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Abstract 

Stereolithography, the most common Rapid Prototyping (EW) technique, utilises a liquid 

photopolymer which is selectively hardened via an ultraviolet laser. A lithography-based RP 

process, currently under development in the Cornputer Integrated Manufacturing Laboratory 

(CIMLab), is able to create functional composite plastic pans reinforced with glass fibres for 

improved mechanical properties. 

In this thesis. novel fibre-resin mixing and layer formation subsystems. for the rapid 

layered manufacturing of fibre-reinforced composite parts were developed. These new 

subsystems addressed drawbncks of the onginal system including part profile-dependent process 

variation. irnpeded delivery of the required volume fraction to srnaIl solid areas. long cycle times 

and reduced performance of the fibre-resin rnixing with the depletion of liquid level. The design 

were developed through the use of formal guidelines provided by the Xxiomatic Design 

methodology. 

The proposed fibre-resin rnixing subsystern includes a constant-volume-mising chamber 

fed by an extemal hopper. An experimental prototype of this subsystem was built to verify rhe 

proposed mixing process experimentally in ternis of its ability to (1)  deliver fluid with the 

desired fibre content to the rest of the systeni throughout the build and (1) presewe the a w a p e  

length of the fibres. 

The layer-formation subsystern incorporates a slot coater with an arwy of continuously 

metered fluid inlets. Flow from the inlets is extruded into a wide film to cover the build platform. 

The layer-formation concept was analysed through numerical simulation, in conjunction with 

factorial experimental design, with the aid of a commercial CFD sohvare package. Experiments 

were perlormed with a physical prototype of the coater in order tu dernonstrate its ability to (1) 

create parts of uni form fibre content regardless of the parts geometry or position within the vat 

and (2) create layen with the desired uniformity and geometric quality. 
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Chapter 1. Introduction 

Chapter 1 Introduction 

1.1 Rapid pvototypirg 

In facing the challenges of a world market, today's manufacturen are adopting new 

technologies, which help them remain competitive. Rapid prototyping (RP), which allows plastic 

parts with cornplex geometry to be built directly from a CAD model, is one such technology. RP 

aids manufacturers by speeding timc to market, improving product quality and reducing 

manufacturing costs (Jacobs 1996). Dcvelopment of prototypes via traditional techniques can 

take weeks or monihs whereas the creation of a component iising RP technology generaliy takes 

no longer than a few hours and at mosi a few days. Thus. RP technologies allow manufacturers 

to move rapidly from the design concept to a physical prototype. sigificantly decreasing the 

product development time. Product quality is also improved by RF teclinologies bccause the 

rapid and affordable iteration. through multiple RP models. facilitates veri tication and validation 

of designs ai the earliest stages of the product developnient. Finally. RP technologics rcducc 

nianufhctunng costs because the improved product visualisation associated with a physical 

model minimises the number of costly erron. 

While commercial RP processes aid in product development through improved product 

visualisation and geometrical verification, as stated above, there is an increasing trend towards 

expanding the role of RP technologies to the point where the fabrication of prototypes for 

functional test ing and ultimately the manu facture of real parts, is cornmonplace. Howevrr, most 

of the raw materials currently employed in RP techniques do not have mechanical properties t h  

are adequate for functional testing. 

A lithography-based RP process, currently under development in the Cornputer Integrated 

Manufacturing Laboratory (CIMLab), is able to create functional composite plastic parts 

reinforced with glass fibres for improved mechanical properties. CIMLab's RP processes will 

herein be referred to as a Rapid Layered Composite Manufacturing (RLCM) process because 

layer upon layer of composite material is added and solidified in order to form the finished part. 

In this context, the focus of this thesiç is the investigation of the formation of thin liquid layers, 

comprising of a photopolymer-based fibre-resin mixture, in order to create high quality 

composite parts using CIMLab's RLCM process. 
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1.2 Literature review 

Recent RP research has concentrated on extending the functionality of RP-based parts 

either by improving the mechanical properties of the raw material or through reinforcing the raw 

matenals to create composite parts. The focus of this thesis is on the reinforcement of 

photopolymen through the addition of short glass fibres. Fibre-rein forced cornposi tes are an 

important class of engineering materials since they offer outstanding mechanical properties: light 

weight. corrosion resistance, impact resistance. and excellent fatigue strength (Agarwal and 

Broutman 1990). Past composite RP technology proposais have made use of both continuous 

(long) and discontinuous (short) fibres in an effort to improve mechanical properties. RP 

techniques utilising longer fibres require an additional step to lay down the long fibres before the 

layer is formed, in contrast to short fibres which are rnixed freely within the pol-mer niatrix. 

Renault et al., 199 1 a. fabncated continuous c-glass fibre composite materials using a 

photolithography process. Continuous fibre tows wcre wound manually around an aluminium 

plate. impregnated with resin and placed inside the stereolithography apparatus. Fibre sarnples 

with various orientations were created and tensile tests were performed. Renault and Ogale. 

199 1 b, produced composite samples through a photolithography process by manually sprcading 

10-1 5 mm chopped glass fibres over the liquid resin on each layer before solidification. .A 

significant improvement of mechanical properties was reported for fibre-based reinforcements. 

Barlage et al.. 1992, constmcted continuous fibre-resin conlposites with multiple layers 

using a stereolithognphy apparatus. The continuous fibres were stretched and bonded in parallel 

to stackable rings, and at the start of each layer, a ring was manually placed over the previous 

ring at the desired orientation. The layen were cured through a standard SL process to produce 

multilayered parts of various fibre orientations. 

Charan et al., 1994, automated the use of continuous fibres in a stereolithography 

application by laying down fibre tows via a dedicated apparatus. Once the fibres were in place 

the layer was cured. ln al1 cases, the composite parts showed significant improvement in part 

strength over their pure resin counterparts. 

Klosterman et ai., 1996, studied the feasibility of creating composites by creating a tape 

of altemating monolithic cerarnic tape and fibrekesin. The composite sheet is laid down and 

bonded to the previous layer while a laser cuts the shape of the part profile. Fully autornated part 

building was possible only by precuring the resin, which resulted in poor layer to layer adhesion. 
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Brown and Colton, 2000, also investigated the feasibility of creating RL composite 

structures through the use of carbon fibre/epoxy strands. The strands are laid down in a pattern 

matching the part profile while being continuously heat cured and consolidated. 

In contrat to the above techniques, other researchers have experimented with shorter 

glass fibres mixed with the polymer resin to fonn a homo;eneous raw matenal. This material is 

then used to form the layers that make up the solidified part. Gray et al.. 1998, utilised fused 

deposition modelling (FDM) to create composite parts. Short strands of thermotropic liquid 

crystalline (TLC) polymer fibres were mixed with a thermoplastic to create monofilament 

strands of reinforced feedstock. The thermoplastic/TLC fibre stnnd was fed into a hot extruder 

head where it was liquefied at a temperature only slightly higher than its melting point. The 

strand was laid out in a pattern on the build platform where it solidified to fom the reinforced 

layer. 

Zak et al, 1996, studied the rheological behaviour of fibre-photopolyrner mixtures Tor use 

in stereolithography. They confirmed that the viscosity of the fibre-photopolpier niixtiire 

increases with increasing fibre-volume-fraction and that this effect is more pronounced at low 

shear rates than at high shear rates. Although this pronounced shear-thinning behaviour has 

direct consequences for layer formation, Zak et al., 1996. succeeded in mixing shon e-glass 

fibres with photosensitive resin to create composite parts via lithograhy. This proccss. that 

overcomes the viscosity issues associated with the mixture. is the starting point for this thesis. 

Stereoiithography was the first process to become established commercially, and the 

manufacturen, 3D Systems, still dominate the rapid prototyping market. In stereolithography, a 

solid mode1 designed in a CAD pro- is sliced to create cross sectional data, which is 

translated into (i scan pattern (Jacobs 1992). An ultraviolet (UV) laser is moved over the surface 

of a vat of photosensitive resin according to the previously generated scan pattern. Areas 

exposed to the laser are selectively hardened. Once a layer is complete, a base plate within the 

vat moves down one layer thickness, and a new layer of liquid flows in over the top. A wiper 

blade may be utilised to facilitate spreading of the liquid over the previously solidified layer. At 
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the end of the build, the object is removed from the base plate, cleaned and cured by UV or heat 

to cornplete the solidification. 

1.3.2 Rapid layered composite rrr ariu factwing 

Introducing fibres to lithography-based processes results in a number of technic 

difficulties. Firstly, a fibre-resin mixture has a much greater viscosity than the pure resin alone. 

A hi$ viscosity inhibits the spreading of the liquid to form the thin layer required for part 

building. Secondly, if left undisturbed, the fibres tend to settle under the influence of gravity. If a 

fibre resin mixture were to be utiliscd in a conventional stereolithography systern. the rcsin and 

fibres would eventually segregate in the vat to the point where a solid mass of fibres would exist 

at the bottorn of the vat leaving pure resin near the surface. 

The rapid layered composite manufacturing (RLCM) apparatus developed in the CIMLab 

is a lithogaphy-based technology that overcomes both issues associated with the production of 

short fibre reinforced parts (Zak 1999). Short c-glass fibres are mixed with photosensitivc resin 

to create the raw material for the composite parts. The fibres are maintaincd in suspension 

throush continuous mixing of the composite liquid in an extemal agitator thereby creating a 

hornogeneous mixture, which is always available for part building. The steps for the original 

RLCM process are shown in Figure 1.1. Fint the build platform is lowered into the vat (Figure 

1. la). Next the liquid delivery system deposits the composite mixture ont0 the build plat form 

(Figure l.lb). where. subsequently, the liquid levelling system foms a layer of desired height 

(Figure 1.1 c). A UV laser selectively cures the part (Figure 1.1 d). The process Steps (a) to (d) arc 

repeated until the entire part is built. 

Figure 1.1. Rapid Layered Composite Manufacturing Process (Zak 1996). 
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While the original RLCM system addressed many of the design challenges, the process 

still had numerous shortcomings. Fintly the deposition system was highly dependent on the 

underlying part geometry, and, secondly, the performance of the fibre-resin mixing subsystem 

was affected as the liquid level was being depleted during the build. 

1.4 Tlzesis objectives and tasks 

The objective of this thesis is the development of a fibre-resin mixing subsystem and a 

layer formation subsystem. for the rapid layered rnanufacturing of fibre-reinforced composite 

parts, that eliminates the drawbacks of the original RLCM system descnbed above. The n e s  

designs will be analysed through both process simulation and experimentation as brietly outlined 

below. 

1.4.1 Coirceptual design 

The original synthesis of CIMLab's RLCM apparatus was achieved by utilising Formal 

guidelines dcfined within known as Asiornatic Design (Suh 1990, Zak 1999). This theory stares 

that fint and foremost independence of functional requirements must be maintained through the 

proper selection of physical components, or design parameters (i.e.. Independence Asiom). Once 

fuiictional independence is achieved, designs are chosen which embody the least infomiation. or 

complexity (Le., Information Axiom). The shortcomings of CIMLab's original d e s i y  ni11 be 

revealed herein through a detailed analysis involving the above design axioms. The results of this 

analysis will act as a starting point for developing nrw concepts for the fibre-resin misi112 

subsystem and layer formation subsystem. 

1.4.2 Sim ttlatiorr 

In order to achieve a successful design, an understanding of the relationship between 

design features and the process outputs must be gained. Factorial experiments will be used to 

investigate how variations in the process and design parameten effect the final layer depth and 

quality. However, due to the large number of different factor/level combinations to be analysed, 

numerical simulation is considered to be a cost-effective alternative to experimentation for 

analysing the layer formation process. Commercial Computational Fluid Dynamics (CFD) code 

will be utilised in order to develop a numerical mode1 for the simulation, which should represent 
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the free surface dynamics of layer formation and address the time-dependent nature of the 

problem. Flow visualisation will also provide an in-depth understanding of the fluid mechanics 

of layer formation. 

1.4.3 Detailed desigr1 and process arialysis 

Once acceptable concepts for the new fibre-resin mixing subsystem and layer-formation 

subsystem are establishrd, development of the deiailed design can proceed. Physical prototypes 

for both systems will be built to function as a testbed to venfy the rffectiveness of the designs. In 

addition, the correct selection of process parameters must also be established through 

experirnentation. 

1.4.3.1 Mixing subsystem 

Both the fibre volume fraction, and the average length of the fibres affect the mechanical 

properties of composite parts Bbricated through a LM processes. Thus, the proposcd fibre-resin 

mixing subsystern must be capable of (1) delivering a fluid with the desired fibre content to the 

rest of' the system throughout the build and (2) preserving the aiFerage Icnzth of the fibre. 

In order to provide the LM process with a composite mixture of desired fibre 

concentration, the fibres must be maintained in suspension such that the composition of the 

mixture drawn off is as close as possible to the composition throughout the entire system. First. 

research in the area of solid suspension will be utilised to drtennine the geomeiry of the mixer 

prototype. Second, eaperiments ai l1 be conducted to select optimum process parameters and 

verify the functional capability of the mixer. This capability will be compared to that of  the 

original design. 

Experiments will be conducted to determine whether the mixer is capable of preserving 

the average fibre length. A process for determining fibre-length distribution and average fibre 

length will be developed. 

1 A 3 . 2  Liquid layer-formation subsystem 

The construction of good quality LM parts ultimately depends on the formation of good 

quality layers. Therefore, the proposed liquid layer-formation subsystem must be capable of (1)  

forming layers of uniform fibre content by volume and (2) creating layers with the desired 

geometnc quality. 
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Expenments will be conducted to verify that the layer-formation process is capable of 

distnbuting a composite liquid, of desired fibre content by volume, unifomly throughout the vat. 

Namely, parts fabricated with the LM process should have a fibre volume content equal to that of 

the raw material, regardless of their placement within the vat. 

Test parts will also be fabncated in order to study the geometric quality of the individual 

layers. The parts will be exarnined under a microscope to determine the uniformity, consistency 

and accuracy of the layers. Uniformity is chancterised by a minimal variation of the layer 

boundary while consistency relates to the between-layen variation. Accuracy is deiemined by 

the di fference between the speci fied and actual layer thickness. 

1.5 Thesis strrrcture 

Cliapter 2 provides a background of CIMLab7s RLCM apparatus including a bricf history 

of previous process design solutions to the problem of composite rnixing and layrr formation. 

Axioniatic design tlieory is utilised in ordrr to analyse these designs with respect to their ability 

to ful f i l  the functional requirements of liquid-layer formation and fibre-min rnising. Finally. a 

new composite liquid coater and fibre-resin mixer concept is proposed and developed using 

axiomatic design theory once again to guide the design. 

The effect of mixing parameten on the quality of solid suspensions is researched in 

Chapter 3 and is used to develop the geometry of the new fibre-resin-rnising subsystern 

accordingly. Experiments are performed on the new mixer and its performance is compared with 

the previous design. Further expenmentation investijates the potential of fibre degradation due 

to imprller agitation. 

Chapter 4 analyses the composite liquid coater concept through computer simulation 

utilising commercial CFD sottware. A numerical rnodel of the coater is developed and sets of 

experimental simulations are designed to study the effect of different coater geometry as well as 

process parameters on the final coated depth. The results of the numerical model are compared 

with those obtained through a simple hydrodynamic model. 

Chapter 5 further develops the coater design and provides a detailed description of the 

experimental subsystem. Expenments are performed with this subsystem to investigate features 

of the design and evaluate its ability to create parts of uniform fibre content regardless of the 
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parts geometry or position within the vat. The quality of layers also studied by observing the 

uniformity of layer profiles labricated with this new coater prototype. 

Chapter 6 provides conclusions to the present work and some recommendations for future 

study. 
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Chapter 2 : Design Proposal for Liquid Layer Formation Subsystem 

A rapid layered composite manufactunng (RLCM) process must be capable of building 

parts of consistent geometry and mechanical properties, and these attributes ultirnately depend on 

the quality of the individual layen. Zak, 1999, prescnbed the functions a subsystem must 

perfom in, order to create good quality layers, with the following design goal staternent: 

Desigri a subsystenl whicll ccz11 f o m  thin invers of coniposite liqirid cllnrncrerized 6): 

prcscrihed ~lzickmss. miiiinirini Iieigl~t \ariohiliry. umijibre cotire,rr e c p l  ro rlrnr iti the e . ~ i e ~ - d f r  

supplied liqiiid mis mareriul. 

The creation of tliin layers for rapid layered composite components poses a unique set of 

challenges for the designer. Firstly. the combination of a high concentration of shon glass fibres 

in a liquid photopolyrner results in a highly viscous liquid with a shear-thinning rlicolopy. High 

viscosity at low shear rates inhibits the ability of the liquid to spread unifomly oïer the surface 

of the previousl y solidified layer. 

Secondly, there exists a di fference between the densi ty of thc photopolymer liqiiid, 1 .1  3- 

1.15 glcm', and that of the short glass fibres, 2.58 g/cm3. This density difference causes the 

fibres to settle continuously when no source of agitation is present and. therefore. maintaining a 

homogneous fluid mixture for layer building becomes a challenge. In light of these engineering 

issues, which arise from the use of composite liquid mixtures, exploring new approaches to 

iiquid-Iayer formation becomes the primary concern in the design of an RLCM apparatus. 

Section 2.2 of this chapter explores and evaluates previous process design solutions to the 

problem of composite layer formation, while Section 2.3 analyses the Version 2 prototype using 

Axiornatic Design theory. Section 2.4 also makes use of Axiomatic Design in order to outline the 

proposai for a new liquid-layer-formation subsystem and fibre-resin mixing subsystem (Version 

3). 

2.2 Design kistory of liqrrid layer formation processes 

The CIMLab's RLCM apparatus has undergone numerous design iterations in the past. 

Due to the challenges associated with composite mixtures descnbed above, the majonty of the 
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redesigns have focussed on subsystems dealing with the composite liquid layer formation and 

fibre resin mixing processes. The design history of these subsystems is summarised below. 

2.2.1 Versio ri I : Rotating cyiinder design 

The first design iteration for the fibre-resin mixing and composite-layer formation is 

depicted in Figure 2.1. It consisted of a cylinder that rotated back and forth via a rack and pinion 

action along parallel tracks. The oscillating motion accomplished the fibre resin mixing function 

wtiile deposition was achieved by moving the cylinder lonvard until the mixture spilled out of an 

opening in the cylinder and ont0 the vat surface. 

- Cam Action Piston Throw 

(Mixing ) (Deposi tion) - 

Figure 2.1. Version 1 : Rotating cylinder mires and deposites a composite liquid 

(Zak 1999). 

This Version of the composite liquid-layer-formation subsystem failed to satisfy the 

primary design goal for a number of reasons. Firstly, the metenng of the deposited mixture \vas 

difficult to control due to the rolling action of the mixer. Secondly, the performance of the 

mixing and deposition function was dependent on the amount of rnisture in the system, which is 

depleted as the build progresses. When the liquid in the cylinder fell below a certain value. the 

gravity fed deposition was seriously impeded and in some cases failed to function at al1 (Zak 

1999). Modification and further testing failed to improve its ability to deliver repeatable amounts 

of composite liquid into the vat. 

2.2.2 Version 2: Controlled delivery design 

The dificulties experienced in Version I occurred because a single design component, 

the rotating cylinder, was responsible for two functional requirements: agitation of the fibres in 

the resin and delivery of the composite mixture. The ability of the layer-formation subsystem to 

deliver the correct volume of composite liquid was improved in Version 2 by allowing each 
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function to be satisfied by a dedicated design leature. A fibre-resin mixing subsystem was 

assigned to the function of creating a fibre-resin suspension, while a composite-liquid-delivery 

subsystem was responsible for delivering the mixture to the build platform. 

The Version 2/ibre-resin niixing subsysrenr, shown in Figure 2.2, consisted of an 400mL 

open-top cylindrical container, a three-bladed axial pumping (manne) impeller, and magnetically 

clamped draw-off tubing. The impeller speed was adjusted in order to agitate the fibres and 

create a point where a unifom suspension of the desired composition could be drawn off. 

Uniform suspension means that the fibre concentration at draw-off point should match as closely 

as possible the fibre concentration in the container as a whole. 

The controlled conrposire-liqui~i-cIeIi\?en* shysreni ,  also shown in Figure 2.2. consisicd 

of iwo mechanically-linked. positive displacement pcristaitic pumps, which transponcd the 

composite liquid from the mixing subsystem to the deposition nozzle, located on an S - Y  

translator. The liquid was deposited onto the build platform in a controlled inanner by 

synchronising the driving of the peristaltic pumps with the translation of the deposition nozzle. 

y---: 

Figure 2.2. Composite liquid delivery and fibre-resin miring subsystems (Zak 1999). 

In order to cover the build platform thoroughly with composite liquid, the narrow 

deposition nozzle performed a raster scan over the area while mnning the pump. The scan 

consisted of two main steps: a general area deposition and a direct deposition. The scan pattern 

for the area deposition, which consisted of depositing eight lines evenly spaced along the build 

platform, is shown in Figure 2.3a, where the solid straight lines indicate the scan with the purnp 

on and curved lines indicate that the pump is off'. 
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Figure 2.3. (a) Area deposition and (b) direct deposition (Zak 1999). 

Direct deposition involved delivering the composite liquid directly onto the solidi fkd 

areas of the previous layer in order to ensure that the desired fibre content could bc achicwd. 

Because direct deposition is dependent on the solidified part shape. an algorithm was developcd 

based on the layer contour file to determine the scan path. Figure 2.3b. 

The liquid deposited on the build platform surface was spread by the lirliii~l-lei?elli,tgtg 

siibqsteni to create a layer of consistent thickness. The system consisted of a wiper actuated by a 

pneumatic cylinder. Two stroke sequences w r e  used to form eacli layer: A tint stroke, called a 

pre-wipe. levelled and roughly spread the liquid throughout the vat while the second stroke 

assured the correct layer thickness. 

While the Version 2 design was able to solve many of the challenges presented in Section 

2.2.1, the process still had nurnerous shortcomings. Firstly, because the Version 2 deposition 

system is highly dependent on the underlying geometry, its applicability is limited to specific 

part profiles. Secondly, the performance of the fibre-resin mixing subsystem is affected as the 

liquid level is depleted dunng the build. 

2.3 Alzaiysis of the Version 2 design -axiomatic approaclz 

It was suggested in Section 2.2.2 that although the Version 2 design was functional, the 

design was somewhat limited. In order to identify and overcome these limitations design 
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guidelines are required. The axiornatic approach is used in this thesis as a frarnework for 

analysing the Version 2 process. 

Axiomatic design theory was developed by Suh. 1990. in order to provide an analytical 

framework for makinç correct design decisions which complement and hamess the creativity 

inherent in the design process. This framework consists of a series of theories and corollaries 

derived from two fundamental auioms; the i~tdepemieme crrioni and the i>fonmztioit nrioi~t. 

2.3.1.1 independence axiom 

The i/depertclence arion1 States that a good design must maintain independence of the 

funct ional requirements (FRs), of the design t hrough a proper mapping of de s ig  paranieters 

(DPs) such that each FR can be satisfied through an adjustment of its corresponding DP nithoui 

affectinç otlier FRs. The mapping of DPs to FRs may be represented mathematically by the 

following desig~i eqirnrion: 

(FR) = [AI {DP), (2.1 ) 

where [A] is known as the design matrix. 

An irrtcoirpied design matrix is the simplest case of design. where only diagonal elrmenis 

have non-zero values (Suh I W O ) :  

In this case, any DP can be changed independently without affecting any other FRs and there fore 

the independence axiom is satisfied (Suh 1990). The opposite of the uncoupied design is a 

corrpled design in which most of the non-diagonal elernents are non-zero. Coupled desigs can 

also occur if the number of DPs is less than the number of FRs. In the case of a coupled design. a 

change in one DP results in a change in more than one FR, thus violating the independence 

auiom. Finally, the following triangular matrix expresses a decoirpled design: 

[AI=/  4, A?' 0 / 
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Although the matnx has non-zero off diagonal elements, by adjusting the DPs in the nght ordrr. 

func tional independence is maintained. 

2.3.1.2 Design hierarchy 

The complete design consists of a hierarchy of design matrices starting with the highest 

level at which the FRs for the conceptual design are expressed. The FRs cannot be decomposed 

to the next level of the FR hierarchy without developing a set of appropriate DPs. which satisfy 

the independence axiorn at the given level (Suh 1990). By moving back and fonh between the 

functional and physical domains, as s h o w  in Figure 2.4, a detailed design. which maintains 

functional independence at a11 levels of the hierarchy, is developed. 

Funclional Domain Physical Oomatn 
(FRs) ( O W  

Figure 2.1. Developing the design hierarch y. 

2.3.1.3 information axiorn 

The information axiorn States that the DP satisfying its corresponding FR with the 

minimum information content is the best candidate among a number of DPs. Information 

content, according to Suh, 1990, is the measure of knowledge required to satisfy a given FR at a 

given level of the FR hierarchy. 

2.3.2 Attalysis of Version 2 RLCM apparatfis 

2.3.2.1 Top levelofthe hierarchy 

Zak, 1999, developed the Version 2 of the RLCM system by utilising the aviomatic 

approach. The three DPs chosen at the highest level as the physical embodiment of the first level 

FRs are stated in Table 2.1 and their relationship is given by, (Zak 1999): 
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X O O DP, [Li;]=[* 0 
It can be seen from the definitions given in Sub-section 2.3.1.1 above that the design 

matnx is decoupled and therefore DPi, the layer formation system, must be adjusted fint. The 

DPs. which are relevant to the fabrication of quality layen, are the Liquid Layer Formation 

subsystem (DP,) and the Fibre Resin Mixing subsystem (DP3). An analysis of these two design 

parameten, based on the independence axiom, is performed below. 

Table 2.1. Top level FRs and DPs. 

FRI = Build part layers of accurate height 
FR2 = Build pan layers with accurate 

horizontal dimensions 

7.3.2.7 Analysis of Version 2 fibre resin mixing design 

DPi = Liquid-Layer Formation subsystem 
DP2 = Laser-Light Delivery subsystem 

1 

According to Zak. 1999, the design goal of the fibre resin mixing subsysteni was stated as 

follows: 

Sirpp!~ a conzposire liqrrid ir*itlr rire desiretijibre concetlrrntion ro the resr of the sysretu 

tiiroirghout rhe birildittg process. 

Therefore. not only should the design be capable of suspending the fibers within the 

liquid photopolymer, the mixer should also maintain a composite liquid of consistent 

composition throughout the building process in spite of the decreasing liquid level (Zak 1999). 

Zak, 1999, states that the circulation of fluid adequately represents the stated design goal, and i t  

can be satisfied by the agitation speed of the impeller. In this thesis, it is assumed that the 

circulation of fibres in resin is not an appropriate FR because it implies a physical embodirnent 

of the solution (Le., it is a DP) rather than addressing directly the requirements stated by the 

design goal. Instead, the design goal would be better represented through the following 

independent FRs: 

FRI = Extract a fibre resin m iriiire of specified composition d i  ring nr iriure draivv-06 

FRJ2 = Enszrre consistenf process parometers for the duration of the RLCM bttild. 

FRj = Build part layers with a specified fibre 
content 

DPj = Fibre-Resin iMisiny subsystem 
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FRiI requires that the zone where the liquid is to be drawn-off should have a fibre 

concentration which is as close as possible to the fibre concentration in the entire systern. FRJ2 

relates to the stability of the whole mixing process over the entire period of the build. As the 

build progresses, and layer after layer is deposited, the amount of fluid in the batch decreases 

steadily and thus the liquid level in the system drops. The mixing apparatus must be designed in 

such a way that the mixing process is repeatable regardless of the liquid level. 

The Version 2 mixing apparatus consisted of an axial impeller, powered by a DC moror 

through a shaR, agitating the fibre-resin mixture in a (400ml) beaker. The only design panmeter 

available in this mixer to satisfy the design goal is the adjustment of the agitator speed. DPII.  

Thus. the design matrix may be portrayed as follows: 

For a typical build. the agitator speed, DP, 1 ,  would be adjusted to ensure ihc location of a 

unifom suspension zone at the draw off point, FR',. As the build progresses and liquid is drÿwn 

off, the geometry of the mixing changes and the aritation speed must again be adjusted to 

compensate. which in tum affects the unifonn concentration zone. The design, represented by 

Equation (2.5). is inadequate due to the Fact that the twvo FRs can only be satisfied in a sub- 

optimal manner by continually readjusting the single DP. The mixer design is coupled according 

to Theorem 3, which stntes that when the number of DPs is iess than the number of FRs. the FRs 

cannot be satisfied (Suh 1990). A new set of design parameters is required to produce a 

decoupled design in accordance with the independence axiom. 

2.3.2.3 Analysis of Version 2 liquid layer formation design 

The liquid-layer-formation subsystem, described in Section 2.2.2, was developed with the 

following design objective in rnind (Zak 1999): 

Design a sldsystem tvlticlr c m  forni thin layers of conzposi te liqitid cltaracterised 

prescribed thichess, nlinimum heiglit variabilig. and fibre contenl eqlrai to tliat bi the errema& 

sicpplied liqtiid raw material. 

The FRs established in order to represent the above design goal and the corresponding 

DPs are s h o w  in Table 2.2, (Zak 1999). 
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Table 2.2. Version 2 FRs and DPs for the Liquid-Layer-Formation subsystem. 

FRl = Distribute liquid equally over the vat surface 
FRl2 = Deliver liquid ont0 previously solidified 

surfaces 

According to Suh, 1990, an FR must be defined without any preconceived notion of the 

DP 1 1 = Area deposition 
DP12 = Direct deposition 

FRI3 = Create layen with minimum height variation 
FR14 = Create layen with specified average thickness 

physical solution in what is referred to as a solirtion-~rezctral ewivo~inrent. A sol~rrio~i rieiiri-d 

DPi3 = Liquid-leveling subsystem 
DP14 = Z-platf0n-n subsystem 

eiwirorznlenr is important because FRs that irnply preconceived physical solutions restrict the 

creation of solutions that were not previously in existence. In addition. poorly definrd FRs 

misrepresent the problem and olten lead to unnecessanly cornplex or unacceptable solutions. 

FRI is an example of a functional requirement that was not conceived in a solution- 

neiiinl environment. The FR statement deliwr iiqtrid orrro preiioirslj. soiidlfied sirr-[ces already 

implies the physical design parameter direct depositio)t while avoiding the fundamcntal nceds of 

the system as stated in the design objective. This underlying need only becomes clear when Zak. 

1999. explains that FRi2, the delivery of composite material directly onto solid parts. is done to 

e~tsto-e thnt the parts have the correct fibre content. In other words. the root issue in the 

functional domain is recognised yet i l  is not stated explicitly as a FR. It  is argued in this thesis 

that the following restatement of FRl would more directly represent the fundamental nceds of 

the system: 

FRi: Create Zayers [ha[ erzsirre the correct fibre colrteiir Nr soiidijîed sections. 

The direct deposition design parameter (DPl ?) chosen to represent FR, ?. further 

complicates matters because it results in a coupled design matrix: 

The coupling occurs because the direct deposition parameter (DP12), which is p r i m d y  

responsible for delivenng liquid onto the previously solidified sections (FRl ?), creaies an uneven 

distribution of liquid over the vat surface, inadvertently affecting FRiI. The majonty of the 

shortcomings encountered in the Version 2 RLCM process are directly related to the design flaw 

inherent in the direct-deposition sequence. 
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Zak. 1999, states that "it is important that the quality of fabrication is not affected by the 

geometry of the part to be built and that process parameters c m  be easily and predictably 

adjusted to accommodate different part geometry". The fact that direct deposition is dependent 

on the part profile means that the total volume of liquid deposited over the entire vat. as well as 

the total time for deposition, will fluctuate from layer to layer as the part geornetry changes. This 

is problematic for the overall stability and repeatability of a process in which variability in layer 

thickness must be minimised. It is suggested that precise control of wiping speed From layer to 

layer could cornpensate for the difficulties created by the changing part geometry (Zak 1999). 

However, it is argued in this thesis that such compensation overlooks the root of the problem 

while inducing unnecessary complexity into the process. 

In order to deposit fibre-resin mixture directly onto solid surfaces. a very precisc co- 

ordination between rotation of the penstaltic pump and the translation of the X-Y table is 

required. A delay between the activation of the purnp and the time liquid is espelled lrom tlic 

nozzle makes direct deposition ont0 a srnall solid area ineffective as the material is likely to miss 

the target (Zak 1999). Smaller par? profiles have been s h o w  esperimentally to exhibit a lower 

fibre content than pans which have larger cross-sectional areas (Zak 1999). 

The long cycle time to compleie both the area deposition and the direct deposition 

sequences is the most obvious problem with the Version 2 layer-formation process. One of the 

main goals for rapid manufacturing processes should be to build accurate parts in the mininium 

amount of time. Thus. herein it is proposed that any improvements shouid reduce the total liquid 

layer formation cycle time. 

2.4 New RL CM apparatus - Version 3 

Instead of coping with the process problems inherent the Version 2 design, it is proposed, 

herein, that the layer-formation subsystem be compietely redesigned. Such a redesign would 

require an entirely different array of DPs to be mapped ont0 the revised FR set at the highest 

level. 

2.4.1 Overview of proposal 

The complete design proposa1 for a Version 3 layer-formation system is shown in Figure 

2.5. The fibres are maintained in suspension by an axially pumping impeller located in a mixing 
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chamber, which remains filled with constant volume of composite liquid. A hopper feeds the 

mixing chamber. A peristaltic pump forces the mixture through tubing, which runs from the 

bottom of the mixing chamber to the top of the hopper in order to maintain fluidisation within 

the system. The mixer and penstaltic pumps run at constant speeds throughout the RLCM build. 

During deposition, an array of mechanically linked, penstaltic pumps drive the fluid 

through flexible tubing, which runs from draw-off points dong the circumference of the mixing 

chamber, to deposition inlets at the front of the coater. Once the fluid enters the coater through 

the inlets, the flows are merged in intemal distribution chamber and extruded downwards 

through the slot as a wide film that covers the width of the build platform. Matenal is rnetered in 

a controlled manner as the coater moves from nght to lzft so that a uniform layer of composite 

liqiiid is deposited. Once the coating sequence is complete. the pumps are revened in order to 

ernpty the coater and tubes of the remaining composite liquid. Finally. the dry coater perfornis 

anotlier pass over the liquid deposited on the build platform in order to assure a higlier qiiality 

layer of the desired t hickness. 

- 

u 

Figure 2.5. Complete Version 3 design proposal. 
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2.4.2 Axioînatic design for fibre- rrsirr mrXing 

The main problem with the open container design, as stated in Section 2.3.2.2 above, is 

the difficulty in maintaining consistent process parameters as fluid is progressively drawn-off 

through the duration of the build. Since the fibre concentration is a function of the liquid height 

in the container, the decreasing volume in turn makes it difficult to îïnd a location where fluid, 

which is representative of the average fibre concentration in the container, may be drawn off. In 

ordcr to address these issues, new design parameters are selected in this thesis to fulfil the 

primary design objective, Table 2.3. 

Table 2.3: FRs and DPs for fibre-resin rnixing. 

An agitation subsystem (DPjl) is selected herein to produce a hornogrnrous niisture. 

FR3, = Extract a fibre resin mixture of specified 
composition dunng mixture draw-off 

FRj2 = Ensure consistent process parameten for 
the duration of the RLCM build 

thus, creating a zone where the desired concentration of mixture cm be drawn off (FRji). A 

separate recircuiation system (DP,?) consists of a recircuiating feed hopper. which ensures 

consistent process parameters throughout the build (FRj2) by acting as a buffer as mixture is 

dnwn off for layer deposition. The conceptual design is sliown in Figure 2.6 and the design 

DPJi = Agitation subsystem 

DPiz = Recirculating hopper subsystem 
i 
1 

mains in Equation (2.7) portrays relationship of the FRs and DPs: 

The design matrix is diagonal and, therefore, represents an uncoupled design because 

each of the two DPs affects only the corresponding FR. In other words, ihe mixing system and 

the re-circulation system can be adjusted independently in order to achieve the FRs. Figure 2.7 

and 2.15 show the hierarchy of the FRs and the hierarchy of the DPs, respectively. 

2.1.2.1 Agitation sub-system (OP3,) 

The design objective of the agitation system can be stated as follows: 

Design a siibsystem that provides a flow-controlled environment for the s~ispertsiori of 

short ghss fibres in n plioropoiyrner resin such that the fibre contenr of the rnlrtiire <irn~vii offfor 

layer deposition is the sanie as rhe averagefibre content within the entire nilring apparutus. 
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subsystern maintains 
constant process 
parameters by buffcrinç 

crcatcs homogcncous 
mixture for d m v  off. 

Figure 2.6. Design proposa l for fibre-resin mixing su bsystem. 

The FRs and DPs for the subsystem are shown in Table 2.4 and their design matris is 

s h o w  in the following equation: 

Table 2.4. FRs and DPs for agitation subsystem. 

FR,, , = Create flo\v-pattern for fibre suspension 1 DP,, , = axial How configuration l 
I 

I 

This proposed design is decoupled and the adjustments of DPs must be performed in a 

specific order to achieve the FRs. The axial mixing configuration (DP3 1 1 )  rnust be selected Tint 

because not only does it provide the proper tlow pattern for solid suspension (FRJil) ,  it will 

ultimately constrain the degree of suspension (FR3i2) and determine how a mixture of unifonn 

composition is extracted (FR3 13). Once the configuration is known, the agitation speed (DP3 

can be adjusted to determine the degree of suspension (FR3i2). However, because the vertical 

distribution of fibres within the container is a function of the agitation speed the zone of unifonn 

FRJI2 = Ensure quality of fibre distribution 
L 

FR313 = Draw of mixture of uniform composition 

DPJ12 = agitation speed i + 

DPJI3 = draw-off probe location 1 
1 



Chapter 2. Design Proposal 

composition will also be affected (FR3 3). Finally, the draw-off location (DP3 12)  can be chosen to 

ensure that the fibre-resin mixture is extracted frorn a zone of uniforrn composition (FRJl3). 

Slixnire 

ihroughout 
RLCM proces 

tibrc m i n  consistent 
proccsr 

swi lied p~rs i i ic tas  
coiiiprniiion 

i 
FILi: 
Enwc 
qwlicy of 
tibm 
distribution 

Figure 2.7. Functional requirement hierarchy for fibre-resin miring. 

,\tut f iow Agitation 
configuntion 

Fibre rc- 

Figure 2.8. Design parameter hierarchy for fibre-resin mixing. 

2.4.2.2 Recirculating hopper subsystem (DP3j 

In order to ensure consistent process parameten through the duration of the RLCM build, 

the recirculating hopper subsystem must accomplish the foollowing design objective: 

Create a hfer  of Jiiidised fibre-resin niktirre that niaintains corrsr~i~it volirr~ie NI rire 

niking clrani ber despite f i ~ c  f uations of liquid levels due to liquid draw-01 
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The three FRs and DPs chosen to satisfy the design objective of the recirculating hopper 

system are shown in Table 2.5. The following design matrix relates the FRs and DPs: 

Table 2.5. FRs and DPs for recirculating hopper subsystem 

-- 

The recirculating hopper c hamber geometry (DP3: ) ensures that the mising chamber 

maintains a constant volume dunng the build by absorbing fluctuations in the liquid level 

(FRjZI). Special attention must be paid to the size and shape of the passage leading from thc re- 

circulation chamber to the mixing system. because this determines the isolation of the l iquid 

levcl from the mising process. In addition. this passage may be designed to transfer scttling 

fibres smoothly to the mixing chamber so that fluidisation is maintained (FRi2?). The prima? 

mechanism for reducing fibre settling in the system (FRj2?) is the re-circulation flowrate (DP::?). 

The addition of raw material into the re-circulation chamber (FRJzJ) can be accomplished 

through a simple pre-mixture inlet (DP323). The design presented in Equation (2.9) is decoupled 

and. therefore, the geometry of the hopper must be chosen becore any other DPs. 

2.4.3 Axio rn atic desigri for liq riid-lay er forrn atiort 

Section 7.3.1.3 revealed that the majotity OF the Iiquid-layer-formation issues were linkrd 

to the deposition process. Analysis via axiomatic design theory revealed that the chosen DPs 

resulted in a coupled design. In order to address these issues, new DPs are selected and the 

FR3?] : Absorb fluctuations in liquid level 
FRE2: Maintain fluidisation of fibres in resin 
FRj2,: Provide access of pre-mixture to system 

proposed design, shown in 

Table 2.6, is described by the following equation: 

DPJzi = Hopper geonetry 
@ j 

DP3?? = Re-circulation flow rate 
DP3?j = Pre-mixture inlet 1 
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Table 2.6. Revised FRs and DPs for new Layer Formation subsystern. 

FRi 1 = Distribute liquid equally over the vat surface 
FRl2 = Create layers that ensure the correct fibre 

1 required nominal thickness. 1 

DP 1 = Wide film deposition 
DP12 = Multiple nozzle delivery 

content in solidi fied sections 
FRll = Create layers with minimum height variation 
FR14 = The coater should produce layes of the 

Wide-film deposition (DPl ,) is primarily responsible for spreading the iiquid uniformly 

over the surface of the build platform (FRI i )  dunng layer formation. However. it will also affect 

the ability of the system to ensure the correct fibre concentration (FRi2), crcate layers of 

specified height (FRI3) and minimum height variation (FRi4). The niultiplc nozzle delii-ery 

(DP12) simply ensures that liquid with the correct fibre content is deposited over the solidified 

sections (FR, 2)  in a mannrr that is insensitive to the contour geometry of the pan. The fiinctions 

of the liquid-levelling subsystem (DP13) and 2-platform subsystem (DPId) have not changed 

frorn the Version 2 design. It c m  be seen from the design matrix (1.10) that the design is 

decoupled and although it satisfies the independence axiom the DPs must be adjusted 

sequrntiall y. 

A hierarchy of the proposed design concept \vas developed according to the 

decomposition procedure outlined in Section 3.3.1.2. Figure 2.9 shows the resulting detailed 

design hierarchy for the FRs while Figure 2.10 shows the hierarchy of corresponding DPs. 

DPI3 = Liquid-leveling 
D P ~ J  = 2-platform subsystem 

7.4.3.1 Composite-liquid coater (DP, ,, DPrp and DP13 

Suh, 1990, states that physical integration of components is desirable and reduces the 

information content of the design as long as the FRs remain independent. It can be seen [rom the 

DP hierarchy, s h o w  in Figure 7.10, that although the proposed design as a whole is functionally 

independent, the wide film deposition (DPiI), multiple nozzle delivery (DPi2), and liquid 

levelling (DPl 3) are physically integrated into the composite-liquid coater subassembly. 
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Figure 2.9. Functional requirement hierarchy for the Iiquid Iayer formation 

+ 
DPII oh: DPi I DPir 
Widt fi1111 ttultiple Liquid- L.PlriRmi~ 
r lcpitm oonlc Ic\eling 

ddtwri 

- 
I I t 

t f It + 
DPiii DPii: DPiri DPiu DPiii DPi i: OPIL: DPiu 
Distnburion Adpstitwnt Vatutir \t>ulc Cmin Pm-uipr Tmstitiuii Imoior 
channcl af sbt t h - n t c  ~ r n y  gonian  \t.ige r~)tiicion 

u idth adjusnncnt configura- 
tlon 

Figure 2.10. Design parameter hierarchy for the liquid Iayer formation subsystem. 

2.1.3.1.1 Widejilnz deposition (LW,,) 

Figure 2.1 1 portrays how the wide film (DPl 1 )  is spread uniformly over the surface of the 

entire build platform. The FRs and DPs for the wide film formation are shown in Table 2.7 and 

are mapped by: 
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Table 2.7. Fm and DPS for wide film depositon. 

Figure 2.1 1. The composite liquid coater forrns a wide film. 

FRI 1 1  = Merge flow into a wide film 

FRI 12 = Minimize film variability along length of 
coater 

The formation of a two-dimensional film from a narrow one-dimensional delivery nozzle 

DPl 1 1  = Distribution channel 
width 

DP1 12 = Slot width 
. 

c m  be best explained by examining the flow through simple fluid dynamics theory. Fluid 

mechanics for laminar flow between two parallel plates gives the following equation for pressure 

loss (White 1994): 

3QLp AP=-, 
bw' 

where Q is the flow rate, L is the channel length, b is the channel width, w is half the gap width 

between the plates and p is the fluid viscosity (Figure 2.12). 
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Figure 2.12. Laminar flow between two plates. 

The relationship between pressure, AP. and flow rate, Q, in (2.12) is ai~alo~ous to the 

relationship between electrical potential and curent in Ohm's law. By an extension of this 

analogy. the remaining ternis in Equation (2.11) define a general resistance to flow. The 

distribution channel and the dot, shown in Figure 1.13. can be thought of as two resistors in 

series. From Equation (2.12) it is clear that by choosing a small siot Sap, DPl 12, a large resistance 

to tlow is created in cornparison to the resistance to flow in the distribution channel where a 

large gap. DPI 1 1, is selected. The one-dimensional flow entering the system from the drl ivcry 

nozzle will, therefore, be disrnbuted uniiorrnly dong the y-direction in the distribution channel 

before entering the narrow slot. In addition, From Equation (2.12) it is also clear that the pressure 

diflerence across the distribution charnel will be negligible compared to that dong the slot. This 

means that the pressure along the dot entrance will be fairly unifom with respect to the y- 

direction so that the slot gap adjustment will also minimise the film variabiiity along the lengtli 

of the coater (FR1 12). 

Fin* direction 

Figure 2.13. Distribution of composite mixture at the entrance of the slot. 
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2.1.3.i .2 hlztltiple izozzle delivery (DP,?) 

The second design parameter to be physically integrated into the composite-liquid-coater 

subsystem is the multiple nozzle delivery (DP12). The purpose of the multiple nozzle delivery is 

to ensure that parts have the correct fibre content (FRl2). In an ideal delivery system. the fibre 

content measured in the pans, v , ~ ,  should be equal to the nominal fibre content by volume of the 

fluid delivered to the build platform, VIT. Previous experiments perfomed on the Version 2 

RLCM demonstrated the importance of the delivery method for achieving satisfactory V , - ~ / V ~  

ratios (Zak 1999). The FRs and DPs for the multiple nozzle delivery is shown in Table 2.8 and 

the following design matrix maps their relationship: 

Table 2.8. FRs and DPs for multiple nozzle delivery. 

1 FRIIl  = Deliver required composite liquid volume per 1 DPi 2 i  = Volume flow rate 1 

I mixture I configuration I 

layer 
FRI 2z = Ensure uni form distribution of composite 

The nozzle array configuration. depicted in Figure 2.14. is drfined by the total number of 

nozzles covering the width of the vat and by the distance between them. These parameters must 

be chosen carefully in order to ensure that the composite mixture is deiivered uniformly IO parts 

during the coating (FRl2,) .  The decoupled design matnx (2.13) reflects the fact that the total 

number of nozzles chosen also affects the total volume delivered per layer (FRi2?). Thus. the 

nozzle array configuration (DP,??) must be chosen first followed by an adjustment of the volume 

flow rate adjustment (DPi2!). in order to deliver the appropriate amount of composite liquid. 

adjustment 
DPI2? = Nozzle array 
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Figure 2.14. Noule array configuration. 

2.4.3.1.3 Licltritl-lei*elfi~ig (DP,J 

The liquid levelling opention is also physicaily integnted into the coater subassembly. 

This is a slightly different approach than the Version 2 liquid levelling, which relies on a 

physically separate subsystem to perforrn the operation. Liquid levelling is performed to 

consistently create layen ofdesired thickness while minimising height variation within the layer. 

The FRs and DPs for liquid levelling are shown in Table 2.9 and their relationship is givrn by: 

['",];[" "]["pl,,] 
FR,,, O X DP,,, 

Table 2.9. FRs and DPs for Liquid Leveling. 

Slot coating is a popular industrial process for depositing thin liquid films on moving 

substrate. Layer formation with the composite liquid coater works on the same pnnciples as 

industrial slot coaters; however, in the case of the RLCM application, it is the coater that moves 

rather than the substrate. The dot coater geometry (DPIJ1) parameten, shown in Figure 1.15, 

include the gap height (1), reservoir height (2), slot width (3) and blade width (4). In order to 

FRi Produce consistent layen of desired thickness 
FRis2 Minimize height variation within the layer 

DPI3\ = Slot Coater geornetry 
DPIJz = Post-wipe 
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understand the complex fluid dynamics of ~ l o t  coaters and the effect of the above parameters on 

the final coated depth, a detailed computational study will be performed in Chapter 4. 

A second post-wipe process (DP132), as in Version 2, in which the coater levels the layer 

without depositing any new composite liquid to minimize the in-layer height variation (FRlJi), is 

also considered in this thesis. 

Figure 2.15. Geometric parameters for slot coating. 

This chapter described the design of the proposed liquid layer formation process. which 

was moiivated by process problerns encountered in the original design dcveloped by Zak. 1999. 

The analysis of the original des ig  and synthesis of the proposed design \vas based on Asioniaiic 

Design Theory. 

The independence axiom was used to define the reiationships between the physical and 

functional goals for the system. Componenis within the original design that did not mainiain 

functional independence of the design goals were identified as a main source of process 

pmblems. The proposed design attempts to improve the process by maintaining independence of 

the system functional requirements. 
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Chapter 3 : Verification of the Mixer Prototype 

A fundarnental requirement of the RLCM apparatus is that layers be built with a specified 

fibre content. Axiomatic design guidelines were used in Chapter 2 to conceptualise a fibre-resin 

mixin; subsystem capable of supplying the RLCM apparatus with composite liquid of specified 

fibre content by volume. The proposed design includes an agitation subsystem for suspending the 

fibres in resin as well as a recirculating hopper, which maintains consistent process parameters as 

the build progresses, even as the fibre-resin mixture is depleted. 

Several issues must be considered when designing a fibre-resin mixing subsystem. Fint 

and forernost, the fibres-must be suspended in the resin in such a way that the composition of the 

mixture drawn off is as close as possible to the composition throughout the entire systcni. This is 

difficult to achieve due to the high settling rate of the fibres, which causes the concentration of 

solids to have a distribution varying along the vertical dimension of the mixing system. Thus a 

successful fibre-resin mixer should be designcd to minimise the magnitude of this distribution 

for a given power input from the agitator. 

Secondly. because pan strength and modulus depends on the lenjth of the fibres. fibre 

degradation during the agitation is a concem. Therefore. for the mixer to bc effective. the lcngih 

distribution of the unprocessed fibres should be presewed through the agitation process. 

In this chapter, the proposed mixer concept is developed into a detailed working prototype 

based on current research in the field of solid suspension. Ln addition. the experiments perfonned 

on the mixer prototype. in order to venfy its ability to deliver a fibre-resin mixture of uniform 

composition while preserving the fibre-length distribution, are presented. 

3.2 Utziforrn solids suspension 

Uniforni, or homogeneous, suspension is assumed to exist when the concentration of 

particles, as well as the distribution of particle sizes, is constant ai any location in the tank. The 

settling of the particles presents the primary obstacle to uniform solid suspension. In this thesis, 

in order to achieve uniformity, the agitator must create a flow per unit area that effectively 

counters the settling velocity of the short e-glass fibres. The settling velocity is a function of the 
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density diflerence between the fibres and the resin, as well as the fluid drag coefficient of the 

fibres through the resin (Nienow 1997; Bohnet and Niesmak 1980). Other factors, such as the 

volume fraction of solids, may also corne into play. Bohnet and Niesmak, 1980, found that a 

critical impeller speed existed beyond which increases in impeller speed ceased to improve 

uniformity of the suspension. It should also be noted that a perfectly homogeneous suspension is 

impossible to achieve regardless of the impeller speed and there will always be a greater 

accumulation of solids near the bottom vs. the top (Bohnet and Niesmak 1980). 

Although much has been written about the suspension of solids in agitated tanks, most 

studies focus on spherical particles or granular materials such as sand. Studies for non-sphcrical 

particles are very rare: Dit1 and Nauman, 1992, studied suspension of thin sheets. while Tay et 

al.. 1984. investigated the suspension of large cylinders. In general, the greater the settling 

velocity of the solid particles, the more difficult they will be to suspend. Spherical particles have 

geater settling velocities than irregularly shaped panicles due primarily to their drag coefficient 

(McDonough 1992). Thus, rnixing parameters based on spherical particles will tend to be 

conservative, if the tme particle is non-spherical, i.e., the mixer is designed for faster settling 

panicles than those of the application (McDonough 1992). Consequently. while no studies were 

found regarding the suspension of the short e-glass fibres in a photopolymer fluid. findings for 

spherical particles, which abound in the litenture. provided a startins point for our miser design. 

Batchelor, 1967, gives the settling velocity for spherical particles as: 

where d is the diarneter for a spherical particle, pi is the fluid density and p, is the spherical 

particle density. Parameters for calculating settling velocity for Owens Coming 737 fibres in 

Cibat0015 170 is shown in Table 3.1. 

Table 3.1. Settling velocity of fibres in resin based on Equation (3.1) 

Res in 
densi? 

) 
I 

Resin 
viscosity 
(kg/ms) 

Glass fibre 
density 
(kglm3) 

Average 
fibre length 
(mm) 

Average 
fibre 

diameter 

Equivalent 
spherical 
particle 

(mm) 1 diameter 



Chapter 3. Mixer Ven fication 3 -3 

By calculating the diameter of a sphere of the same volume as an average fibre, equation 

(3.1 ) yields a value of 85mm/hr. 

3.3 Design of the experimental protowpe 

An experimental mixer prototype was built in order to ver@ and optimise the 

performance of the design. The choice of components were based as much as possible on 

providing optimal mixing conditions according to results found in the literature, however 

constraints of cost and equipment availability affected the implementation as d l .  The 

components of the mixer prototype, shown in Figure 3.1, are now discussed below in detail. 

Figure 3.1. Prototype RLCM system for the fabrication of fibre-reinforced composites. 
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3.3.1 Axial flo w conJiguratiori (DP1& 

Solid suspension is best performed via flow-controlled mixing. The most efficient flow 

pattem is obtûined by an axial rnixing configuration, which creates a single loop of recirculation 

by discharging a column of fluid against the vessel bottom and up the container walls. In order to 

achieve this ideal flow pattem, the mixer must be configured with the appropriate impeller and 

vessel geometry. 

3.3.1 . 1 lmpeller types 

Two impeller types, radial and axial, are used in solid suspension. The axial impeller. 

shown in Figure 3.2 (a), creates a downward column of flow that sweeps the particles off the 

tank botton~ and deîlects them up the container wall. The fluid is then pulled into the suction 

zone above the impeller and once again discharged downwards. Thus. a system with an axial 

impeller provides a single recirculating loop of flow that ensures the constant suspension of 

solids. By contnst a radial impeller, shown in Figure 3.2 (b), discharges fluid towards the 

container wall foming a weak reverse tlow in which particles dong the bottom flow towards the 

centre. Axial impellen produce far more flow, for a given of power. than do radial irnpellers and 

are far more effective in solid suspension applications (Nienow 1997; McDonouyh 1992: 

Chudacek 1984). In fact, Ibrahim and Nienow, 1996. reported that the energy required to obtain 

the same suspension is 5-10 times higher for radial impellers than For axial irnpellers. 

Ranade et al., 1997, studied eight di fferent axial impellen, including pitc h-bladr turbines. 

cun-ed-pitch blade turbines, convex pitch-blade turbines. multiple pitched-down-flow turbines 

and three-bladed manne propellen. The downward pumping marine propeller was found to have 

the highest efficiency due to the twisting and skewing of the blades which minimises the radial 

whirl, ensuring maximum energy input is available for pumping the fluid (Ranade et. al. 1992). 

Other studies, compwing axial impeller shapes, report that downward pumping, three-bladed. 

high-flow propellers are the most efficient for solid suspension (Armenante and Nagamine 1997; 

Ibrahim and Nienow 1996; Tiljander and Theliender 1993; Dit1 and Nauman 1997; Chudacek 

1984; Bohnet and Niesmak 1980). The mixer prototype descnbed in this thesis utilises a 

downward pumping axial impeller with a 1.5 pitch ratio in order to achieve an efficient flow 

pattem for solids suspension. 
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3.3.1.2 irnpeller diameter and clearance 

The effect of impeller diameter and off-bottom clearance on mixing performance is often 

studied in the literature. Impeller diameter, D, and off-bottom clearance, C, are presented in the 

literature as ratios. normalised by the diameter of the vessel, T. as shown in Figure 3.3. Mixing 

performance irnproves with increasing DR ratio and reaches an optimal flow. which allows 

solids to be suspended with minimal effort. If the DIT ratio is too large (Le. D/T>0.4). the flow 

pattern will undergo a transition and the flow will become reversed as pictured in Figure 3.3. In 

this regime, particle suspension becornes inefficient and solids tend to settle at the centre of the 

vessel base (Bakker et al. 1998; Ibrahim and Nienow 1996). 

Figure 3.2. (a) Asial impeller (b) radial irnpeller. 

The clearance of the impeller off of the vessel bottom is given by the C/T ratio. As in the 

case of the DIT ratio, the C/T ratio for downward pumping impellers may also be optimised. 

When the CiT ratio is optimal, the impeller genentes an axial jet that sweeps the bottom of 

settled solids. If the impeller clearance is too large (Le. C/T>O.G) the flow will again be reversed 

as shown in Figure 3.3 (Bakker et. al. 1998; Tiljander. and Theliander 1993). Optimum results 

for irnpeller clearance ratios, Cm, and impeller diameter ratios, DIT. are summarised in Table 

3.2. The mixer prototype configuration, designed within the frarnework of this thesis. has a C/T 

ratio of 0.25 and a Dm ratio of 0.38. 
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Table 3.2. Summary of reported optirnu m impeller geometry. 

Reference Impeller 

profiled bottom) 
0.25 (cone and 

lbrahim and 
Nienow, 1996 

1 Chudacek, 1984 

0.35-0.40 3-blade high efficiency propeller 

1 Zweitering. 1958 1 3 bladed square pitch propeller 1 0.33 i 0.25 I 

0.25 

3 bladed square pitch propeller 

Bhonet and 
Niesmak, 1980 

Reversed Flow 
Regi me 

0.33 

Figure 3.3. Flow regimes as a function of normalised diameter and clearance 
(Bakker e t  al. 1998). 

3 bladed square pitch propeller 0.33 1 0.17 i 
I 
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3.3.1.3 Vessel shape and size 

The design of the vessel is cntical to the performance of agitaton in solid suspension 

applications because the vessel wall significantly alters the fluid flow caused by the rotation of 

the impeller. Vessels with height equal to their diameter have ideal proportions for solid 

suspension applications. Short, squat vessels with are not able to promote good flow up the 

container walls. By contrast a ta11 vessel with would require excessive power to l iR the solids 

from the bottom to the top (McDonough 1992). In order to ensure a smooth flow transition from 

the bottom of the mixer to the sidewalls the contours of the vessel must also be considered. For 

three-bladed axial propellers, tanks with filleted bottom profiles are far more efficient and obtain 

a much greater degree of uniformity for a given power input than tanks with a fiai bottorn 

(Ibrahim and Nienow 1997; Chudacek 1984). Therefore. the vessel geometry chosen for O u r  

prototype has a diameter equal to its height and large fillets to promote good upward circulation 

of fibres. 

3.3.2 Agitation speed (D Pr 9 

Given that the system promotes good axial flow. the quality of thc distribution of solids 

with the vessel. and, thus, the degree of solid suspension is then a function of thc spced and 

power of the impeller (McDonough 1992; Bohnet and Niesmak 1980). Bohnet and Niesmak, 

1980. define the concentration ntio as the local concentration. Ci., divided by the average 

concentration of solids in the system. Cvo. At low impeller speeds (Le., <IOORPM, for spherical 

glass particles), CLICvo is much greater than unity at the bottom of the container and niucii 

smaller at the top. As impeller speed is increased, the quality of the solids distribution improves 

as CvlCvo approaches unity throughout the container, but beyond a certain critical speed further 

improvement is not possible. It should be noted that it is impossible to achieve a concentration 

ratio of unity at any speed and Cv/Cvo is always greater than unity at the bottom of the vessel 

and smaller at the top (Bohnet and Niesmak 1980). The results of expenrnents performed in our 

laboratory to improve the quality of the solids concentration will be discussed later in this 

chapter. 
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3.3.3 Dra w-O ff probe selectiorl (D Prd 

It has been shown that the concentration of solids as a function of height has a maximum 

just above the impeller for both radial and axial types (Levins and Glastonbury 1972). Above this 

point, the solid concentration decreases exponentially with increasing height (Nienow 1997). The 

probe selccted is, therefore, positioned at a point just above the irnpeller to ensure that 

composition of the mixture is being drawn off at or above the average composition in the entire 

system. In order to ensure a consistent composition, the distribution of fibre lengths must also be 

considered in the selection of the draw of probe selection. Light particles, Le., short fibres. are 

casy to suspend and, therefore, will have a residence tirne that is fairly constant with respect to 

the vertical dimension of the tank. By contrast, the longer fibres, which are more difficult to 

suspend, will on average tend to raide closer to the bottom of the vessel. If the draw-off point is 

positioncd high in the tank, the smaller particles will be drawn off leaving an accumulation ot' 

larger particles in the tank (McDonough I9OZ). It is important that the fibre length distribution 

drawn off be of the same composition as the original mixture bccause the strength of layered 

composites is dependent on fibre length. 

A major shortcornhg of CIMLab's initial design was that the dnw-off tubes. which were 

placed directly in the container, interfered with the flow pattern of the vessel. A bulky magnetic 

fixture, used to attach to the sidewalls of the vessel, aggravated the problem. This problem also 

limited the number of tubes that could be used. In this thesis, to overcome these issues, 346" 

male pipe adapters are threaded into the vessel walls. 

3.3.4 Hopper georri etry (D Pi,) 

The hopper chamber geometry (DP2,) is designed to maintain a constant volume in the 

mixing chamber (FR2,). Since fibres rnay be trapped in stagnant zones depending on the chamber 

geometry, an inverted cone was found to be the best candidate over a cylinder or a rectangular 

tank. The proposed chamber is large in size in order to hold sufficient fluid for the entire build. 

Fumels of standard sizes rnay be used to cope with various build sizes. The hopper is placed 

above the mixing charnber so that the elevation difference drives the fluid into the mixing 

chamber. If the recirculation chamber is placed below the mixing chamber, an additional pump 

will be required to drive fluid from the recirculation chamber to the mixing chamber, thus, 

adding information to the system. Hence, placing the recirculation chamber below the mixing 
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charnber is a poor choice due to its higher information content. Special attention is paid to the 

size and shape of the passage leading fiom the recirculation charnber to the mixing charnber. The 

exit to the mixing chamber should be large enough for smooth fluid flow and yet small enough to 

isolate fluid in the recirculation charnber from the mixing process. 

3.3.5 Fibre recirclilatiort flo wrate (D P29 

The recirculation flowrate provides a mechanism to maintain fluidisation of the fibre 

mixture in the system. Fibre settling is the result of the fibre density being greater than that of the 

resin. To rrduce fibre settling, the recirculation flow rate must match the fibre-settling rate. If 

rhere is zero recirciilation flowrate, the mixture will segregate over time causing an inconsistent 

mixture concentration to be deposited throughout the build. 

3 1  6" OD x 1/16" thickness plastic tubing is used to transport fluid from the proposed 

mixing charnber to the recirculating hopper chamber. The chosen tubing is standard-sized. 

fle.uible, disposable in case of permanent contamination. and durable to sustain continuous 

pumping. Its diameter is large enough to minimise fibre breakage, yet small enough to facilitate 

mixture transport over the elevation difference with minimum power requiremcnts. 

A penstaltic pump, driven by a DC motor gearmotor. will control the recirculation rate. A 

peristaltic pump, which does not have direct contact with the fibre resin mixture. is selected in 

order to minimise fibre breakage. The speed of the motor drive is easily adjustable so that the 

required recirculation rate may be determined through experimentation. 

The objective of the experimental verification process camed out on the fibre-resin 

mixing system is to ensure that the primary FRs are satisfied. Namely, the ability of the new 

mixer to deliver a uniform fibre resin mixture to the RLCM system must be verified. The effects 

of varying DPs, such as the speed of the pump and the speed of the irnpeller, are investigated for 

the purpose of optimisation. 

3.4. I Experimental procedure 

The mixer was examined with a full factorial experiment. The first control factor 

analysed was the impeller speed, (DPi2). It was varied through 100, 500 and 900 RPM. The 

second control factor examined was the recirculation rate, (DPz2). It was represented by the 
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speed of the pump, with levels of 8, 20 and 35 RPM. The factorial combinations are s h o w  in 

Table 3.3 below. 

A mixture of 18% Owens Coming 737 1/16" and Cibatool 5170 photopolymer was 

prepared in a 400 mL beaker. After hand mixing for 1 minute, the suspension was poured into 

the mixer and allowed to rnix at the specified control factor level for 30 minutes. Four samples 

were then drawn off into petri dishes via a peristaltic pump and cured via a blak-rayTM UV lamp. 

Once the samples were taken, the mixture was drained back into the beaker and allowed to stand 

for 60 minutes before being poured into the hopper for the new trial. The volume fraction of each 

sample was measured via ASTM Standard Test Method D792-9 1 as proposed by Zak and Chan. 

1995. 

Table 3.3. Factorirl esperirnent design. 

3.4.2 E-.p erim entai resrdts 

The volume fraction measurements are given in Table 3.4. The statistical analysis was 

carried out with MinitabTM v12.1 software. The analysis revealed that the effects of the impeller 

speed are significant at a=0.05. A plot of fibre volume fraction vs. impeller speed is s h o w  in 

Figure 3.4. The analysis also demonstrated that the effects of the pump speed (a=0.77) and 

pump/impeller interactions (u=0.99), on fibre volume fraction, were not sigificant. 

Trial # 

1 

Del2:  Impcllcr 
Speed 

(RPM) 
900 

DPz2: Pump 
Spced 
( RPM) 

8 
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Table 3.4:Volume fraction measurements. 

Volume. 
Fraction (%) 

Fibre 
VoIume 
Fraction (%) 

Specimen Impeller 
ID (RPM) 

Broken in moId d 

From Figure 3.4, it  can be seen that as the impeiler speed is increased. the average fibre 

volume fraction converges to a value that is just above the nominal amount of fibres addcd to the 

mixture ( 18%). This convergence of the volume fraction at draw-off. Cv, to the value of solids 

concentration in the container. Cvo, is evidence of the quality of the solids distribution (FRI2) is 

being improved by adjusting the agitator speed (DP12). The volume fractions are expected on 

average to be slightly above the nominal value because the proportion of photopolyrner to fibre 

by volume drops due to a 6.6% contraction of CibatoolTM 5 170 dunng cunng (Zak and Chan 

1995). 
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I 
1 Volume Fraction vs. lmpeller Speed 
l 

I O 200 400 600 800 1 O00 
1 

Impeller Speed (RPM) 

Figure 3.4. Effect of impeller speed on fibre volume fraction (error bars indicate 
range o f  measurements). 

From Figure 3.1, it  is also evident that the ovenll variancc of the mcasurements drops 

significantly as the mixing speed increases. In fact. the range of values for a speed of 900 is only 

GO% of the range for the 100 RPM samples, namely, the variability decreases significantly with 

mixer speed. It is presumed that speeds in excess of 900 RPM would not greatly reduce this 

variability because, as discussed in Section 3.2, there exists a critical impeller speed beyond 

which volume-fraction uniformity ceases to improve (Bohnet and Niesmak 1980). 

The experimental results of the original mixer design performed by Scandalis. 1998. and 

verified independently by Mollin, 1999, are s h o w  alongside the results of the new mixer in 

Figure 3.5. Although the original mixer shows the same mean volume fraction as the new mixer 

design, the total variance of the new mixer design is well under half that of the old design. The 

new design also achieves this performance improvement at a far lower speed than its predecessor 

(900 RP vs 1254 RPM). This indicates that not only does the new mixer have a far geater 

chance of delivering the desired mixture to the RLCM machine than the previous design, but that 

it is also more efficient. 
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-- 

New vs. Old Mixer Design 

21.00 ; 

~ominal (input) 
volume fraction 

16.00 - - 
-- 

New Design Old Design Old Desrgn 
(Scandafis 1998) (Mollin 1999) 

-- ----p. 

Figure 3.5. Comprrison of new redesigned mixer vs. the old (error bars indicate 
range of measurements). 

Fibre degradation experimen tsz 

Fibre degradation is a concem during RLCM part fabrication because the efficicncy of 

reinforcement and. thus, the mechanical properties of the parts depend on the fibre lengh 

disinbution. Therefore, in addition to ensunng a mixture of speci fied composition, the fi bre-resin 

rnixing sub-system must also preserve the lengths of the fibres. Experiments were conductrd to 

detemine whether or not agitation with a three-bladed axial impeiler caused significant damase 

to the overall fibre length distribution. 

Two different types of fibre fillen were used in the fibre-length degradation experiments. 

The first filler was Owens Coming 737 1/16" miiled glass fibres and the second filler was 

Pheonix Fiberglass MFX recycled g l a s  fibres. Batches of both types of fibres were prepared and 

a random sample of each type was taken in order to evaluate the fibre distribution of the 

unprocessed fibres. The fibres were placed in a Petri dish and dispersed in alcohol and fibre 

' This resarch H~IS conducted with the assistance of C. Mollin. see Mollin, i 999. for more dctails. 
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length distributions were obtained fi-om photomicrographs via a semi-automated image- 

processing technique 

3 5 .  1 Microscopy4rnage processing 

Photomicrognphs were acquired via a microscope (Olympiis Vanox) under a yellow- 

filtered reflected light. Images were acquired using a CCD video camera (Sony XC-77) passing 

its signal to a fiame grabber (Scion LG3) at a resolution of 640x480 pixels, with 256 grey levels 

per pixel. Each image captured an area of O.5xO.q mm', translating to a spatial resolution of 0.83 

Fm per pisel. in order to reduce the undercounting of long fibres due to the srnail size of  a single 

irnase fibre-ends common to adjacent images were matched to create a large combined image 

made from four individual photomicrographs, as shown in Figure 3.6. 

Three such combined photomicrographs were assembled from random locations aithin 

the Petri dish. The digitized images were processed with custom-written MATLAB" based 

software. The length of each complete/y visible fibre was obtained by visually locating both of its 

ends and then converting the length from pixels to millimeires using the calibration data 

Fibre length distributions are generally described by asymmetncal histograms. with short 

fibres constitutinç the majority. Therefore, such histogams can be well-represented by the 

Weibull distribution (Fu and Lauke 1996; Chin et al. 1988). Individual fibre rneasurements in 

this thesis were. thus, combined to produce fibre-length histograams, which were fitted to a two- 

parameter Weibull distribution: 

where a and pare  shape parameten and 1 represents the fibre length. The two shape parameters 

were determined by a linear regression fit of the ordered fibre lengths versus a cumulative 

distribution function P(I) on a logarithmic scale. 
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Figure 3.6. Esrmple of a cornbined photornicrograph (Sample #3). 

The mean length. ï ,  and standard deviation, sh can be estimated via the espected values 

of the Weibull PDF: 

Thieltges and Michaeli, 1991, who employ a fibre measurement scheme similar to that 

outlined above, state that, in order to gain statistically significant results, it is necessary to 

measure over 500 individual fibres from each sample, with over 800 fibres recommended. Thus, 

in order to assure the reliability of the estimations, the lowest number of fibres counted in al1 the 

samples was 569. 

3 3.1.2 Fibre-resin mixing 

Once the data from the unprocessed samples were obtained, the fibres were returned to 

their respective batches. Fibres-resin mixtures were prepared in a 400mL beaker via gentle hand 

mixing with a stir rod for 1 min. The first mixture consisted of 18% 737 fibres in Cibatool 5 170 
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photopolyrner, while the second mixture contained 13% by volume MFX fibres in the same 

photopolyrner. Both mixtures were agitated with the lightnin' al00 three-bladed manne propeller 

at a speed of 1200 RPM and sarnples were drawn off periodically into petri dishes via a 

peristaltic pump and cured via a blak-rayTM UV larnp. In order to separate the fibres from the 

hardened resin matrk, a binder-bumout process was developed based on a thermogravimetnc 

analysis of Cibatool SL5170 resin (Liao 1997). The temperature was increased to 300°C. held 

for two hours, and then increased to 530°C and held for an additional hour. The recovered fibres 

were dispersed in alcohol and fibre length distributions were obtained by the same method used 

for the unprocessed fibre samples. 

3. 5. 2 Ekperirn e ~ t  ta1 resrrlts 

The fibre-length histogram data and the fitted Weibull distribution for the unprocessed 

Owens Coming 737 fibres are plotted in Figure 3.7, while Figure 3.8 shows the distribution aftcr 

5 minutes and Figure 3.9 after 15 minutes of agitation, respectiwly. The statistical results arc 

summarised in Table 3.5. The results indicate that the average fibre length aftcr 5 minutes of 

vizorous agitation does not di ffer significantly from the average length of the unprocessed 

sample. Namely. although the average fibre length of the processed sample is slightly smaller 

than the average length of the unprocrssed sample. the rneans are within the range of random 

error encountered within the fibre samples. After 15 minutes of mixing the average length of the 

sample has not changed as well and, there fore, no signi ficant breakage is observed. 

Table 3.5. Average fibre Iengths for Owens Corning 737. 

Conditions Average Fibre 
Length 

Unprocessed fibres 1 O. 1 03 0.063 
0.053 
0.057 

5 min. Mixing 
15 min. Mixing 

Standard 
Deviation 

1583 
163 1 
1689 

0,092 
0.09 1 

Nurnber of Fibres 
Counted 



Figure 3.7. Fibre-length distribution for unprocessed fibres (Owens Corning 737). 
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Pure 727 

Figure 3.8. Fibre-Iength distribution after 5 min. agitation (Owens Corning 737). 

10 

9 

8 

7 

- I 1 1 I 1 

- Weibull Parameten. 

0 - 1.67 
Mean = 0.103 - r i  0.0Z6.9 
Sld Dev = 0 063 = rneasured dam 
n = 1583 - 
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Faro  Lenqm (mm) 

Figure 3.9. Fibre-length distribution after 15 min. agitation (Owens Corning 737). 

Fibre length distributions for the Pheonix Fiberglass MFX are plotted in Figure 3.10 for 

the unprocessed fibres and in Figures 3.1 1 to 3.13 for mixing tirnes of 5.  1 5 and 30 minutes. 

respectively. The statistical results are summarized in Table 3.6. 

Table 3.6. Average fibre lengths for Pheonir Fiberglass PIFS 

Average. Fibre Number of Fibers ' 
I 
Conditions 

I & 

Unprocessed fibres ! 0.155 
5 min. M i n g  O. 148 

130min. Mixing 0.144 0.099 985 

1 4 

O. 120 ! 617 I 

0.1 14 1 569 
L 

The MFX fibres are roughly 1.5 times longer than the 737 fibers, however, the variance 

in fibre lengths is much greater as c m  be seen from the distributions. This is most likely due to 

the original processing of the fibres which are recycled from re-manufactured sheet moulded 

cornpound and scrap glass fibres. Once again, although the average processed fibre lengths are 

slightly smaller than the unprocessed fibre length the differences between them are not 

significant, even afier 30 minutes. Therefore, it c m  be stated that no notable fibre lrngth 

degradation is taking place during the mixing process. 

Length 

1 15 min. Mixine 1 O. 130 

Standard. Deviation 
I Counted 

0.090 79 1 
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Figure 3.10. Fibre-length distribution for unp rocessed fibres (hl FX). 

Figure 3.11. Fibre-length distribution after 5 minutes agitation (MFX). 
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HFX lSmm Wutng 
10 1 I r I I 

Figure 3.12. Fibre-length distribution after 15 minutes agitation (XIFX). 

Figure 3.1 3. Fibre-length distribution after 30 minutes agitation (MFX). 
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An experimental prototype was developed in this thesis in order to verify the proposed 

mixer concept. It was demonstrated experimentally that the new mixer design outperforms the 

old design by a significant rnargin. It provides better uniformity and more efficient mixing while 

remaining unaffected by changes in the amount of mixture in the systeni. Finally. fibre 

degradation experiments revealed agitation via an axial impeller had no significant effect on the 

fibre-length distributions. 
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Chapter 4 : Coater Simulation 

4.1 Zïz tuodrt ction 

The purpose of the RLCM slot coater design is to produce a liquid fibre-resin coat of 

specified thickness on the surface of the previously solidified substrate. If the design is to be 

successful, the relationship between the coated layer thickness and the design parameters must be 

understood. Once these interactions are known, appropriate design parameten may be set 

according to the desired deposition thickness. 

Unlike slot coaters used in continuous coating applications. which are assumed to be at 

steady state. the RLCM coater rnay never reach a steady state condition due to the limited length 

of the deposition. Therefore, in addition to knowing the effects of design parameters on the final 

coated layer. the tirne dependent characteristics should also be studicd. These factors include the 

accumulation of fluid in front of blade through the coating process as well as initial tnnsicnt 

instability at the beginning of the deposition as the coater moves to its final coating velocitp from 

its initial fised position. 

In this chapter, numencal-simulation based fictorial experiments arc designrd in order to 

investigate how combinations of different factors set at vanous levels effect the final coated 

layer. In addition, the physics of the coating flow will be analysed. 

4.2 Luyer Forrn atioïi 

A slot coater is a device used in many industrial applications to deposit a unifom liquid 

film on a moving substrate. The operation of the dot coater is pictured Figure 4.1. The coating 

liquid is fed through a narrow slot at a pre-metered rate, Q, and is dragged by the substrate 

moving at a speed, us,,.,, thus foming the final coat height, hoai. h general the fluid fills the gap 

shaped by the bottom face of the coater and substrate and becomes confined by two menisci. One 

meniscus is located upstrearn of the feed dot and the other is located downstream. In an effort to 

reduce the final coat height, a pressure differential may be applied between the upstrearn and 

downstream rnenisci, or the coat may be applied to a vertically oriented substrate. Slot coaten 
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have been analysed using numerous techniques ranging from relatively simple analytical 

solutions to more sophisticated numencal studies. 

Coater 

Upstream 
Meniscus ' 

Figure 4.1. Typical industrial slot coater. 

For example, Huang, 1978, camed out two analyses in which the Newtonian 

Iydrodynamics of the slot coater system were modelled using the reduced Navier-Stokes 

equations. The first model assumes a simple coating geometry with parallel plane flow. The 

resulting coating thickness was descnbed as a function of the gap height, viscosity. substrate 

velocity, pressure gradient, density and gravitational acceleration. The second model assumes a 

more complex coater geometry, however. the surface tension as well as the radii of the upstream 

meniscus and downstrearn meniscus must be known. The simple hydrodynamic theoc is 

extended by Huang, 1982, to include Non-Newtonian fluids and take into account a pressure 

differential applied by a vacuum box on the upstream portion of the slot coater. Film thickness as 

well as the meniscus profile is plotted as a function of this pressure differential. This calculated 

liquid film thickness agrees closely with experimental data in dip coating and other film flows. 

A viscocapillary model, which States that fluid in a vertically oriented slot coater is 

trapped between the slot coater face and the substrate by both viscous forces and capillary forces, 

is formalised by Ruchack, 1978, and extended by Higgins and Scnven, 1980. Higgins and 

Scriven, 1980, state that capillary forces are a result of gap clearances, surface tension, contact 

line attachent and dynamic contact angle, while the viscous forces depend on gap clearances, 

viscosity, meniscus location, coating thickness and the extemally applied pressure. The mode1 

provides bounds for the minimum achievable coating thickness of a given coater design. 

Giavedoni and Saita, 1993, revisit the viscocapillary mode1 of slot coating and compare the 
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results with computed predictions obtained via finite element methods (FEM). Large 

discrepancies cm  be seen between the predictions of the vicocapillary model and the numerical 

results, especially as the flow-rate and coating speed is increased. 

While minimizing the final coated height is the topic of the sloi coating papers above. 

many papers are concerned with meniscus shape and stability. Cerro and Scnven, 1980, 

developed analytical solutions for the downstrearn meniscus profile based on an integral 

boundary layer approximation method similar to FEM. Using tria1 velocity fields, velocity 

distribuiions are interpolated between known upstream and downstream conditions. Saito and 

Scnven. 198 1, developed an FEM technique which allowed an accurate representation of the 

downstream meniscus shape b y representing the free surface with a polar CO-ordinate 

parameterisation. Interior regions were modelled with a Cartesian grid. In such non-linear FEiM 

a1;onthms. a free surface is assigned and field variables are calculated based on the free surface 

boundary conditions. The free-surface shape is revised according to the flow results and the 

process is repeated until convergence is achieved. Giavedoni and Satia, 1992, included surface 

viscosity effects in an extensive numericai analysis of the meniscus shapr. however, their focus 

was on the profile of the upstream meniscus. Wang and Domoto. 1995. used a time marching 

FEM technique with linear perturbations to investigate the nbbing instabilities. or secondary 

flows, prevalent in high speed slot coating. 

There exists a large arnount of research committed to investigating the dynamics of layer 

formation with slot coaten; however, very little work on layer formation has been perfomed 

within the context of stereolithography. Renap and Knith, 1995, studied layer formation in a 

stereolithography process based on pure photopolyrnen. Their study involves simple blade re- 

coating, nther than sloi coating, and parameters include the gap width, the wiper speed, wiper 

thickness, and resin viscosity. A simple hydrodynarnic model, based on a Newtonian assumption, 

is used to qualitatively explain the results achieved experimentally. The expenmental set-up uses 

a laser distance sensor to take measurements of the final coat height. Zak, 1999, used a similar 

analytical formulation to predict layer heights in a stereolithography application. Curves of 

normalised coat height vs. wiping speed, wiper gap and liquid bulge height are given for both 

Newtonian and power law fluids. 
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The flow under the blade region of the coater design can be developed through the simple 

hydrodynamic mode1 similar to that found in the literature (Huang 1978; Renap and Kmth 1995; 

Zak 1999). The Navier Stokes equations can be simplified substantially for a thin film because 

al1 the velocity derivatives across the film are large compared to those along the film. With the x 

avis oriented along the direction of motion and the y-axis perpendicular to the film surface, the 

flow is essentially one dimensional and the Navier Stokes equation can be written as (White 

where p is the pressure, u is the fluid velocity in the s direction and p is the viscosity. Boundary 

conditions assume a no slip condition on the coater blade, Le. u = O at y = 0, and a velocity eqiial 

to tliat of the substrate, U=Urub at y = h. the y p  heiglit (Figure 4.2). 

Figure 4.2. Velocity distribution in the blade gap. 

For a Newtonian flow, integrating (4.1) twice and applying the boundary conditions 

gives the equation for the velocity field: 

The total flow rate in the blade gap, Qgp, can be found by integrating (4.2) over the gap 

of the coater blade to get: 
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e flow rat e for th e fluid downstream of the blade Qrubr where al1 the ff uid is moving at 

the same speed as the substrate. is given by: 

Q iub = u sib cos, * (44 )  

where h,,,, is the coat height. Upon equating the flow rates of (4.3) and (1.4) we arrive at an 

analytical solution for the final coat height: 

The pressure gradient for coaters with this geornetry is approsimated. according 

lubricaiion theory, by (Higgins and Scnven. 1979): 

It can be seen from (4.6) that in situations where the gap clearance is less than twice the 

final coated layer heighi a negative pressure gradient is to be expected. Therefore. the right Iiand 

term of (4 .h )  is expected to contribute positively to the finai coat height. 

4.3 Co mp ri ter Sim t d  atio ns 

The objective of the simulations is to first identify controlIable design parameters or 

factors, which could possibly affect the coated layer height. and second to develop an 

understanding of any relationships which might exist between the final coat height and variations 

of design and process parameters. Although the final coated height is the pnmary response 

variable, the time or distance to reach a steady final coated height is also of interest. A set of 

experimental simulations was designed in order to facilitate these objectives. 

Commercial software was used to creaie a mode1 and cany out the simulations. Appendix 

A provides a full description o f  the mode1 development, including lree surface rnodelling, 

boundary conditions, physical constants as well as tests conducted to venfy convergence. 
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4.3.1.1 Mode1 parameters 

Three primary geometrical parameters and three process parameten were varied through 

a total of three levels each. These factors are listed in Table 4.1, alongside their corresponding 

levels, and are s h o w  in Figure 4.3. The inlet flow-rate per unit length of the coater, F, should be 

equivalent to the flow exiting the coater in order for the liquid not to accumulate in front of the 

blade, however, the flow rate exiting the coater is unknown a priori. Therefore, its value is 

assumed to be equal to the coating velocity multiplied by the dimensions of the blade gap. in 

order to ensure the supply of fluid in front of the blade is not diminished as the coating 

simulation progesses. 

Table 4.1. Design parrmeters. 

/ B I  Slot width (mm) 1 1.2.3 1 

1 

Levels 1 

1. 3 . G  

Factor 

Table 4.2. Process parameters. 

Description 

1 1 

-4 1 Blade width (mm) 

! C I  Resewoir height (mm) 

I D 1  Coating velocity ( m d s )  1 10, 15, 20 

1.2.3 

Factor 1 Description 

1 
I 

Levels 

Figure 4.3: Design parameters varied during simulations. 

0.667, 1. 1.333 I 

D*E 

! 

E 
F 

Blade Gap Heiçht (mm) 
Inlet flow rate per unit length (mm%) 
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4.3.1.2 Factorial expenments 

Sets of factorial experiments were designed to investigate how the primary response 

variable, the coated layer thickness, would be affected by varying the controIlable design 

parameters according to the levels listed in Table 4.1 above. These sets of expenments were 

conducted in two steps. in order to reduce the overall number of expenments, the first two sets of 

experiments consisted of fractional factorial sets of factodlevel combinations. Orthogonal arrays 

were utilised in order to eliminate bias of any one factor for the reduced number of nins. The 

goal of these primary experiments was to identify a few dominant factors from a larger Iist of 

candidates. Once these simulations were run and relevant factors were chosen, a full factorial 

esperiment would be run in order to identify trends and interactions among the seiected factors. 

4.4 Flow description 

The development of the simulated flow over time is shown in Figure 4.4 (a)-(d) for a 

coater with blade width 3 mm, reservoir height 2 mm and blsde gap lmm, travelling at a velocity 

of ZOmm/s. The stan of the coat is s h o w  in Figure 4.4 (a), at a time of 0.5 S. ahere it can be 

seen that there is a fluid bulge leR on the dry substrate. As the coater reaches a unifonn 

thickness, at a tirne of 1 s as shown in the Figure 4.4 (b). the bulge is Iett behind and the coating 

flow behind the blade can be said to be steady. After this point, the coat height does not change 

and the Iength of the fluid coat, which has not stabilised to the final layer height, delines the 

settling distance. 

The flow rate of fluid entenng the slot was set to be equal to the product of the coating 

velocity and the gap height. The layer lefi behind, and, therefore, the volume flow exiting the 

coater, is a fraction of the Made gap. Therefore, the volume of fluid which does not exit the 

coater downstream of the slot continues to build upstream of the slot. This build-up can be seen 

by comparing the fluid in front of the dot from a time of O S  s to a time of 3.0 S. This build-up of 

fluid does not have any noticeable affect on the final coat height throughout the flow 

developrnent. 

A detailed view of the velocity field for the coater at 2 s is s h o w  in Figure 4.5. The 

velocity field can be described in tems of two distinct, yet interacting, lubrication flow regimes. 

It can be seen that upstream of the coater slot, the Poiseuille flow contribution due to the fluid 

extruded the slot under pressure is countering the Couette flow contribution imposed by the 
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relative motion of the substrate and die. This opposing flow gives the impression that the fluid is 

being "folded" over itself. In the region of the blade gap, downstream of the feed slot, the 

Poiseuille flow contribution is added to the Couette flow contribution, and this net flow is the 

amount of fluid which contributes to the final layer height. Far downstream of the blade, the fluid 

profile is constant and the liquid layer is travelling at the speed of the substrate. The pressure 

field, s h o w  in Figure 4.6, shows pressure drops across ail channels including a region of 

negative pressure in the downstream section. This negative pressure and pressure gradient has 

been reported in the literature and is consistent with Equation (3.6) (Higgins and Scnven 1979). 

Figure 4.4. Simulation of coating for a coater travelling 2Ommls at times (a) 0.5 s (b) 
1 s (c) 1.5s and (d) 2 S. 
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Figure 4.5. Velocity field of coater at tirne 2 S. The scale on the left gives the velocity 
in d s .  

Figure 4.6. Pressure field of the coater at time 2 S. The scale on the left gives 
pressure in Pa. 
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4.5 Siin ulatio ri results 

4.5.1 Fractiorial factorial experi~ne~zts 

4.5.1.1 Set 1: constant Made gap 

The first experimental set, shown in Table 4.3, explored variations of blade width, dot 

width, reservoir height and velocity, while maintaining blade gap height constant at 1 mm. 

Table 4.3. Simulation Set 1, results. 

1 1 Factor 

An analysis of variance, shown in Table 4.4 below, is used to check for significance of 

the four main effects. The fact that the p value for factors B and D are larger than 0.05 suggests 

Settling 
Distance 

mm 

16.8 

13 

S. 7 

9.7 

12.7 

15.3 

13.9 

8-96 

13.2 

that dot width and coating velocity are not statisticaliy significant. By contrast, the p values for 

Norm. 
COB' 

Height 
h/hg 

mmirnm 

0.93 

0.80 

0.70 

0.67 

0.60 

0.82 

0.58 

0.74 

0.63 

A B C 

Blade Slot Rescrvoir 
Width Width Height 
(mm) (mm) (mm) 

1 1 1 

1 2 3 

1 3 3 
2 

3 2 3 

3 3 1 

G i 3 
6 2 1 

6 3 2 

factors A and C are small, which implies that these parameters have an influence upon final coat 

height. Figure 4.7, which shows the coat height vs. blade width data, illustrates that coat height 

D 
Velocity 
(mm/s) 

10 

15 

20 

20 

1 O 

15 

15 

20 

10 

decreases as the blade width increases. A similar trend is observed for the coat hei@ vs. 

E 
Blade 

Gap 
Height 

hg (mm) 

1 

1 

1 ----- 
I 

1 

1 

1 

1 

1 

reservoir height data plotted in Figure 4.8. Although it was proved that velocity does not have 

any influence on the mean of the coat height, from the coat height vs. velocity data plotted in 

Figure 4.9, it appears that the variance is reduced as the velocity is increased. 
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Table 4.4. Simulation Set 1, analysis of variance for coat height. 

1 Factor B -SIot Width 1 2 1 0.0035 1 0.0017 1 0.0859 1 0.9181 1 

Variation DOF Sum of Mean Square 
Squares 

F 

s- 

Factor C - Reservoir Height 

1 1 1 1 1 

Error or Unexplained 1 16 1 0.3248 1 0.0203 1 

P 

Factor A - Blade Width 2 0.3630 0.1815 8.94 12 

1 I 1 I 1 

1 

Coat Hcight vs. Bhde Width 

0.0025 

3 

Factor D - Coater Velocity 1 2 1 0.0 140 

Figure 4.7. Normalised coat height vs. blade width. 

0.0070 1 0.3454 1 0.7131 

Col (  titipht v r  Rmcnoir Hcight 

0.5939 

09 
Coir  
tId#ht 

0 8 .  

Figure 4.8. Normalised coat height vs. reservoir height. 

0.2969 14.6275 0.0002 
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I Coat Hdght VI. t'clocity 

' 0 9 .  
'Cori j 

tlcigbi 
0 8  - 

Figure 4.9. Normalised cor t heig h t vs. velocity. 

Ser t l i~ig distarrce 

An analysis of variance of the settling distance is shown in Table 4.5. Blade width. dot 

width. and reservoir Iieight a11 have values for p which are rnuch greater than 0.05, so none of 

thesr factors may be called significant. The analysis does indicate that coater velocity may affect 

the time it takes for the coat to reach steady state. A plot of the settling distance vs. coater 

velocity, shown in Figure 4.10. illustrates that as velocity is increased the coated layer becomes 

stable within a shorter travel distance of the coater. 

Table 4.5. Simulation set 1 analysis of variance for settling distance 

/ DOF / Sqm~z / Mcan Square 

1 Factor D - Coater Velocity 1 
I 

2 1 455.7912 1 227.8956 1 19.0283 0.000 1 1 

Factor B -Slot Width 

Factor C - Reservoir Height 

I 1 1 1 I 

Error or Unexplained 1 16 1 191.6256 1 1 1.9766 1 

2 

2 

49.6392 

60.1632 

24.8 196 

30.08 16 

3.0723 

2.51 17 

O. 1584 

0.1 125 
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Settling Distance vs. l'elocity 

Figure 4.10. Data plotted for settling distance vs. velocih 

4.5.1.2 Set 2: constant slot width 

Results from Set 1 indicated that slot width did not have an. effeci on either coat iiripht 

or settling distance. Therefore, in this fractional factorial expenment. Set 2. slot width is dropped 

from the list of factors to be varied and is held constant at a width of 2 mm. Blade pap height is 

ûdded to the list of Set 2 factors to be varied. which already included blade width. resenroir 

height and coating velocity. The complete orthogonal set of factors and levels is shoan in Table 

4.6 dong with the results for normalised coat height and settling distance. 

Coczt keiglit 

Analysis of variance results, calculated in Table 4.7 below. indicate that both blade width 

and reservoir height have p values that are less than 5%. The statistical significance of these two 

factors is supported by similar results in Set 1. Plots of the raw data, in Figure 4.1 1 and Figure 

4.12, once again reveal that coat height decreases with increasing blade width and resenroir 

height respectively. Coater velocity and gap height do not appear to have any significant impact 

on the mean coat height, however, a plot of coat height vs. coater velocity data in Figure 4.13, 

demonstrates once again that a decrease in the variance is associated with an increase in coater 

velocity. 

Serrling disrance 

None of the four factors appean to affect the settling distance according to the analysis of 

variance data shown in Table 4.8. Therefore, it was assumed that the settling distance is 
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independent of the coater geometry and, therefore, this measure does not need to be utilised for 

characterising the coating flow in the full Factorial experiments. 

Table 4.6. Simulation Set 2, results. 

1 Factor 1 A 

Settling 
Distance 

mm 

R u n #  Name Blade 
Wid t h 

(mm) 

SIot Reservoir Velocity Blade Sorrn. 
Width 1 Height / (mmis) / Gap 1 Colt 

Height Height 1 hg (mm) 1 hihg 

Table 4.7. Simulation Set 2, analysis of variance for coat height. 

Variation 1 DOF 1 s4Y,;1 1 Mean Square 

1 I 1 1 1 

Factor D - Coater Velocity 1 2 1 0.0670 1 0.0335 2.9597 1 0.0806 1 

Factor A - BIade Width 

Factor C -Reservoir Height 

a 3 

2 

Factor E - Gap Height 

Error or Unexplained 

O. 1044 

0.3603 

2 

16 

0.0522 

0.1801 

0.01 14 

0.1810 

4.61 37 

15.9232 

0.005 7 

0.01 13 

0.0262 

0.0002 

0.5035 0.6137 
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Coar Hcighi w. Blade W'idih 

0% 
a 1 2 3 4 

BhJc 11 idih (mm) 

Figure 4.1 1.  Norrnalised coat height vs. blade width. 

Coat tlcighr rr. Rcrcrvolr tiright 

Figure 4.12. Norrnalised coat height vs. reservoir height. 

Coat tiright rs. \ ' c l ~ i p  

Figure 4.13. Normalised coat height vs. velocity. 
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Table 1.8. Simulation set 2 analysis of variance for settling distance 

1 1 1 I 1 

t Error or Unexplained 1 16 1 206.6904 1 12.9182 1 

Variation 

Factor A - Blade Width 

Factor B -Reservoir Height 

Factor D - Coater Velocity 

Factor E - Gap Height 

4 . 1 3  Set 3: fullfactonalexpenments 

The final set of coater simulations, Set 3, involves a full factorial expcnment set 

perfomied wi th three parameten including blade width. reservoir Iieight and blade gap height 

(Table 4.9). Velocity is kept constant at 20 rnniis because it was shown from the screcning tests 

that tliis levcl producrd the least variation. Blade gap remains constant at 2 mm as in scrccniny 

test 2. 

Effect of blnde lcvidrh 

From the mean comparison plot in Figure 4.14, it is evident that the normalised coat 

height decreases significantly with increasing blade width. I t  should also be noted that the trend 

is non-linear and that the difference in coat height behveen blade widths of I mm and 3 mm is 

quite large while the difference between a blade width of 3 mm and 6 mm is not as great. 

Therefore, the rate of decrease in normalised coat heighi diminishes as blade width is increased. 

This trend is explained by the fact that for longer blade widths, the pressure head generated in the 

reservoir by the incoming fluid has been used up and the coating flow becomes drag dominaied 

(Loest, Lipp and Mitsoulis 1994). By contrast, coats left behind by short blades are not solely 

affected by the movement of the wiper, but by the pressure forces as well (Loest, Lipp and 

Mitsoulis 1994). 

These trends are more clearly represented by companng graphs for pressure distribution 

for three different blade widths, plotted in Figure 4.15, for a coater geometry with a reservoir 

height of 3 mm and gap height of Imm. It is apparent fiom the plots that a blade width of I mm 

has the steepest pressure gradient (dP/dx), between the blade inlet and exit, while the slope for 

DOF 

2 

2 

2 

2 

Sum of 
Squares 

5.5300 

12.5313 

1.693 1 

3.21 13 

Mean Square 

2.7650 

6.2656 

0.8465 

1.6056 

F 

0.2 140 

0.4850 

0.0655 

O. 1243 

P 

0.8096 

0.6244 

0.9368 

0.8830 
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the 6 mm is shallower by comparison. ?lie pressure gradients from these plots are s h o w  in 

Table 4.10. The table includes the corresponding theoretical layer thickness calculated via 

Equation (4.5b) and layer thickness measurements takrn directly from the simulation and good 

agreement is observed between the analytical and numerical approaches. 

Table 4.9. Simulation Set 3, results. 

I 

Nom. coat 

Height bhg 
m m m m  

0.88 

0.93 

0.95 

0.73 

0.76 

0.8 1 

O .69 

0.73 

0.71 

0.75 

0.80 

E 
Blade 

Gap Height 

hg (mm) 

0.67 

1 .O0 

1.33 

0.67 

1 .O0 

1.33 

0.67 

1 .O0 

1.33 

0.67 

1 .O0 
0.87 

0.7 1 

0.67 

0.7 1 

0.67 

0.62 

0.62 

0.68 

0.77 

0.80 

0.55 
0.60 

0.65 

0.58 

0.57 

0.58 

1.33 

0.67 

1 .O0 

1.33 

0.67 

1 .O0 
1.33 

0.67 

1 .O0 

1.33 

0.67 

C 
Reservoir 
Height 
(mm) 

1 

1 

1 

2 
2 

2 

3 
3 

3 

1 
1 

Run 6 

1 

2 

3 

4 

5 

6 

7 

8 
9 

IO 
1 1  

D 
Velocity 

( m d s )  

20 

20 

10 

20 

20 

20 

20 

20 

20 

20 

20 

A 
Blade 
Width 

(mm) 

i 

1 
1 

1 

1 

1 
1 

1 

1 

3 

3 

Factor 

Name 

AlB2ClD3E1 

AIBZClD3E2 

AlBXlD3E3 

AlB2C2D3El 

AlB2C2D3E2 

A 1 B2C2D3 E3 
AlB2C3D3El 

AlB2C3D3E2 
AlB2C3D3E3 

MB2ClD3E1 

XB2ClD3E2 
1 

- 7 
2 
2 

3 

3 
3 
1 

1 

1 
2 

B 
Slot 

W idth 

(mm) 
3 

7 

2 
2 

2 
7 

7 

2 

- 7 
2 
2 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

20 

20 

30 

20 

20 

20 

20 

20 

20 

20 

20 

3 

3 

3 
3 

3 

3 

3 
6 

6 

6 

6 

A2B2C 1 D3E3 

A2BSC2D3E 1 

A2i32C2D3E2 

A2B2C2D3E3 

AZBSC3D3El 

AZB2C3D3E2 
A2B2C3D3E3 

A3B2ClD3El 

A3B2ClD3E2 

A3B2ClD3E3 

A3B2C2D3El 

2 
2 

Z 
2 

2 

2 

- 7 

- 3 
2 

2 
2 

23 

24 

25 
26 
27 

6 
6 

6 

6 
6 

A3B2C2D3E2 

A3B2C2D3E3 

A3B2C3D3El 

A3B2C3D3E2 

A3B2C3D3E3 

1 .O0 

1.33 
0.67 

1 .O0 

1.33 

- 7 

2 
3 

3 
3 

- 7 
- 7 

2 

2 
2 

20 
20 

20 

20 
20 



Chapter 4. Coater Simulation 4-18 

Table 4.10. Pressure gradient and resulting layer thickness for various blade midths 
for a coater design with reservoir height of 3 mm, Made gap height 1 mm and velocity 20 

m d s .  

L, 

Coat Hciglit $5. Rlade N'idth 

I 

Figure 4.14. Normalized coat height vs. blade width (error bars represent 95% 

*/O Di fference 

confidence intervals). 

Blade Length 

E/fecr of reservoir height 

1 mm 3 mm 

3 % 1 4 %  

A mean cornparison plot for normalised coat height vs. reservoir height is shown in 

Pressure Gradient (dP/dx) 
Layer thickness - theoretical 
Layer thickness - simulation 

6 mm 

10 Oh 

Figure 4.16. As one increases the reservoir height the coat height responds by decreasing 

significantly. Once again, the trend for variations in reservoir height is non-linear. The decrease 

in coat height is prirnarily due to the decrease in pressure in fiont of the blade, and. thus, a 

-3.3 Pdmm 
-52 mm 
5 7  mm 

-37.8 Pdmm I -18.6 Pdmm 

smaller pressure gradient, as the reservoir height is increased. This trend is supported by past 

0.70 mm 

0.73 mm 

research on slot coaten, in which layer heights were controlled by the overall varying pressure 

0.60 mm 

0.62 mm 

differences between the inlet and outlet of the blade (Huang 1982). As pressure in front of the 

blade was dropped, the coat height leR behind the blade decreased (Huang, 1982). It was 
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discovered that with no pressure difference across the blade, the coat height was generall y half 

the blade gap for a shear-dominated flow. 

6mm inlet 3mm inlet Imm inlet exit 

- Blair Icngtli = 3rnm 

4.00E+01 , B I d e  Icnrrh = (mm 

-5.00E+01 - 
Distance a l m g  blnde contcr (mm) 

Figure 4.15. Pressure distributions for various blade widths for a coater design with 
reservoir height of 3 mm, blade gap height 1 mm and velocity 20 mrnts. 

By comparing pressure distributions for three different resenfoir heights for a blade 

length of 6 mm, blade gap 1 mm and velocity 20 mm, this effect can be examined (Figure 4.17). 

The greatest pressure in front of the blade, and therefore steepest pressure gradient, is obsewed 

for a reservoir height of 1 mm, while a reservoir height of 3mm gives the lowest pressure and 

pressure gradient. The pressure gradients are shown in Table 4.1 1 alongside coat height 

calculated fiom Equation (4.6) and results measured directly From the simulation. Once again 

good agreement is achieved between the measured results from the simulations and results 

calculated from the analytical equation. 
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Table 4.1 1. Pressure gradient and resulting layer thickness for various reservoir 
heights for a coater design with reservoir height of 3 mm, blade gap height 1 mm and 

velocity 20 mrnk 

Figure 4.16. Normalised coat height vs. resenoir height (error b a n  represent 95% 
confidence intervals). 

Effect of blade gap It e igh 

1 
3 mm I 

- 1  1.1 Pdmm 
0.56 mm 

0.57 mm 

2 O/O 

While the two factors described above appear to have a great impact on the final coating 

2 mm 
-1 8.6 Pdmm 

0.60 mm 

0.60 mm 
1 % 

Reservoir height 
Pressure Gradient (dPJdx) 

Layer thickness - theoretical 

Layer thickness - simulation 

'% Di fference 

thickness, it appears that gap height has a very minor influence, as was shown for Set 2. Figure 

1 mm 

-39.9Pdmm 

0.71 mm 
0.77 mm 

9 %  

4.18 indicates a siight increase in layer thickness with increasing blade gap, however ail the 

mean points lie within the 95% confidence limits of each other and, thus, the trend cannot be 

considered to be statistically significant. These results seem to conflict with Zak, 1999, that made 

use of an equation simila. to (4.5a) to descnbe the increase in layer thickness with increasing gap 

height as cubic. However, the layer predictions in Zak, 1999, did not compensate for the drop in 

pressure gradient associated with larger blade gaps. From the pressure distribution, plotted in 

Figure 4.19 for a blade width of 6 mm and a reservoir height of 3 mm, it can be seen that the 
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2.50€+02 - 
blade inlet blade exit 

-5.OOf91 . - R~?icrvoir hright = I mm 

- Rrscr\oir hright = 2inm 

- 1  .OOE+02 - R ~ x r \ c ) t r  hci~$t = !mm 

Diutance dong  blade coater (mm) 

Figure 4.17. Pressure distributions for various reservoir heigh ts for a coater design 
with blade width of 6 mm, blade gap height 1 mm and coater velocity 20 m d s .  

pressure at the blade exit a gap height of 0.66 mm is much lower than for a Sap heiglit of 1.33. 

Therefore, the resulting pressure gradient is much steeper than for a smaller blade gap than for a 

larger blade gap, and this gradient compensates for the cubic relationship for layer thickness in 

Equation (4.5a). Once the gradient is known, however, the analytical solution and simulation 

results are in agreement (Table 4.1 2). 

Table 4.12. Pressure gradient and resulting layer thickness for various reservoir 
heights for a coater design with blade width of 6 mm, Made gap height 1 mm and coater 

velocity 20 mm/s. 

1333 mm 

-8.45 Pdmm 
0.58 mm 

0.58 mm 

Gap Height 
Pressure Gradient (dP/dx) 

Layer thickness - theoretical 
Layer thiclcness - simulation 

1 1 

0.667 mm 1 1 mm 

1 96 % Difference 1 5 %  

-2 1.1 Palmm 
0.55 mm 
0.58 mm 

2% 

-11.1 Pa/mm 
0.56 mm 
0.57 mm 
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Coat Height vs. Gap Height 

O M  1 

Cos 
Hnghr 

O B d  - 

Figure 4.18. Normalized coat height vs. gap height (error bars represent the 95% 
confidence intervals). 

blade inlet blade exit 

j Blade p p  = 1.33mm i 

Distance dong Made coater (mm) 

Figure 4.19. Pressure distributions for various blade gaps for a coater design with 
reservoir height 3 mm, blade width 6 mm and veloctiy 20 mds. 
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4.5.1.4 Set 4: open wiper 

A mode1 of a simple blade coater, in which the area in front of the blade is completely 

open, was created in order to illustrate the extreme case where there exists almost no relative 

pressure increase in front of the blade. In Figure 4.20, a simple blade of 1 mm thickness is 

wiping over a pre-deposited layer thickness of 113 mm ai a speed of 10 rnrn/s. The fact that there 

is no Poiseulle or pre-metered flow contribution lrom a fluid source, means that the final coating 

thickness is solely a function of the shear dominated fiow and, therefore, should be close to half 

the blade gap. The results of simulations with the simple blade coater, in which blade width, 

blade Sap and velocity are varied, are shown Table 4.13. An analysis of variance of the data in 

Table 1.11 shows that none of the factors has a significant impact on the normalised coat heisht, 

wliich averaged 0.56, as one would expect. 

Table 4.13. Simulation Set 4, results. 

Table 4.14. Simulation Set 4, anabsis of variance for coat height. 

E 
Same 

D 

1 Factor D - Coater Velocity 1 2 1 0.0378 1 0.0189 1 2.1753 1 0.1760 1 

C Factor 1 A 

Blade 
Width 

(mm) 

Variation 

Factor A - Blade Width 

( Factor E -Gap Height 1 2 1 0.0137 1 0.0069 1 0.7892 1 0.4866 1 

B 

1 Error or Unexplained 1 8 1 0.0695 1 0.0087 1 1 1 

SIot 
Width 

(mm) 

DOF 

2 

Reservoir 
Heigh t 

(mm) 

Sum of 
Squares 
0.0296 

Velocity 
(mmfs) 

Mean Square 

0.0 148 

BIade 
Gap Height 

hg(mm) 

F 

1.7073 

Sorm. coat 
Height hfhg 

m m h m  

P 

0.24 13 
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Figure 4.20. Flow development for an open blade at travelling 10 mm/s at times 
(a) 0.5 s (b) 1 s (c) 1.5 s and d) 2 S. 

This chapter provided an in-depth analysis of the coater design presented in Chapter 2. 

Since the proposed design is very similar to industrial slot coaters, slot coating was investigated 

as a starting point to gain an undentanding of the coater mechanics. A simple hydrodynamic 

model, based on the assumption of a Newtonian fluid, was presented for the flow under the 

coater blade and is based on the superposition of two flow types. The fint flow type, induced by 

the relative velocity of the coater and substnte, is known as Couette flow. The second flow type, 

created by the pressure of the Buid extruded through the dot, is known as Poiseulle flow. 
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A numerical mode1 was created to examine how the final coat height was affected by 

varying the following five design parameters: blade width, dot  width, reservoir height, coater 

velocity and gap height. It was found that blade width and reservoir height had the most 

significant impact on the coat height. Coat height decreases in a non-linear fashion with 

increasing blade width and decreases non-linearly with increasing reservoir height. The 

sin~ulation also allowed for pressure gradients across the blades to be detennined so that 

measured results from the simulation could be compared with numbers obtained through the 

simple hydrodpamic rnodel. Good agreement was found between coat heights measured directly 

from the simulation and those obtained analytically. Finally. cornparison between the dot coater 

design and the open blade design revealed that an open blade is primarily drag driven while a 

dot coater is affected by both pressure and drag flows. 
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Chapter 5 Coater Design and Verification 

5.1 Introduction 

The novel approach to liquid layer formation conceptualised in Chapter 2 was proposed 

in order to solve process issues encountered with the original controlled delivery system. In the 

original system, the direct deposition step was dependent on the part profile. Namely, the total 

volume of liquid deposited over the entire vat. as well as the total time for deposition. fluctuated 

frorn layr to layer as the part's cross-sectional geometry changed. The system also required 

precise CO-ordination between rotation of the peristaltic pump and the translation of the X-Y 

table in order to ensure the correct volume fraction of fibre-resin mixture in the solidified layers. 

By contrast. in the new layer formation concept, wide-film deposition, or coating, is responsible 

for spreading the fibre-resin liquid uniformly over the surface of the platforni dunng layer 

formation. In addition. the multiple-nozzle delivery system ensures that liquid witli ilir corrcct 

fibre content is deposited over the solidified sections in a manner that is insensitive to the 

contour geometry of the part. 

In this chapter, the liquid layer formation proposal is developed from the conceptual stage 

towards a detailed design. In order to venfy that the new liquid layer formation proposal is 

capable of fulfilling the functional requirements proposed in the early design development 

(Chapter 2 ) ,  a working prototype was built as a test bed. Section 5.2 of this chapter describes this 

detailed design and the ovenll test-bed. In Section 5.3, the results of espttriments performed to 

evaluate the ability of the coater prototype to create parts of uni form fibre content, regardless of 

the parts geometry or position within the vat, are reported. Finally, the quality of the layen. 

studied by observing the unifonnity of layer profiles fabncated with the coater prototype are 

reported in Section 5.4. 

5.2 Design of experimental coater 

An experimental prototype of the composite-liquid-layer-formation system was designed 

and built in order to venfy the concept developed in the previous chapten in this thesis (Figure 

5.1). 
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Figure 5.1. Experimental test-bed and prototype coater. 

The solid modelling and assembly applications of SDRC's 1-DEAS CAD package were 

utilised in order to facilitate the iterations leading to the final design, shown assembled in Figure 

5.2 and in an exploded isometric view with parts labelled in Figure 5.3. The components of the 

composite-liquid-layer-formation system are discussed below. 

The nozzle head, s h o w  in Figure 5.3, embodies two design parameten; the nozzle array 

configuration @Plz2) and distribution charnel (DPiil). The novle head is fitted with four 

delivery nozzles, which consist of male pipe adaptes arranged on 22 mm centres. The multiple 

nozzles are used pnncipally to ensure that streams cover the 90 mm vat uniformly with the 

composite mixture and furthemore, to reduce the flow rate pulsation caused by the three rollen 
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Figure 5.3. Exploded isometric of detailed coater design (SDRC 1-DEASTM). 
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on each penstaltic pump. The four noules feed into a single distribution channel, a 90 mm long, 

4.5 mm high and 3.5 mm deep channel milled into the front side of the nozzle head. 

In order to form a wide film of fluid, the composite mixture must first flow unifonly 

throughout the larger distribution channel before entenng the smaller coater slot as discussed in 

Chapter 2, Section 2.4.3.1. The slot width (DPI i2)  is adjusted by tuming a fine-thread screw, 

which slides the nozzle head along steel dowel pins press fitted into boih ends of the dot-adjuster 

frame. Hardened steel spnngs seated on the dowel pins between the adjuster frame and the 

nozzle head press against the adjusting screw to ensure a rigid assembly. 

Actuation of the entire coater is accomplished through features on the slot adjuster frame. 

M e a d  of relying on a pneumatic cylinder to actuate the system, as was done in the Version 2 

design, the Version 3 prototype utilises the existing X-Y table to move the coater across the vat. 

Application of a uniform coat is thus achieved through precise CO-ordination of the coater motion 

with the flow rate of fluid into the coater, which is metered via the penstaltic pumps (driven by 

the U axis of the same controller). A pin seated in the X-Y table camage slides into the actuation 

channel in the slot adjuster to engage the entire coater assembly. Two teflon guides. fastcned to 

the bottom ends of the slot-adjuster frame. straddles the vat sides in order to reduce the friction 

as the coater is actuated. Springs, which are anchored to the ends of the dot adjuster frame at one 

end and to the optical table at the oiher, pull the guides ont0 the vat. 

5.2.3 Coater blade 

The coater blade profile (Figure 5.4) chosen for the Version 3 prototype is identical to 

that of the Venion 2 system in order that cornpansons between the two systems, with respect to 

layer quality, be made. The effect of the coater blade width was examined in detail through the 

numencal simulation performed in Chapter 4. 

52.4 Part build platform and vat 

The original build platform and vat had to be reconstmcted in order to achieve better 

a l i m e n t  of the build platfonn with the horizontal, Figure 5.5. The new vat is also fitted with a 

run-off block so that excess resin may be collected and recycled. 
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Cosrting 
Direction 

Figure 5.4. Wiper-blade edge profile (a11 dimensions in mm). 

Resin 
block 

Figure 5.5. New vat and part build platform. 
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5.3 Volrr me fmctiort experiments 

A number of experiments were conducted with the coater prototype in order to 

investigate its performance in ternis of volume-fraction uniformity. The primary objective of the 

tests was to venfy that the design fulfils the functional requirements, outlined in Chapter 2: 

Firstly, the coater m u t  be capable of distnbuting the composite liquid uniformly throughout the 

vat (FRI ,), and secondly the coater must deliver a composite liquid mixture of the specified fibre 

content (FR,?). Therefore, the experiments were designed to test the effect of part placement in 

the vat as well as the effect of slot width on the volume fraction of the resulting specimens. The 

specimens would also have to be compared to those made on the Version 2 layer formation 

system to demonstrate that the Version 3 design distributes a fibre-resin mixture with the same or 

better degree of unifomity as that obtained with the Venion 2 systern. 

Figure 5.6 shows the dimensions of the specimens built for the piirpose of the volume 

fraction experiments. Each 10-layer specimen, built on the RLCM apparatus utilising the 

expenrnental coater, was fabncated with a composite mixture consisting of SLj170 (Ciba- 

Geigy) resin with 18% Owens Corning 737 1/16 fibres. Once the parts were built and cured, they 

were cut into four parts, as shown in Figure 5.6. and the volume fraction of each sample was 

measured via ASTM Standard Test Method D792-91 (Density and Specific Gravity of Plastics 

by Displacement). In order to compare the results of one build to another. the fibre content 

measured in the layered parts (ut2) is normalised by the fibre content of the liquid delivered to 

the vat (ufl) to yield a ufî-lufl ratio. Values for ufl were obtained for each build by drwing 

samples directly from the coater into a mould. 

Two different build configurations were used to study the effects of part placement in the 

vat with respect to the delivery nozzle anay (DP122). In the first configuration, s h o w  in Figure 

57a, three parts are placed such that they are located in between the location of the nozzle paths 

while in the second arrangement, Figure 5 2 ,  two specimens are situated directly in line with the 

two middle nozzles. The effect of slot width on the volume fraction uniformity was also studied 

by comparing mns in which the slot width set at 2 mm to those in which the slot is only 0.6 mm 

wide. The slot widths were set with the adjusting screw using 0.6 mm and 2.0 mm gage blocks. 
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The experiments were al1 mn within two weeks of each other and the cornmon process 

parameters are shown in Table 5.1. 

Figure 5.6. Volume-fraction-experiment test specimen (al1 dimensions in mm). 

Figure 5.7. Placement of parts in the mould for configuration (a) parts placed 
behveen noale paths and (b) parts placed in line with nonle paths. 

Table 5.1. Experimental process parameters. 

1 Parameter 1 Value 1 
l 

Laser Power (mW) 
Scanning Veloci ty (mmis) 
Deposition Velocity (mrn/s) 

Deposition Volume (mrn/s) 
Mixing Impeller Speed (RPM) 

t 
8.5-9 
20 
IO 
6 
900 
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The volume- fraction measurements for the parts placed between the nozzle paths and in 

line with the nozzle paths are sumrnansed in Table 5.2 and 5.3, respectively. From the plots of 

the results, s h o w  in Figure 5.8 several observations can be made. For the 2mm slot width, it can 

be seen that while parts 1, III and V show fairly low (normalized) volume fractions, ranging 

between 0.81 and 0.92, the volume fractions for parts II and IV are significantly higher. with 

values between 0.97 and 0.99. As expected, this iarse difference in volume fractions can be 

explained by the placement of the parts with respect to the paths of the deposition nozzles take as 

they traverse the vat. 

Table 5.2. Normalized volume fraction (un/ufl) for parts placed between nozzle paths. 

1 1 Noma1i;red volume fraction 

Table 5.3. Normalized volume fraction (unlufl) for parts plnced in line with nozzle paths. 

1 J 

Normalized volume fraction I I 

! Slot Width 1 Trial 1 ) Trial 2 / Avg. 1 Triai 1 1 Trial 2 / Avs. 1 

v 
Trial 1 ! Trial 2 1 Avg. / 

I 1 

Slot Wdth 1 Trial 1 1 Trial 2 Avg. 

Research by Zak, 1999, demonstrated that the meihod of composite-liquid delivery has a 

great impact on the fibre content of the finished part. Specifically, it  was s h o w  that by 

delivering composite liquid directly over the solidified areas of the previous layer, the 

normalised fibre content ratio of the finished parts is increased significantly over parts built 

without direct delivery. Since, in essence, the coaier configured with the 2 mm gap is depositing 

four separate composite fluid streams, which are not being merged into a film of uni f o m  fibre 

content, the results presented herein confirms those presented by Zak, 1999. 

Figure 5.8 also shows that layer formation perfonned with a 0.6 mm slot width results in 

consistent fibre-content values, ranging between 0.91 and 0.98, regardless of part placement 

II I  
Trial 1 1 Trial Z 1 Avg. 
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within the vat. These results verify the slot coater's ability to deliver the composite liquid 

uniforrnly throughout the vat (FRI,). The results also demonstrate the significance of the slot 

width in obtaining this unifomity. A srnall slot width creates a greater degree of resistance 

across the slot entrance than a larger gap, as discussed in Section 2.4.3, Chapter 2, which merges 

the fluid streams into a single uniform film within the distribution channel. 

Figure 5.9 and Figure 5.10 show a contour plot of normalised volume fraction. The 

figures were obtained by measuring the volume fraction of the ZOmm sections for al1 specimens 

(i.e., 1. II, III IV and V) and plotting their values as a function of their position in the vat. Once 

again. the distribution of fibres appears far more consistent for the 0.6 mm slot width than for the 

2.0 mm. as expected. It can also be observed that in al1 cases the nomalised fibre volume 

fraction is slightly higlier in the centre of the vat, with respect to the x-axis. than at either end of 

the vat. 

V.V 

I I I  III IV v 
Slot Width - ?rrnn 

Figure 5.8. Plot of normalized volume fraction (ufL/ufl) for slot widths of 2 mm and 

0.6 mm. 
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Figure 5.9. Contour plot for Trial 1, (a) dot = 0.6 mm and (b) dot =2.0 mm. 
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Figure 5.10. Contour plot for Trial 2, (a) dot = 0.6 mm. and (b) dot =2.0 mm. 

5.4 Layer qriality stridies 

Experiments were performed in order to assess the ability of the coater prototype to fom 

layen of good geometric quality. Once again, the main purpose of the expenment was to verify 

that the design fulfils the functional requirements outlined in Chapter 2. The results of the layer- 

quality experiments performed with the prototype coater are compared to the values obtained 

with the onginal layer formation process as a benchmark for assessing geometncal layer quality. 
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In addition, the effects of process parameters on the layer quality, such as coater speed, fibre 

content, blade width and post wiping, are considered in the analysis. 

5.4.1 Measures of layer qirality 

Table 5.4 shows the functional requirements and the corresponding quantitative statistical 

measures. 

Table 5.4. Statistical measures of layer quality 

1 Functional Requirement 1 Statistical rneasure 1 

Layer flatness is associated with variations within the layer boundary caused by the local 

fluid niechanics of the coater during layer formation. Flatness is evaluated by first nieasuring the 

standard deviation of n points with respect to the ith layer boundary: 

FRlIl: Minimize height variation ivithin the 
Iayer (layer flatness). 

FR1,,: Producr consistent layers of desired 
thickness 

FR,,: The coater should produce layers of 

where 

Average variation of the in-layer boundaries 
from the horizontd. 

Layer thickness variability. I 
! 
1 

Error of the layer thickness from the I 

and X,' represents the measured value frorn the specimen zero datum to the point along the i th  

the required nominal thicimess. , nominal. ! 

boundary under consideration as shown in Figure 5.1 1. 

Next, averaging the standard deviations for al1 N layer boundaries yields an overall 

rneasure of layer flatness for the part: 
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Figure 5.1 1. Statistical measure for layer flatness. 

Layer thickness variability is associated with the repeatability of the coating procrss. 

throuphout the entire build. An average layer thickness for ith layer is first calculated for al1 n 

boundary points: 

where 

i xi4 T ~ = X , -  " 

is the difference between points dong neighbounng boundaries. Figure 5.1 1.  The standard 

deviation of the average layer thickness for al1 N layen is then calculated to yield a measure of 

the overall variability of the layen: 

where 
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Figure 5.12. Statistical measure for layer thickness variability. 

Finally, the layer thickness error is the deviation of the layer thickness from the nominal 

value and is attributed to the accuracy of the z-platform. It is found in a similar manncr to the 

layer thickness vanability except that the nominal layer height. T(l. is substituted for the ovenll 
- - 

layer thickness average, T , to calculate the error: 

In the case of our expenments, the nominal height, To, is 3.0 mm. 

The coater prototype system was used to fabricate a number of reciûngular test 

specimens. The location and orientation of the pan on the build platform is shown in Figure 5.13. 

The parts, which were made of 16 layen and measured 25 x 30 x 4.8 mm, were rnicroscopically 

examined via three cross sections 5 mm apm, as shown in Figure 5.11. Cross sections were 

prepared by first mounting the specimen in a circular polyester mould with an aluminium base 

plate. The mounted specimen was then milled to the desired height and polished. Layer 

boundaries were then measured by an X-Y micrometer stage under a microscope. A detailed 

description of the sample preparation and microscop y procedure cm be found in Zak, 1999. 
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Figure 5.13. Location of test specirnen on build platform. 

Figure 5.14. Layer quality test specimen (al1 dimensions in mm). 

Three test parts, two fabricated with the new prototype system and one with the original 

RLCM delivery system are described in Table 5.5. The composite parts LQA-C and LQB-C 

were built on the new prototype system using Cibatool 5170 photopolymer and 737BD ~lass  



Chapter 5. Coater Design and Verification 5-15 

fibres (18% by volume). A composite reference part L Q C  was built with Allied Signal 2202F 

photopolymer with 15% by volume Owens Coming 737BD 1 .Gmm glas  fibres'. 

Pan LQA-C was built with a blade of 2mm and a coating speed of 1Omds. Appendix 

B lists a series of experirnents, which were conducted with various process parameters, in an 

attempt to improve layer quality. Part LQB-C,  the final result of this iterative experimentation. 

was produced after machining the blade down to Imm and reducing the overall speed of the 

coater to Smm/s. 

Table 5.5. Test parts built on original and new systerns. 

1 Specimrn Name 1 Description 

1 LQ-c 1 Reference composite pan built with original RLCM dclivery system 1 
1 LQ-A-C 1 Composite part built with prototype coater 1 
1 LQ-B-C 1 Composite part built with prototype coater alter procrss irnprovcments / 

Representative layer profiles for cross sections of composite samples LQ-C. LQ-A-C 

and LQ-B-C are shown in Figures 5.16, 5.17 and 5.18, respectively (An ideal layer plot would 

have straight layer boundaries separated by the nominal layer thickness of O.3mm). 

The layers were anal ysed with regard to the statistical rneasurements described in Section 

5.4.1. The statistics are based on 3 cross sections utilising layen 10 to 16 with I 1 points taken for 

each bound. The first 10 layers were discarded in order to allow the process to stabilise. (In a 

commercial process, production parts would be built on supports constructed from the fint 10 

layers). 

From the results plotted in Table 5.6 and graphed in Figure 5.15, a nurnber of 

observations c m  be made. Fintly, improvement in layer ffatness was achieved through 

modifications of the process. Initially, layen built with the new coater had a pronounced convex 

appearance in which the layen tended to curve downwards at the edges (Figure 5.1 7). It was 

hypothesised that the bulge was caused by the coater blade, which dragged a greater proportion 

of fluid away From the unsolidified portions of the vat relative to the previously solidified 

'The Allied Signal 2 O l F  m i n  was used to build the reference parts as a cost swing altemative 10 the Cihrwl 5 1 i O  m i n .  Cibarml 

5 170 resin wris used for LQ-A-C and LQB-C ro remin consistent with the other expenments performed on the new syslern. 
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portions. Renap and Kruth, 1995, studied wiping over solid-liquid substrate based on a fluid 

mode1 in which liquid dragged in front of the blade was countered by backflow towards the rear 

of the blade. It was concluded that wiping with a high velocity over a large volume of 

unsolidified photopolyrner removed a large portion of resin via drag, while back flow of resin 

compensated for the drag when wiping at slower velocities (Renap and Kruth 1995). Therefore. 

it was decided to reduce the overall drag of the wiper blade by machining the blade down from 2 

mm to 1 mm and reducing the overall speed of the coatrr fiorn 10 mm/s to 5 rnrnls. By 

obsewing the layer profiles, it can be seen that the process changes eliminated the bulge and 

0.050 - 0.037 
improved the layer flatness by 26% ( ) according to the layer statistics. 

0.050 

Upon comparing the layers obtained with the new coater subsystem versus those creatrd 

with the original subsystem, it is noted thai both the layer variability and the layer rrror remained 

(statistically) unchanged. It can, therefore. be stated that the new prototype coater is as capable of 

producing layers that are at Ieast as good as the original delivery/wiping system. thus. fulfilling 

all the set of functional requirements. 

Table 5.6. Statistical results of Iiyer quality studies 

I Dev) i 

Average layrr 1 
errer 1 

Layer vanability ' ~ a ~ e r  flatness (in- 
fbçtween-layer St / layer St Dev) 

Sprcimen Name Average layer 
tbickness 
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Layer profile statistics 

El LQ-AC 
' 

OLQ C 

Layer variability Layer flatness Average tayer 
(between-layer St (in-tayer St Dev) error 

Dev) 

Figure 5.15. Results of laver qudity studies. 

-- - -. 

Layer Boundaries - Section # 1 - Feb 23 Part - Composite 

Figure 5.16. Layer profiles for composite reference part (LQ-C). 
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Layer Boundaries - Section # 1 - 25 May, 2000 - Composite 

Figure 5.17. Layer profiles for composite part (LQ-A-C). 

Layer Boundaries - Section # 1 - 5 Aug, 2000 - Composite 

Figure 5.18. Layer profiles after process modifications (LQ-B-C). 
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This chapter introduced the detailed design for the new-layer formation concept, which 

utilises wide-film deposition to spread the fibre-resin liquid uniformly over the surface of the 

part building platform. A working prototype was built in order to serve as a test bed for a nurnber 

of experimental studies which were desiped in order to venfy the ability of the coater to fulfil 

the func t ional requirements for layer formation, formall y stated in Chapter 2. 

The Tint set of expenments investigated the ability of the coater to create parts of 

uniform fibre content regardless of the parts geometry or position wiihin the vat. It was lound 

that the size of the coating slot has a significant influence on the fibre-volume-fraction 

uniformity. While a small slot width produces an even film of uniform fibre content throughout 

the vat, a larger slot does not merge the fluid streams from the nozzles. thus resulting in higli 

fibre concentrations in parts lined up with the nozzle paths and Iow concentrations in parts 

situated beiween the nozzle paihs. 

Finally, layer quality studies were perfoned by a statistical analysis of laycr protïlcs 

fabncated with the coater prototype. It was found that the layer quality of parts produced on the 

new coater prototype were equivalent to that of the original system in terms of between layer 

variability, layer flatness and layer error. Process improvements to the prototype, including 

coating speed reduction and modifications to the coater blade, further improved the flatness of 

the layers. 
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C hapter 6 : Conclusions and Recommendations 

This thesis has described the development of a fibre-resin mixing subsystem and a layer 

formation subsystem, for the rapid layered manufacturing of fibre-reinforced composite parts. 

The new subsystems were designed to eliminate the following drawbacks of the original RLCM 

The process parameters and, thus, the quality of part fabrication, were affected by the 

changing profile of the part as the build progressed. Namely. the total volume of the 

liquid deposited over the entire vat, as well as the total time for deposition. differed 

from layer to layer with variations in profile geornetry. 

Controlled delivery of the required volume fraction to small solid a r a s  was difficuit to 

implement. It was shown expenmentally that these small arcas tended to exliibii a 

lower fibre content than larger solid areas. 

In order to rom the layer, the original system required an area deposition sequence 

followed by a direct deposition sequence and finally two wiping sequrnces. These 

process steps resulted in long cycle times. 

The performance of the fibre-resin mixing subsystem was negatively affected as the 

liquid level was being depleted dunng the build. 

The above shortcomings of CiMLab's original design were addressed by utilising fomal 

guidelines of Axiomatic Design methodology (this theory States that independence of functional 

requirements (FRs) must be maintainrd through the proper selection of design parameten (DPs) 

and that once functional independence is achieved, a design that embodies the least information. 

or complexity, is chosen). Based on the results of the analysis of the original system, new design 

concepts for both fibre-resin mixing and layer formation subsystems were proposed. 

The proposed fibre-resin mixing subsystem included the following main features: 

(1) A constant-volume mixing chamber, in which fibres are suspended by an avially 

pumping impeller, with multiple draw off points. 
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(2) An extemal hopper, which continually feeds a fibre-resin mixture to the rnixing 

chamber. 

(3) A peristaltic pump, which maintains fluidisation within the system by moving fluid 

from the bottom of the mixing chamber to the top of the hopper. 

An experimental prototype of the mixing subsystem was built to verify the proposed 

mixer concept and the fibre-resin mixing process was analysed expenmentally in terms of its 

ability to (1) deliver a fluid with the desired fibre content to the rest of the system throughout the 

build and (2) preserve the average length of the fibre. It was found that the new mixer design 

provided better uniformity and more efficient mixing than the onginal mixing subsystem, while 

remaining unaffected by changes in the mount of mixture in the sysiem. In order to determine 

whrther the system preserved the length of the fibres, a rnicroscopy/image processing 

methodo logy was developed in order to measure fibre-length distributions. The expenments 

revealed that no signi ficant fibre degradation resultcd frorn agitation wi th the axial impeller. 

The new layer-formation subsystem incorporated a slot coater with the following 

features: 

( 1 )  An array of fluid inleis distributed at equal intervals dong the length of the coater. 

(2) A distribution chamber, which merges the flows from the inlets into a wide film that is 

extruded to cover the build platform. 

(3) Four peristaltic pumps, which continuously meter the extruded material is as the coater 

rnoves from right to leR to deposit a uniform layer of composite liqiiid. 

The above layer-formation concept was fint analysed through numerical simulation. A 

numerical model, which represented free surface dynamics of layer formation while addressing 

the time-dependeni nature of the problem, was developed with the aid of a commercial CFD 

sofiware package. Numerical simulation, in conjunction with factorial expenmental design, was 

employed to (1) gain an understanding of the fluid mechanics of layer formation and (2) study 

the effect of design parameten on the final coat depth. Design parameten included: blade width, 

slot width, reservoir height, coater velocity and gap height. The most significant factors were 

found to be the blade width and reservoir height. It was found that as blade width was increased, 

coat height decreased in a non-linear fashion. Similarly, as reservoir height was increased, the 

coat height decreased in a non-linear relationship. Pressure gradients across the blades were 
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detemined such that measured results from the simulations could be compared with the results 

of a hydrodynamic model. Good agreement was found between coat heights measured directly 

from the simuiation and those obtained analytically. Finally, cornparisons between the dot coater 

design and the open blade design revealed that an open blade is prirnarily drag dnven while a 

slot coater is alfected by both pressure and drag flows. 

Expenments were performed with a physical prototype of the coater in order to 

demonstrate its ability to (1)  create parts of uniform fibre content regardless of the pans 

geometry or position within the vat and (2) create layers with the desired uniformity and 

geometric quality. It was found that a coater with a small slot width produced parts of uniform 

fibre content regardless of their placement within the vat. By contrast. a larser slot width did nor 

merge fluid streams into an extruded film of unifonn fibre content. The layer quality esperiments 

revealed that the layer vanability, flatness and error of parts produced on the ncw coater 

prototype wcre equivalent to that of the original system. 

6.2 Recomtnetr dations 

Wliile this thesis descnbed several important improvements to CIMLab's original RLCM 

process, the research may be extended to address several outstanding issues in several areas 

including simulation, process improvements and experinientation evaluation. 

Numerical simulation of layer formation can be extended in a number of w y s .  Firstly, 

although the focus of this thesis was not upon the development of numerical rnodelling 

techniques for coating flows, further validation of the numerical model can still be performed. 

For instance, a set of physical expenments can be conducted by varying design parameters of the 

layer formation subsystem and the resulting trends in nomalised layer heights compared to those 

of the numerical model. Secondly, the simulation mode1 was built on the assumption that the 

fiuid behaviour was Newtonian. This assumption was necessary because the computer resources 

required to model a shear-thinning fluid, in combination with the free-surface model, would have 

been prohibitive. Although the Newtonian assumption was justified in Appendix A, given the 

tirne and computational resources, further modelling can be cornpleted assuming a shear-thinning 

model and the results compared with those obtained using the Newtonian assurnption. Finally, 

the simulations conducted in this thesis focussed primarily on Iayer formation over a solid 

substrate. in lithography-based rapid prototyping systems, layen are formed simultaneously 
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over both soliditied part geometry and the surrounding liquid in the vat. Therefore, to fully 

explore the mechanics of LM processes, it is recommended that further simulation be conducted 

to investigate coating over a liquid layer. 

Although the geometric quality of the layen produced by the new system was s h o w  to 

be equivalent to that of the original system, it is expected that the quality can be improved further 

through experimental optimisation. Therefore, through varying parameters such as coating speed, 

deposited volume, blade width and reservoir height in a factorial expenmental design, the 

optimal process settings can be found. In addition, it is also recommended that the geometry of 

the coater blade itself be investigated. A combination of numerical simulation and coating 

experiments could again be used to investigate the effect of different blade profiles on the layer 

quality in an attempt to improve the process. 

The RLCM process was developed to produce parts that could serve as lunctional 

prototypes and, therefore, mechanical properties of the layered composites are a primary 

concem. Fibre length. volume fraction and orientation al1 influence the mechanical propertics of 

composites. The affect of the new RLCM subsystems on fibre length and volume fraction u s  

studied in this thesis. It was determined that the subsystems could build parts with the required 

volume fraction while preserving the fibre length. However, it is recommended thar further 

tensile tests be conducted to validate the new process and ensure thar i t  presenres the mechanical 

properties of the composite parts. Furthermore, the effect of the process on fibre orientation was 

not focussed upon. Therefore, experiments can be conducted to detemine whether the new layer 

formation subsystem has the tendency to preferentially orient the fibres, and. if so. to 

characterise this tendency (a methodology for charactensing fibre orientation distribution 

(FOD), developed by Zak, 1999, could be used in this investigation). Once the relationship 

between layer Formation and fibre orientation is hnown, this undentandinç can be used to 

irnprove the process as well as the mechanical properties of the finished parts. 
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Appendix A : Development of the computer model 

A. 1.1.1 Coating model requirements 

The coater problem has many unique requirements that must be identified before an 

appropriate numerical technique c m  be chosen for the model. Time dependence is a requirement 

because, unlike the steady state problems approached in the literature (Section 1.2) above, the 

RLCM coater does not employ a continuous coat to a moving substrate. Therefore, the coat stan- 

up period, as well the potential changes to the flow as the coater moves across the substrate. may 

have a significant influence on the quality of the coat. Another important requirement is the 

ability of the algorithm to track the free surface of the fluid as it undergoes the large 

deformations associated with the coating process. Finally, the simulations will invesiigate the 

effects of coater geometry requiring the domain of the model to change from one nin to another. 

Thus. the ability to modify the computational domain. in an efficient manner, should be a key 

fcature of the numerical code. 

A. 1.1.2 Volume of Fluid (VO F) aigorithm 

Several commercial codes were investigated with respect to the requirements above and i t  

was found that codes utilising the volume of fluid (VOF) algorithm available in FLUENTTM 

would satisfy al1 the demands listed above. The FLUENTTM VOF code employs a finite 

difference code with a fixed g i d  and utilises a volume-tracking algorithm to detemiine tlic 

position of the free surface interface between two or more immiscible fluids. The FLUEKTTM 

solver obtains solutions for both phases simultaneously and tluid properties for cells containin2 

an interface between the two fluids are representative of a mixture of the phases. VOF Bussman, 

Mosiaghimi and Chandra, 1999, list many benefits of a fixed-grid VOF technique including the 

simplicity of implementation, the capability to mode1 gross fluid deformation and finally the 

relatively small demand on computational resources. in addition, a fixed grid allows creation, 

and subsequent variation, of the coater geometry by defining live cells within the computational 

domain as solid boundaries. This means that multiple runs with different geometry can be 

performed without creating a new finite difference grid. 
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A. 1 .1.3 Cell typeshoundary conditions 

The computational domain in the FLUENT rnodel was created by assiging cell types to 

control volumes within the finite differencc grid as s h o w  in Figure A. 1, and descnbed in Table 

A. 1. The coater and substrate were defined through the "wall 1" ce11 type, in which the coater 

geometry was modelled by patching in cells of fixed wall boundary type with a non-slip 

condition, and the "wall 2" ce11 type in which the solid substrate was given a velocity boundary 

condition. An inlet boundary condition at the leed slot entrance defined the mass flow rate of the 

fluid entenng the coater. An outlet boundary condition provides the computational domain with 

an overall mass balance correction that ensures for time dependent solutions that the velocity at 

the outlet is updated each iteration so that the exit flow balances the inlet flows. Finally. the 

cyclical boundary conditions ensure that the flow and pressure variables at either end of the 

computational domain are identical. 

Table A.1. Cell types, taken from FLUENT (1993). 

I Label 1 Cell type / Description 
I 1 

I l  
1 1 

1 Outiet 1 Zero normal gradient conditions at the tlow exit 

i 3 1 Wall 1 1 Wall boundary conditions for flow (u = 0) 
1 

i 

I I 

I / Cyclic 

! i 

5 inlet / Velocity boundary conditions at inlet t 

Periodic boundary conditions 
1 

Figure A.1. Cell types assigned to cells in computational domain. 

1 
Wall boundary conditions for flow (u = U) I 

I 

I 
4 Wall 2 



Appendix A. Development of the computer model. 

A. 1.1.4 Physical constants 

The physical constants chosen for both the liquid and gas phase in the simulations are 

listed in Table A.2. The physical constants for the liquid phase reflect values obtained 

experimentally in Zak, 1999, for a mixture of Cibatool SL5 170 photopolyrner with 15% by 

volume of l.6mm 737BD short-glas fibres (the gas phase was. 

Table A.Z. Physical constants. 

Cas Phase 
I 

(air) i Parameter 

1 Contact angle / 60" 

Liquid Phase 
(15% fibre-resin mix) 

i 

1 .S n 10" kg/(mms) l I 

I 
Viscosity 

Surface snergy 

Although the resin fibre mixture is considered to be shear thinning according to Zak . 
1999, limitations of the FLüENTTM program would not ailow the power law relationship to be 

modelled with the given parameters. instead the Huid was modelled with the assumption that i t  

behaved as a purely Newtonian fluid. As discussed below, this assumption is not expected to 

affect the results signifi cantly. 

The shear thinning viscosity of a 15% mixture is modelled accordins to thc cquation. 

(Zak 1999): 

0.S kg/(rnms) 

where y is the shear rate and p is the viscosity. The average shear rate for the blade gap geometry 

is given by the equation (Zak and Chan 1997): 

I 1 

where V is the coating velocity and h is the gap height. The shear rates calculated from (4.2). 

according to the model parameters listed in Table 4.2 of Chapter 4, Vary between 10 s" and 

20 s-'. Therefore, the corresponding viscosities, calculated via (4.1), Vary by only 5%. Zak, 1999, 

45 d l m '  I 
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compared predictions for layer height based on analytical equations derived for Newtonian fluids 

to those of a shear thinning fluids. It was found that layen are only marginally thicker for the 

non-Newtonian model (less than 5% difference). This potential error is deemed to be acceptable 

herein, because the purpose of the investigation is not to quantify exact values for layer 

thickness, but rather to determine general trends in layer thickness variation within the context of 

changing design parameten. 

A. 1.1.5 Convergence of model 

The commercial software must be validated to ensure that the program is perfoming the 

calculations correctly. Convergence is the most frequently used criterion for steady state 

problems. However, the volume of fluid (VOF) free surface model is a time varying algorithm 

by nature and, therefore, the solution. by definition, cannot converge to a steady state. The 

default tirne step (At) of 0.001 s was chosen for the time dependent solution. 

One criterion. which c m  be used to validate the model, is gnd convergence. This rncans 

that as the gnd density per unit area is increased, the solution should improve to a point at which 

any funher increases in density produce minimal improvements. The solution for very low grid 

densities is considered to be less accurate than solutions of higher mesh densities although at 

extremely high rnesh densities the number of calculations increases dramatically and round-off 

error becomes a consideration. The best mesh density to use is one that gives the correct answer 

with the least numerical effort. 

Models with mesh densities of 2 cells/mm, 3cells/mrn and 4 cells/mm, were considered 

for the analysis (Figures A2 (a), (b) and (c), respectively). These models were run for a "typical" 

coater design and the results compared in order to determine grid independence and convergence 

of the solution for higher mesh densities. From a cornparison of coat heights for the mesh 

densities, shown in Table A.3, the % difference between Grids 1 and 2 is 10% while the 

difference between Grids 2 and 3 is Iess than 3%. 

Table A.3. Convergence of coat height with increasing mesh density. 

Mesh Grid 1 Grid 2 Grid 3 

1 Coat height 0.746 
I 

0.678 0.663 t 
i 
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in a similar cornparison, visual inspection of the solution shows definite improvement in 

layer appearance behveen Grids 1 to 2 and little improvement between Gnds 2 and 3 (Figure A.3 

Figure A.3. Coated layers for grid densities of (a) 2 cells/mm, (b) 3 cells/mm and 

(c) 4 cells/mm. 

In FLLJENTM, nonnalized residuals for the pressure and velocity iterations are a mcasure 

of how closely each rinite difference equation is balanced given the state of the solution a point 

in time. Wliile the residuals are senerally used to determine convergence for steady state 

solutions, low residual values also indicate well-balanced time varying solutions. The pressure 

and velocity residuals show a definite irnprovement in stability as mesh density is increased frorn 

2 cells/mm to 3 cells/mm and show marginal improvement beyond this (Figures A.4 (a), (b) and 

w* 
Although a mesh density of 4 cells/mm would give the most accurate results, the 

difference between 3 cells/mm and 4 cellsfmm does not justify the extra computational cost 

associated with the 4 cells/mrn grid. This assertion is reinforced by the fact that the numerical 

investigation will focus on trends rather than exact values. Therefore, a decision was made to 

utilize a grid density of 3 cells/mm for the coater simulations in order to achieve suficiently 

good results with minimum computational effort. 
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Figure A.4: Norrnalked residuals for grid density of (a) 2 cells/mm (b) 3 cellslmm 

and (c) 4 cellslmm. 
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Appendix B : Process iterations 

Chapter 5 described the process modifications implernented in order to achieve the desired 

layer quality with the new layer formation system. The final process modifications were a result 

of an iterative process involving sevenl experiments, in which the design parameten were 

varied, layer profiles processed and the results analysed. The first attempt at improving the 

process was to Vary the arnount of fluid delivered to the vat as the coater moved across. Layer 

profiles generated for rxperiments conducted with 6.5, 8 and 11  ML of fluid deposited by the 

coater are shown in Figures B. 1, 8.2 and 8.3 respectively. It was found that by depositing a 

larser amount of tluid, some improvement in layer quality was observed. 

The efkct of wiping direction on layer quality was also studied. Figure B.? shows the layer 

profiles resulting From layer formation in which a second wipe. in the opposite direction to thc 

coating stroke. was perfomed. No significant improvements resulted from altering the rviping 

direction. Finally. the blade thickness of the coater was machined down from 2 mm io 1 nim and 

the overall speed of the coater reduced froni I O  mm/s to 5 mmjs. It was found that these changes 

resulted in the most significant improvernent in layer quality as discussed in Chaptcr 5. 

Layer Eoundaries - Section # 1 Composite 
(LAY03C) 

Figure B.1: Layer profiles with 6.5 mL of fiuid deposited. 
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Layer Boundaries - Section # 1 Composite 
(LAYWC) 

Figure B.2. Layer profiles with 8 rnL of fluid deposited. 

Layer Boundaries - Section # 1 Composite 
( LAYûSC) 

Figure B.3. Layer profiles with 11 mL of fluid deposited. 
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Layer Boundaries - Section # 1 Composite 
(LAY OGC) 

Figure B.J. Layer profiles for part built with post-wipe in opposite direction to 

coating stroke. 
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