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ABSTRACT 

 

Heat Transfer Study of the In-situ Automated Fiber Placement (AFP) for 

Thermoplastic Composites 

 

Omid Aghababaei Tafreshi 

 

With more and more use of composites in engineering applications, the need for automated 

composites manufacturing is evident. The use of automated fiber placement (AFP) machine for the 

manufacturing of thermoplastic composites is under rapid development. In this technique, a 

moving heat source (hot gas torch, laser, or heat lamp) is melting the thermoplastic composite tape 

and consolidation occurs in situ. Due to the rapid heating and cooling of the material, there are 

many issues to be addressed. First is the development of the temperature distribution in different 

directions which gives rise to temperature gradients. Second is the quality of the bond between 

different layers, and third is the rate of material deposition to satisfy industrial demand. This thesis 

addresses the first issue. The temperature distribution affects the variation in crystallinity, and 

residual stresses throughout the structure as it is being built. The end result is the distortion of the 

composite laminate even during the process. In order to address this problem, first the temperature 

distribution due to a moving heat source needs to be determined. From the temperature distribution, 

the development and distribution of crystallinity, residual stresses and deformation of the structure 

can then be determined. 

As the first phase of the work, this thesis investigates the temperature distribution due to a 

moving heat source for thermoplastic composites, without considering the material deposition. A 

finite difference (FD) code based on the energy balance approach is developed to predict the 

temperature distribution during the process. Unidirectional composite strips are manufactured 

using AFP and fast-response K-type thermocouples are used to determine the thermal profiles in 

various locations through the thickness of the composite laminate subjected to a moving heat 

source. It is shown that temperature variations measured experimentally during the heating pass, 

using thermocouples embedded into the composite substrate, underneath layers of the composite 
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material, are consistent with the generated thermal profiles from the numerical model. The 

temperature distribution, both in the direction of the tape and through-thickness direction can be 

predicted numerically.  

It should be noted that the convective heat transfer coefficient employed in the thermal analysis 

of the process plays an important role in the heat transfer mechanism. Information from the 

literature shows values of h that vary from 80 W m2. K⁄  to 2500 W m2. K⁄ . This large range can 

provide a great degree of uncertainty in the determination of important quantities such as 

temperature distributions and residual stresses. The reason for these large differences can be due 

to the differences in the process parameters in each of the studies. The process parameters can 

include the flow rate of the hot gas, the gas temperature, the distance between the nozzle exit and 

the surface of the composite substrate, the angle of the torch with respect to the surface of the 

substrate etc. The purpose of the final part of this thesis is to investigate the effect of different AFP 

process parameters on the convective heat transfer coefficient and to propose a procedure for the 

determination of the h value according to the particular experimental setup.  
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Chapter 1: INTRODUCTION 

 

 

In recent years, fiber reinforced polymer composites have been widely used in high 

performance structural applications in different industries including automotive, aerospace, civil 

structures, electrical and marine applications [1–3]. For instance, in Boeing 787, advanced 

composite materials consist 50% of the total weight of the aircraft (Figure 1) [4]. There are many 

reasons why advanced composite materials have been used in fabricating many important industrial 

applications [1,3]: the first reason is the low weight, but high strength of these materials compared 

to metals and plastics. The second reason is the wide range of mechanical properties that can be 

achieved by using composites. This in turn, broaden the application of these advanced materials in 

a variety of markets. The third reason is their numerous attractive characteristics including good 

corrosion resistance, temperature stability, excellent adhesion, energy absorption, good fatigue 

resistance, etc. And eventually processing versatility that exists for composite materials. There are 

numerous manufacturing techniques that can be used to fabricate composite structures. These 

include hand laminating, filament winding, pultrusion, liquid composite molding, fiber placement 

techniques etc. Each manufacturing process has its own characteristics which make them an ideal 

candidate in processing composite structures [1].  

With increasing use of composites in many engineering applications, the need for 

manufacturing techniques with higher production rates for large scale production in low cost is 

evident [5,6]. Traditional processing techniques such as hand laminating, is slow and cannot 

provide a fast rate of production for new demanding applications [1]. Furthermore, it is based on 

the skill of technicians and thereby the issue of repeatability in terms of quality and performance 

of the final composite parts may arise [7]. In order to overcome the limitations in traditional 

manufacturing techniques, the trend is towards the robotic processing of composite structures [7]. 

Automated Fiber Placement (AFP) is one of the solutions to traditional techniques by automating 

the layup process. Owing to its unique features such as using narrow tapes and having control over 

steering the fibers, it holds many potential benefits which satisfies the demands for high 

performance structural components [8].  
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Figure 1. Use of advanced composite materials in Boeing 787 Dreamliner [4] 

 

AFP can be used for processing both thermoset and thermoplastic composites [5]. In the last 

decade, automated manufacturing of thermoplastic composite parts has garnered the attention of 

different industries due to their advantages over thermosets [1,9–11]: (i) thermoplastic composites 

can be processed in-situ without the necessity to perform post processing such as curing in the oven 

or an autoclave. Consequently, despite the processing time of thermosets which is in the order of 

hours, thermoplastic composites can be processed within the order of minutes. This can 

significantly decrease the manufacturing costs and increase the production rate, (ii) thermoplastics 

have infinite shelf life because no chemical reaction occurs in the process and it is based on 

solidification which is a physical phenomenon, (iii) they are recyclable and can be reshaped into a 

new product. This feature can be useful in healing the existing defects in structures, (iv) for 

structures subjecting to high impact loads, thermoplastics can perform much better compared to 

thermosets. This is because of the fact that thermoplastics have larger fracture toughness and 

thereby can endure larger plastic deformations compared to thermosets.  
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For the above reasons, AFP can be potentially used to fabricate good quality thermoplastic 

composite parts. However, processing thermoplastic composites using AFP is lagging behind 

because of technical challenges and difficulties in the process [12]. Previous studies pointed out 

that in making structures with free edges such as flat plates, flat panels and shells, the warpage 

emerges during and after the process [6,13]. One of the consequences is in testing and evaluation 

of composite structures made by this process. It is necessary to determine the mechanical properties 

of composite laminates fabricated using the fiber placement process for performance and design 

objectives [13]. However, existing challenges in making a flat unidirectional composite plate to 

make a test coupon needs to be rectified first by understanding the fundamental issues that underlie 

the distortion of the laminates. Due to the rapid heating and cooling of the thermoplastic composite 

material during the process, there are many issues to be addressed. First is the development of the 

temperature distribution in different directions which gives rise to temperature gradients. Second 

is the quality of the bond between different layers, and third is the rate of material deposition to 

satisfy industrial demand. This thesis addresses the first issue. The temperature distribution affects 

the variation in crystallinity, and residual stresses throughout the structure as it is being built. In 

fact, residual stresses are developed as a result of temperature gradients because of different cooling 

rates in different layers along the thickness of the laminate. Consequently, the distortion of the 

composite laminate takes place even during the process.  

With the aim of improving the manufacturing of thermoplastic composites using AFP and 

filling the existing gaps in literature, the thesis objective is: “To develop a thermal analysis of        

in-situ AFP of thermoplastic composites using finite difference approach with experimental 

validation of numerical results.”  

In order to fulfil the thesis objective, the organization of this study is as follows: in Chapter 2, 

fundamentals of the in-situ thermoplastic fiber placement are presented. The problem of distortion 

is clearly defined by notifying the key factors contributing to the problem during the process. An 

extensive literature review on thermal model of the AFP process is presented and eventually the 

research objectives in this thesis are discussed. In Chapter 3, the methodology adopted to model 

the process is presented. This includes the strategy employed to convert the continuous movement 

of the heat source into discretized steps along with the finite difference formulation of the problem. 

In Chapter 4, the experimental setup which is used for validation of numerical results will be 
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discussed in detail. In Chapter 5, the results of the thermal analysis are presented along with 

experimental results. In Chapter 6, determination of the convective heat transfer coefficient is 

presented under different operational conditions. This includes the design of experiments and 

scanning scheme in obtaining the coefficient values. Finally, in Chapter 7, conclusions are drawn 

for this thesis and recommendations for future studies are stated.  
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Chapter 2:                                                              

LITERATURE REVIEW AND RESEARCH OBJECTIVES 

 

 

 

2.1 In-Situ Thermoplastic Fiber Placement  

 

2.1.1 Importance of Thermoplastic Fiber Placement Technique  

 

With more and more use of composites in many important engineering applications like 

airplane fuselage, automotive components, pressure vessels etc., the need for automated 

composites manufacturing is evident. Thermoplastic composites offer many attractive 

characteristics such as high fracture toughness, good temperature resistance, and better 

recyclability as compared to thermoset matrix composites [1,14,15]. The use of automated fiber 

placement (AFP) machine for the manufacturing of thermoplastic composites is under rapid 

development.  Compared to traditional manufacturing methods, AFP of thermoplastic composites 

holds many potential benefits as following: 

• It provides high speed and large volume of production in a cost efficient way which is 

crucial for new demanding applications. This is because of two reasons: first, the processing 

of thermoplastic parts is performed in-situ without necessity to perform post processing 

such as curing in the oven or an autoclave [13]. The second reason is that the AFP is able 

to manufacture large parts without the necessity to assemble many small parts [7].  

• It provides more repeatability in terms of quality and performance of the final component. 

The reason is it is less labour intensive [1,6].  

• AFP can have control over steering the fibers. This is possible by utilizing narrow tapes in 

the process. Steering the fibers provides the ability to transit more seamlessly from design 

to manufacturing which is useful in fabricating variable stiffness laminates [13,16,17].  
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• Because of fiber steering, there is less waste in the material compared to other techniques. 

This in turn reduces manufacturing costs.  

• It can be used for wide range of materials such as polyetheretherketone (PEEK), 

polyetherketoneketone (PEKK), polyphenylene sulfide (PPS) or polyetherimide (PEI) 

reinforced with either carbon or glass fibers. As such, the range of properties of composites 

made by this method can vary greatly. This in turn, broaden the application of this method 

in a variety of markets from automotive to aerospace and military applications [1,3,13].  

• The traditional techniques can be used for fabricating specific shape of structures; for 

example, the filament winding process is only applicable to make structures in the form of 

cylinders or spheres (mainly convex surfaces). However, AFP can be used for fabricating 

composite structures with variety of geometries including both convex and concave 

surfaces [18].   

Despite numerous benefits of the process, there are some limitations: 

• Because of the characteristics of the AFP process, defects can emerge within the final 

composite parts. These can be in the form of gaps and/or overlaps (Figure 2). Occurrence 

of these defects in the composite laminate can affect the structural performance by reducing 

certain mechanical properties such as strength and stiffness of the laminate [19–23].  

• Thermoplastic composites have relatively high viscosity (1000 Pa.s at 400 ̊C for PEEK 

compared to 1 Pa.s at room temperature for polyester) [1]. This makes the process and 

design of the heating system challenging to provide enough heat energy to melt the resin.  

• The rate of deposition is relatively slow which is not desirable for industrial demands. If 

the rate of deposition increases, it may result in improper bonding between layers. This can 

affect the quality of the composite part in terms of degree of crystallinity, void fraction and 

interlaminar shear strength [1,2,6].  

• For complex mold geometries, consolidation roller and the fiber placement head may 

require modification. The reason is using a single roller with fixed geometry cannot provide 

adequate and uniform pressure to consolidate the towpreg onto the surface of the part. It is 

therefore necessary to adjust the head assembly (for example by employing a conformable 

roller) to fit the geometry of the part at different locations [24,25].  
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• In complicated head assemblies like the one developed by Accudyne [26] (Figure 3) several 

issues may arise. First of all, the price of the head alone is in the order of million dollars. 

Secondly, the setup has the capability to place 12 prepreg tapes. Although it sounds like an 

advantage to the process as it provides faster rate of deposition, it may create mismatch 

between the designed and real fiber paths. The reason is by increasing the number of tows 

in the setup to perform the layup, the fiber orientation becomes nonuniform and irregularity 

of the thickness distribution can occur [27].  

 

 

 

Figure 2. Formation of gaps and overlaps during the manufacturing process [23] 
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Figure 3. Accudyne thermoplastic tape placement head [26] 

 

2.1.2 Description of Fiber Placement Technique  

 

The AFP machines are designed for different applications. Depending on type of the material 

being used (thermoset or thermoplastic), type of the heat source (laser, heat lamp, infrared or hot 

gas torch) and configuration of the placement head (single or multi tow heads), there are different 

AFP systems. However, typical components are in common between each of those systems. These 

include: (a) robotic arm, (b) control panel, (c) fiber feeding system and (d) fiber placement head 

which are illustrated in Figure 4. The design of the desired part is converted into the movement of 

the robotic arm in the control panel using a dedicated software developed by the AFP 

manufacturers. Along with the control of the robot motion, processing parameters such as layup 

speed (rate of deposition) is also set by the control panel. The use of robot manipulator increases 

the precision of the process, repeatability of the final part and flexibility of the process in fabricating 

complex geometries [25,28]. In bigger sizes where the AFP is used for fabricating larger structures 

like wings or fuselage of the aircrafts, gantry style is employed [25,29]. Fiber feeding system is 

shown in Figure 4. The system is equipped with a creel cabinet in which the material is stored. The 

AFP machines use the pre-impregnated tow tape which is called towpreg [27]. Towpregs which 

act as an incoming tape in the setup is generally based on thermoset or thermoplastic resins 
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reinforced with either carbon or glass fibers. Towpregs that are stored in a creel system are fed into 

the fiber placement head with a controlled amount of tension [2,28]. Before entering the towpregs 

into the placement head, a series of guide eyelets and tensioners are mounted to guide and position 

the towpregs. This is important in order to avoid misalignment and entanglement of tows prior to 

the placement of tows onto the part [28].  Fiber placement head is the main component of the AFP 

machines. In order to address the details of this part and its subcomponents, the thermoplastic fiber 

placement head is shown in detail in Figure 5.   

In thermoplastic fiber placement head as shown in Figure 5, there is a heat source (either laser, 

infrared, heat lamp or hot gas torch) which is used to heat up the incoming tape (towpreg) and a 

certain area of the substrate. Thermoplastics have relatively high viscosity and it is important to 

provide enough heat to melt the matrix to be able to penetrate through the fiber networks to wet 

the fibers. On the other hand, the temperature should be kept at a certain level to avoid thermal 

degradation. In the setup shown in Figure 4, Nitrogen gas is used in the heating system to heat up 

the incoming tape. Nitrogen as an inert gas helps to protect the towpregs from oxidation [2,6]. After 

the incoming tape is melted by the hot gas, the tape is driven towards a compaction roller. In this 

stage, the compaction force is applied by a consolidation roller at the Nip point. Nip point refers to 

the contact point of the consolidation roller with the incoming tape [30]. The compaction force is 

employed because of two major reasons: first, to consolidate the material i.e., the incoming tape 

onto the substrate. This is known as solidification phase. In this phase, the sustained pressure 

prevents the fiber network from springing back which plays an active role in the development of 

intimate contact at the interface of layers [24]. Second, the compaction force minimizes voids that 

are emerged between individual layers during the process by compressing them [2,6]. Proper 

compaction is required to remove voids in the final microstructure of composite parts. Eventually, 

the head assembly consisting of feeding, heating and compaction systems moves at a constant 

speed (layup speed) to provide heat while the compaction roller consolidates the incoming tape 

onto the substrate. As the head assembly completes one pass for depositing the first layer, it initiates 

the next pass to place the subsequent layer. Through a cyclic process, laying up is performed to 

achieve the required thickness and the desired layup sequence [18,30].  
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Figure 4. Automated fiber placement machine in Concordia Centre for Composites  

 

Robotic arm 

Control panel 

Fiber feeding system 

Fiber placement head 
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Figure 5. Thermoplastic fiber placement head [18] 

 

2.2 Definition of The Problem  

 

The development of the fiber placement process offers possibilities to manufacture composite 

structures in variety of geometries and complexities. The structures that can be made using this 

technique can be classified into two categories: (1) Structures with no free edges such as surfaces 

of revolution like cylinders or rings, conical structures, and some complex geometries with narrow 

radius. (2) Structures with free edges such as flat plates, flat panels, shells and concave or convex 

panels with mild and/or double curvatures. In making structures with free edges (second category), 

the issue of distortion is important which leads to the warpage of the final composite part.  

In order to understand the fundamental issues that underlie the distortion of the laminates, first 

we need to understand the processing of flat thermoplastic parts using AFP with more focus on 

development of temperature distribution in different stages during the process. The process consists 

of four major stages as illustrated schematically in Figure 6. In the first stage (stage A), the 

incoming towpreg is fed into the nip point while it is subjected to the hot gas torch as an external 

heat source. The application of high heat energy is required especially for the case of thermoplastics 

due to their high viscosity. However, the heat energy should be controlled to avoid thermal 
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degradation. In the second stage (stage B), compaction force is applied via a consolidation roller. 

Due to compression of the tape onto the substrate, the resin flows through the fiber network both 

in the layup direction and through the thickness of the substrate. As a result of molecular reptation 

across the interface of the incoming towpreg and previously deposited layers, bonding occurs 

[1,13,30,31]. Along with the flow of the resin and development of the bonding at the interface, the 

temperature is transferred from the melted tape segment into different media. A portion of the heat 

is transferred into the substrate below while the rest of the heat can be dissipated into the 

surrounding. Other phenomena to be noticed in this stage, is reduction of the substrate thickness 

[13]. Stage C refers to the cooling stage. The tape segment which is already laid up, is subjected to 

the ambient air and it is cooled down. The residual stresses emerge in this stage due to some reasons 

[13]: (i) shrinkage of the tape segment (ii) formation of crystals in the structure (iii) development 

of temperature gradients  (iv) mismatch in thermal expansion coefficients along different directions 

in the tape (v) coupling between normal and shear behaviour. Eventually, stage D refers to the case 

where more than one layer is required to form the laminate. In this case, the tape segments which 

were deposited in previous pass, are again subjected to high temperature and compaction force but 

at lower intensities compared to the layer on top. The residual stresses emerge in this stage because 

of several reasons [13]: (i) development of temperature gradients in different directions. This is 

one of the pivotal factors in occurrence of residual stresses. The reason is different layers can be 

deposited at different times during the process and thus temperature variation is a function of both 

location and time which makes the process more complicated. (ii) variation of modulus of different 

layers. The reason is modulus of each layer is dependent on the crystallization level of that 

individual layer. Different layers can be in different state of crystallization. For example, upon 

cooling, the temperature of a certain layer can drop below glass transition temperature (𝑇𝑔) and in 

this case, that layer becomes stiff and there can be no more improvement in crystallization level. 

(iii) shrinkage can differ from layer to layer i.e., the top layer shrinks more (due to its higher 

temperature) while the layer underneath shrinks less (due to its lower temperature). This can result 

in bending which leads to distortion of the laminate.  
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Figure 6. Stages in processing thermoplastic composites using AFP [6,13] 

 

In summary, due to the rapid heating and cooling of the thermoplastic composite material 

during the process, there are many issues to be addressed. First is the development of the 

temperature distribution in different directions which gives rise to temperature gradients. Second 

is the quality of the bond between different layers, and third is the rate of material deposition to 

satisfy industrial demand. This study addresses the first issue. The temperature distribution affects 

the variation in crystallinity, and residual stresses throughout the structure as it is being built. In 

fact, residual stresses are developed as a result of temperature gradients because of different cooling 

rates in different layers along the thickness of the laminate. Consequently, the distortion of the 

composite laminate takes place even during the process (Figure 7). There are other reasons as well 

which give rise to the development of residual stresses. These include deviations from the desired 

positions of the tape during the lay-up process [18]. The end result is that it may not even be 

possible to manufacture a flat unidirectional composite plate to make a test coupon. This is the 

inherent problem associated with thermoplastic laminates made by AFP discussed by several 

authors in literature [5,6,13,18,32–35]. Lamontia et al. [36,37] showed that the problem of making 

thermoplastic parts using AFP can be rectified by using a more complex thermoplastic head design 



14 
 

as it is shown in Figure 8 (left). The idea was employing multiple rollers (one principal roller and 

one secondary roller) which could consolidate the part at and after the nip point instead of using a 

single roller. However, the design of the head can be very expensive and complicated which may 

not be desirable for industrial applications. In 2016, Hoa et al. [13] showed that by using a heated 

mandrel instead of a cold mandrel, it was possible to make flat thermoplastic parts with AFP 

(Figure 8 right). The idea was heating up a mandrel above the glass transition temperature and 

laying up composite layers on top of that. In this way, the difference in thermal expansion between 

composite layers and the mandrel could be eliminated which could successfully address the 

distortion problem. However, this idea can face some limitations and drawbacks. In one hand, 

heating up the mandrel can be expensive, and it may not be feasible to keep the mandrel’s 

temperature uniform everywhere. On the other hand, some defects may arise when the final part is 

lifted off the mandrel because of the difference between thermal expansion coefficients of the 

composite part and the mandrel . This can be due to the high temperature of the mandrel which can 

make some layers very soft during the process [13].  Overall, the challenge of making flat 

thermoplastic composite parts using AFP still exists and structures with free edges exhibit 

distortion not only after the process, but also during the process. In order to address this problem, 

to make laminates with free edges with no or minimum distortion, one needs to understand the 

effect of different parameters on the process. As such, the first thing to look at would be to 

determine the temperature distribution history during the process. The focus of this study, 

specifically, is to gain more understanding of the way temperature gradients develop during the 

AFP process of thermoplastic composites.   

 

  

Figure 7. Distortion of the composite laminate during and after the process 
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Figure 8. Potential solutions to make flat thermoplastic parts with AFP; (Left) Accudyne 

thermoplastic head design [37] (Right) Flat laminates made in Concordia Centre for Composites 

(CONCOM) [6]  

 

2.3 Thermal Model of The Process 

 

The governing heat transfer equation for orthotropic materials (e.g. composites) is presented as 

following [18]:   

 𝐾𝑥

𝜕2𝑇

𝜕𝑥2
+  𝐾𝑦

𝜕2𝑇

𝜕𝑦2
+  𝐾𝑧

𝜕2𝑇

𝜕𝑧2
+  𝜌𝑈 =  𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
 (1) 

 

In this equation, 𝜌 is the mass density (Kg m3⁄ ), 𝐶𝑝 is the specific heat (J kg ℃⁄ ), 𝑇 is the 

temperature at a material point (℃), U (J kg. S⁄ ) is the heat generation term and 

𝐾𝑥, 𝐾𝑦, 𝐾𝑧 (W m ℃⁄ ) are thermal conductivities in longitudinal, transversal and through-thickness 

directions respectively.  

In recent years, several studies have been devoted to develop heat transfer models for AFP 

process. Some of these have been focused on the development of temperature across the thickness 
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of the laminate (z direction) at one particular location. The transient and steady state                         

one-dimensional (1D) problems were solved either analytically or numerically by various authors 

[38–43]. In these studies, the governing heat transfer equation (1) is approximated by a parabolic 

differential equation as 
𝜕𝑇

𝜕𝑡
=  𝛼 

𝜕2𝑇

𝜕𝑍2 where the temperature (𝑇) varies along the thickness direction 

(z) and time (t), and 𝛼 is thermal diffusivity (𝛼 =
𝐾𝑧

𝜌𝐶𝑝
) which is dependent on the material’s thermal 

properties in through-thickness (z) direction. The transient one-dimensional problem is solved 

either-analytically or numerically by various authors to predict the temperature distribution results. 

Among these, Dai and Ye [41] proposed analytical solution of the problem in order to obtain 

temperature distribution through the tape thickness in the tape winding process. They indicated that 

the temperature distribution is dependent on tape geometry, thermal properties of the composite 

substrate and the winding speed. Convective boundary condition for the heated region was assumed 

along with insulated surface for the bottom of the composite substrate and the exact solution was 

proposed. Following their method, Weiler et al. [39] investigated the transient thermal problem for 

laser-assisted AFP. Heat flux boundary condition was prescribed for the surface. The focus of their 

study was on heat accumulation, especially in thin tapes and thin substrates. The method of 

variation of parameters was used as an alternative mathematical method to solve the problem 

analytically. With the derived exact solution, the temperature within a body as a function of time 

and location through the thickness direction was obtained. Lee [40] used the same technique i.e., 

variation of parameters, to solve the 1D transient model analytically. The solution was later used 

in development of the functional block diagram of AFP process with new heating alternatives. 

Tierney et al. [42] used even a more simplified thermal model in which the variation of temperature 

versus time was neglected and a one-dimensional steady state model was used to predict the 

temperature distribution in the vicinity of the tow-placement head. The temperature data for the 

surface layer was then applied to void dynamics model and consolidation model to establish void 

content gradients through the thickness of the laminate. In an attempt to predict the variation of 

void contents in the laminate, Khan et al. [38,43] improved the thermal model proposed by       

Tierney et al. [42] by considering the variation of temperature versus time. As such, they 

discretized the laminate using one-dimensional transient heat transfer model. In a similar manner 

to previous study [42], the temperature data was used to obtain the void contents variation during 

the lay-up process. Furthermore, the effects of compaction force, lay-up speed and hot gas flow 
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rate were investigated. Although these studies can predict the overall temperature gradient through 

the thickness using a one-dimensional thermal model, due to several simplifications and 

approximations applied on the model, they cannot reflect the actual process. As such, several 

studies focused on extending the 1D model to a more sophisticated two-dimensional thermal model 

by considering the temperature distribution along the lay-up direction (x-direction) along with 

temperature gradient through the thickness (z-direction) as shown below. 

Earlier studies by Beyeler et al. [44] and Nejhad et al. [45] in 1980s and 1990s addressed the 

2D heat transfer analysis of the tape laying process. In these studies, a mapping technique was used 

to transform the orthotropic domain into an isotropic domain to obtain a set of differential 

equations. Using finite difference (FD) techniques, the expressions are discretized and temperature 

profiles along both lengthwise and through-thickness directions were predicted under the steady 

state condition. Finite element (FE) techniques as an alternative numerical method were also 

implemented by Grove [46], Mantell and Springer [47] as well as Sonmez and Hahn [48]                    

to investigate the principal thermal phenomenon taking place in both tape winding and tape 

placement processes. The model was later used for investigating the effect of process variables on 

the quality of thermoplastic composites to establish a processing window [34,49]. The previous 

studies were limited to steady state condition by simplifying the transient problem. The identical 

FE approach was later extended to include the time dependency of the temperature (transient 

condition) in a 2D model. In 2011, Zhao et al. [50] constructed an ANSYS simulation model to 

perform a transient heat transfer analysis in AFP process. A novel strategy based on the birth and 

death of elements technique was used to model the moving heat source and step by step growth of 

composite substrate (material deposition) in the lay-up process. The predicted thermal history was 

used in a thermoelastic FE model to compute thermal stresses induced during the process. The 

manufacturing technique they aimed at modeling, was processing composite rings using AFP in 

which structures do not have free edges and thus the problem of distortion does not arise. The 

identical birth and death of elements technique was later utilized by Li et al. [51] to obtain the 

temperature field during the processing of flat thermoplastic composite parts. The effect of heater 

temperature and roller speed on the bonding temperature was investigated. The numerical results 

were compared with analytical solution of 1D heat conduction differential equation. Further 

investigations were performed by Han et al. [52] to study the effect of preheating on heat 

distribution inside the laminate. They stated that preheating, as an influential process parameter, 
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can expand the melting area in both longitudinal and through thickness directions. They introduced 

boundary conditions; however, FE methodology implemented for the problem was not presented. 

Thermal conductivity values for the orthotropic domain were assumed to be constant and 

independent of the processing temperature. This might lead to erroneous results, since for the case 

of thermoplastic composites, the processing temperature is extremely high and there are dramatic 

changes in thermal properties at elevated temperatures which needs to be taken into account. 

Moreover, verification of their model was not performed and thus the accuracy of results was 

debatable. More recently in 2018, Kollmannsberger et al. [53] performed a 2D transient simulation 

of laser-assisted AFP. In previous studies, perfect thermal contact between the plies of composite 

laminate was assumed; however, they took into account thermal contact resistance in the model. 

They compared temperature results for two cases of with/without presence of thermal contact 

resistance and they highlighted that in the process modeling for an accurate analysis, it needs to be 

considered. The focus of their study was on investigating the effect of thermal contact resistance 

between layers. 

In an attempt to provide a more precise prediction tool for composites produced by AFP, a 

small group of researchers, developed multi-dimensional thermal models to study spatial 

distribution of temperature in all x, y and z directions. In 1996, James and Black [54] developed a 

three-dimensional (3D) thermal model to predict temperature profile in filament winding process 

using an infrared energy source. The generated differential equations were solved numerically 

using a FD technique and results were compared with experimental temperature measurements 

using an infrared camera in conjunction with the winding apparatus. Unlike the previous model, 

Toso et al. [55] considered transient 3D effects of the tape winding process. The numerical 

simulation of the process was constructed based on FE in ANSYS. The predicted temperature 

results during the lay-up process were compared with experimental measurements using infrared 

pyrometry to provide validation. The tape winding process was the focus of their study in which 

structures are made in the form of cylinders or spheres having no free edges. As such, the issue of 

distortion does not arise, and further studies are required to make structures in the form of strips 

with free edges where distortion plays an active role. Hassan et al. [56] considered the same 

analysis strategy as [55], yet for thermoset materials. They discretized the model into 8-node brick 

elements to obtain coupled ordinary differential equations. A 3D FE code was written to obtain 

nodal temperatures during the lay-up process of a composite ring.  In order to verify the FE code, 
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carbon/epoxy composite rings were fabricated using a filament winding machine and K-type 

thermocouples were used to measure the temperature during the process. Although the 3D transient 

analysis of the problem was introduced, the model was limited to manufacturing of thermoset 

composites using filament winding technique. A few years later in 2016,  Jeyakodi [5] performed 

a FE simulation of in-situ AFP process for manufacturing flat thermoplastic composites. The 

coupled temperature displacement analysis was performed in ABAQUS to be able to apply the 

transient laser heat and roller pressure in simulation. The main focus of his study was on predicting 

the residual stresses developed during the in-situ process. To do so, thermal profiles induced in the 

laminate for different process configurations were determined and induced stresses in the laminate 

were calculated accordingly. His study provides a detailed numerical model of laser-assisted AFP 

process. Although the simulation tool could be used for studying different process parameters and 

identifying the interactions numerically, experiments have not been performed to provide 

validation. This necessitates more experimental research on in-situ processing of thermoplastic 

composites with free edges to gain more understanding of the process and to fill the gaps in existing 

literature. More recently, Tafreshi et al. [30] constructed a FE model based on ANSYS to determine 

the spatial temperature distribution in thermoplastic composites made by AFP using hot gas torch. 

In their study, a few different approaches were taken, including closed form (analytical) and FE, in 

order to obtain understanding of the heat transfer problem. The FE model was developed for 

isotropic case and then extended to the orthotropic case in which experiments were performed to 

provide validation of the results.  

A summary of relevant publications in literature is provided in Table 1. 

Each heat transfer model associated with the process in literature has its own particular 

application, and thus, thermal models and corresponding process parameters change for different 

composite materials (thermoset or thermoplastic), specifications (composite rings or flat strips), 

and heating mechanism (laser, infrared, heat lamp or hot gas torch). Looking at existing literature, 

it is evident that there are number of works addressing processing of thermoplastic composites 

along with experimental validation of the results. Nevertheless, they are limited to either-

filament/tape winding process or laser-assisted AFP. The focus of this study is on processing 

thermoplastic composite parts with free edges using hot gas assisted-AFP. There are differences 

between the previous manufacturing processes: both filament winding process and fiber placement 
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process are considered additive in nature because the material (thermoset/thermoplastic) is 

deposited layer by layer. Nevertheless, there are some features that distinguish the fiber placement 

process. Firstly, filament winding is applicable to make structures in the form of cylinders or 

spheres (mainly convex surfaces) while fiber placement technique can be used for structures with 

both convex and concave surfaces. Secondly, filament winding can only be used to make structures 

having no free edges, where the problem of distortion does not arise. Fiber placement can be used 

to make structures with free edges, where the issue of distortion is important. Thirdly, in filament 

winding it is required to apply tension on the tows, while in fiber placement process, tows are 

placed on the surface of the tool using a consolidation roller [1,29,35]. Hot gas torch, on the other 

hand, has been implemented since 1986 as the primary heat source for processing thermoplastic 

composites using AFP due to its low cost and wide process window [57]. More recently, laser 

heating has garnered attention among manufacturers as it provides high energy density, faster 

processing rates and better surface finish [57]. Even though this approach may be appropriate for 

certain applications and people tend to think that laser is better than hot gas torch (due to the fact 

that it is more focused, and heating can be more efficient), there are benefits from the hot gas torch 

that laser does not have. One thing is that laser cannot be used for glass fiber composites. This is 

because laser heats the carbon fibers and the heat from the carbon fiber heats the resin. Glass fibers 

do not absorb the laser energy and as such it cannot be heated by laser. Secondly, laser imposes 

safety hazard. Thirdly, hot gas torch spreads out the heat and this can help to preheat the tape. This 

is more effective for heating for joints. It could be shown that hot gas torch can process much faster 

than laser due to the better heat creation within the joining area. Laser introduces the heat almost 

only into the carbon fiber and indirectly heats the polymer, while hot gas melts the polymer directly 

in the joining area. And fourthly, laser needs to be precisely controlled for the end of the beam to 

be at the NIP point while the hot gas torch has less of a problem.  

 

2.4 Research Objectives 

Although the models proposed in literature provide insight into the transient heat transfer 

problem of AFP process, they are either limited to the local region in the vicinity of the nip point 

and did not take into account the temperature distribution in the entire structure; or owing to several 

simplifications in the model and lack of experimental data, the predicted temperature history did 
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not reflect the actual AFP process where the problem of distortion arises in manufacturing of 

composite parts with free edges. The focus of this thesis is to develop a two-dimensional transient 

heat transfer model for moving heat source problem associated with AFP thermoplastic composites 

manufacturing with experimental validation of results to gain more understanding of the way 

temperature gradients develop during the process. 

The thesis is organized in such a way that first, finite difference (FD) formulation of the 

transient heat transfer problem is presented based on energy balance approach. The explicit 

methodology is then introduced as a solving method for predicting the temperature distribution 

numerically. A computer code is written in MATLAB (MathWorks Inc.) to generate the 

temperature distribution along the layup direction and through the thickness of the composite 

substrate. The methodology implemented for modeling the moving heat source problem is 

discussed in detail. The temperature distribution history results are presented, and experimental 

trials are conducted to provide verification of the results. This study can open the way for 

understanding the development and distribution of crystallinity as a function of space and time. 

Residual stresses and deformation of the structure can then be determined. 

 

Table 1. Summary of relevant publications in literature 

Reference 
Model 

Type 
Dimension Technique Experiment 

     

Tierney et al. 2003 [42] Steady state 1D FD 
(AS4/PEEK 

ATP HGT) 

Khan et al. 2010 [38,43] Transient 1D FD 
(AS4/PEEK 

AFP HGT) 

Dai and Ye 2002 [41] Transient 1D Analytical 
(GF/PP tape 

winding) 

Weiler et al. 2018 [39] Transient 1D Analytical − 

Lee 2004 [40] Transient 1D Analytical − 

Beyeler et al. 1988 [44] Steady state 2D FD − 
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Nejhad et al. 1991 [45] Steady state 2D FD, Analytical − 

Agarwal et al. 1992 [58] Steady state 2D FD 
(APC-2 laser 

tape winding) 

Grove 1988 [46] Steady state 2D FE − 

Mantell and Springer 1992 

[47] 
Steady state 2D FE − 

Sonmez and Hahn 1997 [48] Steady state 2D FE − 

Shih and Loos 1999 [59] Transient 2D FE 

(AS4/PEEK 

filament 

winding) 

Tumkor et al. 2001 [60] Transient 2D FD − 

Zhao et al. [50] 2011 Transient 2D FE − 

Li et al. [51] 2015 Transient 2D FE − 

Han et al. 2014 [52] Transient 2D FE − 

Stokes-Griffin et al. 2014 

[61,62] 
Transient 2D FE 

(AS4/PEEK 

AFP Laser) 

Kollmannsberger et al. 2018 

[53] 
Transient 2D FD 

(CF/PES AFP 

Laser) 

James and Black 1996 [54] Steady state 3D FD 
(APC-2 filament 

winding) 

Toso and Ermanni 2003 [55] Transient 3D FE 
(GF/PP tape 

winding) 

Hassan et al. 2005 [56] Transient 3D FE 

(C/Epoxy 

filament 

winding) 

Jeyakodi 2016 [5] Transient 3D FE − 

Tafreshi et al. 2019 [30] Transient 3D FE 

(AS4/PEEK 

composite strip 

using AFP) 
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Chapter 3: THERMAL ANALYSIS MODEL 
 

 

 

3.1 Heat Transfer Mechanism in AFP Thermoplastic Composites Process 

 

As the first step in heat transfer analysis of AFP process using a hot gas torch, it is necessary 

to understand the heat transfer mechanism between the hot gas torch and the composite substrate. 

In fact, the heat transfer mechanism is quite complex not only because of the turbulent nature of 

the thermal fluid flow, but also due to the simultaneous heat transfer that occurs in both the thermal 

fluid and the composite substrate. The hot gas flow coming out of the torch nozzle, has very high 

temperature in the range of 800 – 1000 ℃ for the case of AFP of thermoplastics. As such, 

noticeable temperature difference exists between the hot gas flow and the composite surface. This 

results in convective heat transfer between the aforementioned media as shown in Figure 9. A local 

heat flux equation is utilized to model the convective heat transfer as 𝑞" = ℎ𝐻𝐺𝑇  (∆𝑇) where ℎ𝐻𝐺𝑇 

is the convective heat transfer coefficient between the hot gas torch and the composite surface, and 

for the conversion of a portion of the kinetic energy of the gas upon impact with the surface of the 

composite material. ∆𝑇 accounts for the temperature difference between the two media [63,64]. 

The localized heat flux diffuses through the composite substrate (Figure 9) and the speed of 

diffusion depends upon the value of thermal diffusivity 𝛼; the larger the value of 𝛼, the faster heat 

will diffuse through the material. In fact, a temperature gradient exists in the laminate which results 

in an energy transfer from the upper surface subjected to the hot gas flow (high-temperature region) 

to the underneath layer (low-temperature region) [63].  

In this study, a moving heat source is considered in the transient heat transfer problem. Along 

with the heat transfer through the thermal fluid (heat convection) and through the composite 

substrate (heat diffusion), the unheated regions are exposed to the surrounding ambient which plays 

an important role in the cooling stage. The convection heat transfer follows the Newton cooling 

law as shown below [63–65]:  
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 𝑞" = ℎ𝐶  (∆𝑇) (2) 

 

Where 𝑞" is the heat flux (W m2⁄ ), ℎ𝐶  is the convective heat transfer coefficient between the 

composite substrate and the surrounding ambient (W m2⁄ . K), and ∆𝑇 is the temperature difference 

between the aforementioned media (𝐾).  

The composite substrate surface is subdivided into two separate zones as shown in Figure 9. 

Zone 1 represents the region of the substrate exposed to the surrounding ambient and cooled by 

ambient air while zone 2 demonstrates the region of the composite substrate which is exposed to 

the hot gas flow. Therefore, at any moment during the process, the convective heat transfer 

coefficients can be expressed as following: 

 ℎ = { 
ℎ𝐻𝐺𝑇         ;    𝑧𝑜𝑛𝑒 2
ℎ𝐶              ;    𝑧𝑜𝑛𝑒 1

 (3) 

The convective heat transfer coefficient h HGT may vary along the length of the zone 2. As a 

preliminary analysis, it is taken to be a constant in this study.  

 

 

Figure 9. Heat transfer mechanism between the hot gas flow and the composite substrate [18] 
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3.2 Transient Heat Transfer Model of AFP Process Based on Finite Difference 

Formulation  

 

In this study, the AFP process is simulated based on Finite Difference (FD) method. The 2D 

rectangular domain and the coordinate system considered in this study are illustrated in Figure 10. 

There is a moving heat source which travels with a specified speed from the left edge to the right 

along the upper side of the rectangular domain. The heat energy provided by the heat source, is 

transferred to the composite substrate which results in nodal temperature increase. At the same 

time, the upper side is subjected to the surrounding ambient (room temperature), which accounts 

for the cooling stage. In this section, we aim at developing the FD formulation of the transient heat 

transfer problem in a 2D rectangular domain (the composite substrate - aluminum mandrel 

assembly) subjected to a moving heat source using the energy balance approach. First, the domain 

is subdivided into a sufficient number of volume elements and the energy balance is applied on 

each element. An appropriate formulation is derived for the interior nodes. The formulation can be 

used for all the interior nodes regardless of the boundary conditions, since the boundary conditions 

have no effect on the FD formulation of these nodes. Second, for nodes on the boundaries, 

depending on type of the boundary condition, an appropriate formulation is derived for each case. 

The explicit methodology is introduced as a solving method for the transient heat transfer problem. 

The stability criteria are defined to confine the variation and oscillation of the nodal temperatures. 

Eventually, the formulations are coded to be able to generate the nodal temperatures after each time 

step and plot the temperature distribution.  
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Figure 10. The finite difference model to predict the transient temperature field of the composite 

substrate – aluminum mandrel assembly during the lay-up process [18] 

 

 

3.2.1 Assumptions 

 

Prerequisite for a valid FD model is a feasible simplification of the problem, in order to be able 

to perform the analysis with short computational time with mathematical tools available. The FD 

model proposed in this study is developed based on the following assumptions [18]:  

(a) In the actual AFP process, the material deposition is part of the model. In other words, it is 

necessary to address the placement of the incoming tape after passing through the AFP 

guided assembly on the substrate with the help of the consolidation roller.  However, in this 

study, it is assumed that there is no material deposition and the model is developed for the 

case of the moving heat source on a composite substrate being in contact with an aluminum 

mandrel. 
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(b) The two-dimensional heat transfer problem is considered in this study. There are some 

reasons highlighting this assumption: the composite substrate is relatively long with respect 

to the width and one can neglect the temperature variation through the width. Second, the 

heat input is almost constant over the tape width and the material is uniformly heated in 

that direction. As such, one can reasonably ignore the temperature variation in the width 

direction (y-direction) and the assumption is rated tolerable [45,47,48,59].   

(c) The process is regarded as a transient heat transfer problem which is necessary in order to 

investigate the temperature profiles in different regions of the composite substrate as time 

progresses.  

(d) The aluminum mandrel is considered in the model as it cannot be ignored in the actual 

manufacturing process.  

(e) The composite substrate is modeled as an orthotropic domain and the thermal conductivity 

depends on the direction (longitudinal and transversal). However, for the aluminum 

mandrel, only one value is assigned as it is isotropic.  

(f) The thermal conductivity values for the composite domain are temperature dependent. 

Because in higher temperatures, the molecules move faster, and energy will be transported 

faster. As such, the value of thermal conductivity, as an indicator of how fast heat flows in 

a material, needs to be temperature dependent [63].  

(g) The hot gas flow exposing on the composite substrate surface is modeled as a convective 

boundary condition with a constant heat convection coefficient.  

(h) A convective boundary condition is prescribed to the composite substrate surfaces (exposed 

to hot gas flow) and left, right and bottom boundaries (exposed to ambient air).  

(i) The heat absorption and generation resulting from melting and crystallization respectively 

is assumed to be negligible.  
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3.2.2 Discretization of The Finite Difference Model  

 

3.2.2.1 Space Discretization 

 

In the energy balance approach, the medium is subdivided into a sufficient number of volume 

elements as shown in Figure 11. This needs to be done separately for both the composite substrate 

and the aluminum mandrel. Consider a transient two-dimensional heat conduction problem in a 

rectangular domain. The length of the domain (𝐿) is subdivided into 𝑀 sections of equal distance 

(∆𝑥 = 𝐿/𝑀) in the x direction. As a result, there are 𝑀 + 1 nodal points 0,1,2, … 𝑚 − 1, 𝑚, 𝑚 +

1, … , 𝑀 in the longitudinal direction. The x-coordinate of any point 𝑚 can be obtained simply by 

multiplying the 𝑚 number by the distance ∆𝑥, i.e., 𝑥𝑚 = 𝑚 ∆𝑥. For both the composite substrate 

and the aluminum mandrel, similar number of divisions in x direction is considered. The same 

procedure is performed for the transversal direction. The thickness of the composite substrate 

domain (𝑊𝑐) is subdivide into 𝑁𝑐 sections of equal distance (∆𝑧𝑐 = 𝑊𝑐 / 𝑁𝑐) in the z direction. In 

the same manner, the thickness of the aluminum mandrel domain (𝑊𝑚) is subdivide into 𝑁𝑚 

sections of equal distance (∆𝑧𝑚 = 𝑊𝑚 / 𝑁𝑚) in the z direction. As such, there are 𝑁𝑐 + 1 nodal 

points (0,1,2, … 𝑛𝑐 − 1, 𝑛𝑐 , 𝑛𝑐 + 1, … , 𝑁𝑐) in the transversal direction for the composite substrate 

and 𝑁𝑚 + 1 nodal points (0,1,2, … 𝑛𝑚 − 1, 𝑛𝑚, 𝑛𝑚 + 1, … , 𝑁𝑚) in the same direction for the 

aluminum mandrel. The z coordinate of any point 𝑛𝑐 or 𝑛𝑚 can be obtained simply by multiplying 

the 𝑛𝑐 or 𝑛𝑚 numbers by the corresponding distance ∆𝑧𝑐 or ∆𝑧𝑚 respectively i.e., 𝑧𝑐 = 𝑛𝑐 ∆𝑧𝑐 for 

the composite substrate and 𝑧𝑚 = 𝑛𝑚 ∆𝑧𝑚 for the aluminum mandrel. In general, each nodal point 

is denoted by a specific (𝑚, 𝑛) coordinate. The corresponding nodal temperature at a coordinate 

(𝑚, 𝑛) can be denoted as 𝑇𝑚,𝑛 which means the temperature at a node with 𝑥 coordinate of 𝑥𝑚 and 

𝑧 coordinate of 𝑧𝑛. A FD mesh sample for two-dimensional conduction in rectangular coordinates 

for interior nodes are illustrated in Figure 11 (Left). It is assumed that properties at each node such 

as temperature and heat generation is representative of the whole element [64].  
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Figure 11. Finite difference mesh for 2D conduction in rectangular coordinates (Left); volume 

element of a node and the change in the energy content during a time interval ∆𝑡 (Right) [64] 

 

3.2.2.2 Time Discretization 

 

The FD method can be applied to steady heat transfer problems by discretizing the problem in 

the space variables. If the steady condition is prevailed, the temperature do not change with time. 

As a result, the solution obtained for this condition is valid for any time [64]. As for the case of 

this study, a moving heat source travels across the upper side of the composite substrate. The 

temperature changes with time as well as position. As such, the heat transfer problem is not steady 

and a formulation for a transient heat transfer problem is required to be proposed. In the case of the 

transient condition, in addition to the discretization in space, one needs to consider the 

discretization in time as well (Figure 12). A suitable step time needs to be selected first. At time 

 𝑡 = 0, initial condition is applied i.e., it is assumed that before starting the movement of the heat 

source, the temperature is maintained constant throughout the entire domain and it is the same as 

room temperature. After one step time ∆𝑡, the nodal temperatures need to be updated based on the 

previous step. Solving for the unknown nodal temperatures repeatedly for each ∆𝑡, the final nodal 

temperatures at desirable time can be calculated. The selection of step time ∆𝑡 is very important in 

explicit method since it determines the stability of the iteration method. A smaller ∆𝑡 is desirable 

as it increases the accuracy of the solution, but the computation time increases correspondingly 

[64]. The selection of ∆𝑡 and the stability criteria will be explained in the following sections.  
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As demonstrated in Figure 12, the nodal temperatures are denoted using double subscript 

notation (𝑚, 𝑛) as 𝑇𝑚,𝑛 which means the temperature at a node with x coordinate of 𝑥𝑚 and                  

z coordinate of 𝑧𝑛. For the transient problems, we need to define a superscript 𝑖, as the counter of 

time steps. In this definition, 𝑖 = 0 corresponds to the initial condition specified by the problem at 

𝑡 = 0. The next step time is denoted by 𝑖 = 1 which accounts for 𝑡 = 1 × ∆𝑡. Depending on the 

required number of steps, the nodal temperatures are obtained at each time step. A general time 

step 𝑖 corresponds to 𝑡𝑖 = 𝑖∆𝑡. Based on this notation, the temperature at node (𝑚, 𝑛) at time step 

𝑖 is denoted by 𝑇𝑚,𝑛
𝑖 . Looking at Figure 12, it can be noticed that at each step, we need to find the 

nodal temperatures in the 2D rectangular domain. This is performed by solving the formulations 

for all interior nodes and boundary nodes. Once the solution is obtained for step 𝑖, the time is shifted 

forward for one step time ∆𝑡 and the counter 𝑖 is shifted to 𝑖 + 1 accordingly. For the new step, all 

the nodal temperatures are modified, and the set of formulations need to be solved for the new 

iteration. This process is repeated for the specified number of steps. Using this method, we are able 

to obtain temperature at each point and at each time step. The target node location can be 

determined using two coordinates of 𝑥, 𝑧 and the step in which the temperature is aimed to obtain 

is notified by the index 𝑖 [64].  

 

Figure 12. Space and time discretization of a 2D transient heat conduction problem 
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3.2.3 Energy Balance Approach 

 

In this approach, a volume element for each node is assumed and the energy balance is written 

for this element. If one assumes that all heat transfer is into the element, the energy balance for a 

volume element during a time interval ∆𝑡 can be expressed as [64]: 

 

Or 

 ∆𝑡 × ∑ 𝑄̇

𝐴𝑙𝑙 𝑠𝑖𝑑𝑒𝑠

+ ∆𝑡 × 𝐸̇𝑔𝑒𝑛,𝑒𝑙𝑒𝑚𝑒𝑛𝑡 = ∆𝐸𝑒𝑙𝑒𝑚𝑒𝑛𝑡 (4) 

 

Where 𝑄̇ is the rate of heat transfer. Depending on the boundary conditions, it can account for 

conduction terms, convection, heat flux or radiation. As shown in Figure 11 (Left), ∆𝐸𝑒𝑙𝑒𝑚𝑒𝑛𝑡 

depends on density, volume, specific heat and temperature change of the element. For any node 

(𝑚, 𝑛) in the 2D domain, the equation can be written as [64]:  

 ∑ 𝑄̇

𝐴𝑙𝑙 𝑠𝑖𝑑𝑒𝑠

+ 𝐸̇𝑔𝑒𝑛,𝑒𝑙𝑒𝑚𝑒𝑛𝑡 = 𝜌𝑉𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝐶𝑝

𝑇𝑚,𝑛
𝑖+1 − 𝑇𝑚,𝑛

𝑖

∆𝑡
 (5) 

 

Where 𝑇𝑚,𝑛
𝑖+1 − 𝑇𝑚,𝑛

𝑖  represents the temperature change of the node (𝑚, 𝑛) during the time interval 

∆𝑡. We should note that the only difference between the transient and steady conditions formulation 

is the term on the right side of the equal sign. When the steady condition is prevailed in the heat 

transfer problem, the temperature does not vary with time and the formulation is reduced to the 

steady condition [64].  

There are two general methods to obtain the nodal temperatures after each time step; explicit 

method and implicit method. In the former, temperatures at previous time step 𝑖 is used while in 

the latter temperatures at new time step 𝑖 + 1 is used to obtain temperatures at time step 𝑖 + 1. 

These two general forms are expressed as following [64]:  
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Explicit method ∑ 𝑄̇𝑖

𝐴𝑙𝑙 𝑠𝑖𝑑𝑒𝑠

+ 𝐸̇𝑔𝑒𝑛,𝑒𝑙𝑒𝑚𝑒𝑛𝑡
𝑖  = 𝜌𝑉𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝐶𝑝

𝑇𝑚,𝑛
𝑖+1 − 𝑇𝑚,𝑛

𝑖

∆𝑡
 (6) 

Implicit method ∑ 𝑄̇𝑖+1

𝐴𝑙𝑙 𝑠𝑖𝑑𝑒𝑠

+ 𝐸̇𝑔𝑒𝑛,𝑒𝑙𝑒𝑚𝑒𝑛𝑡
𝑖+1  = 𝜌𝑉𝑒𝑙𝑒𝑚𝑒𝑛𝑡𝐶𝑝

𝑇𝑚,𝑛
𝑖+1 − 𝑇𝑚,𝑛

𝑖

∆𝑡
 (7) 

 

The objective of this study is calculating the nodal temperatures at new time step i.e., 𝑇𝑚,𝑛
𝑖+1. As 

can be easily noticed, the explicit method is quite straightforward. The nodal temperatures at 

previous time step i.e., 𝑇𝑚,𝑛
𝑖 is known and it is only required to calculate the unknown 𝑇𝑚,𝑛

𝑖+1 using 

the explicit formulation. However, in implicit method, the only given term is 𝑇𝑚,𝑛
𝑖  and the rest of 

the equation is unknown. Hence, in this method, nodal temperatures need to be solved 

simultaneously for each time step and requires additional computational method to solve the 

resulting set of equations. Although the explicit method is straightforward, but we should keep in 

mind that this method may result in instabilities while solving for each iteration. As such, special 

care is needed to monitor stability while using this method. On the other hand, implicit method is 

unconditionally stable and for the problems which satisfying the stability criteria is rather difficult, 

it would be a better choice to implement this method to avoid instabilities [64].  

 

3.2.3.1 Interior Nodes 

 

A schematic illustration of the heat transfer for an interior node inside the domain is shown in 

Figure 13 in which the heat conduction occurs in both x (longitudinal) and z (transversal) 

directions. In the y direction, a unit depth of ∆𝑦 = 1 is considered. For a general case, the heat 

generation may exist inside the domain. 𝑒̇𝑚,𝑛 accounts for the heat generation for each volume 

element. For the case of this study, the heat generation is negligible, and we can ignore the heat 

generation term. As stated earlier, for a 2D composite substrate with the length of 𝐿 and thickness 

of 𝑊𝑐, there are  𝑀 + 1 nodal points in longitudinal direction (𝑥-direction) and 𝑁𝑐 + 1 nodal points 

in transversal direction (𝑧-direction). In the same manner, for the aluminum mandrel with the length 

of 𝐿 and width of 𝑊𝑚, there are 𝑀 + 1 nodal points in longitudinal direction (𝑥-direction) and 

𝑁𝑚 + 1 nodal points in transversal direction (𝑧-direction). In general, the entire domain including 

both the composite substrate and the aluminum mandrel consists of (𝑀 + 1)(𝑁𝑚 + 𝑁𝑐 + 1) nodes 
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in which (𝑀 − 1)(𝑁𝑐 − 1) nodes are representative of the composite substrate interior nodes and             

(𝑀 − 1)(𝑁𝑚 − 1) nodes are representative of the aluminum mandrel interior nodes. Each nodal 

point is denoted by specific (𝑚, 𝑛) coordinate and the corresponding nodal temperature at a 

coordinate (𝑚, 𝑛) is denoted as 𝑇𝑚,𝑛 .  

The energy balance based on equation (4), can be written for all interior nodes as following in 

which the general interior node (𝑚, 𝑛) involves heat conduction from four sides (right, left, top, 

and bottom) [64]: 

 

 

𝑘𝑥∆𝑧
𝑇𝑚−1,𝑛 − 𝑇𝑚,𝑛

∆𝑥
+ 𝑘𝑥∆𝑧

𝑇𝑚+1,𝑛 − 𝑇𝑚,𝑛

∆𝑥
+ 𝑘𝑧∆𝑥

𝑇𝑚,𝑛+1 − 𝑇𝑚,𝑛

∆𝑧

+ 𝑘𝑧∆𝑥
𝑇𝑚,𝑛−1 − 𝑇𝑚,𝑛

∆𝑧
= 𝜌∆𝑥∆𝑧𝐶𝑝

𝑇𝑚,𝑛
𝑖+1 − 𝑇𝑚,𝑛

𝑖

∆𝑡
 

(8) 

 

Where 𝑘𝑥 and 𝑘𝑧 are longitudinal and transverse thermal conductivities respectively. This 

formulation is valid for all interior nodes inside the composite substrate and the aluminum mandrel 

domains regardless of the boundary conditions. It should be noted that for the case of the aluminum 

mandrel (isotropic domain), the thermal conductivities in both longitudinal and transversal 

directions all identical and equal to 𝑘𝑚.  

From equation (8), by dividing the two sides of the equation by the volume of the element 

(∆𝑥∆𝑦∆𝑧) and using the Taylor series expansion to derive the finite difference approximation of the 

second derivative of a temperature function (equation 9), the 2D general heat transfer equation 

(heat diffusion equation) can be derived as equation (10) [64]. It is assumed that heat generation is 

negligible and there is no heat transfer in y direction.  

 

 
𝜕2𝑇

𝜕𝑥2
=

𝑇𝑚+1,𝑛 − 2 𝑇𝑚,𝑛 +  𝑇𝑚−1,𝑛

(Δ𝑥)2
 ,

𝜕2𝑇

𝜕𝑧2
=

𝑇𝑚,𝑛+1 − 2 𝑇𝑚,𝑛 +  𝑇𝑚,𝑛−1

(Δ𝑧)2
 (9) 

 𝐾𝑥

𝜕2𝑇

𝜕𝑥2
+  𝐾𝑧

𝜕2𝑇

𝜕𝑧2
=  𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
 (10) 
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The next step in deriving the nodal temperature, is indicating the time step on the left side of 

the equation (8). In this study, explicit method is selected to solve the transient heat transfer 

formulation. Based on the definition, the explicit FD formulation of the heat transfer problem can 

be expressed by [64]:  

 

𝑘𝑥∆𝑧
𝑇𝑚−1,𝑛

𝑖 − 𝑇𝑚,𝑛
𝑖

∆𝑥
+ 𝑘𝑥∆𝑧

𝑇𝑚+1,𝑛
𝑖 − 𝑇𝑚,𝑛

𝑖

∆𝑥
+ 𝑘𝑧∆𝑥

𝑇𝑚,𝑛+1
𝑖 − 𝑇𝑚,𝑛

𝑖

∆𝑧

+ 𝑘𝑧∆𝑥
𝑇𝑚,𝑛−1

𝑖 − 𝑇𝑚,𝑛
𝑖

∆𝑧
= 𝜌∆𝑥∆𝑧𝐶𝑝

𝑇𝑚,𝑛
𝑖+1 − 𝑇𝑚,𝑛

𝑖

∆𝑡
 

(11) 

 

Expressing the left side of the equation (8) at time step 𝑖 + 1, would give the implicit 

formulation. If one assumes a uniform mesh structure in which ∆𝑥 =  ∆𝑧 = 𝑙, equation (11) can be 

solved explicitly for the new temperature 𝑇𝑚,𝑛
𝑖+1 to give:  

 𝑇𝑚,𝑛
𝑖+1 = 𝑐 [𝑘𝑥 (𝑇𝑚−1,𝑛

𝑖 + 𝑇𝑚+1,𝑛
𝑖 )  +  𝑘𝑧 (𝑇𝑚,𝑛+1

𝑖 + 𝑇𝑚,𝑛−1
𝑖 )] + [1 − 2𝑐 (𝑘𝑥 + 𝑘𝑧)] 𝑇𝑚,𝑛

𝑖  (12) 

 

Where 𝑐 =  
∆𝑡

𝜌∆𝑥∆𝑧𝐶𝑝
 is considered as a coefficient to simplify the formulation above.  

 

 

Figure 13. The volume element of a general interior node (m,n) for 2D transient heat conduction 

problem in rectangular coordinates [64] 
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3.2.3.2 Boundary Nodes 

 

The formulation presented for interior nodes is not applicable for boundary nodes. The 

boundary nodes do not have neighboring nodes on at least one side and a separate formulation is 

required to be obtained for these nodes. There are four common boundary conditions used in 

problems. These include constant temperature, constant heat flux, convection and radiation [64]. 

The convective boundary condition (subjected to ambient air) is prescribed as the boundary 

condition for the left and right boundaries along with the bottom boundary of the aluminum 

mandrel. For the top boundary in which a moving heat source travels across the upper side of the 

composite substrate, an appropriate energy balance needs to be applied. The entire heat transfer 

problem is controlled significantly by the definition of boundary conditions at the upper side edge 

and special care is required for assigning this boundary condition. 

In this study, a moving heat source is encountered in the heat transfer problem. As mentioned 

earlier, along with the heat transfer through the thermal fluid (heat convection) and through the 

composite substrate (heat diffusion), the unheated regions are exposed to the surrounding ambient 

which plays an active role in the cooling stage. As such, the convection heat transfer occurs at the 

unheated regions in which the heat transfer follows the Newton cooling law as presented in 

equation (2). In order to take both of the heat convection mechanism by the thermal fluid (heating 

stage) and the surrounding ambient (cooling stage) into account, the composite substrate surface 

boundary needs to be subdivided into two separate zones; Zone 1 (the region of the substrate 

exposed to the surrounding ambient and cooled by ambient air) and Zone 2 (the region of the 

composite substrate which is exposed to the hot gas flow) as illustrated in Figure 14. We should 

note that the heat source is moving, thus the location of each zone is varying with time. In other 

words, if a specific node on the upper side boundary is selected, the boundary condition and 

consequently the formulation describing the temperature variation of this node varies with time. 

Regardless of the value of the heat convection coefficient, we are able to write the energy balance 

for boundary nodes on the upper side boundary to obtain the corresponding formulation. The 

general energy balance equation presented in equation (5) is used for this purpose.  
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Figure 14. Upper side boundary condition consisting of two zones; Zone 1 (ambient air) and  

Zone 2 (hot gas flow) 

 

An illustration of a boundary node in the supper side edge is shown in Figure 15. As can be 

seen, the heat conduction occurs at the left, right and bottom boundaries. The top edge is exposed 

to a thermal fluid with temperature of 𝑇∞ and the heat convection coefficient of ℎ. Depending on 

the zone as elaborated earlier, the ℎ and 𝑇∞values vary for ambient air and the hot gas torch. The 

energy balance on the volume element can be written as [64]:  

 

 

ℎ ∆𝑥 (𝑇∞ − 𝑇𝑚,𝑛
𝑖 ) + 𝑘𝑥 (

∆𝑧

2
)

𝑇𝑚+1,𝑛
𝑖 − 𝑇𝑚,𝑛

𝑖

∆𝑥
+  𝑘𝑥 (

∆𝑧

2
)

𝑇𝑚−1,𝑛
𝑖 − 𝑇𝑚,𝑛

𝑖

∆𝑥

+  𝑘𝑧(∆𝑥)
𝑇𝑚,𝑛−1

𝑖 − 𝑇𝑚,𝑛
𝑖

∆𝑧
=  𝜌∆𝑥

∆𝑧

2
𝐶𝑝

𝑇𝑚,𝑛
𝑖+1 − 𝑇𝑚,𝑛

𝑖

∆𝑡
 

(13) 

 

One of the main differences between equation (11) for interior nodes and equation (13) for 

boundary nodes is the volume of the element. For a unit depth ∆𝑦 = 1, for all interior nodes, the 

volume element is full-size (𝑉𝑜𝑙𝑢𝑚𝑒 = ∆𝑥. ∆𝑧. 1) while for the nodes at boundaries is half-size                         

(𝑉𝑜𝑙𝑢𝑚𝑒 = ∆𝑥. ∆𝑧. 1/2) [64].  

If one assumes a uniform mesh structure in which ∆𝑥 =  ∆𝑧 = 𝑙, equation (13) can be solved 

explicitly for the new temperature 𝑇𝑚,𝑛
𝑖+1 to give [64]:  

 𝑇𝑚,𝑛
𝑖+1 = 2𝑐 [

𝑘𝑥

2
 (𝑇𝑚−1,𝑛

𝑖 + 𝑇𝑚+1,𝑛
𝑖 )  +  𝑘𝑧 (𝑇𝑚,𝑛−1

𝑖 ) + ℎ𝑙𝑇∞] + [1 − 2𝑐 (𝑘𝑥 + 𝑘𝑧 + ℎ𝑙)] 𝑇𝑚,𝑛
𝑖  (14) 

 

x 

z 

Moving Heat Source 

Upper Side Boundary Condition 

Ambient Air Ambient Air 

Zone 1 Zone 1 Zone 2 
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Where 𝑐 =  
∆𝑡

𝜌∆𝑥∆𝑧𝐶𝑝
 is considered as a coefficient to simplify the formulation above.  

 

 

Figure 15. The energy balance on a volume element for a boundary node [64]  

 

 

3.2.4 Stability Criterion 

 

As stated in previous sections, the explicit method is not unconditionally stable, and the results 

may fluctuate and become unstable if some conditions are not met. In this study, the explicit method 

is utilized to formulate FD method for the transient heat transfer problem involving a moving heat 

source. Therefore, it is important to study the stability criterion for the explicit method. Stability 

criterion indicates that the explicit solution is stable if the time step ∆𝑡 is sufficiently small. The 

value of ∆𝑡 must be maintained below a certain value throughout the solution to avoid instability 

in nodal temperatures. On a basis of thermodynamics, the stability criterion is satisfied if the 

coefficients of all 𝑇𝑚,𝑛
𝑖  in the explicit representation of 𝑇𝑚,𝑛

𝑖+1 are greater than or equal to zero for all 

nodes. Based on this definition, one can obtain the required step time to have a stable solution [64]. 

Equations (12) and (14) were obtained for this study which needs to be solved explicitly for the 

new temperature 𝑇𝑚,𝑛
𝑖+1. Based on the stability criterion, we have different restrictions for interior 

nodes and boundary nodes because the coefficients of 𝑇𝑚,𝑛
𝑖  are different in these two formulations. 
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The most conservative criteria, i.e., the one with smallest coefficients of 𝑇𝑚,𝑛
𝑖  is selected for the 

entire solution. The stability criteria for interior nodes and boundary nodes for the case of this study 

is summarized in Table 2. 

 

Table 2. Stability criteria for interior nodes and boundary nodes  

 

 Interior nodes Boundary nodes 

Coefficient of 𝑻𝒎,𝒏
𝒊  1 − 2𝑐 (𝑘𝑥 + 𝑘𝑧) 1 − 2𝑐 (𝑘𝑥 + 𝑘𝑧 + ℎ𝑙) 

Stability Criteria ∆𝑡 <  
𝜌𝐶𝑝𝑙2

2(𝑘𝑥 + 𝑘𝑧)
 ∆𝑡 <  

𝜌𝐶𝑝𝑙2

2(𝑘𝑥 + 𝑘𝑧 + ℎ𝑙)
 

* 𝑐 =  
∆𝑡

𝜌∆𝑥∆𝑧𝐶𝑝
 is a coefficient to simplify the formulation above.  

 

3.3 Solution Algorithm for Moving Heat Source Problem In MATLAB 

 

The FD formulation of the transient heat transfer problem in a 2D rectangular domain (a 

composite substrate - an aluminum mandrel assembly) subjected to a moving heat source was 

proposed in the previous sections. The energy balance approach was utilized to derive the FD 

formulation for the interior nodes along with the boundary nodes. The explicit methodology was 

introduced as a solving method for the transient heat transfer problem. A summary of equations is 

presented in Table 3. In this section, we aim at developing a computer code in MATLAB 

(MathWorks Inc.) to be able to solve the system of FD equations numerically for the entire domain. 

Considering the complexity of the computational works, using a mathematical tool is necessary. 

Once the computer code was developed, the nodal temperatures can be obtained during the process.  

Flow chart of the program is illustrated in Figure 16. The process consists of four principal 

stages, the input values directory, the mesh generation and the step time selection, the initial 

condition, and the application of the moving heat source into the problem. At the first stage, the 

input values are entered by the user. These include physical and thermal properties of the material, 
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dimensions of domain, number of divisions in x and z directions and the attributes of the boundary 

conditions. Then, the medium is subdivided into a sufficient number of volume elements based on 

the input values directory. This is conducted separately for both the composite substrate and the 

aluminum mandrel. As the explicit methodology is utilized for solving the transient heat transfer 

problem, the step time needs to be determined in the next step. Based on the stability criteria, an 

appropriate step time is found to confine the variation and oscillation to provide a stable solution. 

The initial condition is prescribed, and the continuous movement of the heat source in the actual 

AFP process is discretized into specified steps in the next step. Eventually, the nodal temperatures 

are computed for the entire domain. In order to apply the movement of the heat source into the 

problem, an accurate solution algorithm is devised which will be explained in detail in the 

following section. 

 

Table 3. Nodal temperatures for interior and boundary nodes based on energy balance approach [18] 

Interior 

nodes 
𝑻𝒎,𝒏

𝒊+𝟏 =
∆𝒕

𝝆∆𝒙∆𝒛𝑪𝒑
  [𝒌𝒙 (𝑻𝒎−𝟏,𝒏

𝒊 + 𝑻𝒎+𝟏,𝒏
𝒊 )  +  𝒌𝒛 (𝑻𝒎,𝒏+𝟏

𝒊 + 𝑻𝒎,𝒏−𝟏
𝒊 )] + [𝟏 −

𝟐∆𝒕

𝝆∆𝒙∆𝒛𝑪𝒑
  (𝒌𝒙 + 𝒌𝒛)] 𝑻𝒎,𝒏

𝒊  

Boundary 

nodes 

(zone 1) 

𝑇𝑚,𝑛
𝑖+1 =

2∆𝑡

𝜌∆𝑥∆𝑧𝐶𝑝
  [

𝑘𝑥

2
 (𝑇𝑚−1,𝑛

𝑖 + 𝑇𝑚+1,𝑛
𝑖 )  +  𝑘𝑧  (𝑇𝑚,𝑛−1

𝑖 ) + ℎ𝐶  ∆𝑥 𝑇∞] + [1 −
2∆𝑡

𝜌∆𝑥∆𝑧𝐶𝑝
 (𝑘𝑥 + 𝑘𝑧 + ℎ𝐶  ∆𝑥)] 𝑇𝑚,𝑛

𝑖  

Boundary 

nodes 

(zone 2) 

𝑇𝑚,𝑛
𝑖+1 =

2∆𝑡

𝜌∆𝑥∆𝑧𝐶𝑝
[
𝑘𝑥

2
 (𝑇𝑚−1,𝑛

𝑖 + 𝑇𝑚+1,𝑛
𝑖 )  + 𝑘𝑧 (𝑇𝑚,𝑛−1

𝑖 ) + ℎ𝐻𝐺𝑇 ∆𝑥 𝑇𝐻𝐺𝑇] + [1 −
2∆𝑡

𝜌∆𝑥∆𝑧𝐶𝑝
(𝑘𝑥 + 𝑘𝑧 + ℎ𝐻𝐺𝑇∆𝑥)] 𝑇𝑚,𝑛

𝑖  

∆x: mesh size in x direction, ∆z: mesh size in z direction, ℎ𝐶: convective coefficient of zone 1, T∞: 

surrounding temperature, hHGT: convective coefficient of zone 2, THGT: HGT temperature 
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Figure 16. Flow chart of the FD program code in MATLAB 
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3.3.1 Input Values Directory  

 

At the first stage, the input values are entered by the user. These include physical and thermal 

properties of the material, dimensions of domain, number of divisions in x and z directions and the 

attributes of the boundary conditions. For the case of this study, AS4/APC-2 carbon fiber/PEEK 

composite material is selected for the composite substrate and aluminum is considered as the 

mandrel’s material. The physical and thermal properties for AS4/APC-2 were reported in literature 

[5] and those values are used in this study as input parameters as presented in Table 4 and 5. The 

corresponding properties of the aluminum mandrel were reported based on [50]. Experimental 

values and boundary condition attributes are also required to proceed the model. Temperature of 

the hot gas torch and the nitrogen gas flow rate are selected to be 875 ℃ and 60 standard liter per 

minute respectively. The convective heat transfer coefficient for free convection (ℎ𝑐) is selected to 

be 10 W m2K⁄  [30]. The heating length, where the hHGT is applied, is selected to be 10 mm based 

on the experimental setup. Different values of the hHGT were reported by several authors in 

literature [38,55,56,59]. In these studies, an initial value of hHGT was assumed to start the 

calculations. A few thermocouples were utilized to obtain the temperature data experimentally. A 

comparison between experimental and numerical results was done; a few iterations were carried 

out until a good match is found to obtain the hHGT. In this study, following a procedure similar to 

what was presented in literature, the maximum temperature corresponding to the position of TC3, 

embedded one layer beneath the top surface, obtained experimentally. It was then compared with 

the maximum temperature predicted numerically at that location. Following this procedure, the 

value of hHGT of 990 W m2K⁄  was obtained. In order to ensure that the selection of this value can 

lead to numerical results with reasonable accuracy, the temperatures at two other through-thickness 

locations were also monitored using two other embedded thermocouples (TC1 and TC2) and results 

were compared with numerical predictions. A summary of all input parameters for the FD code is 

presented in Table 6.  

 

 

 



42 
 

Table 4. Temperature dependent physical properties of AS4/APC-2 [5] 

 

Temperature  

T(̊C) 

Specific heat  

𝐂𝐩 (J/kg C̊) 

Density  

𝛒 (Kg/𝐦𝟑) 

Viscosity  

𝛍 (Mpa.s) 

0 800 1601 7.03 

50 930 1598 1.31 

100 1040 1593 0.38 

150 1260 1586 0.15 

200 1300 1575 0.07 

250 1400 1563 0.04 

300 1550 1551 0.02 

350 1650 1537 0.02 

400 1700 1524 0.01 

 

Table 5. Temperature dependent physical properties of AS4/APC-2 [5] 

Temperature Conductivity  Diffusivity  

T(̊C) 
𝑘𝑥 (Axial) 

W/m ̊C 

𝑘𝑧 (Transverse) 

W/m ̊C 

αx (Axial) 

J/m3  ̊C 

α𝑧 (Transverse) 

J/m3  ̊C 

0 3.5 0.42 2.733e-06 3.2792e-07 

50 4.6 0.52 3.095 e-06 3.499 e-07 

100 5.1 0.6 3.078 e-06 3.6216 e-07 

150 5.9 0.7 2.952 e-06 3.5028 e-07 

200 5.9 0.7 2.882 e-06 3.4188 e-07 

250 6.1 0.7 2.788 e-06 3.1989 e-07 

300 6.7 0.75 2.787 e-06 3.1197 e-07 

350 6.8 0.68 2.681 e-06 2.6813 e-07 

400 7 0.65 2.702 e-06 2.5088 e-07 
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Table 6. Input parameters for the FD code 

 Properties Value Reference 

Composite Density (𝜌) 1524 - 1601 𝐾𝑔 𝑚3⁄  [5] 

 Specific Heat (𝐶𝑝) 800 - 1700 𝐽 𝑘𝑔. 𝐾⁄  [5] 

 Longitudinal Thermal Conductivity (𝐾𝑥) 3.5 - 7 𝑊 𝑚. 𝐾⁄  [5] 

 Transverse Thermal Conductivity (𝐾𝑧) 0.42 - 0.65 𝑊 𝑚. 𝐾⁄  [5] 

Tool Density (𝜌𝑚) 2700 𝐾𝑔 𝑚3⁄  [50] 

 Specific Heat (𝐶𝑝𝑚) 905 𝐽 𝐾⁄  [50] 

 Thermal Conductivity (𝐾𝑚) 237 𝑊 m. 𝐾⁄  [50] 

 

Experimental Variables and Boundary Conditions Reference 

Moving Heat Source Velocity (𝒗) 25.4 mm/s (1 in/s) - 

Heated Length 10 𝑚𝑚 - 

Temperature of the Hot Gas Torch (𝐓𝐇𝐆𝐓) 875 ℃ - 

Convective Heat Transfer Coefficient of the Hot Gas Flow (𝐡𝐇𝐆𝐓) 990 𝑊 𝑚2𝐾⁄  - 

Ambient Temperature 25 ℃ - 

Initial Temperature 25 ℃ - 

Convective Heat Transfer Coefficient of the ambient air (𝐡𝐂) 10 𝑊 𝑚2𝐾⁄  [30] 

 

 Finite Difference Size and Mesh Configuration 

Composite Analyzed Length in x direction (LC) 508 mm (20 inch ) 

 Analyzed Thickness in z direction (WC) 1 mm (equivalent to 8-layer composite) 

 Number of nodes in x direction (MC) 508 (mesh size = 1 mm) 

 Number of nodes in z direction (NC) 3 nodes per layer 

Tool Analyzed Length in x direction (Lm) 508 mm (20 inch ) 

 Analyzed Thickness in z direction (Wm) 50.8 mm (2 inch ) 

 Number of nodes in x direction (Mm) 508 

 Number of nodes in z direction (Nm) 20 
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3.3.2 Procedure for The Analysis of Heat Transfer by A Moving Heat Source  

 

In actual AFP process, the heat source moves continuously. However, in the FD simulation, 

the continuous movement of the heat source needs to be discretized into specified steps. Assume 

that the sample has a total length of L = 508 mm (20 inch). The speed of travel of the torch     

(moving heat source) is v = 25.4 mm/sec (1 inch/sec). The total time for the complete process is 

L/v = 20 seconds. The length of the heating region is 10 mm. Concerning the fact that the length 

of the sample is subdivided into 508 nodes (the distance between nodes is 1 mm), the heating region 

encompasses 10 successive nodes as shown schematically with red circles in Figure 17 [18].  

The way that the moving heat source is modeled in this study is based on the fact that the heat 

source moves one node at a time. This means if at step 1 the center of the heating length is at              

x (𝑡1) = 5 mm, at step 2, the center of the heating length would be at x (𝑡2) = 6 mm                            

(since the distance between nodes is 1 mm). As such, the time which takes for the moving heat 

source to move from step 1 to step 2 is equal to the distance between nodes (i.e., 1 mm) divided by 

the speed (i.e., 25.4 mm/s), so the time interval is 1/25.4 = 0.04 seconds. In other words, the heat 

source moves every 0.04 seconds from one node to the adjacent node to simulate the speed of     

25.4 mm/s of the heat source [18].  

Based on the above analysis, the procedure for the analysis of the moving heat source for             

L = 508 mm (20 inch), speed v = 25.4 mm/sec (1 in/sec) and heating length 10 mm is as follows: 

• Step 1: During the first time increment (first stop), the center of the heating length is at                        

x (𝑡1) = 5 mm. Duration of stop = 0.04 seconds. The time step at which the temperature of each 

node is re-calculated is equal to 0.0004 seconds which is determined by stability criterion for the 

problem. This means that at each stop, there are 100 time increments for the heat transfer analysis. 

Subsequently, the heat source moves one node (1 mm) and the calculation continues. The 

temperatures at different points in the structure at the end of this stop period are used as input to 

the next heating analysis in step 2 below. 

• Step 2: Heating length travels so that the new position of the center of the heating length is at       

x (𝑡2) = 6 mm. Duration of stop = 0.04 seconds. Using the temperature from the previous step   
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(step 1) as initial conditions, the finite difference analysis is carried out. The temperature at the end 

of this step is used as input for the initial conditions for the analysis in the next step.  

The same procedure is carried out until as far as necessary. This procedure is shown schematically 

for four first successive steps in Figure 17 [18].  

 

 

 

  

Figure 17. Procedure for the analysis of heat transfer by a moving heat source implemented in 

FD code in MATLAB [18] 
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3.4 Mesh Size Study (Mesh Convergence) 

 

In this study, a continuous process is converted into a discrete process. It is not known exactly 

which mesh size would be sufficient to obtain the numerical results from the heat transfer analysis. 

Using a sufficiently refined mesh is important to ensure that numerical results do not deviate from 

the actual results. Coarse mesh may yield erroneous results and needs to be refined. This will 

guarantee that numerical results are independent of the mesh size and results are valid.  

  Table 7 presents different meshes used for the mesh size study (mesh convergence), including 

the number of divisions and total number of nodes for the heating length for each mesh size, the 

jump distance (the distance the heat source is moved each time) and the stop time (the time which 

the heat source rests at each stop). 

 

Table 7. Description of different mesh sizes [18] 

 

Number of divisions 

for the heating 

length 

Total number of 

nodes for the 

heating length 

Mesh size (the 

distance between 

nodes in mm) 

Jump 

distance 

(mm) 

Stop time 

(seconds) 

10 11 1 1 0.0394 

9 10 1.1111 1.11 0.0437 

8 9 1.25 1.25 0.0492 

7 8 1.4285 1.43 0.0562 

6 7 1.6666 1.66 0.0656 

5 6 2 2 0.0787 

4 5 2.5 2.5 0.0984 

3 4 3.3333 3.33 0.1312 

2 3 5 5 0.1968 

1 2 10 10 0.3937 
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In order to see how the mesh size would affect the numerical results, temperature distribution 

results are presented in Figure 18 for four values of number of divisions for the heating length, i.e., 

10, 8, 6 and 4 (corresponding to the mesh sizes of 1, 1.25, 1.66 and 2.5 mm). Assume that we have 

a total length of 508 mm (20 inches) and the heat source (heating length of 10 mm) moves with the 

speed of 25.4 mm/s (1 inch/sec) from the left to the right of the sample. Temperature variation for 

the node located in the middle of the sample (x=10 inch), underneath 9th layer is presented in Figure 

18. The horizontal axis is limited from 8000 ms to 14000 ms to be able to distinguish the difference 

between results from different numbers of divisions. Looking at Figure 18, it can be noticed that 

the difference between the temperatures from different mesh sizes varies with time. The difference 

is largest when the maximum temperature occurs (at around 11000 ms) and decreases as the time 

moves on. As such, if one waits long enough for the structure to cool down, the mesh size has 

smaller effect [18].   

A summary of numerical results for all mesh sizes considered in this study is provided in Figure 

19. As can be seen from Figure 19 (Left), as the number of divisions for the heating length increases 

from 1 to 10 (corresponding to variation of mesh size from 10 mm to 1 mm), the maximum 

temperature results converge. Furthermore, in order to see how fast or how slow is the rise from 

room temperature to the maximum temperature at each layer, times to reach maximum temperature 

values are plotted for different mesh sizes in Figure 19 (Right). A similar trend can be observed, 

and results converge for the mesh size of 1 mm (number of divisions for the heating length=10). 

Overall, it can be noticed that as the mesh size decreases and reaches 1 mm, the difference between 

the results is insignificant and it can be concluded that the number of divisions for the heating 

length of 10 (corresponding to mesh size of 1 mm) is satisfactory to be used to generate numerical 

results in subsequent sections in this study.  
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Figure 18. Temperature variation at underneath 9th layer for different number of divisions for the 

heating length at x = 254 mm (10 inch) [18] 
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Figure 19. Mesh size study (mesh convergence); (Left) maximum temperature (Right) time to 

reach maximum temperature in the laminate in three different layers for different number of 

divisions for the heating length [18] 

 

 

In summary, in this chapter, thermal analysis model of the process was presented. The heat 

transfer mechanism in AFP thermoplastic composites process was introduced. It was stated that 

both heat convection due to the hot gas torch and heat diffusion through the composite substrate 

are of paramount importance in the thermal analysis of the process. Using the energy balance 

approach, finite difference formulation of the heat transfer problem was introduced. Depending on 

type of the nodes i.e., interior nodes or boundary nodes, appropriate formulations were derived. 

The stability criteria were introduced for the explicit methodology employed in the problem. Based 

on the formulations derived, a solution algorithm for moving heat source problem in MATLAB 

was presented. The procedure for the analysis of heat transfer by a moving heat source was 

discussed in detail. Eventually, the mesh size study was presented as for the mesh convergence.  
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Chapter 4: EXPERIMENTAL SETUP 
 

 

 

 

4.1 Automated Fiber Placement Setup  
 

Automated Fiber Placement work cell and flat Aluminum paddle tool at Concordia Centre for 

Composites (CONCOM) obtained from Automated Dynamics Corporation (ADC) are used in this 

thesis to perform the experimental studies. Close-up of the thermoplastic fiber placement head is 

illustrated in Figure 20. The incoming tape is first guided and positioned by material guide eyelets. 

The material is then driven through a tape guide where a feed roller is mounted to apply tension on 

the tape. The feed roller is connected to a feed motor which supplies energy in the feed system. 

Depending on the tape being used, the feed system including tape guides and feed rollers can be 

adjusted. Afterwards, the tape is driven towards a compaction roller. The compaction assembly 

consists of compression springs, bearings, carriage and a compaction roller [2,6,12,13,28,57,66–

70]. The compaction assembly is used to consolidate the material i.e., the incoming tape onto the 

substrate at the Nip point. Nip point refers to the contact point of the consolidation roller with the 

incoming tape. The pneumatic force is used to apply pressure on the consolidation roller. It is 

necessary to maintain full contact throughout the entire length of the compaction roller to achieve 

good and uniform bonding between the incoming tape and pre-consolidated composite layers. 

Pressure is also necessary to remove the voids developed during the process. However, it should 

be noted that too much pressure is also not desirable as it may increase the waviness of the fibers 

[2,6,12,13,28,67–69]. The single curvature compaction roller is selected in this study as it is 

generally used for unidirectional layup configurations as shown in Figure 21. The roller material 

can be a stiff material such as steel (for hot gas assisted AFP) or it can be a soft material such as 

silicone (for laser assisted AFP) [13]. In this study, hot gas assisted AFP is employed to perform 

the experimental trials and therefore, a steel roller is used to consolidate the composite layers. The 

steel roller can also withstand high temperature and it is a promising candidate for the case of hot 

gas torch [13]. The selection of roller material is of paramount importance since the hot gas directly 
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points towards the roller along with the incoming tape. The AFP machine used in this thesis is 

equipped with a single roller for consolidation as shown in Figure 20.  

As mentioned earlier, a HGT is integrated in the AFP head which is employed to heat up the 

incoming tape and a certain area of the substrate during the process. The main purpose of the HGT 

is to heat up the material in order to reduce the viscosity (enhance formability) and increase the 

tackiness (enhance intimate contact) [1,30,69]. The HGT is positioned in a way that it points 

towards the lower half of the consolidation roller. This helps to heat up both the incoming tape and 

the substrate in the vicinity of the nip point. Nitrogen gas is used in this setup to provide heat to the 

material. Nitrogen as an inert gas helps to protect the tapes from oxidation [2,6]. A nitrogen line 

(Figure 22 (left)) supplies nitrogen on the back of the torch housing where the nitrogen gas is passed 

through. Prior to the torch housing, an HGT nitrogen regulator is embedded to adjust the pressure 

as shown in Figure 22 (right). Inside the torch housing, there are a few heating elements which 

enable the control of the temperature of the nitrogen gas. The heated nitrogen is then guided through 

the torch nozzle where the hot gas is directed onto the material. The nozzle exit cross-sectional area 

is relatively small compared to the torch housing diameter which creates very high-speed flow of 

the gas while leaving the nozzle. The temperature of the hot gas at the nozzle exit is measured by 

a K-type thermocouple (Figure 20). The temperature and nitrogen gas flow rate can be set 

independently through an operator interface as shown in Figure 23. Depending on the type of the 

material being used, the lay-up speed, the geometry and the lay-up configuration, each of these 

parameters can be set [2,6,13,28,38,58,68,69,71,72].  
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Figure 20. Thermoplastic Fiber Placement Head 

 

 

 

Figure 21. Consolidation roller of AFP setup 
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Figure 22. Nitrogen supply line (Left); HGT nitrogen regulator (Right) 

 

 

 

 

Figure 23. AFP Operator interface 
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4.2 Prepreg Material 
 

Fully impregnated ¼ - inch wide AS4/APC-2 carbon fiber/PEEK tapes supplied by CYTEC 

Engineered Materials are used as the prepreg material in the experimental layup trials in this thesis. 

The thermoplastic matrix of these tapes is based on poly-ether-ether-ketone known as PEEK. It is 

a semi-crystalline thermoplastic matrix with a glass transition temperature (𝑇𝑔) of 143 ̊C. It exhibits 

outstanding resistance to moisture, chemicals, impact and wear, as well as high temperature 

stability and high service temperatures of up to 250 ̊C [2,6,73–75].  Owing to excellent properties 

of the thermoplastic matrix and complete wetting of the fibers in the impregnation process,        

APC-2 can be processed using wide range of manufacturing techniques and thus can be used in a 

variety of applications [76–80]. The unidirectional tape consists of a 68:32 weight percentage 

mixture of carbon fiber (AS4) and PEEK matrix (APC-2). The nominal value of fiber volume 

fraction is 61% [6,12,81]. The unidirectional tape has standard width of 0.25 inch and standard 

thickness of 0.05 inch. A complete data sheet of APC-2-PEEK thermoplastic polymer can be found 

in [75]. A summary of important mechanical properties is also provided in the Appendix A and B.  

Examination of CYTEC prepregs performed by Hoang [6] indicated that there were some resin 

rich area and small amount of voids in the prepreg material. Looking at Figure 24 (left), it can be 

noticed that at the edge, prepregs exhibit some level of roughness. He performed the differential 

scanning calorimetry (DSC) of the prepregs and it was found that the glass transition temperature 

of prepregs was around 143 ̊C and the degree of crystallinity was found to be approximately 16.5 

%. Heat flow curve of the prepreg is shown in Figure 24 (right) [6].  
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Figure 24. Micrograph of CYTEC prepreg (Left); Heat flow curve of APC-2/AS4 prepreg 

(Right) [6] 

 

4.3 Thermal Measurement Apparatus 
 

Thermocouple is the most common sensor for measuring temperature due to its unique features. 

These include low cost, versatility and durability. Depending on the type and size of the 

thermocouple, it can be used for wide range of applications ranging from heavy industrial usage 

with high level of chemical and environmental exposures to typical laboratory testing conditions 

[82]. These make the thermocouple a promising candidate as a sensor in temperature measurement. 

In this section, the major criteria for selection of the thermocouple for the case of this study will be 

discussed. Selection of fast-response K-type thermocouples will be presented. Eventually, other 

thermal measurement apparatus which will be used in the experimental setup will be discussed.   

 

4.3.1 Selection Criteria of Thermocouple 
 

The structure of the thermocouple is based on two dissimilar metal wires which are covered by 

a sheath and are joined at one end. Depending on the type of the thermocouple, the metal wires can 

be from Iron, Aluminum, Nickel and Copper alloys for typical applications to Platinum, Rhodium 

and Rhenium for specific applications. When the thermocouple wires are heated up, electrical 
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current flows in the thermoelectric circuit. As such, heating up the thermocouple junction induces 

a voltage in the circuit, and this can be further correlated back to the temperature. This is the 

principal of thermocouples’ performance which is common among different types of 

thermocouples [82].  

 

Figure 25. Common thermocouple temperature ranges [82] 

 

In order to choose a thermocouple for the application of experimental studies in this thesis, 

there are two major criteria which need to be considered. First, is the temperature range that the 

thermocouple can withstand. Common thermocouple temperature ranges are presented in Figure 

25. As can be seen, the temperature can be set in a wide range i.e., from very low temperatures           

(-250 ̊C) to very high temperatures (1250 ̊C). Considering the fact that for the case of fiber 

placement using the hot gas torch, the temperature is very high (close to 1000 ̊C), among different 

types of available thermocouples, K-type thermocouple is a promising candidate which can 

withstand very high temperatures up to 1250 ̊C. The second criterion is the response time of the 

thermocouple. For the case of this study, the thermocouple will be exposed to instantaneous 

application of the hot gas torch while depositing the material onto the substrate during the cyclic 

process. Since the automated fiber placement is performed under relatively high laying up speeds, 

it is extremely important to employ thermocouples that can capture the true temperature that occurs 

during the process. There are two main factors that can have influence over the response time of 

thermocouples: 
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First is the type of junction. Looking at Figure 26, different junction types of thermocouples 

including insulated, grounded and exposed can be noticed [82]. Thermocouple wires are typically 

covered using the sheath as can be seen in Figure 26. The sheath acts like a shield to protect the 

wires in very high temperatures or in corrosive environments. Regardless of the wires’ sheath, the 

junction itself can be housed inside a shield [82]. In the first category i.e., insulated junctions, the 

thermocouple junction is not attached to the probe wall. The insulation provides electrical isolation. 

However, because of the gap between the junction and the wall along with outer shelter, this type 

of junction exhibits slow response time. This type is typically used for corrosive environments 

where the thermocouple needs to be electrically isolated from the outside [82]. In the second 

category (grounded junctions), the junction is physically attached to the inner side of the protective 

sheath. Because of the good contact between the junction and the probe wall, the heat can be easily 

transferred through the boundaries. This type exhibits faster response time compared to insulated 

junctions. It can be used for static gas and liquid temperatures and also in applications subjected to 

high pressure [82]. Eventually, in the last category, exposed junctions can be seen. In this type, the 

junction is out of the protective sheath and is directly imposed to the surrounding environment. 

This type offers the highest response time among all the types and therefore, it can be used in 

applications which fast response time is required [82]. Based on the discussion above, the exposed 

junction type is selected as the best type for the case of automated fiber placement where the 

response time is crucial in temperature measurements.   

The second factor which can greatly affect the response time of the thermocouple is the wire 

diameter [82]. As the thermocouple’s wires become thinner and thinner, it can respond faster and 

faster. Depending on the type of the junction, one can refer to the available diagrams such as the 

one shown in Figure 27 to determine the response time of the thermocouple at the corresponding 

wire diameter [82]. As such, it can be concluded that theoretically, if we aim at measuring the 

temperature with fast response time, we should consider the thinnest possible thermocouple 

available in the market. However, there are numerous limitations which makes the usage of very 

thin thermocouples impossible in the real applications. These include the handling the 

thermocouple itself, availability of protective sheaths for extremely thin wires, fragility of the 

thermocouple in very high temperatures and its susceptibility to the application of compaction 

force. Considering the discussion above, in the next section, the selection of fast-response K-type 

thermocouple for the application of automated fiber placement will be discussed.  
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Figure 26. Different junction types of thermocouples [82] 

 

 

 

Figure 27. Thermocouple response time for different wire diameters [82] (the vertical axis is 

subdivided into two parts, from 0 to 1.1 in the left and from 1.1 to 2.1 in the right) 
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4.3.2 Selection of Fast-Response K-Type Thermocouple  
 

The thermocouples have time lag in terms of response to the input. If the response time of the 

thermocouple is noticeable, this may have effect on the meaning of the measurement. In previous 

section, it was discussed that there are two major factors affecting the response time of the 

thermocouple, thermocouple junction type and its wire diameter. It was mentioned that among 

available junction types, exposed type exhibits the fastest response time and thus it was selected. 

Regarding the wire diameter, it was stated that although by decreasing the wire diameter, one might 

achieve a thermocouple with faster response time, there are some limitations which make it 

challenging. In the following, the procedure to overcome these challenges will be discussed.  

Typical thermocouples used in industry have wire diameters of 0.254 – 0.508 mm (0.01 – 0.02 

in) which theoretically exhibit response time of 0.3 – 0.8 seconds [82]. This response time is too 

slow for this type of measurement during the AFP process. For the purpose of this study,         

CHAL-002 from Omega is selected. This type of the thermocouple is among the thinnest possible 

thermocouples available in markets. Its wire diameter is about 0.05 mm (0.002 in). Compared to 

typical thermocouples used in industry, this thermocouple is about 5-10 times thinner which is 

expected to response much faster. CHAL-002 thermocouple is a type of unsheathed fine gauge 

thermocouples. This category of thermocouples is known to provide fast and accurate temperature 

measurement on a miniature scale for some specific applications [82]. These include internal 

combustion engines, gas chromatography, scientific instruments and biophysics. The wire diameter 

of these thermocouples can vary from 0.025 mm to 0.8 mm. Due to their extremely thin junctions, 

they enable accurate temperature measurements by keeping the heat transfer via the leads to a 

minimum possible amount [82]. Despite numerous benefits, there are some challenges in handling 

the thermocouple. Because of the extremely thin wires, there is no protective sheath for this type, 

and this can limit the usage of these thermocouples for very high temperatures and the applications 

with compaction force due to their fragility. However, these limitations are overcome by utilizing 

the setup as shown in Figure 29. In this setup, some modifications are applied in order to handle 

the thermocouple and its fragility. The thermocouple’s wires are initially mounted on a glass epoxy 

sheet which is considered as an insulation. Subsequently, the wires are separated and covered by 

Flashbreaker tapes supplied by Airtech [83]. The tape consists of high temperature polyester films 

coated with a pressure sensitive silicone. This tape is typically used for oven/autoclave curing at 
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high temperatures [83]. In the right side, positive and negative leads are labelled with yellow and 

red marks respectively. The positive lead consists of a Chromel alloy (Nickel and Chromium) while 

the negative lead consists of a Alumel alloy (Nickel and Aluminum) [82]. The leads are welded to 

thicker wires using fine wire welder. This is done to facilitate the connection of the thermocouple 

leads to the connector for data recording. The thermocouple junction as noticed in the left side, will 

be embedded inside the composite layers to measure the temperature during the process.  

 

 

Figure 28. Schematic of unsheathed fine gauge thermocouple [82] 

 

 

 

Figure 29. Fast-response K-type thermocouple assembly 
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4.3.3 Comparison of Response Time of Thermocouples  
 

One way to check the response time of the thermocouple is to use a hot oil bath. In this method, 

the oil is heated up to a certain temperature. A thermometer is used to measure the temperature of 

the oil. Then by immersing the thermocouple inside the oil bath, the response time of the 

thermocouple i.e., 63.2% of the plateau could be measured. The response time can be correlated 

with the dynamics of the measurement process. Following this method, the response time of two 

thermocouples, one from typical type of thermocouples (GG-K-36 Omega) and the thermocouple 

developed for the purpose of this study (CHAL-002 Omega) is compared.  The experimental setup 

used for measuring the response time and results are presented in Figure 30 (left) and (right) 

respectively. Looking at results, it can be noticed that the suggested thermocouple (CHAL-002) 

exhibits the response time of around 0.05 seconds while the one for the typical thermocouple is 

around 0.53 second. In other words, the suggested thermocouple is able to respond approximately 

10 times faster than typical thermocouples. This can highlight the importance of employing          

fast-response time thermocouple for the application of this study.   

 

 
 

Figure 30. Oil bath for response time measurement (Left), temperature versus time for typical 

and developed thermocouples (Right) 
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4.3.4 Other Measurement Instruments 
 

Along with the thermocouple which is the most important component in the temperature 

measurement setup, there are some other components as shown in Figure 31. The thermocouple 

wires are welded at one end which forms the junction of the thermocouple for temperature 

measurement. At the other end, wires are connected to a connector as a thermocouple-capable 

device to record the thermal data. Schematic of the thermocouple wires arrangement with the 

connector is shown in Figure 32. The connector plays an important role in providing good 

resistance while handling the thermocouple [82]. The connector, on the other side, is connected to 

a data acquisition system (DAQ) which converts the voltage readings of the thermocouple into the 

temperature. The DAQ can have multiple channels to record the thermal data from multiple 

thermocouples simultaneously. The one used in this study has 8 channels. At the end, a personal 

computer is required to adjust the recording settings and to monitor the thermal data. A logging 

software developed by the Omega is installed on the personal computer. The software is able to 

adjust the settings such as type and number of the thermocouples, duration of recording etc. and is 

able to display the data from multiple thermocouples while being recorded by the thermocouples 

in the experimental setup.   

 

 

Figure 31. Temperature measurement apparatus 
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Personal Computer 

Connector 



63 
 

 

Figure 32. Connector assembly to the thermocouple wires [82] 

 

 

4.4 Manufacturing Procedure 
 

In previous sections, thermal measurement apparatus was discussed in detail. The selection 

criteria for the thermocouple for the purpose of this study were stated and it was demonstrated that 

CHAL-002 thermocouple could be employed as a fast-response thermocouple which satisfies the 

requirements of temperature measurement in this study. Furthermore, the necessity for other 

instruments including connector, DAQ and the personal computer was mentioned. In this section, 

the manufacturing procedure for the composite laminate and the way the thermocouples are 

embedded inside the composite laminate to record the temperature during the process is discussed. 

Figure 33 depicts the experimental trials setup used in this study to obtain experimental results 

to provide validation for numerical results. The main focus of the study is on the way how 

temperature gradient develops through the thickness of the composite laminate during the process. 

Unidirectional composite strips of 508 mm (20 inch) long making up 20 layers are manufactured 

to investigate the temperature distribution in various locations through the thickness of the 

composite laminate when the moving heat source travels across the upper side of the laminate. To 

do so, 8 unidirectional composite strips of 508 mm (20 inch) long making up 8 layers are first 

manufactured, and the laminate is allowed to cool down to room temperature. This is of paramount 

importance to avoid thermal accumulation inside the composite laminate. Afterwards, on the upper 
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side layer, a fast-response K-type thermocouple (TC; Omega CHAL-002) is mounted on top of the                        

8th composite strip using a Kapton® tape. Subsequently, the 9th layer is deposited. When the NIP 

point of the roller arrives on top of the thermocouple, it deposits the composite layer and the TC 

becomes embedded into the composite substrate. The thermocouple data is measured by Data 

Acquisition system (DAQ) at 100 Hz. It is important to have a thermocouple with fast response 

time. Otherwise, the temperature reading is not accurate, and it cannot measure the actual 

temperature during the process. The aforementioned thermocouple is denoted by TC1 in Figure 34. 

Then, 3 more layers are deposited on top of the previously laid composite substrate along with 

another thermocouple (denoted by TC2 in Figure 34). The system is allowed to cool down to reach 

room temperature. Another 8 layers are deposited afterwards on top of TC2 to form 19 layers of 

composite laminate with two embedded thermocouples. Eventually, the third thermocouple is 

mounted, and the last layer is deposited, and the entire system is allowed to cool down for 24 hrs. 

The entire layup consists of 20 layers of unidirectional composites with three embedded 

thermocouples of the same type to capture the temperature variation during the experimental trials. 

In order to compare the numerical results from moving heat source with experimental results, the 

material deposition is deactivated in AFP setup and the nozzle temperature is set at 875 ℃ and is 

kept constant during the experimental trials. The distance between the torch beginning position and 

thermocouple is 254 mm (10 inches). The heat source moves from one end to the other end with 

speed of 1 in/s without material deposition and the temperature is recorded by thermocouples which 

are embedded into the composite substrate, underneath layers of composite material. After 

completing one pass, the setup is allowed to cool down to room temperature. The process is 

repeated five times to ensure readings are repeatable, and the data are consistent [18].  
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Figure 33. Experimental setup; location of AFP head (Left) at the beginning of the pass (Right) 

over the embedded thermocouples [18] 

 

 

 

Figure 34. Schematic illustration of 20-layer composite laminate with embedded TCs [18] 
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Chapter 5: RESULTS AND DISCUSSION 
 

 

 

In Chapter 2, it was discussed that because of the rapid heating and cooling of the thermoplastic 

composites during the process, there are many issues to be addressed and it was stated that among 

those, the development of the temperature distribution in different directions is of paramount 

importance since it gives rise to the temperature gradients. The temperature gradients emerge as a 

result of different cooling rates in different layers of the composite laminate. Consequently, they 

can affect the residual stresses during the process which can lead to the distortion of the composite 

laminates. In order to understand the heat transfer in the composite laminate subjected to a moving 

heat source, in Chapter 3, the finite difference formulation of the transient heat transfer problem in 

a two-dimensional rectangular domain was presented. Using the energy balance approach, the finite 

difference formulations for all the interior nodes and boundary nodes of the domain were presented. 

Eventually, a computer code was developed in MATLAB to be able to solve the system of the 

finite difference equations numerically. In this section, using the numerical method developed in 

Chapter 3, the nodal temperatures at different locations of the composite laminate will be generated. 

In order to provide validation of the numerical results, experimental results will be also presented. 

In Chapter 4, the experimental setup was described in detail. The importance of usage of                 

fast-response thermocouples was mentioned. Unidirectional composite strips were manufactured 

using AFP and fast-response K-type thermocouples were used to determine the thermal profiles in 

various locations through the thickness of the composite laminate subjected to a moving heat 

source. Schematic illustration of the manufactured composite laminate with embedded 

thermocouples is presented in Figure 35. In this chapter, results from both experimental trials and 

numerical method are presented and compared. The results can be classified into three categories: 

a) temperature variations as time progresses for three different through-thickness locations of the 

composite substrate at a constant x location; b) temperature distribution in the vicinity of the heat 

source along the lay-up direction at different through-thickness locations at a specific time during 

the process; c) temperature variations through the thickness of the composite substrate at five 
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different x locations at a specific time during the process. At the end of the chapter, the main 

conclusions of results will be presented.  

  

5.1 Numerical and Experimental Temperature Variations for Different 

Through-Thickness Locations of The Composite Substrate  

 

Temperature distribution results are shown in Figure 36. Family of curves with solid lines 

represent numerical results while the dashed lines describe experimental results. Looking at the 

graph, it can be noticed that the transient temperature profile can be divided into 3 different stages. 

As the heat source moves from left towards the embedded thermocouples, the temperature 

maintains room temperature (25 ℃) for the first few seconds (Stage 1). This is because of the fact 

that the heat source is at the beginning of the pass and the downstream region is not heated up yet. 

When the heat source approaches the location of the thermocouple, the temperature starts to rise 

up and reaches a maximum temperature (Stage 2). Once the heat source (the center of the heating 

length) passes the spot, that spot begins to cool down (Stage 3). Although the temperature of the 

gas is about 875 ℃, the maximum temperature of TC3 is only 277 ℃. This is because TC3 is 

embedded below one layer of the composite, and this layer of composite shields TC3 from the high 

temperature. It was shown in [30] that the temperature of a thermocouple placed on top of the 

laminate reaches to around 800 ℃ when the hot gas torch passes over it.  

The speed of the torch (moving heat source) is 25.4 mm/s (1 inch/sec); as such it would take 

10 seconds for the heat source (center of the heating length) to reach the embedded thermocouples 

which are placed in the middle of the substrate length (x = 254 mm). Looking at the results for 

TC3, it can be noticed that the maximum temperature occurs at around 10.3 seconds from the 

numerical results and 10.5 seconds from the experimental results. The time difference between 

points “B” (the point on the graph corresponding to 10 seconds) and “C” (the point where the 

temperature reaches maximum) is denoted as delay time. Note that at 10 seconds, the center of the 

heating length passes over the position x = 254 mm (10 inch). The remaining 5 nodes of the heat 

length would take 0.2 seconds (5mm/25mm/s) to pass away from the position of x = 254 mm (10 

inch). As such out of the delay of 0.3 seconds, the non-heating time is only 0.1 seconds. The heat 

energy provided by the heat source needs to be transferred and absorbed by the material and thus 
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the maximum temperature occurs with a time delay. The experimental data indicate the effect of 

other influential parameters which result in longer time delay (0.5 second) as compared to the 

numerical results. This is because of the fact that the thermocouple has a response time and cannot 

measure the temperature instantaneously. As such, due to the response time of the thermocouple, 

there is a slight difference between the time delay prediction based on numerical results and 

experiments. Another interesting point is the fact that temperature starts to rise up at around 6 

seconds (for TC3) i.e., before the heat source reaches the embedded thermocouple. This 

phenomenon is denoted as rise time which is the time difference between points “A” (where 

temperature deviates from the horizontal line) and “B” as shown in Figure 36. The rise time is 

attributed to the heat transfer through the material along the direction of travel of the moving heat 

source [18].    

In Figure 36, the numerical method is able to capture the maximum temperature with good 

agreement with experimental results. However, there is significant difference in the rate at which 

the temperature rises. The numerical results show much sharper rise in temperature from the 

ambient as compared to  experimental results. This can be due to the way how the ℎ𝐻𝐺𝑇  is applied. 

In Chapter 3, it was demonstrated that the top surface of the composite substrate is divided into 

region 1 and region 2. The boundary between these regions is sharp in the numerical method 

whereas in reality, it may not be that sharp. Also, hHGT is assumed to be constant over the heating 

length but it may not be. These can be the reasons for the significant difference in the rate of cooling 

between the numerical results and experimental results. This is the subject of a further investigation 

[18].   

Looking at temperature variations through the thickness (Figure 36), it can be noticed that as 

one goes through the thickness, the maximum temperature becomes lower and lower. For instance, 

the maximum temperature recorded by TC2 was 124 ℃ i.e., 55% lower temperature than TC3. 

The corresponding nodal temperature predicted by numerical code was around 112 ℃ (9.6% error). 

Furthermore, TC1 would reach the peak temperature of 93 ℃ which is almost 66% lower 

temperature compared with TC3. Overall, the temperatures measured experimentally during the 

heating pass, using embedded thermocouples into the composite substrate, underneath layers of the 

composite material, show consistent trends with the generated temperatures from the numerical 

model [18]. 
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Figure 35. Schematic illustration of 20-layer composite laminate with embedded TCs [18] 

 

Figure 36. Temperature variations; numerical simulation versus experimental results at x = 10 inch [18] 
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5.2 Temperature Distribution in the Vicinity of the Heat Source Along the 

Lay-Up Direction at Different Through-Thickness Locations  

 

Using the developed numerical model, the temperature distribution for the structure was 

determined. Figure 37 represents the temperature distribution in the vicinity of the heat source 

along the lay-up direction at different through-thickness locations. Zeta (𝜉 = 𝑥 − 𝑣𝑡) is a 

transformation on the x-axis indicating the distance between the heat source and the target point in 

the lay-up direction (heat source moves with the speed of 𝑣 and its mid length has the same x 

position as the target point when 𝜉 = 0). The negative values (𝜉 < 0) indicate the upstream region 

which was heated up by the heat source while the positive values (𝜉 > 0) demonstrate the 

downstream region where the mid length of the heat source has not reached yet. As it can be seen 

from Figure 37, the temperature gradient in downstream region is sharper than the one in upstream 

region. The reason is because the upstream region was affected by the heat source before the center 

of the heat arrives at x = 254 mm (10 inch), while the downstream region was not [18].  

Looking at Figure 37, it can be noticed that as one goes through the thickness, the maximum 

temperature becomes lower and lower until after 5 layers, the temperature is not above glass 

transition temperature 𝑇𝑔 (143 ℃) anymore. For regions where the temperature is below 𝑇𝑔, the 

material becomes stiff and this contributes to the development of residual stresses and distortion 

due to the temperature gradients. This is also of practical importance for repass treatment 

(reconsolidation pass) which has been reported in literature [12,43] to improve bonding quality, 

reduce void content and improve surface finish of in-situ consolidated thermoplastic composites. 

Repass refers to the application of heat and pressure using the AFP head to the laminate without 

addition of a new layer. It can be seen from Figure 37 that repass treatment can be effective in 

improving bonding interface between layers where the temperature is above glass transition 

temperature 𝑇𝑔 (i.e., up to 5 layers below the top surface). Another interesting point, which is 

obtained from the observation of Figure 37, is the fact that the maximum temperature occurs at 

later time as one goes through the thickness. This is due to the heat diffusion mechanism inside the 

composite domain. A localized heat flux resulting from the hot gas flow diffuses through the 

thickness of the composite substrate. As such, it takes time for the heat energy provided by the hot 

gas flow at the upper side layer to be diffused, transferred and absorbed by the material at 
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underneath layers. This can be interpreted as the delay time in peak temperatures at underneath 

layers [18].  

 

 

 

 

Figure 37. Temperature distribution in the vicinity of the heat source along the lay-up direction 

at different through-thickness locations at t = 10 seconds [18] 
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5.3 Temperature Variations Through the Thickness of the Composite Substrate 

at Different Locations Along the Layup Direction 

 

Further investigation of through-thickness temperature distribution is illustrated in Figure 38. 

When the mid length of the heat source is located at x(𝑡𝑛) = 254 mm (10 inch) at t = 10 seconds, 

the variations of temperature through the thickness (z direction) from 0 mm (top of the composite 

laminate) to 2.5 mm (bottom of the composite laminate) at five different x locations are presented 

in Figure 38. For x(𝑡𝑛) = 254 mm (10 inch), this location of the composite laminate experiences 

the maximum temperature because it is directly below the mid length of the heat source. This 

temperature variation demonstrates a sharp temperature drop until 1mm (8 layers below) through 

the thickness where the temperature reaches below 100 ℃  followed by a gradual temperature 

reduction until it stabilizes. The curve for x = 249 mm (9.8 inch), shows the temperature variation 

in the upstream region which was previously heated up by the heat source and it is exposed to the 

surrounding ambience in the cooling stage. As can be seen, the temperature curve for x = 249 mm 

(9.8 inch), initially shows lower temperature than the curve at x(𝑡𝑛) = 254 mm (10 inch). However, 

as z increases, there is a cross over (“A”) and within the lower half of the thickness, the temperature 

at x = 249 mm (9.8 inch) is higher than the temperature at x(𝑡𝑛) = 254 mm (10 inch). A similar 

trend can be observed from the curve  at x = 9.6 inch (plotted at x(𝑡𝑛) = 10 inch). The temperature 

is initially lower than the temperature at both x(𝑡𝑛)  = 254 mm (10 inch) and x = 249 mm (9.8 inch); 

however, as z increases, there is a cross over with the curve at x(𝑡𝑛) = 254 mm (10 inch) at z = 0.75 

mm (“B”) and another cross over with the curve at x = 249 mm (9.8 inch) at z = 1 mm (“C”). The 

curve at x = 259 mm (10.2 inch) represents the downstream region as elaborated in Figure 37. 

Looking at this temperature distribution, it can be noticed that the temperature at x = 259 mm     

(10.2 inch) is lower than the temperature at x(𝑡𝑛) = 254 mm (10 inch). The curve at x = 264 mm 

(10.4 inch) is also plotted to confirm the trend for the curve at x = 259 mm (10.2 inch).  The reasons 

for these are as follows [18]: 

Considering the surrounding of two positions, x = 249 mm (9.8 inch) and x = 254 mm                

(10 inch). At time t = 10 seconds, both the left side and right side of position x = 249 mm (9.8 inch) 

are at high temperature because they were previously heated, particularly for positions of higher z 

values. However, at time t = 10 seconds, the left side of x = 254 mm (10 inch) is hot while its right 
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side has not been heated previously. As such, while for positions at lower z values, the temperatures 

are high due to immediate exposure to heating, positions at higher z values have lower temperatures 

since there was no previous heating to allow the heat to soak in. This same reason applies to all 

other positions.    
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In summary, in this chapter, results from numerical method developed for the case of the 

moving heat source were presented. In order to provide validation of numerical results, 

experimental trials were performed and results from both numerical method and experimental trials 

were compared. Numerical and experimental temperature variations for different through-

thickness locations of the composite substrate indicated that the numerical method was able to 

capture the maximum temperature with good agreement with experimental results. The general 

trend for the temperature distribution also showed agreement. It was also shown that as one goes 

through the thickness, the maximum temperature becomes lower and lower until after 5 layers the 

temperature is below glass transition temperature. Results from the temperature distribution in the 

vicinity of the heat source along the lay-up direction at different through-thickness locations 

indicated that the downstream region experienced sharper temperature gradient than the upstream 

region. At the end, temperature variations through the thickness of the composite substrate at 

different locations along the layup direction were demonstrated. It was shown that the temperature 

drop in the first few layers was sharp where the temperature reached below 100 ̊C followed by a 

gradual temperature reduction until it is stabilized. Overall, results provided significant insight into 

the distribution of the temperature due to a moving heat source. The results showed significant 

temperature gradients which explain why there are so much distortion even during the 

manufacturing process. 
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Chapter 6: EFFECT OF AFP PROCESS PARAMETERS 

ON CONVECTIVE HEAT TRANSFER COEFFICIENT 
 

 

 

6.1 Overview of The Chapter 
 

In heat transfer analysis of AFP process using a hot gas torch, the convective heat transfer which 

occurs between the hot gas flow generated by a torch nozzle and a composite substrate plays an 

active role in the heat transfer mechanism. As mentioned in Chapter 3, in order to model the 

convective heat transfer, a local heat flux equation 𝑞" = ℎ (∆𝑇) is utilized where 𝑞" is the energy 

flow per unit of area per unit of time, h is accountable for the convective heat transfer coefficient 

between the hot gas torch and the composite surface, and for the conversion of a portion of the 

kinetic energy of the gas upon impact with the surface of the composite material; and ∆𝑇 accounts 

for the temperature difference between the two media. This coefficient is dependent on various 

number of parameters such as nozzle geometry, gas flow rate, temperature of the gas, type of the 

gas etc. Information from the literature shows values of h that vary from 80 W/m2K to 2500 

W/m2K. This large range can provide a great degree of uncertainty in the determination of 

important quantities such as the temperature distributions and residual stresses. The reason for these 

large differences can be due to the differences in the process parameters in each of the studies. The 

process parameters can include the volume flow rate of the hot gas, the gas temperature, the 

distance between the nozzle exit and the surface of the composite plate, the angle of the torch with 

respect to the surface of the substrate etc. The purpose of this chapter is to investigate the effect of 

different AFP process parameters on the convective heat transfer coefficient using available 

theoretical formulations in literature. Experimental technique is introduced at the end to obtain the 

h values for the case of AFP at different process parameters. The methodology that will be 

introduced in the experimental part can be used as the guideline for other researchers to determine 

the convective heat transfer coefficient for each particular setup.  
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6.2 Literature Review 
 

Heat transfer mechanism in AFP of thermoplastic composites using a hot gas torch is mainly 

dominated by heat convection because of the significant temperature difference that exists between 

the torch nozzle (hot gas flow) and the surface of the composite substrate. Looking at literature, 

several values for the convective heat transfer coefficient (h) were reported by several researchers. 

In 2004, Toso et al. [55] used an infrared camera to measure the temperature of both the incoming 

tape and the substrate in static position. Then, temperature gradients along two different directions 

were found from the temperature data. This was then used to estimate the convective heat transfer 

coefficient. The h was estimated to be around 80-100 W m2K⁄  for both the incoming tape and the 

substrate. Tierney et al. [42] used the available forced jet-impingement theories to obtain the h 

coefficient in their heat transfer model developed for tow placement process. Despite the 

introduction of formulations, no particular value was reported in their study for the h coefficient. 

Using the average heat transfer coefficient values for impinging jets, Kim et al. [84] assumed the 

h coefficient to be 900 W m2K⁄  in the vicinity of the nip point and for the incoming tape to be 250 

W m2K⁄ . A few years later in 2004, the same authors [85] employed the finite element method 

(FEM) to obtain the distribution of the convection heat transfer coefficient over the composite 

surface. The flow analysis was conducted for the region between the incoming tape and the 

composite substrate. Heat transfer coefficient distribution exhibited two peaks within the range of 

400 – 500 W m2K⁄  right before the nip point. The values reported, however, were only valid for 

the test parameters considered in their study. Li et al. [51] in 2015, used birth and death of elements 

technique in ANSYS to obtain the temperature field during the processing of thermoplastic 

composites. The h coefficient values used as an input in their model were within the range of 900-

1000 W m2K⁄  depending on the nozzle temperature. Sonmez et al. [48] assumed a coefficient of 

2500 W m2K⁄  in their study to investigate the effect of different process parameters in 

thermoplastic composite tape placement process on crystallization behavior and consolidation 

condition of the composite parts.  

An experimental method, on the other hand, was used by several researchers to estimate the h 

coefficient for the case of AFP. In this method, first a value for convective heat transfer coefficient 

is assumed. The temperature distribution is measured experimentally using embedded 

thermocouples. The calculated temperature distribution from thermal analysis models for the 
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similar processing parameter is obtained and compared with experimental results. The h coefficient 

is modified through an iterative process until the predicted numerical temperature results match the 

experimental temperature values. Using this technique, the h coefficient was found to be 350 

W m2K⁄  for the filament winding process [56,59]. Khan [38] used the same technique for AFP of 

thermoplastic composites and reported a range of 180 – 280 W m2K⁄  for a variety of gas volumes 

in his study. The experimental setup used in his study is shown in Figure 39. In order to determine 

the convective heat transfer coefficient, temperatures were measured using the embedded K-type 

thermocouples mounted through the thickness of the already placed carbon fiber/PEEK composite 

laminate. In order to predict the temperature numerically, a one-dimensional heat transfer model 

was used to predict the temperature through the thickness of the composite laminate. Having 

assumed a value for the h coefficient, through an iterative process, it was modified until the 

predicted temperature profiles matched well with the experimentally measured temperatures [38]. 

More recently, in 2019, Tafreshi et al. [18] investigated the temperature distribution due to the 

moving heat source in AFP of thermoplastic composites. A finite difference (FD) code was 

generated in MATLAB based on the energy balance approach and the temperature gradient in both 

lay-up and through-thickness directions were predicted numerically. Unidirectional composite 

strips were manufactured using AFP and fast-response K-type thermocouples were embedded in 

various locations through the thickness to determine thermal profiles experimentally. It was shown 

that h = 990 W m2K⁄  yielded good agreement to match the maximum temperatures measured 

experimentally with predicted numerical results. The h coefficient was close to the ones reported 

in literature [51,84]. 
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Figure 39. Experimental setup for the determination of the convective heat transfer coefficient 

[38] 

 

While the research to date has shown some distinct values for convective heat transfer 

coefficient, much of these has been attributed to the specific set of process parameters in their 

experimental setup and results cannot be generalized for other configurations. To our knowledge, 

the effect of AFP process parameters on the convective heat transfer coefficient has not been 

reported in depth in literature. This chapter is concerned with fundamental heat transfer mechanism 

that occurs in an impinging jet flow with the focus on its application in AFP processing of 

thermoplastics using a hot gas torch. An important objective of this chapter is to reveal the 

convective heat transfer mechanism that influences the temperature distribution developed during 

the processing of thermoplastic composites and to investigate the variation of the convective heat 

transfer coefficient with various AFP process parameters. 

To achieve this objective, the organization of this chapter is as following:  

(i) In order to understand the convection heat transfer mechanism, one first needs to 

understand the impinging flow. This provides the fundamental concepts in the 

impinging flow like an introduction to characteristic regions of the flow.  

(ii) A discussion on Reynolds number and Nusselt number is provided which relates the 

variety of parameters involved in the problem such as nozzle geometry, gas 

temperature, flow rate of the gas etc. This will be followed by the presentation of 

theoretical formulations to compute Reynolds and Nusselt numbers. These relations 
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will enable the determination of convective heat transfer coefficient (h) for different set 

of parameters.  

(iii) From the numerous variables in the problem, it will be discussed that only three of them 

i.e., gas temperature, flow rate of the gas, and nozzle to plate spacing are of paramount 

importance for the case of this study. Then, the effect of these parameters will be 

investigated. This helps to reveal the significance of each parameter. 

(iv) The experimental setup is introduced in detail. A methodology is then presented to 

obtain the h experimentally. Design of experiments in this section is performed based 

on the significance of each parameter discussed in previous step. 

(v) Results are presented following by the discussion and conclusion at the end.  

 

6.3 Introduction to Impinging Flow  
 

Impinging jets are widely used for heating and/or cooling of large surface areas where high 

local heat transfer is required. They are used in a variety of applications including heat treatment, 

cooling of turbine blades and other turbomachinery components, glass manufacturing, heating of 

optical surfaces, and in electronics [86–88]. In this method, a single or array of nozzles in different 

geometries (round/slot) are used to impinge air or another type of gas upon the surface of interest 

to induce high local heat transfer rates [89,90]. The heat transfer mechanism involved in this 

method is forced convection in which an external means (impinging jet or torch nozzle) is utilized 

to create temperature gradients [64,91].  

Schematic of the impinging flow is illustrated in Figure 40. As can be seen, flow field of 

impinging flow from single nozzle can be subdivided into three characteristic regions: (a) free jet 

region, (b) stagnation flow region, and (c) wall jet region. The free jet region develops from the 

exit of the nozzle with nearly rectangular velocity distribution. The flow in this region is often 

turbulent until it reaches a limiting distance 𝑧𝑔 (about 1.2 times the nozzle diameter) from the 

surface where the stagnation flow region begins. In stagnation flow region, as the flow approaches 

the surface, the vertical component of the velocity becomes lower and lower (normal flow is 

decelerated) and it is transformed into the horizontal component (transverse flow is accelerated). 

The boundary layer thickness 𝛿0 in the stagnation zone is around 0.01 of the nozzle diameter for 
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most of the engineering applications where the Reynolds number is higher than an order of 

magnitude of 104.  Wall jet region represents the region of lateral (or radial) flow outside the 

stagnation zone. The radial component of the velocity will reach a maximum value and eventually 

will tend to zero.  The main variables for jet impingement heat transfer are the shape (round/slot) 

and size (diameter or width) of the nozzle, the height of the nozzle above the impingement surface, 

the nozzle temperature, the gas flow rate, type and thermodynamic state of the gas, the jet Reynolds 

number and the angle of impingement [64,86,87,89,91,92].  

 

 

Figure 40. Schematic of the impinging flow by a torch nozzle (a: free jet region, b: stagnation 

flow region, c: wall jet region) 

 

6.4 Theoretical Formulations 
 

In this section, an introduction into some of important concepts and parameters in convection 

heat transfer by an impinging jet is presented. The calculation of Reynolds and Prandtl numbers as 

two major dimensionless parameters is discussed, and appropriate formulations are presented to 

compute the Nusselt number and it is correlated to the convective heat transfer coefficient involved 

in the heat transfer mechanism.    



81 
 

6.4.1 Assumption  
 

The formulations presented in this section is based on the following assumptions [86,90,38]: 

• The velocity profile of the gas at the torch nozzle exit is uniform. 

• The temperature is assumed to be constant over both the torch nozzle exit and the 

impingement surface.  

• It is assumed that at the impact point, where the impinging flow approaches the 

impingement surface, the fluid is at rest i.e., all velocity components tend to zero [86,90].  

• The influence of the turbulence level at the torch nozzle exit is not taken into account. As 

suggested by Martin [90], inserting turbulence parameter into an engineering correlation 

for heat transfer is not logical as it is not controllable and cannot be included in design 

variables. Although the inclusion of turbulence may affect the heat transfer in different flow 

regions, the equations presented in this section, still can be used for most engineering 

applications. 

• The AFP lay-up speed is assumed to have insignificant effect on the flow condition. 

Considering the fact that the lay-up speed is much less than the jet impact velocity, this 

assumption is reasonable [38].  

• Instability of the flow velocity and temperature which may result in fluctuations and 

instabilities in flow is ignored.  

 

6.4.2 Reynolds And Prandtl Numbers 
 

Reynolds number (Re) is defined as the ratio of inertia to viscous forces. The former is 

associated with an increase in the momentum of a moving fluid while the latter represents the shear 

forces. For large values of Re, inertia forces are dominant while for small values of Re, 

viscous/shear forces have more influence in the flow regime [64,91] . In order to determine whether 

the flow is laminar or turbulent for certain process parameters, one needs to determine the Re 

number. In a fully developed flow, Re = 2300 corresponds to the onset of turbulence regime. In the 

hot gas torch, Reynolds number can be described as [55]: 
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 𝑅𝑒 =  
𝑉𝑇 .  𝐷

𝑣𝑇
 (15) 

 

Where D is the inside diameter of the torch nozzle, 𝑉𝑇 is the temperature dependent flow velocity 

at the torch nozzle exit, and 𝑣𝑇 is the temperature dependent kinematic viscosity of the gas.  

Knowing the torch nozzle cross-sectional area (A) and the volumetric flow rate of gas at high 

temperature (𝑄𝑇), the temperature dependent flow velocity 𝑉𝑇 can be calculated as following [55]: 

 𝑉𝑇 =  
𝑄𝑇

𝐴
 (16) 

 

Where 𝑄𝑇 =  
𝜌𝑅𝑇

𝜌𝑇
 𝑄𝑅𝑇. Having the gas density at high temperature (𝜌𝑇) and at room temperature 

(𝜌𝑅𝑇) along with the volumetric flow rate of the gas at room temperature (𝑄𝑅𝑇), 𝑉𝑇 and thus Re can 

be calculated from equations (16) and (15) respectively.  

A sample calculation of hot gas torch parameters for selected process parameters is summarized 

in Table 8. Looking at calculated Reynolds numbers in this table, it can be noticed that the flow in 

the vicinity of the hot gas torch is turbulent. The Prandtl number (Pr) reported in Table 8 is defined 

as the ratio of the kinematic viscosity (𝑣𝑇) to the thermal diffusivity (αT) i.e., Pr = 
𝑣𝑇

αT
. It is therefore 

a measure of the relative effectiveness of the momentum and the energy transport by diffusion in 

the velocity and thermal boundary layers, respectively [64,91].  

 

Table 8. Parameters of the hot gas torch for three different set of process parameters 

(Thermophysical properties of Nitrogen gas in different temperatures can be found in Appendix C) 

𝑻𝑯𝑮𝑻 

(℃) 

𝑨 

(𝒎𝒎𝟐) 

𝝆𝑻 

(𝒌𝒈/𝒎𝟑) 

𝑄𝑇 

(𝒎𝟑/𝒔) 

𝑽𝑻 

(𝒎/𝒔) 

𝒗𝑻 

(𝒎𝟐/𝒔) 

𝜶𝑻 

(𝒎𝟐/𝒔) 
Pr Re 

25 28.27 1.1233 1.25 e-3 44.21 15.8 e-6 22.1 e-6 0.716 16700 

600 28.27 0.386 3.63 e-3 128.65 96 e-6 133 e-6 0.722 8041 

800 28.27 0.314 4.47 e-3 158.15 133.3 e-6 186 e-6 0.716 7118 
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6.4.3 Nusselt Number  
 

The heat transfer coefficient could be described in dimensionless form known as Nusselt 

number. This dimensionless parameter can be interpreted as the dimensionless temperature 

gradient at the surface which provides the measurement of the convection heat transfer at the 

surface [64,91]. Based on the definition, this number is a function of various parameters as shown 

below: 

 Nu = F (Re, Pr, geometric relations) (17) 

 

which Re and Pr are Reynolds and Prandtl numbers respectively. Equation (17) indicates that for 

a given geometry, the Nusselt number is a function of Re, Pr and some geometric parameters. For 

different fluid conditions (different gas flow rate, temperature and type of the gas), and different 

nozzle shapes and sizes, the value of Nu could be computed providing the function above is known 

[64,90].  

Equation (17) could be used for computing the local value of Nu and accordingly the local 

convection coefficient ℎ. In other words, it addresses the condition at a particular location on the 

surface. For practical engineering calculations, surface heat transfer in the vicinity of the stagnation 

zone and the wall jet is important and therefore, the integral mean heat transfer coefficient is often 

needed. Hence, the average Nusselt number (𝑁𝑢̅̅ ̅̅ ) is obtained by integrating over the surface area. 

From knowledge of 𝑁𝑢̅̅ ̅̅ , the average convection heat transfer coefficient (ℎ̅) could be found and 

the average heat flux may then be calculated. The overbar points out an average from r = 0 where 

the boundary layer begins to develop, to the location of interest. The average Nusselt number can 

be represented as following [64,91]: 

 𝑁𝑢̅̅ ̅̅  = 
ℎ̅ 𝐿

𝑘
 = F (Re, Pr, r/D, H/D) (18) 

 

In this equation, L is the characteristic length which is selected here to be the nozzle diameter 

(L=D) and k is the thermal conductivity of the gas. Since beside the nozzle diameter D, the vertical 

distance H between the nozzle exit and surface and the lateral (or radial) distance r from stagnation 
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point are involved in the problem, two dimensionless geometrical parameters of H/D and r/D are 

included in formulation above [64,89–91].  

An extensive review of the impingement heat transfer was performed by Neil et al. [88] as well 

as Viskanta [93]. In these reviews, it is mentioned that depending on the nozzle type (round or 

slot), number of nozzles (single or array of nozzles), the range of Reynolds number and the nozzle 

height, one can refer to the appropriate formulations for their particular study. A summary of 

different sources in literature ([90,94–106]) can be found in Table 9. In these studies, the 

experimental approach was employed to obtain the local convective heat transfer coefficient and 

the local Nusselt number. In this approach, heat and/or mass transfer measurements are performed 

under controlled laboratory conditions. Different geometries and flow conditions are investigated 

and by correlating the data in terms of dimensionless parameters, appropriate formulations are 

introduced [64,88,91,93]. Considering the nozzle type used in this study (round nozzle), and the 

practical range of Reynolds number and nozzle height, formulations presented by Martin [90] and 

Lytle et al. [100] will be employed to investigate the effect of different parameters. Lytle et al. 

[100] suggested the following formulation for calculating the Nusselt number at stagnation point: 

 𝑁𝑢𝑠𝑡𝑎𝑔 = 0.726 𝑅𝑒0.53 (𝐻 𝐷⁄ )−0.191 (19) 

 

Where H is the distance between the nozzle and the target plate (nozzle to plate spacing) and D 

is the nozzle diameter. For nozzle to plate spacings lower than 0.5, it was found that the following 

formulation can predict the Nusselt number with slightly better accuracy [100]: 

 𝑁𝑢𝑠𝑡𝑎𝑔 = 0.663 𝑅𝑒0.53 (𝐻 𝐷⁄ )−0.248 (20) 

 

For the case when the nozzle to plate spacing is greater than 2, the formulation presented by 

Martin [90] can be used as shown below:  

 
𝑁𝑢̅̅ ̅̅

𝑃𝑟0.42
=

𝐷

𝑟

1 − 1.1 𝐷/𝑟

1 + 0.1 (
𝐻
𝐷 − 6) 𝐷/𝑟

 𝐹(𝑅𝑒) (21) 
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This equation was obtained by integrating the local heat transfer coefficients over the surface area 

and in this equation, the function F(Re) can be represented by the following smooth curve 

expression as suggested by Martin [90]: 

 𝐹(𝑅𝑒) = 2𝑅𝑒
1
2 (1 +

𝑅𝑒0.55

200
)0.5 (22) 

 

 

Table 9. List of relevant publications in literature for Nusselt calculation [88] 

 

 

Goldstein and Behbahani [99] 

Goldstein et al. [94] 

 Lytle and Webb [100] 

 Martin [90] 

 Meola et al. [101] 

 Mohanty and Tawfek [102] 

 Tawfek [103] 

 Wen and Jang [104] 

 Martin [90] 

 Chan et al. [105] 

 Florschuetz et al. [106]  

 Gori and Bossi [95] 

 Huber and Viskanta [96] 

 Martin [90] 

 San and Lai [97] 

 Goldstein and Seol [98] 

 Martin [90] 
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6.4.4 Angle of Impact  
 

The angle of the torch with respect to the surface of the substrate or angle of impact is one of 

the important parameters affecting the heat transfer especially for the case of AFP in which the 

torch nozzle is often inclined to be able to heat up the incoming tape as well as the surface of the 

composite substrate. Figure 41 defines some of the terms used in an inclined impinging jet. The 

impact point (I.P.) is the point of intersection between the jet mid-axis (L1) and the surface of 

impingement (L2). 𝜃 is the angle of impact which is the acute angle between L1 and L2. The 

positive direction is called uphill direction which is towards the acute angle that the jet mid-axis 

makes with the impingement surface. The downhill direction (negative direction) is the direction 

of the main flow. The distance between the nozzle exit and the impact point is denoted by H, and 

z represents the normal distance between the impingement surface and the nozzle exit. For the case 

of normal impingement where 𝜃 = 90, H is equal to Z [86].  

 

 

Figure 41. Schematic of Inclined Impinging Jet 

 

Relative displacement of the stagnation point (S.P.) to the impact point is illustrated in Figure 

42 for different angles of impact. Various investigations on inclined impinging jets yielded to the 

fact that the point of maximum heat transfer (stagnation zone) does not occur at the intersection 

x 

z 

y 
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point (impact point). In other words, the stagnation point shifts by a certain length (∆x) in the uphill 

direction [89,93]. As shown schematically in Figure 41, the displacement of the stagnation point 

(∆x) varies with θ. As the angle of impact increases, the stagnation point becomes closer to the 

impact point and for the case of normal impingement (θ = 90), the stagnation point coincides with 

the impact point (S.P.=I.P.). This was reported by various authors in literature [86,90,92,107]. 

Among those, Goldstein et al. [87] investigated the dependency of the stagnation point 

displacement on impingement angle experimentally. They investigated the effect of different 

angles of impact i.e., 30 ̊, 45 ̊, 60 ̊ and 90 ̊ on Nusselt distribution. Looking at Nu distribution 

contours (Figure 42 (right)), they found that for normal impingement where the angle of impact is 

90 ̊, contours exhibit circular pattern which indicates that the flow impinged on the surface is 

distributed evenly in all lateral directions. The circular and symmetrical pattern of the flow, 

however, is restricted to the normal impingement. As the impinging jet becomes inclined (angle of 

impacts < 90 ̊), the contours exhibit quasi-elliptical patterns as shown in Figure 42 (right). 

Asymmetry distribution of flow indicates that the majority of the flow is in the downhill direction 

and only portion of the flow approaches the uphill direction. This, however, is a function of angle 

of impact. The more acute the impingement is, the more asymmetry the flow is, and greater portion 

of the flow approaches the downhill direction. Having obtained the distribution of local Nu for 

different angles of impact, an empirical correlation was suggested to determine the average Nu for 

different configurations. The displacement of the stagnation points from the impact point (∆x) for 

different angles of impact was summarized from their study and is presented in Figure 42 (Left). 

These are, however, only valid within the range of parameters reported in their study [87]. A more 

extensive research on inclined impinging jets was conducted by O’Donovan et al. [86]. Following 

a similar experimental method to [87], yet by utilizing particle image velocimetry technique, they 

showed the displacement of the stagnation point in the uphill direction as the angle of impact 

became more acute. They concluded that the angle of impact was the parameter of paramount 

significance which could affect the location of stagnation point. However, they stated that the 

height of the jet above the surface and variation of Reynolds number in the range of their study had 

insignificant influence on displacement of the stagnation point.  
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Along with the influence of the angle of impacts on displacement of the stagnation point, 

different studies pointed out that it can also affect the Nusselt number distribution [107,108]. 

Sparrow et al. [107] studied the heat transfer characteristics of the obliquely impinging circular jet 

experimentally. In their study, Reynolds number, the distance between the nozzle and the 

impingement plate, and the angle of inclination of the nozzle were considered as variables. The 

Reynolds number was varied in the range of 2500 to 10000 while the nozzle to plate spacing was 

chosen among three different values (7, 10 and 15 nozzle diameters). The angle of inclination of 
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the nozzle was varied from 90 degrees (normal impingement) to 30 degrees in 15 degrees interval. 

Similar to previous studies, they found that the point of maximum heat transfer does not coincide 

with the impact point (geometrical impingement point) and as the jet inclination becomes greater, 

the displacement of the point of maximum heat transfer would extend. For example, it was found 

that when the angle of impact (𝜃) is 30 degrees, the displacement is 1.05 nozzle diameter (1.05D) 

for the nozzle to plate spacing of H/D =7. They measured the maximum heat transfer coefficients 

and presented results as shown in Table 10. The effect of angle of impacts at different H/D for a 

constant Re=5000 can be seen from Table 10 (left). As can be noticed, with increasing the nozzle 

inclination, the maximum heat transfer coefficient decreases within the range of 15 to 20 %. It, 

however, depends on the nozzle to plate spacing. At larger H/D values such as 15, the decrease is 

less significant which is in the order of 5%. The influence of Reynolds number can be seen from 

Table 10 (right). The maximum heat transfer coefficient is very sensitive to the Reynolds number. 

By increasing the Re from 2500 to 10000 when the angle of impingement is 60 degrees, the increase 

of about 140 % (from 39 to 94.5) can be noticed from the results. They pointed out, however, the 

average heat transfer coefficient  (averaged over a square with a side equal to 4 nozzle diameter) 

is not very sensitive to the angle of impingement. Similar study performed by Perry [108] 

confirmed that the effect of angle of impingements on the average heat transfer coefficient is not 

significant.  

Overall, looking at Nu number distribution results for various configurations discussed in above 

studies, the following concluding remarks for inclined impingements can be stated 

[86,87,89,90,107,108]:  

- Nu distribution is asymmetric, and the peak occurs at a location in the uphill direction 

i.e., it shifts from the impact point. The asymmetry distribution of the Nu is more 

significant in greater nozzle inclination.  

- The majority of the flow is in the downhill direction and it vanishes quickly in the uphill 

direction. The reason can be due to the fact that the flow does not have sufficient 

momentum to climb the uphill direction.  

- The magnitude of the peak heat transfer is a function of angle of impingement, Reynolds 

number and nozzle to plate spacing. Although the maximum heat transfer is very 
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sensitive to the angle of impingement, the average heat transfer is essentially 

unchanged. 

 

 

Table 10. Maximum Nusselt number in different angle of impingements, the effect of nozzle to plate 

spacing (H/D) at a constant Re=5000 (Left), the effect of Reynolds number for constant nozzle to plate 

spacing (H/D = 10) [107] 

 𝑁𝑢𝑚𝑎𝑥   𝑁𝑢𝑚𝑎𝑥 

𝜃 (𝑑𝑒𝑔) H / D=7 H / D=10 H / D=15  Reynolds 𝜃 =90 deg 𝜃 =60 deg 𝜃 =30 deg 

90 93.0 62.0 43.0  2500 43.0 39.0 34.5 

75 91.5 63.1 40.5  5000 62.0 60.0 53.8 

60 85.5 60.0 40.2  10000 101.5 94.5 71.5 

45 80.0 58.0 39.5      

30 75.0 53.8 34.5      

 

 

 

6.5 Theoretical Results 
 

In this section, the theoretical formulations presented in previous section are used to investigate 

the effect of different parameters on Reynolds number, nozzle exit flow velocity, and more 

importantly the convective heat transfer coefficient. As mentioned earlier, there are many 

parameters that affect the convective heat transfer by the hot gas torch. These parameters include 

shape and size of the nozzle, type of the gas, thermodynamic properties of the gas, nozzle 

temperature, volumetric flow rate of the gas, turbulence level, nozzle to plate distance, and angle 

of impact. In the current investigation, the effect of shape and size of the nozzle and type of the gas 

are not investigated since the shape and size of the nozzle, and the type of gas are fixed for one 

particular experiment. However, the effect of nozzle geometry is briefly presented based on the 

available studies in literature. The values used for generating the results in this section are tabulated 

in Table 11. 
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Table 11. Parameters values used in this study 

Nozzle cross-

sectional area 

(mm2) 

Nozzle shape Gas type Angle of impact 
Nozzle to plate 

spacing (H/D) 

28.3 Round Nitrogen* 90̊ (Normal) 1 

Torch nozzle 

temperature ℃ 

Volumetric flow rate 

of gas 

Gas density 

@RT  
(kg/m3) 

Gas thermal 

conductivity @RT 

(W/m. K) 

Gas thermal 

diffusivity @RT 

(m2/s) 

Variable Variable 1.1233 25.9 E-3 22.1 E-6 

 

* Thermophysical properties of Nitrogen gas at higher temperatures are obtained by interpolating 

the available data in the reference [64] as presented in the Appendix C 

 

6.5.1 Effect of Nozzle Geometry 

 

The effect of nozzle geometry can be classified into the effect of nozzle shape and the effect of 

nozzle dimensions (nozzle diameter for the case of round nozzle). These two categories can be 

studied independently. Long pipe or channel type nozzles can have different shapes including 

circular, square and rectangular as shown in Figure 43 (left). Singh et al. [109] studied the effect 

of nozzle shape on the heat transfer when a cylindrical surface is the target. They considered air as 

the working fluid and performed experimental and numerical parametric study on the heat transfer 

for circular, square and rectangular nozzle shapes with similar hydraulic diameters (equal to nozzle 

diameter for circular cross-section). In their study, the Reynolds number was varied in the range of 

10000 to 25000. According to their parametric study, it was concluded that the Nusselt number at 

stagnation point increases as the 𝑅𝑒ℎ𝑦𝑑 (Reynolds number defined based on the hydraulic diameter) 

increases for different nozzle shapes (Figure 43 (right)). It was also pointed out that for a constant 

𝑅𝑒ℎ𝑦𝑑, the circular nozzle provides higher Nusselt number at stagnation point compared to other 

shapes of the nozzle. Following a similar experimental procedure, Gulati et al. [110] investigated 

the effect of nozzle shape, nozzle to plate spacing and Reynolds number on heat transfer 

characteristics for a flat plate. They found that the rectangular nozzle exhibited higher Nusselt 

number in the stagnation region compared to circular and square nozzles. However, the average 
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Nusselt number was found to be consistent for different nozzle shapes in their study. The effect of 

nozzle dimension, on the other hand, was addressed in literature [111–114]. Among those, Lee et 

al. [111] studied the effect of nozzle diameter for the case of round nozzle on fluid flow 

characteristics of the impinging jet. They conducted the experiments for different nozzle diameters 

ranging from 1.36 to 3.40 cm. The study was performed under a constant Reynolds number and 

variable nozzle to plate spacings. They observed that for a larger nozzle diameter, the Nusselt 

number at stagnation point was higher compared to smaller diameters. The heat transfer increase 

was correlated to the increase in the flow momentum as impinged by the jet. However, it was 

observed that the effect of nozzle diameter on heat transfer for further radial locations i.e, r/d > 0.5 

(r is the radial location and d is the nozzle diameter) was not significant.  

 

 
 

 

Figure 43. Different nozzle shapes in impingement studies (Left); Effect of different nozzle 

shapes on Nusselt at stagnation point (Right) [109] 
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6.5.2 Effect of Nozzle Temperature  
 

 

The effect of nozzle temperature on nozzle exit flow velocity (VT) and Reynolds number (Re) 

is shown in Figure 44. As can be seen, the increase of nozzle temperature from 600 ℃ to 900 ℃, 

results in around 35% increase in VT and 15% reduction in Re number. This is attributed to the 

variation of volumetric flow rate and kinematic viscosity of the gas at different nozzle 

temperatures. In Figure 45, variation of the convective heat transfer coefficient (h) at stagnation 

point at different nozzle temperatures is presented. The procedure to calculate the h coefficient at 

stagnation point (ℎ𝑠𝑡𝑎𝑔) for different process parameters is as following:  

At each nozzle temperature, thermophysical properties of the Nitrogen gas are obtained from 

the table presented in Appendix C. From this table, properties such as density, thermal diffusivity, 

kinematic viscosity, and Prandtl number need to be recorded. According to the gas flow rate in 

which you aim at calculating the h coefficient, the volumetric flow rate of the gas is then found 

using equation (16). Having the nozzle cross-sectional area and the gas flow rate, the nozzle exit 

flow velocity can be computed. Then, using equation (15) and the values obtained for flow velocity 

and kinematic viscosity of the gas, the Reynolds number can be calculated. Afterwards, we need 

to refer to equations (19) to (21) where the Nusselt number is given. The final step is to refer to 

equation (18) to determine the h coefficient at stagnation point. In this equation, the characteristic 

length is given as the nozzle diameter and k is also given as the thermal conductivity of the gas. 

Having found the Nusselt number in previous step, the convective heat transfer coefficient h can 

be calculated. The same procedure is repeated for all the other process parameters to obtain 

different values for the h coefficient.  

Looking at results in Figure 45, it can be seen that by increasing the nozzle temperature, the h 

coefficient at stagnation point increases. For example, for the gas flow rate of 50 SLPM, the ℎ𝑠𝑡𝑎𝑔 

increases by about 16%. The amount of increase is in the same range for other gas flow rates. 

Overall, it can be stated that the variation of ℎ𝑠𝑡𝑎𝑔 versus nozzle temperature exhibits similar trend 

for all the gas flow rates.  
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Figure 44. Effect of nozzle temperature on gas velocity at nozzle exit (left) and Reynolds number 

(right) at different gas flow rates 
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Figure 45. Effect of nozzle temperature on convective heat transfer coefficient at stagnation 

point ℎ𝑠𝑡𝑎𝑔 at different gas flow rates 

 

 

6.5.3 Effect of Gas Flow Rate  
 

Investigation the effect of volumetric flow rate of the gas is presented in Figure 46 and Figure 

47. As the nitrogen gas flow rate increases from 50 to 90 standard liter per minute (SLPM), both 

the nozzle exit flow velocity and Re number increase around 80%. These two parameters are 

directly affected by the volumetric flow rate of the gas. In a similar manner to Figure 45 by 

obtaining the thermophysical properties of the nitrogen gas at different nozzle temperatures, and 

by considering the gas flow rate, the nozzle exit flow velocity and the Reynolds number are 
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calculated. Having obtained the Nusselt number, h coefficients for different process parameters are 

calculated.  

Comparing to results presented in Figure 45, the effect of nitrogen gas flow rate is more 

significant than the effect of nozzle temperature on ℎ𝑠𝑡𝑎𝑔 results. By increasing the gas flow rate 

from 50 to 90 SLPM, the ℎ𝑠𝑡𝑎𝑔 can be increased by about 36 % while by increasing the nozzle 

temperature from 600 to 900 ̊C, it can be increased by about 16 %. Results from different nozzle 

temperatures show similar trend. For example, at nozzle temperature of 600 ̊C, the ℎ𝑠𝑡𝑎𝑔 can be 

increased by 36 % by increasing the flow rate. And the similar amount of increase can be noticed 

for other graphs. Overall, it can be concluded that the influence of gas flow rate on results is 

approximately two times the influence of the nozzle temperature.  

 

  
 

 

 

 

Figure 46. Effect of Nitrogen gas flow rate on gas velocity at nozzle exit (left) and Reynolds 

number (right) at different nozzle temperatures 
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Figure 47. Effect of Nitrogen gas flow rate on convective heat transfer coefficient at stagnation 

point ℎ𝑠𝑡𝑎𝑔 at different nozzle temperatures 
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6.5.4 Effect of Nozzle to Plate Spacing  
 

Figure 48 shows the effect of nozzle to plate spacing on the heat transfer results. The horizontal 

axis represents the non-dimensionalized spacing which is the nozzle to plate distance (H) divided 

by the nozzle diameter (D). The results are obtained for different process parameters i.e., for 

different nozzle temperatures at a constant gas flow rate for the range of H / D between 0.1 and 1 

and presented in Figure 48. The reason for the selection of such a small range, is that for the case 

of AFP, the distance between the nozzle and the target plate is typically very small and is in the 

similar range. As can be seen, the convective heat transfer coefficient at stagnation point decreases 

by increasing the nozzle to plate spacing for all the process conditions. The reduction is in the range 

of about 35%. Therefore, it can be assumed that for the range of parameters considered in practice, 

the effect of smaller nozzle to plate spacing on the heat transfer results is within 35% which is 

noticeable and needs to be considered.   

 

Figure 48. Effect of non-dimensionalized nozzle to plate spacing (H/D) on the h coefficient at 

stagnation point for nozzle temperatures at a constant gas flow rate of 70 SLPM 
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6.6 Discussion  
 

The theoretical results presented in previous sections provided good insight on the heat transfer 

characteristics of the impinging jet problems. It is important to obtain the theoretical results using 

the available formulations in literature prior to performing the experimental trials. This should be 

done mainly because of three reasons: 

1. To understand what type of parameters are involved in the problem. 

2. To investigate the influence of each parameter on heat transfer results. This can be of 

paramount importance in design of experiments. Considering the fact that investigation of all 

possible parameters is time consuming, determination of most influential parameters can be 

helpful in narrowing down the experimental parameters in practice.  

3. To understand how the convective heat transfer coefficient varies with each parameter and 

whether different process parameters have similar level of influence on the results.  

In the following section, based on the theoretical results, design of experiments is performed. The 

details of the experimental setup and the methodology to investigate the effect of each process 

parameter on the convective heat transfer coefficient will be presented.  
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6.7 Experimental Methodology  
 

6.7.1 Experimental Setup  

 

AFP work cell and flat Aluminum paddle tool at Concordia Centre for Composites (CONCOM) 

obtained from Automated Dynamics Corporation (ADC) are used to perform the experimental 

studies (Figure 49). Close-up of the thermoplastic fiber placement head is illustrated in Figure 49 

(right). The details of the experimental setup and the AFP machine were provided in Chapter 4. In 

this setup, the incoming tape is first guided and positioned by material guide eyelets. The material 

is then driven through a tape guide where a feed roller is mounted to apply tension on the tape. 

Afterwards, the tape is driven towards a compaction roller. The compaction assembly is used to 

consolidate the material i.e., the incoming tape onto the substrate at the Nip point. A hot gas torch 

(HGT) is integrated in the AFP head which is employed to heat up the incoming tape and a certain 

area of the substrate during the process. As mentioned earlier, the main purpose of the HGT is to 

heat up the material. The HGT is positioned in a way that it points towards the lower half of the 

consolidation roller. This helps to heat up both the incoming tape and the substrate in the vicinity 

of the nip point. Nitrogen gas is used in this setup to provide heat to the material. Inside the torch 

housing, there are a few heating elements which enable the control the temperature of the nitrogen 

gas. The heated nitrogen is directed onto the material using the torch nozzle. The temperature and 

nitrogen gas flow rate can be set independently through an operator interface [6,13,18,28,69].  
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Figure 49. Automated Fiber Placement at Concordia Center for Composites (Left); 

Thermoplastic Fiber Placement Head (Right) 

 

6.7.2 Design of Experiment  

 

The main objective of this chapter is to determine the convective heat transfer coefficient under 

different process parameters. As discussed in previous sections, there are variety of parameters that 

can affect the convective heat transfer coefficient “h” and thus many possibilities exist in the design 

of experiment. A list of all parameters that may affect the results are presented in Table 12. The 

parameters are classified into four major groups: a) nozzle, b) gas, c) configuration of the nozzle, 

roller and the substrate and d) the layup velocity. It is also indicated that whether they are variable 

in a study or not. Among these, shape and size of the nozzle, type and state of the hot gas are the 

parameters which are dominated by the experimental setup used in this chapter and thus they are 

fixed. Nitrogen gas is used as the hot gas coming out of the torch and the thermophysical properties 

of the hot gas at different temperatures are listed in Appendix C. The layup speed is considered to 

Incoming Tape 

Compaction Roller 

Al Paddle Tool 

Torch Housing 

Torch Nozzle 
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be fixed. There are two major parameters in the gas category in Table 12 which are considered 

variables. These include the nozzle temperature and the volumetric flow rate of the gas. In the AFP 

setup, these two parameters can be set independently through the AFP operator interface. Studies 

on impinging jet theories in previous sections revealed the presence of two parameters of nozzle 

temperature and gas flow rate in heat transfer formulations. These parameters can affect the 

thermophysical properties of the gas, the Reynolds number, the flow speed at the nozzle exit, the 

Nusselt number and more importantly the convective heat transfer coefficient. The theoretical 

results presented in sections 6.5.2 and 6.5.3, revealed that the h coefficient increases by increasing 

the nozzle temperature. The variation was shown to be within 16 %. Similarly, it was found that 

by increasing the gas flow rate, the h coefficient can increase. The significance of gas flow rate, 

however, was found to be greater than nozzle temperature as it exhibited around 36 % variation. 

As such, it can be concluded that these two parameters are of paramount importance to be 

investigated in experimental trials and they are considered variable in this chapter.  

 

Table 12. List of AFP parameters 

Nozzle  

Shape of section Fixed 

Section diameter Fixed 

Gas  

Type of gas (Nitrogen) Fixed 

State of the gas (thermophysical properties) Fixed 

Volume flow rate Variable 

Gas temperature Variable 

Configuration of nozzle, roller and substrate  

Distance between nozzle and roller Fixed 

Distance between nozzle and substrate Variable 

Angle between torch and substrate top surface Fixed 

Lay up velocity Fixed 
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In the third category in Table 12, configuration of the nozzle, roller and the substrate are 

presented. Positioning of the torch nozzle with respect to the consolidation roller and the surface 

of the substrate may also affect the results. The parameters involved in positioning of the torch are 

illustrated in Figure 50. The nozzle to mid-roller spacing is denoted by “A” while the distance from 

the tip of the torch nozzle to the surface of the composite substrate is denoted by “H”. Using the 

theoretical formulations, it was shown that for the range of H/D between 0.1 and 1 (H is the normal 

nozzle to substrate spacing), by increasing the nozzle to substrate spacing, the convective heat 

transfer coefficient decreases. For these range of parameters, it can be assumed that the effect of 

smaller nozzle to plate spacing on the heat transfer results is within 35% of the values calculated 

using large distances which is noticeable. Therefore, it is necessary to perform experiments for 

each particular setup to investigate the effect of nozzle to plate distance at very close spacings. 

Considering the discussion above, the parameter “H” i.e., the distance between the torch nozzle 

and the surface of the composite substrate is considered to be variable in this chapter. In practice, 

the torch nozzle can be positioned at various locations relative to the consolidation roller in the 

AFP setup. This parameter can be variable during the cases of different studies. However, the 

experimental trials in this study are performed so that the torch nozzle is mounted at a fixed location 

with respect to the consolidation roller. The distance between the tip of the nozzle to the roller mid 

point is recorded to be 10.4mm as shown in Figure 50.  The angle of the torch with respect to the 

substrate is also kept constant and is about 8 degrees.  

In summary, among all the potential parameters of the process, in this experimental study, it is 

decided to investigate the effect of nozzle temperature, gas flow rate and nozzle to substrate spacing 

on convective heat transfer coefficient. The nozzle temperature is varied between 50 and 90 SLPM 

for three different values while the torch nozzle temperature is varied between 600 and 900 ̊C for 

four different values. As for the nozzle to substrate spacing, three different distances of 2.5, 5 and 

10 mm are selected to perform the experimental trials. The design of experiment and the values 

assigned for each case are summarized in Table 13. In total, 36 cases are considered in this study.  
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Figure 50. Positioning of the torch nozzle with respect to the consolidation roller and the 

composite substrate 

 

 

Table 13. Design of experiments 

Nozzle to plate 

spacing : 2.5 mm 

Nitrogen Gas Flow Rate (SLPM) 

 50 70 90 

Torch Nozzle 

Temperature (C̊) 

600 Case 1  Case 2 Case 3 

700 Case 4 Case 5 Case 6 

800 Case 7 Case 8 Case 9 

900 Case 10 Case 11 Case 12 

Nozzle to plate 

spacing : 5 mm 

Nitrogen Gas Flow Rate (SLPM) 

 50 70 90 

Torch Nozzle 

Temperature (C̊) 

600 Case 13 Case 14 Case 15 

700 Case 16 Case 17 Case 18 

800 Case 19 Case 20 Case 21 

900 Case 22 Case 23 Case 24 

A 

H 

A: Nozzle to mid-roller spacing: 10.4 mm 

H: Nozzle to substrate spacing:  Variable 
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Nozzle to plate 

spacing : 10 mm 

Nitrogen Gas Flow Rate (SLPM) 

 50 70 90 

Torch Nozzle 

Temperature (C̊) 

600 Case 25 Case 26 Case 27 

700 Case 28 Case 29 Case 30 

800 Case 31 Case 32 Case 33 

900 Case 34 Case 35 Case 36 

 

 

 

6.7.3 Manufacturing Procedure  
 

Experimental trials setup used in this chapter, is illustrated below in Figure 51. Unidirectional 

composite strips of 508 mm (20 inch) long making up 10 layers are manufactured first under 

nominal processing parameters (nozzle temperature: 875 ̊C, nitrogen gas flow rate: 75 SLPM, 

compaction pressure 80 psi. The laminate is allowed to cool down to reach room temperature to 

achieve thermal equilibrium. Subsequently, on the upper side layer, a fast-response K-type 

thermocouple (TC; Omega CHAL-002) is mounted using a Kapton® tape. The thermocouple wires 

beyond the junction point, may undergo very high temperatures during the experimental trial and 

sometimes the assembly may degrade due to short circuits. As such, because of Kapton tape’s good 

insulating and temperature characteristics, it is used to protect the wires (Figure 51 (left)). After 

the installation of the thermocouple, the last layer is deposited. When the Nip point of the 

consolidation roller arrives on top of the thermocouple, it deposits the composite layer and the 

thermocouple becomes embedded into the composite substrate. Figure 51 (right) depicts the AFP 

head while depositing the last layer over the embedded thermocouple. The TC data is measured by 

Data Acquisition system (DAQ) at 100 Hz and a personal computer is used to display information 

and store the thermal data during the process. It is important to have a TC with fast response. 

Otherwise, the temperature reading is not representative of transient nature of the process. The 

main objective of this chapter is to determine the convective heat transfer coefficient under 

different processing parameters. Since the problem is a moving heat source without material 

deposition, in the AFP setup, the material deposition is deactivated to resemble the case of the 

moving heat source problem. In this chapter, similar to the main experimental setup introduced in 
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Chapter 4, fully-impregnated ¼ - inch wide AS4/APC-2 supplied by CYTEC is used as the material 

for the incoming tape [18].  

As mentioned in the design of experiments, the torch nozzle temperature is set in the range of 

600 ̊C – 900 ̊C and the nitrogen gas volumetric flow rate is selected in the range of 50 – 90 SLPM. 

Both parameters can be adjusted easily without interfering into the positioning of the torch nozzle 

and the thermoplastic fiber placement head. These parameters are controlled independently through 

the AFP operator interface. The nozzle temperature is changed by changing the power input into 

the electrical heater in the torch housing and the nitrogen gas flow rate is changed by changing the 

input into the nitrogen line suppling the nitrogen on the back of the torch housing. For all the cases 

presented in Table 13, at each pass, the heat source moves from one end to the other end of the 

composite strip with speed of 25.4 mm/s (1 in/s) without material deposition and the temperature 

signal is recorded by the TC which is embedded into the composite substrate, underneath one layer 

of composite material. After completing one pass, the setup is allowed to cool down to reach room 

temperature. For each case (in total 36 cases), the process is repeated five times to ensure readings 

are repeatable and the data are consistent. As such, in total 180 runs (36×5) are performed. The 

complete lay up of the composite, the tool, and the location of the embedded thermocouple along 

with the data acquisition system are shown schematically in Figure 52.  
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Figure 51. Positioning of the embedded thermocouple inside the composite substrate (Left); AFP 

head over the embedded thermocouple (Right) 

 

 

Figure 52. Schematic of the layup of the composite, the tool, location of the embedded 

thermocouple, data acquisition system and data analysis apparatus 

10-layer composite substrate 

Kapton tape 

K-type Thermocouple 
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6.7.4 Methodology for Determination of Convective Heat Transfer Coefficient  
 

As stated earlier in previous sections, in this chapter, we aim at determining the convective heat 

transfer coefficient experimentally for the case of AFP under different operational conditions. The 

method to be used is similar to the one used in literature by various authors [18,38,55,56,59]. In 

this method, first a value for h coefficient is assumed. Experimental trials are performed to obtain 

the temperature data during the process for specific set of operational conditions. The calculated 

temperature results based on thermal analysis model of the process under similar operational 

conditions are obtained. The maximum temperature results from both numerical and experimental 

methods are compared. The h coefficient is then updated and through an iterative process, the best 

value of h is found in the numerical model to match the maximum numerical temperature with the 

maximum experimental temperature measured by a fast-response thermocouple embedded 

underneath one layer of the composite layer. This process is repeated for other operational 

conditions to determine the coefficient h between the hot gas torch and the composite substrate for 

a variety of conditions. Figure 53 demonstrates a flow chart to support the explanation of the 

strategy used in this chapter to determine the h coefficient. The thermal analysis model used in this 

chapter is essentially the same as the one presented in Chapter 3. In this model, based on the energy 

balance approach, finite difference formulation of the problem was derived and coded. Numerical 

results from a moving heat source travelling across the upper side of a composite substrate were 

obtained. Under the similar set of process parameters, experimental trials were performed using 

fast-response K-type thermocouples embedded into the composite substrate, underneath layers of 

the composite material. The experimental results were then used to determine the h coefficient to 

find the best match between numerical and experimental results. It was shown that using this 

method, the numerical model was able to capture the maximum temperature in different layers with 

good agreement with experimental results (Figure 36).  
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Figure 53. Flow chart of the strategy to determine the convective heat transfer coefficient 

 

In the following, the procedure to determine the convective heat transfer coefficient is 

thoroughly elaborated through one case. In this case, the iteration of different assumed values of h 

coefficient and its influence on the resulting temperatures at the location of the thermocouple is 

shown, and finally the final value (optimum value) of the h coefficient is obtained when there is a 

match of the maximum temperature between numerical and experimental results. The same 

methodology will be used to determine the h coefficient under different operational conditions as 

discussed in the experimental setup.  

In order to determine the h coefficient through an iterative process, a scanning algorithm is 

coded in MATLAB to perform the analysis. In this algorithm, a function is defined in which the 

coefficient h is an input and the maximum temperature at the location of the thermocouple is 

selected as an output. A range of variation for the h coefficient is set by the operator. In this case, 

it is assumed that the h varies between 800 and 1500 W/m2K in 10 intervals. In other words, it is 

firstly assumed that the unknown coefficient of h has the value of 800 W/m2K as an initial value 
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to start the iterative process. The maximum temperature at the location of the thermocouple is 

computed through the thermal analysis using the initial value of the h coefficient. This is regarded 

as the 1st iteration. As the output, the error percentage is monitored as shown in Figure 54. The 

error percentage is defined as the difference between the numerical and experimental maximum 

temperature at the location of the thermocouple divided by the experimental value. For the 1st 

iteration, as the beginning of the scanning algorithm, the error percentage is computed to be around 

25%.  In the next iteration (2nd iteration), the h coefficient is updated to 810 W/m2K. This value 

corresponds to the error percentage of 23.8%. This process is repeated and at each iteration, a new 

value is assigned to the h coefficient and the error percentage is monitored continuously. Looking 

at Figure 54, it can be seen that at the 45th iteration, the error percentage tends to zero which means 

the corresponding h coefficient is the optimum value. Using this value, there is a complete match 

between the numerical and experimental maximum temperatures at the location of the 

thermocouple. By further increasing the h coefficient and moving into higher iterations, it can be 

noticed that the error percentage is increased again and as noted in Figure 54, at the end of the 

scanning algorithm i.e., at 71st iteration, the error percentage reaches about 11.5%. Eventually, the 

optimal value of the h coefficient is reported as the optimal case by the algorithm. Figure 55 

illustrates the influence of the iteration of different assumed values of the h coefficient on the 

resulting temperatures at the location of the thermocouple. For comparison, only the results from 

5 values are presented. As can be seen, h values of 1000 and 1100 W/m2K i.e., 21st and 31st 

iterations respectively predict the maximum temperatures as around 259 ̊C and 275 ̊C respectively. 

This can lead to the error percentage of 12.65% and 7.26% respectively. By increasing the h 

coefficient into 1240 W/m2K at the 45th iteration, the optimum value of the h coefficient is found 

when there is a match of the maximum temperature between numerical and experimental results. 

Further increase in the h coefficient to 1400 and 1500 W/m2K, lead to the prediction of the 

maximum temperatures with 7.11 and 11.37% errors respectively. In summary, it can be stated that 

the scanning algorithm can be employed to determine the h coefficient through the iterative 

process. The h values below the optimum value, underestimate the maximum temperatures by 

predicting values lower than the experimental one, while the h values above the optimum value, 

can overestimate the maximum temperatures compared to the experimental one.  
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Figure 54. Error percentage versus different h coefficients in scanning algorithm 
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Figure 55. Temperature variations at the location of the thermocouple for iterations of different 

assumed values of the h coefficient 

 

 

6.8 Results and Discussion 
 

In this section, first the maximum temperature results from the experimental trials are presented 

for different process parameters as described in the design of experiments. Then, using the 

methodology introduced to determine the convective heat transfer coefficient, the average h 

coefficients for different nozzle temperatures and different gas flow rates at different nozzle to 

substrate spacings are calculated and presented.  
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6.8.1 Experimental Temperature Results  
 

Results from the nozzle to substrate spacing of 2.5 mm are presented in Figure 56. The effect 

of gas flow rate and the nozzle temperature on the maximum temperature is presented in the left 

and right respectively. As it can be seen, by increasing the gas flow rate, the maximum temperature 

increases for all nozzle temperatures. For example, when the nozzle temperature is 600 ̊C, the 

maximum temperature increases by about 7 % when the gas flow rate increases from 50 to 90 

SLPM. Looking at the right graph in Figure 56, the effect of nozzle temperature on results can be 

seen. For all the gas flow rates, by increasing the nozzle temperature, the maximum temperature 

would increase. For example, when the gas flow rate is 70 SLPM, the maximum temperature 

increases by 70 % when the nozzle temperature increases from 600 to 900 ̊C.  

A similar trend can be observed in Figure 57 and Figure 58. In both figures, by increasing the 

nozzle temperature and the gas flow rate, the maximum temperature increases. For example, when 

the nozzle to substrate spacing is 5 mm, by increasing the flow rate from 50 to 90 SLPM, at nozzle 

temperature of 600 ̊C, the maximum temperature would increase by 6.8 %. For the similar process 

parameters when the nozzle to substrate spacing is 10 mm, the maximum temperature increases by 

about 8 %. Looking at the effect of the nozzle temperature on results, when the nozzle to substrate 

spacing is 5 mm, the maximum temperature can increase by 73 % at gas flow rate of 70 SLPM. 

For the same range of nozzle temperature and gas flow rate, the amount of increase is 85 % for the 

nozzle to substrate spacing of 10 mm. Overall, it can be concluded that both nozzle temperature 

and gas flow rate have effect on the maximum temperature. However, the effect of nozzle 

temperature is more significant for all nozzle to substrate spacings considered in this study.  
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Figure 56. Effect of gas flow rate (left) and the nozzle temperature (right) on the maximum 

temperature results for the nozzle to substrate spacing of 2.5 mm 
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Figure 57. Effect of gas flow rate (left) and the nozzle temperature (right) on the maximum 

temperature results for the nozzle to substrate spacing of 5 mm 
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Figure 58. Effect of gas flow rate (left) and the nozzle temperature (right) on the maximum 

temperature results for the nozzle to substrate spacing of 10 mm 
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6.8.2 Experimental Convective Heat Transfer Coefficient Results  
 

 

Using the methodology presented in previous sections, the average h coefficient (ℎ𝑎𝑣𝑔) is 

determined for different process parameters. Results from the nozzle to substrate spacing of 2.5 

mm are presented in Figure 59. The effect of gas flow rate and the nozzle temperature on ℎ𝑎𝑣𝑔 is 

presented in the left and right respectively. As it can be seen, by increasing the gas flow rate, ℎ𝑎𝑣𝑔 

increases for all nozzle temperatures. For example, when the nozzle temperature is 800 ̊C, ℎ𝑎𝑣𝑔  

increases by about 7 % when the gas flow rate increases from 50 to 90 SLPM. Looking at the right 

graph in Figure 59, the effect of nozzle temperature on results can be observed. For all the gas flow 

rates, by increasing the nozzle temperature, ℎ𝑎𝑣𝑔 would increase. For example, when the gas flow 

rate is 70 SLPM, ℎ𝑎𝑣𝑔 increases by about 28 % when the nozzle temperature increases from 600 

to 900 ̊C.  

A similar trend can be noticed in Figure 60 and Figure 61. At both figures, by increasing the 

nozzle temperature and the gas flow rate, ℎ𝑎𝑣𝑔 increases. For example, when the nozzle to substrate 

spacing is 5 mm, by increasing the flow rate from 50 to 90 SLPM, at nozzle temperature of 800 ̊C, 

ℎ𝑎𝑣𝑔 would increase by 9 %. For the similar process parameters when the nozzle to substrate 

spacing is 10 mm, ℎ𝑎𝑣𝑔 increases by about 15 %. Looking at the effect of the nozzle temperature 

on results, when the nozzle to substrate spacing is 5 mm, ℎ𝑎𝑣𝑔 can increase by about 34 % at gas 

flow rate of 70 SLPM. For the same range of nozzle temperature and gas flow rate, the amount of 

increase is about 130 % for the nozzle to substrate spacing of 10 mm. Overall, it can be concluded 

that both nozzle temperature and gas flow rate have effect on ℎ𝑎𝑣𝑔 . However, the effect of nozzle 

temperature is more significant for all nozzle to substrate spacings considered in this study.  
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Figure 59. Effect of gas flow rate (top) and the nozzle temperature (bottom) on the average h 

coefficient for the nozzle to substrate spacing of 2.5 mm 
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Figure 60. Effect of gas flow rate (top) and the nozzle temperature (bottom) on the average h 

coefficient for the nozzle to substrate spacing of 5 mm 
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Figure 61. Effect of gas flow rate (top) and the nozzle temperature (bottom) on the average h 

coefficient for the nozzle to substrate spacing of 10 mm 
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6.9 Conclusion  

 

Determination of convective heat transfer coefficient (h) is of paramount importance in accurate 

modeling the heat transfer occurs in AFP. Studies on impingement jet revealed the parameters that 

can have influence on heat transfer characteristics of the problem. These include nozzle geometry 

(shape and size of the nozzle cross-section), hot gas temperature, gas flow rate, type and state of 

the gas, angle of impact and nozzle to plate spacing. The theoretical formulations in literature could 

provide a great understanding of the problem by investigating the effect of these parameters on the 

convective heat transfer coefficient. It was found that nozzle temperature, gas flow rate and the 

nozzle to substrate spacing as the main process parameters can have significant influence. Although 

the general fluid flow and the heat transfer in typical impingement jet studies could help us in 

understanding the effect of each parameter and determine the most important ones among the 

variety of parameters, results cannot be used directly for the case of AFP. The reason is that the 

heat transfer mechanism in AFP has many characteristics that are unique to this process: the 

consolidation roller which exists in the AFP can noticeably hinder the flow coming out of the torch 

nozzle. As the hot gas reaches the vicinity of the nip point, some of the flow experiences 

instantaneous immobility and part of a hot gas flows backwards. This can be explained by vortexes 

and re-circulation of the flow in the closed nip region. This can have a significant influence on flow 

characteristics, pressure and velocity fields, thermal boundary layers and turbulence level in the 

heating region [55,85,86]. This in turn can result in great amount of heat dissipation into the 

surrounding. Considering the discussion above, it is necessary to perform an experimental study to 

better understand the effect of each parameter for the case of AFP. The experimental setup was 

introduced, and it was discussed that among all the parameters in the setup, the nozzle temperature, 

gas flow rate and the distance between the nozzle and the substrate were considered as variables 

for this study. The results for different process parameters were obtained. It was concluded that for 

a fixed nozzle to substrate spacing, by increasing both the nozzle temperature and the gas flow rate, 

the h coefficient will increase. The trend, however, is different between the nozzle temperature and 

the gas flow rate. The nozzle temperature exhibited more influence on the h coefficient rather than 

the gas flow rate. 

The experimental methodology introduced in this study along with the procedure to determine 

the convective heat transfer coefficient experimentally, can be easily employed to investigate the 
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effect of other parameters. Although the results presented in this chapter were obtained for the 

experimental setup used in this study, the same methodology can be used by other researchers to 

investigate the effect of different process parameters for their particular setup.  
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Chapter 7:                                                              

CONCLUSIONS, CONTRIBUTIONS AND FUTURE 

WORK 
 

 

 

7.1 Concluding Remarks  
 

The development of the fiber placement process offers possibilities to manufacture composite 

structures in a variety of geometries with and without free edges. In making structures with free 

edges such as flat plates or flat panels, the issue of distortion is important which leads to the 

warpage of the final composite part. One of the major reasons that gives rise to the distortion of the 

laminate is the rapid heating and cooling of the thermoplastic composite material during the process 

which result in development of the temperature distribution in different directions. The temperature 

distribution affects the variation in crystallinity, and residual stresses throughout the structure as it 

is being built. In fact, residual stresses are developed as a result of temperature gradients because 

of different cooling rates in different layers along the thickness of the laminate. Consequently, the 

distortion of the composite laminate takes place even during the process. In order to address this 

problem, to make laminates with free edges with no or minimum distortion, one needs to 

understand the effect of different parameters on the process. As such, the first thing to look at would 

be to determine the temperature distribution history during the process. The focus of this thesis is 

to gain more understanding of the way temperature gradients developed during the AFP process of 

thermoplastic composites.  

Thermal analysis model of the process was presented in Chapter 3. The heat transfer mechanism 

in AFP thermoplastic composite process was introduced. It was stated that both heat convection 

due to the hot gas torch and heat diffusion through the composite substrate are important in thermal 

analysis of the process. Using the energy balance approach, finite difference formulation of the 

heat transfer problem was introduced. Based on the formulations derived for interior and boundary 

nodes, a solution algorithm for moving heat source problem in MATLAB was presented. The 

experimental setup was presented in Chapter 4. To provide validation of numerical results, 
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unidirectional composite strips were manufactured using AFP and fast-response K-type 

thermocouples were employed to determine the thermal profiles at various locations through the 

thickness of the composite laminate subjected to a moving heat source. Results from both 

experimental trials and numerical method were presented in Chapter 5. The major conclusions can 

be summarized as follows: 

- The numerical method is able to capture the maximum temperature with good 

agreement with experimental results. The temperatures measured experimentally during 

the heating pass, using embedded thermocouples into the composite substrate, 

underneath layers of the composite material, show consistent trends with the generated 

temperatures from the numerical method.  

- As one goes through the thickness, the maximum temperature becomes lower and lower 

until after 5 layers, the temperature is not above glass transition temperature (𝑇𝑔) 

anymore. For regions where the temperature is below 𝑇𝑔, the material becomes stiff and 

this contributes to the development of residual stresses and distortion due to the 

temperature gradients.  

- The maximum temperature occurs at later time as one goes through the thickness. This 

is due to the heat diffusion mechanism inside the composite laminate. It takes time for 

the heat energy provided by the hot gas flow at the upper side layer to be diffused, 

transferred, and absorbed by the material at underneath layer. This can be interpreted as 

the time delay in peak temperatures at underneath layers.  

 

In chapter 6, it was noted that information from the literature shows values of the convective 

heat transfer coefficient (h) that vary from 80 W m2K⁄  to 2500 W m2K⁄ . This large range can 

provide a great degree of uncertainty in the determination of important quantities such as the 

temperature distributions and residual stresses. The reason for these large differences can be due 

to the differences in the process parameters in each of the studies. The process parameters can 

include the volume flow rate of the hot gas, the gas temperature, the distance between the nozzle 

exit and the surface of the composite substrate, the angle of the torch with respect to the surface of 

the substrate etc. The purpose of this chapter was to investigate the effect of different AFP process 

parameters on the convective heat transfer coefficient using available theoretical formulations in 
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literature. Experimental technique was introduced at the end to obtain the h values for the case of 

AFP at different process parameters. From results for the case of AFP, the following conclusions 

can be noted: 

- By increasing the gas flow rate from 50 to 90 SLPM, the h coefficient increases for all 

nozzle temperatures i.e, 600, 700, 800 and 900 ̊C.  

- For all the gas flow rates, by increasing the nozzle temperature, the h coefficient 

increases.  

- For the practical range of the distance between the nozzle and the surface of the 

composite substrate in AFP, the effect of nozzle to substrate spacing on h coefficient is 

considerable.  

- Both the nozzle temperature and the gas flow rate have effect on the h coefficient. 

However, the effect of nozzle temperature is more significant for all nozzle to substrate 

spacings considered in this study.  

 

 

7.2 Contributions  
 

Some of the major contributions presented in this thesis can be summarized as following: 

- Procedure to handle the heat transfer of a moving heat source. According to the knowledge 

of the candidate, this is the first time that this procedure is proposed.  

- Providing information on temperature distribution in different directions.  

- Providing experimental data regarding the thermal analysis of the process by utilizing the 

fast-response K-type thermocouples. Wide range of thermal data obtained in this thesis can 

be used as an important reference for future studies.        

- Introduction to important criteria for the selection of the fast-response K-type thermocouple 

and to investigate the role of the thermocouple in accurate temperature profile measurement 

during the process. The technical data obtained for the fast-response time thermocouple and 

the methodology to address the limitation and drawbacks of the unsheathed fine gauge 

thermocouples can be used for future studies.  
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- Presentation of the methodology for determination of convective heat transfer coefficient 

and proposing a scanning algorithm to determine the optimum value for the h coefficient. 

This can be employed as the guideline for other researchers to determine the h coefficient 

for each particular study. 

- Identification of the important process parameters that can affect the h coefficient and 

investigation the effect of each parameter on results.  

 

 

In addition to the list of contributions reported above, the following publications have been 

accomplished relating to this study: 

 

1. Omid Aghababaei Tafreshi , Suong Van Hoa, Farjad Shadmehri, Duc Minh Hoang, 

Daniel Rosca. October 2019. "Heat transfer analysis of automated fiber placement of 

thermoplastic composites using a hot gas torch", Published online, DOI: 

10.1080/20550340.2019.1686820, Advanced Manufacturing: Polymer and Composites 

Science. 

2. Omid Aghababaei Tafreshi, Suong Van Hoa, Duc Minh Hoang, Daneil Rosca, Farjad 

Shadmehri. 2019. "Heat Transfer by a Moving Heat Source in Automated Fiber Placement 

(AFP) Thermoplastic Composites Manufacturing", Proceedings of the 4th International 

Symposium on Automated Composites Manufacturing, Montreal, April 2019, published by 

Destech Publications. 
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7.3 Future Work  
 

A vast opportunity for research exists in the automated fiber placement of thermoplastic 

composites using hot gas torch. Specially, in the context of making structures with free edges such 

as flat plates, flat panels and shells, where the warpage emerges during and after the process. As 

mentioned earlier, in testing and evaluation of composite structures made by AFP, due to the 

existing challenges in making a flat unidirectional composite plate to make a test coupon, it is 

necessary to rectify the issue of distortion. Therefore, the following recommendations for further 

research in this area can be offered: 

- In thermal analysis model of the process, it was assumed that the temperature variation 

through the width direction can be ignored due to the even heat input over the tape 

width. However, in accurate modeling of the process, the temperature variation in the 

width direction can also be considered. Therefore, developing a three-dimensional 

thermal model of the process is recommended. 

- The moving heat source problem was addressed in this thesis and it was assumed that 

there is no material deposition. However, in the actual process, the material deposition 

is part of the model and needs to be considered.  

- The simulation presented in this thesis can be further generalized to consider the effect 

of compaction roller, its diameter and its geometry on the quality of the final composite 

part.  

- From the thermal analysis of the process, along with the temperature distribution, it can 

be used to obtain the crystallization level and bonding quality of the composite parts. 
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APPENDIX 

 

Appendix A. Typical Polymer Properties for PEEK [75] 

 

 

Appendix B. Mechanical Properties : High strength [>500 ksi] standard modulus [33 Msi]carbon 

fiber reinforced unidirectional tape APC-2/AS4 [75] 
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Appendix C. Thermophysical Properties of Nitrogen Gas [64] 

 

𝑇 (𝐾) 
𝜌  

(𝑘𝑔 𝑚3⁄ ) 

𝐶𝑝 

(𝑘𝐽 𝑘𝑔. 𝐾⁄ ) 

𝜇. 107 

(𝑁. 𝑠/𝑚2) 

𝜐. 106 

(𝑚2/𝑠) 

𝑘. 103 

(𝑊/𝑚. 𝐾) 

𝛼. 106 

(𝑚2/𝑠) 
Pr 

100 3.4388 1.070 68.8 2.00 9.58 2.60 0.768 

150 2.2594 1.050 100.6 4.45 13.9 5.86 0.759 

200 1.6883 1.043 129.2 7.65 18.3 10.4 0.736 

250 1.3488 1.042 154.9 11.48 22.2 15.8 0.727 

300 1.1233 1.041 178.2 15.86 25.9 22.1 0.716 

350 0.9625 1.042 200.0 20.78 29.3 29.2 0.711 

400 0.8425 1.045 220.4 26.16 32.7 37.1 0.704 

450 0.7485 1.050 239.6 32.01 35.8 45.6 0.703 

500 0.6739 1.056 257.7 38.24 38.9 54.7 0.700 

550 0.6124 1.065 274.7 44.86 41.7 63.9 0.702 

600 0.5615 1.075 290.8 51.79 44.6 73.9 0.701 

700 0.4812 1.098 321.0 66.71 49.9 94.4 0.706 

800 0.4211 1.122 349.1 82.90 54.8 116 0.715 

900 0.3743 1.146 375.3 100.3 59.7 139 0.721 

1000 0.3368 1.167 399.9 118.7 64.7 165 0.721 

1100 0.3062 1.187 423.2 138.2 70.0 193 0.718 

1200 0.2807 1.204 445.3 158.6 75.8 224 0.707 

1300 0.2591 1.219 466.2 179.9 81.0 256 0.701 

 

 

 

 


