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ABSTRACT

Material placement at the ideal nip point temperature over complex surfaces with uniformity across
the width of the compaction rollers results in optimized part properties for Automated Fiber
Placement (AFP) processes. However, current AFP systems utilize heat control models and
methodologies, based on multiple process parameters such as feed-rate and orientation, that are
mostly open-loop. Here, infrared (IR) heater input is calibrated as a function of process parameters
during machine qualification. This work presents a numerical simulation to predict arrayed-
infrared (AIR) emitter radiation onto a substrate that includes view factor implementation, IR
radiative heat flow calculation, energy rate balance, and a transient heat transfer model. The
purpose of this numerical model is to predict nip point temperature on complex surfaces, serving
as a baseline for a new arrayed-infrared (AIR) thermoset heater to improve AFP process control.
It is anticipated that this simulation will accurately control the temperature for high-speed AFP
layup of complex geometries. An anticipated result of an AIR heater system is that material
calibration and testing will be reduced as temperature is instantaneously monitored and controlled.
Therefore, temperature across the roller width will be uniform during placement of complex parts,
independent of their geometry.

1. INTRODUCTION

Automated layup process technology is widely used as one of the aerospace composite
manufacturing processes . Automated Fiber Placement (AFP) is an example of an automated
layup technology that is applied to complex geometries, as it lays narrow tows and can be steered
over sharply curved surfaces, in the form of pucker and wrinkle defects, without buckling of fibers
21 Before layup, the prepreg material needs to be pre-heated to sufficiently soften the uncured
matrix, ensuring appropriate tackiness between the new layer and the substrate for secured layup.
The process window is temperature dependent for thermoset materials Bl Therefore, material
layup at the ideal nip point temperature in a uniform fashion across the roller over the substrate
surface facilitates maximizing structural properties.

There is ongoing research investigating infrared heater properties [4,5,6,7], production testing
[8,9], in-situ surface inspection [10,11], and infrared (IR) heating control [12, 13, 14, 15]. The
sensitivity of tack and dynamic stiffness of prepreg materials to both temperature and feed rate
during the laminating process has been confirmed and demonstrated [8]. The use of an IR
preheating technique on a thermoset prepreg Big Area Additive Manufacturing (BAAM) system
was found to be an effective method for increasing the interlayer bond temperature and improving



the inter-laminar strength of printed components [16]. Calawa et al. [17], addressed the importance
of highly controlled localized heating during high-speed thermoset AFP to prevent overheating
due to an unexpected machine stop. It was noted that during AFP start-up and shut-down processes,
the thermal effects also require investigation due to the increased power and short exposure time
during high-speed AFP. Moreover, in high-speed AFP applications, there was concern that peak
temperature was not accurately monitored due to the test machine capability.

Current AFP systems’ heat control models and methodologies are mostly open-loop. For example,
in the work of Stokes-Griffin et al. [18], an intensive trial-and-error approach was used in order to
determine the most appropriate combination of process parameters for thermoplastic application.
Di Francesco et al. [19] presented a validated semi-empirical model enabling open-loop control of
the heater power as a function of the thermoplastic layup speed. Correlation between deposition
temperature and process variables was obtained via a combination of experimental data and
thermal modelling.

Meanwhile, research on closed-loop control for thermoplastic AFP is also in progress. Constrained
model predictive control was utilized in Khan’s work [20], in which future response of the thermal
system was estimated by combining modelling prediction with real-time samples. At each sample,
the future response was then optimized by manipulated variable adjustments. Therefore, accurate
thermal prediction models with active control methodologies are needed to improve the efficiency
and productivity of AFP technology.

This work outlines a solution to a radiative transient heat transfer problem during the AFP process.
Since AFP deals with different complex geometries, particularly in aerospace applications, this
proposed solution is expected to instantaneously predict nip point temperature across the width for
complex tools. In addition, active radiation control and its effect on nip point temperature was
demonstrated for the purpose of a uniform nip point temperature distribution independent of tool
shape.

2. LITERATURE REVIEW

Heat input is one of the most sensitive variables affecting aerospace composite material fabrication
(31, Hence, a precise temperature prediction is imperative due to the limited AFP process window
(31, Radiative heating is used extensively in Automated Fiber Placement (AFP) technology as it is
non-contact, has high heat flux affording fast response, is low cost, presents a safe operating
environment, and utilizes simpler control methodology [21, 16, 22].

2.1 Industrial Infrared Heating

Infrared heating has grown in popularity throughout the aerospace industry as the preferred method
of producing ideal material properties for AFP processes. It offers positive attributes such as better
efficiency in open areas and less power consumption. Moreover, the energy savings and market
factors where IR radiant heaters were used as a heating source have been investigated [21]. The
patent by Gusakov [23] demonstrated a closed-loop controlled infrared heating system used in
medical devices. The heating system [24] by Werdermann consisted of a preheating stage with an
IR lamp to heat the tape’s top side and one for the bottom side. Zaffro’s automated tape laying
heating system [25] has six bulbs along the incoming tape of three inches’ width and another six
along the thermoplastic tape. Churn [26] considered continuous curing of the deposited thermoset



material on the mandrel heated by an infrared bank. Yousefpour’s thermoplastic composite C-
Rings [27] were assisted by infrared material preheating. These examples of the extensive use of
infrared heating systems underscores the importance of a precise infrared heating model.

2.2 Numerical Models

Sweeney et al. [28] proposed a transient thermal simulation including natural convection, radiation,
and one-dimensional (1D) conduction to indicate how the process affects the thermoplastic
composite IR heating. Recommendations were made on optimum process parameters for the
purpose of reducing the heating cycle time for high speed thermoplastic material processing. Lee
[29] studied heat transfer during thermoplastic composite tape lay-up process using a hot nitrogen-
gas torch. Temperature distribution near the nip point region was measured and then simulated. It
was found that a temperature deviation existed due to the oversimplified heat-transfer coefficient
distribution near the nip point. Thus, a three-dimensional (3D) calculation including fluid flow
analysis was suggested for more accurate prediction. Hassan et al. [30] developed a comprehensive
simulation model of the two-step process during thermoset fiber placement composite
manufacturing. The theoretic model utilized a 3D finite element thermal analysis correlated to an
AFP process laying prepreg on a cylindrical mandrel. The measured temperature using embedded
thermocouples agreed well with model predicted values. Chang et al. [31] developed a 3D transient
infrared ray tracing thermal simulation that enabled the determination of the most efficient
concentrative effect. Here, different configurations of infrared tungsten/halogen lamps and
reflector geometries were compared, and the thermal properties of their combinations were
measured during a mold surface heating process. Hérmann et al. [32] demonstrated the sensitive
effect of the position and orientation of an IR emitter on the thermoset automated fiber process
(TS-AFP) process. View factors and temperature distribution were approximated by discretization,
and the proposed two-dimensional (2D) model was compared with experimental results.
Lichtinger et al. [33] numerically simulated radiant effects during an experimental AFP process
and correlated the influence of radiation distribution on adjacent tow-tape paths. Important
approaches such as view factor calculation, transient implicit 1D finite difference (FD) and 3D
finite element method (FEM) models were implemented. A multi-angle flat component layup
thermal analysis was constructed and a 2D temperature gradient across the plate was found.
Lichtinger [3] also provided an overview of AFP and its process parameters, and introduced an
AFP offline programming procedure along with detailed research concerning AFP thermal
management. This research work consists of a 3D FEM thermal flat surface model and dual
experimental verification with both a thermal camera and a thermocouple. Finally, a thermal
efficiency of 15.55% of heat input on the path of interest was estimated. A review [22] of
development of radiative heating modeling in automated layup is presented. Compared to laser
heating, less attention has been paid to infrared heating models. In most research work, the spatial
dimension of heat transfer models has been reduced to simplify the computation work. Di
Francesco et al. [19] reported a validated semi-empirical model where the associated experimental
procedure and data reduction method determined the speed-dependent heater power function
required to maintain the substrate surface temperature constant during variable speed layup. The
model was based on simple measurements of the surface temperature during steady state layup for
a range of heater powers and layup speeds. Correlation between deposition temperature and
process variables were obtained via combination of experimental data and thermal modelling.



In this section, several research efforts on radiative heat transfer modelling are introduced and
insights are provided. Lichtinger and Hormann’s models reduced heat transfer dimensions, by
which the in-plane heat map cannot be constructed to illustrate a comprehensive nip point region.
Here, in-plane heat conduction is considered as an important factor applied to complex surface
geometries. Hormann’s published experimental setup and results also provide validation for
proposed numerical model. Moreover, Chang’s infrared ray tracing thermal simulation on different
heater configurations serves as the baseline for proposed arrayed-infrared heating application. The
accurate control of arrayed-infrared heating requires detailed studies on nip point region
temperature change, thus the following section is devoted to the derivations of AFP heating
numerical models.

3. NUMERICAL MODEL

The majority of research literature is not focused on AFP of complex geometries, which composes
an essential part of aerospace structure manufacturing. The modeling of automated layup process
heat transfer problems on complex surfaces requires the development of a thermal model with in-
plane 2D heat flow. Moreover, radiation heat transfer involves interactions between two
geometries with varying positions that must be calculated. Thus the concept of view factor [34]
was introduced and numerically implemented in this paper. Here, view factor is defined as the
radiative heat transfer proportion between two given geometries. Finally, to derive the correlation
between the temperature distribution and both time and heater position, a numerical approach was
required to solve the relevant partial differential equations.

3.1 Model Boundary Conditions

The boundary conditions are set similarly to Hormann’s experimental setup [32] shown in Figure
1. The Prepreg material and associated properties used in the simulations was Toray® T8005/3900-
2. The AFP head operated at room temperature (20°C) with fixed IR lamps constantly heating the
substrate (prepreg). The assembly of the IR heater was inclined at 20°degrees to the substrate
material and a vertical distance of 78.7 mm to the roller nip point Here, conductions in 3D, both
in-plane dimensions and thickness dimension, and convection on boundaries are considered.
Forced convection was assumed to take place as the moving AFP head causes considerable air
flow. The same heat transfer coefficients were assumed in reference to Hérmann’s work. Radiation
heat flux moves along the layup path with a velocity of 0.06 m/s. Heat transfer mechanisms and
critical AFP dimensions are shown in Figure 1.



Figure 1. Heat transfer mechanisms (top) during automated layup process and critical dimensions
in side view (bottom)

3.2 Derivation

Two important variables were estimated to derive substrate temperature distribution: view factors
and IR radiative heat flow.

Based on literature [34], view factors were calculated using an integration method considering
simple geometries and open surfaces, see Figure 2. View factors and temperature distribution are
approximated by discretization.
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Figure 2. Integration Method in view factor implementation.

View factor F;, represents fraction of energy leaving surface A; which reaches surface 4,. The
equation [34] is represented as:

1 cos( ®,) cos(P,)
F, = dA, dA
270 A L L r? 27 [1]

Both the substrate and heater are discretized into mesh surfaces. In this case ®;, ®, and r are
considered to be the same within each of the substrate mesh surfaces. By integrating all the view
factors calculated with meshes on the substrate and heater surfaces, the view factor can be
approximated as:

alA2 dA, Z Z cos( Py, mn) cos(CDZ mn)

- Ay

[2]

The IR radiative heat flow calculated based on radiation heat transfer mechanism [32] is
represented as:

qIRmax 4
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Where:
€. emissivity of surface A,
&,: emissivity of surface A,

F;,: view factor between surface A, and 4,



Q1rmax: Maximum heat flux provided by IR lamp manufacturer
Pg1 max: maximum electrical power

Pz, : electrical power input
og: Stefan—Boltzmann constant

n: heater effectiveness

Temperature was derived by plugging equations [2] and [3] into the energy rate balance Equation
[4] [32]. The approach to this transient heat transfer problem is by steady state approximation
within very small time intervals.

aT [4]
qRA_qCV_qCD:p'V'CpE

Where:

qra: radiative heat flow
qcv: convective heat flow
qcp: conductive heat flow
p: substrate density

V' substrate element volume

cp: Substrate heat capacity

To solve Equation [3], a finite difference scheme (Figure 3) is used to discretize time as a variable,
in which case the time step is considered as another dimension (n). An Implicit Method was
utilized to derive for temperature at the next time step (T{}“) by solving equation involving both

temperature at current time step (T%) and next time step (T/*Y, T T/ TEL). Heat transfer
i,j i+1,jr Yi-1,jr fi,j+1 ,j—1

properties were set to be different in both directions, applicable to composite materials.
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Figure 3. In-plane 2D heat flow solved by Finite Different Scheme.

Discretizing variables i, j, n, Equation [5]can be derived as:
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Rearranging Equation [5]:
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In matrix form:
[TiZ'+1 = [Acv,cos] ~ [[b] + [4s] [T, ]] [Aral[(T{)]] [6]
4. RESULTS

In this section, models were simulated for both flat and complex surfaces. The following examples
and their validation were provided to demonstrate the potential application of proposed thermal
modeling of variable geometries. To ensure accurate model validation, simulations were compared
with published experimental research work. Thermal modeling and numerical simulations allowed
for accurate predictions of necessary view factor calculations and resulting nip point temperatures.

4.1 AFP on Flat Surface

A numerical simulation of Equation [6] was implemented in MATLAB® software. This solution
was tested both on flat surfaces in Figures 4-8 and complex geometry in Figures 9-12. Figures 4
and 5 represent the computation of the view factors and temperature, based on our numerical
implementation. Figure 4 describes view factors distribution at 5" time step (top) and 50" time
step (bottom). A heat map at nip point region at 50" time step is shown in Figure 5. Figure 6
provides a validation of the model. By comparing Hérmann’s experimental results ¥ with the
proposed simulation, with the same experimental configuration, the proposed thermal simulation
results accurately predict a maximum nip point temperature change (AT=27.49 °C). However, the
temperature change duration was considerably shorter than the experimental results due to the
above steady state approximation to Eq. [4]. This approximation approach has neglected thermal



system response caused by heat transfer lag and a deviation in time scale exists herein. For
example, with regard to temperature history in Figure 6, within one time interval (0.1 sec), this
steady state model simulates a temperature rise up to 7 °C, which may take heated substrate more
than 0.1 second to rise up to that temperature. In order to improve the model accuracy, a thermal
system response time depending on heated object dimension and properties needs to be considered
as one of the important factors in high speed layup processes.
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Figure 4. View Factors distribution at time step=5 (top) and at time step=50 (bottom) on flat
surface.
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Figure 5. In-plane 2 dimensional temperature distribution (unit: K) at time step=50 on flat
surface.
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Figure 6. Temperature change comparison on one fixed point simulated by proposed model
(AT=27.49 °C) with Hormann’s experimental results [32] (AT~=24 °C).

The proposed model also predicts the effect of infrared radiation control on nip point temperature
(Figures 7-8). An Arrayed-Infrared (AIR) heater configuration can be utilized as the heat source
during the AFP process, where each component IR heater can be controlled individually in
response to the signal from process parameter sensors such as an IR camera. Power was calculated
by the proposed prediction model and then exerted on the AIR heaters, permitting precise and
immediate process control.
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Figure 7. Comparing temperature change on a single fixed point simulated by two different AIR
heater configurations (Left: 4 by 2; Right: 3 by 2).
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Figure 8. Temperature distribution on three observation points with Controlled AIR heaters (AIR
Configuration: 4 by 2, in which 4 emitters ON and others OFF).

4.2 AFP on Complex Geometry

The geometry shown in Figure 9 was used to designate layup geometry and path. The same
numerical model simulated the processing of the given layup designs in Figure 9, and the in-plane
temperature distribution was obtained. The Eulerian model was implemented to locate heater

position, given nip point position on the path as shown in Figure 10.
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Figure 10. Locating AIR heaters by nip points on Path 1.

Layups along Path 1 and Path 2 are simulated with the proposed model. As in Figure 9, Path 1 is
on geometric mid-plane while path 2 is generated by a certain offset value from Path 1. Therefore,
Path 2 possesses more geometric asymmetry, which was verified by the view factors distribution
map demonstrated in Figure 11. With the same process configuration as the flat surface case, in-
plane temperature distribution with time steps along Path 1 was computed and shown in Figure
12. The temperature distribution simulated on complex surface demonstrates significant
temperature variations along both directions. The temperature distribution agrees well with
geometry as in Figure 12. By looking at substrate geometry and designated paths in Figure 9, one
can find that radiation distributes symmetrically along Path 1. While on Path 2, asymmetry of
radiation on path at starting point was strong and reduced gradually in first 10 steps. This radiation
trend can also be found in view factor (Figure 11) and temperature (Figure 12) distribution
simulated with this model.
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5. CONCLUSIONS

A solution to the AFP transient radiative heat transfer problem was proposed in this work. A
literature review was conducted to adapt and improve upon established methods of solving this
problem. Finding and predicting process variables such as view factor and IR radiative heat flow,
leaded to the development of thermal modeling implemented in this work. This modeling allows
for accurate nip point temperature predictions for simple and complex tooling. A numerical
solution to address 2D in-plane heat transfer problems was derived. Simulation results were
obtained in form of both in-plane temperature and temperature history and compared with
published experimental results [32]. A maximum nip point region temperature change of 27.49 °C



was predicted with standard configuration in [32]. Moreover, this work provides the path to
potential control methodology for AFP heating, particularly applicable to real-time monitoring and
controlling nip point temperature distribution on complex tool surfaces.

Future work on this topic includes the thermal response time that has not been considered by steady
state approximation. Shadow effects on complex surfaces will also need to be addressed and
solved. Meanwhile, complex interaction between process parameters also requires further study to
acquire better understanding of their effects in high speed layup processes. The results found will
be utilized for understanding the effect of different AIR configurations and positioning of the heat
source in relation to the substrate surface being heated. Finally, control methodologies for AIR
heating devices can be developed and improved to enable higher product quality with lower power
consumption. To obtain temperature uniformity, the power control of the heat source was
optimized attending to IR heater response time. By testing different AIR configurations, the
controllability of each individual IR heater power input, Pg;, will be essential for a uniform nip
point temperature distribution throughout complex geometries.
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