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Résumé

La plastification par monovis, utilisée dans l'extrusion et le moulage par injection, est un moyen essentiel de transformer les thermoplastiques courants et techniques. Dans le moulage par injection, un niveau de fiabilité élevé est généralement atteint, ce qui rend ce processus parfaitement adapté à la production de masse. Néanmoins, des fluctuations de processus apparaissent, faisant du contrôle de la qualité des pièces moulées un problème quotidien. Dans ce travail, une modélisation combinée de la plastification, du calcul du point de fonctionnement et de la dispersion laminaire est utilisée pour étudier la manière dont les fluctuations thermiques pourraient être générée et se propager le long de la vis et affecter l'homogénéité de la matière fondue à l'extrémité de la section de dosage. Pour ce faire, nous avons utilisé des modèles de plastification pour relier les modifications des paramètres de traitement aux modifications de la longueur de plastification. De plus, un modèle simple de calcul du débit est utilisé pour relier la géométrie de la vis, la rhéologie du polymère et les paramètres de traitement afin d'obtenir une bonne estimation du débit massique. Par conséquent, nous avons constaté que le temps de séjour typique dans une seule vis est d'environ un dixième de l'échelle de temps de diffusion thermique. Ce temps de séjour est trop court pour que le coefficient de dispersion atteigne une valeur constante mais trop long pour pouvoir négliger la diffusion thermique radiale et recourir à une solution purement convective. Par conséquent, un problème de diffusion-convection complet doit être résolu avec un écoulement de base par déplacement relatif de paroi et par différence de pression. L'importance majeure des paramètres procédé sur la courbe de température moyenne mesurée au cours du temps à l'extrémité de la section de dosage de la vis est démontrée. Lorsque la contre-pression dans l'écoulement est élevée, la fluctuation de température est répartie de manière plus uniforme avec le temps, tandis qu'une chute de pression entraîne une courbe de rupture qui présente un pic de fluctuation plus important. Le logiciel commercial ANSYS Polyflow, appelé Computational Fluid Dynamics (CFD), a été utilisé pour vérifier le modèle.

En outre, une analyse thermique et structurelle a été réalisée sur un cylindre de moulage par injection existant, comportant 3 blocs de verre optiques pour la visualisation, dans le but d'analyser l'effet des conditions de fonctionnement sur le facteur de sécurité des fenêtres en verre existantes. Cette analyse a été réalisée avec ANSYS Workbench (Mechanical), avec des problèmes de contact inclus. 

MOTS CL ÉS:

General introduction

Plastics have become the ubiquitous workhorse material of the modern economy, due to the unrivalled functional properties like versatility and imperviousness to water, combining with low unit cost and ease of manufacture. Their usage has increased twenty-fold in the past half-century and is expected to double again in the next 20 years [FOU 16]. Today nearly everyone, everywhere, every day comes into contact with plastic applications: packaging products such as containers and plastic bags, building products including plastic pipes or vinyl cladding, automotive applications with common products such as door carrier module and all kinds of interior applications, and toy/furniture products such as LEGO Bricks and Kartell.

The increasing utility of polymer products is making demands on the polymer processing industry, defined as the "engineering activity concerned with operations carried out on polymeric materials or systems to increase their utility" [BER 58]. Different technologies such as injection molding, extrusion, blow molding, compression and transfer molding have rapidly developed in recent years, and the corresponding principles of polymer processing are widely studied by a number of researchers. By now, quite mature systems have already been mastered to produce a large amount of plastic products.

In spite of the significant improvements in polymer processing control over the last few decades, quality issues in plastic products, such as color streaking, burn marks and surface/internal cracks, still take place and range from minor surface defects to more serious structural problems that can affect the safety, performance and function of the product. Plenty of room for expensive errors still exists when it comes to polymer processing. The quality instability and controllability of the current plastic products are still an everyday issue and are becoming more apparent by the day as a higher requirement of product quality.

The project SAPRISTI (Autocorrective System for the PRoduction of zero defects In plaSTIcs), in which this thesis work was undertaken, aims to develop an auto-corrective injection molding system for the plastic production based on the control of products. The objectives of this project are multiple: (1) The control of the variability of material; (2) Automatic quality control of produced parts; (3) The diagnosis of the injection method anomaly detection; (4) Self-correction of quality drifts; (5) Demonstration of the performance of the self-correcting system on industrial parts.

To better achieve these different goals, SAPRISTI has brought together several industrial and academic partners. On the industrial side, there are two major groups of high value-added automotive parts manufacturers POAE and RENAULT, and two manufactur-ing data-control technology suppliers in the plastics industry SISE and ACSYSTEME; On the other hand, various research teams were selected: IPC (the Technical Center for Plastics and Composites whose work on the control of the injection process is widely recognized on a European scale), and three academic laboratories in the field of plastics: LaMCoS/IMP (INSA-Lyon) and SYMME (Université Savoie Mont Blanc). Most of the partners, such as SYMME, ACSYSTEME and IPC, employed statistical methods with artificial neural network to develop an integral auto-corrective system for the whole process. To supplement, our work utilized the physical methods, based on the current theories and models, to help understand the plastication process step by step.

This work of thesis was mainly conducted at INSA-Lyon (Site de Plasturgie), and largely focused on the thermal homogeneity in single-screw plastication process. Temperature is treated as the most critical parameter (pressure being the second important parameter) in plastics processing [CHA 97], hence, the thermal homogeneity in the polymer processing is of great value to study. Single-screw plastication process, which takes place in injection molding and in extrusion, is extensively used for polymer processing, nearly half of the marketing plastic products have experienced the single-screw plastication process. Plastication is in poor relation to process control because it is rarely sufficiently instrumented and therefore difficult to control. The link between a quality defect on the product and the process parameters of plastication is not yet relevant and robust, or even not recognized at all. Indeed, in the particular case of thermal fluctuations, it is open to discussion that these fluctuations could be convected from the screw tip to the mould cavity during the filling process without much change, due to the low thermal diffusion coefficient of any thermoplastic melt.

Single-screw plastication process has been widely studied by a number of scholars with the experimental study, theoretical development, and computational analysis. Most notably, the "cooling experiment", conducted by Maddock [MAD 59], enlightens the experimental study and theoretical development on the plastication process; The classical three regions melting model, formulated by Tadmor [TAD 66], provide reference for plenty of following models and theories on the plastication process; The first computeraided software, pioneered by the Western Electric Engineering Research Center team [KLE 68], support the simulation on the pressure profile, the melt temperature profile, residence times and power consumption in the plasticating process, and since then numerous commercial computer simulation packages for extrusion/injection molding have been developed and marketed [TAD 13].

Thermal homogeneity in the plastication process is crucial and thus got a lot of attention in the previous studies. On the one hand, the measuring methods, both intrusive and non-intrusive, have been utilized in the experimental thermal detection. Pujos et al.

[PUJ 08] used thermocouples installed along the die, in walls, at the borders of the extrusion channel to conduct temperature measurements in unsteady flow, the data was used to validate a new model that determines the temperature profile at the inlet of an extrusion die. Launay et al. [LAU 14] were able to assess the influence of the thermal measurement cell on the temperature field, and to record evidence of viscous heating at higher flow rate. Abeykoon et al. [ABE 12] assessed both intrusive and non-intrusive measurement meth-ods by using a piece of equipment installed with five different sensors. Results showed that both wall-mounted thermocouples and IR sensor are not capable of detecting most of the important thermal variations. The thermocouple mesh provides highly accurate and detailed measurements, but itself is not robust enough for the industrial applications and is intrusive. On the other hand, the influence factors of thermal homogeneity have been also reported. VeraSorroche et al. [VER 14] reported the melt temperature is sensitive to polymer rheological property, screw geometry, and screw speed. Abeykoon et al. [ABE 16b] presented that thermal fluctuations highly varied on the barrel set temperature and screw speed. And the radial location of the highest melt temperature fluctuation depends particularly on the screw geometry. Moreover, a positive correlation was found between the level of melt temperature fluctuations and the level of energy demand of the heaters.

The first part of this work, Chapter 2, aims at discussing the generations of thermal fluctuations in solid conveying and melt conveying of the plastication process. The effect of solid bed velocity and solid bed voidage on the thermal fluctuations in the solid conveying zone are quantified. Gaspar-Cunha's model [GAS 00] and finite difference method are used to formulate and solve the temperature field profile at the end of the delay zone. An equation [DEE 13] was used to connect the solid bed voidage with the effective thermal conductivity. Besides, the constituent of raw material can be numerous, especially with the addition of some waste recycling. A new mathematical model is formulated to study the laminar behavior of a drag and pressure flow of Newtonian fluid between two parallel plates. The results of the mathematical model are compared with the results from the numerical simulation with ANSYS Polyflow, and it founds that a thermal fluctuation can disperse more efficiently in a flow with a back pressure than with a pressure drop. Then, the mathematical model is developed to be used in non-Newtonian fluid, and numerical simulation results present the same conclusion. It gives hints that a higher back pressure can be used to expect a more stable thermal fluid.

In Chapter 4, the laminar dispersion behavior of inlet periodic thermal fluctuations in the polymer melt in the metering zone of the screw channel is studied. The integral transform method is applied to the transient energy conservation equation with the laminar velocity profile obtained for drag and pressure driven flows of a Newtonian fluid. First, the steady state laminar heat transfer problem is solved and extended to the transient case with a periodic single frequency transient inlet temperature. Then the procedure established by Cotta et al. [COT 86b] is exactly followed. The steady-state eigenvalues are calculated to build the transient solution. The results reveal the capacity of the drag and pressure flows to dampen inlet temperature disturbances occurring at the beginning of the metering zone of the screw channel. It is found that a higher level of backpressure is indeed improving the thermal homogeneity in the flow. Moreover, for any given flow, the high frequency disturbances are dampened more efficiently than the low frequency disturbances.

The third part of this work focuses on the numerical analysis of a barrel with transparent windows with ANSYS Workbench. A transparent barrel used in injection molding machine was designed and manufactured by Pham et al. [PHA 13], which enable the in-line visualization of the plastication process. The transparent glass windows, however, could not endure the working environment for a long time. In Chapter 5, Pham's model of a transparent barrel is simplified and rebuilt with ANSYS DesignModeler. The failure theory of the barrel system is established, the maximum equivalent stress safety tool is used for the steel barrel, and the Mohr-coulomb stress safety tool is used for the glass blocks. Then, the effect of contact type, length of glass windows, temperature, pressure, and material properties on the safety factor of the glass blocks are discussed.

A general conclusion and perspectives of this work will be given at the end of this manuscript.

Chapter 1

State of the art

This chapter contains three main parts, it reviews the previous works on single-screw plastication process, thermal homogeneity in plastication process, and visual barrels for plastication machine. And the objectives of this work are put forward as well. Plastication process, defined as the transition of polymer pellets into formable melt along a screw channel in the polymer processing, is a crucial step in injection molding and in extrusion.

Injection molding represents the most important process for mass manufacturing plastic products [FER 14b], which have widespread availability in daily life. Examples include chairs, toys, cases for consumer electronics and disposable cutlery. The raw material can be transformed into a molding in this processing technique and extra finishing operations are not required in most cases. An important benefit of injection molding is the possibility of making intricate and complex geometries automatically in one production step.

Extrusion is another fundamental method for polymer processing. Products can include plastic tubing, pipes, rods, rails, seals, and sheets or films. Extrusion molding has a lower cost relative to other molding processes. This stems, for one part, from the efficiency of the process, and for another part, the reuse of leftover materials, normally discarded as waste in other processes. Another advantage of extrusion is that the plastic remains hot when it leaves the extruder, which allows for post-extrusion manipulation to alter the shape of the extruded plastic to enlarge the flexibility and alterations of the products.

As has been mentioned in the generation introduction, the polymer processing industry is still developing and the products quality problems are still a daily issue to be solved. Hence, the investigation of the thermal homogeneity of the single-screw plastication process is of great value. Up to now, a number of studies have been conducted on this topic. In this chapter, the state of the art of the single-screw plastication process, thermal homogeneity in the plastication process, and visual barrel on injection/extrusion machine are reviewed, and the motivation of the current work are introduced.

Fundamental of single-screw plastication machines

Plasticating, usually involved in the final stage of many extruded polymer products and also an intermediate stage in injection moulded, blown film, thermoformed, and blow moulded products, occurs inside the screw barrel assembly of the extrusion machine and the injection unit of the injection moulding machine.

The arrangement of basic components of a single screw extruder is illustrated in Fig. 1.1 [ABE 16a]. The electric motor drive unit and the gearbox rotate the screw at a preset speed. The raw material of polymer pellets is fed into the barrel through a hopper. The barrel is enveloped by the heaters and cooling elements, which connected to the control unit to hold the temperature at the predetermined temperatures. The screw is the key component of an extruder and it has been separated by three main geometrical zones, which are the solids conveying zone, melting zone, and metering zone, correspondingly. The ability of the screw and barrel assembly to extrude a given material is dependent on the polymer material properties, the screw and barrel characteristics, and the operating system conditions. The injection unit of an injection molding machine, as shown in Fig. 1.2 [FER 18], is similar to an extruder. The main difference lies in the screw operation. A reciprocating screw, which not only rotates but also moves forward/backward, is used in injection molding machine, and acts as a ram in the filling process when the molten polymer is injected into the mold and then retracts backward in the plastication process. Besides, a non-return valve is fitted at the tip of the screw in injection molding machine. The nonreturn valve allows the melt to flow ahead through this valve while the screw is rotated, while it prevents the melt from slipping back during injection the melt into the mold part. Single-screw plastication process is widely studied in a multitude of literature. Plenty of experimental studies have been conducted, and mutually completed with the theoretical development. At the same time, various mathematical models have been built to describe the different sections and aspects of plastication process, which can be solved analytically with some simplifications, and also solved numerically in recent decades by applying computer simulation, because of the complexity of the coupled equations of continuity, motion and energy of transport phenomena.

State of the art

Theoretical development

The main function of the plastication process is to melt and transport the plastics material. The quality of the melt and the plasticating ability of the system determine the production quality and the manufacturing efficiency. A number of research projects have been conducted on the plasticating theory of injection molding machines. At present, the basic theory of injection screw is derived from the theoretical development of extrusion screw, including solid conveying theory, melting theory, and melt conveying theory.

The solid conveying theory is represented by the classical plug flow solid conveying theory: Darnell The melting theory studied the mechanism of the melting section, in which the polymer material contains both solid phase and melt phase: Tadmor [TAD 66] first proposed a mathematical model of the Maddock melting mechanism involving three regions: solid bed, melt pool and melt film, as shown in Fig. 1.3 [TAD 70]; Shapiro [SHA 76a] presented a fusion model of melting of granules in a single screw extruder, which is divided into five regions; Yung [YUN 02] considered the injection machine as a reciprocating extruder, and proposed a transient melting model, which gave an explanation for the experimental phenomenon [DON 71a] that melting rate is maximum at the start point of rotating and will decrease till steady state is reached. Besides, the cross-channel flow melting theory was developed with the experimental observation of laminar melt films. The melt conveying theory is the earliest and most complete theory in the singlescrew plastication process. The parameters of the metering section of the screw have long been used to calculate the throughput of the extruder. The earliest melt conveying theory unfolds the screw channel and treats the melt flow as an isothermal Newtonian fluid between two infinitely large parallel plates. It confirms that the flow regime is laminar flow, and the wall is considered to have no slip, indicating that the pressure along the down-channel direction is linearly distributed, i.e., the pressure gradient is constant in the cross-section of the screw channel. At present, the representative melt conveying theory is proposed by Tadmor 

Experimental study

The plastication process has an important effect on the molding success and is widely studied by a large amount of research groups. A multitude of scholars have carried out a large number of experimental studies on the melt temperature distribution, pressure profile, mixing performance, energy consumption, adaptability and throughput of the singlescrew plastication process. The research results helped optimize the design and selection of screw structure and process parameters in actual production.

"Cooling experiment", an excellent experimental technique to study the plastication ), to promote the understanding of polymer behavior in the plastication process. This system allows the convenient and in-line observation of the dynamic status of polymer inside the injection/extrusion barrel through photography and video recording, and the corresponding material conditions can be further measured via a computerized data acquisition system. The details will be further demonstrated in the following Section 1.4.

Some experiments have been conducted to optimize the screw geometry and operating conditions. For example, Ruberg et al. [FER 14b] measured the melt temperature in front of the screw nozzle of an injection 1. State of the art molding machine using both an IR camera and an IR thermometer to assess the computational results with a new complex plasticating model, which takes into account the backwards movement of the screw, the presence of a non-return valve and the conduction of heat during the idle times. The effect of barrel set temperatures on the average melt temperature in the injection chamber was studied, as shown in Fig. 1.5, the behavior observed for computational and experimental results is very similar. Besides, the effect of screw speed, backpressure and injection chamber length on the average melt temperature were explored, respectively, and the differences obtained between the results of model and experiments are all below 5%, which validated the plasticating model. A great number of experiments have been conducted by using intrusive or nonintrusive measuring methods to study the temperature distribution and thermal homogeneity of the polymer melt in the plastication process. Plenty of influential and interesting results have been concluded. The details will be further reviewed in Section 1.3.1.

Computational analysis

Although the experimental research can directly reflect the advantages and disadvantages of the performance of the screw barrel assembly, the cost is large, the cycle is timeconsuming, and it is difficult to explain the deep plastication mechanism. Therefore, a number of scholars respectively use the modeling calculation and numerical simulation to separate the plastication process, aiming at studying the quantitative relationship between the processing conditions, including polymer properties, screw geometry and operating conditions, and the processing performance, such as throughput, pressure profile, melt temperature profile, power consumption, residence times and strain, length of the screw required for melting and degree of mixing.

Most of the existing studies on the computational analysis of single-screw plastication are focused on extruders, and many of the studies on the in-line injection process take the simpler course of an extruder [FER 14b]. One of the reasons is that it is more complex to model reciprocating extruders, which changes the process model from steady extrusion to that of a discontinuous process, and considers the transient melting behavior in a reciprocating screw. The first computer-aided engineering software package on the simulation of the plasticating extrusion process was pioneered by the Western Electric Engineering Research Center team [KLE 68]. The program is able to simulate the pressure profile along the screw channel, as described in Fig. 1.6 [KLE 68], which indicated that the simulated pressure profile agrees well with the measured one. Besides, the melt temperature profile, residence times and strain, power consumption, power breakdown for the various functions, and expected temperature surging at the die can also be simulated by this program [TAD 13].

State of the art

Chiruvella [CHI 95] used Finite Difference Method (FDM) to solve the velocity, temperature and pressure fields of a two-dimensional non-isothermal non-Newtonian fluid model of melt flow in the screw channel of a single screw extruder, and solved the matching problem between the extruder and the die with Newton iteration method. The effects of different process conditions, screw geometry parameters and material properties on the plasticating performance were analyzed.

Syrjälä [SYR 97] studied the flow and heat transfer characteristics of fully developed non-Newtonian power-law fluids under the action of the isothermal moving wall in the rectangular screw channel of a extruder, and applied the Finite Element Method (FEM) and the penalty formulation method to solve the governing partial differential equations. The influence of the recirculatory motion set up by the diagonally moving top wall in the cross-section of the screw channel on heat transfer was analyzed.

Gaspar-Cunha [GAS 00] developed a global model of the extrusion process, which adopted numerical models based on finite differences and considered the frictional heat between polymer and screw/barrel surfaces as boundary conditions. The results include the output, melt temperature distribution, power consumption, length of screw required for melting, the degree of mixing, residence time distribution and pressure profile of the plastication process. Besides, the determination of the operational point for a given extruder/die combination is obtained. ] developed a simple model to quantify the throughput and peak pressure on the idea of viewing the entire screw as a melt pump. Gauss quadrature formula was used to calculate the pressure gradient along the screw channel. As demonstrated by Fig. 1.7, the model predictions present consistent agreement with experimental data obtained from the literature. The results show that throughput is first and foremost a function of screw geometry, while pressure development, peak pressure, in particular, is a function of polymer viscosity. Besides, the plastication process is apparent on the pressure profile and throughput only when the plastication length is large.

Buick et al. [BUI 06] used the Lattice Boltzmann Method (LBM) to simulate the velocity and stress fields on the cross-section of the screw channel in the mixing section of a screw extruder, and the comparison with Lattice Gas Method (LGM), FDM and theoretical analysis results proved that the LBM simulation method has higher accuracy and computational efficiency. Then, LBM was used for simulation of power-law fluid flow in the mixing section of a single-screw extruder [BUI 09], and the results identified the manner in which the non-Newtonian nature of a fluid changes the flow pattern in the simple geometry considered and highlighted the need to fully consider the non-Newtonian nature of the fluid in such a simulation. The differences between plastication process in reciprocating injection molding and non-reciprocating extrusion should be recognized. First, the injection cycle can be divided into several steps, as demonstrated in Fig. 1.8 [FER 14a]. The screw performances can have three stages: feeding, in which the screw rotating and moving backwards; idling, during which no screw movement; injecting, in which the screw move forwards without rotation and acts as a ram. Second, axial movements of the screw in reciprocating extruders cause that the solid and melt conveying rates through feeding are reduced, compared with non-reciprocating ones. Third, the time for each stage is limited, and the melting process acts in a transient manner. Consequently, the resultant balance equations for in-jection are a lot more complicated in comparison with the similar ones for extrusion.

Donovan [DON 74] combined a transient melting model with models for calculating the melt temperature and the pressure profile in the plastication process, to create a plasticating model which serves as an analytical design methodology for the plasticating portion of the injection molding process. Rao 

Thermal homogeneity in plastication process

In injection moulding or in extrusion, a high level of reliability is usually achieved that makes this process ideally suited to mass market production. Nonetheless, process fluctuations still appear that make moulded part quality control an everyday issue. Whenever some quality problem in the part produced is encountered, the usual response is to incriminate the mould cavity filling stage of the process and to aim at better control of this particular stage by putting pressure sensors inside the mould cavity. Although this is certainly an improvement for reliability by making the process less machine dependent, it is seldom foreseen that the upstream plastication stage could be the source of the fluctuations. Indeed, in the particular case of thermal fluctuations, it is open to discussion that these fluctuations could be convected from the screw tip to the mould cavity during filling without much change, due to the low thermal diffusion coefficient of any thermoplastic melt. Besides, thermal homogeneity in polymer melt has a closed relationship with the energy-consuming efficiency. Therefore, the studies on thermal homogeneity in the plastication process have considerable significance. The state-of-the-art of its measuring methods and influence factors are reviewed in this section.

Measurements of temperature profile

Temperature is treated as the most critical parameter (pressure being the second important parameter) in plastics processing [CHA 97]. Temporal thermal variations may have a large effect on the melt flow, resulting in variations of production rates, non-uniformity of optical, mechanical, and chemical properties of the extruded parts, even extrudates with un-melted particles, etc. [SQU 71][MIA 85]. Therefore, reliable and accurate measurement and suitable mathematical modeling of temperature profile are of great importance for good product quality.

Intrusive measuring methods Intrusive measuring methods have been widely implemented to get the temperature profile in extrusion and injection molding machine, mostly by inserting different kinds of thermocouples, such as conventional thermocouple and auto-traversing thermocouple, into the polymer flow at specific positions.

Amano et al.

[AMA 88] used a special thermocouple on the nozzle of the injection machine to measure the axial temperature distribution of the screw, and studied the influence of processing conditions, screw configuration and other factors on the temperature distribution.

Esseghir et al. [ESS 94] developed a fast-response, cam-driven thermocouple (thermocouple probe can travel in and out of the screw channel driven by a cam) system to measure the temperature profiles in the centerline of the screw channel of a single-screw extruder with various operating conditions of the machine. The effects of viscous dissipation and barrel cooling were observed on the temperature profile. The data obtained indicated the existence of strong cross channel convective heat transfer. The authors stated that the screw speeds still have a limitation and the system needs improvement to allow measurements at more practical speeds.

Pujos et al. [PUJ 08] used thermocouples installed along the die, in walls, at the borders of the extrusion channel to conduct temperature measurements in unsteady flow, as illustrated in Fig. 1.9, to determine the temperature profile at the inlet of an extrusion die. Measured temperature data is used to validate a new model that describes flow, heat generation, thermal exchanges, and their coupling by thermal rheological laws. Non-intrusive measuring methods Non-intrusive measuring methods have been conducted in a number of experiments, as for their advantages compared with the intrusive measuring methods, whose invasive nature affects friction characteristics and heat transfer, and influences the outcome of measured parameters.

Ultrasound velocity method was employed by several scholars. Brown et al. [BRO 00] mounted an ultrasonic virtual instrument on industrial scale extruders, by which process data was automated and conducted in real time. Experimental results presented ultrasonic velocity method to be a powerful tool for improving knowledge of polymer melt bulk temperature during extrusion. Muller et al. [M ÜL 09] created new in-line ultrasonic probes, which apply a buffer rod system with a glassy carbon core material, for monitoring of polymer melts in polymer processing. The ultrasonic attenuation spectra were measured and the content of fillers in polymers in the melt under processing conditions are presented.

Infrared pyrometers/thermometers have been well-documented in a number of publications to measure the temperature of a polymer melt. By detecting the infrared thermal radiation of a molten polymer through a glass window along optical fibers, infrared sensors offer another non-intrusive method of temperature measurement. Most notably, Nietsch et al. [NIE 97] presented melt temperature measurements with an infrared thermometer during extrusion and investigated the influence by the surface emissivity and the rotating screw. Dontula et al. [ DON 91] used infrared sensors to analyze the influence of molding conditions (screw speed, back pressure, injection stroke and road dryness) on the melt temperature distribution, and pointed out that the melt temperature rise, as much as 44°C above the barrel set temperature, was due to the dissipation in the plastication process. Bendada et al. [BEN 03] described an on-line infrared method for remote sensing of the surface and the bulk temperatures of a polymer film during injection moulding, which can exhibit low transmission loss of the thermal energy in the mid-and far-infrared, and no end reflection. Besides, a two-wavelength, corresponded to fundamental absorption bands of polyethylene terephthalate (PET), infrared system was developed [BEN 04] for the online measurement of the temperature profiles of PET microfibres on an industrial-scale extrusion die. The Near-infrared spectroscopy (NIR) was implemented by Rohe et al.

[ROH 98]. A transmission sensor was developed for the application of NIR spectroscopy to extrusion processes, at temperatures up to 300°C and pressures up to 35 MPa. An infrared temperature sensor has been used by Vera-Sorroche et al. [VER 15] to provide real time quantification of the thermal homogeneity of polymer extrusion at the entrance to the extruder die, the results revealed sensitivity to fluctuations caused by melting instabilities and kept close to bulk melt temperature measured by a complementary technique.

Noriega et al. [PIL 04] presented a non-invasive measuring method by using a small quartz window and a rigid boroscope with a fast response time to capture experimental data and images inside an extruder. By sensing the difference in optical properties between the melt and the solid phase, the melting behavior of high density polyethylene was visualized and measured.

A new non-invasive fluorescent measurement sensor, as shown in Fig. 1.12, was created by Bur et al. [BUR 04], to measure the temperature profile across the melt flow inside the extruder barrel, i.e., from the screw root to barrel wall. The vertical temperature profiles were obtained as a function of screw speed, screw design and resin melt flow rate, and it was found to be quite flat at low screw speeds with a conventional screw, while became a center-lower line as the screw speed increased. Besides, a large temperature gradient near the root of the screw was observed, which indicated high shear stress.

Yang et al. [YAN 08

] reported a new non-invasive technique, electrical capacitance tomography (ECT), to measure the cross section temperature profile in real time in polymer extrusion, through obtaining the permittivity distribution of polymer in a cross-section. The authors present that ECT has several advantages over other measurement methods, such as low cost, fast response, no radiation, non-intrusive, and robust in hostile environments.

In the pre-mentioned work by Abeykoon et al. [ABE 12], who measured the temperature profile in extrusion process by using a highly instrumented equipment, which is installed with five different sensors: a non-insulated wall mounted thermocouple, a semi-insulated wall mounted thermocouple, an insulated wall mounted thermocouple, a thermocouple mesh, there was also a Methotrexate IR sensor, as demonstrated in Fig. 1.13. Results showed that the wall mounted thermocouples are poor in capturing process thermal variations, in which the IR sensor performed better. However, both of them are limited to a small volume of the melt flow in where they were fixed, therefore, the authors concluded that point/bulk measurement techniques are not capable of detecting most of these important thermal variations. The thermocouple mesh provides highly accurate and detailed measurements, but itself is not robust enough for the industrial applications and is intrusive.

Even though both the intrusive methods and non-intrusive methods mentioned above have limitations, the temperature profiles along different positions of the screw channel and barrel chamber are quantified. Based on these data, the influence factors of thermal homogeneity in the plastication process could be explored. 

Influence factors on thermal homogeneity

Thermal homogeneity has a critical effect on the quality of extrudates and injected products. The influence factors of thermal homogeneity in the plastication process could originate from all of the input parameters, which includes processing materials, screw geometry, and operating conditions. A series of experiments and calculations have been conducted to investigate this problem. Brown et al. [BRO 04] used a higher resolution sensor of electro-welding thermocouple to investigate the influence of screw speeds on the melt temperature at the die section of a single screw extruder. The results showed that at low screw speeds the melt temperature across the flow was flat in shape while it became more pointed at higher screw speeds, and was highest in the center of the flow.

Kelly et al. [KEL 06] studied the temperature profile of flowing melts of LDPE at the entrance to a single screw extruder die and concluded that screw geometry has a significant effect on melt temperature profile. Flow melt in a barrier flighted screw provided best melting conditions, especially at higher screw speeds.

VeraSorroche et al. [VER 14] reported a number of causes for fluctuations in the temperature field. The melt temperature is found sensitive to polymer type, screw geometry, and set process conditions. Experimental results exhibit that higher levels of thermal fluctuations, which means a lower melt homogeneity, were observed in single flighted screws ( both stepped compression screw and tapered compression screw) than barrier flighted screws, as shown in Fig. 1. 14 [VER 14]. Besides, thermal fluctuations increased in magnitude with increasing screw speed, which can be explained by a shorter residence time of the polymer inside the extruder barrel. Moreover, due to the differences in rheological 1. State of the art property, melt temperatures for LDPE were lower in all cases and more constant across the channel width than corresponding values for HDPE. Abeykoon et al. [ABE 16b] provided new insights in a wide range on melt thermal homogeneity in polymer extrusion. The results showed that thermal fluctuations highly varied on the processing conditions, such as barrel set temperature and screw speed. And the radial location of the highest melt temperature fluctuation across the melt flow depends particularly on the screw geometry. Moreover, the level of melt temperature fluctuations was found to relate to the level of energy demand of the heaters, which the higher the energy demand of the heaters the higher the melt thermal fluctuations.

In this thesis, the generation of thermal fluctuations in solid bed conveying and melt conveying zone of the plastication process are explored from a modeling stand-point. The effect of solid bed velocity and solid bed voidage on the thermal fluctuations are revealed quantitatively. Moreover, the influence of polymer properties on the fluctuations of throughput and peak pressure is studied. The details will be presented in Chapter 2.

From the literature reviewed above, we know that the temperature profile in the plastication process can be measured with variety of methods, and the influence factors of thermal homogeneity are also widely discussed. In other words, the thermal fluctuations in the plastication process have been detected and their origins are analyzed, however, few researchers have been found to work on the development/disappearance of thermal fluctuations, which here means the dispersion behavior of thermal fluctuations in the plastication process, make it difficult to understand how thermal fluctuations propagate in the screw channel, and whether and how can they effect on the thermal homogeneity of the following process -the molding stage. The heat transfer mechanisms have been ex-tensively studied in chemical engineering, and in this thesis, we creatively use it in the polymer processing. As the screw channel can be treated as a rectangular cross-section channel with top wall velocity, an initial slug thermal fluctuation and a periodic inlet thermal fluctuation are assumed to take place at the beginning of the metering zone of the screw channel, respectively, to study their dispersion behavior at the end of the metering zone. The details will be demonstrated in Chapter 3 and Chapter 4.

Visual barrel for single-screw plastication machine

The plastication process has a crucial influence on the energy efficiency and product quality of the injection molding/extrusion. A number of experiments have been conducted as reviewed above, and plenty of theories and conclusions are drawn up to provide a better understanding of the plastication process and operation control. On the one hand, however, the current experiments have their native drawbacks. For example, the famous "cooling experiment" is a time-consuming operation and the material status within the machine cannot be easily visualized [GAO 00]. On the other hand, temperature measurement may not completely reveal the melting mechanism, unless the melting process can be visually observed. Therefore, one of the best ways to study the plastication process is to design a barrel with transparent windows, which is called "visual barrel" in this work, in order to permit an in-line visualization of the polymer status in the barrel through photography or video recording. Besides, by combining with other instruments and materials, like temperature measurement sensors and temperature-sensitive fluorescent dye, the corresponding material conditions can be also measured or determined via a data acquisition system. The design and fabrication of visual barrels for single-screw plastication machine have been conducted by a number of scholars as follows:

Eccher and Valentinotti [ECC 58] used a small transparent extruder sleeve and a transparent viscous fluid cooperated with tracer particles, the results confirmed the shallowchannel theory.

Mohr et al. [MOH 61] used a model extruder with a transparent rotating barrel, two cameras were mounted perpendicular to each other and to the barrel axis. Velocities were found by the photography of tracer particles. Data were obtained near the channel center and again confirmed the shallow-channel theory qualitatively.

Choo et al. [CHO 80] inserted two concentrically bored Perspex blocks into an extruder barrel to form viewing windows for tracer particles, which provided channel velocity profiles that used for testing and development of a deep-channel model for single screw extruder. The Perspex cylinders measure 30 mm internal diameter by 80 mm long. A Newtonian liquid under isothermal and developed flow conditions was studied. The temperature of barrel and fluid were only brought up to 40°C.

Fang et al.

[ FAN 91] used an extruder with glass windows in its barrel to do experiments and confirmed the validity of non-plug solid conveying theory proposed by themselves. However, the transparent part of the barrel only showed solid conveying stage, which sustains less heat and pressure than the following stages, like the melting process 1. State of the art and melt conveying process. [GAO 00] to promote the understanding of polymer behavior in a reciprocating screw injection molding machine. This system allows the dynamic status of the polymer inside the injection barrel to be conveniently visualized through photography and video recording. Each glass window is 80 mm in length and 14 mm in width. The 5 glass windows are installed at both the front and back sides of the barrel, as shown in Fig. 1.16, with the end of one window aligned with the beginning of the next, but only windows 1 to 4 are used. A melting history can be observed, but the melting conveying process is not shown completely. The highest temperature in the record is 200°C. Some photos on plastication process were obtained on injection molding by this equipment. However, the device still has some drawbacks. First, the fifth window was abandoned for a leakage problem. Thus, the melt conveying stage is not visualized. Second, only one camera was used, which lead to a lack of continuous phase transformation of polymer. Finally, the highest temperature in the record is 200°C, which is a little limited for real processing. Moguedet [MOG 05] invented and assembled the "VISIOVIS" visualization tool, which is a fully transparent sleeve in Poly(methyl methacrylate)(PMMA). This instrument was originally designed in the aim of visualizing the 3-dimensional trajectories of a fluorescent particle in a transparent liquid. In recent years, the laboratory has continued to develop this system as original equipment in order to adapt it to the analysis of dispersion (or distribution) of nano-charges in viscous fluids circulating in complex geometry. In this case, it looks like a screw-barrel assembly used in injection molding machines or extruders.

A new barrel with transparent windows used in an industrial-sized injection molding machine was designed and fabricated by Pham [PHA 13] at the laboratory of the "Site de Plasturgie" (University of Lyon), the same place we are now working at. The visual barrel has three glass blocks, each one has one face for lightening and two faces for visualization, record by 3 synchronized cameras and lighting by laser. The 2-D sketch and 3-D view of the barrel are illustrated in Fig. 1.17. This visual barrel is mounted on the "Billion H470-200T" injection molding machine. Plenty of photos were taken by using this visual barrel system. The results demonstrate the evolution of the solid bed relative to the speed of rotation of the screw, and illustrate the appearance of molten films between the flight of the screw and the solid bed, and between the top wall of the barrel and the solid bed, as shown in Fig. 1.18, which confirm the usual observations of the solid bed in polymer transformation processes. Besides, the results show the appearance of the rupture of the solid bed, as demonstrated in Fig. 1.19, whatever the rotation speed of the screw, and obtain the speed of the solid bed with respect to the speed of the rotation speed of the screw, which could be verified by other experiments. By using this visual barrel system, the first reconstructed video from the captured photos in the world of plastics was edited, and it shows what is happening in the screwbarrel system during the injection-molding process.

The optical glass blocks were not robust enough in the common working conditions, however, despite an extremely meticulous and careful procedure for warming up the barrel before any experiment and cooling it down after, cracks were appearing in the glass windows. The reasons for the breakage of the glass windows are still unclear. The failure analysis, with the aim of analyzing the effect of operating conditions on the safety factor of the existing glass windows, was conducted with ANSYS Workbench in Chapter 5.

Chapter 2

Thermal fluctuations generated in solid bed conveying and melt conveying

In this chapter, an investigation is conducted to reveal the effect of solid bed velocity and voidage on the thermal fluctuations. Moreover, the influence of polymer properties on the fluctuations of throughput and peak pressure is studied. 

Introduction

A high level of reliability is usually achieved that makes the injection molding and extrusion ideally suited to mass market production. Nonetheless, process fluctuations still appear that make molded part quality control an everyday issue.

A number of research groups have taken up the task of detecting and analyzing thermal fluctuations in the plastication process of an extruder or an injection moulding machine. Most notably a temperature measurement cell has been designed and used by [LAU 14] and [ VER 14]. Both used a network of thermocouples plunged into the polymer flow and measuring the melt temperature free from the influence of the metallic barrel. Launay et al. [LAU 14] were able to assess the influence of the measurement cell on the temperature field, and to record evidence of viscous heating at higher flow rate, while VeraSorroche et al. [VER 14] report the effect of polymer type, screw geometry, and processing conditions on the fluctuations in the temperature field.

As the first crucial step in the plastication process, the solid conveying has not received enough attention, due to the difficulties associated namely in considering that the solid bed does not behave as consistent block, as well as in determining some important polymer physical proprieties such as bulk density and coefficients of friction, which depend on process variables like temperature, velocity, and local pressure [GAS 00]. It is open to discussion that the thermal fluctuations generated in solid conveying zone could propagate and influence the whole following process.

Polymer rheological properties, such as viscosity, have been observed experimentally to have a significant effect on thermal homogeneity of the melt [ VER 14]. The reason could be that the viscosity, referred to inner friction between molecules, determines the efficiency of the transformation of kinetic energy into internal energy of the fluid. The variation of the polymer properties are larger and much more common with recycled materials, which are increasingly utilized in the practical industry. Therefore, it could be very interesting to investigate the influence of polymer properties on the homogeneity of the plastication process in an analytical method.

In this chapter, fluctuations caused by solid bed and polymer properties in solid conveying and melt conveying process, respectively, are studied. To do this, a brief introduction of the fundamental of plastication principles and operating conditions are given in section 2.2. In section 2.3, the effect of solid bed velocity and solid bed voidage on the thermal fluctuations are studied after solving the temperature field profile with Tadmor's melting mechanism and Gaspar-Cunha's operating conditions. In section 2.4, the effect of polymer rheology properties on the fluctuations of throughput and peak pressure is investigated by using the model formulated by Béreaux et al., which treats the entire screw as a melting pump. The results can be used to have a better understanding of the generation of the thermal fluctuations. A typical single screw used in injection molding or in extrusion has three geometrical sections: the feed section, the compression section, and the metering section, as shown in Fig. 2.1 [B ÉR 04]. The channel depth is constant in the feed section and the metering section, while in the compression section the channel depth changes along the axis. Correspondingly, the classical melting mechanism in plastication process is divided by 4 zones [KAC 72]: the solid bed conveying zone, the delay zone, the melting zone, and the metering zone. A sketch of the plastication process is demonstrated in Fig. 2.2. The 4 distinct zones of plastication in a three sections single screw are listed below:

1. First, in the feed zone of the screw, there is conveying of a solid bed made of compacted pellets. Pressure increases steeply along the screw but cannot reach very high values in a smooth barrel extruder without actually provoking the melting of the superficial layer in contact with the barrel hence releasing any extra-pressure.

2. The next step is called the delay zone whereby the molten film of polymer increases in thickness and possibly permeates the solid bed itself.

3. Proper melting should occur in the compression zone, when the melt film has increased up to a point where it pierces the solid bed to create a melt pool. This melt pool coexists side by side with the solid bed of ever decreasing width.

4. Toward the end of the compression zone and in the metering zone of the screw, the solid bed is completely melted and there is melt conveying solely. 

Modeling parameters

In this section, the extruder geometry from Gaspar-Cunha's thesis [GAS 00] is used for the modeling of temperature field in the solid conveying process. We looked at what could be the reasons for temperature fluctuations during the solid bed conveying process of the plastication. In this section, a combination of Tadmor's melting mechanism and Gaspar-Cunha's operation parameters [GAS 00] is carried out to compute the temperature field in the solid conveying process. Then, the effect of solid bed velocity and the solid bed voidage on the thermal fluctuations are studied.

Formation of the temperature field

The modeling of the temperature profile in the plastication process was conducted in extensive works. When modelling this process, it is commonplace to consider a rotating barrel to make part of the plastication stationary, and, because the channel depth is much less than the barrel diameter, to define the screw channel as a rectangular flat channel [TAD 79a][STE 12], so that Cartesian coordinates can be used. Therefore there are three orthogonal directions of interest: the first is down-channel z (along the screw flights), the second is crosschannel x (normal to the flights) and the last one is along the channel depth y, as shown in Fig. 2.4. The origin in y direction is taken at the screw root, while the origin in z direction is under the hopper. The other assumptions and simplifications considered in this section are as follows:

1. The mechanical power dissipated on the flights are neglected; The advection-diffusion equation is used to describe the temperature profile in the screw channel, as outlined in Eq.(2.1), the left term refers to the thermal advection in z direction, and the right term represents the thermal diffusion in x,y,z directions:

ρ s C p V sz ∂T ∂z = k s ∂ 2 T ∂x 2 + k s ∂ 2 T ∂y 2 + k s ∂ 2 T ∂z 2 (2.1)
where ρ s is the solid polymer density, C p its heat capacity, V sz is the solid bed velocity in the down-channel direction, and k s its thermal conductivity.

The dimensionless values are given as:

θ = T -T i T w -T i , z = z L , x = x W , y = y H (2.2)
where L, W, H is the length, width, and depth of the screw channel, respectively, and T i , T w is the inlet temperature and wall (barrel) temperature, respectively. Substituting Eq.(2.2) into Eq.(2.1) yields:

∂θ ∂z = 1 G z ( H 2 W 2 ∂ 2 θ ∂x 2 + ∂ 2 θ ∂y 2 + H 2 L 2 ∂ 2 θ ∂z 2 ) (2.3)
where G z is the Graetz number, and

G z = ρ s C p V sz H 2 k s L (2.4)
Knowing that H << W << L, we have H L << H W << 1, therefore, compared with heat conduction in the radial direction, the other two can be neglected.

Therefore, Eq.(2.1) can be simplified as

ρ s C p V sz ∂T ∂z = k s ∂ 2 T ∂y 2 (2.5)
The room temperature is used as the inlet condition for the calculation, and the boundary conditions are provided by the friction between the screw root and polymer, the friction between the barrel inner surface and polymer, and the heater wrapped outside of the barrel.

The mechanical power dissipated on the barrel inner surface and on the screw root are formulated by Gaspar-Cunha [GAS 00]. Here a simplified model is used:

E s = πN s D s f s W s P m Z f eed 1 2 (2.6) E b = πN s D b f b W b P m Z f eed 1 2 (2.7)
where E s and E b is the the mechanical power dissipated on the barrel surface, and on the screw root, respectively. N s is the screw rotation speed; D s is the external screw diameter; D b is the internal barrel diameter; f s is the frictional coefficient between screw and polymer; f b is the frictional coefficient between barrel and polymer; W s is the channel width at the root of screw; W b is the channel width at the barrel surface, which is considered as the same value of W s ; P m is the pressure ratio cited from Gaspar-Cunha's thesis [GAS 00]; Z f eed is the length of the feed section of the screw channel. Therefore, the heat fluxes through the barrel inner surface and screw root (per unit surface) can be obtained by E s and E b divided by the surface where they act, respectively,

q s = πN s D s f s P m 1 2 (2.8) q b = πN s D b f b P m 1 2 (2.9)
The heat generated at the barrel inner surface is dissipated in both direction of the solids and of the barrel [TAD 79b]:

q b = -k s ∂T (y) ∂y y=H + k b ∂T (y) ∂y barrel (2.10)
where k b and k s is the thermal conductivity of the steel barrel and of the solid polymer, respectively.

Imagine that the thermal sensor inside the barrel is at the distance of d from the interface of the barrel, assume that a linear temperature profile exists in the barrel, the thermal gradient in the barrel can be obtained:

∂T (y) ∂y barrel ≈ T b -T d (2.11)
where T b is the detected barrel temperature value, and T is the barrel interface temperature. The screw temperature is unknown. To describe the heat flux on the screw surface, the screw is assumed to be adiabatic, then it follows that q s = k s ∂T (y) ∂y y=0 (2.12) Fig. 2.5 shows the finite difference grid with lines parallel to the y and z axes. the screw channel is filled with the grid, which means the top line of the grid is the barrel surface, the lowest line is the screw surface, and the most left vertical line is the beginning of the screw channel. The point labeled i, j corresponds to (z, y) = (z i , y j ), etc. The 4 red points involved in these approximations for an explicit numerical scheme of calculating The backward difference approximation is used for the first order derivative in the z direction for the discretisation of Eq.(2.5), and the explicit scheme is used for the second order derivatives in the y direction: 

∂T (y) ∂z i, j = T i, j -T i-1, j ∆z (2.13) ∂ 2 T (y) ∂y 2 i, j = T i-1, j-1 -2T i-1, j + T i-1, j+1
ρ s C p V sz T i, j -T i-1, j ∆Z = k s T i-1, j-1 -2T i-1, j + T i-1, j+1 ∆y 2 (2.15)
Rearrange this equation can we obtain:

r T i-1, j-1 + r T i-1, j + r T i-1, j+1 = T i, j (2.16) 
where

r = k s ∆z ρ s C p V sz ∆y 2 (2.17) r = 1 -2r (2.18)
Eq.(2.16) shows that the temperatures on the right term can be obtained from the temperatures on left term, which could be calculated in the previous step, and the very beginning step is corresponding to the initial temperature for z = 0(i = 0). A matrix is formed with replacing j by 1, 2, ..., N-1:

A T = B (2.19)
where (2.20)

A =      r r
T T = T i-1,1 T i-1,1 . . . T i-1,N-1 T i-1,N (2.21) B T = T i,2 T i,3 . . . T i,N-2 T i,N-1 (2.22)
By solving this matrix, the value of T i,2 , T i,3 ,...,T i,N-2 , T i,N-1 can be obtained.

The second order of Neumann boundary condition is used to calculate the value of T i,1 and T i,N . Write Taylor series on the two penultimate points, and neglect the remainder:

T i,N-1 = T i,N -∆y ∂T (y) ∂y N + ∆y 2 2 ∂ 2 T (y) ∂y 2 N (2.23) T i,N-2 = T i,N -2∆y ∂T (y) ∂y N + 2 2 ∆y 2 2 ∂ 2 T (y) ∂y 2 N (2.24)
Combining the two equations yields:

4T i,N-1 -T i,N-2 = 3T i,N -2∆y ∂T (y) ∂y barrel (2.25)
By the same way, it can be obtained:

4T i,2 -T i,3 = 3T i,1 -2∆y ∂T (y) ∂y y=0 (2.26)
Substituting Eq.(2.10) into Eq.(2.25) and Eq.(2.12) into (2.26), the value of T i,1 and T i,N-1 can be obtained, and then the following line of T i+1,1 to T i+1,N can be calculated in the same way, to move forward, the whole temperature field profile along the screw channel can be obtained.

Results of the models are shown in Fig. 2.6. The temperature curve changes with the different length of screw channel and different positions in the height. The green line is at the beginning of the solid bed conveying zone, the boundary conditions of friction heat from both screw and barrel side heat up the polymer pallets and the temperature of the 2. Thermal fluctuations generated in solid bed conveying and melt conveying barrel side is lower because of the cooling system. The blue line gives the temperature profile at the end of solid conveying zone, i.e., the start of the delay zone, we can find that the temperature at the barrel side reaches the melting point. The red line shows the temperature profile at the end of delay zone, i.e., the start of melting zone, we can find the barrel side has already had a melt layer, which is consistent with the plastication theory. The location of these three lines are demonstrated in Fig. 2.7. 

The effect of solid bed velocity on thermal fluctuations

In the injection molding process, the reciprocating screw experiences the cycle of injection, holding pressure and rotation backward, which leads to a considerable variation of solid bed velocity. In extrusion, the solid bed deformation and acceleration can also produce a variation of the solid bed velocity [DON 71b]. The effect of solid bed velocity on thermal fluctuations is explored based on the temperature field model formulated in the previous section.

As shown in the Table 2.2, solid bed velocity changes have a large influence on the delay zone lengths and further effect on the plastication lengths. This is because a higher solid bed velocity means a shorter conduction time and therefore a longer plastication length is required to completely melt the polymer. Moreover, temperature field calculations performed with a small change of ±10% on the solid bed velocity resulted in changes of about ∓ 3°C in the temperature field at the end of the delay zone. Therefore, fluctuations in the solid bed velocity could well be a source of subsequent temperature fluctuations in the process.

Tableau 2.2: The effect of solid bed velocity on the average temperature at the end of delay zone(T d ). Velocity T d /°C 0.21 72.3 0.27 68.8 0.32 66.3

The effect of solid bed voidage on thermal fluctuations

The solid bed is actually compaction of polymer pellets, with a compaction level depending on the processing parameter and channel geometry. Therefore, it could be viewed as a porous solid, with a varying volume fraction of air in a solid polymer matrix. As achieved in a classic experiment conducted by Scott and Kilgour [SCO 14], the maximum value of random close packing is about 0.637. Thus, the volume fraction of air in the initial solid bed may reach 0.363 or even higher when bridging and lacking of polymer pellets happen. With increasing pressure on the solid bed, the volume fraction of air decreases fast along the screw channel. Therefore, it is relevant to investigate if, by varying the air volume fraction, the conductivity would change enough to change the temperature field significantly, and thus constitutes a potential source of fluctuation. As a first approximation, the effective thermal conductivity k eff of a porous solid bed with spherical inclusions, in the dilute regime is given by [DEE 13]:

k eff = k s Å 1 + 3 k air -k s k air + 2k s φ ã (2.27)
where φ is the volume fraction of air, k air and k s are the thermal conductivity of air and the polymer pellets. As shown in Table 2.3, the variation of the solid bed voidage influences the effective thermal conductivity of the solid bed, and then leads to a thermal fluctuation at the end of the delay zone. When the air volume fraction varies from 0 to 0.3, a higher mean temperature of 5.5°C at the end of the delay zone is calculated. It is not conceivable that such a high volume fraction could occur, therefore we deduce that temperature fluctuations coming from solid bed porosity are much less than this value.

Melt conveying 2.4.1 Formation of the throughput and peak pressure

Throughput in the conveying zone is the combination of two factors: one is screw rotation which provides a drag flow, the other is the pressure gradient in the screw channel. When the pressure gradient is positive it hinders the drag flow, while it promotes the flow when negative. Throughput is constant along the channel, while pressure development (Fig. 2.8) starts from atmospheric pressure and ends at backpressure imposed on the screw in the case of injection moulding, or at atmospheric pressure at the die exit in the case of extrusion. In extrusion, the level of back pressure is the result of the combination of die and screw, so it cannot be set at will, while in injection moulding it is a freely adjustable processing parameter.

The model used in this work hinges on the idea of viewing the entire screw as a melt pump. By combining the screw geometry, the polymer rheology with the processing parameters, overall operating conditions of the process such as the throughput and peak pressure can be quantified. The assumptions and the equations of the model were previously described by Béreaux et al. 

η = K exp[-a(T -T ref )] γ (n-1)
(2.28)

G = H (n+1) 6KV 0 n ∂P ∂Z (2.29) s = 1 n (2.30) Q = V 0 HW sign(G)|6G| s (s + 1)(s + 2) f (y 0 ) (2.31) f (y 0 ) = (1 -y 0 )|1 -y 0 | (s+1) + y 0 |y 0 | (s+1) -(s + 2)|y 0 | (s+1) (2.32) 0 = |y 0 | (s+1) -|1 -y 0 | (s+1) + 1 + s |6G| s sign(G) (2.33)
where η is the viscosity; K is the consistency factor, which is a function of the barrel temperature T setting along the screw; γ is the shear rate and n is the power-law index; G is a dimensionless pressure gradient in the screw channel, H is the channel depth and V 0 is the constant velocity of barrel in the Z direction, Z is a coordinate taken along the length of the unwound screw channel; ∂P ∂Z is the local pressure gradient; Q is the throughput, W is the width of the screw channel, y 0 is the dimensionless depth at which the shear rate of flow vanishes.

Depending on the configurations of drag and pressure flow, different velocity (V z ) profiles are available, which generate different values of y 0 , as shown in Fig. 2.9.

Eq.(2.28) describes the rheological behavior of a molten polymer in a shear flow at a given temperature, which is the simplest way to take into account the shear thinning properties of thermoplastics materials. The dimensionless pressure gradient G can be given by the local pressure gradient ∂P ∂Z in Eq. pressure gradient G, and parameter y 0 are built by Eqs.(2.31), (2.32) and (2.33). The solutions (Q, G, y 0 ) of this non-linear system are obtained numerically, which require an iterative procedure with a well-defined starting point. Depending on the sign of the pressure gradient, the parameter y 0 can reach very different values.

A three-step procedure has been designed by Béreaux et al. [B ÉR 09] to find a starting point as close as possible to the solution.

(1) A starting flow rate value Q 0 is assigned by the analysis of approximation for closed discharge, whereby the pressure gradient is at its maximum, entirely counteracting the drag flow;

(2) The coefficient of interpolation found in (1) is then applied to estimate the pressure gradient G 0 ;

(3) An initial guess for parameter y 0 is found as the root of Eq.(2.33) using the preset value of G 0 . This finally gives a couple of initial values (G 0 , y 0 ) which can be fed into the full system of equations where Q is also unknown.

The calculation is conducted by using the injection molding machine "Billion 40", the geometry parameters of the screw are listed in 

The effect of polymer properties on thermal fluctuations

By using Béreaux's model and the operating parameters described above, the throughput and pressure profile along the screw channel can be calculated. A 20% variation of the power-law index, flow consistency factor, and activation energy, respectively, of the polymer, is conducted to investigate the fluctuations of throughput and peak pressure, of which the original values are calculated as 8.87 Kg/h and 31.7 MPa, respectively. Fig. 2.10 displays how variations of polymer rheology (flow consistency factor, shear thinning index and activation energy) could change the throughput and the peak pressure. Clearly, the throughput presents non-neglected fluctuations with the variations of polymer rheology whether through the polymer consistency or the shear thinning index. And the peak pressure near the end of the compression zone is remarkably sensitive to a change in the power-law index, making this variable very interesting for monitoring any variability in polymer material properties in practice. The reason of this phenomenon could be that the viscosity expresses the magnitude of internal friction in a fluid, the improvement of viscosity brings on a stronger connection force or stress between polymer molecules, results to a higher pressure profile. This can also explain some research [WIL 99] that ignored the shear thinning property achieved a systematic overestimate of the pressure prediction. It is worth noting that a 20% change in the consistency is quite modest and could easily happen in the case of recycled material or a change in drying conditions of the material. The polymer HDPE used in this work is not very thermo-dependent, thus the energy activation is expected to have less influence on the fluctuations of both throughput and peak pressure, which corresponding to the results showed in the Fig. 2.10.

According to the law of conservation of mass, the throughput equal to the mass flow rate through the cross-section of each zone of plastication. Therefore, the throughput value Q t can be related to the solid bed velocity with Eq.(2.34): Then, the fluctuations of throughput caused by polymer properties can be transferred to the fluctuations of solid bed velocity and the temperature at the end of the delay zone, by using the temperature field profile calculated in the previous section. As shown in Fig. 2.11, with 20% changes of polymer properties, the solid bed velocity and temperature at the end of the delay zone have corresponding variations, and the power-law index has the most responsive influence, which is in agreement with the throughput variations.

Q t = V sz W s H f ρ s (2.34)
The mechanical pressure fluctuations can lead to the thermal fluctuations in the plastication process, if the leakage flow through the clearance between the screw flight and barrel is considered in the practical forming process. The variable pressure could cause the change of flow rate through the clearances. The melt from the former screw pitch has a higher temperature and is heated up again when going through the flight clearances, then lead to thermal fluctuations in the latter screw pitch. Moreover, pressure fluctuations could affect the frictional heat produced by the polymer and surfaces of barrel and screw surface. Therefore, the pressure fluctuations can also be related to temperature fluctuations in the plastication process.

Conclusions

In this chapter, Tadmor's melting mechanism is combined with Gaspar-Cunha's operating conditions to calculate the temperature field profile in the solid conveying process. Moreover, a simple model of throughput calculation formulated by Béreaux et al. is used to relate the screw geometry, the polymer rheology and the processing parameters to get a good estimate of the mass flow rate and pressure profile along the screw channel. Two factors in solid bed conveying process and three factors of polymer properties in the melt conveying process are drawn up that could cause thermal fluctuations in the plastication process. It can be found that:

(1) A change of ±10% on the solid bed velocity results in changes of about ∓ 3°C in the temperature field at the end of the delay zone, which means that fluctuations in the solid bed velocity could well be a source of subsequent temperature fluctuations in the process.

(2) A variation from 0 to 0.3 of the air volume fraction can induce a higher mean temperature of 5.5°C at the end of the delay zone, which gives hint that the variation of solid bed voidage can lead to temperature fluctuations.

(3) Variations of the polymer consistency and power-law index could lead to nonneglected fluctuations of the throughput, which can be further related to the thermal fluctuations.

(4) Small changes in the power-law index could lead to very large changes in the peak pressure. The mechanical pressure fluctuations can also be a source of thermal fluctuations as it influences the frictional heat and leakage flow volume through the screw flight clearances.

Chapter 3 Laminar dispersion of initial thermal fluctuations

In this chapter, the laminar dispersion of initial thermal fluctuations in Newtonian fluid and non-Newtonian fluid are studied analytically and numerically. New models are developed to investigate the laminar dispersion behavior of thermal fluctuations in the metering section of the screw channel, and the influence of slug length and flow pressure to the dispersion behavior are discussed. The results are confirmed numerically with ANSYS Polyflow. 

Introduction

Laminar dispersion refers to the phenomenon which diffusion is enhanced by flow velocity. Diffusion, characterized by the molecules behaving as "random walkers", is the spreading out of particles that occurs due to the random thermal motion of molecules. In the flow that velocity is uniform everywhere, like plug flow, molecules at different positions of the flow move with the same advection velocity and it is only diffusion flux that differentiates between them. However, the laminar flow in the screw channel, a combination of pressure flow with drag flow, has different flow velocities in different layers, as shown in Fig. 3.1. Diffusion in the direction transverse to the flow makes molecules jump over from one layer to the next, and thereby these molecules can be transported over different distances as the results of the difference in velocities. This smearing out phenomenon generated indirectly from diffusion is here defined as laminar dispersion. Here in this study, we developed a new model, with drag and pressure laminar flow in a rectangular cross-section channel, to study the dispersion behavior of an initial thermal fluctuation in the metering section of the plastication process. It is found that the average residence time in the metering section L/V ave (L is the length of the metering zone) is about a tenth of the diffusion time scale H 2 /D. This is particularly important because it means that this residence time is too short for the dispersion coefficient to reach a steadystate, but too long to be able to neglect radial thermal diffusion and resort to a purely convective solution. Therefore, the use of Gill's model [GIL 70a], considered a timedependent dispersion coefficient, for computing the time evolution of the temperature fluctuation, averaged over the channel depth, is relevant.

The polymer melts are assumed for simplicity to be an inelastic liquid in our analysis of the single-screw plastication process, which means that the polymer melt has no memory effect and the stress in the fluid at a given place and time depends only on the deformation rate at that place and time.

Laminar dispersion of thermal fluctuations in Newtonian fluid

An initial thermal fluctuation is assumed at the beginning of the metering section of the screw channel. The evolution of the thermal fluctuation with dimensionless time at the end of the metering section is studied analytically and numerically in this section. The effect of thermal slug length and pressure in the flow on the dispersion behavior of the thermal fluctuation are discussed. The polymer melt, in this section, is assumed to be a Newtonian fluid.

Mathematical model

In this part, a mathematical model is formulated to study the laminar dispersion of thermal fluctuations in a Newtonian fluid, based on the assumptions mentioned above. Assume a thermal slug at the beginning of the metering zone, with a length of Z s and a dimensionless strength of 1, as shown in Fig. 3.2. The volumetric flow rate Q of the drag and pressure flow of a Newtonian fluid through a rectangular cross-section channel can be described as:

Q = - GW H 3 12η + V bz HW 2 (3.1)
where G is pressure gradient along the screw channel, W and H are the channel width and depth in the metering zone, respectively, η is the polymer viscosity as mentioned above, V bz is the barrel velocity along the down-channel direction. Thus, the average velocity V ave in the z-direction can be obtained as

V ave = V bz (3 -p g ) 6 (3.2)
where p g is a dimensionless pressure gradient coefficient,

p g = GH 2 2ηV bz (3.3)
when p g is zero we have plain drag flow (simple shear or plane Couette flow), while positive value of p g signals a backpressure flow and negative value of p g signals a pressure drop flow. The axial velocity v(y) in the down-channel direction (Z) can be represented as a dimensionless form

v(y) = V z V bz (3.4) v(y) = p g (y 2 -y) + y (3.5)
where y is a dimensionless coefficient of depth, derived from the laminar flow depth Y divided by the channel depth H in the metering zone, and V z is the corresponding laminar flow velocity in the Z-direction. The dispersion of a dimensionless temperature fluctuation θ along the channel in the metering zone of a plastication screw could be described with the classic advection/diffusion equation:

∂θ ∂τ + v(y) ∂θ ∂z = 1 P e 2 ∂ 2 θ ∂z 2 + ∂ 2 θ ∂y 2 (3.6)
with boundary conditions:

θ(0, y, z) = 1 (|x| <= 1 2 z s ) θ(0, y, z) = 0 (|x| > 1 2 z s ) ∂θ ∂y (t, 0, z) = ∂θ ∂y (t, 1, z) = 0 (3.7)
where v(y) is the stationary velocity field from Eq.(3.5), τ is a dimensionless time, z s is the initial thermal slug length and P e is the dimensionless Peclet number.

Laminar dispersion of initial thermal fluctuations

The time scale and length scale for this problem are built on the polymer thermal diffusion coefficient D so that

z = DZ H 2 V bz , τ = Dt H 2 , P e = HV bz D , D = k ρC p (3.8)
where Z is the length along the down-channel direction and t is the time.

Define a new axial coordinate moving with the average velocity of flow as

Z 1 = Z -V ave t (3.9)
In dimensionless form, writing

z 1 = z -V ave τ (3.10)
Substitution of (3.10) in (3.6) yields

∂θ ∂τ + u(y) ∂θ ∂z 1 = 1 P e 2 ∂ 2 θ ∂z 2 1 + ∂ 2 θ ∂y 2 (3.11)
where

u(y) = v(y) - 3 -p g 6 = v(y) -V ave (3.12)
The solution of Eq.3.11 is formulated as a series expansion in

∂ k Θ m ∂z k 1 [GIL 70a] Θ = Θ m + ∞ k=1 f k (τ, y) ∂ k Θ m ∂z k 1 (3.13)
where

Θ m (z 1 , τ) = 1 0 θdy (3.14)
Substituting Eq.(3.13) into Eq.(3.11) yields

∂θ m ∂τ + u(y) ∂θ m ∂z 1 - 1 P e 2 ∂ 2 θ m ∂z 2 1 + ∞ k=1 [ ∂ f k ∂τ ∂ k θ m ∂z k 1 + f k ∂θ m ∂τ ∂ k θ m ∂z k 1 + u(y) f k ∂ k+1 θ m ∂z k+1 1 - 1 P e 2 f k ∂ k+2 θ m ∂z k+2 1 - ∂ 2 f k ∂y 2 ∂ k θ m ∂z k 1 ] = 0 (3.15)
As mentioned before, the average residence time in the metering section L/V ave (L is the length of the metering zone) is about a tenth of the diffusion time scale H 2 /D, which means this residence time is too short for the dispersion coefficient to reach a steady-state, but too long to be able to neglect radial thermal diffusion and resort to a purely convective solution. Therefore, Gill's model [GIL 70a], considered a time-dependent dispersion coefficient, is adopted in this work. Assume that the generalized dispersion model of the process of distributing Θ m has a time-dependent dispersion coefficient as

∂θ m ∂τ = ∞ i=1 K i (τ) ∂ i θ m ∂z i 1 (3.16)
Here, we should note that the K i are functions of τ, even though the velocity field is independent of τ. Besides, we have also 

∂ ∂τ Ç ∂ k θ m ∂z k 1 å = ∞ k=1 K i (τ) ∂ i+k θ m ∂z i+k 1 (3.
∂ f 1 ∂τ = ∂ 2 f 1 ∂y 2 -K 1 -u(y) (3.18) ∂ f 2 ∂τ = ∂ 2 f 2 ∂y 2 -K 2 + 1 P e 2 -f 1 K 1 -u(y) f 1 (3.19)
... It can be easily obtained from the initial and boundary conditions on f k (τ, y)

∂ f i ∂y (τ, 0) = ∂ f i ∂y (τ, 1) = 0 (3.20) f i (0, y) = 0 (3.21) 1 0 f i (y)dy = 0 (3.22) thus 1 0 ∂ f i ∂τ dy = 0 = 1 0 ñ ∂ 2 f i ∂y 2 -K 1 -u(y) ô dy = K 1 (3.23) K 2 = 1 P e 2 - 1 0 u(y) f 1 dy (3.24)
To get K 2 , we need obtain the value of f 1 , which can be seperated by two parts

f 1 (τ, y) = f 1a (τ, y) + f 1b (y) (3.25)
where f 1a (τ, y) is the part that takes the effect of τ and y, and f 1b (y) is only the function of y. Substitute (3.25) into (3.18), we can obtain 

∂ f 1a ∂τ = ∂ 2 f 1a ∂y 2 + ∂ 2 f 1b ∂y 2 -u(y) (3.26) let ∂ 2 f 1b ∂y 2 -u(y) = 0 (3.27) ∂ f 1a ∂τ = ∂ 2 f
F G = FG (3.31) let F F = G G = -λ n 2 (3.32) thus F + λ n 2 F = G + λ n 2 G = 0 (3.33) Finally F = exp(-λ n 2 τ), (3.34) G = A n cos(λ n y) + B n sin(λ n y) (3.35)
The boundary condition gives

∂ f 1a ∂y (0) = ∂ f 1a ∂y (1) = 0 Thus, f 1a = ∞ 0 A k exp[-(kπ) 2 τ] cos(kπy) (3.36)
From Eq.(3.22), the following equation can be given by: 1 0 f 1a dy = 0 thus A 0 = 0 (3.37)

f 1a (τ, y) = ∞ 1 A k exp[-(kπ) 2 τ] cos(kπy) (3.38)
Eq.(3.21) gives f 1 (0, y) = 0, thus 

∞ 1 A k cos(kπy) = -f 1b = -p g (

cos(nπy)dy

A k can be expressed by

A k = -2 1 0 f 1b cos(kπy)dy (3.40)
To simplify the calculation, let Thus, it can be obtained

I 1 = 1 0 ycos(kπy)dy = (-1) k k 2 π 2 - 1 k 2 π 2 (3.
A k = -2 ï p g 12 (I 4 -2I 3 + I 2 ) + 1 6 I 3 - 1 4 I 2 ò (3.45)
Substituting Eq.(3.29) and Eq.(3.38) into Eq.(3.25) yields f 1

f 1 = ∞ 1 A k exp(-k 2 π 2 τ) cos(kπy) + p g ( y 4 12 - y 3 6 + y 2 12 - 1 360 ) + y 3 6 - y 2 4 + 1 24 (3.46)
To get K 2 (τ), it can be separated as two parts:

K 2 (τ) = K 2a (τ) + K 2∞ (3.47)
where

K 2a (τ) = - 1 0 u(y) f 1a dy = ∞ 1 A k exp(-k 2 π 2 τ)[-I 1 -p g (I 2 -I 1 )] (3.48) K 2∞ = 1 P e 2 - 1 0 u(y) f 1b (y)dy = 1 P 2 e + p 2 g 7560 + 1 120 (3.49)
By calculating A k , it is easy to notice the value decreases magnitude fast with the increase of k. Therefore, only the first five value from A 1 to A 5 are considered in this calculation:

K 2a (τ) = - 5 k=1 A k exp[-(kπ) 2 τ] 1 0 u(y) cos(kπy)dy (3.50)
Connect Eqs.(3.49) and (3.50), K 2 (τ) can be obtained finally. The similar method can be used to find out K 3 (τ) and higher order dispersion coefficients with analysis of lengthy and awkward integrals. Also, several previous research [GIL 70b] [ANN 79] [ANN 81] [DUT 88] have been mentioned that K 3 (τ) and higher order coefficients decrease in order of magnitude further. Therefore, we only consider the K 1 (τ) and K 2 (τ) in this work. From Eq.(3.23), K 1 (τ) = 0, thus

∂θ m ∂τ = K 2 (τ) ∂ 2 θ m ∂z 2 1 (3.51)
Since a thermal slug is considered as the initial thermal fluctuation, θ m (τ, z) should satisfy

θ m (0, z 1 ) = 1 (|z| <= 1 2 z s ) θ m (0, z 1 ) = 0 (|z| > 1 2 z s ) θ m (τ, ∞) = 0 (3.52)
The solution for θ m (τ, z) can be described as

θ m (τ, z) = 1 2 ñ er f ( 1 2 z s + z 1 2 ξ ) + er f ( 1 2 z s -z 1 2 ξ ) ô (3.53) where ξ = τ 0 K 2 (r)dr (3.54)
Finally, θ m (3.53) can be plotted by using Matlab.

Results and discussion of the model

It is interesting to get how thermal fluctuations disperse at the end of the metering zone with time, and the effect of different length of thermal slugs on the dispersion behavior. From Fig. 3.3, it can be found that the thermal fluctuations propagate like a nonsymmetric parabola with the residence time as a reference axis. It is also easy to find in the figure that, the peaks of thermal fluctuations presented at the end of the metering section increases with the enhancement of slug length. Besides, with a slug length of 800 dimensionless value, the blue curve begins with a full slug as the half-length of the slug is longer than the metering section, a dimensionless length of 336. This result gives us a hint of the dispersion behavior of thermal fluctuations with infinite length, which can happen in case of changing of processing parameter, like barrel heater temperature. We choose two different process settings leading to the same throughput and thus to the same average residence time: one with a low screw frequency but a negative pressure gradient corresponding to the left of Fig. 3.1, the other with a higher screw frequency but a positive pressure gradient or backpressure, corresponding to the right of Fig. 3.1. The results are showed in Fig. 3.4, we can notice that the blue curve, with backpressure in the flow, starts earlier and has a lower peak, while the peak of the red curve, with a pressure drop in the flow, has a more clear peak. It shows that a step change in temperature at the beginning of the metering zone is much more efficiently dispersed when backpressure is applied to the flow in the channel.

Numerical simulation with ANSYS Polyflow

The dispersion behavior of thermal fluctuations in the metering zone of the single-screw plastication process was computed with ANSYS Polyflow. Based on Finite Element Method calculations, ANSYS Polyflow is a powerful Computational Fluid Dynamics (CFD) simulation tool for polymer processing within single-screw extruders, predicting the heat and momentum transfer behavior of viscous and viscoelastic fluids. In this work, the results of Section 3.2.1 are compared with the simulation results of Polyflow.

Problem definition and computational domain A 2-D model was created to calculate the dispersion behavior of thermal fluctuations in the screw channel of the metering zone. Based on the screw configuration of "Billion 40"(described in Table 2.4), the value of screw channel depth (H) is treated dimensionless as 1, and the ratio of length and height is set as 400. The dimensionless length of the metering zone of the screw is computed to be 336. Thus, in order to obtain the dispersion behavior of thermal fluctuations at the end of the metering zone, the position at z = 336 of this model will be studied.

Mesh resolution In order to combine sufficient precision and acceptable computational time, the mesh has 48 divisions on the height, and 400 divisions along the length. The mesh result is shown in Fig. 3.5.

Material data The polymer melt in the Polyflow simulation is treated as a Newtonian fluid, with a constant viscosity η of 1 with no temperature dependence. The melt density ρ is set dimensionless as 1, and inertia is taken into account for numerical purposes. The flow is assumed to be incompressible. The average temperature is set as a multi-ramp function of Z coordinate, the temperature is set as 1 from 0 to 50 of the coordinate, which is the thermal slug, the temperature of the other part of the coordinate is set as default 0. The coefficient of thermal expansion is set as 0, the thermal conductivity is 1.8222 E-04, the heat capacity per unit mass C p is set as 1, viscous heating and gravity are neglected. The explanation of setting these dimensionless values in Polyflow simulation and the In this 2-D model, the advection-diffusion equation can be expressed as

ρC p ï ∂T ∂t +V z (y) ∂T ∂z ò = k Ç ∂ 2 T ∂y 2 + ∂ 2 T ∂z 2 å (3.55)
where ρ is the polymer melt density, C p its heat capacity, k its thermal conductivity, and V z (y) is the flow velocity in the down-channel direction.

As mentioned before, H (screw channel depth) is set as reference length in all directions, and V bz (barrel velocity in Z direction) as reference velocity. Hence, the reference time is forced to set as t ref = H / V bz . Choosing ∆T as a temperature scale, we have now:

ρC p ï ∆T t ref ∂θ ∂t sim +V z-sim (y)V bz ∆T H ∂θ ∂z sim ò = k Ç ∆T H 2 ∂ 2 T ∂y 2 sim + ∆T H 2 ∂ 2 T ∂z 2 sim å (3.56)
Then, it is easy to obtain:

∂θ ∂t sim +V z-sim (y) ∂θ ∂z sim = k ρC p HV bz Ç ∂ 2 θ ∂y 2 sim + ∂ 2 θ ∂z 2 sim å = 1 P e Ç ∂ 2 θ ∂y 2 sim + ∂ 2 θ ∂z 2 sim å (3.57)
The corresponding dimensionless material data in Polyflow simulation, therefore, be set as

η = 1, ρ = 1, C p = 1, k sim = 1 P e (3. 58 
)
where

P e = HV bz D , D = k ρC p (3.59)
Now the correspondence between dimensionless variables defined for the numerical simulation with the dimensionless variables defined in the mathematical model, is as follows:

τ = Dt H 2 = tV bz H D HV bz = t sim P e (3.60) whereas z = DZ H 2 V bz = Z H D HV bz = z sim P e (3.

61)

Flow boundary conditions As the assumptions claimed in Chapter 2, the screw is considered idle and the barrel rotates in a converse direction. Therefore, the velocity of the top, which is the barrel velocity, is set as a dimensionless value of 1 with pressure drop flow and is set as a dimensionless value of 2.30 with backpressure flow. This is in order to keep the same average residence time between two different pressure flows. The bottom velocity is zero. With the mathematical calculation in the previous section, the inflow rate is set 0.58. The outflow is set along outlet.

Thermal boundary conditions To study the laminar dispersion of thermal fluctuations along the metering zone of the screw channel, the thermal transition and the frictional heating from the barrel and screw are treated as a reference, and an adiabatic environment should be provided. Thus, the thermal boundary conditions are zero flux density imposed along top and bottom. The temperature imposed along inlet is a slug with a dimensionless length of 50, and to keep the flow consistency, outflow is set along outlet.

Numerical methods The Crank-Nicolson method, a second-order time-marching scheme, used for numerically solving transient ordinary differential equations (ode), is adopted in this work.

Results and discussion Length average temperature and mixing cup temperature are commonly used in Polyflow and work as important roles to give hints on temperature field character. In this work, the length average temperature is the average temperature along the depth at a specific point, and the mixing cup temperature is the bulk temperature. They can be expressed by Eqs.(3.62,3.63):

T Length ave = 1 0 T (y) dy (3.62) T Mixing cup = 1 0 T (y) V z dy 1 0 V z dy
(3.63) Fig. 3.6 shows the simulation results of length average temperature (a) and mixing cup temperature (b) with ANSYS Polyflow. In both figures, with backpressure in the flow, the blue curve starts earlier and have a lower peak, while the red curve has a higher breakthrough with a pressure drop in the flow. It confirms the conclusion obtained from the mathematical model that flow with backpressure have a more efficient dispersion process for initial thermal fluctuations. 

Comparison of results from mathematical model and Polyflow

A 2-D model has been built in Polyflow, with a width/length ratio of 400 and a typical finemeshed unit cell. The simulation result is compared with the result from the mathematical model, and the same conclusion can be drawn that thermal fluctuations in flow with a back pressure can disperse more efficiently. Besides, some differences, as shown in Fig. 3.7, between the results of Polyflow and the mathematical model can be observed. The main reason for the differences between the two curves is that our mathematical model, considered the time-dependent of thermal conductivity, are more diffusive. Therefore, we can find from the figure that the fluctuation in the blue curve begins earlier, that is because the thermal fluctuation reaches earlier with a stronger diffusion influence. The peak of the green curve is lower than the blue curve, which means the mathematical model predicts a larger thermal fluctuation at the end of the metering zone. General speaking, the results of our model have a similar prediction of thermal fluctuation with the result of Polyflow, at least, qualitatively. It is known in the literature [YU 81] that Gill's model over predicts the diffusion, but Gill's model gives a good estimate on how the initial slug length and the backpressure will play in the laminar dispersion.

Laminar dispersion of thermal fluctuations in Nonnewtonian fluid

The laminar dispersion behavior of thermal fluctuations in a Newtonian fluid is studied in the previous section. An interesting phenomenon is discovered that thermal fluctuations in a flow with back pressure disperse more efficiently than in a flow with pressure drop.

In practice, the polymer melt in the metering zone of plastication process is always non-Newtonian fluid. In this section, therefore, the previous model is extended to include the power-law index to study the laminar dispersion of thermal fluctuations in a non-Newtonian fluid in the metering zone of the plastication process.

Mathematical model

In the rectangular cross-section channel of the metering zone of the plastication process, the volumetric flow rate Q of a power-law fluid can be described as [B ÉR 09]

Q = V 0 HW sign(G)|6G| s (s + 1)(s + 2) (1 -y 0 )|1 -y 0 | (s+1) + y 0 |y 0 | (s+1) -(s + 2)|y 0 | (s+1) = V 0 HWC 1 (3.64)
where

s = 1/n (3.65) G = H (n+1) 6KV 0 n ∂p ∂x (3.66) C 1 = sign(G)|6G| s (s + 1)(s + 2) [(1 -y 0 )|1 -y 0 | (s+1) + y 0 |y 0 | (s+1) -(s + 2)|y 0 | (s+1) ] (3.67)
In these equations above, V 0 is the barrel velocity along the down-channel(Z) direction, H and W are the channel depth and width in the metering zone, respectively, G is the pressure gradient along the screw channel, K is the consistency factor, n is the power-law index, y 0 is the point in the y axis where the velocity gradient of V z along y direction is zero. C i (i = 1,2,3,...,8) are constants, which help to brief the equations. The axial velocity v(y) of flow in the down-channel direction (Z) can be represented as a dimensionless form:

v(y) = V z V 0 (3.68) v(y) = |y -y 0 | (s+1) -|y 0 | (s+1) |1 -y 0 | (s+1) -|y 0 | (s+1) = C 2 |y -y 0 | (s+1) +C 3 (3.69)
where V z is the corresponding laminar flow velocity in the Z-direction, y is a dimensionless coefficient of depth, derived from the laminar flow depth Y divided by the channel depth H in the metering zone. The average velocity V ave in the z-direction can be obtained as

V ave = Q HW = V 0 C 1 (3.70)
The dispersion of a dimensionless temperature fluctuation θ along the channel in the metering zone of a plastication screw could be described with the classic advection/diffusion equation:

∂θ ∂τ + v(y) ∂θ ∂z = 1 P e 2 ∂ 2 θ ∂z 2 + ∂ 2 θ ∂y 2 (3.71)
with the boundary conditions:

θ(0, y, z) = 1 (|x| ≤ 1 2 z s ) θ(0, y, z) = 0 (|x| > 1 2 z s ) ∂θ ∂y (t, 0, z) = ∂θ ∂y (t, 1, z) = 0 (3.72)
where v(y) is the stationary velocity field from Eq. 3.69, τ is a dimensionless time, z s is the initial thermal slug length and P e is the dimensionless Peclet number.

The time scale and length scale for this problem are built on the polymer thermal diffusion coefficient D so that

z = DZ H 2 V bz , τ = Dt H 2 , P e = HV bz D (3.73)
where Z is the length along the down-channel direction and t is the time.

Define a new axial coordinate moving with the average velocity of flow as

Z 1 = Z -V ave t (3.74)
In dimensionless form, writing

z 1 = z -V ave τ (3.75)
Substitution of (3.75) in (3.71) yields

∂θ ∂τ + u(y) ∂θ ∂z 1 = 1 P e 2 ∂ 2 θ ∂z 2 1 + ∂ 2 θ ∂y 2 (3.76)
where

u(y) = v(y) -C 1 = C 2 |y -y 0 | (s+1) +C 4 (3.77) C 4 = C 3 -C 1 (3.78)
The solution of Eq.(3.76) is formulated as a series expansion in 

∂ k Θ m /∂z k 1 Θ = Θ m + ∞ k=1 f k (τ, y) ∂ k Θ m ∂z k 1 (3.
∂θ m ∂τ + u(y) ∂θ m ∂z 1 - 1 P e 2 ∂ 2 θ m ∂z 2 1 + ∞ k=1 [ ∂ f k ∂τ ∂ k θ m ∂z k 1 + f k ∂θ m ∂τ ∂ k θ m ∂z k 1 + u(y) f k ∂ k+1 θ m ∂z k+1 1 - 1 P e 2 f k ∂ k+2 θ m ∂z k+2 1 - ∂ 2 f k ∂y 2 ∂ k θ m ∂z k 1 ] = 0 (3.81)
Then, Gill's model with a time-dependent dispersion coefficient is used to compute the time evolution of the temperature fluctuation, which assumes:

∂θ m ∂τ = ∞ i=1 K i (τ) ∂ i θ m ∂z i 1 (3.82)
Here, we should note that the K i are functions of τ, even though the velocity field is independent of τ. Besides, we have also

∂ ∂τ Ç ∂ k θ m ∂z k 1 å = ∞ k=1 K i (τ) ∂ i+k θ m ∂z i+k 1 (3.83)
Substitute Eq.(3.82) and (3.83) into (3.81), and equate the coefficients of

∂ k Θ m ∂z k 1 to zero can yield ∂ f 1 ∂τ = ∂ 2 f 1 ∂y 2 -K 1 -u(y) (3.84) ∂ f 2 ∂τ = ∂ 2 f 2 ∂y 2 -K 2 + 1 P e 2 -f 1 K 1 -u(y) f 1 (3.85)
... It can be easily obtained from the initial and boundary conditions on f k (τ, y)

∂ f i ∂y (τ, 0) = ∂ f i ∂y (τ, 1) = 0 (3.86) f i (0, y) = 0 (3.87) 1 0 f i (y)dy = 0 (3.88) thus 1 0 ∂ f i ∂τ dy = 0 = 1 0 ñ ∂ 2 f i ∂y 2 -K 1 -u(y) ô dy = K 1 (3.89) K 2 = 1 P e 2 - 1 0 u(y) f 1 dy (3.90)
To get K 2 , we need obtain the value of f 1 , which can be seperated by two parts

f 1 (τ, y) = f 1a (τ, y) + f 1b (y) (3.91)
where f 1a (τ, y) is the part takes the effect of τ and y, and f 1b (y) is only the function of y. Substitute (3.91) into (3.84), we can obtain 

∂ f 1a ∂τ = ∂ 2 f 1a ∂y 2 + ∂ 2 f 1b ∂y 2 -u(y) (3.92) let ∂ 2 f 1b ∂y 2 -u(y) = 0 (3.93) ∂ f 1a ∂τ = ∂ 2 f
f 1b = C 7 |y -y 0 | (3+s) + 1 2 C 4 y 2 +C 6 y +C 8 (3.98)
where

C 7 = - C 5 3 + s (3.99)
and with the boundary condition Eq.(3.88), C 8 can be obtained. f 1a can be obtained by using separate variable method/ Fourier method elucidated in the previous subsection,

f 1a = ∞ 0 A k exp(-k 2 π 2 τ) cos(kπy) (3.100)
From Eq.(3.88), the following equation can be given by: 1 0 f 1a dy = 0 thus A 0 = 0 (3.101) 

f 1a (τ, y) = ∞ 1 A k exp(-k 2 π 2 τ) cos(kπy) (3.
f 1 = ∞ 1 A k exp[-(kπ) 2 τ] cos(kπy) +C 7 |y -y 0 | (3+s) + 1 2 C 4 y 2 +C 6 y +C 8 (3.105)
To get K 2 (τ), it can be separated as two parts:

K 2 (τ) = K 2a (τ) + K 2∞ (3.106)
where

K 2a (τ) = - 1 0 u(y) f 1a dy (3.107) K 2∞ = 1 P e 2 - 1 0 u(y) f 1b (y)dy (3.108)
By calculating A k , it is easy to notice the value decreases magnitude fast with the increase of k. Therefore, only the first five value from A 1 to A 5 are considered in this calculation: As mentioned before, K 3 (τ) and higher order dispersion coefficients can be neglected for a decrease in order of magnitude further. From Eq.(3.89), K 1 (τ) = 0, thus

K 2a (τ) = - 5 k=1 A k exp[-(kπ) 2 τ]
∂θ m ∂τ = K 2 ∂ 2 θ m ∂z 2 1 (3.110)
Since a thermal slug is considered as the initial thermal fluctuation, θ m (τ, z) should satisfy

θ m (0, z 1 ) = 1 (|z| <= 1 2 z s ) θ m (0, z 1 ) = 0 (|z| > 1 2 z s ) θ m (τ, ∞) = 0 (3.111)
The solution for θ m (τ, z) can be described as

θ m (τ, z) = 1 2 [er f ( 1 2 z s + z 1 2 ξ ) + er f ( 1 2 z s -z 1 2 ξ )] (3.112) where ξ = τ 0 K 2 (r)dr
The polymer properties and screw geometry used in this model come from Gaspar-Cunha's thesis [GAS 00], as listed in Table 2.1.

To keep the same average residence time of melting polymer, the same flow rate along the screw channel is necessary. Therefore, a fixed flow rate Q = 2.0 cm 3 /s is set according to the previous calculation with the model formulated by Béreaux et al. [B ÉR 09], which is introduced in Chapter 2. It is easy to understand that a higher back pressure should combine with a higher screw rotation frequency in order to keep the same flow rate. Three cases, as listed in Table 3.1, are obtained. The corresponding parameters, calculated by wxMaxima, a fairly complete computer algebra system with an emphasis on symbolic computation, are displayed in the Table 3 With all the values of screw geometry, polymer properties and processing parameters, Eq.(3.112) can be calculated numerically with Matlab. The evolution of thermal fluctuations with dimensionless time at the end of the metering zone are demonstrated in the following section. MPa, and the blue line, 80 rpm with 186 MPa backpressure. A higher screw rotation frequency makes the thermal slug take a shorter time to reach the end of the metering zone, therefore, the blue line first presents the thermal fluctuation in the dimensionless time axis. At the average residence time, it can be easy to find that, the flow with a pressure drop (the red line) has the most distinct thermal fluctuation, while the flow with a higher back pressure (the blue line) presents the lowest thermal peak, which means the thermal fluctuation disperses more efficiently in a higher back pressure power-law fluid, just as the conclusion in Newtonian fluid. Fig. 3.9 demonstrates the effect of the power-law index on the dispersion behavior of thermal fluctuations at the end of the metering section. Two cases are calculated with the same throughput of 2.0 cm 3 /s and same back pressure of 91.2 MPa but different powerlaw index: the red curve case n = 1 with 33.316 rpm screw rotation frequency, blue curve case n = 0.345 with 50 rpm. It can be observed that the wave of the red line starts later, as for a lower screw rotation frequency, but has a larger peak compared with the blue one. The result indicates that with the same throughput, temperature and backpressure, a fluid with the lower power-law index can make the thermal fluctuation disperse more evenly than with higher power-law index. Besides, it is interesting to find that, compared with Fig. 3.8, in which cases own the same throughput, the two red lines have a very similar shape, which the former outlines a non-Newtonian fluid with free backpressure and the latter presents the Newtonian with quite high backpressure. 

Results and discussion of the model

Results and discussion of Numerical simulation

Numerical simulations were conducted with ANSYS Polyflow, to calculate the dispersion behavior of thermal fluctuations in a non-Newtonian fluid. A 2-D model was created and the meshing, boundary conditions and numerical methods are kept the same with the numerical model described in Newtonian section. The material set in the simulation is HDPE, its properties have been listed in Table 2.1. Fig. 3.10 shows the evolution of thermal fluctuations with dimensionless time at different positions of the metering section of the screw channel. The blue line presents the dispersion behavior of thermal fluctuation at dimensionless position z sim = 10, because the slug length of the thermal fluctuation is set as 25, the peak temperature in the blue line starts from the dimensionless 1, which equals to the value of the initial thermal slug. It can be found from this figure, a sharper peak is presented at the former position, like at z sim = 25, which represents a more concentrated thermal slug at the residence time of the corresponding position, while the peak at the latter position, like at z sim = 100, becomes wider, which contributes to the work of thermal diffusion. Moreover, the value of the peak temperature of thermal fluctuation decreases exponentially along the position of the metering zone, which indicates a longer metering zone in plastication process could help achieve a better thermal homogeneity in the melt flow.

The length average temperature and mixing cup temperature are shown in Fig. 3.11. It can be found that thermal fluctuations of both length average temperature and mixing cup temperature have a higher peak value in flow with a pressure drop than in flow with backpressure. This result supports the conclusion that thermal fluctuations can disperse more efficiently in a flow with higher back pressure, which can give suggestions to the set of operating conditions in the practical polymer forming process. Besides, the peak value of mixing cup temperature is higher than the corresponding length average temperature. This is because the mixing cup temperature defines the average temperature in a given bulk, which results in an equilibrium temperature that accurately reflects the average temperature of the moving fluid, more so than a simple average like the length average temperature, which calculates the average temperature along the depth at a specific position.

Conclusions

In this chapter, an initial thermal fluctuation is assumed to present at the beginning of the metering section of the screw channel. The advection-diffusion equation is used to study the dispersion behavior of the thermal fluctuation at the end of the metering section. It is found that the typical residence time in a single screw is around one-tenth of the thermal diffusion time scale. This residence time is too short for the dispersion coefficient to reach a steady-state, but too long to neglect radial thermal diffusion and to resort to a purely convective solution. Therefore, a mathematical model with a time-dependent dispersion coefficient is developed to demonstrate the laminar dispersion behavior of thermal fluctuations. The primary model is formulated in Newtonian fluid and then it was developed to a non-Newtonian fluid situation. Numerical simulations are conducted with ANSYS Polyflow to make a comparison with the results from the mathematical models. Several conclusions are listed as follows:

(1) The peak of thermal fluctuation presented at the end of the metering zone increases with the enhancement of slug length in a Newtonian fluid.

(2) The results from ANSYS Polyflow and our mathematical model are similar to the tendency of the dispersion behavior of thermal fluctuations. And the differences of the results could because that our mathematical model, considering the time-dependent of thermal conductivity, are more diffusive than the numerical results, based on the finite element method.

(3) The value of the peak temperature of thermal fluctuation decreases exponentially along the position of the metering zone, which indicates a longer metering zone in plastication process could help achieve a better thermal homogeneity in the melt flow.

(4) In simulation results, the mixing cup temperature defines the average temperature in a given bulk of the moving fluid, presents a higher peak temperature than the length average temperature, which calculates the average temperature along the depth at a specific position.

(5) The power-law behavior of fluid affects the dispersion behavior of thermal fluctuations. With the same throughput, temperature and backpressure, a fluid with lower power-law index can make the thermal fluctuation disperse more evenly than with higher power-law index.

(6) In both Newtonian and non-Newtonian fluid, concluded by both mathematical model and numerical simulation: temperature fluctuations disperse more evenly with time in a flow with high backpressure, whereas a pressure drop in the flow results in a breakthrough curve which presents a larger peak of fluctuation. It gives hints that through an increase of backpressure, to some degree, in practical polymer processing can expect a better thermal homogeneity at the end of the metering section of the screw channel.

Chapter 4 Laminar dispersion of inlet thermal fluctuations

In this chapter, the capacity of this particular drag and pressure flow to dampen inlet temperature disturbances occurring at the beginning of the metering zone of the screw channel is studied. The integral transform method is applied to the transient energy conservation equation with the laminar velocity profile of a Newtonian fluid. It is found that a higher level of backpressure is indeed improving the thermal homogeneity in the flow. Moreover, for any given flow, the high-frequency disturbances are dampened more efficiently than the low-frequency disturbances.

Introduction

Single-screw plastication, used in extrusion and in injection moulding, is a major way of processing commodity thermoplastics. During the plastication phase, the polymeric material is melted by the combined effects of shear-induced self-heating (viscous dissipation) and heat conduction coming from the barrel. Once the polymer is completely melted, a combined drag and pressure difference flow is imparted onto the molten polymer along the last zone of the screw channel, the so-called metering zone. The very high viscosity of molten polymers insures that the flow must be laminar and that the Reynolds number is negligible. The low thermal diffusivity of molten polymers implies that convection is dominant over diffusion and leads to large Peclet numbers. However, the screw channel length is large enough for the flow to present significant diffusion effects. Indeed, calculations for frequently encountered polymer processes show that the residence time is one-tenth of the thermal diffusion time, owing to the very low thermal diffusion of polymers.

In these polymer shaping processes, a high level of reliability is usually achieved that makes this process ideally suited to mass market production. Nonetheless, process fluctuations still appear that make part quality control an everyday issue. Among the possible processes fluctuations, thermal fluctuations occurring at the plastication stage, which is early on in the polymer shaping process, could well be the cause for a temperature perturbation that will be carried to the part all the way through the die in extrusion or through the mould in injection moulding, because of the low thermal diffusivity of the polymer. Therefore, the main objective of this chapter is to study the capacity of this particular class of flows to dampen any transient inlet temperature disturbances occurring at the beginning of the metering zone of the screw channel. In particular, in this class of flows, the level of backpressure is a process parameter that can be set to a chosen value, in order to change the flow configuration. It is well known in polymer processing that a higher level of backpressure will increase the level of shear rate inside the flow, thus enhancing the mechanical mixing capacity of the flow. However, if it is relatively easy to scale this improvement for purely mechanical mixing, there is nothing in the polymer processing literature on the consequences of a change in a drag and pressure driven flow configuration when combined convection-diffusion physics are taking place in this flow.

Knowing that the flow velocity profile is central to the laminar dispersion problem, which is close to the subject studied here, we envisage that changing the screw channel flow configuration will have profound repercussions on the heat transfer taking place in this channel and that it is a matter of interest to thoroughly investigate the forced convection heat transfer for a drag and pressure driven flow, in the same fashion as the pressure driven flows (Poiseuille flow) in cylindrical tube or between parallel plates have been studied before.

In the first section, the characteristic lengths, times and relevant dimensionless numbers are established to set the framework for the forced convection heat transfer problem.

In the second section, the integral transform method used throughout this work is reviewed. The integral transform method is a well established analytical method in the field of forced convection heat transfer and has found numerous applications in steady state and transient heat transfer, particularly in heat exchangers [KAK 90b][FAK 14]. Integral transform method gives a much clearer view of the structure of the solution in one or twodimensional convection-diffusion flows than any of the classical approximate methods like finite element, finite difference, or finite volume methods. An appealing feature of this method is that it computes a set of eigenvalues and associated eigenfunctions, unique to a given problem. These eigenvalues reveal how the solution propagates and dampens along the flow direction. Moreover, because these eigenvalues are invariant scalars, they can be used to compare different flows unambiguously.

The integral transform method is applied to the transient energy conservation equation with the laminar velocity profile obtained for drag and pressure driven flows of a Newtonian fluid. First, the steady-state laminar heat transfer problem is solved and extended to the transient case with a periodic single frequency transient inlet temperature. In this later part, we exactly follow the procedure established by Cotta [COT 86b]. The steady-state eigenvalues are required to build the transient solution.

Integral transform method for forced convection in metering zone

Characteristic lengths, times and dimensionless numbers

A standard screw channel in the metering zone can be modelled as a shallow rectangular duct of infinite width, with the barrel wall moving relative to the screw wall [BU 18], hence reducing the complexity of a tridimensional transient flow to a two-dimensional steady-state flow. Selecting the channel depth in the metering zone as reference length H and the circumferential screw velocity V bz as reference velocity, we have the velocity profile:

u(y) = p g (y 2y) + y (4.1)

p g = ∆P L H 2 2η 0 V bz (4.2) y = Y H (4.3)
where y is the dimensionless depth and p g is a dimensionless pressure gradient which value can be selected at will, and which changes the flow configuration as seen in Fig. 4.1, η 0 a viscosity and ∆P a pressure difference. This dimensionless pressure gradient is built on the ratio between the actual pressure gradient and the shear stress in the channel. The Reynolds number is always very low for polymer melt flows, with the consequence that the flow is always fully developed. The advection-diffusion equation is used to describe the temperature profile in the screw channel, as outlined in Eq. 4.4 the left term refers to the thermal advection in the flow direction (z) and the right term represents the thermal diffusion in (y) direction: 

∂θ ∂τ + u(y) ∂θ ∂z = ∂ 2 θ ∂y 2 (4.4) 
with:

z = DZ H 2 V bz , τ = Dt H 2 , P e = HV bz D (4.5) 
In the preceding equations, D is the thermal diffusivity, z the dimensionless space variable in the flow direction and τ the dimensionless time. The Peclet number P e usually reaches value of a 1000 and more, making the case for a convection dominated problem analysis.

Steady-state solution

The steady-state forced convection problem is viewed as a class I problem in the classification given by Mikhailkov [MIK 84] with homogeneous boundary condtions.

u(y) ∂θ ∂z = ∂ 2 θ ∂y 2 (4.6) µ 2 k u(y)Y k + d 2 Y k dy 2 = 0 (4.7)
Y k = 0 at y = 0 and y = 1 where finding the temperature field θ(y, z) is the main problem and finding the eigenvalues µ k and the corresponding eigenfunctions Y k (y) with homogeneous boundary conditions is the auxiliary problem. The customary integral transform pair is therefore defined 4. Laminar dispersion of inlet thermal fluctuations as:

θk (z) = 1 0 1 N k u(y)θ(y, z)Y k (y)dy (4.8) θ(y, z) = ∞ k=1 1 N k θk Y k (y) (4.9) N 2 k = 1 0 Y k (y)Y k (y)dy (4.10)
where N k is the norm of the eigenfunction. The upstream boundary condition at z = 0 can be any function of y:

θ(y, 0) = f (y) (4.11)
The integral transfom of the temperature field obeys the ordinary differential equation:

d θk dz + µ 2 k θk = 0 (4.12)
which readily admits the solution:

θk = fk exp Ä -µ 2 k z ä (4.13)
where fk is the integral transform of the upstream boundary condition Eq. 4.11.

Compounding calculations above, we can express the temperature field solution as

θ(y, z) = ∞ k=1 1 N k fk exp Ä -µ 2 k z ä Y k (y) (4.14) 

Transient solution

The transient heat transfer problem is defined in Eq. 4.15.

∂θ ∂τ + u(y) ∂θ ∂z = ∂ 2 θ ∂y 2 (4.15) θ(0, z, τ) = 0 (4.16) θ(1, z, τ) = 0 (4.17) θ(y, 0, τ) = cos(Ωτ) (4.18)
where the same thermal boundary conditions applied as before except for the inlet temperature which is now periodic. Cotta's work states that a periodic solution is to be found as the real part of the following complex solution:

θ(y, z, τ) = Re θ(y, z) exp(iΩτ) (4.19) 
The unknown temperature field θ is put into the previous differential equation Eq. 4.15 to form a new set of problems:

iΩ θ + u(y) ∂ θ ∂z = ∂ 2 θ ∂y 2 (4.20)
while keeping the same auxiliary problem given in Eq. 4.7. This departs from the integral transform method, but permits avoiding to solve a eigenvalue problem in the complex space.

The integral tansform pair is now defined as:

θ j (z) = 1 0 1 N j u(y)Y j (y) θ(y, z)dy (4.21) θ(y, z) = ∞ j=1 1 N j Y j (y) θ j (z) (4.22) 
Following the integral transform method, the integral of the partial differential equations Eq. 4.19 and Eq. 4.7 are performed over the interval y = [0, 1]. Integrating by part the second derivatives in each equation, an infinite linear set of coupled ordinary differentials equations is obtained:

d θk dz + µ 2 k θk + iΩ ∞ j=1 a k j θ j = 0 (4.23) a k j = 1 N k N j 1 0 Y j Y k dy (4.24)
This system of coupled differential equations has to be truncated to the same number of computed eigenvalues in order to be solved in practice. Introducing the vector X of unknown transformed temperature:

X(z) = Ä θ1 (z), . . . , θk (z), . . . , θN (z) ä (4.25) 
The vector X is now the solution of a symmetric finite linear set of differential equations :

Ẋ = -A • X (4.26) = - Ä µ.1 + iΩB ä (4.27) A k j = µ 2 k δ k j + iΩb k j (4.28)
with the real positive eigenvalues µ 2 k positioned on the diagonal of the complex matrix A. Cotta and Özis ¸ik [COT 86a] chose to solve this system by computing the eigenvalues λ k and eigenvectors v k of A. Hence, the solutions vector X is expressed in the eigenvectors basis as : Y k (y=1, μ )

X(z) = N k=1 C k exp (-λ k z) v k
μ 1 μ 2 μ 3 μ 4 μ 5 μ 6 μ 7 μ 8 μ 9 μ Figure 4.2: Eigenvalues (µ k ) at y = 1.
where the coefficient C k can be found by expressing also the initial condition vector x(0) in the eigenvector basis.

Results and discussion

Eigenvalues and eigenfunctions calculation

The eigenvalue problem described in Eq. 4.7 and Eq. 4.8 is solved in a straightforward fashion following the procedure described by [ BRO 60]. The unknown eigenfunction is expanded in a series of increasing power of the variable y:

Y k (y) = i=n i=1 b ki y i (4.30)
where b ki are now unknown coefficient to be determined by a recurrence relation. This recurrence relation is readily established by applying the differential equation to the polynomial expression of Y k in Eq. 4.30. The choice to express the eigenfunctions as polynomials is adopted because the velocity profile u(y) is itself a polynomial in y. Finally, the homogeneous boundary condition at y = 1 is used as a non-linear equation of which the eigenvalues µ k are the roots as shown in Fig. 4.2. It is worth recalling that a particular eigenvalue problem is attached to a velocity profile defined in Eq. 4.1 by the chosen value of the parameter p g . In this work, three different values of p g are chosen to be representative of the different flow configurations: p g = 0 for pure drag flow, p g = -1 for pressure loss and drag flow, and p g = 1 for backpressure flow. In Table 4.1 the first seven eigenvalues are given: It can be seen that these eigenvalues tend to be evenly spaced, with the average difference between two consecutive eigenvalue given in the last line of Table 4.1.

p g -1 0 1 µ 1 3.
The corresponding eigenfunctions are drawn in Fig. 4.3, for the three different pressure gradients p g .

Periodic inlet temperature solution

The most important question that this model was built to answer is how an inlet temperature fluctuation with a given frequency Ω is transported at the other end of the screw channel, how this signal is distorted and to what extent its amplitude and phase lag are affected by the precise velocity profile in use. A straightforward mean to assess this, is to follow the temperature over time at a given location downstream from the inlet boundary. Therfore, we define the mixing cup average temperature and the length average temperature over the channel depth as:

θ mxcp (z, τ) = 1 q 1 0 u(y)θ(y, z, τ)dy (4.31) θ lav (z, τ) = 1 0 θ(y, z, τ)dy (4.32)
where q is the dimensionless flow rate.

Comparisons between the mixing cup average temperature computed from the model and from Finite Element Method (FEM) simulation results are shown in Fig. 4.4 at two different locations z = 0.05, 0.1 for the three different level of pressure difference p g = -1, 0, +1 and three different dimensionless frequencies Ω = 5, 10, 50. The fully transient FEM simulations were carried out with P e = 1000 and with axial conduction taken into account in the energy conservation equation. A number of insights can be obtained from the results. First, once the temperature wave has reached the chosen location in the screw channel it can be seen that the match between the periodic solution given by the model and the fully transient FEM solution is perfect, whether for the amplitude or the phase, for all inlet temperature frequencies (Ω = 5, 10, 50) and for all pressure gradients (p g = -1, 0, +1).

The case of the backpressure flow p g = +1 with inlet temperature frequency Ω = 50 in Fig. 4.4 is particularly interesting: In the FEM simulation results, once the temperature wave has reached the location at z = 0.1, the transient temperature exhibits first an amplitude undershoot, followed by an overshoot and then matches the periodic solution.

The accuracy of the temperature solution given by the integral transform model is on display again in Fig. 4.5 where the comparison between the mixing cup, length averaged temperature and FEM simulation results are plotted. Because the velocity profiles differs from a slug flow, there are differences between the mixing cup and the length averaged temperatures, though they are quite small. Nevertheless, there is still a perfect match between each type of average temperature and the corresponding FEM calculations.

This validates completely Cotta and Özis ¸ik's approach for a larger dimensionless frequency Ω and for a different velocity profile from the pressure driven flow they considered in [COT 86a] for instance.

Second, we can clearly see in Fig. 4.4 the extent of the dampening of the inlet temperature signal when a higher backpressure is employed. The higher the backpressure p g , the higher the amplitude dampening of the inlet temperature.

Turning now to the effect of the inlet disturbance frequency on the temperature field, it is of interest to notice in Fig. 4.4 that a larger dampening of the temperature signal is observed when a higher frequency Ω is considered.

This has, to our best knowledge, never been reported in the literature [COT 86a, SPA 68, KAK 90a, KAK 73, CHE 99] before, because the frequencies these authors considered where smaller than those we considered here. We recast the mixing cup average of the complex temperature solution θmxcp as :

θmxcp = A(z) exp (iΩτ + φ(z)) (4.33) 
where A(z) and φ(z) stand for the amplitude and the phase lag of the periodic temperature solution.

The evolution of the mixing cup average temperature amplitude along z, given both by the model and the FEM simulation results, are displayed in Fig. 4.6. The temperature decay is very well predicted by the model, up to nearly three decades in magnitude in the case of p g = +1 and Ω = 50, as proved by the match with the FEM simulation results. Only seven eigenvalues were needed to get to this level of accuracy.

Inspection of the differential equations system in matrix form Eq. 4.27 and Eq. 4.29 suggests that the amplitude A(z) should scale with the real part of the lowest complex matrix eigenvalue λ 1 , whereas the phase lag φ(z) should scale with its imaginary part. This is indeed the case for the amplitude plotted on Fig. 4.6 where the exponential dampening is obvious in the semi-logarithmic plot scale. Also undoubtedly clear is the fact that the long range behaviour of the amplitude is given by the real part of eigenvalue λ 1 s and follows the relation:

A(z) = A 0 exp (-Re(λ 1 )z) (4.34)
When the frequency Ω is small, the eigenvalue λ 1 do not differ much from its real counterpart µ 1 , because the complex part of the solution scales with Ω.

The evolution of the phase lag normalised by the frequency Ω along the flow direction z is plotted on Fig. 4.7 for the three different pressure gradients p g = -1, 0, +1 and for two different dimensionless frequencies Ω = 5, 50. The phase lag evolution is linear with z, showing a continuously increasing delay between the inlet temperature signal and its measurement at any point z. The phase lag is much larger when a positive pressure difference (backpressure) is used as evidenced by the results for p g = +1 in Fig. 4.7.

Moreover, in all cases this linear evolution is well captured by the linear relation :

φ(z) = -Im(λ 1 )Ωz (4.35)
However, the imaginary part of the lowest eigenvalue λ 1 depends itself on Ω as indicated by the difference of slopes between the cases at Ω = 5 and Ω = 50 for the flow with pressure gradient p g = +1.

Conclusions

In this chapter, the capacity of the drag and pressure driven flow to dampen transient inlet temperature disturbances occurring at the beginning of the metering zone of the screw channel is explored. The integral transform method for heat transfer in polymer melt flow with transient inlet temperature has been successfully used for the drag and pressure driven flow in a rectangular single screw channel. It is found that:

(1) The knowledge of the lowest eigenvalue is sufficient to characterize the dampening efficiency of a flow, and the knowledge of the first six eigenvalues are sufficient to describe the laminar dispersion behavior of the inlet periodic thermal fluctuations.

(2) Both the amplitude and the phase lag have been quantitatively related to the lowest complex matrix eigenvalue of the integral transform problem. Moreover, there is a large influence of the inlet temperature frequency on the amplitude dampening of the temperature wave and a linear dependence on its phase lag. For any given flow, the high-frequency disturbances are dampened more efficiently than the low-frequency disturbances.

(3) The most important result is that a higher level of backpressure (positive pressure gradient) in the flow will result in a much more efficient dampening of the inlet temperature fluctuation.

Chapter 5 Numerical analysis of a visual barrel with transparent windows

In this chapter, a visual barrel with transparent windows are created with ANSYS Workbench, the failure theory of this visual barrel is built, the effect of contact types, length of glass windows, temperature, pressure, and material properties on the safety factor of the glass blocks are discussed.

Introduction

The plastication process plays a key role in the polymer processing industry and the accomplishment of the project SAPRISTI requires a better understanding of the plastication process. One of the best ways to study the plastication process is to design a barrel with transparent windows, in order to have an in-line visualization of the polymer status in the barrel through photography or video recording. As a number of studies reviewed in Chapter 1, several research groups have designed and manufactured their unique barrels with transparent windows. With the experimental results of the innovative equipment, new theories like the non-plug solid conveying theory [ FAN 91] are validated and new phenomena, e.g. solid bed breakage [GAO 00] is observed to promote the explanation on the polymer melting behavior. An industry-sized metallic barrel with transparent glass windows designed and realized by Pham et al., who have worked in INSA-Lyon (Site de Plasturgie) as well, possesses 3 optical glass blocks and 9 windows to be able to observe the state transformation of polymer in the system, from the solid state to the molten state, and be able to track and control the dispersion of the charged Nano-fluorescent in the polymer [PHA 13]. The optical glass blocks were not robust enough in the common working conditions, however, despite an extremely meticulous and careful procedure for warming up the barrel before any experiment and cooling it down after, cracks were appearing in the glass windows. The reasons for the breakage of the glass windows are still unclear.

Based on Finite Element Analysis, ANSYS Workbench is a simulation platform, aims to conduct modelling and solving of a wide range of engineering problems. ANSYS is a suite of advanced engineering simulation technology, and the Workbench platform combines access to ANSYS applications with utilities that manage the product workflow and improve productivity and maneuverability among engineering teams. To date, AN-SYS Workbench is used in a number of fields of study with diverse engineering applications, such as heat transfer (helical heat exchangers [HUM 11], combustion engine heattransfer analysis [KUM 17]), structural and solid mechanics (automotive bumper simulation [JOH 14], wind turbine blade design optimization [SON 11]). It provides reliable results or solutions for complicated engineering problems.

In this chapter, ANSYS Workbench is used to simulate the working status of the "visual barrel" designed by Pham et al. to analyze the failure reasons of the glass windows, which were initially designed by ANSYS Workbench and we have taken the step to perform the simulation on the entire barrel. Pham's model [PHA 13] of the visual barrel is recreated with some simplifications in ANSYS DesignModeler. The Mohr-Coulomb stress safety tool is used to evaluate the durability of the system, and the minimum value of the safety factor of the glass blocks is expected to be 3. The influence of several processing parameters, e.g. the temperature value, the boundary conditions, the pressure field, and the material mechanical properties, and the length of the glass windows on the safety factor of the glass blocks are studied. Some conclusions based on these results are obtained to build a more robust visual barrel.

Failure theory

To study the failure reasons of the visual barrel designed by Pham et al., the criterion of safety must be confirmed. Safety factor principle based on failure theories has been used as a judge of the reliability of structural design since the 18th century. A number of failure theories have been drawn up to achieve predictions of safety factor for different materials and situations.

A failure theory is a criterion to predict the failure of a specific solid material under a complex stress condition. According to the material properties and practical situations (such as pressure, temperature, and loading rate), the failure of a material is generally categorized as ductile failure (yield) and brittle failure (fracture).

For brittle materials, some popular failure criteria are: criteria based on invariants of the Cauchy stress tensor; the Tresca or maximum shear stress failure criterion, the Mohr-Coulomb failure criterion, the Drucker-Prager failure criterion, the Bresler-Pister failure criterion, and other criteria used for specific materials and conditions.

Mohr-Coulomb stress safety tool, based on the Mohr-Coulomb failure criterion, takes direct account of the tensile strength of the materials, are always used in brittle materials such as cast iron, concrete, and glass. The independent distributions of minimum and maximum principal stress are used to the calculations, in order to provide a distribution of safety factor throughout the simulation objects. Typically speaking, the minimum value of safety factor appeared in the distribution is taken into account for the failure analysis. The safety factor can be calculated by Safety Factor = [ σ 1 S tensile limit + σ 3 S compressive limit ] (-1) (5.1)

where σ 1 is the maximum tensile principal stress and σ 3 is the minimum compressive principal stress, S tensile limit is the material's tensile limit, S compressive limit is the material's compressive limit. Criteria used to predict the failure of ductile materials are usually called yield criteria. Commonly used failure criteria for ductile materials are: the Tresca or maximum shear stress criterion, the von Mises yield criterion (maximum equivalent stress failure theory), the Gurson yield criterion, the Hosford yield criterion, the Hill yield criteria and various criteria based on the invariants of the Cauchy stress tensor.

Of the four failure theories supported by the Mechanical application in ANSYS Workbench, von Mises-Hencky theory is generally considered as the most appropriate for ductile materials such as aluminum, brass, and steel. Von Mises-Hencky theory states that failure by yielding under a combination of stresses occurs when the energy of distortion equals or exceeds the energy of distortion in the tensile test when the yield strength is reached. The safety factor can be calculated by Safety Factor = S limit σ e (5.2)

where σ e is the maximum equivalent stress and S limit is a specific stress limit, which could be the yield strength of the material or the ultimate strength of the material depending on specific situation. Even though the desiring value of the safety factor has to be material dependent and be specific to a material composition and manufacturing and may also be influenced by the environment, the minimum value of the safety factor for the structural glass is suggested to set as 3, with both the experimental results of Vicat and Tim McFarlane [ KHO 04].

In this work, the Equivalent stress safety tool inserted in ANSYS Workbench is used to value the durability of the alley steel barrel, and the Mohr-Coulomb stress safety tool is used to value the durability of the transparent windows. A minimum value of 3 of the safety factor of the glass blocks is expected to satisfy the requirement of the working environment.

Numerical Simulation

To explore the failure reasons of the "visual barrel" designed by Pham et al., numerical simulations have been conducted with ANSYS Workbench. The modelling process, the material mechanical properties, and the boundary conditions are demonstrated in this section. found that the barrel has 4 connected regions from the hopper side to the die side. The first region includes 2 slots to fix the barrel and the hopper hole, the second region has a bigger diameter connecting the first region and the visual region, the third region is the main part of the barrel, which has 3 pieces of glass with 9 transparent windows for visualization and will be wrapped with heaters in working situations. The light sources can access through the 3 top windows and cameras can be used to record the plastication process through the 6 lateral windows. The last region has several screw holes to fix the other side of the barrel.

Modelling

The dimensions of the different regions of the barrel are given in Table 5.1. 

Meshing

Meshing is of great importance in FEM simulation, as the calculation duration and analysis accuracy counts on the size and orientations of the mesh. The parametric model created by DesignModeler is divided into numbers of small pieces, which are called mesh elements. The output of the mesh of the barrel and the glass blocks are displayed separately in Fig. 5.3 and Fig. 5.4. The total number of the node is 489572 and the total number of elements is 307144. The type of mesh control used in the present work is Contact Sizing, and a second level of Refinement for the 48 vertices on the 3 glass blocks is inserted to avoid the diverge problems caused by the stress concentration of the glass corners. The total node numbers and total element numbers are six in digit in the current mesh geometry, besides, a finer mesh, which leads to an evident growth of the calculation duration, has been conducted has negligible influence on the simulation results, which indicates that the mesh quality is high enough.

Material mechanical properties

The material used for the main body of the barrel is the alloy steel 41CrAlMo7.10TR. At the beginning of the simulations, the transparent windows are set as glass BK7, utilized in the existing equipment, then Sapphire is set as the transparent windows in the simulation to study its competency under the same boundary conditions. The mechanical properties of these materials are presented in Table 5.2.

Boundary conditions

Fixed support is applied to the surface of Region 1, which means that no displacement is allowed in this region. Therefore, the temperature in this region is always set at room temperature to avoid the thermal expansion caused by high-temperature field. In the practical experiment, the working temperature depends on the polymer that been used, but mostly it is lower than 300. In this section, the temperature of main part of the barrel (Region 3) is set as 50°C, 100°C, 150°C and 240°C, separately, to study the effect of temperature on the safety factor of the glass windows.

A pressure is applied perpendicularly to the inner surface of the barrel and the glass where the screw passes through. For the initial calculation, a uniform pressure of 200 bar is utilized. Then, a multi-function pressure profile is adopted to simulate the practical plastication environment.

The film coefficient of convection of the 9 window planes at ambient temperature 22°C is taken as 10 W /(m 2 * C). The heat flow on the inner surface of the barrel is set as 0, it is treated to be perfectly insulated.

The contact types used in ANSYS Workbench include bonded, frictional, frictionless, rough, no separation. In this section, to study the influence of contact type between glass blocks and barrel on the safety factor of the glass windows, bonded, frictionless and frictional contact type are conducted. In air at atmospheric pressure, the friction coefficients between metal and glass are typically from 0.5 to 0.7, depending on the shear properties of the metal involved [BUC 73]. In this work, the friction coefficient between glass BK7 and metal is set as 0.6.

Results and discussion

In this section, the temperature distribution, safety factor and the total deformation of the steel barrel and glass blocks are demonstrated, under the boundary condition of 240°C in the region 3, 200 bar uniform pressure on the inner surface, and the contact condition of frictional contact type between the steel barrel and glass blocks. Besides, the influence of processing parameters, the material mechanical properties, the length of the glass windows, the pressure profile, and temperature field on the safety factor of the glass windows are discussed.

The overall temperature distribution is illustrated in Fig. 5.5(a). Region 1 (hopper side) has the minimum temperature of about 22°C as expected. The barrel temperature changes uniformly in Region 2. In Region 3 and Region 4, the temperature of the barrel is uniformly 240°C, the temperature of the glass windows have a lower temperature of about 220°C in the center and 240°C in the edge.

The total deformation of the barrel is shown in Fig. 5.5(b), and it can be found that the Region 1 of the barrel has no deformation as for the fixed support boundary condition in this part. Then the total deformation increases uniformly along the barrel, and the end side of the barrel (die side) has the accumulated largest deformation. A series of simulation experiments have been conducted to study the temperature field effect on the total deformation of the barrel, which is expected to increase linearly with the increasing temperature. The results show that: At 22°C, its maximum values is only 7 µm; At 100°C, the maximum value is 845 µm; At 200°C, the maximum value is 1932 µm; At 240°C, which is the simulation in this figure, the maximum value reaches 2367 µm. Therefore, the total deformation of the barrel enlarges with the increase of the temperature field.

The total deformation of a single glass block is shown in the Fig. 5.5(c). With a 100 times enlargement, it can be clearly found that the centered parts of the glass block have a evident displacement as for a bending deformation. This kind of bending deformation could be caused by the decrease of the yield strength of the corresponding top part of the barrel that is subtracted by the glass blocks and top view holes.

The safety factor of the barrel and one glass block are demonstrated in Fig. 5.5(d) and (e).It can be found that the value of safety factor of the barrel is uniformly 15, which is high enough for the working environment. While the minimum value of safety factor of the glass windows is about 1.45, which is lower than the desired value of 3, and corresponding to experimental results that the glass windows have been broken after a period of practical experiment. In Fig. 5.5 (e), the distribution of the value of safety factor of the glass block is corresponding to the total deformation distribution, which the center part of the glass block has a lower value of safety factor. In the following section, as for the sufficient safety factor of the steel barrel, only the safety factor of the glass windows is discussed. 

The effect of contact types on the safety factor

To study the influence of the contact type between the glass and the barrel on the safety factor of the glass blocks, a simulation experiment is conducted with 3 different contact types, frictionless, bonded, and frictional, setting for 3 pieces of glass blocks, respectively, under the same other boundary conditions like pressure and temperature field. As shown in Fig. 5.6, the safety factor presents huge difference with the different contact types. The bonded contact condition has the lowest safety factor of about 0.04. The reason could be that the alloy steel barrel has a bigger thermal dilatation coefficient than the glass blocks, as listed in Table 5.2, the bonded contact type leads to a bigger deformation for the glass blocks than it is expected under a temperature field of 240°C. As shown in Fig. 5.5 (e), the pressure field on the inner surface of the barrel leads to a bending deformation on the glass blocks, which is bad for the safety factor of the glass blocks because there is tensile stress produced in bending. For the frictionless contact type, and the edge parts of the glass block could have a larger deformation without the friction with the barrel. Therefore, the middle part of the glass block has a higher safety factor than the corner parts. The frictional contact type typically requires much more calculation time as a non-linear problem to be solved. It shows a gradient circle of the distribution of the safety factor, the middle part has a lower value of about 1.45. To be noted, the frictional contact condition is the real contact condition and the friction factor between glass and steel is set as 0.6 [BUC 73]. To conclude, the type of contact between the glass window and steel barrel has an obvious influence on the safety factor of glass blocks, and the frictional contact type has a minimum safety factor of 1.45 under corresponding boundary conditions.

The effect of the length of glass windows on the safety factor

The effect of the length of glass windows on the safety factor has been investigated. To ensure the observation of at least one complete screw channel, the shorter window length is set as 45 mm. The simulation on the two models was conducted under the same boundary conditions (Fixed support on Region 1, frictionless support on Region 4). Fig. 5.7 shows the results of the safety factor of glass blocks of the two models under pressure field of 200 bar. The minimum value of the safety factor of the 45 mm windows is 3.5, which is higher than that of 120 mm windows, as is about 2.7. While a further study that with the temperature field of 240°C, the minimum value of safety factor of 45 mm windows displays the same value with the 120 mm windows. In summary, a shorter length of glass windows has a higher safety factor value under room temperature, while the length of the windows has little influence on the Safety Factor of the glass windows under a combined field of high temperature and pressure. To study the influence of the temperature field on the safety factor of the glass windows, a series of simulation experiments with different temperature field is conducted. As demonstrated in Fig. 5.8, the minimum value of the safety factor of the glass blocks decreases evidently with the increasing of the temperature field. In the simulation with room temperature, the minimum value of the safety factor of the glass blocks is 5.35, which is quite robust, and it decreases to 2.35 with a temperature field of 100°C. At the working environment of 240°C, the valid safety factor is about 1.45, and it can continue to decrease to 1.28 when the temperature field reaches 300°C. The distribution of the value of the safety factor also changes in different temperature fields. In the room temperature, the top surface of the glass windows has a lower safety factor than the other parts, the reason could be that the top part has a more evident influence by the inner pressure without the influence of the temperature. While for the high-temperature field like 240°C, the value of the safety factor are lower in the center part. The first glass window is different with the other two glass blocks as for the fixed support is set at the beginning (Region 1) of the barrel. In conclusion, a higher temperature field leads to a lower valid value of the safety factor of the glass blocks, and it explains the breakage of the glass windows in the practical experiments.

The effect of pressure profile on the safety factor

The effect of pressure on the safety factor of glass windows is explored. In the previous simulation experiments, the pressure is always set uniformly as 200 bar along the inner surface of the barrel for simplification. In reality, it is important to note that the pressure along the inner surface is not uniform. Therefore, a piece-wise function of pressure is set in this simulation. The temperature boundary condition is kept as 240°C, and the other boundary conditions are mentioned in the previous section of Boundary conditions. As shown in Fig. 5.9, which is a cross-section view of the pressure profile inside the barrel, a variable pressure is loaded on the inner face of the barrel. The blue region, which is the hopper side, has the atmosphere pressure, and the peak pressure of the red region locates on the third glass block. From the mathematical model of the previous chapter, the pressure profile can be simplified as a multi-linear function, as described in Fig. 5.10. The pressure begins with 1 bar on the hopper side, and increases along the interior surface of the barrel and reaches the maximum value of 200 bar at the end of the metering zone, then it drops down to a back pressure of 5 bar at the end of melting zone.

The results of the calculation with the variable loaded pressure is shown in Fig. 5.10. It can be found that the first and second glass blocks with a low pressure have a higher safety factor, and the third glass window presents a minimal safety factor of 3.03 as for the effect of the peak pressure. Therefore, the pressure field has a pronounced influence on the safety factor of glass windows.

It should be noted that the result of the minimum value of safety factor in this simulation suffers from the limitations that, in polymer processing, where both heat transfer and flow take place, typical temperature variations may reach up to 200°C and pressure variations, 500 bar [TAD 79b]. Under such significant variations, the minimum value of the safety factor of the glass blocks could be lower than this result of 3.03, which explains the broken phenomenon of the glass blocks in the practical experiments.

The effect of material properties on the safety factor

The influence of mechanical properties of the window material on the safety factor of glass blocks is studied. The main mechanical properties of glass BK7, which is used in previous simulation experiment, are listed in the Table 5.2. A verification of 10% of each property is conducted in the simulation process to study its influence under the boundary condition of 240°C and 200 bar inner pressure, and the contact type between glass blocks and steel barrel is set as frictional. As demonstrated in the Table 5.3, the Young's modulus of the glass blocks and the friction coefficient between steel barrel and glass blocks have a negative correlation with the minimum value of safety factor of the glass blocks, the tensile yield strength of the glass blocks has a positive correlation with the valid safety factor of the glass blocks, and the variation of 10% of compressive yield strength have no influence on the safety factor. The reason is probably that the value of compressive strength of glass BK7 is much higher than the value of tensile strength, which becomes a limitation for the minimum value of the safety factor, i.e., the glass blocks can not bear Thus, transparent material with a higher tensile yield strength is considered to make the visual barrel more robust, and sapphire could be qualified. Besides, sapphire is much more resistant to brittle fracture than are glasses [BUC 73]. As seen from the Table 5.2, the tensile yield strength of sapphire is much higher than glass BK7, and the minimum value of the safety factor of sapphire in this boundary condition reaches to 8.96, as shown in Fig. 5.11, while in the same condition, the safety factor of glass BK7 is about 1.45, as shown in the previous Fig. 5.8(c). Thus, sapphire is of high mechanical performance to satisfy the requirements of the working environment.

Conclusions

In this chapter, Pham's model of a visual barrel is simplified and rebuilt within ANSYS Workbench to simulate the working environment of the practical experiments to analyze the failure reasons of the visual barrel. The Equivalent stress safety tool is used to value the durability of the steel barrel, the Mohr-coulomb stress tool is used as the criterion of the glass. A minimum value of safety factor of 3 is set as the requirement of reliability and durability. The effects of contact types, length of glass windows, temperature, pressure, and material properties on the safety factor of the glass windows are investigated in detail. It is found that:

(1) The temperature distribution, in the simulation result, is uniformly on the main region of the barrel, and the glass windows have a lower temperature of about 220°C in the center of the windows; The total deformation of the barrel increases with the enhancement of the temperature, at the 240°C, the total deformation reaches about 1.93 mm; The safety factor of the steel barrel is high enough but the glass blocks have an inefficient safety factor of 1.45.

(2) The temperature field has a big influence on the safety factor value of the glass blocks. The higher the temperature, the lower the value of safety factor. Under the frictional contact type, the minimum value of the safety factor of glass blocks is 1.45, which is lower than the expected value of 3.

(3) The contact types of glass blocks and steel barrel effect on the safety factor. The frictionless contact type and bonded contact type have a much lower safety factor than the practical frictional contact type.

(4) The length of glass windows have an influence on the safety factor at room temperature, but the influence disappeared in a high-temperature field.

(5) A higher pressure leads to a lower value of the safety factor of the glass blocks.

(6) The Young's modulus of the glass blocks and the friction coefficient between steel barrel and glass blocks have a negative correlation with the minimum value of the safety factor of the glass blocks, while the tensile yield strength of the glass blocks has a positive correlation. Sapphire is a robust material to satisfy the requirement of the working environment with a high tensile yield strength.

Finally, it should be mentioned that the results of the present study are sensitive to the simulated geometry and boundary conditions, thus it could only provide a gross approximation, with the absence of reliable experimental validation. After all, the presented numerical experiments are dedicated to provide an analysis of the failure theory of the visual barrel and provide suggestions for further study.

General conclusions and perspectives

General conclusion

In this thesis, the thermal homogeneity in single-screw plastication process has been studied. Firstly, thermal fluctuations in solid conveying and melt conveying are analyzed; Secondly, the laminar dispersion behavior of initial thermal fluctuations and inlet transient thermal fluctuations in the melting zone of plastication are investigated; Finally, the design and numerical simulation of an existing industrial sized visual barrel used in injection molding machines are reviewed, with the aim of analyzing the effect of operating conditions on the safety factor of the existing glass windows. The main conclusions drawn from this work are as follows:

In Chapter 2, the effect of solid bed velocity, solid bed voidage, and polymer properties on thermal fluctuations are quantified. Results show that changes in solid bed velocity and solid bed voidage could have a considerable influence on the temperature field at the end of the delay zone. Besides, small changes in the power-law index could lead to very large changes in the peak pressure, and the mechanical pressure fluctuations can also be a source of thermal fluctuations. Variations of the polymer consistency and power-law index could lead to non-neglected fluctuations of the throughput, which can be further related to the thermal fluctuations.

The laminar dispersion of initial thermal fluctuations in the melting zone of plastication is researched in Chapter 3. The peak of thermal fluctuations presented at the end of the metering zone increase with the enhancement of slug length in a Newtonian fluid. The results from ANSYS Polyflow are in agreement with our mathematical model, which showed the same tendency of the dispersion behavior of thermal fluctuations. The powerlaw behavior of fluid affects the dispersion behavior of thermal fluctuations. With the same throughput, temperature and backpressure, a fluid with the lower power-law index can make the thermal fluctuation disperse more evenly than with higher power-law index. The value of the peak temperature of thermal fluctuation decreases exponentially along the position of the metering section of the screw channel, therefore, a longer metering section in plastication process could help achieve a better thermal homogeneity in the melt flow. In both Newtonian and non-Newtonian fluid, concluded by both mathematical model and numerical simulation: temperature fluctuations disperse more evenly with time in a flow with high backpressure, whereas a pressure drop in the flow results in a breakthrough curve which presents a larger peak of fluctuation. It indicates that through an increase of backpressure, to some degree, in practical polymer processing can expect a better thermal homogeneity at the end of the metering section of the screw channel.

In Chapter 4, the capacity of the drag and pressure driven flow to dampen transient inlet temperature disturbances occurring at the beginning of the metering zone of the screw channel is explored. The integral transform method for heat transfer in polymer melt flow with transient inlet temperature has been successfully used for the drag and pressure driven flow in a rectangular single screw channel. The steady-state eigenvalues are calculated to build the transient solution, and it was found that the knowledge of the lowest eigenvalue is sufficient to characterize the dampening efficiency of a flow. Besides, for any given flow, the high-frequency disturbances are dampened more efficiently than the low-frequency disturbances. The most important result is that a higher level of backpressure (positive pressure gradient) in the flow indeed result in a much more efficient dampening of the inlet temperature fluctuation.

In the last Chapter, the design and numerical simulation of an industrial-sized transparent barrel used in injection molding machines are conducted by using ANSYS Workbench, with the aim of analyzing the effect of operating conditions on the safety factor of the existing glass windows. The temperature distribution and the total deformation of the barrel under temperature and pressure fields are demonstrated. It was found that the safety factor of the steel barrel is high enough but the glass blocks have an inefficient safety factor of 1.45, compared with the expected value of 3. Furthermore, a contact problem between glass windows and steel barrel was carried out. The frictionless contact type and bonded contact type were found to have a much lower safety factor than the practical frictional contact type. The length of glass windows has a considerable effect on the safety factor at room temperature, but the difference can be neglected in a hightemperature field. Both the temperature field and pressure field have a big influence on the safety factor value of the glass blocks, and the higher the temperature or pressure, the lower the value of safety factor. The Young's modulus of the glass blocks and the friction coefficient between steel barrel and glass blocks have a negative correlation with the value of the safety factor of the glass blocks, while the tensile yield strength of the glass blocks has a positive correlation with the safety factor value. The results of these simulation experiments give a better understanding of the failure of the glass windows in Pham's equipment. If we look for another material that would be able to meet our requirements, it is found that sapphire is a robust material to satisfy the requirement of the working environment with an exceptionally high tensile yield strength.

Perspectives

After this thesis, the future work could be considered in these aspects:

• Mathematical modelings On the one hand, in the injection molding cycle, the mechanical time scale of the idles and restarts is a process parameter and it is completely different from the material time scale of the thermoplastic melt, which is a viscoelastic fluid. Therefore, these relaxation phenomena are a form of fluctuations also. Investigation of the effects of the idle and restart time in the injection molding cycle on thermal fluctuations, from the modeling stand-point, could be very advantageous.

On the other hand, the barrel temperature fluctuation can be used as boundary condition to study the dispersion behavior of thermal fluctuations. Due to the laminar dispersion behavior with the initial condition has already been studied, the model with boundary condition can be formulated by replacing θ(x, y, τ) with θ(x, y, τ) -T wall (x, τ), where θ is the dimensionless thermal fluctuation, and T wall is the barrel wall temperature. Besides, We want to extend the mathematical model of laminar dispersion from the metering zone to the compression zone of the screw channel. Due to the channel depth changes slowly in the compression zone, the lubrication theory will be used in this process.

• Numerical simulations

Further numerical simulations are expected to conduct. Present work only used 2-D models as a simplification for the first calculation, which neglected the influence of the screw flights on the flow. A 3-D model can be developed for the drag and pressure driven flow in the screw channel and calculated with ANSYS Polyflow, in consideration of the circular flow in the cross section of the screw channel, to obtain more persuasive results.

• Experiment validations

The effect of operating conditions on the safety factor of the existing glass windows, obtained by numerical simulation, are sensitive to the simulated geometry and boundary conditions, thus it could only provide a gross approximation, without the presence of reliable experimental validations. Besides, after solving the transparent window problems, the visual barrel can be further instrumented with temperature measurement sensors, and combined with a temperature-sensitive fluorescent dye, to conduct experiments on the study of thermal homogeneity in the plastication process.

In addition, the visual barrel injection molding machine can be operated by replacing the glass blocks with metal blocks, and install pressure and temperature sensors at the end of delay zone, at the end of melting zone, and at the end of the metering zone, to conduct experimental measurements of fluctuations to verify the mathematical models on the delay zone temperature, peak pressure, and thermal fluctuations.
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 1 Figure 1: Schematic representation of thermal fluctuations. (a) initial thermal slug; (b) transient inlet temperature boundary condition.In Chapter 3, the laminar dispersion behavior of initial slug thermal fluctuations in Newtonian fluid and non-Newtonian fluid is investigated analytically and numerically.

Figure 1 . 1 :

 11 Figure 1.1: Schematic representation of a single screw extruder [ABE 16a].

Figure 1 . 2 :

 12 Figure 1.2: Units of an injection-molding machine [FER 18].

  and Mol [DAR 56] first proposed the solid plug conveying theory in single screw extrusion based on the static balancing of the frictional forces at the screw and barrel surfaces; Chung et al. [CHU 70] proposed the viscous drag mechanism, developed in the melt films on the surface of the solid plug; Tedder [TED 71] proposed an energy balance theory. The common point of these classical plug flow theory is that the solid phase material is regarded as a continuous elastic body without deformation, and no relative sliding between the particles, that is, a solid plug. Based on the experimental observation of a visualized extruder, Zhu [ZHU 91] proposed the non-plug solid conveying theory, supplemented the previous solid conveying theory, and improved the accuracy of the theoretical quantitative analysis. Based on this theory, a three-layer model of non-plug flow solid conveying model was further proposed [ZHU 01].

  Figure 1.3: Cross-section in the melting zone of a single screw extruder [TAD 70].

  [TAD 13], and the three-dimensional single-screw melt conveying theory proposed by Zhu et al. [ZHU 01].

Figure 1 . 4 :

 14 Figure 1.4: Melting mechanism with a cross-channel flow circulation [LIN 76].

  [RUB 08] conducted an experimental study on the energy efficiency of different injection screws. The results present that a new "mixing" injection screw with unique spiral structure has the largest melt delivery volume, most uniform melt temperature and highest energy efficiency, compared with a general-purpose screw, a barrier screw and a new variable barrier screw, which provide suggestions to the optimization of screw design in injection molding. Many experiments were conducted for the verification of new models ([DON 91][CEL 10][FER 14b][IWK 15][IWK 18]). For example, Fernandes et al.

Figure 1 . 5 :

 15 Figure 1.5: Effect of barrel temperatures on the average melt temperature: circle -computation before static phase; diamond -computation after static phase; square -IR thermometer; triangles -IR camera [FER 14b].

Figure 1 . 6 :

 16 Figure 1.6: Simulated (solid line) and measured (point) pressure profiles for an LDPE extruded in a 2.5-in-diameter, 26.5 length-to-diameter ratio extruder. Simulation was carried out by the first computer simulation package for plasticating extrusion developed by the Western Electric Princeton Engineering Research Center team [KLE 68].

Figure 1 . 7 :

 17 Figure 1.7: Model predictions (with and without plastication included) plotted against experimental data [HAN 90] of pressure along 63.5 mm diameter screw for LDPE at 40 and 100 rpm. [B ÉR 09]

Figure 1 . 8 :

 18 Figure 1.8: Schematic representation of injection molding cycle [FER 14a].

Figure 1 . 9 :

 19 Figure 1.9: Schematic representation of extrusion die [PUJ 08].

Figure 1 . 11 :

 111 Figure 1.11: Schematic representation of Temperature Measurement Cell, (a) overall view (b) intrusive part (dimensions in mm) [LAU 14].

Figure 1 .

 1 Figure 1.12: Schematic representation of the confocal optical sensor with micrometer movement [BUR 04].

Figure 1 .

 1 Figure 1.13: Schematic representation of the instrumented equipment. Non-ins TC: noninsulated wall mounted thermocouple; Semi-ins TC: semi-insulated wall mounted thermocouple; Ins TC: insulated wall mounted thermocouple; MTX: Methotrexate IR sensor;TCM: thermocouple mesh.[ABE 12] 

Figure 1 . 14 :

 114 Figure 1.14: Variation of melt temperature for HD6007S at 200°C over a 30 s period at 11 mm from the centre of the flow and screw speed of 70 rpm. ST: stepped compression screw; TA: tapered compression acrew; BF: barrier flighted screw( [VER 14].
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 1 Figure 1.15: Glass window designed by Fang [FAN 91]

Figure 1 .

 1 Figure 1.16: Visual barrel designed by Gao [GAO 00]

Figure 1 .

 1 Figure 1.17: Visual barrel designed by Pham [PHA 13]. Top: Sketch of the visual barrel; Middle: 3-D view of the visual barrel; Bottom: Schematic representation of light resource and camera.

Figure 1 .

 1 Figure 1.18: Photo of plastication process taken with visual barrel system -the melt film [PHA 13].

Figure 1 .

 1 Figure 1.19: Photo of plastication taken with visual barrel system -solid bed breakage [PHA 13].

  Figure 2.1: Schematic representation of a single screw plasticating extruder. [B ÉR 04]

Figure 2

 2 Figure 2.2: Cross-section schematic of plastication process along the screw channel: (a) solid bed conveying zone, (b) delay zone, (c) melting zone, and (d) metering zone. (A)Solid bed, (B) melt film ,(C) melt pool.

Figure 2 . 3 :

 23 Figure 2.3: Geometry of the extruder used in the modeling of temperature field in solid conveying [GAS 00]

Figure 2 . 4 :

 24 Figure 2.4: Sketch of the barrel-screw configuration.

  2. Thermal fluctuations generated in solid bed conveying and melt conveying 2. The flight clearance is neglected; 3. The various friction coefficients are constant; 4. Gravitational and inertial forces are neglected.
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 25 Figure 2.5: Grid for the explicit scheme of finite difference approximations.

Figure 2 . 6 :

 26 Figure 2.6: Solid bed temperature across the channel at different down-channel location. Solid green line: beginning of solid bed conveying. Solid blue line: end of solid conveying/ start of delay zone. Solid red line: end of delay zone / start of melting. Screw side (Y = 0) and barrel side (Y = 0.056 m).
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 27 Figure 2.7: Sketch of the unrolled screw channel and the locations of the temperature lines.

Figure 2 . 8 :

 28 Figure 2.8: Pressure development of standard three zones screw

Figure 2 . 9 :

 29 Figure 2.9: The values of y 0 in different flow velocity profiles. (a) and (b) are drag and pressure drop flow with different pressure gradients, (c) and (d) are drag and back pressure flow with different pressure gradients.
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 210 Figure 2.10: The effect of 20% variations of flow consistency, power-law index, and activation energy on the fluctuations of throughput and peak pressure of plastication process

Figure 2 . 11 :

 211 Figure 2.11: The effect of 20% variations of polymer properties on the fluctuations of solid bed velocity, and temperature at the end of the delay zone. K: flow consistency; n: power-law index; E a : activation energy
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 31 Figure 3.1: Sketch of the three different possible flow configurations: (a) drag and pressure flow, (b) drag flow and (c) drag and backpressure flow.

Figure 3 . 2 :

 32 Figure 3.2: Sketch of a thermal slug at the beginning of metering zone.
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Figure 3 . 3 :

 33 Figure 3.3: Evolution of different slug-length of the temperature fluctuation θ with dimensionless time τ at the end of metering section of a single screw. Time τ r marks the average residence time from the edge of the thermal slug to the end of metering section.

Figure 3 . 4 :

 34 Figure 3.4: Evolution of the temperature fluctuation θ with dimensionless time τ at the end of metering section of a single screw. Time τ r marks the average residence time.Red curve is when a negative pressure gradient P g is considered, while blue curve is when a backpressure is considered.
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 35 Figure 3.5: Mesh of model in Polyflow

Figure 3 . 7 :

 37 Figure 3.6: Length average temperature and mixing cup temperature with "Billion 40" and slug-length 50. Red curve is when a pressure drop is considered, while blue curve is when a back pressure is considered.
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  (3.108) and (3.109), K 2 (τ) can be obtained finally.

Fig. 3 .

 3 Fig. 3.8 illustrates the evolution of thermal fluctuations with dimensionless time at the end of the metering zone of a screw channel, in the cases of three different operating conditions with the same throughput, i.e., the same average residence time. The red line case has a rotation frequency of 30 rpm and zero backpressure, which means a pressure drop flow in the channel of the metering zone, because the peak pressure near the beginning of the metering zone is about 23.5 MPa, calculated by the model of Béreaux et al. mentioned before. The green line case has a rotation frequency of 50 rpm and backpressure of 91.2

Figure 3 . 8 :

 38 Figure 3.8: Evolution of the temperature fluctuation with dimensionless time at the end of the metering section. τ r marks the average residence time from the edge of the temperature step to the end of the metering zone. Three cases with the same throughput but different operating conditions.

Figure 3 . 9 :

 39 Figure 3.9: Comparison of dispersion behavior of thermal fluctuations with different power-law index of fluid. Two cases with same throughput of 2.0 cm 3 /s and same back pressure of 91.2 MPa but different power-law index: Red curve case n = 1 with 33.316 rpm screw rotation frequency, blue curve case n = 0.345 with 50 rpm.
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 310 Figure 3.10: Dispersion behavior of thermal fluctuations at different position in non-Newtonian fluid.

  Figure 3.11: Evolution of thermal fluctuations with dimensionless time at z sim = 100 in non-Newtonian fluid

Figure 4 . 1 :

 41 Figure 4.1: Velocity profiles u(y) for different levels of pressure gradient p g : -1, 0, 1 of drag and pressure driven flows

Tableau 4 . 1 :Figure 4 . 3 :

 4143 Figure 4.3: Six eigenfunctions for the three different cases of pressure gradient p g : p g = -1 left; p g = 0, center; p g = +1, right.

Figure 4 . 4 :

 44 Figure 4.4: Mixing cup average temperature along dimensionless time τ for the three different value of dimensionless pressure gradient : p g = -1 left column ; p g = 0, centre column; p g = +1, right column. Inlet temperature frequency Ω = 5, top row; Ω = 10, centre row, Ω = 50, bottom row. Comparison between model predictions (solid blue line z = 0.05, solid red line z = 0.1) and FEM simulation results (circle) at P e = 1000.

Figure 4 . 5 :

 45 Figure 4.5: Length average ("lav") and mixing cup ("mxc") average temperatures along dimensionless time τ at locations z = 0.025 and z = 0.05 for the three different values of dimensionless pressure gradient : p g = -1 left; p g = 0, centre; p g = +1, right. Comparison between model predictions and FEM simulation results at P e = 1000. Inlet temperature frequency Ω = 10.
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 46 Figure 4.6: Amplitude of mixing cup average temperature (solid line) along dimensionless space z, at dimensionless pressure gradient p g = -1 left; p g = 0, centre; p g = +1, right, at dimensionless frequency Ω = 10 (blue colour) and Ω = 50 (red colour). Comparison between model (solid blue or red lines) and exponential dampenings with µ 2 1 (solid gray line) and Re(λ 1 ) (dashed blue or red line) factors, and FEM simulation results at P e = 1000 (circle).

  p g = -1, Ω = 5 Im(λ 1 )/Ω = 1.34 model p g = -1, Ω = 50 Im(λ 1 )/Ω = 1.29 model p g = +1, Ω = 50 Im(λ 1 )/Ω = 2.12 model p g = +1, Ω = 5 Im(λ 1 )/Ω = 2.79 model p g = 0, Ω = 5 Im(λ 1 )/Ω = 1.85 model p g = 0, Ω = 50 Im(λ 1 )/Ω = 1.69 z -φ(z)
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 47 Figure 4.7: Evolution of phase lag of the mixing cup average temperature φ(z) along flow direction z. Values are normalised by inlet temperature dimensionless frequency Ω. Comparison between model solution (symbols) and linear relation (solid lines) Eq. 4.35.

  (a) Top view of the barrel (b) 3D isometric view of the barrel

Figure 5 . 1 :

 51 Figure 5.1: Perspectives of the barrel with transparent windows A 3D model is built in ANSYS Workbench DesignModeler. The barrel embedded 3 glass blocks has the same dimensions as Pham's model, illustrated in Fig. 1.17 in Chapter 1. But the auxiliary structures like the bases, joints, and wedges, are treated as part of the barrel to simplify the complicated contact problems and reduce the calculation duration. The top view and the 3D isometric view of the barrel are shown in Fig. 5.1. It can be

  (a) Left view of a glass block (b) 3D isometric view of a glass block

Figure 5 . 2 :

 52 Figure 5.2: Perspectives of a glass block

Figure 5 . 3 :

 53 Figure 5.3: Meshing of the barrel Figure 5.4: Meshing of a glass block

  (a) Temperature distribution of the barrel (b) Total deformation of the barrel (c) Total deformation(100 times) of a glass block (d) Safety factor of the barrel (e) Safety factor of a glass block
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 55 Figure 5.5: Simulation results with 200 bar inner pressure and 240°C temperature field and frictional contact type between barrel and glass blocks

Figure 5 . 6 :

 56 Figure 5.6: The safety factor distribution of the 3 glass blocks with different contact types under a temperature condition of 100 • C (Friction coefficient between glass and steel is set as 0.6)
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 57 Figure 5.7: The safety factor of the glass windows in 2 different length
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 58 Figure 5.8: The safety factor of the glass blocks in different temperature fields

Figure 5 . 9 :

 59 Figure 5.9: Cross-section view of variable load pressure on the inner surface of the barrel

Figure 5 .

 5 Figure 5.10: Effect of variable pressure profile on the safety factor of the glass blocks. The variable pressure starts with atmospheric pressure at the hopper side, and ends with back pressure at the nozzle side.

Figure 5 . 11 :

 511 Figure 5.11: Safety factor distribution of sapphire blocks
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  [RAO 86] studied the changes in solid bed profile during the injection cycle; Rauwendaal [RAU 92] quantitatively described the solid conveying, melting, and melt conveying in a single screw extruder with both axial and rotational motion of the screw; Yung and Xu [YUN 01] studied the transient models for the melting process at the feeding stages in a reciprocating extruder, identified factors affecting the melting speed; Yung et al. [YUN 03] studied the transient models for the melting process in the melting, injection, and stop stages in a reciprocating extruder; Steller and Iwko [STE 08] used a simplified melting model, and solved the equations of energy and momentum analytically, studied the periodical action of the three zones screw, to-and-from screw motion with controlled stroke, and static/dynamic melting. Fernandes et al. [FER 14a] developed a new model which takes into account the backwards movement of the screw, the presence of a non-return valve and the conduction of heat during the idle times. Results for the dynamic and static phases of the plastication were presented, respectively.
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Table 2 . 1 .

 21 Tableau 2.1: Polymer properties and processing parameters taken from [GAS 00].

	HDPE Polymer properties	Values
	Power-law consistency, K	3E4 Pa/s n
	Solids thermal conductivity, k s	0.186 W/(m*°C)
	Power-law index, n	0.345	
	Temperature sensitivity, a	6.8E-3 1/°C
	Solid specific heat, C p	1317 J/kg
	Solid density, ρ s	806 kg/m 3
	Melt temperature	119.6	°C
	Frictional coefficients		
	Polymer-barrel, f b	0.45	
	Polymer-screw, f s	0.25	
	Operating conditions		
	Screw speed, N s	50 rpm
	Temperature set in feed zone(from 2.7D to 12D), T 1	150°C
	Temperature set in compression zone(from 12D to 19D), T 2 160°C
	Temperature set in metering zone(from 19D to 26D), T 3	170°C
	Back pressure	130 bar
	Screw geometry		
	Internal barrel diameter, D b	36 mm
	External screw diameter, D s	36 mm
	Screw pitch	36 mm
	Feed zone depth, H f	5.6 mm
	Metering zone depth, H	2.0 mm
	Screw channel width, W	32.4 mm
	Screw turns in the feed zone	9.3	
	Screw turns in the compression zone	7	
	Screw turns in the metering zone	7	

  Tableau 2.3: Variation of air volume fraction effect on the average temperature at the end of delay zone (T d ).

	Voidage k eff /W/(m°C) T d /°C
	0	0.19	66.7
	0.15	0.15	68.8
	0.30	0.12	72.3

  Table 2.4. The polymer properties and operating parameters keep the same with the previous section, as shown in Table 2.1. Tableau 2.4: Screw geometry of the machine Billion 40.

	Screw geometry	Values
	Internal barrel diameter, D b	40 mm
	External screw diameter, D s	40 mm
	Screw pitch	40 mm
	Feed zone depth , H f	7.0 mm
	Metering zone depth, H	2.75 mm
	Flight width, W	4.0 mm
	Screw turns in the feed zone	10
	Screw turns in the compression zone 7
	Screw turns in the metering zone	6.5
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  .2.

	Tableau 3.1: 3 cases of processing parameters to keep same flow rate.
	Case Flow rate RPM Back pressure
	Case1	2.0	30		0
	Case2	2.0	50		912 E5
	Case3	2.0	80	1860.65 E5
	Tableau 3.2: 3 cases of processing parameters to keep same flow rate and the correspond-
		ing specific parameters C1-C8.
	Parameters Case1	Case2		Case3
	C1	0.61755	0.37055	0.23159
	C2	-0.034385 -0.046288 0.60961
	C3	1.1506	-0.11448	-2.5126e-04
	C4	0.53309	-0.48503	-0.23184
	C5	0.0070194 0.0094493 0.12445
	C6	-0.578	-0.039481 -6.9471e-06
	C7	-0.00119	0.001602	0.021098
	C8	0.28381	0.032058	0.031298
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Spécialité: GÉNIE MÉCANIQUE RESUME: Single-screw plastication, used in extrusion and in injection molding, is a major way of processing commodity thermoplastics. In injection molding, a high level of reliability is usually achieved that makes this process ideally suited to mass market production. Nonetheless, process fluctuations still appear that make molded part quality control an everyday issue. In this work, a combined modeling of plastication, throughput calculation, and laminar dispersion are used, to investigate how thermal fluctuations could generate and propagate along the screw length and affect the melt homogeneity at the end of the metering section. To do this, we used plastication models to relate changes in processing parameters to changes in the plastication length. Moreover, a simple model of throughput calculation is used to relate the screw geometry, the polymer rheology, and the processing parameters to get a good estimate of the mass flow rate. Hence, we found that the typical residence time in a single screw is around one-tenth of the thermal diffusion timescale. This residence time is too short for the dispersion coefficient to reach a steady state but too long to be able to neglect radial thermal diffusion and resort to a purely convective solution. Therefore, a full diffusion/convection problem has to be solved with a base flow described by the classic pressure and drag velocity field. The major importance of the processing parameters in the breakthrough curve of arbitrary temperature fluctuations at the end of the metering section of the injection molding screw is demonstrated. When the flow back-pressure is high, the temperature fluctuation is spread more evenly with time, whereas a pressure drop in the flow will results in a breakthrough curve which presents a larger peak of fluctuation. A commercial Computational Fluid Dynamics (CFD) software, ANSYS Polyflow, was used to verify the model.