
Modelling the Resin Infusion under Flexible Tooling process: 
a physical and genetic approach 

I q J  

.J.F.A. Ktxsels h1Sc 

Thesis sublnit.ted for t,he degree of 

Philosophim Doctor 

in 

1.Iechanical E,ngineering 

in t.he 

School of llechanical and i\,Iaterials Engineering 

of t,he 

Nort,h-II'es t. Universi t.y, Potchefs t room C:ALIL~I IS  

Promoter: Professor J. Uarkgraaff 
Supervisor: l l r .  A S .  Jonker 

October 2006 
Po tCchefs troo~n 



Abstract 

Resir1 Infusiot~ ~ d e r  Flexiblc Todlir~g (RIFT) is a process by which resin is 
infused through the fibres through the application of a vacuum. Only a one- 
sided rnould is used and the other side is covered wirh a flexible bag. In the two 
parts of this thesis e physically based flow rnodel and a genetically based tool 
arc yrcsent,ed t.o sinlulate arid oytinlise the RIFT process in advance, both for 
conlpl~x 2 f - rlimensio~ial geomct lies. 

The flow rnodel of Part T was bawd on Darry's Ian.. Due to  the flexible bag. the 
preforrn conlpacts during the process and henw the fibre compaction f l u  term 
was takcrr into accuunt and the pruress wias nlodellcd transient. A stabilisation 
incthod was rIevt.luped, using a thickness prediction for a new t i ~ i ~  step size. 
Altl~ough this prdiction was based on a rather r r ide  ~ssumption. it. providrrl a 
siniplr a11d fast way to o\.chrcolne stabili try problems. 

Experiments mere carried out to establish and rnodel the different wet and d r > ~  
cornpactiorl bchaviour of two types of prcform. Thc different dry a11c1 wct preform 
properties were also taken into account. A fluid presence function was used for 
flow front tracking ~ n c l  for the pressure prediction in the partially fiIled cells. 
Thc. modcl was i~llplenie~~ted for thr  rlsc of 2; dimensional unstructured nlmhcs. 

The nrode! nTaJ vnlidatccl with experiments. The compaction of the preform and 
the flow front propagation duri11g mould filling werp measr~red. It. was found 
that. in the case of highly compactable fibres, the fibre compaction flux term 
increased the accuracy of the calculated results significantly. 

The genetically based tool ol Part I1 is capable of optimising the different process 
parameters such as flow pipe position and length. fill-distance and number of 
vents. Tllc tool consists of a mesh dista~ice-hascd model coupled with 8 genetic 
c~ptinlisation algoritl~~ii. 

The mesh distance-based model was based on the assurnptior~ that the resin fills 
the nodes closest to  the inlets first. The genetic algorithm was based on the 
principles of natural selection and genetics and its effectiveness was improved 
with a variable cross-over rate. The mesh distance-based model was verified 
with caws k~ioa-n horn literature und with the results from the p11ysi~alIy bawd 



flow model. The effectiveness of the genetic algorithm was validated with a 
n ~ ~ l n b e s  of clcsign cases. 

For the sinlple 2D design ciweq: the tool pro~ided fast. solut.ions which agreed 
!war well with thc obvious solutions. For the more complex cases, t,he algorithm 
proved to be a !.cry stablc and effective i~iethod for finding t.he optimal flow pipe 
arrangenlent on any complex geometrj-. 



Uittreksel 

" Rcsir~ Infuaon under Flexibfc Tooling" (RIFT) word gtwlc%nii;er as dic prosps 
n.aartycTcns liars in vcscls ingesuig word dew midrld van 'n vztktirrnl. Die wsels 
word in 'n oop girtvorm geplaas en die hokant \vord met dun plastiek ~mtrrianl  
g e s d .  Hierdie tesis bestaan uit twee dele. In die eerste deel word '11 fisiese en 
in tlie twecdrl deel. 'n genrt ips gebeseerdc vloeiinodcl gehruik word om die RIFT 
poses  te simulccr en optinlalisecr vir kornplekse 2 4 diilwnsionele gcoinctriei;. 

Dic v~cwimodel van Dee1 1 is gcbaseer op Darcy se n.et-. As gcvolg van die mk~rum. 
tlru k tlir phstiek die l ~ d s  saant. Daarsm n m d  'n v~elko~llp~kteriligsvlocd tei 111 

in ; ~ g  gencem. Die proses word ook ongestndig gesimulcer. '11 Stt~bilis~sie nletode 
is ontwikkel wat gelxuik maak vari 'n dikte voorspclling uir die 11un.e tydstap 
interval. Ondanks die growwe rrarinarne \an die voorspelling, ldyk dit '11 nlaklike 
cn vinnige m ~ n i r r  te wecs om stat-)iliteitsprol~leilic t~ oorkoiii, 

Ekspctrirnente is ziitgevoer or11 dip samcdrukha~rheidsgct1r;lg Tan twcc t i p a  voor- 
vorms tydcns nat  en toestande te verkry. Die verskillcr~de nat en drop 
vocrrvonu kamkteristieke is irt die modcl gp-inkorporcclr, Verdei- is '11 ibeistof 
aan\t~esigheidsf~i11kzii(1 gcbruik rir tlie vloeifront h~paling (.n vir die voorsprlling 
1x11 die druk in tlie ,ydeeltclik gevulde sclle. Dip modrl is gmkik vir die gehruik 
in 2;  - dimension el^. ongrstruktr~reerde r ~ m t ~ r s .  

Die ~lurr~rriese model is verder eksperimentwl geverifiecr. Die ven.orming van 
dic worvornl cn die vloeifront bpiveging gcdurende die pros- is gempet. Lit die 
resiilt.at~ het gchlyk dat dic i.cs~lkoi~~pakterir~gs~~loedtcml die akkuraitthcicl 1.~11 

clip sir~~uliviie resultatr aansienlik vcrtxter in  die gevd van hoe sm~cdntkharr 
wsels. 

Die gcnet ies g~haserrde program van Dee1 1 I \fan die studie is in staat ol~i die w r -  
skillende prose-parainetcm sclc)~ ondes andcre vlneipyp posisie en lengtr- vlociaF- 
starlcl en ~ a n t n l  ui t la t~  tc optindiseer. Dic program bcstaan uit 'n  roostw- 
afst and gebasewde n ~ o d d  gekoppel nict. '11 gewt iese opt imalisa-ingsalgori t 1 1 1 ~ .  

Dip  roosterafstilnd gehascn.de model is gcbascer rsp die aannonlc dat hars dic 
t~orles narlste aan die inlate wrste ~111. Die genetiese algoritme is gelmww op iiic 
natuurlike seleksie en genetika b~ginsels waar die effektiwiteit verbeter is deur 



'n veranderlike kruisverhoudingstempo, Die model is geverifieer met bestaande 
gevalle uit die literatuur en met resultate van die fisies gebaseerde v1oeimodeI. 
Die effektiwiteit van die genetiese algoritme is getoets met verskillende ontwerps- 
geva lle. 

Vir die ccm-oudige 3D ontwrpsgcval gee die model vinnige oplossings \vat g o d  
oolbccnstern met \,om dic hand liggende rcsultate. Vir mcer Icornpl~ks~ gcvalle 
blyk die model baie stabiel en effektief te wees vir die verkryging van die optirnale 
vlueipyp posisics. 
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Preface 

Ia 2001. A t .~se;~t~h project was initiated at tlw North-II'cst University to dc- 
a~lop. test and produce different t j p s  of wind turbine blades. especially for the 
Southern-African market. The first blade to be developed and produced was a 
1.8 tn blade. In this Fram~work. w Pb.D. projcct was startrd ill 2004 to focus on 
the  prwiilction technique. especially for largpr h idry .  Tlic god was to devclop 
a fast. consistent. worker and environmental friendly and cost effective produc- 
tion tcchniquc. This trdmiqne should be optiinised to further reduce procluction 
costs and ti~nc. It was soon foulid that the Resin Infusion uncler Flexible Tool- 
ing (RIFT) was tllc prodtiction t d n i q u e  best suited for the production of these 
Iargc, parts. In o s t h  to sinilllate and uptimist. the RIFT procms in ad\xnce, two 
moclels wcre deiv4opc.d and are p r ~ s ~ i l t d  in f his f lmis. 

All thc ~notlelling wurlc was carried out at the Facdty o l  hIechanica1 Eriginerring 
uf the Scsrth-\Vest Univrrsity in Potc.hcistrmx~1. South-Afr ic~.  The expeririientd 
nwrk tu ~Ictcrn~ine the ~ n a t ~ r i a l  prqwrties. as described in Appe~dix A and Ap- 
pmidix 8. m d  the exp~rinlents to nlcasrlrr f h ~  preform thirkims during rnorild 
filling were crrrried out at the Faculty of Xlechanical Engineering of the University 
c ~ f  Twentu in Eilschde. The ScthcrlancZs. The other experi~iler~t-s. as the infu- 
sion of the wind turbine bide. new carried out at the workshop of XeroEiicrgy. 
Potchefst room. South- Africa. 

The first part of this thesij has already been published in t.he journal "Chin- 
p s i t c s  Pwt. A: Applid Science ancl Manufacturing" {evnilable orilinc since 15 
SIarc1-1 2006) wit.11 the t.it.le: "Fdly 2 i D  flow modc?lling of Resin Infusion under 
Flexible Tooling using nnstructured meshes and w t .  and dry c.orrlpact,ion proper- 
!-ips'' . The secund part of this t h ~ i s  is c~rrrently i r r  t.he yruccss of being ppuldislicd. 
also in the joilrnal "Composites Part A; Applied Science and h lanuf'act llring" . 
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Introduction 

Conlposites haw emerged as e valuable class of engineering mnt.erials har i se  
they offer inany attributes not attainable with other materials. Light weight, 
coupled with high stiffness, ease of shaping and selectable properties have fos- 
tered their use for many years in high performance protluct.~ ~5 sotclIitc franm. 
boat lmlls, glider fkielages, and also wind turbinc bladcs (Figure 1. I ) .  

- - -  - I 

Figwe 1.1: A wind t.11rbine with tlirec 1.8 meter blades 

The primary reason preventing wider usage of high quality fibre reinforced com- 
posites is thcir pricc. The high costs ore prima-rily due to the material cost 
itself, but, also owing to t,he high production costs. A wide range of passibi1it.i~~ 
to manufact.ure a fibre reinforced composite exist. The oldest and, especially 
in Sout,h Africa with its relatively low labour cmts: most ralnlnon technique t,o 
produce composite parts, is hand lay-up. Dry fibre mat,s are placed into an open 
mould and plastic resin is poured and dist,ributed by hand over the fibres as a 
nmt.ris mnt,erial. The resit1 cures aud t.he product. made of t.Iiis conqmsitrion of 
fibres? is t.akcn out. of the mould. 



Although this process is easy, flexible and has low investment costs: a number of 
disadvant.agcs are linked to it. One of t.he major disadvantages can be c1crivc.d 
from Figure 1.2. This figure shows t.he conbribution of the different process 
st(eps t,o the total production t,inle of a hand lay-up part. These t,inles were 
measnred durins t,he prodwtion of one side of a 1.8 ~net~rr  wind t,urbine blade at 
AeroEnergy. The Iaminabing process makes it n very labour and time int,ensive 
process. Therefore t,he labour costs are high and Iong pot life. resins arc required. 

Laminating 
65% 

Mould preparation 

I 

Resin preparation 

Figure 1.2: 3feasured hand Iay-up process times for one side of R wind t.urhine 
blade 

Fi~rthcrmorc styreue, a volatile organic compound (VOC), is emitsten during 
this process when polyester-based resins are used. Cases have been report,ed 
where bhis styrene vapour had a detrimental effect on the workers. I t  can cause 
depression aiid fat,igue and in severe cases psychiatric symptoms (White e t  d.: 
1990: Castillo e t  ai., 2001). New legislation dealing with VOC emissions has 
identified styrene as the main harmful substance to eliminate. In the UIC: t.he 
limit has beell set. at 50 ppm, requiring the users toseek new product,ion met~l~ods. 
Anot,her disadvantage is that the fibre volume fraction and void conterit are hard 
to controI and hence final product properties may vary largely (LVilliams et a/.! 
1996). 

CIosed Liquid Cor~~posite Moulding (LCN) processes overcome most of t.hese 
disadvantages. The two most. cornmon ones, Resin Transfer h,loulding (RTM) 
and t,he R.esin Infusion under Flexible TooIil-~g (RIFT), mill be ifiscussed in t,hc 
~ u ~ c q u c n t .  sections. 



R a i n  Transfer h,louldin~ 

1.1 Resin Transfer Moulding 

In the Resin Transfer hlotilding (RThiI) process several laym?; of dry cont.inuous 
strand mat;, woven roving, w d o t h  are pbmcl in the bot.t80m of n two-part. mould. 
The mould is closed, and a catalyzed liquid resin is injected into the mould. 
TypicaIly! a pressure between 2 and 10 bar is used, but the resin can also be 
drawn into the mould by a vacuum pressure. As the resin spreads throughout the 
mould, it displaces the ent,rapperl ~ l i r  through the air c d e t s  and impregnates t'he 
fibres. Depending on the type of resin-catalyst system used, curing is performed 
at, either room temperature or an elevtited temperature in an own. Once the 
cured part is pulIed out of the mouId! it is often necessary to  t.rim the part at, 
the outer edges t a  ronfornl to the exact dimensions (Miravete, 1999). 

Instead of fiIling the bottom mould' with fibres, a preform, which already has the 
shape of the desired product, can be used, as depicted in Figure 13. Sornc adim- 
tag= of using a preform are good mouldability 1vit.h colnpl~x shapes (Mallick, 
1988) and t,he di ruination of t,he trimming operation (near-net-shape p r o d w  
tiori). which is often the most labour-int.enshe step in a RTkI process (Miravete, 
1999). 

2 I .  hy prcforrn 
2. Top ~nould 

/- 3. b n o m  mould 
4 3 4. Rain and catalyst 

injection 
5. Air/Rain outlcl 
6. Composite prcxluct 

Figtws 1.3: Rcsin Transfer ?rloulcling 11sing a preform 

The major advantages .of the RTM process conlpared to t.hc hand lag-up include 
(Loas, 2001): 

rn Near net-shape moulded parts; 

rn Short, cycle time: 

rn Close dimensional tderances; 



Void-free, ~t~ruct~ural quality parts; 

Closed mould process, reduced vo1at.ile emissions; 

Smoot,h surface. Finish on lmth sides of the part can be of class A. 

Unfortunately the RTh3 process requires more expensive doublematching nioulds. 
Handling of the matching niould can hecome n serious problem, ~spwia11y for 
larger products such as big wind turbine bladeu. The use of a single-sided ur 
even an cxist~irig h i d  lay-up mould is preferred for these cases. Such a process 
already exists and is called Resin Infusion urlder Flexible Tooling (RIFT).  

1.2 The Resin Infusion under Flexible Tooling 
Process 

In RIFT, existing hand lay-up nioulds can he used with only minor alterations. 
The dry fibre mats or preform are/is draped into or onto the female/maIe mould 
and then covered by a semi-flexible plastic sheet (bag). The mould and bag 
arc scalcd aiid placed urlder vacuu~n. The resin, which is drawn into t,he inoul(1 
by this vacuum, impregnates the fibres. A sketch of the process can be seen in 
Figure 1.4 and a crosssection of the procms in Figure 1.5. 

111 literatmure, the RIFT prows  is often also referred to RY Vacuum Assisted Resill 
Iufusion (ViIRI), or the 2~acuurn Ahxiatecl Resin Trausfer Moulding (VARTSI) 
process (Ac.lieson et al., 2004; Correia el  01.. '2004). The t,errrl VARTM is in 
pri3ct.ic.c also used for the version of the RTbI p~O(21~3, where no illject,ioii pressure 

- ,  

Resin in ? a n  I' . 

P I "  - ' 
- i =-. 

Fihal product 
lastlc sheet 

Figure 1.4: Schenlat,icaI repwseiltatiori of the RIFT process 
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The Resin Infusio~l uxrder Flcxihle Tooling Process 

, vacuum bag Vacuum pump - n 

Figure 1.5: Cross-section of the RIFT process on a flat mould 

is applied to t<he inlet: only a vacuum on the outlet. Thcrafore oidy the t . em 
RIFT will be used here. 

Compared to open nlould inonufacti~ring, RIFT has various advant,ages. 

Reduced volatile organic compound emissions. E~periineilt~al resu1t.s show 
t,liat more thal-1 90% of the VOC emissions from resin is el.inlin;ated (Han 
el  (11.: 2000). 

Rcprwlucible process (Thagard e l  al., 2003), 

Reduced part. weight because less resin can be used as the fibre mats are 
compressed (Han el a/., 2000; Craen el nl., 1998). As a result, rclsirr costs 
are reduced as well. 

Reduced void content and hence higher quality products are produced 
since gas is expelled by a vacuum (Han et al., 2000). Hand-laid con~posit~es 
always show distii1c.t voids (Summerstt;rlcs, 2002). Alt.hough remailling gas 
in the resin can also form l a r g ~  voids during RIFT, correct. clcgwing at. a 
lower abm1ut.e pressure than tile process pressure overconm this prubkm. 

Existirig hard lay-up moulds can be used with only minor alterat.ions (Tha- 
garrl ed al., 2003). 

Higher produrtkm rate vcrsuv hand lay-up (Thagard el at., 2003). 

RIFT has the abilit.~~ to produce very large colnporlent.~ and t . 1 ~  tooling 
costs are lower compared to RTM (Thagarcl et al., 2003). 

The first versions of the RIFT proc-ess were already described in 1950 as the 
";\hmo Method". It was d ~ i g n e d  in t,he USA for manufact.uring boat. IiriIls with 
reduccd voidage and t.ooling costs when compared t.o RTM (Narco. l!XO). In 
this niet,hod, dry reinforcement was Iaid tip ontr, the solid male t2001 and a semi- 
flexible/spIash female tool was used for consolidation and to provide a sea1 for 
the application of vacuum, It. was only in t,he h e  70s h t  the mebhod became 



mure widely adopted. Up unt,il then, t,he coinpositc ~nanufactming indust,ry 
was a rat,l~er undcr-regulated indusb-y and resin and rcinforccment. development. 
f;rlvourecl opcn mould lay-up or spray deposition. 

In 1974, the Health and Safet.y a t  Work Act was intrrod~~cecl to redlw styrene 
emissions int,o the work environnlent.. In remt,ion. Got,ch ( 1978) present,ed t,he use 
of vacuum impregnation using onc solid too1 face and a silicone rubber diaphragm 
bag. Liquid resin was poured onto preplaced dry fibre before being enclosed by 
t,he bag. Besides reducing styrene emission, moulding qualit,y was higher than 
t.hat aclrievcd by using hand lay-up. 

In the 1 9 8 0 ~ ~  the use of a rubber bag as a flexible tool was further investigated and 
as a r e d  t. Seernann (1 '389) patented the " Seenlann Coniposites Resin Infusion 
Molding Process" (SCRIMP). SCRIMP is very similar to the RIFT process, but 
it. uses a mesh of flow channels, int,egrat,ed in t,he flexible bag, to distribute the 
resin. 

Nowadays: many manufactmcrs of large con1posit.e structures such as wind t,ur- 
line blades and boat. hulls use the R.IFT process. For thew large s t ruc t~ rc s~  
flow enhancement structures are normalIy used to speed up the process. Figure 
1.6 shows a coarse infusion mesh and a spiral bind infusion pipe which are com- 
monly used. The infusion mesh is a flow distribution medium, while the spiral 
bind functions as a flow channel, Both have a much better permeability than 
t,he preform and are therefore placed 11ct~nreen t,he prefoi-in and the plastic bag, 
improving the overall permeability. With the help of these flow enhancement 
st.ructures, large conlponents can be infused in a relatively short space of t.inle. 
Brouwer et nl. (2003) and Gurrnarsson (2004) presented some very impressive 
esimples, e.g. an infusion of an 11.8 n~ boat hull in only 195 nlirlutcs with 340 
kg of resin. 

(a) irdic4on me-sh (h) spiral hind 

Figure 1.6: FIow enhancenicnt strictures. 



The Resin Infusion under Flesible Tooling Process 

Alt,l~ough RIFT overconles most of the problems of hand lay-up, such as st.yrenc 
emission and reproducibility, a number of di~atlvant~ages are also linked to it,! 
which include t.he following: 

1, Product propert,ies and process paramet,er-s corre1at.e st,rongly and hence 
there is limited direct control over the final product properties (Williams 
et d.! 1996). 

2. The risk of failt~res? compa.red t,o hand lay-up, i r l  very large products is 
oftmen considered t80 be too high (Brouwer e t  ul . ,  2003). 

3. llore consumables are being used cornparrd to RTN or hand lay-up (Sum- 
merscalcs, 2002: Thagwrd et a[.: 2003). 

4, Surfacc quillit,y can be a problem (Sumnierscales, 2002). 

The flexible bag allows [the preform to compress under the vacuum pressure. Fig- 
ure 1.7 scheinatically shows this behaviour during t.he procm. On the left, hand 
side, the m i n  enters the process with atmospheric pressure and therefore the 
preform is uncompressed. On the right hand side of the flow front. the pressure 
equals the applied vacuum pressure, cclusilig the preform to be compressed. 

Resin I 

inlet ;. 
Vacuum 

Preform 

\ 
Mould 

Figure 1.7: Change in preform t,liickness clue t.o the pressure gradient 

Between the resin inlet and t,he flow front there will be a pressure gradient 
going fro111 atmospheric to vacr~un~ pressure. This pressure gradient results in 
il graciierlt of t . 1 ~  preform t,hickness as well. This reductmion and gradient of 
the preform thickness results in higher fibre volumes compared to hand lay-up: 
which is desirable in most cascs. However, t,here is limit,ed direct cont.ro1 over the 
thickness, because it depends on the pressure gradient. Limited direct contxol 
over the thickness also means limited contxol over the fibre content of the final 
composite Ieminate and hence final product properties. 

The preforrii compressioii also causes a rediwtim of the preform pernicahili ty . 
Hence idusion t,inres are much longer and more uripredict,able cornpared to RTM. 
increasing the risk of failure significantly. 



The process requires singleuse ancillary materials such as t,he bagging film, seals 
and flow enhancement pipes and/or breather clothes for resin flow enhancement, 
increasing the costs of constinrables (Surnmerscales, 2002; Thagard e t  al., 2003). 

1Vit.h respect t,o the prodr~ct. properbies and quality, RIFT call prodricc lam- 
inates with a surface which echoes the t,opologr of t8he reinforcenient. fabric. 
This "print-through" effect is a problem when a good surface finish is required 
(Surnn~erscales, 2002; Hammanli k Gebart,, 2000). However! in most pract-ical 
applications a layer of clear paint or gel coat is applied on the final product 
making this problem less critical. 

1.3 Problem Definition 

The previous section esplained the great pot,cnt.ial of RIFT for t,hc producbion 
of large co~npoileilts such as wind t,urbine blades, but also its disadvantxiges, 

Crucial in a production environment is to exactly know filling times and final 
product properties in advance in order to prevent expensive faiIures. If, for 
exarnple, the fill time is longer than the gel time of the resin used, the process 
will result in inconlplete mould-filling (Hsiao et  al., 2004). The previous section 
revealed that. the process parilmeters a r~d  product and process properties (for 
illstance mould-filling the1  are related. As S I I O H ~ ~  in Fiotm 1.8. the mould- 
filling time, thickness rariables: the 
permenbility and com the wcuum 
prmurc itself, the resin inlec posmon! ana viscosi~y ana me rnceractionv with 
the ffow enhancement structures [Williams el  al., 19961. Due to this tlqmidency 
the rnouId-filling time, final part thickness and fibre contcnt corrclatc with onc 
anothcr. 

~ - ---  - 
I - - -  - - -  - - - -  - - - - -  0 - - - -  

and fibre content depend on a number of 1 

prmibility of the preform under pressure, 
' I L  ' * I  I . .  ' 6  1 r l  . . 

Thagard et ub. (2003) and Hou & Jensen (2004) presented a double-vac~u~nl-bag 

Process Parameters 

Vacuum Pressure 

Resm Vismaity 

Prefonn Compressibility 
(Wet and Dry) 

Preform Permeability 

fnlet(s) and Ven((s) position 

Row Enhancernant Shuetures 

Finel Product and Process 
Properties 

Fibre VoIume FrscI)cn 

Product m i n e s  

Mould Filling Time 

voids 

Figure 1.8: Process parameters and f i n ~ l  properties 



Research Objec t-itcs 

process which overcorncs t,his dependency, but it requires more espcnsive tooling 
and is t,hercfore not attractive for srnaller produc t,ion numbers. 

A way to know the filling times and finaI product, properties in adwnce is to 
develop a frill process inodcl arid hence dewlop a full proccss understanding. 
Various researchers have worked on these kinds of models and tools (Gutowski 
el d., 1957; Han ef. a!., 2000; Hammami ,k Gebart, 2000; Achwm et 0.1.: 2001; 
Correin et a!., 2004; Lopatnikov et nl., 2004; Grinlsley e t  ab., 2001). A det.ailed 
overview of this modeIling effort will be given in the next chapter. Almost 
all these models assume a quasi-static process and do not use a different met 
or dry preform compact,ion. Many researchers found, however, that. there is a 
significant difference between the wet and dry preform compact,ion (Craen et a.l.: 
1998; Williams et a]., 1998; Andersson et d., 2003). The perrneabilit,y and hence 
the fill-time is a function of this prcform cornpact,ion. Therefore t,he proc.ess 
should be modeIled as fully transient and has to include different wet and dry 
preform propert.ies. 

Once a full process rnodel has l m n  developed! the process parameters can be 
optimiscd in order t,o save process t,irrle and costs and achieve opt,in~urrl product. 
propert.ies. 

The ided process wou1cf be fast (short infusion p a t h  and high permeability)! give 
a high fibre volume fraction without any air entrapments and would not require 
any ancillary goods (for example flow pipes). However, these requirements are 
conflicting for RIFT processing. A fast. process requires the use of flow pipes and 
flow enhancement layers. Increasing the fibre volume Fraction wilI decrease the 
permeabilit,y of t,he prefornl and herrce increase the infusio~l t.ime. Therefore all 
optimrini of the process properties has t,o he det.crmined by the user, e.g. should 
the process be fast or have low-cost or result. in a product with a maximurlr fibre 
volume. 

After thc opt,imurn process properties are determined, thc op t i~uun~  process pa- 
ramet,eru need to be established in order to mat,ch the optirntm process proper- 
ties. The opt.irnrm process parameters could be det.ermined by t,riaI and error, 
but. also here represent ive computer simuIat ions saw sigs~ificant c.ost and t irne. 

1.4 Research Objectives 

Bascd on the problems inclicat,ecl in the previous section! the following research 
objec t,i\;cs were formrda ted: 

1. Be able to predict the RIFT process, such as filling-t.ime and fina1 product 
proper t,ics. 



2. Be able t.o optimise t-he RIFT process in advance in order to meet the 
optimum process properties. 

Research Activities 

To obtain these research objectives. the following researc.h ac.t,ivities were planned 
and carried out,: 

Process modelling 

Model the RIFT process in order to find t,he correlation between the process 
parameters and t,he process and product properties. 

Experirilent8allj~ detmmilie the rnat,erial property data required for t,he pro- 
cess model. 

Develop, where necessary, new material models to implenlent t,he resu1t.s 
of t.hese t(est into the RIFT process model. 

Inlplement t,his full proc.ess model into a comput,er sirnulatioil t(oo1 which 
can handle arbit.rary 2aD geoi~let~ry. 

Verification 

k r i f j ~  t.lie process model with known analytical sol~~t,iolls. 

Develop all e~perin'ient~al facility tro measure t,he product and process prop- 
erties such as preform thickness and flow front position during t.he process. 

Verify t,he model with ex per in lent,^ ~.tsing this test facili t,y. 

Process optimisat  ion 

Develop an aIgorit.hm which opt.iinises t8he process for t,he lowest costs 
(mi~i i in~l  ainount of corisurriables and mould-filling time) and the highest, 
qul i ty  prod11ct.s (niinimal nunlber of voids). 

In-lplcincnt. t,his a l g o r i t h  in a fast conlput,er sirnulat,ion tool which call 
handle arbitrary %kD ge0met.r):. 

Verification 

Verify t,he optrirnisatiori t,ool with cases known in litreratmure. 

Verify the opthisa  t.ion tool witrh practical design cases. 



St.ructure of t.he Research 

1.6 Structure of the Research 

This research is divided irit,o t,wo part.s, correspoiicling t.o the t,wo research 01)- 
jectives. Part I deals with the first research objective, Part I1 with the second 
ohjt~ct.ive. Together! the two parts prcscnt. a full model for both predict.ion arid 
opt'irnising t.he RIFT process: 

P a r t  I: Physical Approach presents a full 21D flow model of resin infusion 
under flexible tooling using unstructured meshes and wet and dry compac ti011 
propc~t~ies, 

Chapte r  2 Modelling t h e  RIFT Process corl-meiiccs n7i t.h a li t,era t.ure 
survey of t,he previous modelling effort. The governing mode1 equations 
are prmcnt.ed: as well as t.hc tliscretisat.ion met,hods. Finally a method t,o 
track the flow front is proposed. 

Chap te r  3 Validation of t h e  Model  presents the verification of the 
model wit,h known analyrt.ica1 solutions and experin~ent,al rcsul ts. 

Chap te r  4 Discussion of t h e  Physical Approach and  i ts  Results  
discusses t,he inocIc!l, it.s accurwy and t.hc coniparison with the espcriment,aI 
resu1t.s. 

P a r t  11: Genetic Approach will present a tool to optin~ise the RIFT process 
in terms of production t,iriie and productiorl cost,s. 

Chap te r  5 Model  for Optimising RIFT stmts  with an overview of 
coutrolla ble procm pa.ramet.ers, follo~vcd by a li t,erature survey on thc 
prcvious modelling effort to optimisc the RIFT process. The method of 
op t.iinisa t.ion is present,ed. A new, mmh distance-based model, is preserit,ed 
t,o calc~lat~e thcsc process propertics This model is specially developd for 
optiniisation purposes and is much faster than the mode1 presented in 
Part I. This mode1 is coupled with a Gciietic Algorithm. The principlcs of 
Genetic AIgorithrns are explained, toget.her with the used opt-iinising algo- 
r i t h i  and filuct.ions. Finally! the mesh distance-hased n~oclel is int.egrat.ed 
irit,o t.his genetic. op t.imisatioll algorit.hiii: providing o tool for ~pt~irnisilig 
the RIFT process, 

Chap te r  6 Simulations a n d  Results  A nuriiber of dcsigii cases is sim- 
ulated using the developed optimisation routine. Their results and verifi- 
cabions are prment:erI. 

Chap te r  7 Discussion of t h e  Genetic Approach and  i ts  Results  
discusses the genetically based optimisa tion tool: its effectiveness aild ac- 
curacy arid the result,s of the design studies. 



Chapter 8 General Conclusioi~ and Recommendations presents the final 
coriclrlsions and recornn~undat~ions of the research. 



Part I 

Physical Approach 





Modelling the RIFT Process 

2.1 Previous Modelling Effort 

h h y  models have been developed in t,he past, t,o simu1at.e the RIFT process. 
In order t.o give a short overview of dl these modeIling efforts, a number of 
models will be discussed here in chronological order (Gutmowski et of., 1987; Ha11 
et ul . ,  2000; Harnnlami & Gebart: 2000; A~~tlersson el. nl., 2003; Song el  nb., 2004; 
r-\clieson et ul., 2004; Correia et c d . ?  2004). 

Almost9 all ~nodclg were developed to simulate the R I I T  process for 3D parts, 
for which, Iogicallp, 3D models would be r~q~i i red .  Since the thickness of corn- 
posite parts is often much smaller than their length and width, thin film part 
assumptions were used for these simulation models. For exa~nple the resin flow 
in the thickness direction (here denoted as 2) was tneglectd. Thm?fore these 
models, altlxouyh they drrcribe 3D geometries, are oftcn called 21 din~ensional 
(2 iD)  flow models. 

The article of Gut,owski el a!. (1987) is one of the earliest. complete 1niithemat.ica1 
descriptions of the RIFT process. Like all later models, it describes the resin flow 
through the porous preforn tising Darcy's Lam. This law was originally derived 
i t ]  1556 by the French I~ldrauIic engimer Het~ry Darcy. It. was origi~lally derived 
for water flow through porous soil, but is generally accepted to describe the 
flow through fibre beds as well. According to this law the relation between the 
local resin flux density (also called superficial velocity), I r3  an i~ot~ropic preform 
permeability K. the resin viscosi t,y p and t,he resin prcsttre gredicrit V P,. , can 
be written as: 

K 
.Q = --vp, 

P 
(2.1) 

Gtltowski e t  ul. (1987) aIso assumed that the fibres make up a deformable! non- 
linear elastic nrt,work. Basd on a contmI volume of length ds, width dy urld 
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height ds (see Figure 2.1) t.he following resin continuity equat,ion was derived: 

i) a a a 
--((I + r)21,) + -((I + E ) I ~ ~ )  + - ( I L , )  + -(@(I + r)) = 0 (2.2) ax ail/ az at: 

Figure 2.1: The unit cell with deformabIe fibres. 

In this equation, E is the relative: change (linear strain) in the z direction and 
# is the porosity of the preform. The preform compression was n~odelled by 
assuming that the preform consists of bending beams of fibres. In later articles, 
this comgr~ssion model is referred t.o as the Gut.owski model. 

The Kozcny-Carman Theory (Schcidegger, 1974) wtw used to describe the rela- 
tion between the fibre voIume fraction and the permea.bility. These basic equa- 
t,ions were combiried and solved for ID and 2D compression moulding arid for 
bleeder ply nioulding. 

Han e t  aC. (2000) used these equations to  model the flow for the SCRIMP process. 
As already mentioned in Chapt.er 1, this process is w r y  similar t,o t8he RIFT 
process, but it uses a mesh of flow channels to  distribute the resin. In this ca.se, 
the mesh was integrated into the flexible bag. Han et al. (2000) combined t,he 
Navier-Stokes equation for the flow in the chmnels with Darcy's law for the 
flow in the preform. The preform compressibility was modelled using a power 
law function, and the Kozeny-Carman e q ~ a t ~ i o n  was aIso used t$o model the 
permeability. A c0nt~ro1 volume niut, hod was used t,o solve t,he cor1tinuit.y equation 
where the term $(@(I + r)) was kept zero a t  every t h e  step. This t,erni will 
later be referred to as the preform compactioil flux, because it actually describes 
t,hc t,ime d e r i ~ a t ~ i w  of the preform height (g). It should not. be confused w4.h 
the tot.al preform compaction, Ah. 
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Hammami & Gebart (2000) used the same functions (however, fitted to their 
own experimental results) but they only looked at the flow in the preform. A 
significant difference between the wet and dry compression behaviour of the pre- 
form was observed but it was riot rrsed in the rnodeI. A quai-stationary process 
was assumed and therefore thc preform cotnpactim flux term was neglected, 
altliough at that t,inle it nwi not proven that this approximation W E L ~  valid. 

Andei-sson et al. (200:3) also used this mumpt.iorr. They incorporated the equa- 
tions for the RIFT process into a conlmercial 3D CFD software package (CFS- 
4), t?aking wet and dry preform compaction into account,. It. 1w.5 shown that the 
thickness of the preform decreased towards the outlet during the filling process. 
In addition, as Williams et, al. (1998) also indicated, a thickness minini~rm was 
observed instantly behind the resin flowfront because of a change in stiffness 
clue to wctking of the preform. 

Sot~g ef. a!. (2004) used a sirililar madel to that of Andcrsson et a!. (2003) but. 
also modelled the ra in  curirig by taking the resin viscosity as a funct.ion of time 
and temperature. MouId-filling with different types of flow enhancement layers 
was sirilulated and validated experinlentally. It was shown that t.he process is 
significantly faster if these layers are used and that the process can be predicted 
acctlratdy if these Iayers art. modelled correct-ly. 

Acheson et a!. (2004) developed a 1:D model to verify the correctness of the 
assumption to ignore the preform compaction flux term. For the materials used 
In their article, and because only one preform conlpaction bchaviour WEU used, 
trliis tern1 was very small and hence ncgligible. A si~ik term was used to model 
the fluid flow into the single fibre tows. RTM models were shown to give similar 
rcsults if an "effective" permeability m s  used. However, this effective perme- 
ability had to be different for the same material being injcct,ed under different 
pressures. 

Based OH t.his work? Correia ei. (11. (2004) also incorporated t,his inodel, like 
Achcson et nl. (2004), into existing 2D/3D flow simulating software (in this 
case LIMS) making it possible t,o perform 2;D analyses. Also in t,heir case, the 
preform coi~ipaction flux was ignored al-~d the difference between wet and dry 
preform compressibility not t.aken ilit,o accourit. 

Looking back at all the modelling efforts conducted in the past, it. can be con- 
cluded t , h t  almost a11 mod& assume a quasi-statioliary proem and licnce ignore 
the preform compaction flux term. Furthermore, only Andersson et  d. (2003) 
included 1.1ot.h the wet and dry prcforrn cornpressibilit,y and sho~ved that, this 
can ha1.e a significant effect on the height distribution during the filling stage. 
Evidetitly the proccsss canr~ot be considered as quasi-static in the gcneral case 
because of the relat.ively sudden change in hcight (hence height. flux) at the flow 
front as sooil as the prcforrn wets out,. In the subsequent sect.ioris a newly de- 
veloped t,ransient 2:D - model is presented t,liat incli~des the preform corr-ipact,ion 



f l ~ x  term and both the wet and dry preform compressibility. 

2.2 Governing Equations 

The n e d y  developecl RIFT rnoclel is based on a number of assumptions. Firstly, 
the Reynolds numbers are low (laminar flow) for the resin flow, wall effects are 
ignored. there is no pressure gradient in the z direction and tshe Bow can be 
clescribed using Darcy's low (Eq. 2.1). Secondly, the resin is incompressible and 
its viscosity stays constant during the filling stage. 

The first assumption restricts the model to preforms with a uniform Row through 
the thickness. There are two situations in which this occurs: The different plies 
have a uniform permeability over the t-hicknew, or the flow is dominated by the 
layer with the highest permeability. Arl example of the latter is preform packs 
which consist of a thick flow enhancement core which is covered by only a few 
single plies of (woven) fabric. In such a preform the single plim of fabric are 
wetted almost; inst antaneousIy as the resin rcach~s the underlying core; hcnce 
the flow can be assumed to be uniform (Grimsley e l  a!., 2001). The CorcTEX 
fk~hric. which will be presented later is an example of such a preform. 

As for all other models? Terzaghi's law is assu~ncd in the wetted region (Terzaghi 
,Yr. Peck, 1963). It states that- the tot.al pressure is distrib~t~cd over t . 1 ~  resin, P,, 
and the contpactible preforrrl, Pfl as give11 by the following equation: 

In t.his equat.ion, &all is the total net pressure on tlie preforni/resin system, 
which is the difference between the atmospheric pressure. Pni,, and the prmurG 
achieved by the vacuum pump, P,,,. 

The compaction of the preform under a pressure PI causes a reduction of the 
height preform from ho to ho - Ah, as depicted in Figure 2.1. It is assumed that, 
the volume of the fibres in the control volume is constant, and hence the relation 
betwee11 the iriitial (unloaded), V,,,, and current fibre volume fraction, V'! the 
initial, hO, and current height! h, is given by the followi~~g standard equatiori: 

The behavionr of the preform under a pressure Pf and the resulting increase of 
the fibre volume fraction and decrease in permeability can be modelled in numer- 
ous ways. A short overview of previous modelling efforts of other researchers for 
both t*hc co~npressibility and permability is given in Appendix A and Appendix 
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B. Both Appendices also present, the cxpcriments! carried out in the framework 
of this research, to model the material behaviour for the matserials investigat~d 
here, Appendix A presents t.he exp~riments and results used to model the coni- 
paction behaviot~r, Appendix B presents the experiments and results used to 
establish the permeability behaviour of these materials. The pernieahility was 
modclIcd using a power Iaw function and the compressibility with a ponrrr law 
a11d a logarithmic function. 

Subsequently a11 the factors in Equation 2.1 are defined. Substituting this equa- 
tion into t.he ~ontintlit~y equation (Eq. 2.2), with 21, = 0, leads ttr, t.he following 
time-dependent partial differential equation: 

In the next section, the discretisation of this PDE using a finite volume repre- 
se~ltat.ion will be disct~ssed. 

2.3 Numerical Model 

The main advantaga of the finite i d u m e  method are that it can accomino- 
date any type of grid. which makes it suitatde for rumplex gco~nctries, and all 
tern~s which heed to he approximated have tl physiciil metming and henee it is 
simple to understand (Ferziger & Per?, 1997; Versteeg & Malalasekera. 1995). 
The solution domain was subdivided into a finite number of contiguous control 
\~olumes (CVs), in this case triangles. At the centroid of each CV lies a compu- 
tational node at  which the variablc values were calculated (see Figure 2.2). For 
each of these CVs the PDE of continuity Eq. 2.5 was written with tohe fo11owing 
integrals: 

The Ieft ha~ld term represents the uet rate of flow into the CV and the right. 
hand term represents t,he increase of t,he volume: of the CV duc to a change in 
height,. Hence, for CV e in Figure 2.2, with bhe net flow over its 3 faces, n , these 
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Figure 2.2: Schernat.ica1 representation of Cont8rol Volume c. and i t8s ric?ighbours 

integrals could be discretisecl as: 

111 t.his equation h,h+, and K ! ,  are! the height and the permeabi1it.y respectively! 
of CV e at its ftwe n ,  A , , ,  is t.he cross-section of t(he face side n ,  P,, and PC are 
t,he pressures at  the neighbour CV n and the CV e itself respectivelj~, v: is t,he 
volume of t,he CV e ! L,,, is the distance bet.wwn the centroid of CV n and CV 
e. h: is the height at. the CV's centroid at  t,ime step t ,  and final13 n',,,,: is the 
normal vector of face 71. The time step size, At, is the difference between the 
time at  ca1culat.ion step t and t - 1. The height at  the CV faces was int,erpolat-ed 
from t,he values a t  the centxoids using an arithmetic mean (Patankar? 1980). For 
example in Figyre 2.2: 

1 2 { , ~  = (1 - j ) h  + ( j ) h  ( 2 . 9 )  

The pcnneabiIity at. the faces was caIculated from these heights using thc func- 
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ti011 of Table B.1. The cross-sccbion of the faces was calculated by using the 
1e11gt.h~ f,,?,:, of face n of CV e: A ,.,: = f,., * h.Lnc. The asscrubly of Equat.ion 2.7 
for a11 CVs led to the followirig Iinearisctl syst,em: 

Knowing that the resin pressure is equal to the vacuum pressure at the flow 
front. a d  equal to the atmospheric pressure at  the inlet, it was now possible to 
calculate the pressure field in the wetted region. This pressure field was used 
to ta lcdate  the height and the permeability per CV. The pressure fieId for the 
current time step was then calculated again with these new values for h and K 
uiltil the difference between the previously and newIy calculated pressure fields 
were within R certain tolerance. 

2.4 Flow Front sacking 

For t,he calculation of the pressure field, the positmion of the ffmv front was re- 
quiral. For t,tit. 1 f D  ease! a5 preseiltlted by Hamnmni L Gebart (2000) and 
Acheson et al. (2004): the position of the flow front can be found by integrating 
the fluid velocity over the time t. Note that Equat,ion 2.1 only gives the resin 
flux density. The actual fluid velocity, ,ij is t,he resin flux density divided by the 
porosity, qb! which equals one minus the fibre volume frct,ion, \/I: 

For t.he '2iD - case, the position of the flow front is more difficult t o  determine. 
In many cases, eg. with multiple inlets, even multiple flow f ~ o n t s  may exist. 

Alt,hougb various ways of flow front tracking exist, there are two main ap- 
proaches: moving and fixed grid techniques. The moving grid technique is based 
on remeshing of the saturated part of product as the fluid propagates. The ac- 
curacy is generally better than h e d  mesh techniques, but due to  the frequent 
re~iwshing~ CPU time is much higher (Garcia et al., 2002). 

For the fised grid approach: there are also a number of ways to  keep track of the 
flow front. (Hirt & Nichols, 1981; Ferziger k PeriE, 1997; Versteeg & Malala~ekera~ 
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1995; Garcia et al., 2002). Here the VoIume of Fluid technique mas chosen (Hirt 
& Nichols! 1981; Garcia e t  al., 2002). This technique uscs CVs as well. Thcrc 
are different mays to define t,hese CVs. A common method is to associate one 
CV with each node of the finite element mesh. In case of a triangular mesh, the 
control volume itself is then (Mined by lines that go through the centroids of t,he 
 element,^, assoc.iated with that node point. For example Koorevaar (2002) and 
Lee et  a!. (1994) use a contxol volutne ~net~hod to simulate the RThl process wit,h 
one mesh for the conlputation of the pressure field and anot.her (staggered) to 
update the flow domain. The advantage of this control volume method is that 
t,he values at. t . 1 ~  nodal points are auto~nat~ically known, but it adds to CPU t.i~ne 
and -storage requirements because track nwils to be kept of 2 nmhcs. Therefore 
the same mesh for the pressure and fluid domain u7as used here. 

The main advantage of the Volume of Fluid technique is h a t  only one value (the 
fluid presence, I) has to be stored. This fluid presence function, I !  represents 
the relative volume of ffuid in a cell increasing from zero for an empty volume bo 
one for a fulIy satmurated volume. Furthermore, also only one scalar conr.ec.t,i\;e 
equat.ion, like ot,her transport. equatious, needs to be solved. Unfortunately, it 
has the disadvantage that for most solution schemes: for example first order 
upwind, the position of the flow front tends to smear out. over several CVs. To 
overcome this problem, different techniques have been presented in the past, for 
csample t81w donor-accepttor forlnulation (Hirt t!k Nicllols, 1981). Here n ce11t~1.d 
difference scheme with variable time steps (Patankai, 1980; Davis, 1%4) was 
adopted, which is easily implemented, less diffusive and suitable for low Reynold 
numbers. 

The fluid presence was also used to caIculate the pressure field in the flow front 
it.self. For the tmpty control volunles P, = PC,,. In thc fully saturated columes, 
Eq. 2.5 is valid. A combined equation was used for the partially filled (0 < I < 1) 
volumes (Hirt k Sicllols, 1981; Garcia et a.l., 2002). 

The volume of resin into each CV volume at the flow front (where 0 < I < 1) 
was calculated from the velocity field at  every time step. This caIculat,ion is 
similar to any fluid quantity in the flow (such as density, pressure, etc.) and can 
be written as (Ferziger k Perit. 1997): 

Care had t,o be taken t.hat I 5 1 for every CV, when solving Eq. 2.14, espe.cially 
for the flow front CVs. If the time step, At, beconles too large: it can happen 
that, for this time st,ep, t.he flow front moves over more than one CV and hence I 
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becomes larger than unity for this certain (flow front) CV. Several methods have 
been developed in the past as flux and slope limiters (Garcia et a!., 2002) and 
also the previously mentioned donor-acceptor nlet,hod overconlcs t ,hs  problem 
(Hirt & Nichols, 1981). The rncthod wed here was to select at each it.eration t,he 
shortest h e  skp, At, to fill exactly a single CV. This method is widcly uscd 
and givm good results (Gutowski et ul . ,  1987; Koorcwar, 200%). 

11 :. -!I:.- By changing At to fill exactly olie single CV! the t.ern1 7 1' of Eq. 2.11 
changes also. This term is defined here as b , .  In order to prcvcnt. st.ahilit,y 
problems when solving Eq. 2.1 1 with this new At, a prediction of ht is made. 
The fo1lowing prcclicbion schemes could have been used: 

The 6, from the 1 s t  iterati011 step is being used. Bcsides not making a1q7 
physical sense, stability problems occur during the solving of Eq. 2.11. 

The hf. is assumctl to he ht!-' and hcnce the right. hand term of Eq. '2.11 
is 0. This could lead to higher calculated pressure on the fibres For certain 
CVs t.han the previous time step, resulting in negative Ah and hc~ice a 
change of sign of t,he right l-land berm of Eq. 2.11. Dlle t.o t,he highly non- 
linear behaviour of the fibres under compression, this may lead to stability 
problems as well. Furthermore, the results of t,he previous pressure field 
ralculations as I\' arid Vj are no longer used a i d  have to bc found again. 
leading to longer calculation time. 

A pr~clict~ion of the ilcw h.:. is made. 

The l a t h  was chosen here. It would have been logical to r i d e  a predict,ion of 
t.he new height, based on t,he height of the CVs at p~'cvious birne st,eps. Howcver. 
especially for the newly formed flow front CVs, these data cannot be used, 
bec.ausc they had a c.onstant,, compacted hcight at, a11 previous t,imc st,eps. A 
different prediction was made here, based on the assumption that the right hand 
t.erm of Eq. 2.11 stays const,i-lilt.. This as~umpt~ion is only close t.o reality if 
t + x and t,l-~c preform has similar dry and wet comprWihilit,y. Alt.hough not. 
close to reality, it ensured, even for the flow front CVs, at least a correct order of 
magnit,uile of t,he height,, h.:, wit,h the new t,iine s t q  size. Therefore it provided 
a simple a rd  fast way t,o overcome the st,abilit,y problems. The approsiina tion 
of h j  For the new time step size At,t.,!,:!: based on this assumpt,ion, car1 he writsten 
as : 

In t,liis cquat,ion, 6, is t,lw right hand term of Ecl. 2.11 for CV e ,  a i d  A, is 
the area of CV e. This prediction of h.: is only used for the first iteration step 
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after the time-step At is changed into At,,:,:. After this first iteration step, the 
preform height can again be derived from the calculated pressure field, using the 
preform compaction models, as presented in Appendis A. 

A Full mt of equations to  solve the pressuret height and volume fract.ion dis- 
tribution over t.he filled region and a way to keep track of the resin flow front. 
position were presented. In the nest chapter, the valiclation of t.his model wilI 
be prcscnted. 



Validation of the Model 

Tlie riloclel presented in the previous chapter was inip1er~icnt.ed in t,he AIATLAB 
progranming environn-~ent.. The developed program nus validat,~tl in a number 
of \\:ays: 

0 Closed Form Solution: The ~iunlericiil accuracy of the riiodel was wIi- 
0at.etl with a known c l o d  form soIution for t,he RTlI cast: where preform 
compac t,ioll is neglect,ed. 

0 Flow ]Front Propagation: The rnodcl it.self and t,he usen assumpt,ioils 
were validated by comparing the measured and simulated flow front prop- 
agation during the filling of flat plates. 

Preform Thickness during Mould Filling: The meas~irecl ant1 sirn- 
ulated preform t,hickness w.s used t.o wIidat,e t8he ;.lc;surnpt,ion t h t  t.he 
different, wet and dry preform compaction have a significant influence on 
the mould filling. 

0 Infusion of a Wind Turbine Blade: Finally, the filling of half a wind 
turbine blade was simulated RIICI c o m p ~ r ~ d  with experiinentxd results. 

Thc reslllts of these validat,ions will be discussctl in Chapter 1. 

3.1 Closed Form Solution 

Before the model was verified with practical esperiments, the numeric code was 
cornpalwl mit,h a known analyt.ic~l solution in c:.lloscd form. For t,hc case of resin 
t,ransfer moulding ( R T l I ) ,  where no prefonn compression occ~.irs, t,he mould 
filling time, t ?  of a 1D mould with lengbh, x, was derived from t.he rcsin cont.inuity 
e c p t i o n  and Darcy's law: 
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I< v-cr = V .  (-VP) = 0 * V'P = o  
P 

The presvr~re grnclient is hence const,ant, over t,he wetted lcngt,h and can be writ.tc?n 
as : 

Using t.1- is equation in Darcy's law for the actual velocit,>r (see Eq. 2.12): t,he 
following closed form solution for the mould filling time t: was obhined: 

The mould filling for the RTM proc-ess with a 0.25 m long mould was simulated 
0 = (1 - 1f1)=0.5, K/p=le-13 in2/Pa.s and PLolat = 100kPa. 

Figure 3.1a shows the simulated flow front propagation for different numbers of 
elemcnt~s alorig the length of blie product. Since at  every t.iine step esact,ly oiie 
element is being filled, the calculation time increases linearly with the number 
of elements used. The position of the flow front at a certain t,ime in the model 
was defined as the maximum x coordinate of t.he cent.ers of the CVs w1iic.h had a 
fluid presence function larger than 0 ( I  > 0). All the rc.su1t.s: presented I i r m  will 
have t,lie resin inlet. on the left. halid side (at dist.anc:e 0) a i d  t.hc vacuum out,let, 
a t  t.Iie right hand side. 

Figure 3.1 sllows that. t,he illore ele~~lciits were used, bile closer t,hc siiinrlated 
~ ' a u l t s  were to t.11~ closed form solut.ion. The crror between thc c1osed form 
solut.ion and t, he sir nula ted results was plotted against t,he nuinbcr of elerilents 
which were used, obtaining Figure 3.1b. The line in this figure shows a slope of 
1, which corresponds with the first order scheme used in the model. 

As soon as preform coinpactioir is taken intto account. and hence the permealility 
changes during the mould filling, this closed form solution will not give acc.u- 
rate results. Acheson et nl. (2004) suggested that for this case an "effect.ive" 
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Figure 3.1: Simulated flow front propagation for different numbers of elements. 

permeability could be used. This effective permeability will, however, be differ- 
ent for t.he same material being injected under different pressures and may not 
be accurate in filling complex geometric parts. In order to solve this problem, 
Lopatnikov el  nb. (2004) presented "a closed form solut,ion to describe irlfusio~l 
of resin under vacuum in deformable fibrous porous media". They modelIed the 
deformabIe preform as a linearly elastic nmliunl with pcrmeability depending 
oil p0rosit.y according t,o the ICozeuy-Carman equat.ion where t.hc preforn-1 corn- 
paction flux term is neglected. However, the results of the compression test, as 
present.ed in Appeadis A! s h o u d  that t,he mat.cria1s used here do not, show such 
il linear elastic behaviour. 

3.2 Flow Front Propagation 

The emicst way to validate the model was t o  look at. the predicted progression 
of the flow front during the mould filling process and verify it with experiments. 
Two types of prefornls w r c  used, I~otli supplied by Texglass: 

10 Layers of t,nill-weave: This preform c:onsistcd of 10 layers of 280 granl/in2 
glass twill-wave, stacked at. (0/90) Thc 280 gram/n~' glass t,nriIl-\vea\~c 
has a fabric constructmion of 0.6(*0.02) warp encis/mm and 0.75(&0.02) 
weft picks/nvn. 

0 2 Layers of CoreTEX: The CoreTEX fabric consisted of a 250 gram/rn2 
glass fibre twill-weave, a 180 gam/m2 po1ypropylene fibre core, which 
functioned as a flow enhancement layer! and a 400 gram/in2 glass fibre 
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randomly chopped strand mat. layer (denoted as 250TUi/ 1SOPP/ 400C). 
This preform consisted of 2 ~ymrnct~rically st,acked plics of t,his fabric where 
t,110 4OOC layers were in t,he nliddle? hence (280T\V/ lSOPP/ 400C),. 

Different types of resin and vacuum pressures were used for the different types 
of preform, as shown in Table 3 . 1 .  The viscosity of the resin was ~neasured using 
a Brookfield viscomet er. 

Table 3.1: The resin/preform systems used and thc applied I~BCUUIII prcssw-e 

I Used Resin 
1 I 

/ Araldite LY 1564 SP [ XCS 236 1 1 10 lavers Twill 1 2 lavers CoreTES I 

The progression of the flow front for these two preform t.ypos was measured on 
a t.urnable glass plate. 011 one sidc of the glass plat,c the preform, vacuum bag, 
pipe work and ot,ller required ~nateriills were mount.et1. The ot8hcr side of the 
glass plate was used for measurernent.~ of the flow front position. Figure 3.2 
schcnlatic-ally clisplays this ~tsperilnent~al set-up. 

Viscosit,y of Resin p (Pa  . s )  
Used Vac.uun1 Pressure P (Pa)  

The flow kont positions were recorded along the centreline of the preform, while 
the resin was infused over its full width (line infusion). Figure 3 .3  shows a 
recording during one of the experiments and the position of the flow front. 

inlet fahrir vacuum baa A ,  // ?Pya" 

0.346 
87000 

L 

framed glass Resin Trap 
plate 

front (camera or visual) 

0.182 
57500 

Figwe 3.2: Sket,ch of the esperinl~nt.al set-up. 



Flow Front Propaga t,ion 

Saturated area Unsaturated Area 

flow front position 

Figure 3.3: The position of the flow front during liue infusion 

3.2.1 10 Layers of Twill-Weave 

Firstly, the flow front propagation for a 0.2 111 x 0.2 In flat plate with 10 layers of 
t,ndl-nrcave was simulated. For t,he ~irnulat~ion, 100 CVs were wed in t.he length 
direction. 1Vit.h thcse 10VC:Vs in t.he 1cngt.h direction, tlw numerical error for the 
RTM case n;it.hout preform compac t,ion, s h o ~ l d  be approsir 1x1 t,ely 1 %: according 
t,o Figure 3. lb. 

For t,he ~imulat~ions, ilu isot,ropic permrabi1it.y was ~ I S S I I ~ ~ .  This is a valid 
iassurr-~pt.ion, especially since the preforms, used t,o vcrify the model, were much 
longer than wide and H liuc infusion was 11sed. AS Cai (1992) alrcady indicated, 
thc flow in these cases is dominat,cd by the flow in the length direction. 

Vsing the experimental set-up depicted in Figure 3.2, the flow front propagation 
was ~neasured during mould filling of this preform. The simulation and exper- 
imental results of t,he ffow front propagation for this preform are presented in 
Figure 3,4. 

The lower Iiue shows the result,s if only dry preform properties nwe taken illto 
account ("Dry preform properties"). The next line ("\I7ithout flux term") shows 
the simulated results where the preform compaction flux term was not taken into 
account,. The line of stars (') shows the  result,^ of esperiment 1 ("Experiment. 1") 
aud t,he line of dian~ords ( 0 )  shows t.he results of esperilnerlt 2 ('! Experimellt 2"). 
Betaween t,hose lines, t,he solid lirle shows t,he sirnulatd resrllt,s where both dry 
and wet preform properties and the preform flux term were taken into account, 
(" With flux term") and the dashed line (" Wet preform propert,ies" ) shows the 
simulat,ed results where only wet preform propert.ies nrcre used. 
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Figure 3.4: Flow front- propagation for 10 lagers of Twill-Weave 

3.2.2 2 Layers of CoreTEX 

The same experiment was carried out for a 0.45 m x 0.45 rn flat plate with 
2 syrrmlet,rically st,acked Iaprs of CoreTEX. The process parameters are. list.ed 
in T a l k  3.1. For the simdation illso 100 CVs along t,he leilgt'll directmion were 
tlsed. The esperiment,al and simulat.ec1 results are presented in Figurc 3.5.  In 
this figme, the same line styles as for the 10 plies of twill-weave (Figure 3.4) are 
used. 
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Figure 3.5: Flow front propagatmion for 2 layers of CoreTEX 



Preform Thickness clurirrg Mould Filling 

3.3 Preform Thickness during Mould Filling 

The model was based on the assuniption that the different. wet and &y preform 
compressibility would cause a sudden change in preform thickness at the flow 
front. Therefore the model took t,he preform compaction flux into account. In 

was order to validate this assumption, the preform t,hickness during mould fillin, 
tneasured. 

Furthcrmorc, t,he thickness of t,he prefornl was a more direct- way t,o verify the 
model. The position of the flow front depended on many factors: the viscos- 
it,y of the resin! the pcrnieabilit,y, the coinpressibi1it.y and t,hc vacuum pressurc 
level. Thc t.hickness of the preform dependcd only on the compressibility and 
the pressure profile'. Also. when t.he conlpilct.ion behaviour is know~l, t.he pre- 
fosm thickness can be used t,o iwasurc the pressure tlis t.ribrlt,ion in the preform 
i~lclirectly. 

U Preform 

Flow direction 

Figure 3.6: A skctch (top) and pict.nre (bott,oin) of t.he esperir~ieut,al set.-up used 
t.o mcilsure the t.llicknw of the preform duriiig the process 

The height of thc t.op surface of the 10 layers of hill-weave wils iucasured during 

Although a gradient in permeabi1it.y influences the pressure profile, the permeability itself 
does no!.. 



mould-filling. A laser, mounted on a sliding rail, was used for this height, mea- 
suring. Sincc t.hc hcight of the hottom (mould) surfacc was known, t,ha preform 
t.hickness coulcl be derived from this height ~neasrire~nent. The laser scanned t.he 
surface of the product dong  a st,raight line. The scanning of 0.2 nl t.ook about 
0.5 s which was considered negligable compared t80 the process tinies. A grap11it.e 
spray was sprayed on the vacuunl sheet to provide a diffusive reflecting surface. 
Still, this surface produced significant noise in the measured signal. The sam- 
ple rate was 1000 Hz allowing an averaging filter to  remove this noise without 
loosing too rnuch dab. The cxpcrinlental setJ-up is depicted in Figwe 3.6. 

The results of the thickness measurement at two different times are presented in 
Figure 3.7. 
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Figure 3.7: 34easuring the preform thickness during the filling of 10 plies of 
twill-weave. Top: The meas1.1recl rind ~alculat~ed t.hickness a t  t,=339 s. Bot,ton~: 
The measured nncl calcule ted thickness at  t=2171 s. 

The first 5 mm of the experimental results are not shown, because in this area 
a flow pipe, used to allow the line infusion, lifted up the vacuum bag and gave 



Inft~sion of a \Iiind Turbine Bli-icte 

incorrect thicknes rw11ts. In Figrue 3.7 also the calculated t.hickwswi of the 
prcfornl are prcsentcd. t~sing the sin~ulation of Sectioil 3.2.1. 

Infusion of a Wind Turbine Blade 

Finally the infusion of one side of a 2.0 met.re wind t,urbine blade was simulat,erl 
and tested. The CoreTEX/XCS256 preform/resin system of Table 3.1 was rlscd, 
but. the infusion pressure was SO kPa. The resin inlet was at  t,he root of the 
blade and t.he vacuum outlet at  the tip. The flow front position was taken as 
the maxinlum distance between the inlet and the flow front along the x-axis (as 
defined in Figure 3.3). 

The infusion of t,his wind twhine Made was simtllat.cd r~sing a mesh with 1043 
t.siilnguIar CVs. The mesh was generated by PATRAN and ilnport,ed into tllc 
flow model. The cakulat,ion time of the complete mould Elling was 17 minutes 
on a 2.01 GHx PC with 512 SmIB of RAM. The si~nuhted and esperi~uentallg 
measured flow front propagations are presented in Figure 3.8. 



3.  VAL~DATION OF THE MODEL 

Flow front position 

0 0.5 1 1.5 2 

Distance x from inlet (m) 

Figure 3.8: Top: One side of a wind turbine blade after inEusion and the final. 
product after it is bonded to the other side and finished. Bottom: Sinlulated 
and experimental results of the flow front propagation for one half of a wind 
turbine blade. 



Discussion of the Physical 
Approach and its Results 

4.1 Discussion 

4.1.1 Flow Front Propagat ion 

Figures 3.4 and 3.5 show that if the different wet and dry preform properties are 
taken into account ("With f l u  term")! t.he simulation r e s u h  agree well with the 
experirnent,~. If only the dry (for the CoreTEX) or wet (for the Twill-Weave) 
preform compaction propertics are included, t,he ~irrlulat~ion results also agree 
~ ~ 1 1 .  However, because the wet. propert,ics give good resu1t.s for one mat.eria1 
and dry pr~pert~ies for another material, the model cannot be simplified by using 
ouly one cornpa~t,ion bchavionr. 

Figures 3.4 and 3.5 show the irnport,arlce of t,he fully t,ru~isicrit process inodcI, 
without ignoring the flux term. The thickness measurements of the preform in 
Figure 3.7 illustmte t,he reason behiild this. As Arldersso~l et  nl .  (2003) sl~onvd, 
a thickness minimum was observed instantly behind t,he resin flow front. From 
t,his minimum, the preform thicknrss changed quite suddeuly t,o the larger dry 
compacted rhickness and the flux term, , is significant. This results in a 
different pressure profile, as depicted in Figure 4.1. In t.his figure the calcuIated 
normalised pressure fields from t.he resin inlet (0% on the x-axis) up to  the 
flow front (100% on the x-axis) for the two types of preform are presented. 
The continuous Iine represents the pressure profiIe if the flux term is taken into 
account, the dot,tcvl Iine represents the case where this term is ignored. Acheso11 
el nl .  (2004) and Correia el! al. (2004) presented similar figures. Looking at t.he 
pressure fieId at the flow frorrt (100% on the x-axis) and bearing Darcy's Law 
in mil~d,  which st.at.cs t,bat t,he resin speed depellrls on V P  at thc flow front, it. 
is easily derived t.hat the resin speed (and hence flow front propagation speed) 



4.  D r s c u s s i o ~  OF THE PHYSICAL APPROACH AND ITS RESULTS 

(a) 10 layers Twill (b) 2 layers CorcTEX 

Figure 4.1: Sormalised pressure fields for RIFT with the flux term and sit,li- 
out the flus term. 

will be different for both cases. A quasi-static process, as employed previously 
(Gutowski el al.. 1987; Han e l  al., 2000; Hammami k Gehart, 2000: Andersson 
ct ul . ,  2003; Achcson e t  nl., 2004; Correia el ul., 2004), is definitely not valid if 
different dry and met preform properties are taken into account. 

If the fibre compaction rates and/or resin speeds are lower! the pressure profiles 
will be closer together! resulting in similar flow front speeds. In these cases, it 
is valid and even advisable to ignore the flu term. It will give similar results, 
existing RThI software with only minor alt.erat,ions can bc used (Lee et rrl., 19'31: 
Andersson ei. a!.,  2003; Correia et d., 2004) and it saves significant calculation 
time. 

4.1.2 Preform Thickness during Mould Filling 

The ~ncasurecl vnlues for the thickntw of the wet region in Figure 3.7 (the lei? 
side from the flow front) are larger than t,he calculated ones. The thickness 
rnininlum behind the resin flow front is therefore less pronounced thau in the 
simuIe t.ion. Possible explana t.ions can hc found in the wt~y t,hc conipnction tqests 
n7erc carried out,. The single plics of t.he preforni could [lot move as freely in the 
process cornparcd as  t,hey could in the co~upaction tests. In the tests the singIe 
plies were wetted out, stacked and uniformly compressed. In the mould-filling 
process, the fibres in the preform were still connected to the fibres in the dry 
region and hence transverse shear accompanied the compaction. In addition. 
rigid plates werc used in the compression t.ests whereas co~ilpaction during thc 
RIFT process was induced by the flexible bag. Looking at  Figure 2.11 only a 
small area of t,he fibres could actmually touch these rigid plates. Therefore t,he 
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local pressure on the fibres was much higher compared to the globaI pressure on 
the preform. In the RIFT process, the flexible bag distributes the pressure more 
uniformly over the fibres. These higher local pressures could lead to a higher 
global preform compaction. This does not explain why there is only a difference 
in tlic wetted regioii between the coi iq~~ct ion  tmts and the experinierits. It could 
be that. due to a lubrication effect. wet. fibres are more sensitive to  local pressures 
thil~i ill a dry statc. However, further rcsearch sl~oulrl vaIidate this assuniption. 

4.1.3 Infusion of a Wind Turbine Blade 

Figure :3.S shows the results of the s i~~ ida t . ion  of a w i d  turbine blade. Although 
ouly 1043 CVs were used, it took relatively Iong t.o sim111atc the infusion of such 
a simple product, even if the flux t,erm was ignored. Some adaptions were made 
to speed up  the process, for exa~nplc a prcdict.ion of the lengt,h of t,he next t,irne 
step when an element is filled. Still. this implementation is not very suit,able for 
optimisation purposes, where many different concepts of in and outlet positions 
have t.o be calculated. For such a case, it is questioiiable wl~et~ller a high accliracy 
is required. Standard RTM soft,nwe, with altered values for t.hc permeabilit,y 
t,o coinpensat,e for t.he preform compaction, would probably b e  accurate enough 
and in aris case much fast,er. 

IVithout ancillary goods, such as flow channels and t.he flow enhancement layers, 
t,hc RIFT process is quite a slow process. The experiinent,~ showcil that. with 
those flow enhancement layers, such as the CoreTEX fabric. high flom front 
spwcls were ot,t.ained and, cvmi without. addit.iona1 rcsh inlets. ~i~at,erial inf~~sion 
lengths of over 2 metres were reached. In this case, the flow was dominabed by 
t,he layer with the highest permeabilit? and the adjacent single plies of fabric 
were wct t,cd almost ins taiitaneorrsly as t(11c resin reached the undcrly ing corc. 

If thicker or more plies are used. 3D flom effects will occur. The computational 
t.ec.hnique prcscntcd by Ha11 e t  al. (2000) could work wit,h this nmtlel. Han 
et  01. (2000) introduced a second fluid presence function for every CV which 
represents the flow in the flow enhanc:ement layer (or cvcn flow clie~i~lels as used 
in SCRIMP). Using this extra function, the t,hrough-the-t,hickness flow a t  every 
time st,ep can also be calculated. In these cases there will be a flom front area 
where the flow enhancement lajeer is compIetely filled while the underlying woven 
fibres are ouly partially filled. This behaviour cannot be predicted with the 
fill-one-CV-at-a-time technique: presented here. Furthermore, the compaction 
Ixhv iour  in t(l1is area will have t,o be cleterrriinerl as wcll. 

Ailot,hcr ~hor t~con~ing of t.he rnoclcl is, as nlellt,io~ied i11 Sec.tioi1 3.2, t,hat. thc. 
pelmeiitiilit~y of both preform is assumed isot.ropic. In casw where the perme- 
ability can no longer be assumed t.o be isot.ropic, the model can be modified 
t,o i ~ ~ c o ~ ~ i ~ n o d a  t,e a pern~eabilit~y t.ensor. This is rcla t,ively s traight.forwar([: Tlic 



permeability at evcry cell face, KL.,, in equation 2.5, can be caIculated based on 
the orientation of t.hc facc out of thc permeability tcnsor. This tensor shouId bc 
obtained from permeability tests, as done in Appendix B. for different stacking 
angles. 

4.2 Conclusion 

The validation showed that the presented model is able to predict the flow front 
propagation and the preform thickiless very well during mould-filling. The ac- 
curacy of t.he 111odeI depends largely on the mat'erial r1at.a used! which is c1uit.e 
time consuming to acquire. The different predictions of the flow front propa- 
gat,ion ancl the preform height during infusion showed the import,ance of t.akiilg 
the different wet and dry preform properties into account. By doing so! the 
preform compaction flux term becomes significant, especially at, the How front, 
and t.he process callnot be rnoclelled as quasi-st,atic, as is the case in d l  previous 
~~lodelling attenlpt,~. 

The xcni-acy gained by taking wet and dry preform properties into accoi~nt arid 
modeIling the process transient comes with a significant time penalty. Therefore 
this ~riotfel is less suited for optimisatio~i purposes. 



Part I1 

Genetic Approach 





Model for Optimising RIFT 

Thc model prwent.ed in the previous chaptcrs is able to predict. t,he RIFT pro- 
cess with the process parameters, s ~ i c l ~  as product. shapc, resin inict and outlet, 
prcforrfi pern~cability. prcforn~ compact.ion: w c u u ~ n  presslire and rcsin viscosity 
kllown. However, in pixtical  tlesigii cascs, t,he requirements of the process ere 
known in ilclvancc rilthei* than t,lme process parameters. These reql~irenlcnts ere 
n o r i ~ d l y  quite simple: The proccss should produce the highest q~lalit~y products 
at. 1~1inin-~unl costs. 

A reduction of the production costs call mainly he achieved by minilnising: 

rn Process t h e :  

Amount of consumables, e.g. flow enhancement pipes and infusion xnesh. 

Although the final product quality and properties depend on a number of fact,ors 
such as materiaIs used (fibres, resin and geI-coat), curing time, temperature 
and mould surface, the main factors which can be influenced hy the process 
paramet,crs are: 

The fibre volume fraction; 

The nurnber of voids due to air ent.rapments. 

111 t,his part., a genet.ica.lly I~ascd t,ool 4 1  bc yresent.ed t.o opt.imise t.he coiit,rol- 
lable production peramcters for produc.ing the highest. quality products wit,li 
~rlinimurn costs. This pert is iiltxoduced by a lit,eret.ure ovenlicw of previous 
modelling efforts to optimise the RIFT process. Most researchers focused on 
opt,ilzral positions for the inlet(s) and vcnt(s). The reason can he fouild 1:y Iook- 
i i~g at. t . 1 ~  controllable process paramctc:rs in more dct,ail. Hence an in-clept,ll 
overview of these parameters will firstly be given. The literature overview is 
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followcrl by a section wlicre a nlmh distance-based rnodel is clercloped. This 
modcl. although uot physically bascd. is much fastcr and therefore r1iuc.h better 
suitcd for optirnisation piirposcs thari the niodel presented in Part I. This model 
is coupled with a genetic algorithm! which will be presented in the final section. 
formirig the gmctically I~asecl optiniisation tool. 

5.1 Process Parameters 

As presented in Chapter 1, Figure 1.8, t.he adjust,ahle process parameters are: 

Vacxrrirn Pressure 

Resill Viscmit;~ 

Preform Properties 

Irilet(s) aiid \knt,(s) posi tioris 

Flow Enhancement, Structrul.esl 

For an ideal proccss, some of tlic product and prorlwtioii propertries require 
cont.radict.ory procew parameters and an opt,iniurn is not always obvious. The 
influence of the different process parameters on t,he product mid process prop- 
erties and how t,hey can be opthiscd will be explained in more detail: 

The Vacuum Pressure iiifluences the process time and fibre volume fraction 
in qriite R straightforn'arcl manner: Tlie lower thc pressure used (more vacuuni), 
the higher the fibre volume and faster the resin Aow will be. Therefore in most 
cases tix~xirrilirn vacuum pressurc is uscd. An exception is lriadc whew resiris 
are uscd with a volatilc compound, as in most polyester resius. Hcrc a higher 
prcssurc (less ~wut in l )  is used (normally a miriimum of 0.4 bar absolute pressure) 
to make sure this compout~d docs riot out gas ddurir~g the process, mnsirlg gas 
bubbles in the final product. 

The Resin Viscosity has a linear relationship with the mould-filling time. As 
can be derived from Darcy's Law (Eq. 2.1): t.he lower the viscosity t.he fast,er t,he 
resin will flow. Low viscosity resiris are therefore favoured for liquid con~posite 
rnouldirig proce-sses, rriakiilg bite choice of the resin quite easy. The resiri should 
have an acceptable price and a viscosity as lour as possible, while st.ill having 
acceptable chemical artd uicchaiiical properties when cured. 

lAlthough the Bow enhancement st,ructures and the preform properties are directly related, 
t.hey will be discussed separately. 



Tllc Pre form Proper t ies!  influencing bhe RIFT process, are the preform per- 
meability and conlpressibility. The preform pemeability has a linear re1at)ion- 
ship with t.he mould-filling time: The lower the permeability, the slower the 
resin flows. The permeability of the preform depends on the types of fibres! the 
weaving, stmrking or st,it8c1ling pattern, but also: as shown in Appendix B1 on t . 1 ~  
fibre volume fract,ion. In general, a maximum fibre volume fraction is desired 
since this will give the best mechanical properties for bhe final product with 
minimum weight. A high fibre volume fract.ion mill reduce the permeability and 
he lm increase proc-essing time and cost,. In the RTM process, this pcoblcrn can 
11c ovcrcotne. Only a slight pressure (enough to keep the preform in place) is a p  
plied to t-he preform during infusion and hence the fibre volume fraction mill be 
low and t.he perlneabilit,y and resin speed will be high. Aftcr i~~fus ion~  the ~nould 
cavity is made snlallerr which increases the pressure on the preform, rt-srilt,ing 
in a higher fibre volume fraction without, slowing down tlre process. In RIFT! 
the infusion prcswre and pressure on the preform are cuupIed, m prcscnt,cri in 
Section 2.2, Equat,ion 2.3. Therefore a11 optimum has t.o be found between b11e 
fibre volume fraction and the permeability of the preform, depending on t.he 
desired process t.inre, final product properties and costs. 

A way to largely improve the permeability of bhe preform is by using flow en- 
hancement layers. These flow enhancement layers can be int.egrated into the 
preform. '41 example of such a prefor~n is t.he CoreTEX fabric used for this 
researc.11. This textile preform consists of a thick! open sbructured flow enhance- 
ment core which is covered by a few siirgle plies of woven fat~ric. Altllougll 
relatively easy to use, t.he major dramlxwk of t.hme prefornls is t8hat. an excess 
amount of resin stays in the flow enhancement core after the process. Because 
this corc is integrated into the preform, it c a n ~ ~ o t  be removed from the product,, 
causing an extra weight penalby to the final product. 

Anobl-lcr possibilit,y t.o improve t,he permeability is the SCRIMP method. In t.hc 
1980s t,his iliethocl was patented by Seemann (1989). I t  uses a rubber bag as a 
flexible tool which can have an integrated mesh to distribute resin wit.hin t,be 
t.001; elinlinat,iilg t,he need for. an infusion mesh or a br.eat,l~er clot,h atrd red~icirig 
t,he arnoul~t of consuinal~les. This rubber bag sl~ould be tailor-~natle for t,he 
product.. niakiilg it. uuat,t.ract.ivc for m a l l  produ~t~ion numbers. 

The preform compressibility influences the final product thickness and fibre vol- 
ume fraction. The more the preform compresses, the higher the fibre volume 
fraction and the lower the product. t.hickness will be. The choice 01 thc prcforin 
a t d  hence its coinpressil)ili ty properties is mainlj~ determined by the desired 11112- 
chanical properties of the final product. Therefore the preform compressibility 
is nomially not uscd to optirnisc t.he proccss itself. 

T l ~ c  Inle t  ( s )  and Vent  ( s )  posit  ions arc consiclcrcd t hc t ~ ~ o s t  in~port~a~it. vari- 
r-lbles in the proces tlesigrt. The inlet and vent arratlge~nent. must, e-nsrlrc that 
the resin fills the ent.ire preform, preventing dry spots in the final product. In 
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order to reduce fillingtime, it is furthermore preferred t-hat the distance from 
inlet to vent be short,. The optimal position of the inlet. arid wilt was therefore 
a subject of ~nuch research (Cai, 1992; Yomg, 1994; Boccard et  a.l., 1995; Luo 
et  id., 2001; Jiang et  al.: 2002; Gokce k Advalii. 2004). Whereas the position of 
t.he inlet, can almost he chosen freely, the posit,ion of the vents depends on t,lw 
position of the inlet and the geometry of the product. As .Jiang et a/ .  (2002) 
stat.ed in their artide, ve~its should be posit.ioned ut every area which! during 
some st.age of the filling process, does not connect (without passing ct. sat,urat,ed 
area) t,o a vent-. In thcse areas t8he vent.s shouId bc 1ocat.ed a t  t.he posit>ion which 
is filled last. An example can be seen in Figure 5.1 and will be discussed in more 
detail in Section 5.4. 

-++-- 

/vent 10mtiOn 
vent location 

F-+ Area 2 1 

. - .  - .  _- 
Resin Me= a --- 

Figure 5.1: The flow front creating two non-communic.ating areas. 

Flow E n h a n c e m e n t  S t r u c t u r e s  can significantly improve t, he flow filling- 
birnes. As already ment,ionetl, t,lley can be int,egrat,ed in t,he prcfonli. Anot.her 
solution is to put the flow enhancement structures on t.op of the preform with a 
peel-ply in between. This peel-ply aIloms the flow enhancement st.ruct.ures to  be 
"peeled-off' aft.er infusion, solving the problem of the extra weight penalty as- 
sociated wit.h integrated structures. Two types of flow enhancement structures 
were already presented in Figure 1.6: the infusion mesh and t,he spird bind. 
Figure 5.2 shows the tip of a wind t,urhine blade, after product.ion, using t.hese 
flow enhancement structures. A peel-ply was used as n7elI, thus the spiral bind 
(flow pipe) and t.he infusion mesh could be peeled-off t,he final product,, leaving 
a clean product surface. 

The use of the infusion mesh is st,raight.forward: nearIy thc entire top surface 
of the preform can be covered. Because the flow through the infusion mesh is 
much faster t,llan in the preform, care has t,o be taken that. t.he resin gct.3 time to  
flow tl~rough the t,hickness. If this is not the case. the resin in the infrlsion mesh 
ran arrivc at the vent prematurely, causing a dry spot nnder t,he vent location, 
a s  demonstrated by Hsiao el. (11. (2004). 

The great effectiveness of the spiral bind can be demonstrated by comparing its 
permeability with t,he permeability of a preform. The efEec tive permeability of 
a pipe can be found by using the Poiseuille's law (or t,he Hagen-PoiseuiHe law: 
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also named after Got.thilf Heinrich Ludwig Hagen for his espcr i~~uxts  in 1539). 
This physical law describes the flow of an incompressible uniform ~.iscous liquid 
through a narrow cylindrical tube. According to this law, the volun-1i11al Iamirm 
stationary flow Q though a pipe n.it,h a constant circuIiir crass-section r. CI d' IUS I' 

and a Icngt8h I can t)e writt,en as (Sut,era JL Skalak. 

Combining this equation with Darcy's law (Eq.2.1) 
it'y for a pipe with radius r:  

> -.- 

(5.1) 

gives an effective permeabil- 

Consider a pipe n*it,h r = l2xlO-" In. It has an effective permeability of I{ = 
1.8~10-"m2. As shown in Appendix B, even preforms with an optimal flow 
behaviour, Iike CoreTEX, onIy t-lave a permeability betxeen 0.1~10-'m2 and 
l~lO-~m:< If these permeabiIity values are compared, it is clear why flow pipes 
are such an effective way of reducing the infusion time. 

Although the use of flow pipes reduces t,he process time and hence costs, it 
increases t8he amount and costs of cons~~mat.)lcs. Ariot her disndvantage of using 
infusion pipes is that its use is not as st,raight.forward as e.g. t,he infusion mesh. 
There is a great risk of creating dry spots. Figure 5.3 shows a T-shaped flow 
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Figure 5.3: Two pipes causing the flow front to  disconnect 3 areas. 

pipe on a rectangular platme. 

Since the permeability of t,he flow pipcs is much higher than the permeability of 
the surrouuding preform, the resin wilI first. fill the spiral bind. As a result,, the 
three areas in the figure no longer connect and air be entrapped in one of 
t.hese areas: ca~.~sing dry spots. This can be prevented by adding rnore vent.s (as 
shown in t.he figure) or changing the positioning of the pipes. In case of Figure 
5.3, 5 vents wor~ld be requircd in order t.o prevcnt dry spots, whereas wit,hout, 
t,he pipe and a posit,ioning of t,he rpsiii inlet in one of the corners. o1-il-y one vent, 
would be sufficient. 

Looking a t  the adjustable process parameters, it can be concludcd that,, for an 
optinial process, the vacuum pressure is choscn niasinially and rcsin viscosit.y 
rr.liuin~ally. The preform pr~per t~ies  mill mainly depend on t.he desircd n~echi-lnical 
properties of the f i d  product, leaving only the inlet, vent and flow pipe position 
as variables t,o optiinise. 

Previous Modelling Efforts 

The number of optimising tools developed for the RIFT process is significantly 
lowcr than t.hose for t . 1 ~  RTM process (Hsiao el a[.,  2004). A fast. model is 
prcferretl over high accuracy for opt.iniising purposes. RTM models, 1vit.h ail 
"effective" permeability, which accounts for the change in permeabi1it.y due to  
compression. c;ln t,herefore also he useful (Anderson et. d., 2003). For this 
rcason, sonle RTM optrimisation nlodels will also I)e discussed. 

Cai (1992) was one of the first to  Took a t  the optima1 location of the inlet, and 
vent.. Hc came up 1vit.h some useful closed- form solut,ions for the wet 1et1gt.h: 
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mould filling time and pressure distribution of rectangular, t.rapezoida1 and cir- 
cda r  sect,ions. These closed-form s o h  t,ions were used t.o calcn1a t,e t,he I-nould- 
filing time for different scenarios of t.he inlet/vent positions on 2 different 2D 
shapes (rectangular a i d  trapczoitlal), It was concluded that for t,he shortest 
infusion times: inlets and gat,es should be arranged in such a way that. shortest. 
paths can be ac-llieved. Furt,hermore the resin flow direction should be from the 
Iarger sides t,o smaller sides (e.g. wit,h a t,rapezoidal shape), or from the outside 
mould perimet,er t,o the iusidc. 

Two years later! Young (1994) published one of the first algorithms to optimise 
t,hr iulrt locatiorl oil any 21D geomet,ry. 4 previously dewloped non-isothermal 
flow simulation program was coupled with a genetic search algorithm. Genet-ic. 
algorithms belong t,o a cat.egory of st,ochast,ic search techniques, where ouly t-he 
fit,t,est (best objective function) will survive duriirg the artificial evolut.ion pro- 
c-ess. A det,ailed descript,ion will be given in Sec.t,ion 5.5 .  The genet,ic algorithm 
gives the flow simulation software inlet positions as input variables and, depend- 
ing ou t,he results of the sinurlat.ioil: the algorit.1-1n1 opt,imises t8he inlet posit.ions, 
These optimised posit.ioirs arc agah  girrm t-o t.he sirnrrlnt.ion tool until a near 
global optimum is found. Two applic-ations mere presented: a flat rectangular 
nlould, wibh 98 nodes a i d  156 element,s and a Inore cornples automot.ive part. 
with 264 nodes and 448 c1emcnt.s. In the lat,t,er case, the disaclvarrtagc of rising a 
physically based flow model was shown: the calculation of only 600 generations 
with a poprilatioil size of 30 was over 75 hours. Stmill, it wss shown t,hat. a genetic 
a l g o r i t h  has a bet,ter chance to locatme t.he near glolxd optimum than a gradient. 
based search method. 

Borcard e t  (11. (1995) addressed the issuc of cscessive calculation t,inles wlien 
numerical simulntions are used t,o optimise the RTM process. Therefore a fast, 
geometrically based model was presented to determine the vent location of flat 
(2D) RTlI nloulds whicli may corrtain irnperrneal>le inserts. An isot,ropic preform 
pern1eabiIit.y was assumed. The geo~net~ric nloclel used t.lle clistame from t,he inlet' 
t.o t,he pcrirnet,er of thc mould (or srrhclomain ill case of nlrdt,ipIe inlets). A vent, 
should be posit.ionetl a t  t,he dist,ance furthest from the inlet.. By ass~.uning a 
partiaI channel/partial radiaI flow, the mould-filling tirne was calculated based 
on the dist,ance t,he resill has t,o t,raveI from t,he inlct t.o t,he vent. The n~oclel nrrw 
verified with 6 different. mould shapes and good agreement was found between 
actual alld calcuIated fill-times (generally within 10%) in a much faster way than 
wit,h a n~ rne~ i ca l  simulat,ion. However, t,he major drawback of the model is that 
it. is linlit,ed to 2D shapes a-ntl t,he caIcuIation of the dist.alicc for coniplcx parts 
is very difficult (Jiang et a!., 2002). 

In t.hcir art,iclc, Lill et nl. (2000) evaluated t,lle st.rengt-h and nvakmsses of gc- 
netically and gradient based algori t,hnls for opt,unising t,hc RT5I process. It, was 
corlcl~lded t.hat. the strength of genetsic ~lgorit~hrns is the hailding of iliscrct,e i7ari- 
ables and di~cont~inuous functions aud t#hat it. is a global search method n+hich is 
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less likely t,o be trapped in a local opt.iinum. Since the object funct,ion used by 
Lin e t 01. (2000) was sinoot,h, t,hey preferred a quasi-Newtonia 11 r~ret~hod because 
it converged fast,er and hence calcuIatior~ times were shorter. Like Modi el 0.1. 
(2003) also did later, the faulty finit.e element model used by Young (1994) was 
addressed: t,he nloclel used by Youilg (1994) had a non-uniforn~ element size, and 
because a single node wzs used to model t,he inlet,, t.he equivalent inlct radius 
was linearly proportional to t,he size of the adjacent elen~ent,~. Consequent.ly, t,he 
fill-time differed significant.1~ if the element size was varied near t,he inlet.. Lin 
el al. (2000) pre~ent~ed t,he exaniple of inlets of 0.04 111 arid 0.05 nl for a 1 in 
radial mould. The difference in fill-time was larger than 10%. In the optimisa- 
t,ion algori t,hm u~~iforinly meshed geomet,ries were t, hercfore ~med with constant, 
element size. A flat as well as an uneven plate were optimised with areas of 
differe~t permeability and t,he a: and g coordinates of t,he resin inlet were t,aken 
as optimising parameters to opt,inlise the fill-t ime. A significant improvement in 
fill-t,ime was achieved, but neither t.he calculation times nor the position of the 
vcnts were nlenbioned. 

Luo el. al. (2001) used a ncural network and genetic algorit,hms to opt,i~nise the 
inlet and vent position for the RTM process. They defined a resin flow index 
which characterized the resin flow front shape. Their objective function was 
a short filling-time and a desirable resin flow pattern (small distance standard 
deviat,ion). Although they showed that t, heir ueural network proccss model was 
innch faster than a genetic algorithm! t. he neural network required a training of 
simulated experiments, reducing the time advantage significantly. 

Jiang c t  (11. (2002) also used a genetic algorit,hm to, again, opt,imisc the inlet 
and vent position for the RTh:I process. The novel aspect of their research was 
that. a genetic aIgorit,hn mas coupled with a n~esh dist,ancc.-based niodel, wliich 
is a geotnetrically b ~ s e d  flow model. Such a model is fast and can accommodate 
any Qyo of mesh (e.g. the mesh of H st.ruct.ura1 analysis). It is based on the 
assumption t,llat the node dosest to the inlet, is filled first, then the 2nd closest, 
e t c  A more dt?t,ailed description is given in Sect.ion 5.4. The model could only 
optiinise 2D gconletries. An e~t~ellsion to the use of 2 $ ~  - g ~ m e t ~ r i e s  will be 
presented in tmhe nest sect,ioll. Although not nientioned explicitly in t.he art,icle, 
it. was shown how inefFect.ive a genetic algorithm can be. In a case where one 
inlet. was allowed on a model wit.h 930 nodes, it took t,lie algorit.lim 1000 t,rials. It. 
wo11ld have bee11 even faster to txy all 9:30 nodes successively! Due to the mesh 
distmce-based model, opt-imising t.imes in ordcr of minutes instcad of hours, 
like I'ouug (1994): were still achiewd. Unf~rt~unat~ely, no reference was made to 
the hardware used. A decade of computer hardwm develop~nent aloiie could 
already be the reason for this iinpru~ement~. 

Hsiao et 01. (2004) werc some of the few researchers who tmried t.o optiirlise t.he 
RIFT process. RTM software and a genetic aIgorithm were used to find the o p  
timuin for t,he diameter of the flow runner channels and the number of layers of a 
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flow distribution medium. Because these values could be zero: solutions without 
these flow enhancement structures could also be found. For the flow calculat,ion 
they used the sarnc software a.s Correin ef. nl. (2004) (LIMS). The flow distribu- 
tion medium and flow channels were modelled with 2D elements, which only had 
an in-plane per~neabilit~y, but 3D elements were used to  model t,he preform, which 
also took t . 1 ~  t,hrough-t.hct.hickness pern1cabilit.y ir~t,o account,, Good agreement. 
t~ctxcen simulat.ion and espcrinle1lt.s was achie~.ed and t,he void contcnt. was rc- 
duced by a smart. choice of the flow enhancement structures. The arrangement. 
of the flow distribution medium corresponded with the obvious solution, as al- 
ready present,ed in Scct,ion 5.1: the dist,ribut,ion mediuni had t,o covcr t,hc eut,ire 
top surface of t.he preform, except close to  the vent. This nllowed the resin t.o 
flow through the thickness before reaching the vent and hence preventing a dry 
spot. under t,he vc~lt,, Unfort,unat.eIy only o m  desigr~ case, where t,he posit,ion 
of the flow channels/pipes and flow dist.ribution medium were fixed and deter- 
milled by the user in aclva~rc:e, was presented. Especially with larger and rnorc 
complex st.ructures, the optimal position of these flow enhancement structures is 
not always straightforward a ~ i d  should be included in t.he adjustable pr~duct~iori 
parameters, which have to be opt,imised 1)y t,he ror.rtine. 

Gokce k Ailvani (2004) focused on thc optimal gate and vent 10cat~io11 for t,hc 
RTII proccss. Race-t.racking along thc mould perimeter was taken into accourrt, 
as an extra factor. Race-tracking is the phenomenon in which resin flows faster 
through undesirable flow channels than in the rest of the part. These flow 
chamicls occur due to  dist,url~ances irr the prefor~n or (most conlmo~ily) becarrst~ 
the preform does not fit tightly int.0 t.he nlould, creating flow channels a t  the 
perimeter of the product. Race-tracking can bc an issr~e in the RIFT process! but. 
undesired open channels are more likely to  be closed off by the flexible bag. The 
cascades optimisation method was used to find the optimal inlet/vent configu- 
ration and they verified t,heir results in a Virtual Manufact,uing Environment. 

Summarizing all these modelling efforts, it is obvious that most authors focussed 
un ~pt~i~nis i i tg  t,lx inlet./vent positiorrs for t,he RTM process. These algorithms 
can also he used for t,lle RIFT process7 in wlrich ail optimal inlet,/vent posit,ion 
has importance similar to R T M  The tools based on physically based flow models 
were more time consuming than geoinetrically bused on=. Some nut.hors tried to 
reduce calculatioir costs by rat,hcr using ot#her optinising algorithm t~han genetic 
algorit.bnls, but. were then lirnited to continuous objective f~rnctior-1s (Lin ef. al . ,  
2000) or had t.o txain a r~eural rret,work (Luo ei. a(. ,  2001). 

Hsiao et  ai. (2004) showed that significant improvements can be made to t,he 
RIFT process by a "smart" choice of the flow enhancement structures besides 
choosiiig t,lw position of t,he inlct./vcnt correctly. Betker improvements shoriltl 
be possible if also the positioning of the flow enhancement structures would be 
inclur-led in the opt,imising pal-nrneters. As idready presented, t.he posit,ioning of 
t , l ~  distriht.ion medium is quitme ~traight~furnrard a d  does riot ircctl t.o he opti- 
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mised. The   nod el presented here will t,herefore opt.imise the inlet /vent position 
as well as t,he positioning of flow pipes. 

Method of Optimisation 

B;fic-!cl 01-1 the desired process pr~pert~ies (as process costs aud time) the ir~let./vent 
and flow pipe arrangement have to be optimised. As already presented in Section 
1.3, t,l-le optin~rim process properties need to be determined by the user! e.g. 
should t . 1 ~  process be. fast or have low-cost,, etc. 

A nendy developed mesh di~t~tlnce-based nnodcl is used here to simu1at.e the pro- 
cess, based on a given inlet./vent and flow pipe arrangement. This mesh distance- 
Imsed mode1 is much faster and hcnce bett,er suited for optimising purposes. It, 
is similar t,o t,he model developed by .Jimg e t  nl, (2002) and will be exphined in 
the nest sectmion (5.4). The output par.amet.ers of t,he mesh dist'ancc- hilsed nlodel 
arc: 

z: The fill-distance; 

IV,,,,~,: The number of the vents; 

.iVpiw,9: The length of the flow pipe, represented by the number of nodes 
on the pipe (pipe nodes). 

These orit,pnt. paraxnet,ers: are coupled t,o t k  process ~ropert~ies, such ils process 
costs and process t,ime, using weight,ing fun~t~ious. M7it.h the wveightiig factors, 
the output parameters are fitted into an objective function. For the optimisation 
of this objecbive frrnct,ion, a genet.ic algorit,hm (GX) will he used, since the design 
space is nowuniform and discrete. Young (1994) and Lin et 01. (2000) showed 
t.hat although other algorithms car1 he faster, GAS are stable and abIe to find 
tho global opt.i~num. 

In genetics, the objective function is called the fitness function. Young (1994): 
.Jiang et  a/. (2002) alld also Gokce & Advani (2004) came up with similar objec- 
tive or fitness functions to fit the output parameters into a fitness value F. 

Generally, thc fitness fw~ction has the following structare: 
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In Eq. 5.3, n :  represents t.hc weight funct-ions with w , , , ~ ,  for t,he number of vents! 
n~d~,~,,,, for the fill-distance and u;,.;,:, for the iiuriher of pipe nodes respect,ively. 
N,,,j,, is the nuiuber of nodes in the rnodel and hence t,he nlesirnunl number 
of pipe nodes and vents. The last, parameter, a,,,, is t.he maximum calculated 
distilllcc (by t.he mesh distailce-based model) between an?; two nodes in the 
~notlel. The optimuiri of the fitness function is 1. This represents the case where 
there is only one vent: no pipe is being used and the fill-distance is 0. 

Thc values for thc weight. fuiictions are chosen according t,o the objcct,ive of t,he 
optimisation and the desired opt,imulrx process properties. If a short fill- time 
and hence fill-distance is important, the weight function ~ ~ ~ d i , ~ ~ , . , ~ ~ ~ ~  will be larger 
than ill t,he case where the nllmber of vents have to be rcduced or t,he costs of 
consumables has to be reduced. I11 the next chapter: different fitness functions 
will be used for the different design cases which have different objectives: but 
firstly t,lle developed mesh distancebased model and the genet,ic algorithm will 
be presented. 

Mesh Distance-Based Model 

The mesh distance-based illode1 is based on the asquinption that, the resin first 
fills the nodes which are closest to the inlet(s), then the next closest, etc. Al- 
t,l~o~tgli loc,ally true, Cai (1992) already showed that. t.his ~ssuinpt,ion is riot glob- 
ally true for the RIFT or RThf process. If different types of flow exist (radial 
or linear/channel), it is possible that a node further away from the inlet is filled 
earlier t,haii a closer one. Still it is valid t,o make t,tfis assumption when the 
objcct,ive of t,he optiinisation is only t,o minirnise tthe dist,arlce bet,weeii inlet and 
v e ~ ~ t  with the mininlum number of flow pipcs (and an ac:curat.e estimation of the 
fill-time is of second order importance) (Jiang el a/ . ,  2002). 

The distance between the inlet and a certain vent is defined here as the fill- 
distance for that vent and the minimum dist,ance be tn~cn  the inlet. aiitl a c c ~ t ~ a i ~ i  
node is defined as the fill-distance for that node. The process of calculating the 
fill-distanc,es for all nodes is presented in Table 5.1 and depicted in Figure 5.4. 
On 2D parts, the direc.t distance, as depicted in Figure 5.4, could be used, i j s  

Jinng e t  ai. (2002) clicl, but, it will rest.ric!t t,he model t,o the use of geometrically 
(-lescxibetl surfaces. For pilrts where only a 21D unstructwed mesh is giacn. this 
dircct dist ame cannot be usccl. 

Before the fill-dist.ance for every node can be calculated, it should be known 
which nodes are the flow pipe nodes. The definition of the flow pipe nodes will 
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bc discussed in thc next paragraph. 

Table 5.1: Method to calculate the fill-distances 

Procedure 
Initiation 
The neighbour nodes of the inlet(s) are identified as flow front nodes 
and the inlet nodes are defined as distance known nodes with distance 
0. 
Calculation 
The distance of the ff ow front nodes to t.he distance-known-nodes is 
calculated. In case of a t.riangular mesh! as used in this research, the 
dist,ance bet,ween t.wo neighbouring nodes equals t<he edge length of 
t,he element they bot.11 belong to. 
The minimum of the calculated distances for every flow front node is 
t,akerl as the distance from this node to the inlet:. 
The dist,ance of the flow front nodes is now known and therefore 
these nodes are defined as distance known nodes. Their neighbours 
are defined as flow front nodes. 
Terminat ion 
With this new set, of flow front nodes the calculation continues with 
st,cp 2 u~lt~il the dist,ancs of all nodes in t,he model are known. 
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(a) First. step (h) Second step 

Figure 5.4: Calculation of t,he dist'ancc from the start node. 

5.4.1 Definition of the Flow Pipes 

The flow pipes can be defined in various ways. As Lin el nl. (2000) indicat.ed, for 
an accurate flow simuIation the pipe should be modelled using more than one 
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node over its width. In most. cases this would require a re-nleshing of t.he product 
if different scenarios of flow pipe positioning are simulated, causing a significant 
time penal t.y. Becarwe the mesh distance- hascd nlodel is purely geon~et.rically 
based, a single node can he used t.o represent. the widt4h of the pipe, without, 
causing singularities. 

The most straightforward way to define the pipe would be to define a chain of 
connecting nodcs, which represents the shape of the pipe most. accurat,el\:. In t,he 
case of Figure 5.5a, the definition would sbart with node 1: end wit-h node 4 and 
include all the marked nodes in between. The disadvantage of this definition is 
that thc number of possibilities is enormous should t,he optimal pipe pasition be 
rrnknown. I11 a sirnpIe model witah 100 nodes where a11 nodes call he pert of t,hc 
pipe, there are 1.2E+30 possibilities for the po~it~ioning of t,he pipe, making it, 
almost impossible to find an opt.imuin. 

Here another approach is used: the pipe is defined by its starting node and end 
node. The pipe it,seIf lies on n geodesic path bet,\vem the st.xting and end nodes 
along the element edges. This reduces the solution space significantly. For the 
same 100 node model, where the: opt.imum st,art,ing and end node of t . 1 ~  pipe 
have t,o he found, there will "only" he 10.000 possible soli~t~ions for such a pip?. 
This approach reduces the flexibility of the flow pipe: the flow pipe follows a 
gcor l~ ic  pa tall along t,he e1cmeut. edges, whereas with the ot.her approach t,liey 
can follow any path. If: in practice, more flexible pipes are desired, one or more 
extra points on the pipe can he defined, 
much more flexibihty. 

Node 4 

like in Figure 5.5b, giving t,his approach 

r w k 4  

Node 1 

(;I) To node 4 (b) To node -1 via nodp 13.5 

Figure 5.5: Geodesic pat,hs along the elernellt 

The geodesic path between t.wo points on a 

edges of a 

surface is 

pipe st,art,ing in node 1. 

defined as the shortest 
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path 011 t.he surface between these points. Since the flow pipe has to follow 
the element edges; the geodesic path of the flow pipe is defined as the shortest 
path between its stm-ting and end point,s dong the element edges. AH example 
is depicted in Figure 5.3. The actual path of the flow pipe is Ionger than the 
geodesic path het,ween tAe st-arthg and end poiut: Ass~une the widt,h and lengt~h 
of the square in Figure 5.5 are both one met,re: then t,he geodesic path has a 
1engt.h of 1.4142 m whereas the flow pipe a l o ~ ~ g  the element edges has a length 
of 1..5026 In. 

The path of t,he flow pipe is easily found with the routine described in Table 
5.1. The starting node of the flow pipe is defined as the inlet. For every node 
the shorttest. dist,ance to t,he inlet. is stored but, also a "bread-crumb'' cont,aining 
the neighbouring node ID from where it gets its shortmest distmance. For example: 
assulniilg that the start,ing rlode in Figure 5.4b is the beginning of a flow p i p ,  
t1rerr for Node 2: its shortest di~t~arlce t,o the s ta t ing  node is being st,or.ecIt h ~ t .  
also the bread-crumb where it gets it,s distance from: in this case Node 1. 

At. the eud of t,hc ~alculat~ion routmine of Table 5.1, this t.rai1 of bread-crumbs is 
traccd backr start.ing a t  the end node and ending at. t.he begi~lrling of t,he pipe. 
This gives the shortest distance from the end node t,o t,he starting node, but, also 
gives thc int,cr-lying rrodes on the pipe. These nodes, including the begin and 
end nodes, are defined as pipe nodes and define the path of the pipe along the 
clen-ICII~ edges, as show~l in Figure 5.5.  For example, assuming again, that the 
starting node in Figure 5.4b is the beginning of a flow pipe and Kode 2 is the 
end node of the flow pipe, t h n  the t,rail of bread-crumbs will go from Sode 2 to 
Sode 1 m d  end at t,he st,art,ing node. 

As already mentioned, extra flexibility is obtained by defining extra points / 
nodes on the pipe. This is especially necessary when nlodelling curved surfaces, 
for esannple spheres. The geodesic path on a curved surface is not always obvious 
or desired. An example is shown in Figure 5.6. 

Node 3 

- 

- -_ - --. - I. - - . I  

(a) To node 2 (b )  To node 2 via riorle 3 

Figure 5.6: Geodesic p a t h  on a half sphere stmt.ing a t  nocIc. 1. 

Assume t.hat t,he pipe should go from tlode 1 to node 2 over the tfop of the sphere. 
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This is a direct pat.h, but not. t,he geodesic path bet,weell nodes 1 and 2. If on1.y 
2 nodes are defined: the model takes one of the 2 geodesic paths, as can be seen 
in Figure 5.6a. For this desired pat,h a third point., on t,op of t.he sptlerc, has t.o 
be defined, as shown in Figure 5.6b. 

As soon as it11 the pipc nodes are known, the fiH-distance for every node is 
calculated, again by using the routine presented i l l  Table 5.1. Because the per- 
meability of a pipe is much higher than the permeability of a fibrous preform 
(in., show1 in Sect,iorl 5. I ) !  it, is assumed t.hat. as soon as bile pmcess starts, a11 
pipes are filled before any part of the preform wets out. 

Figure 5.7 shows a practical example of the infusion of a 20 foot boat. 11ti11. 

All the pipes are already filled and the amount of wet preform can be ignored. 
Thcrcfore the distance bct.wcen t.he pipe node is divided by a large ~iuniber (here 
1000). making sure t.he pipe nodes are fillcd before any other node, 

Figure 5.7: Inftlsion of a 20 foot boat hd l ,  

5.4.2 Determination of the Vents 

Based on the fill-distance of every node, the position of the vent.s is dckrmined. 
Vcr~ts shodd he pIaccd in s t d l  a way that, all t.he air can emcuat-e during t . 1 ~  
process and no air gets happed in a rtlgion. This is ensured when the vents are 
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positioned at the points which are filled last, while all their neighbouring nodes 
are already filled. 

Boccard et, a!. (2995) as we11 as Jiang et al. (2002) used this definition for their 
vometxical models and placed tjhe vents at t'he maximum distance ill a rcgiol~ 0 

fro111 t,hc idct .  .Jiang et  d. (2002) also searched for these regions by checking! 
during the filling process, whether a11 areas were stiII connected. As soon as 
certain ui~satmat~ed areas were discomect.ed by t,he resin (as depict.eci in Figrile 
5.1 and 3.3), t.hese areas were defined as groups where a vent should be placed. 
These groups are concat,enated (all nodes in t,he group ileighbour to one or more 
other nodes in the group) but caimot bc connected wit,h the other groups ~ i t ~ h o u t ,  
passing the resin. The area of the groups was also calculated. The node wit.h 
t.he maximum distance in every group was then defined as the vent position for 
t.hat group. 

From the article of Jiang et al. (2002) the reason for defining these groups and 
their areas rcmains unclear. A possible explal~ation is trhat it can function as 
an extra parameter of the objective function for the optimising routine. Their 
main objective was to reduce thc numbcr of vents. The area of the groups was 
a more cont.irluous function than the function of the nurnber of vents, which was 
discrete. Optimising cont.inuous functions is much easier than optimising discrete 
ones (Lin et al,, 2000). Better convergence could he achieved if the area of one 
group is tninimised instead of mereIy looking at  the number of vents. However. 
the definition of the groups comes with a serious calculation time penalty because 
ml extra calcdation loop is required. As will be indicated in the next chapter. 
good convergence is also aclGewd without t.his extra calculation Ioop and timc 
prr~altj: 

The method to determine the vent positions developed and used here is simple 
i ~ d  straiglltfoxwrd: the vents should be positioned at the nodes which h a ~ e  
a larger fill-distance than all their neighbouring nodes (Iocal maxima). This 
reduces the determination of the vent to a simple matrix operation. reducir~g 
calculation costs significantly. 

A s  soon as all pipe defining nodes and inlets are known, the maximum fiI1- 
distarlce and t h  rlumber of vents for the model is calculated, using the method 
described in TabIe 5.1, With these parameters and the fitness function, t,he 
fitness value for this pipe arrangement is calcuIated. As already explained in 
Section 5.3 a genet,ic algorithm is used for the maximisation of the fitness func- 
t,iorl. w11icr.h is esplaiiwd ill t.hc nest sectmion. 
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Genetic Algorithm 

The mesh distance-based model calculates the infusion length (fill-distance) and 
the positions and number of vents as a function of the inlet and pipe posit.ions. 
Using the weighting functions, these output parameters are fitted into an ob- 
ject,ive funct.ion. I11 this scct,ion, the opt irni~at~ion of t(l1is objec t,ive function is 
prescntd. 

Generally, t.radi t.iona1 nlgori t.hms for hnct.ion optimisa t.ion are limited to c o l n w  
regular fr.~nctions. They nse cl~arnuteristks, such as  gradient.^, linearity and 
corithuity of the problem t.o determine t,hc rrext. sampIe point,. However, marly 
functions are multi-modal, discontinuous and non-differentiable, like the one in 
this study. For this kind of design space, stochast~ic sampling nletbods can be 
used: the rxcx t sample point. is det.er~nined, based on s t.ochastk sampli~ig/decision 
rnlss rather than on a set of t1cterririnist.i~ dccision rules (Houck et  a/.. 1998). 
Geiietic Algori tIuns (GAS) I-)elolig tfo t,his group of stochastic met,hods. 

TI-~c basic principles of GAS were proposed by Holland (1975). It is based on 
t,hc mecha-nism of nut.ura1 selection and na t u r d  genetics for which t,he Eilglish 
philosopher, Herbert Spencer coined the phrase " Survival of the fittest" (Man 
el d., 1999). The combinatmion of tlesigl-l paramet,ers is rcprcsentcd by a singIc 
bit. st,ring ~nalogue to the genes of a chromosome. Several of t.llese bit st,rings, 
generated by the different conlbina tions of design parameters. forrn a popuIat,ion. 

The degree of "goodness", or how well the chrornosorne fits into the environment. 
is represented by a fitness value, which is calculated using a fitness function, as 
already presented in Section 5.3. Throughout a genetic evolution, the fitter 
chroniosotnc has a tsndcncy to yicld better quality offspring. ~nealiing a better 
solu t io~i  to  the problem. Hence, through natural sclect ion and rq>roduction, the 
population improves and only those who fit in the environment best (highest 
fitness value) will survivc and represent the optimal solution (Young, 1994; Man 
c.! id., 1999). 

The nlaiil s t r ~ n g t ~ h  of GAS is that t.hey :arc robust,, can dcnl n7it.h a wide raligc of 
proklenl t.ypes and ge,nerally produce gIobal opt.imal solut.ions in a large search 
space. As Goldherg (1989) skibed: t.he reason GA's are stiIl robust in a ~niilt,i- 
modal, discontinuous and non-diffcrent.iab1e design space is that tI1e.y &ffw in 
four ways from normal opt8imisa tkm: 

1. G.4s work with n codiilg of the parameter set,, not t,lle parainet.crs thein- 
selves. 

2. GAS search from a population of points, not a single point,. 

3. GAS use objective function (fitness-function) information, not, derivatives 
or other auxiliary knowledge. 



4. GAS use probal>ilistic t,ransitiou rules, not det,ermiriist.ic rules. 

Therefore, as shown a t  the beginning of this chapt-er , most researchers used GAS 
t.o optimise the mould-filling process (Young, 1994; Lin et al., 2000; Lrio et al., 
2001; Jiang et  a/ . ,  2002; Hsiao et al., 2004). Ot,her n~et~hods, such r ~ s  cascaded 
opt,inlisat.ion (Gokce & Advani: 2004) or t,he quasi-Newtonian rnethod presented 
by Lin e t  al. (2000); can ol.,tain fast,er results, but because of its stability and 
other atlva11t.ilges~ a GA is also used here. Furt,liermore, t,he proposcd model is 
much faster than conventional flow models, allowing large nulilbers of it,erat.ions 
in a reIetively short. period of time. 

The different steps h i t  iat ion, SeIect ion, Reproduc t  ion and Terminat ion 
of the GA developed here will be discussed in more detail in t,he subseqr.~cnt 
sections. 

5.5.1 Initiation 

The algoritli~n starts with the initmiation of a randorn popr.ilation. Tradit,ioually, 
binary digit.s are being used to represent t,he design parameters, e.g. a pipc at, 
node posit.ion 10 could be represent.ed wit,h tlie binary digits 00001011. Real or 
int.cgclr wlues can also be used, allowing a wider range of operat,ors. Goldberg 
(1959) recoinn~cndccl "the principle of meaningful building blocks". For t,his 
opt.ir~~isat,iorl problem, an integer represuntat-ion of the pipe posit,ions is rnorr! 
ilicaihgful i l ~ d  t,hcrefore used. The nunher of the node has no physical rc- 
lat,ionship with its position: Similar nuinbers do not have t-o be close to one 
ilnotlwr. 

The definition of the individuals depends on the nurnber of pipes to be allowed 
in t,he process and how bhe pipes should be defined. If only one pipe. is allowed, 
it,s definition is straightforward and defined by its start and end points. For 
example: if t,he pipe st.arts a t  t.he node with t,he node ID 11unitwr 15 ant1 ends 
with node ID number 12, the individual representing this pipe will be defined 
with the " C ~ ~ O I I I O S O I ~ I C ~ ~  [15 121. 

In case more pipcs are allowed, the intlivitluals describing thesc! pipes can bc 
defined in numerous ways. Table 5.2 shows a few examples in case two pipes are 
present. In case the pipes do not have to connect, they both have to be defined 
by t,lleir Beginning node ID (BID) and E I I ~  node ID (EID). In case the pipes are 
connect,ed at  their end points, only the beginning of the first pipe and the end 
of the first and the second pipe have to be defined, because the end of the first 
pipe is t.he same as t,lie beginnir-g of the secoiid pipe. The last case of Table 5.2: 
wlzicl~ will also be used here, is wlien t,he secor~cl pipe co~iilects to any positioir 
on tlie first pipc. The beginning of the second pipe is not defined by a nodc ID, 
but by a length percentage of the first pipe (B%). The node on the first pipe, 
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which is closest to  this length percentage of the first pipe, is chosen as a begin 
node of t,he second pipe. 

5.5.2 Selection 

Table 5.2: Three examples of the definitiorl of the individuals for two pipes 

Once the population has been defined, a selection is made of which individuals 
will produce offspring. One of the most common proportionate select ion tech- 
niqucs, and also the t8ec!hniclue used here? is t8he Roulette Wheel Selcct.ior1 scheme 
(.\,Ian e t  d , ,  1999). 

No Cozrnect.io11 

In this scheme, the fitness of all the individuals in the population is added up, 
giving the tot.al fitness. A random number is generated between 0 and t,he 
total fitness. The individual whose fitness, added to the fitness of the preceding 
inclividuals, is equal or larger t,han the rar~lonl  ~lumker: is selec:t,ed ils a parc~~t , .  
In Figure 5.8 the circumference of the circle is the total fitness of the population 
with 5 individuals. 

Figure 5.8: Roulet, te wheel ~elect~iou. 

Pipes connect bj7 Erds  --- 

The size of the intterval of each individua1 i in the pie chart represents its fitness 
Fi, In t,his figure, individual 1 is the fittest and occupies the largest interval and 
tallerefore has the highest probabilit,y to be chosen. More general: the probability, 
P, ,  that, inclividunl i, with fitness F: is c~hoscu out of a p~pulat~ioit  wit8h PopSia 
individuals is: 

Second connects to First, 



This shows t.hat t, he use of rouletke wheel selection limits t,he GA t,o nia~iniisat~ion 
si~lce t,he evaIuat,iou fu~ict~iotl must map the ~olut~iol~s  tmo a fully ordered set of 
real positive valtles (W). Ot,her niet,hods, such as ranking methods, allow rrlin- 
inlisatiori arid negati~it~y (Houck et al.. 1998). In t,his case the fitness-evaluation 
f~nct~ion can be declared irk such a way t,hat the GA only has to iilaxi~iiisc thc 
fitness function. overcoming this limitation of the roulette wheeI selection. 

5.5.3 Reproduction 

The generation of offspring is controlled by two fundamental operators: Cross- 
over and Mutation. One-point cross-over (also called simple cross-over) is de- 
pict,ed in Figure 5.9. \\:it, h a proha hilitmy Pc,o,,-o,,,,~ an arbit,ra.ry cross-over point 
is chosen and the portions of the two individuals behind that point are cut off 
and exchanged to form the new offspring. 

Parents Offspring 

79 12 - -11 -- 

3 

crossover point 

Figurc 5.9: ExaznpIe of one-point cross-over. 

h1ult8i-point cross-over can be introduced to allow more sect.ions of t,he parelits 
to exchange. Hcra t . 1 ~  1cngt.h of t,he chronla.ome for each individual is liiuitcd 
(thc rnaximrm is the number of pipes t.imes two), making n~ult~i-point cross-owr 
less tlseful (Man et nl . ,  1999). 

The use of real values, t,o represeilt thc design paramet,ers, allows more operators, 
such as (Bcasley et al., 1993): 

a Averagc: take t,he arithiiietk average of the two parent genes. 

a Gconlctric mean: takc t,he sq~rarcroot of the product of t'he tmn70. parent's 

a Extension: take the difference between the two values: and add it to the 
higher! or subtract it froin t,he lower. 

As already nient.ioned, t,he node IDS in the: model only depend 011 t,he way tphe 
niesh was generated and do not have a physical meaning or relatmioi~st-lip with it,s 
positmion. An example are t,he meshes generated by the PDE-Toolbox of Matlab: 
The first. node IDS are positioned at  the corners of the meshed geometry. Any 
kind of averaging or est,erlcling niakes no physical sense and is similar to a raildon1 
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mutation or creation of the offspring. These types of operators were therefore 
not uscd. 

After cross-over the offspring is exposed to mutation. A similarity can be found 
in natural genetics: spontaneous dlangc in the DNA scqtwnce car1 bc cawed 
by dealnirration of certain I~ases. l~ydrolysis of basesugar, radii~t~iorr cia~nage atld 
o x i d a t k  damage (Man et  nl . .  1999, 6). In R GA, mutation is applied to ~ a c h  
offspring individually and randomly with a small probability P,,ul,,,,,,. This 
principle of ~nut~at~ion is depict,ed in Figurc 5.10. 

Old individual New individual 

Irs 24 I T  o x >  > 
A 

mutation point 

Figure 5.10: Esample of one-bit rimdoin mutat.ion. 

Beasley e l  nl. (1993) also prcscnt two extra rnutatiorl operators for real value 
represents a t,' 1011: 

0 Creep: add or subtmct a small: randomly ge,nerut,cci amount. 

0 Geon~et~ric creep: multiply by a raildoin amount. close t,o one. 

For t,he samc reason t,he est,ra crass-over operators were not uscd, these extra 
mutatmion operators were also r~o t  used. 

T l ~ c  probabi1it.y of oross-over (P,,,,,-,,,,,.) and mutatmion (PmutUli,,,) are uormally 
fixed values. The problem with fised values is that after the population evolves, 
it becomes quite hon~ogeneous and offspring produced by cross-over become 
clor~cs instead of new samples. Booker (1987) presented a variable cross-over 
rate, depending on the spread of fitness. When the population converges, the 
rross-over rate is reduced to  give more opportunit,y for mutat,ion to  find new 
variat.ions. De Jong k Spears (1990) showed that having such alr "ad~pt~ivc!' 
cross-over operator enhances long-term performance significantly. In our case: 
the nrutation rate uTas set. to 0.2 and t.he cross-over r a k  varied linearly fro111 1 
to 0.3, dcpcncling on the spread of t.he pop~~latioir, 

Due t.o cl-ass-over arid rrmt.at,ion+ it is possihlc t.hat. the h s t  individual is not 
conserved. M m y  researchers reinsert, the best parent(s) after rnutCat.ion to ensure 
t,hat t,lw best solut,ior~ is cor~servcd. An esarnple is given by hInn et al. (1999. 19) 
where the best half of the parent population and the best half of the offspring 
population are coinhi~tcci to form the new popi11ation. Thc rlisatlvatrtage of 
this method is that it gives less possibilities for the algorithm to find better 
solutions different from t . 1 ~  known solutions, since they have a higher probability 



of selection. Anot,her solut.ion, the n~et~hod used here? is t,o reinsert the best. 
inclividual after 1s-steps. If after 71.-steps no individual had a bett,er fit,ness than 
the hest individual! this best individual is inserted ill t.he algorithm again. 

5.5.4 Termination 

The terminat.ion of the GA is controlled by the convergence and a masin~urn 
number of iteration steps. The solubion is considered to I)e converged, if  the 
fitness of the best individual in the populat.ion did not improve during the last 
nz itcrat.ion st,eps, where n2 has to be det(crn1ined for every case, To prevent. 
cscessive calculation tinles when t,he solut,ion does not converge, a rmxinlurll 
niin~hcr of it,eration st.eps is set. as a safety limit. If t.his lnaxirilunl number of 
st,eps is reacfled: t,Iie iterilt,iori cycle is 'ndecl? hut it is less Iikely that the opt,irnuni 
solution is fowld. 

5.5.5 Implementat ion 

The conibina tion of t,he mesh di~t~ance- based model and t,he Gcnet,ic Algori t.hm 
forms t,he moclel for optiinising the R.IFT process. The mesh dis tame-based 
~liodel and the GA were irnplementd in the MATLAB progranirning e~nrirou- 
rncnt. The structure of the model for opt.inlising RIFT is scheiuat,icaIly rcpre- 
sentecl in Figure 5-11. 

Run mesh distance-base 

Establish fitness-factor for 

Plot best 
individual(s) 

4 no 
Select individuals to form 

offspring 
I + 

Crossover 1 
I 



CHAPTER 6 

Simulations and Results 

The mesh ~list~ance- based c nod el together with the gc11et.i~ a l g ~ r i t ~ l ~ m  w r e ,  like 
the physically based flow model of Part I, also implement.ed in the MATLAB 
programming environment. forming a genetic-ally based opthisat.ion t,ool for the 
R l  F T  process. The two c,omponents of this tool, namely thc mesh distance-bascd 
rnodel and thc genetic a l go r i t h ,  were validatred successively. The results of t . 1 ~  
~wification will therefore also be presented successively. 

The mesh distance-based model is solely geotnetrically based and the following 
i-1.spec.t~ were t.herefore compared with known geornet,ric for~nuIas: 

Calculated Distance: The distances calculated by the lnotlel wrre com- 
pared nri th known geometric clistanccs. 

Position of the Vents: The predicted positions of the vents nw-e vnli- 
cht,ed with cases known from Iiterat-urc. 

Having verified t.he mesh distance-based model, the effecbiveness of t.he genetic 
algorithm and the influence of different. fit-ness funct,ions were analyscd with 
a number of design cases. Finally t,hc results of one of the desigrl cases was 
compared wit,h tllc rcsults of the physic.a.lIy based model of Part I. 

The results of all t,he verifications, presented in this chapter, will be discussed 
in Chapt,cr 7, 

6.1 Calculated Distance 

Thc rnodel uses the method depicted in Figure 5.4 to calculat,e t,he  distance.^ 
between the nodes. Significant errors can occ-ur between this calculated distance 
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(a) direct. (h) direct. 

(cj mesh b a s 4  (d) n ~ ~ s h  based 

Figure? 6.1: Distances from the top to any node on a sphere i ~ ~ d  the disbarices 
from the: l.)ot,t,om left, comer. t,o ally node on a U-shaped plate and t,he error 
hetween t. he: t.wo approach .  



Positio~l of the \jent,s 

ant1 the geomet.rica1, direct. distance. The dircct dist,ance from the starting node 
to node 2 in Figure 5.4 differs quite considerably horn the calculated distance via 
t.he int.erlying node 1. As already preset~t.ed ill Sect,ion 5.4, t,hc direct distancc 
could be used in case thc surfaces of the product are geometrically described. 
The modcl, developed here, has to handh any 2 i D  uast.rnct,ured mesh and henec 
the direct distance. cannot be used. 

Tlie error between the geometrical, direct distanc.e and thc mesh-based dist,ailce 
for rc.spectively a sphere and an U-shaped platme is presented in Figure 6.1. The 
intensit.y of the grey scale represents the fiIl-distance in metres or t.he error in 
percentage. The figure shows that especially close to the inlet, the relative error 
is quit-e large (up to 25%) a-nd that thc relative error between the geometrical 
tlis t.aiice and the mesh- based distance for a certain node decreases if t,he iiuinlm 
of uocles b e t . ~ w e  the inlet and t,hat node increases. The relat,ive error near the 
inlet on thc U-shaped plate is approxiiilately lo%, w1-meas the relative error on 
the poipi, furthest. il\iras from t.he inlet* is more or less 3%. 

6.2 Position of the Vents 

The met,hod to detmmine the locatioil of the vents, presented in Scct,ion 5.4.2: 
was verified using the  result,^ of Boccard e t  d. (1995) and .Jiang ck d. (2002). 
They extensively 1:erified their method t.o determine vent locations with o number 
of rlesigii cases. In these design cases, the user determined the shapc of the (2D) 
products and the position of t,lie inlet(s). The niodcls of Boccard ef. nl. (1995) 
and Jiang e t  ul. (2002) had to find the desired location of the vents for these 
dcsign cases in ordcr t80 prevent dry spots. The forecasted vent. 1ocat.ions were 
validated wit.h the pract,icnl experiinents of Boccard el  nl. (1995) and slio~i~ccl 
good agreeincnt. 

The samc desigli casm of Boccard e t  ul. (1995) and Jiaiig et ~ 2 1 .  (2002) were used 
lierc t.o verify t,he nlet,hod t.o cleterininc the vent, 1ocot.ions of Section 5.4.2. Tht: 
most critical cases, where multiple flow fronts and inserts in the product exist, 
are depicted in Figure 6.2. 

The fringes in the figure represent the fill-distances from the inlet(s). The loca- 
t,iorz of the vents were determined by the tnes11 distance-based n-lodcl of Section 
5.4. The positmiom m d  tllc number of vents all agree wry well (100%) with the 
results froin Boccard et a,/. (1995) a id  Jiang et nl.  (2002). 
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Figure 6.2: Vent (@) and i n k  (0) positions for different. shapes. 

6.3 Design Cases and Model Settings 

The effectiveness of the genetic algorithm was validated with a number of design 
cases. The optimisation tool had to find the optimal pipe and vent location in 
order to miniinise the masimum fill-distance. The model mas allowed to locate 
the pipe(s) alld veut(s) anywhere on the product. The begin 11ode of the first 
flow pipe was considered to be the resin inlet. The pipe and vent arrangement 
was opt.imised for the following prod~~cts:  

0 A flat rectangular pIate; 

A flat T-shaped plate; 

A giicler seat.. 

The flat plates were used to examine the influenc.e of different fitness-functions, 
F'urthermore, t,he o p t h d  sol~t~ions for these plates were easier to recognize. since 
they are 2D psoducts. 

Thc glider seat is a 3D colnples part and was i ~ c d  to vdidatc how t,Izc opti- 
misation tool handles these kinds of shapes. Different numbers of flow pipes 
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were allowed on the product to  show t,he influence on the optimal solubion. The 
final solution of the genetically based optimisation tool was verified with the 
physically based model of Part I. 

For all design cascs, t,he following moclel set,t.ings, as tlcscribed in Sec t,ion 5.5, 
were chosell: 

Popu la t ion  size: was sct at 20. This number was based on thc rec- 
oinmendat.ions of De .Jong k Spears (1990) as well as Man ef. ul.  (1949, 
10). 

a Probabi l i ty  of M u t a t i o n :  was set, a t  0.2: as also rcconlmeucied by De 
Jong & Spears (1990). 

a Probabi l i ty  o f  Cross-over: was varied linearly between 1 and 0.3: dc 
pending on t,lic spread of the population. 

a R e i r ~ s e r t i o n  ra t e :  t . 1 ~  best iritliviclrlal was reinsert.ed after e\lery 20 #en- 
era.t,ions, unless a better ir~rlividnel had been found in thc mcant,irne. 

a Convergence: if the fitness did not improve during the last 200 steps, the 
solution was considered t,o bc cowverged. This was based on experience: 
The solution of the cases used hcre did not improve flirther if more than 
170 generat,ions w r e  calcula tcd since the last bcst. sol11 tion. 

a A4aximum n u m b e r  of i te ra t ion  steps:  was set. at. 1000. This unniber 
was rlcver reached for t,he results presented in t,he following sections. 

FinaIly the fitness function was defined. The function used here gives the fitness; 
F, as a function of the fill-distance, J ,  and the ~llasimuln distance in the model: 

Thc variable P,,.,,t, works as a pcnalt,y ill  case an individual has more vents. 
Nv, ,, , , than the rnasinlrm allon-able nnmber of vents, Nu, and was defined as: 

6.4 Rectangular Plate 

The first design case was a rectangular, flat pIate with dimensions 0.6 x 1.0 m, 
meshed with 1581 nodes and 3000 first-order triangular elements. 



Four scenarios a7ere simulated. For the first three scenarios, the objective of the 
optimisation was to  minimise t.he maximum fill-distance. For the last scenario, 
t.Iic ~luml>er of cor-mrnables had t,o be minirnised as well. 

6.4.1 Scenario 1 

For the first scenario, the optimisation tool had to find the minimum fill-distance 
(thus maximising t,he fitness function F of Eq.6.1) using one pipe only. The pipe 
was defined by only its Begin- and End node ID-number, or as defined in Table 
5.2: ]BID EID]. One vcnt was allonwl and liei-~ce in Q. 6.1, rVa=l. 

Convergencc was rrcached after 17 rn i~iu t ,~s  or1 a 2.01 GHz PC with 512 MB of 
RAM. Tlie best solution: after convergence was reached, is prcserit,ed iri Figure 
6.3. In this figure, and also in the following figures, ao are pipe nodes, @ marks 
t.lie position of a vent. and 9 is the beginning of t.he flow pipe and also the inlet. 
The int,ensit.y of the grey scale represents the fill-distance in metres. 

The solution presented in Figure 6.3a confirms the obvious result and corre- 
sponds with t,he deign rules of Cai (1992). Figure 6.3b shows thc inasiruurn. 
minimum and average f i tnes  of the population during the optirnisation cycles. 

(a) Best solution (b) DeveIop~i~enl of t.he populatiol~ 

Figure 6.3: 0pt.imising the fill-distance if 1 vent and 1 pipe are allowed. 

Aftcr npproxi~i-lilt~ely 120 ge~ierations (117 t.o he exact.), the optimal solution 
was found. Evcry gerierat,iorl corisisted of 20 individuals, thus 2340 individuals 
(or i t.erat.ion steps) nre.re calciilat~ed to  oht,aii-I t.he opt.inia1 s o h  t.ion. With 158 1 
nodes iii t.lic n-lodcl, t,Iicre were 1249780 possibilities to position this pipe. This 
shows t,hat the genetic algorithm is ove-r 500 times more effective t ,hm t.ryir~g all 
possibilities successively. However, ils s l l o n ~ ~  in Figure 6.31, aftcr t,he o p t h a l  
solut,ion was found, t,he algorithm calculated anot,her 200 ge~ierat~ions tpo cnsure 



convergence. and t.he solu tior1 obtained was t.he optimal so111 tion. This rcsultcrl 
in a total of 318 generations (6360 individuals), which is stmill almost 200 t h c s  
lcss trhan the total number of po~sihilit~ics. 

6.4.2 Scenario 2 

The object,ive of t.he second scenario was the same as the first,, and again only 
one pipe and vent were dlowed. However, the pipe was defined using an extra 
centrd point, making the definition of this pipe according to Table 5.2: [BID 
EID/BID EID]. In this case, there were approsimat,ely 4~10~0ss ib i l i t~ ics  for the 
positioning t,his pipe. 

The best solut,ion after convt?rgencc is rlepictccl in Figure 6.4. 

(a) Best solut.ion (b) Dewlopmmt of the poprda~ion 

Figure 6.4: Optimising t,he fill-distance if 1 vent and 1 pipe with a central point 
are allowcd. 

The solution shown in Figure 6.4 has the same fitness as the solution of scenario 
2. One would probat~ly expect. that the pipe would go all blie way up to t.he 
upper right corner. Ho\vever, this would not reduce the maximum fill-distance, 
since 0.6 111 will st.ill he t,Iic rilaxiinurn distance from any pipe. More i~lt~eresting is 
t,he dcvelopme~it of the populatioii: t.he algorit,lm iicetletl more or less thc same 
null-her of individuals to comc to conmrgencc compared t.o t.he first scenario, al- 
though the nrrmhcr of possible solutions was much larger. Thc gcnetk algorithnl 
became more effective as t,he number of design parameters increased. Of course 
the figure only shows one case. Therefore t-he first scenario was simulated 50 
times! as well as the second scenario. On a\lerage: the first scenario converged 
~ f t , e r  326 generations arid the secor-~cl after 353 gerierations. 



6.4.3 Scenario 3 

The object,ive of t,hc t,liird scenario was! like the otller scenarios, t,o rlliriinlise t,he 
masirnun1 fill-distance. However, a total of 3 pipes and 2 vents were allowed 
on the product. The first pipe was defined by an extra central point and two 
other pipes had to connect to this main pipe. The definition, according to Table 
5.2, for these pipes is: [BID EID/BID EID B% EID B% EID]. The same fitness 
lr~nct,ion was uscd, but in order to allow 2 vents on the product iYa = 2. 

The results alter c~n\~ergence are presented in Figure 6.5. Also here t,he algori h i  

did not need significantIy more calcuIation time than with the first scenario. 

(a) Dest solut.ion (b) DetcIoprnmt. of (.he population 

Figure 6.5: Optimising the fill-distance if 2 vents and 3 pipes are allowed. 

The result of this scenario also confirmed the obvious solution, but aIso gave rise 
t,o t,he questmion: Is this the optimal sohtion n7it.h the miniinum number of pipe 
nocles required? It can be expected tabat,, for example! t.he middle pipe could 
be shorter without redwing the maximum fill-distance of 0.14 m. Therefore the 
amount, of consumables was minimised as well as in the fourth and final scenario. 

6.4.4 Scenario 4 

The objective of the fourth scenario was to minimise b0t.h the fill-distance and 
the flow pipe length, The same boundary conditions (number of pipes and vents) 
appIietl as for scenario 3. By reducing the pipe lengt,h, tphe amount and cost of 
consumables as we11 as the amount of resin needed t,o fill the product will be 
reduced. If! for exanlpIc? a spiral bind with a diamet,er of 12 nlm is used! every 
meter of this flow pipe will consume an extra 112 1nl of resin. 



Rectangular Plat,e 

In case a reduct,ion of consruuakles and costs is dcsired, the ge11et.i~ algorithm 
can easiIy be adjusted to minirnise the flow pipe length: simply by modifying 
the fitness function. The total length of the flow pipes could be calculated by 
nclding up the lengt,hs of t.he edges of t.he elements hetBween t,he pipe nodes. It. is 
much faster to look at t-he nrl~nber of pipe nodes, Npip,! which also gives a fair 
inclication of t8he tot.al pipe length, provided the Iengths of tmhe elenlent. eclges are 
more or less uniform. The following fitness function was therefore used to also 
minin-lise the pipe 1engt.h: 

ln this fitness function, N,,dc, is the total number of nodes in t,hc rnocleI. Because 
t,he t.ot,al ilurrlber of nodes in the mode1 is usually nluch larger t,han the number 
of pipc nodes, Np;p,, t,he t.erm Npipa/XnodM is not, very sensitive t,o a changc 
in t . 1 ~  rnimber of pipe nodes. A 4th power was therefore applied to the pipe 
evaluation. Hsim ti.  al. (2004) also used t.his 4t,h power t,o distinguish the good 
results from a hatch of results inow clearly. 

The factors W ~ i ~ f ~ ~ ~ ~  and u:,+,, arc t.he weighting factors for the evaluat,ion of 
the fill-distance and the number of pipe nodes respectively. These weighting 
factors have a huge influence on the final solution: If u~dil l tnnm=l and u:p,s=O, 
t,he soltitmion will tw as depicted in Figure G.5a. If ~ ! d i ~ ( ~ ~ ~ ~ = 0  and .w,;,.,=l, 
t,he optimal solnt,ion will be t,hat no pipes are placed on t,he product,. Here, 
. W J ~ ~ L ~ ~ , - ~  and u:,,i,:, were set a t  0.1 and 0.9 respectively in order t,o ernpllasise the 
optimisation of the flow pipe length. St,i11: it had to be ensured that the total 
fill-distance is not larger than the allowable fill-dist.ance, which was arbitrarily 
set a t  0.2 nl. For t.llis reason, an extra pellalty ftulction, Pdialnnrx: was int,roduccd, 
which reduced the fitness if the fill-distance is larger than 0.2 m: 

The result with the highest fitness factor after convergence is depicted in Figure 
6.6. All three horizontal pipes were shorter and the length of the flow pipes was 
reduced by 0.34 m compared to the previous case. The maximum fill-distance 
was 0.2 111, as could be expectccl due to the penalty fnnct.ion. 



6. S I ~ ~ U L A T I O ~ S  A N D  RESULTS 

Individual: 1 Fitness: 0.43312 

Figure 6.6: Opt,imising the fill-distance and t,he amount of consumables if 2 vents 
and 3 pipes are allowed. 

6.5 T-Shaped Plate 

The optimal positioning of the flow pipes on the rectangular plate was quite 
~traight~forward. Therefore the pipe positioning on a 1 s 1 m T-shaped plate 
was also opthised .  The object.ive was t,he same as for t,he rectangular plate: 
minimising the maximum fill-dist,ance. One main pipe and onc pipe at,tachcd 
to  this main pipe were allowed on t.he plate, so the definition of the pipes was: 
[BID EID B% Em]. The amount of consumahles was kept, free, so Eq. 6.1 was 
used to calculate the fitness for every individual. 

6.5.1 Scenario 1 

In the first scenario, the number of vents was kept free as well, so ilia = oc. For 
t<his case, the best. and second best soIut.ion aft-er convergence are presented in 
Figure 6.7 

The nurnber of vents in Figure 6.7, especially for the best solution, was quite 
large. In a production environnlcnt t.lis is undesirable, especially if the vent,s 
are 1oc;ated on the product and on t,Iie perinreter. Thercfim a secorid sceriario 
was s in~uhted .  



(a) best. solut,ion (b) sccond best. soIut,iou 

Figure 6.7: Fill-dist~ance of the two best solutions for a T-shaped plate if the 
number of vents may be infinite. 

6.5.2 Scenario 2 

I11 this scenario! the alIowable number of vent,s was set a t  I (A', = 1) a i d  thc 
objective was still to minimise the maximum fill-distance. The best and second 
best, solution aft,er convergence for this scenario are presented in Figure 6,8. S o  
opt,irnal solution was found with only one vent,. Interestingly, the sccorlcl best 
solution even had 3 vents, but because the fill-distance was significantly smaller 
than t h t .  of the best sol~ltion, it stilI had a comparable value for the fitness. 

(a) bwt. soltition (1)) second best solur io~t  

Figure 6.8: Fill-distance of the two best solutions for a T-shaped plat,e if t.he 
number of vents should be one. 



6.  SIX,IULATIONS AND RESULTS 

Glider Seat 

The following design case was a pilot seat for a glider. Where t'he previous design 
cases were only 2D, this product was 3D and had a more comples shape. The 
seat is basically w hat,h-tub sha-pe with a hack rest and arinrests on either side. 
011  t,he ot,her side of the back rest there are trwo leg rests with a gap in hetweeri 
for t,he control stick. The arm rests are on different levels, t,hus thc product is 
not sgnirnet.rica1. The CAD model is depicted ill Figure 6.9~1. This CAD model 
was meshed with MSGPatran using 1463 first-order triangular elements and 807 
iiodes. Thc meshed FEM model is presented in Figwe 6.9h. 

(a) CAD (b) FEhI 

Figure 69:  The CAD and FEM inodel of the glider seat 

The seat consists of a combination of carbon-and-Kevlar fibre and production 
nuinhers are oiily a few per year. Since the permeability of this ca.rbon/Ke\:lsr 
combination is quite low, infusion times and thus the maximum fill-dist,ance had 
t,o he as short as possible. The nu~i~bcr  of vents was kept. free ( A T a  = cc) and the 
fitness function of Eq.6.1 was used. Due to the two leg rests, it was clear that 
a t  least two pipes should be used, otliernrisc oiie of the two leg rests would not, 
contain a pipe which will increase t.he fill-distance by at least t,he full length of 
the leg rest (approx. 0.5 m) 

6.6.1 Scenario 1 

For the first optimisation scenario, 2 pipes were allowed, where the second pipe 
had to connect to the first pipe. Both pipes were defined using three points, as 
described in Section 5.4.1, to allow the pipes to be more flexible on the curved 
surfaces, 



Glider Seat 

The result with the best fitness factor, after the optimisation routine converged, 
is presented in Fig~~re  6.10. Convergence : e w s  rcwhed after 382 generntciorls alici 

10 minutes of caIcula.tion t.ime. The solution with t.he best fitness factor had 
both pipes leading to the end of each leg rest, where the second pipe connected 
right a t  t,he beginning of the first, pipe. The maximum fill-distance was 0.26 in 
and the number of 17ents was 8. 

O 1 

jan 

I, 0.1 

D Q 

(a) 'Ibp View (b )  3D vicw 

Figure 6.10: Optimal pipe position on a glider seat if 2 pipes are allowed. (o  is 
a pipe, X is a vcnt and @ is the inlct) 

6.6.2 Scenario 2 

In order t.o reduce the fill-distance even further, a second scenario was simdat.ed 
where a t,hirtl pipe was allowed. Conr;ergcnc:e was reached after 551 generat,ioils 
and 14 ~ninut~es of caiculntion t,ime. The ~olut~ions wit,h the best and second best 
fitness after convergence are depicted in Figure 6.11. 

The fill-distance was further reduced to 0.21 metre. The solution with the highest 
fitness required a total of 9 vents, whereas with t,he solution 1vit.h the second 
best fit,ness only 8 vents were necessary. Therefore, the second best solution was 
preferrcrl to t.he hest solution. 



6. SIMULATIONS AND RESULTS 

(a) Best solut-ion [b) Second hrst solution 

Figure 6.11: Optimal pipe position on a glider seat if 3 pipes are allowed. 

6.6.3 Verification with the Physically Based Flow Model 

Figure 6.11b shows the required position of the vents for this flowpipe set-up. 
Since the mesh distancc-based model is only geonletrically based, t,he posit,ion 
of the vents should be verified with a simulation, using a physically based flow 
model. Here t,he flow model presented in Part I was used, wibhout the preform 
compact.ion. The preform perlneabi1it.y and resin viscosit,~; were both rior~nalised 
to unity. The genetically based optirriisation tool defines the flow pipes by nodes, 
whereas the physically based model uses t,he centroids of the cont.ro1 volwncs. 
Therefore the physically based flow model WEIS extended to accommodate the 2D 
flow pipes. A detailed description of this extension can be found in Appendix 
C. Figure 6-12 shows a 3D view of the seat with t,he 2D flow pipes and Figrue 
6.13 shows the meshed model. 

Figure 6.12: 3D view of the used model for the flow simulation. 

The flow pipe had a permeability which was a factor 1000 higher than the rest of 
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Glider Seat 

Figure 6.13: Flow pipe and inlet position used by the flow model and predicted 
writ position calcdated by thdooa: mode1 of Part I. 

thc preform. This is the same factor as used by the genetically based optmimisat.ion 
tooI. The simulation of the mould filling with the physically based flow model 
took 32 mini.ites. The simulated propagatmion of the flow front is depicted in 
Figure 6.14, wherc t ,  is the normaIised time, which is defined by the time a t  
t.hat, n~onlent., t :  divided by the total filling time, t l O l a l .  

The prediction of the position of the vents by the physically based flow model can 
be derived from this flowfront propagation, but is also presented in Figure 6.13. 
The 11urnber of vents and the area where t.hese vents hild to be positioned agreed 
quite wcll with the results of the mesh dist,ance-based model. Only t.he exact 
posit.ions differed slightly compared to the predicted positions by the genetically 
based opthisation model. 



6. SMJLATIONS AND RESULTS 

[a) 1 ,  = 0.1 (b) t, = 0.2 

( c )  t ,, = 0:4 (d) 1 ,  = 0,5 

(r) l , ,  = 0.6 ( f )  l , ,  = 0.7 

(6) 1 ,  = 0.8 (h) t ,  = 0.9 

Figure 6.14: Simulat.ed mould filling of a glider seat at different times, where 
41 = t / t l " l d .  



Discussion of the Genetic 
Approach and its Results 

7.1 Discussion 

7.1.1 CalcuIated Distance 

The distances calculated by the model, as presented in Section 6.1, differed up 
to 25% frotn t,he geometrical, direct dist.ance in some areas. This error depcnds 
largely on tmhc struc,t,tm of the mesh. One extmme. where t,hc relat,iw error is 
zero, is the lcft, side of the U-shaped p1at.e of Figure 6.1 and at 0, 90: 180 and 
270 de,grem on the sphere. The nodes along these lines arc on a st.raight. Iine 
arid therefor(: t.he error is. obviously, zero. At~ot,her ext,renic, \v11ere a n ~ a x i n ~ u n ~  
error occurs, is depictecl in Figure 7.1. 

Figure 7.1: A stsuctured mesh in which t,hc 
q~ladrant~. 

nodes do not. conncct in everj' 

Assun~c the dist,ances from node 1 to node 4, 2 t,o 4 and 3 to 4 are all 1. 111 that, 
case! the gcotnet,ric and rncsh-based distance froin i~ode  1 t,o node 2 are hot,h 



d. However! t.he mesh-based distance from node 1 to node 3 is 2 (via node 4) 
albho~rgh t , l h  dist,ance should also be 8. AIL error of 41% occurs, which is also 
tllc maxirnurn error of the model. 

This mesh-str~ict,i.rre dcperdent crror should be borne in mind when creating the 
mesh for u model. The nodes in the mesh should have one or more connect.ions 
to other nodes in every quadrant and not be as node 4, for example. This node 
has only coilnections in t,he quadrants 3 and 4. Modern preprocessors, such as 
MSC-PATR AN as used here, have t,he possibili ty to generate such mesh(%! wl~ich 
reduces this error significantly. 

As also shown, t,lie error of the clistance bet.n:een t'nro points reel~mxl if thc r111n.l- 
her of nodcs between these points increased. Only the dist,ance to the vents 
(maximum filtdistance) and the posit,ion and number of vents is of importance 
for t,he opt,irnisation. Sirice t,he vents are positio~ied at  tIie poi~its furt(hest away 
from t,he inlet., the distancr, a t  t,he vents is rcla t,iveIy ixxxrabc (with tclic prcsmted 
cases n:it.hin 3%) .  Tlie rnesl~ di~t~tirice-hascd nioclc.1 is t,ht.rcfot.e very well suitfed 
for minimizing the maximum fill-distance. 

7.1.2 Position of the Vents 

Tlie posit,iori and the numbcr of vent,s narc also prcdict,ed well by the niesh 
distarice-lmed   nod el. For thc? scer~arios presented in Sectioli 6.2, the number of 
vent,s and their pmit.ioris agreed 100% with t.he resu1t.s known from t,Ile li tera turc. 
In a11 these cases, the resin was injected from one or more points causing oiily 
a radial flom in the product. If the resin is injected using a flow pipe, t,he flom 
wiI1 be partially radial and partially linear. If these two different types of flow 
exist, t.he assumption that t.he point furthest away horn the inlet or flow pipe 
is filIed last may not be true. The mould filling of t.he glider seat, simulated 
by both thc physically bawd 1i1odt:l and t,he genet,ically bascd opt,iniisat,ion tool, 
showed that the position of the vents can be different. Although the number 
of vents and the region, where these vents should be placcd, \vils pr~c-lictrtl well 
by the mesh distance-based model, the exact posit.ion differed from that of the 
physically based ~noclel. Once an opt(ima1 solution is found and a more accurat.e 
location of the vents is desired, an extra simulation with a physically based flow 
~nodcl should t.herefore be performed. 

7.1.3 Rectangular Plate 

In the first design case, the flow pipe position on a rectangular plate was op- 
t.imised. A total of 2340 individuals were calculated t,o come to co~ivergence. 
The best. solution after convergence agreed very well wit, h t,he obvious optrinlal 
solut,ion. It also showed that t,he genet,ic algorithm, used here, had a higher ef- 



Discussion 

fectiveness than the one used by Jiang e t  al. (2002). They needed 3071 trials t.o 
optirnise the position of 2 inlets (which is similar to a pipe defined by its begin 
and end point,) for a 1036 node model. This is mainly due to the variable cross- 
over rate wl-rich allowed the solution t.o converge fast,er t,o t , l~e optimal solut.ion 
(De .long & Spears, 1990). 

This design case also showed that the genetic algorithm became more effective 
if t,he number of design parameters, i.e. number of pipes, increased. The reason 
lies in the nat,urc of t . 1 ~  genetic a1gorit:lm and the problem itself: the begin and 
end posit.ions of t,he pipes can be opt.imised independent.ly from one another and, 
due to  cross-over, the solutions found for the different pipes can be interchanged 
as well. 

In t.he last optimisation scenario of the rectangular plate, the length of the flow 
pipes was also optimised. The calculation of the total pipe Icngth was sirnpIificd 
by taking t.he number of flow pipe nodes as an indication for the total flow pipe 
length. Although this assumption saves significant calculation time, it requires 
a coristmlt element edge length in the model. In the case of t.he rectangular 
plate, the diagoiral elenlent edges were a factor 4 longer t.han the horizontal 
and vertical ones. Therefore it can be expcctcd that. the modcl will favour flow 
pipes along the diagonal edges since more distance is covered with less flow pipe 
nodes. In the presented case, this phenomenon did not occur, which justified 
the simplification. 

7.1.4 T-Shaped Plate 

The opt imisat ion of the T-shaped plate showed the influence of t.he fitness func- 
tion. The numbcr of vent.s could tfrastically t)c reduced (from 7 to 3) with the 
the fiI1-distance only increasing by 0.1 m. Although, in the second scenario! the 
objective was to find a solution with only 1 vent, the optimisation tool only 
found solut,ions with two and more vents. This correlat,c-.s wit.11 t,he result,s of 
Boccard c t  al. (1995). They shonml, for a similar shape, that. at  least. 2 vents 
mere necessary, since, if the inlet can be on any of t,he nodes in the model. there 
will be at, least 2 local masirnums. 

The nlirlilnurn number of vents cal-1 aIso he useful informat.ion for the mould 
design. The mesh distance-based model can provide t.his infornlution by calcu- 
lating the distance from every node t.o all ot.her r~odes. The ininimun-I rlumber 
of Iocal maxirni~ills equals the rilininluln rlu~nbcr of venbs. A1t;hougl-i t,his may 
sou~ld elaborate and time consuming, it. took the rncsl i distance-based model 
approxima t,ely 2 n-1ini.it.e~ for the 1581 node model to calc!lllat.e the dist.ance from 
every nodc to all other nodes. 



7. ~)~scuss~ON 01: THE GENETIC APPROAC:H AND ITS RESULTS 

7.1.5 Glider Seat 

On a more complex shape, like tfhe glider seat, t,he optimal pipe position is not 
always obvious and this is where the developed ~pt~irnisation t.001 becomes wry 
useful. Especially t.he second scenario showed that solutions with a fit.ness close 
t.o the optimal solution can be different but still of interest. After an optimisation 
cycle it. is t,herefore recomn- ended to Iook at  all individuals of the last popula tiotl? 
since one of t,hme individuals (like the second bcst solutiorl in this case) can be 
better suited for a reason, which cannot be or is not included in the fitness 
func t,ion. 

Thc hest solut.ion for t,he 3-pipe-scenario was hasically an extension of the best 
soluteion for the 2-pipe-scenario. If the best, solution for the 2-pipe-scenario would 
have been used in the init,ial popuIation for the Spipe-scenario: the optimal solu- 
tion! as dcpickd in Figwe 6.11a. mould have been found within 30 generations. 
Although this reduces the calculation time significant.ly (from 351 to 30 genera- 
tions) it has the disadvantage that t>he second best sol~.~t,ion, as shown ill Figure 
G.l1b, would not have been found. The bwtr solution of t,he previous optimi- 
sation has a fitness which is much better than the other random individuals in 
the initial population. Due t<o the roulet,te mhccltl select.ion, the fiop~lat~ion will 
convcrge premat,ure.ly a11d other, sub-op tirnaI soIut,ions will not be found. A solu- 
tion could be to use more populations simultaneously, as proposed by Pohlhei~n 
(l!XE). One population c!oulcl stmart wi t,h t, he best solut-ion of a previous optimi- 
sat,ion cycle and the other populat,ion(s) wit,h a rantfonl pop~~lat~ion. This would 
allow the algorithm to evolve different (sub-) optimal design solutions simulta- 
neously. It. is, liowever~ questionable, with such a n1ult.i-population approach, 
n:het.her t,he calculatio~l t8ime advant,age still exists, 

Conclusion 

The ge~~et~ically based opt,imisat,ion tool cleveloped in t.his part provided a fast 
method for optimising the different process parameters of the RIFT process. 
The opti~nisat~ion tool was bescd on a me4 distance-based model and a genetic 
opt.imisation algorit.hm. 

The genetic algorithm provided a stable and effective optimisation method. A 
variable cross-over rate increased the effectiveness. Depending on the choice 
of the fitness function, the algorit,hm was capabIe of optimising the different 
productiorr paramet.ers such ~3 flow pipe position and length, fill-distance and 
number of vents, ~ h e r c  previous models only focused on an optimal inlet/vent 
arrangement. The genetic dgorithm did not only provide the opt,in~al solut.ion. 
but also the sub-opt,imal solutions, which were also of int,erest.. 



The mesh dist.ance-based model gave a fast predict ion of the fill-disbance and 
position and number of the vet~ts and was therefore very well suited for o1)t.i- 
misat ion purposes. Although differences between the geometric distance and 
the calculated distances occur close to the inlet, the maximum fill-distances at 
t.he vent,s were within an acceptable range. The position and number of vents! 
prcclict,ed by t.hc model: agreed 100% wit.11 the t,est cases known from lit,crat,ure. 

As soon as different types of flow exist! as with the glider seat, the predicted 
positions of the vents differed from the actual ones. This did not influence the 
optmimisation process, siuct. the number and region were still correct,. but required 
a final calculation with a physically based flow model to give a more exact vent 
position. 





General Conclusion and 
Recommendat ions 

Tlie rilain ol>jectivm of t.liis research, as presented in C1~pt.ec 1, were t.o be a-ble t,o 
sinw1at.e aild to opt.itnise t.he R.IFT process in advance. Therefore 2 inodels were 
developed: a physically based flow model and a genetically based optirliisation 
model, 

The physically basecl flow model took all the process parameters such as the wet 
nncl dry con~prmsibility and permeabi1it.y of the preform, tmuum prmmre and 
the resin inlet position aud viscosity int,o tuxount.. The relatior1 between t.l~ese 
paraniet.cl.5: \\;as cletermiued cxperirnenta-lly using compression, viscosit.y and per- 
meability test.~. Xew material models were developed to model the different wet 
and dry preform compressibility and permeability. A significant clifference in 
wet and dry prefo1.1~ coinpact~ion \\:as found. Tlicrefore t.lie preform compact,ion 
flux was taken into account as well. Finally the model was incorporated into a 
co~oputer siniula t,ioli tool which hanclles any 2 1 D geonlet,ry. 

The model was verified with known analytical solutions and experiments where 
the measured flow front propagation and preform t,hickness during mould-filling 
wcre compared wit,h the simulated rcsults. This vcrificat,ion showed that t h  
model was able to predict the process properties such as fill-t.ime, flow front 
propagat.ion and preform tal1ickness vcry well. 

The preforms used for this research demonstrated different wet and dry preform 
compaction behaviour. The accuracy of t.he predicted flow front propagation 
and fill-times was significantly increased by t.aking these different wet and dry 
preform properties into account. The gained acc.uracy comes with a significant 
time pena1t.y. since the process has to be modelled as transient and the fibre 
compaction flux has to be t.akeri into account.. . For preforms with very similar 
wet and dry colnpaction behaviour, it c.oulc1 be po.ssil>le that t$he results with a i d  
wibhout the fibre compaction flw term are very similar. It would be advisable, in 



these cases. to ignore the fibre compaction flux term and model the process quasi- 
static. as done in all previous models, since i t  will save significar~t calculation 
time. Further research should reveal whet,her it is possible to decide, in advance. 
\vhether or not t,hc proccss should bc rnodcllcd as ttransient. depending on the 
type of preform, colnpaction behaviour, resin speed and desired accuracy. 

Deternrining t.he process parameters, especially t.he experimenbal det,ernlinat,ion 
of the preform permeability under different pressures, was quite time consum- 
ing. In the cmcs presented here, arr isot.ropic pcr.m~nbi1it.y was assumed. In case 
anisotropic behaviour needs tfo be taken into account. as well! t,he experiment,al 
effort will be even more intense. There are two ways to solve this problem. The 
met,hod used in pracbice is t.o infuse a test. plate of the used preform under a 
flexible bag. By monitoring the flow-front progression an "effective" permeabil- 
ity for the different direct.ions can be found, as already ~nent.ioned in Section 
2.1. This effect,ive permeability can then be used to simulate the flow in a com- 
plex part,. This met.hod is ~nuch faster but also less ac.curat,e than the rucrt,ho(l 
described in Appendix B. Furt,hcrmore? t.he same vacuum pressure should be 
used for testing and final production. A more fundamental approach is to try 
to model the perineebi1it.y and i t.s variance: based on the preform pr~pert~ies 
such as xarn thickness, bundle size, weave type, stacking pattern, fibre type and 
stit,ch characteristics. As discussed in Apper~dis B, nlrich research has already 
been donc on t,his sl~hject, but. A major problem remains t,he large variat,ions in 
tne~sured and predictcd permeabilit,ies. 

One objective was to be abIe to predict the final product properties such as 
product thickness and void content. One reason for voids in the final product 
is t.hat, during the process, cert.ain areas are closed off by the flow front and 110 
longer connect wit,h a iwlt.. This can l ~ e  predict,ed by bhe morlel, as shown in 
Section 6.6. The final product thickness, however: will depend on the pressure 
profile on the preform during curing. The developed model can be used for this 
purpose: sin~plp by changing the boundary condi t.ion at. t.he inlet as soon as 't.11~ 
inlet is closed off. The pressure profile wilI gradually go from the profile depicted 
in Figure 4.1 to a flat profile where the pressure on the whole preform equals 
the applied vacuum prc.ss1.m. How fast the pressure cl-la~iges in t,he product. will 
depend on the viscosity of the resin. The viscosity of t,he resin will change due 
t,o curing; Ircncc the the-dependency of the resin viscosity should be ~nodellecl. 

The developed genet,ically based opt.ilnisat.ion tool allows for t,he optmimisatmion of 
t,he process for the lowest costs and the highest, qunlit,y products. The cost,s were 
minimised by minimising the amount, of consumables and the mould-filling time. 
The prot111ct. quidity u w  masimised by placing vents in t,he rcquired posit.io~~s; 
hence reducing t.he chances of void formatmion. 

The tool was based on a mesh distance-based flow model, which resulted in a 
fast conlput,er sim~lat~ion tool, handling any 2$D geometry. The verification of 
the tool with cases known from 1it.erature and practical design cases sho\vetl t,hat, 



the t,ool provided a stable and effective way to optimise the process in advance. 

The choice of fitness function strongly influences the outcome of t.he opt,imisat.ion. 
The weighting factors u:dislr,r,w and u),.,,:, and the pe~lalt~y functions and 
hisla nrt* were chosen? based on t,hc clesired ou tcome. In pract.icc. t.liese va1i.w~ 
kind functions wilI have to bc coupled t.o prodrrction costs. For example it can 
be cheaper to use more vents and flow pipe length in order to reduce the fill- 
dist.a~lce, Such a direct connection 1)etweeu the process costs and the arnount 
of consunlables, number of vents and the mould-filling tirne should also be the 
subject of further rcsenrch. 





Appendices 





Compressibility of the used 
Preforms 

Van FVijk (1946) was one of the first. researchers who studied the elastic defor- 
mat.ion behaviour of fibrous materials for the textile industry. Sowadays much 
of this work is also wed in the research of advanced composite mat.erials. The 
only major differences between textile bundles and advanced conlposite bundles 
are t.he degree of waviness (textile fibres can be very wavy), twist (composite 
fibres have typically no twist) and lubrication (Gutowski, 1997). 

For the out-of-plain compression bchaviour (con~yression in z direction) of fi- 
brous preformst Gut.owski e l  01. (1937) developed A physically based model. This 
model is wideIy used and often referred t,o as  the "Gutowski" model. This ~nodcl 
is based on the assumption that the preforms consist of a lubricated fibre beam 
network. Thc fibres haw a slight waviness siuusoidal character nrit,h a typical 
spas1 leugt,h/height,, del-~oted as P .  The wavy fibres have a bending stiffness of 
E and a maximum possible fibre volume fraction of lfm,,. IVith t,hese parani- 
et.ers? t,hc Gut,onrski model describes the colnprcssioil prcssurc ;is: a furlct,ioil of 
the volume fraction with t,he following equation (Gutowski e l  al., 1987): 

The Gtitowski model was developed for lubricated (sat,usated) preforn-1s. al- 
though it could be fitted to dry preform compaction. M~ilIiams et 0.1. (1998); 
Andcrsson ef, a/.  (2003); KelIy et rrl. (2004) showed that there is a significant dif- 
ference beheen t.he preform cornpaet.ion in u wet and dry stsate. Also Hammami 
(2001) was aware of this behaviour but did mot use it. in his model. Williams 
ei, al. (1998) measured a significant difference between wet and dry compaction 
mhiIe measuring the height during the RIFT process using a LVDT at a fixed 



point,. They rccordecl an almost const.ant cotnpr~ssion in the unsaturated area. 
As soon as the ffow front reached the LVDT: a rapid decrease in preform thick- 
ness at  the resin front. was observed, followed by a steady incre-ase afkr the 
front. hid passecl. Andersson eb al. (2003) used different wet and dry preform 
cornpoct,ion behaviow in their model ac-count and were able to siri~ulate this 
behaviour. \I~'ilIianis et. al. (1993) explair~ed this behaviour by t,he illitmid luhri- 
cating effect of the fluid, followed by a steady increase in pressure under the bag 
as the front moves furtlicr anray fro111 t,he LVDT. 

Another ge~met~rically based inodel nus presented by Loinov & Verpoes t. (2000). 
They came up with a full nlat.hematioa1 description using t,lw warp arid weft. yarn 
properties and weave st,ructurt.. With t,heir model, they were able t,o obt-ah a 
good corre1at.ion of e~pcrirnclit~al ancl compr~t~ed resrdts, Bccausc-, t,lleir model 
is gcwnict.rically I>aserl, it also predicts t,he int,emal st,ructure of t,he fabric in a 
compressed state, which can, for example, be used for flow calculations. The 
inain drawback of the model is that. it needs cscessive input data such as yarn 
cross-sect.ion, liilear densitmy of warp and weft yarns, diagrai~is for yarn coinpres- 
sion and flat,te~iing. Instead of measuring this data, it is often much easier to 
measure the global compressibility of the used fa-brics and try to fit it in some 
sort of f~rnction or model, as in the case of the Guttowski model. 

Many authors encountered problems fitting their experimental data int,o a phys- 
ically I~aserl nioclel: such as the Gutcowski model, ancl found t,lint the compact.ioil 
behaviour of their materials was best described using en-ipirical espressions. Most. 
cotiirnonly, a non-linear elastic. power law espression is used in t-l~e form: 

111 this equation, h is the preform height, Pf is the pressure applicd on the 
prcforin, and A ant1 n are mat.erial paranlcters to be det.ermiiicd tIirong11 ex- 
pcrin~cnts (Hanirnami & Gebart, 2000; Anrlersson ct a!.. 2003; Kiln e t  01.. 1991; 
Song et (11.. 2004; Kelly et al. ,  2004). Other authors, such as Robitadle k Gaiviii 
(1999). ttsed a logarithm csprcssion in the form of: 

Where A and B had t,o he clet-el-mirted experiinelit,alIy. 

Ot,l~er formulas were also used if t,llc relaxat.inn of t,he preform under a constant. 
deformation had to be modelled. Relaxation can be significant. In RIFT, re- 
1axat.ioii sl~ultld riot be ail issue, since the deformation is not. kept coi~stanf due 
t,o blie flexible bag. However, if thc inaterial shows reIaxation under constant 
pressure it is most, likely to also show creep under const,ant pressure. Stmill, mi- 
ther are taken into ~ccount for the materials used here. Robitaille & Gauvin 
(1993) showed that this relaxation can be significant, if deformation speeds and 



pl'csslrres are high (for pxamplc n*it,h RTM). Howcver, Craen et al. (1998) showed 
that for the speeds alid pressures used l y  RIFT, relasation awl creep do not. 
play an important role. 

A. l  Experiments 

For the matterials used in t,liis research, t,I~el-e was no dat,a available on eit.lier wet 
or dry prefosili conlpactioli. Wet. and dry con~pact~io~l tests were performed, sim- 
ilar t,o t.lie ones of Hanimar~ii (2001) and KcIly et  ul. (2004). The preforms were 
put bet,nrcerl two solid plates with known area and then compressed while the 
used force and height change were nretlsured. The compression speed was man- 
ually contmlled but in all expcrirr~ents lower t,han 5 mm/r~iir~. The experimental 
set.-up is presented in Figure A.1. 

Figure A.1: The experime~it~al set,-up for 11-~easuri~lg the compression hehavious 
of the different preforms. 

For t,hc measurenient, of t,hc wet preform cowpact.ion, the prefr,rm was wet,t,ed 
out wit,h polyol before t.he compression esperiment.. Polyol was choser~ because 
it. 11ad a consist,ency arid visc.osity (0.:3 Pn s) similar t,o most cormlon resins 
wit.hout having the problem of curing rlurii~g t,he experimeiit,~. 



A .  COMPRESSIBILITY OF THE USED PREFORMS 

A.2 Results 

The results of t . 1 ~  colnpression test for 2 layers of CoreTEX and 10 layers of 280 
gram glass twill weave are present.ed in Figures A.2 a i d  A.3 r~spect,ively. 

o 20000 soom m w  8mao 
Presaure (Pa) 

Figure A.2: The compression behrtviour of 2 layers of CoreTEX. 
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Figure A.3: The compression hehaviour of 10 layers of 28Ogr. Glass Twill. 

During t,he experiments, it was observed that repeating t . 1 ~  compression test on 
the same sample led to a slightly higher compression compared to the first test a t  
equal pressure. This is best dernonstmted by Figure A.2. Il'illian~s el al. (1998) 
a d  Crnw r t  nl. (1998) explained this from a nesting effect of the material. Here, 
the results of t.he first tests of every sample were used, because it was assumed 



thatI the preforrns were not exposed t.o any pressure before tmhe beginning of t.he 
process. 

The results of the first test for the 10 layers of gIass were fitted into a power law 
Sunct.ion end for tllc 2 layers of CorcTEX into a l~gar i t~hm function for h0t.h wct, 
arid dry coi1-~pnction. For t.he model presented here, it was dcsirecl to have t,he 
prcfor~u height as a function of the applied presure instead of t . 1 ~  inverse as  in 
equnt.ioii A.2,  These funct.ions are presented in Table A.  1. 

Table A. 1: F'unct,ions t,o modcl the ~ o i n p r ~ i o ~ l  bchaviotir in a dry and wet s t i ~ t ~  
a i d  t.he limit for the uncomprmed thicknm. 

These functions approach infinity if the pressure goes to zero. This was solved 
by taking into account the maximum urlcoilipressed preform height. ("Uilco~npr. 
h.'' in Table A.1) .  This height was taken as an  upper limit for t,hc prcfo1.1-11 height.. 

2 layers CoreTEX 
= -5.22 . 10-"1~1 ( P )  + 0.0090'38 

A. = -5.23 10-"ln(P) + 0.01023 
h = 0.00691 

Mi& h. (11.1.) 

Dry h. (772) 

Urrcompr, h. (nz 1 

10 Iayers Twill 
h. = 0.002$)18P-~,~""~. 

h = 0 . 0 0 5 8 7 8 6 P - ~ - ~ ~ ' ~  
h = 0.00287 





Permeability of the used Preforms 

The permeability as a function of the preform height (and hence fibre volume, 
sce Eq. 2.4) is an area of nmch research. The most comnlonly used model is 
thc I(ozcny-Carrnan Theory, developed by Kozeny and Carman (Kmc~y. 1927: 
Carman, 1937; Scheidegger, 1974). It describes thc pcrmenbility as a function 
of the fibre volume, V,, fibre radius r ,  and the Kozeny constant, s, which has to 
tw determined experimeutally (Gutowski e t  a L., 1987): 

This ~quat~ion was originally developed for gmnular beds corisist,ing of elIipsoitls 
and it has been assumed that it is also valid for fibrous porous media (Gebart, 
1992). The dwwback of this thcory is that. t8he predicted permeal>ility is isotropic. 
which is ol~vio~rsly false for a ui~idirectional reinforcement. Gutowski e l  a/. (1987) 
tried to overcome this problem by inhodwing different values for 7.1 for different 
clirect.ions. Ai1ot.ht.r problem n4t.h Equation B. 1 is that the pcrnleal>ili t,y is still 
larger t,han zero for fibre volume fraction larger than the theoretical maximum 
I$. Gutowski (1997) soIvcd t.his prol>lc?n.l by proposing t . 1 ~  following heuristic 

whcrc V, aIso is an crupiricd paranlcter. Still, many researchers ellcountcrcd 
problems fitting their results to these models and even suggested that the Kozeny 
constant. s: may vary with fibre volume fraction for a given preform. Therefore 
much rcsearch has becn done to modc.1 the penneahility (Gcbart, 1992; Robitaille 
e t  01.. 2002) alld its variance (Lawrcncc et a!.. 2004; Loendersloot, 2006) on a 
macro and micro scale using channel-flowlike models to  model the flow between 
the individuaI fibre tows. 



B. PERXIEABILITY OF THE USED PREFORMS 

B. 1 Experiments 

Here a global permeability for different preform t,hicknesses was established ex- 
perimentally. A double-sidcd solid (RT1,l) mould wi t,h adj tist,a ble cavit.y height. 
was usccl. The bot,to~n mould is depicted in Figure B. 1. 

Figure B. 1: The bottom mould 1vit.h flow front and pressure sensors to measure 
t,he per~neabilit~y for different preform t8hicknesses. 

Using flow-front sensors (which basically consist of 2 copper wires which make 
electric contact when the resin passes), and a weight scale, t,hu unsaturated a d  
saturated flow rates a t  different cavity heighbs were measured. The permeability 
was calculated from the observed flow rates using Darcy's law. Curve fitting 
subsequently led to an enlpiricd relation between the permeability and the fibre 
content. A ponrer 1aw was used to fit t,he experimental results for the materials 
used here. 

B.2 Results 

The rcsr.~lt,s are presented in Figures B.2 and B.3 for the 2 layers of CoreTEX 
and t,he 10 layers of twill-weave respect.ivelg. Table B.l also shows the power 
law functions which were fit.ted to t.he data in order to model the permeability. 
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Table B. 1: Functions t,o model the pcrrneabilit,y, I<. 

Figurc 13.2: Permeability as a function of preform height for 2 layers of CoreTEX. 
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Figure 13.3: Permcability as a f1111ct.ion of preform I~eight for 10 Iayers of 280 gs. 
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Modelling the Flow Pipes 

The physically based flow model of Part I used the centroids of the cont,rol 
volumes to calculate the flow in the preform. The genetically based optimisation 
tool calculated the optimal flow pipe arrangement along the nodes and edges of 
the control volumes. In order to use the results of the opt.irnisation routine 
directly with the physical flow model, the flow mode1 had t,o be exter~ded to 
accommodate the 1D flow pipes. 

A meshed model of the preform, with on top t.he flour pipes, is schematically 
represented in Figure C.1. In this figure, S1 ... ?1'3 are nodes, P1 and P2 are 
the pipes and El and E2 are triangular CVs. Pipe PI is located on the coxrrmoll 
edge of E l  und E2. 

Figure C. 1: A model of the preform, meshed wit.11 control volunics, with on top 
the flow pipes. 

Figure C.2 shows a more simplified 2D sketch of the flow pipes P1 and P2 and 
an extra pipe P3. 

The flow in the pipe was modelled using Poiseuille's law, as already presented 
in Chapter 5, Equation 5.1. The application of the finite volume method to 



Figure C.2: Top view of the flow pipe PI with its neighbouring CVs El and E2. 

t,he solution of t.11i.s equation for ID pipe elements was ext,ensively described by 
Versteeg k Malalasekera (1995). The discretised equation for the flow in the 
pipes is very similar to Equation 2.7 of Section 2.3, but instead of a net flow 
over 3 faces, there is only a flow over 2 faces (hence ? I .  = 1. .2) .  However, t.lle 
flow pipes also conlmunicate with the preform. In Figure C.1, this is depic.ted 
with an additional resin flux q from pipe P1 to the undcrlyirlg CVs E l  ilnd E2. 
Hence t,lle discretised conthuity equat,ion for the pressure, Pr! in pipe P l  can 
he writ,teli as: 

In t(11is equat,ion, Lf,, is the distance between the centroids of the flow pipes PI  
axid Pn. The flux, q, from the pipe into the control volumes has tto cotriply with 
Darcy's Ltiw (Eq.2.1). A part., qlql,  of the flux goes from the pipe P1 into the 
CV E l  and anot,ller part,. q1,2, goes from the pipe PI  into CV E2. The flux (1 
can helm he writken as: 

In this equation the  superscript.^ p a.nd e refer t,o the values in t,he pipe and the 
CV respectively. The superscript. pe refers t,o t.he interaction term bet,wceu the 
pipe and t.he CVs. For example: 



This t.crm is similar to the term presented in Equat,ion 2.8. Hem. Als2 is the 
cross-scction of the fiwe between EL and E2, where pipe PI is located. Ly2 is 
thc distance between the centroids of pipe PI and the CV E2, as depicted in 
Figure C.2. 

The cliscretiseti continuity equation for the control volrrrncs was already presented 
in Section 2.3, Equation 2.7. For reasons of simplicity, the preform compaction 
BUY term is omitted. For every control volume which borders to a flow pipe, an 
extra flux term from the flow pipe has to b~ addccl. For cxa~npIe, equation 2.7 
for CV EI bemmes: 

The assembly of the continuity equations for all thc 2. CVs and all the j flow 
pipes leads to the following lincarised syxt-ern: 

This system is solwi in the same n7ay as the system of Equation 2.11, knowing 
that the pressure a t  the inlet pipe element. is equaI to the atmospheric pressure 
and at the flow front equal to the vacuum pressure. The position of the flow 
front is tracked in the same way as presented in Section 2.4, with an extra fluid 
presence function for the flow in the pipes. 
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