximately 80 ∘C and 70 ∘C, respectively. The
mean tape temperature of the dome part was almost the same as the
.6s. The red line shows the centerlinewhere the temperaturewould extracted for verifying
l for a simple AFP case. Measured and predicted temperature along the centerline of the
s to color in this figure legend, the reader is referred to the web version of this article.)



Fig. 14.Measured surface temperature by IR imaging camera considering the standard deviation of 4 trials for the first circuit of the helical layers 2, 3, and 4. The upper and lower limits of
the shaded regions indicate the variation based on the mean and standard deviation.
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cylindrical part. However, the mean substrate temperature of the dome
part was 10∘C less than the cylindrical part. Themean substrate temper-
ature was higher than the tape temperature by 10∘C duringwinding the
dome part. In order to compare the process model predictions with the
experimental measurements to validate its effectiveness, the measured
temperatures from the layer 3was utilized as explained in the following
section.

5.3.2. Numerical results
The calculated thickness distribution after winding layer 3 using the

kinematic model is illustrated in Fig. 15 based on the fiber path defined
in Fig. 9. It is seen that the substrate thickness in the depositing region
was 0.75 mm as two layers of the helical winding were already depos-
ited forming a 0.5mm-thick substrate for layer 3.

The 3D heat flux and corresponding temperature distributions on
the substrate and tape for different TLH locations (facet A, B, and C) on
the dome part are illustrated in Fig. 16 and Fig. 17, respectively. The ef-
fect of the substrate geometry on the heat flux magnitude was visual-
ized for three dome curvatures. It is seen that the larger curvature
resulted in a higher heat absorption by the substrate due to the larger
incident angle of the laser rays hitting the surface. On the other hand,
the heatflux distributions on tape and rollerwere remained almost con-
stant since their geometry did not change during winding. The laser ray
reflections coming from tape on the non-irradiated region of the dome
Fig. 15. Thickness distribution of the domepart afterwinding thefirst circuit of layer 3. The
dashed lines define the edge of thedeposited tape on thedome surface. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of
this article.)
took place for the facet A as seen in Fig. 16a. They diminished for the
facet C location due to the local geometry. The tape reflections resulted
in a slight increase in the temperature as compared with the non-
irradiated region seen in Fig. 17a. Further discussion on the temperature
evolution for facet A, B and C is given in Section 5.3.3.

The measured surface temperatures by the IR imaging camera prior
to the nip point were compared with the corresponding predicted tem-
peratures during winding the dome part for substrate and tape in
Fig. 18a and Fig. 18b, respectively. The standard deviation shown as
the shadow area used for the model predictions was defined based on
the temperature variation along the width direction at 5 and 25 mm
prior to the nip point for the substrate and tape, respectively. According
to Fig. 10, the dome winding started at 5.46s and ended at 12s where
the surface curvature was 0.021m−1. The corresponding predicted
trends of the surface temperatures agreed reasonably well with the
measured temperatures. The temperature peaks at ~6 and 11.5s, and
the drops around ~7 and 10s due to the TFR variations were captured
accordingly. The variation in the predicted average temperature was
mainly due to the varying TFR and laser irradiation/reflections which
were affected by the varying surface curvature as expected.

The substrate temperature prediction deviated from the measure-
ments at ~6s by 26∘C(17%) where the TFR dropped from 150mms−1

to 25mms−1. This deviation could be due to the local change in the po-
sition of the measurement box used by the IR camera. The actual dis-
tance of the measurement box to the nip point in 3D space depended
on the geometry of the substrate which was changing drastically in
the range of 5-6s as seen in Fig. 10.

In addition to actual varying TFR, the temperature evolution with a
constant TFR of 46.4mms−1 is plotted in Fig. 18a and b following the
same fiber path as the actual varying TFR. The substrate temperature
reached a plateau of approximately 138∘C in the range of ~7 − 10.5s
for the constant TFR. Higher temperatures were predicted at the range
of 5.46− 7s and 10.5− 11.5s mainly due to the larger liner curvature
(refer to Fig. 10), as the TFR was constant. The direction of the surface
normal was more parallel to the incoming laser ray direction for higher
curvature which means that more of the laser ray energy was absorbed
rather than reflected rays based on the Fresnel definition implemented
in the optical model [22]. Hence, the peak in the substrate temperature
took place at the location which had the largest curvature value. The
maximum substrate temperature difference between constant and
varying TFR was 18∘C (15%) which took place at the first drop at 7.3s
due to the relatively large TFR difference. The tape reached a steady
temperature of 140∘C in the range of ~6.5 − 10s. The tape steady-state
range was ~0.5s behind than the substrate since the tape prediction
was at 25 mm away from the nip point while the for the substrate this
value was 5 mm as mentioned earlier. The tape temperature was
lower than the steady-state temperature in the range of 5.46 − 6.5s



Fig. 16.A computational view of the irradiated facets for the tape, roller, and liner when the TLH is located at facet (a) A, (b) B, (c) C (refer to Fig. 9c for location of the facets). Selected laser
rays launched from laser source and the corresponding reflections are plotted. (For interpretation of the references to color in this figure legend, the reader is referred to theweb version of
this article.)

Fig. 17. A computational view of the temperature distribution for tape and liner when the TLH is located at facet (a) A, (b) B, (c) C (refer to Fig. 9c for location of the facets). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 18. Comparing the IR camerameasurements andnumerical results duringwindingdome at thefirst circuit of the third layer. The shaded area of the predictions shows the temperature
standard deviation in the width direction of the substrate deposition region (refer to Fig. 15), while for the measurements the standard deviation of 4 trials were considered.
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and 10− 11s. This behaviorwas opposite to the substrate due to the re-
duced energy of reflected rays from the substrate at higher curvature
locations.

The predicted substrate nip point temperature during the helical
winding of layer 3 is visualized on the dome surface in Fig. 19 for the de-
fined winding path. In other words, Fig. 19 shows the history of the
location-dependent nip point temperature evolution during the helical
winding process of the dome part. At the cylinder-to-dome transition
region indicated as the critical point, a maximum temperature of
203∘C was predicted. The reason for this was the change in the local
tooling geometry at the transition from cylinder to dome part which re-
sulted in a more localized heat absorption on the substrate surface.



Fig. 19. A process window for the nip point temperature history of the substrate on the
dome part. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)
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5.3.3. Temperature history of a single facet
The surface temperature history of facet A, B and C shown in Fig. 9,

reassembling a thermocouple measurement installed at the facet sur-
face, is depicted in Fig. 20 considering varying and constant TFR histo-
ries. As shown in Fig. 10, the time when the TLH was located at the
facet A, B and C was at 6.26, 6.96, and 9.26s, respectively. The heating
of the facet A started before 5.46s while the TLH was on the cylindrical
part for both varying and constant TFR. For facet B the heating with
varying TFR started 0.06s later and for facet C 0.12s earlier as compared
with the case of constant TFR. The time lags depended on the difference
between the constant TFR (46.4mms−1) and the average of varying TFR
from t=5.46s to the starting of the heating. To illustrate, the averaged
varying TFR for facet C before heating was 48.6mms−1, therefore, the
heating started earlier than the constant TFR case.

The average initial heating rate for facet B from 5.76 to 6.36s was
12.4∘Cs−1, while after 6.36s it rose up to 362.3∘Cs−1. The reason for
this was that the facet B was heated from 5.76 to 6.36s while the TLH
was on the domewith a curvature of 0.021m−1. Therefore, the positing
of the TLH and the resulting incident angle of the laser rays hitting the
surface were different from the case in which the TLH was located on
the dome with a curvature of 0.01m−1. The steep drop in the tempera-
ture of facet A at 6.26s i.e. the nip point, caused by the colder tape depo-
sition. What can be clearly seen after the nip point is the two major
cooling slopes for all the facets. The first slope was dominated by the
roller heat loss at the consolidation region followed by the second less
Fig. 20. The surface temperature history of facets A, B, and C located at the substratewidth cente
varying TFR during dome winding are quantified.
intensive air cooling slope due to the convective cooling to the ambient
air. The average cooling rates of facet A at the consolidation region
(6.26-7.86s) and during air cooling (7.86-12s) were 43.5∘Cs−1 and
5.4∘Cs−1, respectively. The variations in the peak temperatures, aver-
aged heating rates, and averaged cooling rates at the consolidation re-
gion are summarized in Table. 4 for facets A, B, and C. The maximum
temperature was found to be inversely proportional to the mean TFR
during heating phases. The averaged TFR during heating the facets A,B,
and C were 37.8, 50.7, and 38.3mms−1 while the constant TFR was
46.4mms−1. The peak temperature varied up to 37% when the curva-
ture dropped from 0.021 to 0.01m−1 i.e., from facets A to B. In addition,
the heating and cooling rates had amaximum variation of 52% and 41%,
respectively. In general, the cooling rates had lower dependence on the
curvature variation since the cooling rates mainly affected by the tem-
perature gradient and hsr. By assuming constant TFR shown in Fig. 10,
the isolated effect of the surface curvature on the process temperature
evolution can be analyzed. The heating rate and the consecutive maxi-
mum temperature, as well as the cooling rate, dropped by reducing
the curvature. For instance, the peak temperature dropped by 17%
with a reduction in the curvature by 110% (from 0.021 to 0.01m−1).
The highest curvature had a significant effect on the temperature evolu-
tion. However, by reducing the curvature linearly even further for 100%
i.e., comparing facets B and C, the variation in the peak temperature and
heating/cooling rates significantly reduced. This clearly showed that
there is a nonlinear relationship between the surface curvature and
the temperature evolution.
6. Conclusion

A new generic kinematic-optical-thermal (KOT) model was devel-
oped to describe and predict the transient temperature evolution during
the LATW/LATP process of fiber-reinforced thermoplastic composites.
The complex tooling surface, the fiber path, and the time-dependent
process settings were simultaneously included in the process model.
An optimum mesh size was determined based on a parameter study
for the irradiated facet size and number of laser rays. The numerical im-
plementation of the generic KOTmodel was subsequently verified with
the available data reported in the literature for the LATP process of C/
PEEK composites. The predicted substrate temperature distribution on
a flat tooling was correctly captured by considering heat conduction
only in the through-thickness direction in the facets. More specifically,
the non-uniform temperature distribution was captured reasonably
well by the KOT model.
r. The time is corresponding to the TFRhistory in Fig. 10. The effect of varying curvature and



Table 4
Temperature values and gradients evolution considering various surface curvatures and TFR.

Parameter Varying TFR Constant TFR

facet A → B facet B → C facet A → B facet B → C

Change in maximum temperature (∘C) −49(37%) 27(19%) −24(17%) 1.4(1%)
Change in the average heating rate (∘Cs−1) −46(52%) 26(30%) −40(41%) 26(27%)
Change in the average cooling rate (∘Cs−1) −22(41%) 8(15%) −12(23%) 1(2%)
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The developed process model was further validated with the ded-
icated experiments carried out during helical winding on the cylin-
drical and dome part of a pressure vessel. Total of four vessels
consisted of G/HDPE layers were produced while measuring the
tape and substrate temperatures by the thermal camera. A good
agreement was found between the predicted and measured trends
of the tape and substrate temperature evolution. The surface
curvature-dependent heat flux distributions were predicted and it
was found that the largest surface curvature resulted in larger sub-
strate temperature. Overall, less variations in process temperature
were obtained during the helical winding of the cylindrical part as
compared with the dome part. The time-dependent local geometry
near the nip point and varying tape feeding rate (TFR) were the
main reasons for the relatively larger temperature variations up to
37% during helical winding of the dome part. By assuming a constant
TFR, the temperature variation dropped to 17%.

The visualized predictednip point temperature on the 3D tooling ge-
ometry revealed the critical location where the substrate had the
highest temperature whichmay not bewithin the desired process tem-
perature range. The optimization of the process settings to achieve a de-
sired temperature near the nip point can be performed by using the
proposed KOT process model to eliminate the expensive trial-and-
error basedmanufacturing experiments, especially for complex geome-
tries. Although the proposed 1D thermal model was fast and applicable
to any complex geometry used in LATP and LATW processes, the in-
plane conduction was neglected which limits the accuracy of the KOT
model. In addition, the temperature dependency of the thermal proper-
ties was neglected in the current model. Therefore, 2D/3D thermal
modeling employing temperature-dependent properties is considered
as a future work to improve the KOT model.
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