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I fXWLOLVDWLRQ GH FRPSR \pplitakiovis ¥didobiied/ estJdonsidégERr X U O |
FRPPH XQ PR\HQ GITDWWHLQGUH OHV QRXYHOOHYV Up3OHPHQW
GHV YpKLFXOHV HW OHV LQLWLDWLYHV GYDOOpJHR$@OW /H F
vinyle estertde fibre decarbone utilisé avec le moulage par compression a chaud est actuellement
I'une des solutions les plus performantes pour atteindre les cadences de production élevées requises
par l'industrie. Les résines a polymérisation rapide utilisées contiennentrgaeglanme de
FKDUJHV HW G{DGGLWLIV SHUPHWWDQW GH UpGXLUH OH FRE€\
Les entreprises automobiles souhaitant rester compétitives doivent disposer d'une machine
permettant le dosage et le mélange de cette ré&sms,que de ses multiples additifs et charges,
pour une distribution en continu a la chaine de production. Magna International, un des principaux
IRXUQLVVHXUV DXWRPRELOHV DX PRQGH HVW DFWXHOOHPHC
chassis SMC e& demandé au Centre technologique en aérospatiale (CTA) de développer un
nouveau prototype de systéme de dosage et de mélange de la résine en ligne. Le projet a été rendu
SRVVLEOH JUKFH j OD FRPELQDLVRQ GTXQ pWXdeIMorg§dl j OD PLC
a travers unsubvention Mitacs etaufie subvention RDA niveau 3 du CRSNG. Les objectifs du
SURMHW pWDLHQW GH GpPRQWUHU OHV SHUIRUPDQFHV GH Of
un échantillon de résine homogéne, de développer fhitiquer un nouveau systeme de dosage
et de mélange de résine a deux composants et de valider la performance et les capacités du systeme.
Les systemes de dosage et de mélange a deux composants présentement disponibles ne sont pas
adaptés pour traiter ddluides abrasifs et opérer dans des zones dangereuses de Classe 1 Division
1. En ce qui concerne le mélange, les mélangeurs statiques semblent offrir des performances
suffisantes pour mélanger un systéme de résine a deux composants, mais leur peristmance
GLIILFLOH j SUpGLUH j Of{DLGH GH PRGgOHV HW GH VLPXODW
de type Kenics a été évaluée par spectroscopie infrarouge a transformée de Fourier a réflexion
totale atténuée (ATIRTIR). Les résultats des travaux aldmontré quédtilisation d'un mélangeur
statique permet de mélanger les composants avec 98% d'homogénéité. Le nouveau systéeme de
mélange aété concu, fabriqué et testé &ITA avant d'étre installé et intégré a la ligne
expérimentale de production de pn@réegné SMC de Magna International. Il offre une large plage
de ratio de mélange de 0,8:1 a 320:1 et un débit allant jusqu'a 2500 ml/min a un ratio de mélange

nominal de 20,5:1. Le dosage de la machine repose sur un ensemble innovant de pompes a plongeur
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multiplex. Il présente une précision de ratio de mélange de + 1% et une homogénéité de mélange
de 98,5% (CoV de 1,5%). Le systéme est automatisé et ajuste sa cadence de mélange et distribution

automatiquement via une boucle de rétroaction de contréle RiDlavigne de production.

Mots clés systeme de mélange en ligne, FTIR, mélange statique, composites, durcissement rapide,

industrie automobile
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The use of structural composites for automotive applications is seemeans ofeaching
the upcoming new regulations regardingL&mission of vehicles and lighteighting initiatives.
Carbon filve vinyl ester Sheet Moulding Compound (SMC) used with hot compression moulding
is currentlyone ofthe leading solutiomito achieve higtvolume production cadences required by
the industry. The fastured resins used contain a wide range of fillers and additives to lower the
material costs and improve various properties. Automotive companies wishing to remain
competitive must have a machitiet allows the dosing and nnig of this resin, along with its
multiple additives and fillergpr delivery to the production line continuously. Magna International,
a worldleading tier one automotive supplier, is currently in the validation phase et &NC
front car subframe and mandated Cemdahnologiquesn aérospatiale (CTA) to develop a new
prototype inline resin metering and mixing systeifhe project was made possible with the
FRPELQDWLRQ RI D PDVWHUTTV VWXGHQWaINItREB gBaRt@NVaH FK QL T
NSERC ARD level 3 grant. The objectives of the project were to demonstrate the performance of
using a static mixer to obtain lromogeneousample, develop and manufacture a new-two
component resin metering and mixing system andlat®@ its performance and capabilities.
Commercially available twgomponent metering and mixing system are not capable of processing
abrasive fluidsvhile operatingn Class 1Division 1 classified locationdVith respect to mixing,
static mixers seem toffer adequatgerformance to mix twa@omponent resin system but their
performance is hard to predict with models and simulatidhs. performance of a Kenics static
mixer was evaluatedsing attenuated total reflection Fourier transform infrared speopygs
(ATR-FTIR). The use of a static mixatlows the resin and thickening agent to be mixed to 98 %
homogeneity.The new systenwas designed, manufactured and tested at (efore being
installed and integrated to Magna International SMC pregesglopmaet line. It offers a wide
range of mixing ratief 0,8:1 to 320:1and flowrate of up to 2500 ml/min at a nominal mixing
ratio of 20,5:1 7TKH PDFKLQHYYV PHWHULQJ UHOX és¥enibly oDplunge® Q RY D W
pumps.It has a mixing ratio precision &f 1 % and a mixing homogeneity of 98,5 % (CoV of 1,5
%). The system is automated and adjusts its production rate automatically through a PID control
feedback loop.

Keywords in-line mixing system, FTIR, static mixing, composites,faste, automotive iustry
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CHAPTER 1 ,1752'8&7,21

To address climate change, Canseimnaimto reduce itgreenhouse gas emissions by 30%
by 2030conpared to current predictiofi$]. Of the current emissiont)e transportation industry
is responsible for almost a quart@. In fact, the Passenger Autonbde and Light Truck
Greenhouse Gas Emission Regulatjdram the Canadian Environmental Protection,Actces
car manufacturer to find new solutiongo reduce the fuel consumption of their vehidgk
Throughout its complete lifecycleD Y H K lugetuHlifevaccounts for up to 80% of its total
environmental footprintand@aR QJ WKLV LP S D FMassWas theYridd( Hifeifet4].
Recently, this industry has turned to the use of composite materials for structural applications. The
use of such materials mainly aimed at reducing weiglthen compared to traditionadetallic
materials. Consequently, these advanoaderials provide a significant reduction in the emission
of greenhouse gas#woughout the useful life of the pamd & a result, predictions suggest that
more than onghird of global production of carbereinforced composites will be made bhet
aubmotive industry by 202[5]. To compensate for thisigherdemandthe development of rapid
andlow-costmanufacturing rathods for composite materiassessential.

The highperformance composite materials usedldadtbearingapplications are generally
formed of a higitemperature thermosetting matrix reinforced with high strengtéstith common
example is the combinah of a vinyl ester resin matrix with a carbonrélveinforcement6].
Sheet Molding Compound (SMC) iscampositematerial thais best suited to manufactuesge
partsat highproductionvolumes [7]. In fact, Magna InternationgMagna)and Ford Motor Co
are currently in the validation phase ofcarbon fibre reinforced polymer front subframe
manufactured using thisnaterial [8]. SMC is composed of dast cure resin, short fies
reinforcementfillers and a pramixed catalyst (hardener). This mixtuready for hot compression
moulding, is in the form of shee@®nd can be stacked at various thicknesses and put intald. mo
To improve the applicability of these materials, addis (or fillers) are mixed with the resifihe
type and amount of additigecan influence several properties of the rdgie redudng gas
permeability, improve solvent resistance, increase mechanical and thermal preperiraprove
flame retardancyWith these multiple additivesautomotive companies wishing to remain
competitive must have machinethat allows the mixture of this sa with its multiple additives

and allow the delivery to the production line continuouRklsin mixing systems play an important
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role in the fabrication of composite pmdnd can range from the simplpen top container with
manual batch mixingto the fully automated idine resin mixing system that allows for
continuou$y mixed resindispensingUItimately, no matter the system used for the mixing process,
resin homogeneity must be very hifdr manufacturers to getonsistencyin their productd]

propeaties

The use of composites for structural partshimautomotive industrys now of interest for
mass market production cars.ally companies are in search of a resin mixing system that is
versatile and robust enough to allow floe developmenand optimizatiorof these new materials.
Systems readily available do not ofeerough versatility to adapt to neesinformulations Resin
properties aradjustedby modifying the manufacturing process parametaiging ratio of the
various chemical coponents and adding additives to the resin. Unfortunately, thesges often
alter thephysicalcharacteristicsf the resinrequiring a versatile mixing systetmat perfornswell
with a wide range of fluid viscositiesdchemicalcompatibility. Currenty availablemetering and
mixing systems do not allot processbrasiveluids in aClass 1Division 1 hazardous location,
limiting the manufacturer§room for developmenand improvementLikewise, the systems
generally work in batches, making it difficult to manufacttire materiakcontinuously a major

drawbackwhenhigh production output ithe required

To address these issues, Maghaderiorsinc. (Magng, a division of Magna Internanal
Inc., worked jointly with the Centretechnologiqueen aérospatialCTA) and Polytechnique
Montréal on a research project. The objective wasdevelop a new and tailored-line resin
metering ananixing systento addresshe commercially availabl& \VWHP V | $Hhé RrBj€&xH PV
team hagreat knowledg®n system design, resin chemistry, composite manufacturing processes

and project management, four important assets tauteesof suchanundertaking.

This thesispresens the resultsof the project and is dividedhto five (5) chaptersThefirst
chapter goes over background information on compositdee automotive industry, mixers,
pumps andesin mixing systesito put the reader in conteXtesecondchapter demonstrates the
performanceof using a static mixeto obtaina homogeneousesin sampleThen chapterthree
presents the development and assembllgehewautomatedn-line metering ananixing system.
Thefourth chapteris on thevalidation of theQHZ V\VWHP {V Bikbly| Réld3iaiiapiet
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draws conclusios and traces the path for future research walong with various

recommendations.



CHAPTER2  /,7(5%$785( 5(9,(:

2.1 Compositematerials in the automotive industry

Composite material®r simply compositesre mostly know for their excellent mechanical
propertiesTheyare an assembly of two or more immiscibéenponentsvith different properties
that, when combined, create a material wishallybettermechanical propertieend lower weight
than traditional metalsThesehigh-performance materials, already used extensively for trim parts
of niche vehiclekin the automotive industry, have mdite to no appearance in high production

volume carsas of now, especially for structural pg@$, [10].

There is no proper definition for what a high production volume car is. Sales number vary
greatlydepending orthe country, year and car model. Looking at the statistics of various popular
FDUV RI1 WRGD\T Wolu@epritdtibhvehiCles Kellsomewhere in thenid to high
hundreds of thousas@f units per year. Foexample, FordMotor Co.sells about 200,000 Focus
and 900,000 fseries per year in the U.S. alojid]. In a poduction perspectivesonsdering a
high-volume vehicle tsell on average800,000unitsperyearwith three 8 houshifts per daythis
means thaoriginal equipment manufacturers (OEMajgetpart cycle times of 1o 2 minutes
The manufacturingcost of composites is the mainhallenge the industry must overcome to
implementhese new materiate the production lineg\utomakers must find ways to simplify and
automate the production cycle to brithgcost down for structural composite materialsdampete
with traditional metal$10].

Compositesare made ofa matrix anda reinforcement.The fundamentalrole of the
reinforcement is to carry the mechanical loadsito increaseahe mechanical properties of the
matrix. In the automotive industry, fibreinforcements are mostly made of glass or carbon in the

form of chopped fibes, filament yarns and fabric.

On a mechanical levehé matrixis made of golymer, multiple additives and a catalyst that
bindsthe reinforcemenand transfer the load between thedtbas well aprotect them fronthe
environmentOn a physical level, the matrives the component shape and has an impact on the

1 A niche vehicle isold in lowvolumes.



5

quality of the surface finish. Matrices comehinge main categories: polymeeranic or metallic.
The use of polymer matricesnsost commorecause of their lower processing temperature when
compared to ceramic or metallic matricasd therefore allow for simpler tooling?olymeric

matrices are then subdivided into two categoriesnibeets and thermoplastics.

A thermosetesinis a polymer thathroughpolymerization, exhibits a modification of its
molecular chain called crosslinking. This chemical change results in adinneasional network
of bonds. Advantages of thermoset mat& over thermoplasticanclude low processing
temperatureand viscosityliquid state at room temperature anat@lent mechanical resistance.
However, they cannot be recycled due to the chemical reaction they exhibit durin@mcuhe
other handthermoplastics can be melted and reshaped if heated above a certain temperature.
addition, they have the advantage of having high impact resistanbevmifs baracteristichigh

processing viscosities and show low heat resistance when compareadosttgil2].

2.2 Manufacturing processes

'HSHQGLQJ RQ D SDUWYTV JHRPHWU\ DSSOLEMPOERQ DQG
manufacturing processes are employladmost high production volumearts, hot compression
moulding using sheet maéding compoundSMC) is used. SMC combinehart choppedfibres
preimpregnated withhermaset resins to produce a matemaWwhich only the concentration of the
strengthening filbes is controlled bunot their exact dimensions or orientat{@h. Figurel shows
a typical SMC line from material manufacturinghtot compression mubding of the part.



i
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Figurel - SMC materialmanufacturing procesmd hot compression nakling [13]

The irst step in manufacturing SMC is cutting the carborefibving feed into small strands
of approximately25 mm.According to a study by Boylan et al., tB#C constitent that has the
most influence on the required olding force is reinforcement lengtResults obtained show that
the moulding force increases significantly over 25 mm. As a tradeoff between mechanical
properties and material flow during moulding, the industry mostly uses reinforcement of 2b mm i
length[14], [15]. These chopped filbs then fall onto a carrier film covered with a thin layer of
resin. The resin is evenly spread onto the surface of the film using what is called a doctor box.
These boxes collect the mixed resin at the output of the gnsyistem. Two resin covered films
sandwich the chopped fiés before encountering a series of compaction rollers that compress the
stack to impegnate the fikes with resin. Finally, depending on the resin chemiskry,groduced
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prepreg sheets are thstored for24 to 48 hours to mature. During this time, the resin thickens and
allows the sheets to be manipulated by a robot or an operator to be put in a hedde&inaily,
the material is compressedhagh pressuresf about 1000 psiandthe part cugs in minutes to

produce the final produ¢16].

Still allowing high production volumes, bulk miding compound (BMC) isisedn the same
way as SMC but the material put in the compressioalandhechargejs in the form ofa paste.
During maulding, the charge is compressed and flows to fill thelchcavities. BMC parts tend
to have lower mechaniteesistance than SMC because the charge flow is harder to predict than
with shees that have already been stacked and positioned befouling. In addition, the fibe
length is shorter with BMC than SMi@:cause thenaterial paste requires significanthore flow
to fill the mauld cavities[17]. 7KLY PDNHV %0&TV XVH OLPLWHGOM R SDUW
beaing applicationgd18].

Another manufacturing process that is currently used in production isphegBure resin
transfer malding (HP-RTM). In this processthe resinis injected at high pressure in a closed
mould where a dy composite preform is placednfortunately, this manufacturing method is not
suitable for high production voluneecause of theighercycle time More canplex parts tend to
be made usinglP-RTM, while simple parts tend to use hot compressionldirog methods like
SMC.

Othercompositematerials and processes are usetthe automotive industry but they dot
meet the criteria for structural applicatioRsr interior parts like dashboardort fikre reinforced
thermoplastic injections usedat high production volumesThis manufacturing method allows
cycle time to drop below 90 seconasaking it perfect for high production voluma addition,
glassmat thermoplastics (GMT) is used for medium volume production and has become highly
automated over the years. It can be compared to SMC in terms of manufaotetimgd but
mechanical properties of thglass and thermoplastic mbination do not meet struatal

requirement$19].

SMC compression miding offers a lower cycle timeand less expensive tooling and
material costthan HRRTM [20] £22]. Nevertheless, HRTM is best suited for high performance
and complex structural parts for low to medium volume production cars while SMC ideal for

simpler structural parts for high productisnlume. Global Market Insights Inevaluatecthat
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SMC hot compression mtrling would soondominate the automotive composite marksta
manufacturing methodThis growth is atibuted to investment aimed at reduciogcle time,
improvingease of manufacturing amdfering competitive price of the process. The same report

predicts that the automotive composite market for structural applications will exhibit a compound
annual gross rate of 7% until 20pD]. On a technical perspective, SMéchnology seem® be

LQ WKH EHVW SRVLWLRQ WR HOLPLQDWH WKH LQGXVWU\TV G|
this growing industry of high resistance structural parts is at the core of recent advancethents in

automotive industry in the $adecade

2.3 Applications of compositesn the automotive industry

Among the firsproductioncaisto make extensive use of compositesthe 1953 Chevrolet
Corvette With its allfibreglassexteriorbody, the Corvette hadmoduction volume obnly 300
cars during its introductory yea®ince then, the Corvette has featured composite body parts and
production has increasedda average d36,250 cars per year for the latest generd@i@h, [24].
<HW WKH &RUYHWWHIV FRPSRVLWH ERG\ SDQHOV DUH QRW |
operate normallghould they be removed or damaged

Starting in 2013the BMW i3 featuresin al-compositepassenger celshown inFigure2.
The cabin is made from carbon rireinforced epoxy resin manufactured mostly through HP
RTM. The BMW i3 sold 31,482 vehiclegoballyin 2017[25]. Yet, the BMW i3 is currently the
largestcompositeserial production theautomotive industry IROORZH G Esefdéedr6].V
The #series usea hybrid construction method for its cabin, also showRigure2. The use of
structural ompositesn the automotive industrgan thereforebe considered dsmited to high

performance or luxury camwith relatively low production volumes.



Figure2 xUse of structural composites in the automotive industryBK&)V i3's cabin made
using HRRTM [27] and(b) % O : § \Aseries hybrieconstruction CarboiCore[26]

Figure3 showsSMC carbon filve prototype parts intended for mass market vehicles. The
picture on the left shows a frostibframe manufactured by MagrThe subframe, a primary
structural part supporting the motor and wheels, allows weight reduction by up to 34 percent and
brings the number of parts from 45 to 6 when compared to the cumsss producedetallic
version[8]. The picture on the right shows an inner door panel manufaciur@gartnership

betweerHYM Haiyuan and Rangé&ompositiusing the same technology

o
ey

N
.

(a) (b)
Figure3 +SMC use in the automotivedustry:(a) SMC carbon fite subframeand(b) inner
doorpane] JEC Show 2018
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Like Magna, Magneti Marelli is currently developinga subframe made of SMC
compression mading. The subframe assembly, shownFigure4, is currently being tested on

four-door compact sedan vehicls].

Figure4 - SMC front subframe biagnei Mirelli [29]

2.4 Thermoset resins, the importance of mix homogeneity and

characterization methods

The most commonly used matrices for structural applications in the automotive industry
are epoxies and vinyl esters for their higher mechanical resistadcthermal performanga0],
[31]. Vinyl esterpolymershave been widely used ftreir good mechanical properties, thickening

and curing prformance as a matrix for SMG2].

Vinyl esterpolymersare a hybrid between polyester and gppglymersthat featureawo
catalytic reactionsThey are produced lihe esterification of epoxwith carboxylicacid, usually
bisphenol A and methacrylic aci@he prepolymer is usually dissolved in styrene to decrease the

viscosity and to allow the reaction with thmethacrylat¢33].

In SMC applicationsthe resin is mixed with a thickening agent to allow the sheets to be
manipulated and put into a mid. Physical and chemical thickening methods cari@loyed.
Physical thickening userystalline resins buheir research difficulty andostlimit ther use[32].

In contrast,chemical thickening can be accomplished with isocyanatésrm covalent bonds

between the hydroxyl and carboxyl groups of tremeknown as urethane linkaff].

For SMC manufacturinghe resin is made of two major componepast A (vinyl ester
monomer, catalyst, inhibitognd part B(isocyanatg The first reactions a typical polyurethane

reactionwhichinvolves socyanate (Part B) reacting with amines in the vinyl ester resin (Part A)
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to thicken the resinrhis reaction increases the size of the molesuletable via the thickening of

the resin Thisallowsrolls of prepreg material to be manufactured and maaied! The secondary
reaction involvesinyl ester crosslinking for pamanufacturingndis activated through heat when

the product is maded to its final shape. The increase in thermal energy makes the catalyst
sufficiently reactiveto initiate the crosslinking reaction of the vinyl ester. This final reaction is
what gives the product its properties.

It is important to note that part B, containing mostly a mix of various forms of isocyanate, is
very sendive to humidity[34]. Moisture in the air, a polar compound, reacts with the isocyanate
functional group and relsas carbon dioxide as a product. This produahdesirable for a resin
system because it can create porosity and decitsasechanical properties. Therefodeyring all
the manufacturingphase, great canmust be given to ensure the resia stored in an airtight

container in ary environment

9LQ\O HMhewkidaNpvoperties and cost fdletween polyesters and epoxi€ablel
lists pricesand tensile strengtior polyester, vinyl ester angpoxy resin families.

Tablel +Price and tensile strength comparison of polyester, vinyl estepang eesins

Resin family ~ Average Tensile Strength Stiffness
price? ($/Ib) (MPa) [35] (GPa)[35]
Polyester 2-3 6.4 2.8
Vinyl Ester 3-8 7.6 3.0
Epoxy 5-30 8.1 3.3

Mechanical properties of polyesters dot allow the resin to be used for structural
applicationsEven though epoxy resins have higher mechanical properties than vinyl ester resins,
their higher cost may affect the business case viabilitygh production volumeg\s seen above,

%0: XVHV +XQWVPDQYTV $UDOGLWH /< + D U G i3 Qaldsgngén

2 Dubreuil, Personal discussion. 2018-04. Price listed are a rough estimate. Price will vary greatly depending on the

desiredproperties and purchasedlume. Price listed considers a higblume purchase.

HS
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FHOO EXW WKH FDUYV ORZ SURGXFWA4Se0swef@etBxdsiakasG KLJIK S
it a nichemodel [36], [37]. In contrast, Magna uses vinyl ester resin for its prototype carten f

reinforced polymer front subfranie its developmenpartnership with Forf38]. The composite

part manufactured using SMC technologg/currently being tested on Ford Fusion models, a car

that sold over 200,000 units in 2017 in the U.S. aleith a price starting 22,838, about half

R1 %O0: 789l [40].

SMC part manufacturers adaultiple additives and fillerso improve the resin properties
and bring the cost dowrdditives are used to improve performance and alter properties of the
resin while fillers aremostly usedto reduce costFigure 5 breaks down typical SMC resin

formulations additive and fillaveightcontent.

70%
60%
60%
50%
40%

30% 24%

Content (%)

20% 15%

0
10% 1-3%

0%
Resin Filler Additives Fibers
Figure5 - Typical SMC resin formulations additive and filler contgii]

Filler content is much higher than addisyenotivated by the economic advantage they

offer. Table2 lists common additivesnd fillers with their effect on resin properties
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Table2 +Common additives and fillers and theffect on resin properties

Effect onresin properties Reference

Additive  Nanoclay Improved toughness, flexural strength ai [41], [42]

modulus, tensile strength and modulus

Phosphorus Flame retardancy [43]

Carbon black UV protection [44]
Filler Glass Weight reduction and stiffness increase [45], [46]

microspheres  reduced shrinkage

Calcium Increased crosslinking density and [47]

carbonate stiffness

Milled carbon or Improved mechanical properties [48]

glassfibers

Talc Thermal stability and reduced shrinkage [49]

2.4.1 Mixing homogeneity

Two conditions are required for tpelymerto reachthe highestlegree of polymerizatign
the components must be present in the right concentratidnlocaibn [50], [51]. The first
condiion isdictated by the homogeneity of the mix while the second is a result of good dosage of
W KH UcHnétitig§itsin process engineeringndustrialmixing is the control of segregation and
is used to obtain homogeneousdistribution of the components in the entire volui®2]. In the
field of thermosetting polymers, because slight changes to the formulation can significantly affect
the curing and properties of the resin, it is importantakersure that the homogeneity of the resin

is sufficient and that the mixing process is well contro]&g].

Depending on the products to be mixed, a wide range of tests can be performed to evaluate
homogeneity. Nk homogeneity is a statistical measure ofgpatialdispersion othecomponents
andis quantified usinghe coefficient of variation (CoVdf the productsalso known as the
intensity of segregatio54]. The CoV is the most commonly used metric tpantify the
homogeneity of a mixturfs5]. It is calculated by dividing the standard deviatiésby the mean

aas,
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the standard deviation of the tested property is calculated by,

[0 F 4;6 )

where %yrepresents the chosen numerical indat,V WKH DYHUDJH RI WKMHsLQGHI[T\
the sample sizeby the meanin other terms, the coefficient of variation is a measure of the
dispersion of a data set to the mean, or in this case, how equal are the component concentrations in
the polymer.The index used for CoVcalculationsshould be associated with the mixture,
characterize the final stage of the mixture, be independent of the mixing method dpd easi
determined56]. The technique usdd obtain the index will depend on the materials to be mixed

and their properties.

In most industrial processes, a product with a CoV of less than 5% (or. 0.05) is considered
adequatelymixed [57], [58]. In other terms, a CoV of 0.05 mearmstt the product is 95%
homogeneoud-or examplea CoV limit of 0.05 is alsaequiredby the Canadian Food Inspection

Agency fordilute drugmixing processes in the food industoy animalg[59].

2.4.1.1 Determination of the indexusedfor CoV calculations

Infrared (IR) spectroscopy is by far one of the most versatile technique to characterize
organic compounds. This technique exposes a sample of mateaialitdraredradiation. The
energy absorptio of the material with respect to the infrared wavelengtiersvedand can be
UHODWHG WR WKH VXEVWDQFHYfV FKHPLFDO IXQFWLRQDO Jl

absorbance or transmittance spectra, both of which are related using,
#L FZ'%,; €)

whereAandT DUH UHVSHFWLYHO\ WKH VXEVWDQFHYV LQIUDUHG D
wavenumberMore details on th&orking princige of FTIR can be foundn referencg60]. This

test methodcan be used for quantitative monitoring of chemieadctions as welas sample
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homogeneity [61] £64]. More specifically, Fourier Transfm Mid-Infrared Spectroscopy
(FTmIR), analying a sample avavenumberérom 4000to 1000 cni , is best suited for organic
polymers likeisocyarate thickenedvinyl ester resins and allows the detectionimfportant
functional groupskigure6 presengthe FTIR transmittancepectra of polyvinyl acetate and methyl

isocyanatePolyvinyl acetate has a chemical composition that is very similar to vinyl ester resin.

100
)
S
)
3
§ 50 -
E
7]
(=]
=
Pq
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W) D XD S
N S S Ko

Wavenumber (cm!)
Figure6 +FTIR transmittancemectia of poly[/vir]yl acetateléft) and methyl isocyanateight)
65

Figure6 shows the characteristic peaktb& carbonyl group andocyanateat 1738 crit
and 2810 cmrespectively. In the event of mixing both components togedisesould be the case
in SMC manufaturing,mostly thesame absorbance peaks wouladbservedn the new spectrum
unlessrapid chemical reactions occur and modify the composition of the sahimgle, &pending
on the mixing ratio oboth componentsthe spectrunof one of the componentgould dominate.
In SMC, the chemical thickening agent is addeekiry low quantity tdhe resirf{66]. This suggests
the spectrum ofhe mixed sample wiltlosely resemle the one forvinyl ester resin with the
addition of the major absorbance peaks of igwcyanateinfrared spectrum indiminished
amplitude.

Touse FTIR data to quantitatively evaluate the mixing homogeneéBé¢erLambert law

is usedThe lawis expressed as

#L YH? (4)
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where #is the absorbanceYis the molar extinction coefficientis the light path length an@is
the concentrationstates that the FTIR absorbanceadiunctional group is proportional tits
concentrationn the sampl¢63].

This means the height of a characteristic pmakn FTIR absorbance spectrum gragan
be measured and used for quantitative analysis to offtairtoefficient of variation between
multiple samplesFigure 7 visually presents théBeerLambert law using thdinearity of the
correlation between FTIR absorbance #reconcentratiorof aspirin dissolved in chloroform.

0.6
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0.0 < T T T I 1 |
40 60 80 100 120
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<

Figure7 - FTIR calibration graph for aspirin dissolved in chlorofd68]

Applying this correlation tovinyl ester resin and isocyanate, the absorbance peak height of
isocyanate at 2810 chtan be measured and compared between multiple samples to determine the

homogeneity of parts A and B of the resin. The rasealkpressed using the coefficient of variation
(CoV).

Unfortunately, the Beetambert law is only applicable under certain dtinds. Non
linearities can be caused if the concentration is too high, if the sample contains solids that scatter
the light or if the sample is fluorescent or phosphores&MC vinylester resin systems usually

contain solid fillers and additives thaiudd potentially make the Bedambert lawinapplicable
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Luckily, the resin does not contain conjugated dodoled systems which suggest it is not

fluorescent.

Polymers mix homogeneity can also be evaluated by the mechanical property variations of
the cued stateFor thermoset polymers, mechanical propertigs bedirectly correlated to the
resin/hardener ratig67]. Therefore, if the mixing is idhomogeneoysspecimens will show
variance in their mechanical properties. On a microscaate, badly mixed samples will present
areas witha higher or lower concentration of hardener, thus influencing the consistency of the
results obtained from mechanical testitipfortunately,t KH W H V Vgdpyic sta8lddoeR not
inform about the intensity of segregatioithe products

A widely spread analytical technique for the characterization of thermosetting maiterials
differential scanning calorimetry (DSA)SC essentiallyneasures the energy required to change
the temperature dhe sample. Usually, this test allows the determination of glass transition and
melting temperatures of a polymer compound. Studies have shown the dependence of the glass
transition temperature on the composition of a saf@d@ Therefore, DSC analysis results can be
compared to a reference sample to evaluate the variance in the mixing ratio. Unforti&azly,
testingis a relatively stw and expensive test to perform aghluating the homogeneity of a

sample requirea modestly sized sampf@pulationto draw meaningful conclusions

TGA measurs the weight loss of a sample as a function of temperature. Applied to
thermosetting polymer this means that TGA testing records the change in mass duenadities
of the matter monitoring the volatile and solid componeritsa similar wayto DSC, TGA test
results can basedto evaluate thbomogeneityf the sample as a different hardener to resin ratio
will influence the cure reaction and consequently the weighblelsaviar of the sampleAs with
mechanical testingTGA results do not explicitly allowguantifying the concentratiorof the

products

Other techniquessingelectricalproperty measurementgan be used to evaluate the mix
homogeneity of &vo-component product. Unfortunatelyjs hard to link the electrical properties
of the polymer to its mixing ratiand draw meaningful conclusionsdauseimited information is

available on this characterization technique.

Finally, optical testslike spectrophotometrgan beusedwhen both components have

different colaurs. For exampleFigure 8 shows the homogeneity of twaixed fluids through a
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static mixer. The colar difference between the two fluids allows for optical inspection to be used.
Spectrophotometersan be used to obrethered-greenblue (RGB)colour coordinats of a sample

andcompute the coefficient of variatig@9].

Figure8 - Visual evaluation of the homogeneity of a ta@mponent product mix through a static

mixer [70]

Of all testing methods discussed, FTIR spectroscopy is the most suitable for the project
because of its versatility and widespread use for chemical characterization of orgarocrdsap

Table3 lists the advantages and disadvantages and of the reviewed characterization methods.
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Table3 - Advantagesanddisadvantagesf mix homogeneity characterization methods

Characterization

method

Advantages

Disadvantages

FTIR Spectroscopy

Versatile and widely used to

characterize chemical compound
The data obtained can be linked !
the concentration of treamples

and homogeneity

Usually employed as a
gualitative characterization

method

Mechanical testing

Equipment easily accessible

It is hard to derive the
relations between the
mechanical properties of a
sample to the homogeneity

(intensity of segregation)

DSC

Results are precise and can be

linked to the resin to hardener rat

Testing is relatively slow

and expensive to perform

TGA

Results can be linked to the resin

to hardener ratio

It is hard to derive the
relations between the TGA
results of a sampl® the
homogeneity (intensity of

segregation)

Electrical testing

N/A

Cannot be applied to all
substances and results
cannot be explicitly linked
to the mixing ratio and

homogeneity of a sample

Spectrophotometry

Results can directly be associate x

with the homogeneity of a sample

Only applies to samples th.
showcolour differences

between the components
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2.5 Mixing technologiesfor in-line mixing systems

There are three broad categories fatuistrial irline mixing devicesstatic, dynamic and
impingement. Depending on the application and the preddifterent mixing technologies offer
different advantaged.he following literature review will focus on static mixers as they are used
extensivelyin the polymer industr{71]. Dynamic andmpingementmixing technologies will also
bebriefly reviewed.

2.5.1 Static mixing

Static mixers arsimple mixingdevices and consist of bladessfimned irline within a
tubewhere the fluids to be mixed are forced trough. There are no moving parts and the mixing
process reliemainly onsplitting the flowmultiple times Static mixers do not require an external
energy source to operate in the sense that no eléctrychaulic or pneumatic motor is attached
to the mixer.Instead, the energy required to mix both componerdsaswn from the fluid itself,
resulting in a pressure drogcross the equipmenf wide variety of mixer geometries are
developedor differentapplicationsbut their working princife remains the samsplitting andor
twisting the flow to poduce a multitude dayers[72]. Table4 below liststhethree (3 most used
static mixes for industrial process¢s3].
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Table4 +Populartypes of static mixers

Type/Name 3D model[73]

Kenics (twisted blades)

SMX (Static Mixer using

crossbars X

LPD (Low Pressurérop)

The Kenics mixer consists of a series of right andtiefited platespositioned so that each

leading edge is at 90 dexgs offset to the trailing edgéthe previous element.

The SMX mixer is built of small stacked lam@lpositioned in arX shaped formation.
Each lamella stage is rotated by 90 degrees compared tpréwous stagerhese mixers come
in multiple lamella configurations denoted by n,,NNx D Q G ZKLFK UHVSHFWLYHO\ |
number oflamellae over the height of the channel, the number of paralietllaalong the length
of one element, the numbef lamellaover the width of the channel, and the angle between the
lamella.The standard SMX mixer is (2, 8, 90°)as shownn Figure9 [74].
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Figure9 - SMX mixer geometrical configuratiofm, Np, Nx f

The LPD mixer is made of a series of satiptical plategpositioned at a 9degree plane
to plane offset from one another. Each mixing stagdssrotated by 90 degrees along the pipe

axis.

2.5.1.1 Static mixer performance

Many research groups investigated the performanstatit mixers using computational
fluid dynamics. Among these groups, the most important contributions were perforiRadlme

et al and Meijer et al

Raulineet al. made a quantitative analysis of the performansi sefatic mixer geometries
including theKenics,SMX (2, 3, 8, 90°) and LPDby computing the velocity fieldf the three
dimensional flomusing POLY3DBM [54]. The analysis compared the mixersnoany metrics that
are consideed to have an influence on mix homogeneity. The most significetysis metrics are
pressure drop, mean shear raterfacialstretching and intensity of segregatidhe analysis was
performedhumerically.Resultscompared to the literature showed good agreemesuimmary of

the results obtained Waulineet al.is presented ifable5 for the Kenics, LPD and SMX mixers.
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Table5 - Mixing performance analysis of static mixers

Mean
a3 shear Interfacial Intensity of
(MPa) rate (s) stretching segregation

Kenics 0.71 10 0.57 0.57
LPD 0.75 8.8 0.54 0.60
SMX 1.8 21 4.2 0.13

The pressure drop ke differential pressure between thiet and outlet o threeelement
mixer. Higher pressure drop cdore problematic for high flow and high viscosity applications. In
DGGLWLRQ DV WKH SUHVVXUH GURS LV WKH VWDWLF PL[HL
efficiencyanalysis.Themean shear rammeasuresV KH PL[HURJVXHIDAQL WU WZRUN"~ WK
Higher shear indicates better performaricterfacial $retching ishelengthstretchratio of a fluid
element over a timé A higher interfacialstretching means a greater contactabetween the
liquidsto be mixed75]. Finally, the intensity oegregation is the spatial distribution of the phases
in the sampleFor a chemical mixing applicatiamthe pdymer industry, this metric isignificantly
important ashaving a excellent spread of the chemical functional gapsurs the highest
degree of the cure can be reachedsults show that the SMiXixer offers the best performance
as it shows the lowest intensity of segregation with the higher shear ratgeafatial stretching
However,the ratio & shear rate to pressure draghichcan be used to quantify the efficiency of
the mixerbecause the pressure drop is directly related to the shear rate since the power is lost to
friction, shows he Kenics isnore efficient.

Moreover, the team developed empirical relations for the pressure drop as a function of
mixer length. This allowed them to conclude that the SMX mixer was the most efficient if space is

limited to mix the products.

Meijer et al. madeompuational fluid dynamic$dlow simulatiors of the most popular static
mixers as a function ahe number of mixing elemesit73]. Flow simulation®f a twecomponent
flow areshown inFigure10. Each row represents a different mixer geometry while each column
showsthe cross section of the mixer after various nursloémixing elements (Blen). Columnl
is a crosssection ofthe mixer at the fluid entrancehere both fluids are clearly visible in black
and white with no mixing performed yé&the following columns are the cross sections afte, 1,

3, 4 and 8 mixing eiments.
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Nelem:
Kenics
RL-180°
LPD
RIL-90°
SMX
(n, N,, N, 6)
=(2,3,8,90°)

Figure10 - Mixing profiles and layeras a function of the number of mixing elemdii]

Visually comparing the mixing profikafter eight (8) mixing elements, the SMX mixing
profile is more chaotic compared to the Keracsl LPD. Small aggregation areasndae seen on
the outer edge of the SMX mixing profile at this stage while the Kenics showsegredictable
and organizedixing patternThese results correlate with the intensity of segregation presanted
Table5 by Raulineet al. Overall, Meijer et al. also conclude thaighermixing homogeneitycan

be achievedising the SMXstatic mixer

Meijer et al.alsoqualitativelyinvestigatedhe numbeof interfaces produced lilgemixers
The higher the@umber of interfaces producegtie more effective the mixer is at ensuring maximum
contact area between the constituents. Results are expusssgid/o schemes Table6. Scheme
1 is based ogeometricabnalysis while scheme 2 is based on actual interface stretching from their
simulations and it refers to what is observe#Bigure10. The group found that the mixing profiles
of most mixers do not behave as predicted. For instance, the (1, 1, 3) SMX mixer, with its two
mirrored crossing blades, causes two courdgting vortices that split the fluid to create two
interfaces each of length equal to the diamBtaf the mixer. This observation depends on the
mixer geometry. This alters the mathematical expression tkailskrl the number of interfaces
produces by each mixing elemeimable6 also liss the dimensionlessrgssure drop per mixing
element. It is defined abe pressure drop through the mixer dividedlosy pressure drop in an

empty pipe of the same diameter as the mixing elements.
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Table6 +Pressure drop andterfacialstretch of different static mixers

Mixer type 'P/element Interfaces produced

Scheme 1: expectec  Scheme 2: actual

Kenics (R1:180( 5.5 tGoxpo VeRxDaFE 5
LPD (RL—90q 85 uQDXDQ t(;DxDQ
SMX (2, 3, 8, 90) 38 ZQDXD(ZF S V\FDXDQ

5HVXOWYVY VKRZ W Kighetdrfjciéncy ldtUrfievécial stretchinga result of the
number of fluid interfaces produce#ifter 8 mixing elements, the numberinferfacesproduced
would be390,625for the standardSMX (2, 3, 8, 9Q) mixer aganst 65,535for the KenicgRL-
1804¢. For visual interpretation, actual interfacial stretch (Scheme 2) is plotted as a function of the

number of mixing elements Figurell

1E+07

Kenics (RL-180°)
1E+06 LPD (RL-90°)
SMX (2, 3, 8, 90°)

1E+05

1E+04

1E+03

Interfaces produced

1E+02

1E+01

1E+00 !
1 2 3 4 5 6 7 8 9 10

Number of mixing elements

Figurell +Actualinterfaces produceBcheme 2per mixing element

Overall, te literatureshows that the SMX mixer is morefficient However, this comes
with the drawback of sigficantly higher pressure drofherefore, the SMX mixershould be

usedwhen space iBmited andsystempressure dropimitations are lowNeverthelessit should
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be kept in mind that high shear may be desirable for mixing but may be undesirable with shear

sensitive fluids.

2.5.1.2 Identification of ideal mixer geometly and sizing

Although a lot of research has been done to evaluate the performfasizic mixers,
mixing homogeneity results will vary depending on multiple factors, the most important being the
volumetric and viscosity ratooof the components. High waietric ratios,usually considered
100:1 or aboverequire more mixing elements toninimize the intensity of segregatiofi76].
Likewise, the higher the viscosity ratio, the higher the differenag@énfacial stretcbetween the
components, resulting residual shear stress at the interfded prevents the fluids to m[X7].

Vinyl ester resins used wiisocyanatehickening agents have a volumetric and viscasitip of
approximatelyl0:1[78], [79]. A high viscosityratio is generally considered as anything above
100:1[76]. This means that vinyl ester and isocyanate is not considered easyceptionally

hard to mix.

Ultimately, dhoosing the ideahixer geometry and size is what will result in the best trade
off betweera maximizednix homogeneityanda minimizedoressurarop.lt is possible to perform
computational fluid dynamic (CFD) analysis using a mixer geometry to simulate the way both
fluids will mix. However this type of analysis is complex and hard to execute with acc[8@fLy
Using theliterature and empirical data from static mixer manufacturer, the right mixer can be
LGHQWLILHG SURYLGHG WKDW WKH IOXLGVY SURSHUWLHYV DC
experimental testing and mixer size iterations can aitoproving the mixer. However, in most

cases, simply addingixing elements suffices to meet the process criteria.

Static mixers are usually available in reusable and disposable vdi&pnEhe disposable
versionsarean interesting solution with polymers. At the encdahanufacturing cyclehe mixer

can simply be replaced instead of clegrreducing maintenandane and cost

2.5.2 Dynamic mixing

Dynamic mixers consist of mixing elementstthee mechanically agitated by an external
power source. In its simplest form, a dynamic mixer can comprise of a shaft and blades submerged
in a liquid. Ore common example is a regular household food processor or blender. In these

instances, the mixer waskn batches, meaning that dneed andlimited volume of fluid is mixed
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at a time. This contrasts with the static mixer where the fluid is mixed continuously as it flows
through. This can ba major drawback foan industrial process when large quanstief liquid

must be mixed jusin-time for production. Also, this becomespecially critical with reacting
polymers because the resin and hardersar react quickly, leaving littleleftover time to

manufacturehe part.

Dynamic mixers are also offeredimline versions, allowing continuous mixinggurel2
shows an ifline dynamic mixer wittatwo-component flow at thput (lower left) and the mixed
output (top)81]. The energy required for the mechanical agitation of the blades is provided by the
electric motor (right). The added mechanical energy provided by the motor will result in less

pressure drop when compared to static mixers.

Figurel2 #In-line dynamic mixer by Silversdig1]

Hybrids between static and dynamic mixers also availableFigure 13 presentswo
similar statiedynamic mixing head8oth examples are handheld devices with a motor at the back
and a disposable mixing chamber atoldput The term statidynamic comes from the fact that
the blades inside the stamixer are dynamicallggitatedby an external motoihese mixers are
designed to take advantage of the simplicity and easy maintenancenef static mixers while
adding the energy of the motdriven mixing bladesln this design, the componentslie mixed
only meet in the disposable plastic mixer. This eases maintenance cost and complexity by requiring

only a change of mixing chamber.
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(@) (b)

Figurel3 £StaticDynamic mixing heads: (a) Statibynamic by DOPAE82] and(b) LC 5/3
by Tartler[83]

One significant drawback of dynamic mixers is the inherently more complex design of the
assembly. The addition of moving parts, external motor and energy supply (air, electricity,
hydraulcs, etc) and weight make these mixers somesinae little too complex for certain
applications.Even though the addition of a mechanical agitaty@merallyhelpsto mix the
products together, simpler static migérave been shown to have the ability to adequately mix
polymers. Choosing thieechnologyresults in higher purchasing and operating costs. Moreover,
the moving parts usually makelé@ss durable with abrasifkiids, a common reality wi resins
containirg additives

2.5.3 Impingement mixing

The last commonly used mixing technology in the field of polymers is called impingement
mixing. Figurel4shows a schematic of a typical impingement mixing head along with a simulation
of the mixing chamberln this process, the two fluids collide at high pressure into a mixing
chamber, typicallyaround 80 to 200 bars [84]. This technology was developed for the
polyurethanes industry, whecenventional valves and actuators were too stowhard to clean
and requiredegular maintenanc&he sudden pressuleopsexhibited by the fluids when entering

the mixing chamber creates a lot of turbulence and mixes both products rapidly.
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(@) (b)

Figurel4 #mpingement mixer: (&pchematic of a typal impingement mixing heaahd(b)
Simulation of impingemt mixing for a twecomponent fluid85]

Although high pressure mixing heads reliably create an even product distribution, they
require more complex equipmentsupply highpressure flow. Foa mixing chamber with directly
opposed jets, the transition to turbulent mixing, a requirement for consistent mix quality, occurs at
Reynolds number over 1486]. In the case of viscous polymers, achieving such flow requires
significant amounts oénergy and hydraulionits must be use@¢omplexifyingthe resin dosing

system.

An advantage of the impingement over the dynamic mixer is that cleaning is simplified
because there are matatingparts.Some models includepstonthatcan push the lefter polymer
through at the end of a mixing phastile others hava dedicated solvent inlet for automated
cleaning.Impingement mixers are ideal with high flow applicationprocessesquiring a high
number of mixing shots per dayjth some mixing urig allowingflow rates of up to 8000 ml/sec
[87].

Table7 presents a summary and comparison of static, dynamic and impingement mixers based

on their respective advantages and disadvantages.
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Table7 - Comparison of static, ayamic and impingement mixers

Mixing Advantage Disadvantage
technology
Static X Simple design X May createasignificant pressure
. drop
X Inexpensive
x Widerange of viscosities
x Does not require an external
energy source
Dynamic X Reduced pressure drop x Complexdesign
X High purchasing and maintenanc
costs
Impingement  x High outputflow rateand X High purchasing costs

pressureapabilities

X Shortfluid residence time fo
rapid chemical reactions

Limited sources in the literatumparethe various mixing technologies togetlj8s].
The design criteria are more influencing the technology choice than the mix quality obtained with
a specific technology. The literature shows that with all three technologies, very high homogeneity
mixing can be achievedllitimately, cost,mainteranceand applicability based on the fluids to be

mixed will drive the technology choice.

2.6 Pumping technologiedor in-line mixing systems

Equally important equipment of an industrgtade mixing and dosing system athe
pumps. This equipment dictates tipeecision at which both fluids will be injected into the mixing
unit. Pump requirements for dosing and mixing systemakidehigh repeatability pulsefree, low

shearhigh pressure and abrasive and corrosive fluids capability.

Out of the many pump typélsat are currently available, all can be categorized into one of

the two following groups: centrifugal pumps and positive displacement pump. Centptugps
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use impellers to convert velocity to flow and can pump up to veryfloghrates. Unfortunately
these pump$utputflow ratecannot be controlled or adjusteath high precision

2.6.1 Positive displacemenpumps

Positive displacemen{PD) pumpsuse rotating or reciprocatiragtionsto directly push the
fluid to the discharge sid@he suction, on thetber hand, is the wetted part located at the inlet of
the pump.7KURXJK HDFK F\FOH RI WKH SXPSTV DFWLlfeM@thed VSHFL
suctionto the discharganaking these pumps very precise and repeatéb&output of the pump
can be comblled and adjusted automatically using a feedback loop when combined with a
flowmeter. This guarantees a constant and préoseratein all conditionsPositive displacement

pumps are separated into two categories: rotary pumps and reciprocating pumps.

2.6.1.1 Rotary pumps

Rotary pumps usa rotatingmechanical motion to pump the fluid. While the rotor spins,
fluid is trapped in the spaces created by the moving paastrastingly, centrifugal pumpsse
fluid velocity andthe pressure differential between thactionand the discharge side to move the
fluid. Rotary pumps have the advantages of creating a smootlaflovell as being compadh
addition, they are usually cheaper to acquire and maintain. Regrettably, rotarytpocthfmswear
quickly when pumpig abrasive fluids because of the tight tolerances between the moving parts.
Several types of rotary pumps are available such as the gear, lobe, progregsiaadaeristaltic

pumps.Figurel5shows examples of these for types of rotary pumps.
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() (d)

Figurel5 tRotary positive displacement pumps: (a) gear, (b) lobe, (c) progressive cavit

(d) peristaltic
x Gear pumps

Gear pumpsire made of two wetted meshed gdhat are mechanically driven. Each gear
tooth brings a constant volume of fluid with The pumpedflow rateis equal tothe number of
teeth per geatimesthe rotational speedf the pumpldeal for high viscosity applications, gear
pumps reduce the impact of pulsations in the flow because each gear has numerous teeth, thus
creating many small pulsations that often go unnoticed. The major drawback of gear pusmtps is th

they arenot compatible with slurry fluid as they rely on the tight geometrical taderan the gear
meshing to prevent backflow.
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X Lobe pumps

Lobe pumpscan be considered as a variation of gear purdgsg the same working
principle as gear pumpshey consisof two vanes that are meshed together to pump the fluid
around the interior casing. However, unlike gear pumps, the lobest douch one another and
this is prevented through an external gearbox that is not in contact with the fluid. As a result, lobe
pumps are known for their ability to pump fluids with solid contents without being dantégace
15shows a lobe pump with the front cover taken off. It is possible to notice the small gap between

the two lobes that allows this pump to wavith abrasive fluids.

X Progressive cavity pumps

Also know as Moineau pumpafter the inventor, progressive caviiymys operateusing
an ingeniouscombination ofmetallic or plastic worm screw rotor inside a rubber staffine
S X P Sv8irvh screw traps a certain volume of fluid and transports it tditehargeThe rotor and
stator assemblgreshown inFigurel15. Because the stator is madesoftrubber, these pumps can
be used to pump abrasive fluids without damage. However, they cannot run ldrygfperiods

and are very expensive.
x Peristaltic pumps

These pumps utilize a roller that compresses a flexible tube to move the liquid. The action
is similar to the swallowing motion in the esophagus. The main advantage of this technology is
that there is no contact of the fluid with the mechanicdbpa the pump. This makes these pumps
ideal for pumping harsh materials. When needed, the flexible tube can easily be replaced. In
addition, they are seffriming, meaning that the suction end does not need positive pressure to
operate, and they can rury. One drawback is the pulsating flow that is produced at the

discharged



34

2.6.1.2 Reciprocating pumps

Reciprocating pumps use linear motion a piston or diaphragte move the fluid The
reciprocation motion implies thesrean upstoke and downstroke teverycycle, resulting in a
pulsatingflow. Oneway ceck valves are added to thectionand dischargeof the pumps to

regulate the flow in and out of the system.

(@) (b)
Figure1l6 *Reciprocating positive displacement pwunf@a) cuble diaphragm pumib)
piston(left) and plunger (right) pump

x Diaphragm pumps

Diaphragnmpumps are comprised of an elastomemembrane that moves in a reciprocating
motionto pull and push the fluid in and out the pump. Check valves are locatedsattiomand
dischargeof the pumpto prevent backflowlIn most cases, diaphragm pungmsme indouble
configurations andse two distinct diaphragms that act opposite to onthan The internals of a
double diaphragm pumgreshown inFigurel6. Since each diaphragm has a charge and discharge
phase, combining two diaphragms together allgetingrid of most of thepulsations As one
diaphragm pulls the fluid in, the other is diaoying at thedischargeand vice versa. Diaphragm
pumps areelatively inexpensiveand can either bpneumatically hydrauli@lly or electrically

driven.
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x Piston andplunger pumps

Piston and plunger pumps use almost identical technologies. In both cases, a0
linearly back and fortlto move the fluidThese pumps excel in high viscosity and khghssure
applications.The working princife is shared with the diaphragm pumipigure 16 shows a
schematic of the minor difference between the plunger and piston pumps. Plunger pumps are better
at working with abrasive fluids armhn be used at higher pressures because the seal is stationary

and tends tevear at a slowerate

Like diaphragm pumpgiston and plunggeumpsusually come in a duplex configuration
to limit the pulsating effect. It is also possible, in some instatoesjd more than two pistons to
limit the pulsating effect and extend the life of the seals due to the Strales rate obtainedith

morepumpheads.

Abrasive fluids compatibility depends on the pump technology. Choosing a pumanwith
intricate mechasm will obviously not work with fluids containing solids. Likewise, chemical
compatibility will depend on the material of the wetted partthe pump This aspect must be

consdered both in normal operation and cleaning, where organic solventseste

2.6.2 Importance of flow rate linearity

In-line mixing devices have low fluid residence timngeaning that the fluid does not stay
long in the mixing chambdB9]. Static mixers are designed for radial mixing, and they are quite
effective in removing radial variations in composition and temperature as deiguia8. Radial
mixing creates a net velocity profile in the axial direction that approximates piston flow even at
low Reynolds numbergHowever, theflat velocity profile is a disadvantage when the input
composition or temperature varies with time. Theretile ldampng of input disturbances since
piston flow provides no axial mixin@0]. This translates to the importance of having a linear and
precise flow from the dosing pumps. If the pumps generate a samtifamount of pulsations, the
FRPSRVLWLRQ RI WKH IOXLG DW WKH LQOHW RI WKH PL[HU Z
effect by providing axial mixing is limited and the mixed product will likely also present the same

composition variations.

From their workingprinciple, positive displacement pumps will almost always produce a

certain level oflow ratevariation. Luckily, for very sensible applications, there is the pogsibil
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to add flexibility to the systerhy using plsation dampener#ulsation dampeneesea bladder

with an elastomeric membrane that absoWKH SUHVVXUH VXUJHV IURP WKH SXP
VI\IVWHPTV SUHVVXUH :KHQ F KeBrvemQverup i@®4-bFpres3ire Gu&isis Q H U V
depending on the fluid cdlitions, pumping equipment, system setup and environf@ght-igure

17 shows the original and dampenpessure as aifiction of time for eoneinch air-operated
doublediaphragm pumpn addition to ensuring a steady flow for chemical meteaipjications

pulsation dampeners have the added benefit of protecting the instruments and equipment from

pressure surgdhat could cause prematueelure.
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Figurel7 - Pulsation dampening on a ait operated double diaphragrositive displacement

pump

2.7 Resin metering and mixing systems

A wide variety of metering and mixing systems are availabléhe marketBecause many
different industriegequire them daily, these systems are now offered to cover a wide array of
applications. Unfortunatelyhe applicability and performance of the available systemismited
in some industries. For instancgstems aiming at the food industry will possess high output
capabilities and sturdy construction to satisfy very high output andtéyng manufacturing
forecasts On the contrary, the pharmaceutical industry will mandate extremely high dosing

precisionand mixing homogeneity with lowg@roductionrates.
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For polymer processing, dosing precision and mix homogeneity are very important from a
chemical perspective. On top of that, systems must be powerful and reliable to handle products
with high viscositiesand abrasive characteristics. For composites applications using thermoset
resins, a twecomponenmmetering andnixing system is usually used to mix the bessnwith the

hardener.

2.7.1 Hazardous classified locations

Some polymer resin systems reledisenmable vapors. Under the right conditions, these
vapours present risks of an explosion and makeetheronmentsurrounding theequipment
hazardous. The National Fire Protection Agency (NFPA), an American standard for electrical
safety in the workplagessues standards and guidelines on the use of electrical equipnaent in
hazardous location in their NFPA 70E document. Canada adopted this standard through the
Canadian Standards Association (CSA) in the CSA Z426 standard. Hazardous products can be
classfied as Class 1 (flammablgases angtapaurs), Class 2 (combustible dust) or Class 3 (easily
ignitable fikres).

Class 1 classification is pertinent with organic compounds and solvent used in this project.
Then, depending on the likelihood of the hazasdonaterial being present in dangerous
concentrations, Classis subdivided into twdivisionsand threeZones Table8 definesthe two

Divisions related to gas or vapourazardous locations
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Table8 - Projectrelevantflammable gas and vapour classification definitions in Canada

Division and Zones Definition [92]

Classification

Division 1 The explosive mixture of gas or vapour and air may exist under n
operating conditions.

Division 2* The explosive mixture of gas or vapour and air may exist u
abnormal conditions such ascidental rupture of a vessel or contai

or failure of a ventilating system.

* Normally, a Division 2 location is assumed to surround a Division 1 location unless the
is prevented from spreading beyond the Division 1 location by a saliurproof (for gases
and vaoours) or dustight (for dust and fikes) partition wall without any opening®.g.doors

or windows).

As a result, classified locations standards impose electrical equipment to be certifiafi for

usewithin a certain volume around an open container as shotigumne 18,

. 3050mm___|
| (10 ft)

Pit or trench

Class |, Division 1 or Zone 0
(e.g., vapor space in container)

Class |, Division 1 or Zone 1
/| Class |, Division 2 or Zone 2

Figurel8- Electrical area classification around an open container in a ventilated area
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Electrical equipment located within three feet of the open contaireemy direction and
down to the floomust be certified for use @lass 1Division 1 locationsThe @me principle goes
for Division 2 which is the volume surroundimjvision 1 extending out another two feet in any

direction and down to the floor witmother five feet by 18 inches high on the ground.
2.7.2 Resin abrasiveness

As reviewed in sectio2.4, resins used for SMC manufacturingn contain arond 15%
fillers and 3% additives. These fillers and additives are generallyaamtive and nossolubledry
powders that can be very abrasi@me of the most comon SMC resin fillers and additives
include hollow and solid glass microspheres, milletbaaand glass fites and calcium carbonate

all abrasive materials with relatively high hardness.

Studies on the influence of fillers and additives particle size and content in resins on wear
rate show the damage such fluids can cause on metal surfacetinowvgd8], [93]. More
specifically, t has been confirmed that signs of wear caused by abrasion are most significant in
areas of tightlearancesvithin gear pumps$or examplg94]. Thereforemany pump technobies
andequipmenused in metering and mixing systems must be chosen to accept such abrasive fluids.
A talking example is the use of gear pumps as their operation and precigion tighttolerances
between the meshing gears and houssghown irFigure15. The same observation holds true

for gear flowmeters as they agssentiallypassive gear pumps.
2.7.3 Two-component metering and mixing systems

The following section presents the capabilities fioe commercially availabletwo-
component idine meteringand mixing systemgd.he systems were selected because their technical
VSHFLILFDWLRQV ZHUH m@&RAing S/ miXiRppplisatiov. el Rymes \arg V
shown inFigure19 and their technical data is listedTiable9. Most of the performance data for
WKH PHWHULQJ DQG PL[LQJ V\VWHPV DUH DYDLODEOH RQ WK
cases, answers to more technical questions were obtained by directly contacting th€ ¢orhpef|
UHSUHVHQWDWLYHYV 7KH WHFKQLFDO TXHVWLRQV HPSKDVL]H
fluids and on certification to operate in classified hazardous locations, two common requirements

with SMC vinyl ester resin systems.
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Figurel9 tCommercially availabléwo-componentnetering and mixing systerta) Mahr
MarMax, (b) Tartler Nodopur, (c) Cannon®/stem, (d) Meter Mix PAR200 and @DPAG

Compomix
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Table9 - Reviewed metering and mixing system technical data

Mahr Tartler Cannon Meter Mix DOPAG
MarMax Nodopur  B-System PAR 200 compomix
Reference 3 4 [95] ° >
. . up to Virtually no Up to
Viscosity (cP)  ggb oo, e 5000 P hoe  11050,000
. , 100:100to  100:10 to 1:1to ) 1% 100:5to
Mixing ratio 100: 7 10:100 so.1x  BL200% 100:100
Flow rate 50 to 100to 1000to 2,000 to
(mi/min) 4,000* 13000+ 400000+ 101102910 55 50
Highly abrasive
fluids No No No Yesb No
capability
Mixing Statlgor Static . Static or Static or
technology Static. Dynamic Dynamic Dynamié Dynamié
Dynamic
Pump Gear Gear Gear Ge_ar,S_mgIe Gear
technology actingpistor?
Carbon Aluminum,  Aluminum,
Wetted parts Stainless Stainless steel, Stainless Stainless
material Stee| PTFE Steel, PTFE Stainless Steef, Viton, Steef, Viton,
SteeP PTFE PTFE
Class 1 Div1
I—:azar.dous Yes® No Yes® No Yesb
ocations
certified
*Depending on equipment selectiahpurchase
$ Optional

The first system is built by Mahr, a German company that specializes in metrology and
metering systems. The MarMaxetering systerfeatures two higlprecision metering gear pumps
with gear flowmeters. Available options include day tanks with agitator and temperature control.
The mixing is performed by a statitynamic mixing gun (not shown in the picturéhe systems

versatileandallows wideflow rate and mixing ratio range However, the system cannot handle

3 Flowers, Personal communication, Novembéf, 2018
4 Fesel, Personal communication, Octobéeb, 7918

5 Ripberger, Personal communication, Novembét, P18
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fluids with abrasive fillers a$ uses gearpumps to accuratelyosethe fluids. In addition, thbase
modelis notcertified to operate ilClass 1Division 1 hazardous locanhs This feature is only

available as an expensive option.

The Nodopuris made by Tartler, a German company, andery similar to the MarMax
systemin terms of performanc@he system features gear metering puanp$ a static mixeihe
flow rateand mixing ratio capabilities are similar to the MarMax systEime main drawbacks are
that it is not designed to handle abrasive fillers and is not certified to operation in Class 1 Division

1 classified locations.

Nextis theB-systemby Cannon, an Itean company. This machirtgas limited viscosity
capabilities and a lower mixing ratio range than the first two systémfers a higheflow rate
range which might be a limitation for legpeed research and development SMC manufacturing
lines.Moreover it cannot handle abrasifleids butcan becertified to operate i€lass 1 Division

1 classified locationas an option.

Meter Mix, aGermancompany, makes tHeAR 200andoffers a lower andarrowerflow
raterange capability thathe previous systems. However, it is the only system that can be modified
to process abrasive fluids. This can be achievedfigcingthe base gear pumpsth single acting
piston pumps.Unfortunately the single action of the piston means that theesystannot
continuously dispense mixed resin to the production line. The systens some of the highest

viscosity cgacity of any systerbut cannot operate in Class 1 Division 1 hazardous locations

The last systeptheCompomix, is made bPOPAG, another German company.ike most
systems, it uses gear metering pumps and therefore cannot process abrasive fluids. It is available
with Class 1 Division Zlassified location certificatioas an option. Otherwise, it offers a static or
dynamic mixing unit andike & D Q Q R-€y$teMm Aiflow rate capacity is higher and might limit

small production speed applications.

Overall all systems have stainless steel and PWeEed parts stock orvailable as aroption
These materials hawxcellentchemical compatibility with a wide range of chemicals and organic
solvents. In the case of a typical SMC vinyl ester resin, chenlikalstyrene, isocyanate and

acetone are most concerning. Nonetlrelssainless steel and PTFE offer outstanding chemical
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resistance to these produdireover, stainless steel has a hardness of 70 on the Rockwell B scale,
the highest of most metals available for processmgpmentike. This normally means that it
will have the added advantage of showing increased wear resjdtanites highly dependent on

the surface treatment applif2b].

2.7.4 Summary of aurrent systens limitations

It is important to note that the technical data showhable9 cannot be achieved with any
given configuration of the systefhe design of the metering and mixing system must be adjusted
and tailored to the specific fluids througiquipment selection dnsizing whenpurchasing the
system In addition, some performance data are not compatible with one artathexample,d
be able to accurately meter and rhigh viscosityfluids, theflow ratecapabilitiesmust bdimited

to avoid increasedressure wpsin the piping

There is noreviewed systerthat can handlabrasive fluidsvhile beingcertified to operate
in Class 1 Division 1 classified locatior&his proves to be an important limitation for vinyl ester

SMC resin formulations as they contain styrene and a high content of abrasive filler and additives.

Another important aspetad consider is that although all systems used positive displacement
pumps, which are very precise, not all systeseflowmeterso control the pumps output ugia
feedback loop. Moreover, all systemse independemtumps to meter each component. This
means that a slight lag in the feedback loop or even a slight motor speed variation will immediately

affect the mixing ratio

Finaly, Table 9 shows there is a great innovation opportunity to develop a ndwwein

metering and mixing system thatercomes currently available systémitations.

2.8 Summary and knowledge gaps

The literature reviewfirst covered the applicatiormand manufacturing processed
compositedn the automotive industry before summarizing the available methodsdwrmix
homogeneity evaluation. Then, the diffat mixing and pumping technologies were studied along

with an overview of the commercially available metering and mixing systems.
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The automtive industry has been using composites material for more than 50 years.
However, only now do we see OEM startitmyinvest in developing solutions for the use of
composite materials for structunahrtsof high-volume production vehiclesor structural parts,
carbon filvereinforced epoxy or vinyl ester resins seems to provide adequate mechanical properties
for these applicationsTwo majormanufacturing processstand outresintransfermoulding and
hot compression mubding.

Static mixes seemto offer adequate mixing while havingsanple design, low cost and
easy maintenancelowever, the literature review does not allow to predict with accuracy the mix
homogeneity obtained using a specific mixer anty compares most static mixer technologies
together to facilitate geometry choifte a givenapplication

Currently availabk inline metering and mixing systems do not meet the requirements for
the continuous mixing abrasive resins @fass 1Division 1 hazardous location. Moreover,
currently available systems use independent motors for each of the. Jinsgoes not guaraeée
that he mixing ratio will be maintained followingrapid increaser decrease in outpflbw rate

as one motor could potentially change its rotational speed faster.

2.9 Project objectives

The first objective of the projetd to demonstrate that adequatéx homogeneity anbe

obtained using a commercially available static mixign the partners vinyl ester resin formulation

The second objective of the research project ideieelop a new metering and mixing
VA\VWHP WKDW P H H Yequirbni2QisDWlikedalded of WiQdbjective include a complete

3D model along with the complete part list and costs. Then, the system must be assembled.

As a third and final objective, theewly developedsystem will be tested and validated
Resin samplewill be mixed using the system and homogeneity will be evaluated using the same

methods used in the first objective.
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CHAPTER3  '(021675%$7,21 27+( 3(5)250$1&( 29
67$7,8& 0,:(5 72 2%T7® +202*(1(2865(6,16$03/(

The objective of this chapter is to demonstidtat adequate mix homogeneity, measured
through the CoV, can be achieved with a static mixer. In order to meet the objécteecitems
are verified in this chapteFirst, verification is done to determine FTIR spectroscopgan be
usedto evaluatehe homogeneity of a resin samfiiem one) Then,the performance of a static
mixer to obtain omogeneouresinsamples evaluateditem two) Finally, the impact ofmixing
ratio variationon mix homogeneitys qualitatively evaluatetb assess the &t mixing capabilities

of a static mixefitem three)

, WHP WKUHH DVVHVVHV WKH VWDWLF PL[HUYVY DELOLW\ W
caused by the pumpAs seen in the literature review, a lot of research has been made on velocity
profiles in static mixers. All have concluded that static mixers are ideal for radial mixing and only
provide a limited amount of axial mixinylore specifically, the aim is tauglitatively evaluate the
VWDWLF PL[HUfV D[LDO PL[LQJ FDSDELOLWLHYVY RU WKH PL[H
direction of the flow. This aspect is important regarding the pump technology choice for the new
system to know whether or not b UDWH SXOVDWLRQV ZLOO VLJQLILFDQW
homogeneity.

The chapter first describes the materials and equipment used. Then, the procedure associated
with HDFK RI WKH WKUHH LWHPV QHHGH G dat&ledd Fiek kevhblad KH FKELC
the recommended procedure for FTIR analysis, the validation of the performance of the static mixer
to obtain a homogenous resin sample and the qualitative evaluation of the axial mixing provided
by the static mixer, notable via the influendenaixing ratio variations on mix homogeneity.

Finally, a conclusion summarizes the results for the three items.

3.1 Materials

The resinusedwas providedoy the industrial partneit is atwo-componentvinyl ester
resin(part A)with an isocyanate thickeniragent(part B)used for SMC manufacturingart A is

a typical unsaturateddphenolA epoxy vinyl ester resiim styrenewhile part B is a combination
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of polymethykne polyphenyl isocyanate andt4liphenylmethane diisocyan&t&any additives

and fillers are incorporated in the resin but their exact nature and cantédwafpt secret by the

industrial partnerHowever, these additives and fillers are inert and do not influence the mixing
andreactionof both componentsThe presnce of styrene makes this resitass 1 Division 1

explosive| ROORZLQJ &63%TV VWDQGDUGY 7KH QHFHVVDU\ VDIHW\ ¢
the regulatiorduring storage and handling of the produdtse technical information of parts A

and Barepresented imTable10.

Table10 +Parts A and B technical information

Process variable Part A Part B
Viscosity (cP) 1050 195
Density (g/ml) 1.068 1.234

3.2 Equipment

Resin components wemaixed together using Kenics RL 180static mixer(7700704
Nordson EFD) shown inFigure20. The mixeris made obrassinlet and outlet NPT fittings with
nylon tubehousing an@4 acetalmixing elementsThis mixer was chosefor its simplegeometry
and proven efficiencyfor mixing various twecomponentproducts It was sized by the
manufacturer based on the flow rates and viscosities of the products to beThixeaixer offers
good performance and limited pressurepdcompared to the SMX mixer. An SMX static mixer
will be testedwith the final systemThe system will offebetter pressure capabilities than the

expeimental setup presented below.

6 Pachha, Psonal discussiorNovember 19th, 2018.
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Figure20 - Kenics RL 180 static mixer

Positive displacement pumps warsed for the A and B componenkor partA, a high
precision resin injection pistamas used (5000c, Radius Engineerintnc.). This pistoncandose
theresin from 1 to 50@nl/min at + 1 mimin. For part Btwo different positive displacement pumps
wereemployed alaboratory scalsyringepump(KDS 200, KS Scientificand a peristaltic pump
(755380 motor and controller with 70120 pump head, ColBarmer)All three pumpsare shown
in Figure21.
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(©)

Figure21 tPumps used during testing: (a) Resin injection piston, (b) laboratory scale sy

pump, and (c) peristaltic pump

7KH PL[LQJ WHVWYV ZHUH SHUIRUPHG DW &7%YV FRPSRVLW
appropriate ventilation to manipulate resin containing organic volatiles. On the other hand, FTIR
analysis was performed e¢gepEdouard ORQW SHW LW §V F K hi$irig\4 \Rekin BIDé& R UD W R
UATR Two machine, showm Figure22 'DWD FROOHFWLRQ ZDV GRQH XVLQJ V
v.10.4.4 File conversion was dongth theSpectragryph.2.10while spectral analysis and graphs
presented in this work were generated with Microsoft Excel 2016.
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Figure22 - Perkin Elmer UATR Two

3.3 Procedure

3.3.1 FTIR spectroscopy as a technique to evaluate tH@mogeneity of a resin

sample

To evaluate the homogeneity of the resin mixtthre,coefficient of variation (CoV) is used
on a metric that is linked to the mixing ratio of both compondfitiowing the literature and
guidelines rom the industry, a resirsample that has a CoV of less than 5% is considered

homogenous.

Attenuated Total Reflection Fourier Transform Infrared Spectroscopy {ATR) is used
to collect the metrizsed for CoV calculation®&STM E168 and ASTM E12528 test standards
areused to collect and analy the FTIR dat§97], [98]. First, the spetrum of both the A and B
components were collected to know their individual spectitmen, both components wenand
mixed in a cumt thevolumetric mixing raticstated by the industrial partner,2%,5:1 (AB). This
allowed evaluatingif the charactastic infrared absorbance peaks of the different components
could be resolved in the spectrum of the mixed samygleording to the industrial partner, mixing
both components by harfor two minutes yieldadequate homogeneitgased on the results from
the individual and mixed spectra, the IR absorbance psadk as the metric is identified forther

CoV calculation

To validate the linearity of the correlation between the mixing rqiawt(B concentration)

and the absorbancgix samples with variousnixing ratios werdnand mixedn a 120 ml glass jar
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Results should obethe BeerLambertlaw to allow FTIR absorbance peak height to be used for
homogeneity  calculation The composition of the sampgle used for the

BeerLambert law validations listed inTable11.

Tablell- BeerLambert law sample composition

Mass part A (Ma) Mass part B (Ms)  Mixing ratio Me/(Ma+Ms)

Sample # (Ma/Mg)
[a] a] [-]
1 25,010 0,000 N/A 0,0000
2 24,060 0,976 24,652 0,0390
3 23,865 1,150 20,752 0,0460
4 23,394 1,620 14,441 0,0648
5 22,709 2,304 9,856 0,0921
6 20,718 4,296 4,822 0,1717

The six samples presentedliablellinclude the mixing ratio stated by the industrial partner

(Ma/Mg =17,71). The quantity/ , :/ . E/ ,;is the concentration of part B ihd sample.

Hand mixed samples used to validate the use of FTIR spectroscopy were mixed in 120 ml
glass jarsFive (5) FTIR spetraarecollected to calculatdhhe homogeneitpf the sample usinthe
CoV, as shown in Equation Eigure23 shows the approximate position of the samples collected.

() (b)

Figure23 £(a) FTIR sample positiaand (b)mixing jar
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FTIR spectra collected by ATRTIR present slight amplitude variatiotimat can be caused
by sample preparation or data collectidn adjust for this amplitude variatiotihe IR absorbance
peak of interest used for CoV calculatiom@malizedusing other easily resolved peaks. These
peaks must not be characteristic of the mixing process (i.e. they must not be involved in the
chemical reaction between parts A and Bis ensures that the CoV results for homogeneity
evaluation are ingpendent of the normalization proce3® identify the peaks used for
normalization, FTIR spectra wecollected over a period 48 hours, or nore specifically 1, 2, 3,

4,24 and 48hours after the mixing ocowed

Moreover,depending orthe chosenchemtal functional group associatedth part B of
the resin usedbor CoV calculationsthe amplitude of the FTIR absorbance pewdy vary over
time. The reactivity of parts A and Bill influence the homogeneity calculations obtaihedause
the amplitude othe absorbance peak will be modified over tiieakes approximately three
minutes to complete one FTipectrum data collection h€ time delay between the analysis of
the first and fifth sample carhereforepe significant in terms of amplitudeariationcaused by
the reactiorof both componentdime compensation calculations added to the data analysis by
using the reaction ratd thechosen absorbance pe&ls themixing is performed at CTA PL r D
and the FTIR analysis at cegep Edoubohtpetit (PL s} the mixed sampk have
approximatelyonehour to react before the first FTIR sample is colledtg®’L s D From there
all samplegequired for homogeneity calculatioase collected within one hoirom PL s 0o
PL tD. The reaction rate is determined by measuring the amplitude variation of the chosen
absorbance peak from the first hour after mixingwo hours after mixingThe speed of the
reaction is assumei be lineaand the amplitude of the absorbance peaks fven sample are
compensated for the time since the first FTIR spectrum has been collecteder words, the
amplitude of the absorbance peak from the first FTIR reading takBh & Cafter mixing is not
time compensated. The next reading, tafppraimately three minutes lateis compensated so
that the amplitude of the absorbance peak can be compared with the first sample taken. The same
logic applies for the following reading®nly when the data have been normalizedaioplitude

variations anditne-compensated can the CoV be calculated for a mixed sample.

With the results obtained from the FTIR data collectaomplitude normalization and time
compensation methods, it will be possible to conclude if FEHIRbe used to collect reliable data.

Then, the homogeneity of a mixed sample will be calculated using the CoV.



52

3.3.2 Performance of a static mixer to obtain a homogeneous resin sample

For thesecond itemthe syringgpumpand injection pistomareemployed to generate a linear

flow rate. The speed ofach pump is adjusted so that the volumetric mixing ratio of 20,5:1 is
respected.The flow then passes through the Kenics RL 180 before exiting into-ghaped
container. The Wshaped container issed to facilitée the resin collection ardgnit the additional

mixing that could be obtained from the resin falling and being transported into a glass jar. The
linear geometry of the 3haped container was thought to limit the risk of diffusion mixing over
the time used for transportation. Duritmgnsportation from CTA toegepEdouardMontpetit, the
V-shaped container was tightly covered with a bagging film to prevent contaminatitsasdi

resin flow. The Vshagd container was pulled by a 12 vditect current motowith variable

speedasshown inFigure24.

(a) (b)
Figure24 - V-shaped sampleollector:(a) Puller and (b) output of the static mixeto the \*

shaped container

FTIR datawere collectedat five different positions along the containging the same

analysismethod described iB.3.1 The position of each measurement is present&tgure25.
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Figure25- Sampling positions within the-8haped containeo validate the performance of the

static mixer

3.3.3 Qualitative evaluation of the impact of mixing ratio variation on mix
homogeneity

For the third item, the peristaltic pump and injection pissemployed to generate a
pulsating flow rate. The resin was mixed using the Kenics RL 180 static mixer and samples were
collected in the moving W KDSHG FRQWDLQHU 8VLQJ WKH SXPSTV SXOV
puller was adjusted to get at least twanpdete pulse cycles along the length of theshaped

container Samples were collected every thfearths of an inch over the length of the container,

totalling 36 FTIR reading:f as shown irFigure26.

< 28 in >
Y%in —1e > %in"*%im’l*%in*l |4—3/4in-b|4—%in~b|4—3/41n - »— 15 1n
o o o o o 1) o) o
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Figure26 - Sampling positions within the-ghaped container using the static mixer and the

peristaltic pump

FTIR spectra were collected for each of the 36 positionstenamplitude of the absorbance
peakwas normalized and timeompensated asith previous tests. Only the peristaltic pump used

on the B side created flow rate pulsations to make sure the mixing ratio variean@vat the inlet

of the mixer.
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3.4 Resultsand analysis

3.4.1 FTIR spectroscopy as a technique to evaluate the homogeneity of a resin

sample

Figure27 shows an overlay of the FTIR spectra of parts A and B of the resin system. The
x-axis is the wavenumber and is directly proportional to the energy. The left of the spectrum, at
high wavenumbers, is of higher energy than the right. Tddgyis the absote infrared absorbance
of the sample. The absorbance peak of isocyanatd=®=0, stands at a wavenumber of 2200
2300 cmt' of part B.

1,2

E Part A

1 ¢ Part B

<
co

<
=)}

Absorbance (-)

=
T

2
o

0 T
4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm™)

Figure27 - Overlay FTIR spectra of parts A and B

The isocyanatepeak is well defined as it ds not overlap with the peaks of any other
functional groups and has a high amplitudi¢he isocyanate peak fell aligned with an important
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peak from part Adeconvolution would need to be used to resolve overlapping bands and allow
analysis. This wouldncrease the uncertainty and diminish the reliability of the analysis.

Immediately after mixing, the isocyanate starts reacting with the amines present in part A.
This reaction creates a new bond between the amines and the carbon of the isocyanatesand break
the double bond between the nitrogen and the carbon. This reaction changes the functional group,
modifying the infrared spectrum and shifting the absorbance peak position slightly. The new urea
group created, RN ¥C=0) 4 1R,, does not absorb at the 22PB00 cm' wavenumbers, causing
a decrease in peak height over time. This phenomenon is slightly visible in the lower zoom range

of Figure31, where an overlay of the FTIR spectra of a mixed sample is presented over time.

Because thabsorbance peak of isocyanate is only caused by part B, meaning that it cannot
be found in the smgrum of part A, it willbe used as a metric to evaluate thg hemogeneity of
parts A and B. However, this is true only if the Beambert law is respectedhe isocyanate
absorbance peak heighd a function of mixing ratio is presentedrigure28. FTIR results were
normalized for amplitude variations and tho@mpensated for the reactivity of parts A and B over
time. The data point intersectingetiraxis is the amplitude of the absorbance peak of isocyanate

in the spectrum of part B only.
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Figure28 - BeerLambert law isocyanate absorbance peak height versus mix concentration

The results oFigure 28 show the linearity of the concentration versus absorbéorcthe
isocyanate and resin systefhe equation of the linear trendliise

/)) e
#L réurry—E/ Erdrty

whereA is the amplitude of the isocyanate absorbance peak amehd are respectively the mass
of pats A and B used in the sample.

The trendlinehas dinear regressionoefficient of 0,9714, confirming the strong linearity of
the correlation.Beer /D P E H U Wi§ \Applldalde because the resin used dnalysisis not
phosphorescent nfluorescentthe concentration of isocyanate is low and it did not contain solid

fillers or additivesduring testing

The next sample was mixed usiagvolumetrc mixing ratio of 20,5:1Figure 29 plots the
FTIR spectraat five positions ofa handmixed samplevith zoom ranges to highlight regions of

interest.
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Figure29- FTIR spectra of samplesixed by hand for 2 minutes, data collected 1 hour after
mixing
Figure29 shows the absorbance peak otignatg(2280 cmt) in theleft zoom rangeAs
predicted, lhe peak height difference dhe isocyanategpeakbetween the five positiorseems to
correlate witithe amplitude variation at wavenumber 1160'@hown in theight zoom rangeln
fact, this amplitude variation is visible throughout thieole spectrum To evaluate the cause of

this amplitude variationfigure 30 below shows FTIR spectra of positi&nof the handmixed

samplewith pars A and Bof the resirunmixed
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Figure30 tOverlay FTIR spectra of hand mixed sample vwaisints A and B of the resin

Figure30allows to better understan¢hat happens when both components comlfiimst,
because of the high:B volumetric mixing ratio of 2(®:1, the FTIR spectrum of part B does not
significantlyalter the FTIR spectrum of the mixedmple except at wavenumber 2280 ¢mhere
the isocyanate absorbance peak is locatedfact, the absorbance peat 1720 crit and
1510 cmt, shown in the zoom rangatenot significantly modified between part A ordyd the
mixed sampleeven though part B of the resin has a strong absorbance peak at 1510han
may be explained either by the fact that part B is added in too low quantity to have significant
influence or because the mixing of both components nesdiie molecular group associated with

this wavenurber through a chemical reaction

The previous observations mean thnet amplitude variation observedtweerthevarious
readingsin Figure 29 is mostly explainedy other factas than the mixingf both components
itself. Sample preparation or data collection can influence the amplitude of the spectrum. For
example, sample thicknesr trapped air can be the cause ofrissilt To eliminate the influence

of this amplitude variatioron the data analysishe absorbance peak height of isocyanate was
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normalized using the absorbance peak heighitioér easily resolvegeaks, a commonly used
techniquein FTIR analysis.Three peaks were identified to be suitable for normalizafidwe.
SHDNV Y GREIBOYI15RMaVd 1726t The normalization is performed withesethree

distinct functional groups to ensure ttiaé techniqueyielded consistentresults However, ©

ensure that the three peaks were not modifiedvaivedin a chemical reaction with part B of the

resin, FTIR spectranalysisof the mixed sample was performed over time. Results are presented

in Figure31.
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Figure31 £FTIR spectra evolution of a mixed sample over 48h

Figure 31 shows that the three chosen peaks varynipliéude over the course of the

reaction between parts A and B. However, the variation is similar for the three peaks, even though

some peaks are mwinfluenced bythe absorbance spectrum pdrt B as shown in Figure 25.
Likewise, the evolution of peaks 1720, 1510 and 1168 does not match the evolution of the

isocyanate at 2280 chThis suggests that thererie correlatbn between the reaction of parts A
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and B of the resin and the amplitude variation observed at the peaks located at 1160, 1510 and 1720
cmt. The amplitude of the isocyanate absorbance peak can be normalized by all three identified

peaks and averaged befdr@ing used for CoV calculations.

The amplitude decrease of the isocyanate peak can be seen in the lower left zoom range of
Figure31. A total of fivesamples were collected at one hour and two hours after mixing to obtain
the rate of amplitude decrea&®esults are plotted iRigure32.
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Figure32 - Amplitude of the isocyanate absorbance peak at one and two hours after mixing

A linear trendline was fitted to the data to obtain the rate at which the isocyanate absorbance
peak decreases from one hour to two hours aftengrixising theequatiorof the linearegression

trendline,
#L FraruzPEr&uuu (5)

where #is the FTIR absorbance peak height of isocyanate at 224wenenumber andis the
time after mixing occurred in hours, the amylié of the isocyanate absorbance peak can be
modified as a functionf time for CoV calculationsLooking at the isocyanate absorbance peak
decrease from Rourto 48 hours after mixing the lower left zoom range &igure31, aninverse
funcionwould be more adequate to model the peak decreasdime. However, for the purpose

of this work, the linear approximation is precise eroiag analyss.



61

Tablel12lists the rawtime compensatednd amplitude normalizedocyanatebsorbance
peak height (2281 c®) of the hand mixed sampl&he coefficient of variation is calculated for
raw and modified data sefBhetime compensation is performed on the normalized resties.
final CoV of the sample is obtained by taking the average of thedimmpensated and normalized
CoV.

Table12 *Raw, time canpensate@&nd normalized isocyanate absorbance peak height and CoV

of hand mixed samples

Sample position
Data type 1 2 3 4 5 CoV
Raw 0,0495 0,0456 0,0494 0,0439 0,0444 5,24%
0,0495 0,0458 0,0500 0,0447 0,0455 4,68%
Time 1720cml1 0,192 0,190 0,198 0,188 0,191 1,85%
compensatec Normalized 1510cml1 0,211 0,213 0,221 0,211 0,214 1,72%
1160cml 0,124 0,124 0,130 0,124 0,125 1,91%
Average of timecompensated and normalized Ct 1,83%

The sample mixed by hand has a coefficient of variation of 5,24#bout time
compensatiomor normalization. This CoV value falls outsid¢he set tolerance of 5% for
acceptable variatiom the mixing proces$However, vith time compensatigrthe CoVis reduced
to 4,68% and falls within the acceptable limithen, with the addition ofnormalizationfor
amplitude variationthe CoVis 1,85%,1,72% and1,91% using each othe three peakéor an
average ofl,83%). The normalization technique gives simifasults, suggesting that the chosen
peaks areonstant anahot altered by part B of the resin systerherefore,as suggested by the
industrial partnerhand mixing the resin sample for 2 minutes is adegasitdhe concentratio
variation of part B is 1,83.

These first testsuggesthat FTIR spectroscopyan be used to accurately evalutte
mixing qualityof a resinsample.The absorbance versus concentration graph for isocyanate and
resin (parts A and B) is linear amdmply with theBeerLambertlaw. The absorbance peai
isocyanatecan easily be resolved in the mixed product. From tlleegbsorbance pedieight is
measuredResults are then timeompensated for the reaction rate of parts A and B ofesia
using Equation and normalized for amplitude variations using three pkadeted at 1160, 1510
and 120 cm?. The final CoV for the sample is obtained by taking the average of the time
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compensated and normalized CdMitimately, the coefficient of variation (CoV) is ub@as a
metric to express the homogeneity of the sample. If the CoV is lower than 5%, the product is

considerechomogeneousnough for the intended application.

3.4.2 Performance of a static mixer to obtain a homogeneous resin sample

An overlayof theFTIR specta offive evenly spacegositionsof the sample mixed using

the static mixers shown inFigure33 below.
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Figure33- FTIR spectra of samples mixed with the static mixer, data collected 1h atiagmi

Looking atFigure33, it is possible to notice noise the 2300 to 2340 cm wavenumber
range. This noise is probably caused by, Q@=C=0) level differencebetween the background
scan and the anagd spectra. Luckily, the noise does not align with the isocyaaieerbance
peak andeems to haveo influence on the results. Using the satata analysisnethod as with

the hand mixed sampleSpV resultsare presented ihable13.
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Table13 *Raw, time compensated and normalized isocyanate absorbance peak height and CoV

of samples mixed using the Kenics static mixer

Sampleposition
Data type 1 2 3 4 5 CoV
Raw 0,0298 0,0294 0,0291 0,0296 0,0301 1,13%
0,0298 0,0296 0,0295 0,0301 0,0308 1,64%
Time 1720 cm1 0,127 0,127 0,128 0,130 0,131 1,38%
compensatec Normalized 1510cml 0,144 0,143 0,147 0,148 0,147 1,38%
1160 cm1 0,087 0,0835 0,088 0,0856 0,0869 1,49%
Average of timecompensated and normalized Ct 1,41%

Table 13 shows hat CoV of the raw data is 1,13%. Adding the time compensation and
normalization for amplitude variation, the CoV avera@egkl%, well below the 5% limitlt is
interesting to notéhat the CoV increased when adding the corrective terms. §het alarming
because the results obtained from the raw data areliaiile Again, the normalization technique
is conclusive as the coefficiegdf variation based on all three normalg peaksare consistent
with one anotherCompared to the sample mixed by hand with a Co¥,88% the static mixer

seems tgroduce slightly higher homogenedya CoV of 1,41%

The previous resultsonclude that the Kenics RI80 static mixer with 24 mixrig elements
produces adequaisix homogeneityor this specific mixing application. During the validation of
the performance of the dime mixing system, m SMX type mixer will be testedBased on the
literature review SMX mixers should produce sampleghwhighe mix homogeneity to the
expense of a greater pressure drop. A diffesgrgof staticmixer will betested with the completed
system to get more comprehension of the performance of different static mixer geoargtries
hopefully improve the redts obtained hereYet, results of this sectionige enoughconfidence
thatstaticmixers canbe used in the Hine metering and mixing systemm. any case,asin samples
will be mixed using the newly developed system and FTIR analysis will be performed to assess the

mix homogeneityValidation testing detailand result@arepresented ilChapte 5.
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3.4.3 Qualitative evaluation of the impact of mixing ratio variation on mix

homogeneity

Figure 34 shows the approximation of tlilew rate generated by the peristaltic pump as
well as theisocyanate absorbance peak height at the various posdiiangghout the Wshaped
collected. 7 KH F K BEakisMd[tfie sample number across thehéped container drrefers to
Figure25. Theprimaryy-axis is the normalized and tirs®@mpensated isocyanate absorbance peak
height. Thesecondary-axis is the apprormateflow rate of the peristaltic pump in ml/minthe
flowrate VLPXODWLRQ ZDV GHULYHG IURP W KflawSateRugiHhsety&dW D W L R (
pulse pattern. Thow rateof the pump was recorded by dispensing resin into a cup for a period
of 10 pulses. Then, the fluid was weighed, multiplied by the density and divided by the sample
collection time. This gave an averafjew rate of 12.8 ml/min. Next, the pulse frequencyasv
calculated by multiplying the motor speed by the numibeolters on the shaffThis method was
considered accurate enough for a qualitative analysis with the purpose of determining if there was
a match between the mixing ratio variation at the infiéh® mixer and the isocyanate levels in the
mixed samples7KH DPSOLWXGH flBW ratel/&tiatox RralfWkaveform was mdied
through visual analysis only. The waveform was approximated as a smoothed square wave.
Physically, this model makes sengghthe PHFKDQLFDO RSHUDWLRQ RI WKH SXF
will be linearwhile the rollers daot obstruct the pumand will quickly drop tozero when the
rollers obstruct the outlet.
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Figure 34 shows the match between thew rate model and the isocyanatencentration
found by FTIR Each of the 36 isocyanate peaks recorded by RItRg the length of thé-shaped
container together shmwthe isocyanateconcentrationfluctuations The frequency of the
isocyanate absorbaneariatiors matcheswith W K H S flolt &afevhodel To estimatehe degree
of axial mixing throughthe static mixer, theoefficient of variation for the 36 readings was

calculated. Results are presentedable14.

Tablel4 tlsocyanat@bsorbance peak heigtaefficient of variation

Average Standard deviation CoV (%)
Isocyanate absorbance peak he{ght 0,124 0,0228 18,4

Table 14 showsthatthe V D P S i@ddyfaWate absorbance peak height using the peristaltic
pump and static mixerombinationis 18,4%, an indicationf low mix homogeneity caused by
significantmixing ratio variationsat the inlet of the static mixeinterestingly, although thiééow
ratemodel estimates ffow raterelative variation of 100%om 0 to 22 ml/minthecoefficient of
variation of theisocyanate absorbance peak height is 18,4%. This sagbastlthough limited,
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the static mixer generats®me amounbf axial mixingto dampen the mixing ratio variatien

present at the inlet.

The resultsagreewith the literaturewhich stateghat static mixers offer a limited level of
axial mixing Unfortunately, becauséné¢ pumpsflow rate variation model is qualitative it is
impassible to quantify the level of axial mixing provided by the static miXer quantitatively
evaluate the impact of\arying volumetric ratio on the mix homogeneitlye S X P Sl§w rate
variations would need to be quantified usinfioavmete. Nonethelessigespitethe limitations of
theexperimenttheresults helgo understandhe risk of havingzolumetric mixingratio variatiors
with the prototypenixing systemFor this reasorgonsiderationsvill be maderegarding the choice
of the pumpdor the design phase, dstailedin section4.2.4.1

3.5 Conclusions

The tests presented in this chap#owed to reach thtargetobjective and suobjectives.

Many conclusion and glervations were made possiblamely:

x FTIR spectroscopy can be used to evaluate the mixing homogeneity of a resin sample.
A method was developed to obtain the CoV of a sanipie.infrared absorbance
peak of isocyanate, present in part B of the resin only, can easily lbeeckgothe
spectrum of a mixed sample. From there, normalization for amplitude variation and
time comnsation for the peak height decrease caused by the chemical reaction of
part A and Bis performed.Results are then used to compute the coefficient of

variation of the data sethe method is detailed further in secti®d.1

X The KenicsRL180 statiamixerwith 24 mixing elementgields adequate mix quality
The coefficient of variation of the mixed sample$,41% belowthe acceptable 5%
thresholdset forthis mixing applicatiorand most industrial processé@sis suggests
thatanSMX static mixemwould perform well in the idine mixing system as it offers
more performance on all metrics to the expense of higher pressure drop. Therefore,
dependingon the pressure capabilities of the prototypdina mixing system, a
Kenics or SMX static mixer will be chosen.
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x The use of the Kenics RL180 static mixer with 24 mixing elements produces a more
homogeneouresin sample thaimoroughly hand mixing for thinutes, the reference

according to the industrial partner

X A pulsedflow rate or mixing ratio variation, at the inlet of the static mixdeas a
great influence on the homogeneity of the mixed sample. This suggests that very low
axial mixing is producedagreeing with the literatur&pecial considerations witle
taken to limit theflow rate variations that may be caused by the pumps in the

completed system.
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Following the lterature review ofChapter 2on some of the curremheteringand mixing
systemsandtheir capabilities this chapter presents the developmenhefproposednetering and

mixing systemalong with its innovative features

First, the design requirements are preseniéen, thepreliminaryand detailed desigrare

GHVFULEHG XVLQJ WKH V\VWHPYTV SURF BV VWadzR BnallyQa/ WU X P H

walkthrough ofthe manufacturingf the systenis illustrated
4.1 Requirements

4.1.1 Process requirements

The first steps to determine the output capacity of thdime mixing systento identify the
right equipment sizéBased on theS D U Ws@IBd¢felopmenline speed and width, prepreg sheet
weight target and fite mass fraction, thenetering and mixing system requiressin production
rat is REWDLQHG 7KHQ XVLQJ WKH Ufiow afeh¥ patd X dndPRig L Q J
calculatedMixing ratio precisionrequirements are presentedliable15. Part A must be precise
DW * ZKLOH SDUW %V SUHFLVLRQ LV OLPLWHG WR *
dividing the minimum of part A allowed by the maximum of part B allowed, and vice versa.
Volumetric mixing ratids obtained using #density of pastA and B of 1,0676 and 2342 kg/L
respectively.

Table15 - Mixing ratio precisionrequirements

Unit mass Unit volumetric

Parts by mas: . ) . .
mixing ratio mixing ratio

A B A:B A:B
Minimum 108 6.3 17141 19,821
Nominal 110 6.2 17,741 20511
Maximum 112 6.1 18361 21,231

Theresin chemistrys engineere@ndadjustedfor avolumetricratio of 20,51. However,

with futuredevelopmenand improvemensg with the resin chersiry, the mixing ratio may change.

UD\



69

For this reason, the industrial partner requested the system to have an adjustable mixing ratio from
5:1 toaround 30L.

The V\V W H P 1 YovRrAtgYaBigeWs presented rable16 below. The nominaflow rate
is based on targggMC production speed once the system Wi operational. Maximum and
minimum figures were imposed by the industrial partner to give the systesatility incase the

process is modified in the future.

Tablel6 +t6\VWHPTV RSHUDWLQJ UDQJH

Flow rate(ml/min)
A(x1.8%) B (x1.6%) Total

Minimum 572 28 600
Nominal 1441 71 1511
Maximum 1907 93 2000

4.1.2 Systemrequirements

The system is developed to dose {wamponent resin systemgable 17 lists the fluid

propertieghat have an impact on the system design

Tablel7 - Resin system properties

Property Part A Part B
Viscosity (cP) 1050 195
Temperaturg°C) 20 to 30 20to 30 °C
Density(kg/l) 1,0676 1,2342
Chemical composition  Vinyl ester resin, peroxide, styrer  Isocyanate
Cleaning solvent Acetone Acetone
Abrasive fillers and additive Glass microspheres, talc, nanocl N/A

The viscosity of théluid has a significant impact on the pressure drop across the system
which dictates the sizing of all the equipmétiigher viscosity fluids mean higher pressdrep,
which in turnrequiresmore powerful pumpssturdiervalves and instrumentégain, because the
industrial partners still in the research and development phase of their carbon SMC maéilerial
fluid properties may be modifie@or this reason, Magna requested the system to be able to work

with a resinof viscosity of 1050 cP (ctent resin)}o 5000cP.



70

4.1.3 Additional requirements

In addition to theprocess and system requiremeiii® system neadto reflecta set of

design guidelinesitrinsic totheintended applicatian

4.1.3.1 Reliability

The intended operating framework of the new system is in the automotive industry which
implies a significant challenge in terms of design reliabikyrd one of 0 D J Q paftiverfor the
new SMC prepreg material, built4émillion cars in 201699]. Of course, only a limited number
of thesecars will include composite structural pasbon Yet, it would be safédo assume that at
least 5% of all manufactured cars will feature a composite part. This ttaasta 320,000
composite parts manufactured gear. Assuming the ifine metering and mixing system operates
seven hours a dafive days a weekand that each car requires one 15kg composite part (front
subframe for example), a minimumtafentyresin metering and mixingystemsZ LW K WKLV SURMI
target production ratare requiredvorldwideto supply to the demand@hese numbers are based
on approximations and are simply used to show the production scale such resin mixing system
could face dung its useful lifef the technology goes into productiaha global scalérherefore,
downtime due to system break mibst avoided as much as possible which shivesrhportance
of a reliablesystem.

There is a research field dedicated to predictmayreliability of a new systenjl00].
However the scope of this work linstthe prediction of reliability to commomsense and only
focusen equipment selectiolt is important to always opt feobust and reliablequipment that
iIs meant to be used in high volume indust@plications This increases the costs of the equipment
but overall affects theeliability of the system For instancetfwo different oneinch sanitary
stainlesssteelball valve are shown inFigure 35. One ismanufactured byraamateutbrewing
hardware company for about $30SD while the other isfrom a food processing and
pharmaceutical equipment supplier for $80 USD.
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(a) (b)
Figure35 £1" Sanitary Stainless Steel Ball Valves: éa)ateubreweryapplication[101] and
(b) industrial food and Iparmaceuticahpplicationg102]

Visually, the valve manufactured fordustrial applications looks sturdiend designed for
higher pressure applications. Moreover, it can easily be disassembled for cleaning because of its
modular design, which is nohé case with the amateur brewing modéie above example is
applicableto almost all industrial equipment making up metering and mixing systems.

4.1.3.2 Cleaning and maintenance

Like all systems,heproposed prototypmust be easy to cleamdmaintain This requirement
is especiallytrue when working with reactive polymeighe irdustrial partner says part B of the
resin, the isocyanate, will age if it cogie contact with moisture. On the other hand, part A of the
resin contains both the monomer and catalyst but the reaction is prevented by an inhibitor. This
inhibitor has a lintied lifetimeandthe resin will start to cure on its own afegsproximatelytwo
weeks.If the resin is not cleaned properly or lsfationaryinside the system faoo long the
polymerization reaction witharderthe resinn place and thé/ \ V W ¢bmfbwents will have to be
replacedHence it is crucialto select equipment thetdesigned to beleanedin-place(CIP) with
a solvent flushor easily disassembledor manual cleaningFortunately if the system is used
regularly, the resin will not haveme to ageand will not require frequent cleaninigevertheless,

dead areas of the systewhere fluid velocity is lowmayrequire regular cleaning.

4.1.3.3 Chemical compatibility

The VA\VWHPYV ZHWWHG SDUWYVY FRPSRQHQWYV LRemcdPWDFW Z
compatiblewith the process fluidsand cleaning agent3he chemical compatibility of various

metals and polymers with chemicals of interest for this pragegresented irAppendix A.
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Combining the chemistry of the resin system arldaning solvent, stainless steel and
polytetrafluoroethylene (FFE orTeflon®) areideal materials

4.1.3.4 Classified locatons

As covered in2.7.1 all electricalequipmentmust be certified to operate in hazardous
classifiedlocations. Frequently, industrial equipment suppliers sell electrical equipment that is
already certified. Othevise, if a certain type of electrical equipment is not available with the
appropriate certification, pneumatic or hydla alternatives must be used. For low current
equipment like instrumentation, intrinsfenersafety barriers can be uséthesesafetybarriers
are installed in the control panethich is locatedutside the classified locatipand limit the
voltage and current to the instrument locatgthin the explosive aredigure36 shows a layout

diagram of the intrinsic safety barrier andtrumentocatedin ahazardous location

Hazardous location Non hazardous location

Class I, Div. 1, Groups A, B,C,D
Class I, Zone 1, Group IIC

barrier /
associated equipment

supply

|
|
| )
i
|
|

Figure36 - Use of an intrinsic safety barrier for instrumentafiecated in dhazardous location

The safety barrier, installed in the control panel, falls outside the hazardous [§t@8pn
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4.1.3.5 Safety

The safety of theperatos is essentialCommonsafetyconsiderations are requireiiring
the development phase of the syst&masilyaccessible areas of the system shoulchagesharp
edgesandpinch zones. Likewise, in the event of a system failure, there should be no risk of injury

to the operatothrough contacwvith thechemical substances.

4.1.3.6 Automation and integration with the SMC prepreqg line

The systermeeds to be able to operate continuoasiglindependentlyThis means that
the resin and thickening agent coming from storage tanks must be fed to the metering system,
metered to the right mixing ratio, mixed and dispensed to the preprdgri@®C manufacturing
automatically. In addition, as seerfigurel, SMC prepreg manufacturing lines feature two doctor
boxes that are used to spread the resin in a thinidikwhich a specific resin level must be kept
Automated featuredrom resin metering and mixing to doctor box level monitorimyist be

controlledthrough a programmable logic controller.

ThenumberRI DXWRPDWHG IHDWXUHV RI WKH QHZ Mdgaty HP VKR
schedulendavailableresourcednterest is focused dess frequent operations like syststartup,

shut down andleaning procedurall of whichcan equest the need of an operator.

4.2 Preliminary design

The objective of the preliminary design is ittentify the equpmentrequired to build a
completeand working systenDuring the preliminary stepsie design is detailed up to the process
and instrumentation digam (P&ID)and the ideatechnologies are identifieidr all equipment
8VLQJ WKH VA\VWHPTV UHTXLUHPHQWY YDULRXV LWHUDWLRQV
meetings and design reviews with the industrial partner unthaensusvas achieved-igure37
shows the final iteration of the P&I@hile Table 18 lists all components includeit the system

The systm is divided into three areas; resin preparation, metering system and mixing and delivery.
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Resin preparation

HI-1

YS-1

Mixing and delivery
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Metering system
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Legend:

t7722= Part A, RXY = Part B, [[Mll= Compressed air
E—=Nitrogen, &2 = PLC input/output

Figure37 - In-line metering and mixing system process and instrumentation diaggsim

preparation, metering system and mixing detivery areas
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Table18- In-line metering and mixing system component identification

Part number Description Part number Description
A-1, A-2 Part A Pump Ringer P-1 Transfer Rmp
B-1, B-2 Part B Pump Ringer P-2 Feeding Rmp
BF-1 Bag Hiter PA-1, PA2 Pneumatic Atuator
BPR-A, BPRB Backpressure &ulator PD-A, PD-B  Pulsation @2mpener
C-1 Nitrogen Gy/linder PG1 Pressure @uge
CV-A, CV-B Check \alve PLC Programmable Logic @htroller
DB-1, DB-2 Doctor Box PR1 Pressure Bgulator
DG Dispense @n PSA, PSB  Pressure énsor
EM-1 Electric Motor RD-A, RD-B  Rupture Dsk
FA-1 In-line Flame Arestor SM Static Mxer
FM-A, FM-B Flowmeter T-1 Mixing Tank (Part A)
FR-1, FR2 Air Filter and Regulator | T-2 Day Tank (Part A)
HL-1 Hydradic Lift T-3 Day Tank (Part B)
HMI Human Machinerterface | V-1to V-22  Ball Valve
LS-1, LS1 Level Sensor YS-1to YS3 Y-strainer or IAline Hiter
M Day Tank Agitator Mtor | WS-1 Weighing Sale
M-1 High Shear Nker

The S U R Mdd¢opachrers the mechanical design, equipment sourgingcurement,
assembly and testiraf the new system. This chapter includes the preliminary and detailed designs
and assembly of the metering system, mixing and delivery sectidghguwt37. The preliminary
and detailed desigrof the resin preparation araegealso presented.he assembly and testing
the resin preparationareaDV WKH LQGXVWULDO SDUWQHUYY UHVSRQVLE
is presented i€hapter 5

4.2.1 Resin preparation

The equipment located in tihesin preparation area bigure37is used to prepare and feed
part A of the resin to the metering systénst, the resimlong with itsmultiplefillers andadditives
are incorporated in tank-T using a high shear mixdt-1. The tank has an open top and the high
shear mixer is lowered in the resin using a hydraifti¢ilL-1. The highlevel of shear created by
the mixerhelps disperse thparticlesand minimizes thecreationof agglomerates. Tank-T is
mounted on a precise weighing sc@l&-1 to accurately measure the mass of additives and fillers
that are addedA valve V-2 is located at the lower point of ta;iH-1 and F2 to emptythemin

case of a system failure or for cleanpposesThen, when a certain volume of resin has been
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preparecand mixed with itdillers andadditives the fluid is transferred tolargerday tank (TF2)
via pump R1. Becausflow rateprecison and lineaty arenot required at this step, an-aperated
double diaphragm (AODD) pump is used. The AODD pump is relatively inexpensiveaand
pump highly abrasive fluidsThe air inlet for the pump hasfilter and regulator to control the
SXPSTV Ri¢WyXank T2 features an electrically driven agitator to keep the pastio
suspension in the resii-straines (YS-1 and YS2) are positionedat the outlet of each tank to
collectdebris that could be present in the resin to protect dogarsequipment. The day tank
also features an4line flame arrestoFA-1 for safetyin case the flammable vapouwrsntained in
the tankignite. The tank is level monitored usingkearside tube located between valve$\énd
V-7. Finally, using another aioperated double diaphragm puntpe resin from tank R is
pumped through #ag filter BF1 before entering the metering system. A pressure gauge is

positioned right before the metering system to monitor the fluid pressure at the inlet of the system.

4.2.2 Metering system

Thepurpose othe metering system is to purbpth components with the right mixing ratio
and flow rate It features an assembly of plunger pumps that are all driven by the same motor
through a single shafPlunger pumps were identified as thest technology as th@redesigned
to pumphigh viscosity and abrasive fluids to high precisidbhe two first plungers, A and A2,
dose part A of the resin and the next twel Bnd B2, dose part BEach plunger is sized to give
the right mixing ratb. To change the output speed of the system, the motor speed is adjusted. The
main advantage of this configuratiortasmechanicdy guarante¢hatthe mixing ratio will remain
unchanged during production speed chan@e=ails and working principleof the pump are
presented id.2.4.1 Part B of the resin enters the system and is filtered usisigather YS3. The
isocyanate is contained in a oiggen pressurized tank-3. The nitrogen is contained in a
pressurizd cylinder G1 and released in tank3 using a pressure regulator-BRThe nitrogen is
used to provide sufficient inlet pressui@ the metering systemas well as avoid moisture
contamnation of the isocyanat®ulsation dampeners PDand PDB are positioned at the outlet
of the pumps to attenuate any leftover pulsations that may still be present fitogetaethat is
as linear as possible. The pulsation dampeners are locate?Vads®V R WKH SXPSVY RXWOH
their efficiency. Immediately aftearetwo overpressureafety mechanisms. The first is a pressure

senso(PSA and PSB) that continuously monitors the pressundhe system. Thsignalis sent
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to the PLC and theontrol logic is set to stop the motor as soon as an overpressure is recorded. As
a secondary safety feature, a rupture disk-@&RBnd RDB) is installed and designed to break
before the weakestquipmentbf the system. The lattesafety system is used adast resoraind
thereforethe S U HV V X U Hvéfpiadsure SefitMg is set lower than the disk burst pressure. Next
are back pressure regulators (BRRnd BPRB) to maintain a minimunupstreanpressure. This
pressure requirement ensures smooth oparafithe pump and will be explained4m2.4.1 The

metering system ends with two flowmeters @Avand FM-B) and outlet valves M4 and \V18.

4.2.3 Mixin g and delivery

The lower left corner dfigure37is where both components mix to then get dispensed into
the two doctor boxes for SMC prepreg material manufactuBiath components exit thraetering
system to make their way to the dispense gurlDGhis equipment is positioned right before the
in-line static mixerSM-1 and is designed to facilitate cleaning by combining both components at
the last second using a manifolthe dispense gun opens and shuts using a doubfey agti
actuator.Right before thedispensegun are two check valves (G and C\B) to prevent
backflow of one the componentEhe two components then enter the static mixer before the mixed
output gets split to feed each of the tdactorboxes (DB1 and DB2). On the way, twasprings
loaded normally opengoheumatic actuato®A-1 and PA2) allow the automatic control of the
flow splitting to both doctor boxe&€ach pneumatic actuator is attached to an encapsulated ball
valve.The valves are normally opened to prevent overpressure situations if the emergency shut off
is activated Finally, both doctor boxes are equipped watlcontactless ultrasonic level sensor
(LS-1 and LS2).

4.2.4 Equipment technology choice

4.2.4.1 Pumpsand pulsation dampeners

The main challenge was to integrate a pump technology that ghimesssingabrasive
fluids while being able to operate €lass 1Division 1 classified location and produce a linear
flow rate Plunger pumpsare offered with stainless steel and PTFE wetted part for excellent
chemicalcompatibility. However, they generatgnificant flow rate pulsations because of their
reciprocating actionThe working principe of a plunger pump is presentedrigure38.
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Figure38 - Working principal of a plunger pumymage courtesy of TKM LLC

Based on the results frosection3.4.3 where the impact of a pulséldw rate on mix
homogeneity was evaluated using a static mikan rate pulsations must be avoided. Otherwise,
the mixing ratio will not be constant and tt@mogeneityof the product will decrease drastically.
Therefore, to limit the amplitude of tHeow rate variations, two plunger pumps are used per
component, for a total of four plungers. Within a pair, the reciprocating motion is set out of phase
by 180°.In theory, while onglunger draws fluid at the inlet, the other one dispenses fluid at the
outlet and vice versdevertheless, because the plungers are usually driven by an eccentric shatft,
their linear speedescribes a sine wave. This means that tdtetill be a point where thdlow
rategoes to zeravhen both plungers change directions. Ideally, more plungers could be wused pe
component to limit the pulse action further busttvould rapidly increase theupchasng and
maintenance costs as Wak increasing the overall size and weight of the pump assembly. As a
tradeoff, an assembly of two plungers per component can be used with the combination of
pulsation dampeners at tbeatlet To adjust the mixing ratio, each plunger is equipped with an
adMXVWPHQW VFUHZ WKDW FBQIMWUROV WKH SOXQJHUYV WUDYF

Pulsations dampeners are simple devices ukat flexible membrane to attenuate the

pressure variations in the fluid. On one side of the membrane is the process fluid and on the other
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is a pressurized gas like dry air or nitrogen. When the pump generates a pulsetiliee fluid

pressure increasesdightly and acts on the membrane, which in turn compressed the gas on the
other side. Then, during a fluid pressure trough, the sifgaction occurs. The gas pressure pushes

WKH PHPEUDQH EDFN WRZDUGV WKH SURFHVV IOXLG 7KH UFL
pressure, which, from the incompressibility of the fllilmgarizes thélow ratein the systemEach

dampener mustebprecharged with 80% of the operating fluid presq@H.

4.2.4.2 Flowmeters

The flowmeters use two different technologies for parts A and B. A Coriolis flowmeter is
used on the A side while a gear flowmeter is used for the d8 B working princife of both
flowmetess is not described in this worhe Coriolis flowmeter features no moving parts and is
ideal for fluids containingsolid particles. In addition, because of its single bore design, the
instrument can easily be clead in place with a solvent flush. The gear flowmeter is used for the
iIsocyanate as the fluid contains no particles that risk breaking or cloggingegt@nggears.
Moreover, gear flowmeters offer enough precision and are a cheaper alternative to olie Cori

technologyBoth flowmetes are certified to operate @lass 1Division 1 classified locations.

4.2.4.3 Pressure sensors

Two sanitary triclamp pressure sensors that @lass 1Division 1 certfied are used. The

sensor has a flush diaphragnfdoilitate cleaning.

4.2.4.4 Valves

Threepiece encapsulated ball valves, as showirigure 35, are usedhroughoutthe
system. Their design makes thesevgaleasy to disassemble and clean. Moreover, when set to the
open position, the bore inside the valve has a constant diamletgnating tight areas where the
resin could accumulatdhe wetted parts and valve body are made of 316 stainless steel #ith PT

gaskets.

4.2.4.5 Piping

For chemical compatibility purposes, the sysfeaturessanitary 316 stainless steel piping
with tri-clamp connections and PTFE gaskets. This technology was recommerdedniolystrial

partnerand is the industry standard for chemical processing applications. The main advantages are
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the constant diameter bore that facilitates cleaning and the ease of assembly oflémeptri
connectionsBecause the mating faxareflat, piping and instrumeation can be removed without
requiring axial play, contrary to tieaded standards like National Piperdad (NPT) or Joint
Industry Council (JIC)Also, the absence of thread allows the components to be orientated in any
direction.Figure39shows a sanitary pipe with4tiamp connection and PTFE gask@te constant

bore diameter at the mating face can be observed.

(a) (b)
Figure39 - Sanitary triclamp piping connectiowith PTFE gasket(a) assemblefl04] and
(b) disassembled05]

4.3 Detailed design

Pressure Iascalculations were performed ®quipmensizing For confidentiality reasons,
calculation details are omitted from this docum@ifte calculations were done considering the
piping length and system layodtringthe ILQDO LQV WD O O D WaciRyQMbr¥évall KH SDU
componentiscosityandflow rate considered thevorstcase scenario Using a parametric excel
spreadshegetpipe size wasnodified to limit pressure drop but also limitnusedresin loses
Pressure drop calculation incliedeead loss, wéical elevation and fittings like elbows, valves and
tees using the resistance coefficient mefd®é], [107] In somemost complexases, the pressure
drop across certaequipments provided by the manufacturé@therwise, conservative estimates

were madePressure drop results are presenteThiple 19.
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Half inch piping was used for thB sideandoneinch for theA side all the way to the
dispengg gun. From there, the mixed resin is carried in{ath disposable nylon tubing to the
doctor boxesln some occasions, soreguipmentor instruments were not available half inch
sizes and piping sectichanges were required. This is the case fqpithesure senseand rupture

disks, which wereonly availabledown toone inch.

Table19- Pressure drop calculatiofitem the outlet of the metering pump to the outlet ofstia¢ic

mixer

Part A Part B
Viscosity (cP) 5000 195
Flow rate(ml/min) 1907 93
5H\QROGTV-)QXP

Pressure drop (psi)

Head loss 131 89

Fittings and equipment 78 69
Vertical elevation 4 5

Total pressure drop (psi) 213 163

To demonstrate the sensibility of the pressure drop calculasonply choosindnalf-inch
piping forpat AIURP WKH PHWHULQJ é&Xah&efof theiXpahSatikivvolldrbringK H
the total pressure drdp 1532psi. This significant increase is due to the system installation layout
DW WKH SDUWHh kesifiirudtir&/eldobd\piping lengths from the metering system to the

mixing and delivery system.

4.3.1 Computer-assisted design (CAD)

The following figures present the 3D CAD of each of the three sections of the P&ID
presented ifrigure37. On each figurecomponent identification ofable18is overlaid.Figure40

first shows theesin preparation area.
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Figure40 - Resinpreparatior8D CAD

Figure41 shows a B model of the metering systerfhe equipmenis mounted on a skid

to facilitaterelocation of the system if desired
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Figure41 - Metering system 3D CAD

The skid features twinches high sidewalls with a siliceseal to prevent potential system
leaks to spread on the flodikewise, asoft clear tubingonnectghe outlet of the rupture disks to
a polypropylenecollecting pan.The isocyanate tank is mounted on the skite plunger pump
multiplex assembly is shown in red in the foreground withsthgle electric motor in blue. At the
discharge sidef the pumpcan be seen, in sequential orded on both fluid sideghe pulsation
dampeners, rupture disks, bguotessure regulators and flowmeteFbe resin enters the system
from V-13 and V17, passes through the pumps from the bottom, before exiting the metering
system from valves A4 and \*18. Then, the resin makes its way to the prepreg line, where the
mixing and deliveryequipments located. The mixing is performed as close to the outlet of the
system to limit mixed resin in the pipingigure42 shows the mixing andelivery section of the

system.



Figure42 - Mixing and delivery 3D CAD
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The resin coming out of the metering system arratéise mixing and delivery section from
the top of the prepreg line. Botlsincomponents then go through tlspensegun and stat

mixer before the flow is split into two and directed to each doaxr b

The 3D model allowed to validate the positioning oféhj@ipmento avoid interference and
ensure all components were easily reachable for maintenance.
4.3.2 Automation and control logic

The system is equipped with various instruments (inputs) and controllable equipment

(output) to automate the system. The inputs and outputs are liStadle?0 below.

Table20 - Programmable logic controller (PLC) inputs and outputs list

Instrument/equipment

Inputs Pressure sensors (ASand PSB)
Flowmeters (FMA and FMB)
Level sensors (LS and LS2)

Outputs  Meteringpump motor (EM1)
Dispense gun (DQ)
Air-actuated ball valve (PA and PA2)

The system has three distinct operating modes: normal, calibration and nraaliakses,
some manual operations are required prior to starting the system. Such manipulations include
openingmanualball valves at the inlet and outlet of the skid, filling the day taniZsahd F3,
VWDUWLQJ WKH PHWHUL Q2 avd prégstirzihank H-B @ith QitlogeX P S 3

For all operating modes, some control logic is always applied. First, the overpressure safety
control logic is alwaysunningwhen the pump is turned off.the pressure sensorgcordan
overpressurethe metering pump motor witop and thalispensegun and ball valves tboth
doctor boxeswill remain openSecond, the PLC is programmed to prevent the motor to operate if
there is not at least one outlet path opened. More specifically, at leadttbaeralves BV21 and
BV-22 and the dispensenust be openedf the PLC does not register an outlet path of the resin,

the metering pump cannot be started.
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4.3.2.1 Normal mode

The rormal mode consists of threbronologicasequences; startup, normal and shut down.
Normal mode allows thsystemto operateon its own and is started and stopped with one action
on the HMI During the startup sequenceyatior box one is filled upo a certainlevel beforea
proportionalintegral (Pl)control feedback loop activatesing the readinfrom the @ntactless
ultrasonic level sensof his allowsthe pump speed to self adjust and keep the resin level in the
doctor box to the desired heigffW WKDW SRLQW WKH SUHSUBJct@ho HTV OR:
oneis filled first to have the upper ahaver resin fronts meett the end of the lindé\fter a certain
delay, thechoppedcarbon filve is dropped orthe lower resin film before doctor box two starts
filling. In normal mode, the pump speed and the status of valve21Bdhd B\V22 areadjused
auomatically to keep the resin level in each doctor box at the setpajoing over the upper and
lower limits. In addition, flowmeters independently measurefttw rate of each component to
validate the accuracy of the pumps and the mixing ratio. The shutdown segsesibhe opposite
control logicto the startup sequence

Thedoctor boxlevel control logics a combination of two algorithms. The first algorithm
involves the resin level in each doctor kseparatelyTo do soupper and lower limgareset at
3,1 and 2,9 iohesrespectivelyThese limitsrepresent the acceptable tolerance for the resin level.
At every code executigriheresin content recorded by thevel sensors compared to the lower
and upper limits. If the resin is below the lower limit, tadve associated to the other doctor box
is shut if its resin level is nasobelow the lowetimit. As a result, this action diresall the flov
to the frst doctor box for & level to go over the lower limit. Likewiséthe resin level in a doctor
box goes over the upper limit, its associated valve is shut to prevent it from fillingomigriéthe
other doctor box is not also over the upper liddttany time, both valves cannot be shut otherwise

no flow path would be availabfer the system

7KH VHFRQG DOJRULWKP LV XVHG@w\de WKQWR X RO WWKKHH SIAF
speed and is comprised of three scenarios. In each scenario, it feedback loop is used to
DGMXVW WKH Smolify fhe rasid leveGeriddf Rom thiree incheset point.in the first
case, both valves to either doctor box are opened. The PID is used on the average error from both
doctor boxes combined.oF example, ifdoctorboxes one and two are at 3,05 and 2,95 inches

respectively, their average error is zero and the PID is not active. However, if the levels are 3,1 and
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3,05 inches, the average error from the setpoint is 0,075 iackethe PID is actated toreduce
the motor speed in ordes bring the averagerrorto zero The same logic applies if the average
height of bothkdocta boxes falls below the setpoitftorthe complete block diagram of the doctor

box level control logic, please referAppendixB.

4.3.2.2 Calibration mode

ThecDOLEUDWLRQ PRGH LV XVHG WR DGMXVW WKH VA\VWHPT
in calibration mode, the mixing ratio is shown tre humarmachineinterface (HMI) and
LQVWUXFWLRQV DUH JLYHQ IRU WKH RSHUDWRU W&a@iGMXVW

flow ratefor each component.

4.3.2.3 Manual mode

Manual mode is used to manually operate every output of the cpatrel From there, the
pump speed carebadjusted and the systecan be started for an indetedurationor until a set

volume has been dispensed.

4.3.3 HMI

Figure43 below shows the si§6) HMI screensThe interface was made by David Murray
and MarieChristine Caya from CTA following guidelines on the desired features and layout
provided.
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Figure43- HMI Screens(a) Home, (b) Status, (c) Calibration, (d) Manual Mode, (e) Data
Logging and (f) Alarms




89

4.3.3.1 System alarms and warnings
Table21lists the system alarms and warningsl WKH V\VWHP{V 3/&

Table21 - System alarms and warnings

Cause Action
Alarms  Overpressure recorded Pump stopped
Doctor boxoverflow Pump stopped
Mixing ratio out of limit Pump stopped
Warnings Doctor box low resin level Pump speed increased

Mixing ratio slightly out of limit Warning message for mixing ratio adjustme

Low tank resin level Warning message for taméfilling

4.3.4 Systemtechnical andperformance data

Similarly, to Table9, whichsummarizeshe technical and performance data of
commercially availale metering and mixing systeniable22 below does the same with the

system developed in this project.

Table22 - Developedsystem heoretical ¢chnical and performance data

System capabilities

Viscosity (cP) 30to 900G
Pressurefsig) up to 306
Volumetric mixing ratio 0,81%3t0 320:1*
Flow rate(ml/min) 50 to 2500
Abrasive fluids capability Yes

Mixing technology Static

Pump technology Multiplex Plunger
Wetted parts material Stainless Steel, PTFE
Class 1 Div. 1 adification Yes

The minimum viscositys dictated by the gear flowmeter, which is not precise absites below 30
cP, 2The minimum pressure required has notbedidated3At 125 ml/min maximum?At 2227

ml/min maximum °At a volumetric mixing ratio of 20,5:1
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It is important to note that the listed performance dathesystem carme achieved in its
current configuration. Like wittommerciallyavailable systems, modifying treguipmentsize
would allow the system to meet a new set of performance specifisetiterms of pressure rating,

mixing ratio andlow rate

4.4 Manufacturing

Assembly of the system began with the metering skid. During this time, the control panel
was subcontracted tAutomation Machine Design, an engineering flooated in SaintHubert,

CanadaThen, the resin mixing and delivesgdion of the systemvas manufactured

4.4.1 Metering system

Figure44 shows the assembly of the metergygem All equipmentand instruments were
ordered and delivered to CTA and the complete system was assembtags@Piping support
and pump frame were manufactured at CTA. The skid was purchased from an inegsipiadent
supplier andvas thermodifiedtR DFFRPPRGDWH WKLV SURMHFWY{V UHTXLU
compatible wheels, spill prevention sidewalls, pypiping and instrumentation supp&rame and

forklift channels were installed by the team at CTA.



Figure44 tMetering system assembly

4.4.2 Mixing and delivery system

The mixing and delivery system assembly is presentédgure 45. Because the system
was testeda& 7$qV IDFLOLW\ WKH PL[LQJ DQG GHOLYHU\ VA\VWHP F
line for the testing phase. Instead, a temporary testing apparatus was built and acted aspa mock
of the final system installation layout seerfFigure42 to allow the system to be tested normally.
Temporary buckets were used as doctor boxes and ball valves were fitted at the bottom of each

bucket to simulate resin usage from the prepreg line.
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Figure45 - Mixing and delivery system moekp

4.4.3 Control panel

The control panel manufactured by thi#bcontractors shown inFigure 46 below. The

HMI and PLC programs were developieehouseby David Murray and Mari€hristine Caya
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Figure46 +Control panel

The control panel features a touchscreen HMI, an emergencyf§lautitch, a rearming
button, a stack light and buzz@ihe pneumati@quipment mounted on the side of the control
panel, was installed thouse.An air filter-regulatorlubricator and shubff valve is mounted on
the left of the panelThe right side contains the pneumatic actuators. There are two single
pneumaticactuators for théwo ball valves that direct the flow to either doctor box and a double
pneumatic actuator for théispensegun. Stack light color code definitions argresented is
presented ifable23.



Table23 - Stack light color code definitio

Steady Flashing
Green System is in normal Sy_stem_ is in manual or
operation calibration mode
Systemin transition (start Action needed (lowesin
Amber sequence or stop sequent level or mixing ratiocout of

ran

94
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CHAPTER5  9%/,'$7,21 2) 7+( 6Z(0 3(5)250$1&(

7KLY FKDSWHU YDOLGDWHY WKH QHZ VA\VWHPTV SHUIRUPDQ

control logic,flow ratelinearity, cleaning and mix homogeneity.

5.1 Flowmeter precisionvalidation

THVWLQJ VWDUWHG ZLWK WKH YDOLGDWLRQ RI WKH IORZP
VI\IVWHPTV PL[LQJ UDWLR D FUXFLDO tieQd&sin\tovhpgdnEntg weie T XL U H
individually dispensed in a cup while the flowmetensasurahe flow over time The weight of
WKH GLVSHQVHG UHVLQ ZDV FRPSDUHG WRP&tkiHdataQiY WU XPH
FRPSDUHG ZLWK WKH PDQXIDFW Kdute 7 Rigue 48Hpiedemise Sah@ SUHF L
results for the gear flowmetePdrt B. The validation experiment was performed at three output
speedsthroughoutWKH PDFKLQHTV RSHWMDIkVIOQHD), UanOnilkhin (39 Hz or
nominal) and2329 ml/min 60 H2 total for parts A and B combined at a volumetric mixing ratio

of 20,5:1.At each speed minimum ofthree samples ascollected.
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Figure47 - Coriolis flowmeter precision validation: (a) Experimental data with error bars for the
individual measurements and (b) Average of experimental data with error bars representing the

standard deviation for eaclofvrate
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Figure48- Gear flowmeter precision validatio(e) Experimental data with error bars for the
individual measurements and @yerage of experimental data with error bars representing the

standard deviatiofor each flowrate

The Coriolis flowmeter records maigsw ratethat is then converted intovolumetricflow
rateusing theresindensity supplied by the industrial partner. The uncertainty on the density value
was unknown but was consideneelgligiblefor this analysisThe error bars for the experimental
dataincludethe uncertainty on théow rate recorded by the flowmetayn thePLC as well as
human reaction timéo start and stop the recordingn the other handhé uncertainty on the
experimentaldata comes from the precision of the scale used to weigh the resin samples. The
human reaction time was considered to be 200 milliseconds at both the start and dferstop
recording on the PLChe uncertaity caused by the weighing sc@eecision isconstanat £0,01
g. However, at higheflow rates, theerror caused byhe human reaction time increases rapidly.
Thereforethe error bar$or the individual measuremerdase wider at higheifow rates. The error
bars could be reduced by collecting s#&spfor longer times. However, limited resin and

isocyanate supplies were availableha time oftesting.As expectedior both part A and part B,
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the experimental precision of the flowmetgtower than the one stated by the manufacturer for

these proess conditionsSourcesof errors like PLC sample rate thow rate pulsatiors might be

the cause of thidiscrepancyNevertheless, th€oriolis |O R Z P HW H U fpreserited frigure R Q

47 is adequate for this project adatls below the 1,86 requirement athe nominalflow rate of

1440 ml/min For the gear flowmetan Figure48, the error is not below the 1% requirement.

Yet, the highestecorded error during testing was36 % which is not far from the desireatror

limit. This S U R MpdrEBW§evatingrangeof 28 to 93 ml/minis not entirely covered and falls in

WKH ORZHU UDQJH RI WKH | @Ryed? BV B hixnky. DM halg BeHthéD W L Q J
cause of the higher errddeally, a flowmeter with a lower operating range would likely altbes

precision to be increas.

Even though the flowmetaffrecisiondoesnot alwaysfall within the set limits over the
VA\VWHP TV WRW D Gherrixihdyrbtiv ik Qill guabaqtddd to be constaints is where the
innovative multplex pump assembly shows its advantager commercially available systems
where each pump speed is individually controlled and adjusted using a feedba&riodpe
flowmeters.With the newly developed system, tfiew rate ratio of A and B is medmically
guaranteedby the positive displacemepumps.The onlytiPH WKH IORZPHWHUYfV SUHFL
intoaccountLY ZKHQ WKH SXPSYTV S Ogéithd dddixedDriikidg BaloM X VW HG W R

5.2 Control logic

5.2.1 Overpressuresafety

The overpressure settimy the PLC for the pressure sendsrased as the primary safety
device. To validate its correct operation, the overpressure walseset to 10@sigin the PIC.
The pumpmotor speed was set to 10 Hz gidngers travel wer set tol0 % and 0% on the A
and B sides respectively increase¢he pressure as slowly as possiflee system was startedtil
steady stateas achieved. Then, the outlet ball valve on the A side wascsimerease the pressure
in the systenbeyondthe overpressure setting. The pressure sensor recordedeipgessure as
intended and the pump stopped immediately.

The pump is notequipped with any kind oémergency brakg system This means that
there is a delay betweavhenthe stop signal is sent and whéme pump comes to a stop. This
GHOD\ LV GXH WdtiavakdHvilBcalss fhe pressure to keep increasing even after an
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overpressure is recorded. To prevent daméméhe system, the pressure increase caused by the
SXPS{V LQHUW L Drhssiivie,alXpiQy@duiipHiere set to 100% and the pusgeed

was set to 60Hzto PD[LPL]H WK HutgdtMoMHYKH VA\VWHPIV RXWSXW YL
abruptly shut allowing theverpressuréo berecorded at 10psigby the sensorSV R VKXW WKH SXF
motor. The inertia increased the pressure 16 fisig before the pumps came tocampletestop

Therefore, as the rupture disks are manufactured to break asRp@ largesafety factor of 50

psig was set on the overpressure setting to protect the disks from breaking in the event of an

emergency stop.

5.2.2 Doctor box level control

The next test performed aimed to validate the doctor box control logic presented in section
4.3.2.1andAppendixB. To do so, water was usedrast to waste too much resin in the validation
phase.The lowest viscosity that the system can process while maintaining its perforarahce
precision has not been tested. However, the low viscosity of wassrota limiting factor in this
test because the goabhsonly to validate the doctor box control logithe system was started in
normal mode with the outlet splinto both doctoboxes mockups, as shown ikigure45. The
goak were to validate the control logic asd the PID control feedback loaefficients.The
initial PID coefficients were estimated aadjustedhrough educated guessAfter four iterations,
the parameters were set to P = 8, | = 0,9 and DEh@.required sensibility and precision of the
doctor box control logic are lovand simple trial and error sufficed abtaina working system.
The level sensofbutput was recorded over time and results are presenkegure49 belowfor
both doctor boxes
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Figure49 - Validation of doctor boxes level control logic

Thelevel sens@ V Wr&swllitidad is 0,04 irand the measuring error is = 0,2%itsf5
metersrange(which converts tan error 0f0,4 in) The resolution causes the step look of the
registered datpresented ifrigure49. Thevaryingstep heighgare causgby the smoothing of #h
data.Noise was present in the signal causedrbyor signal amperage variations at the PLC.
Luckily, the noise was of relatively low amplitude which made it easy to remswvey an IF
statemenbn the raw data in ExcefAll data varations of less tha0,04 inches WKH LQVWUXPHQ
resolution were removedy calculating the variation between datandn+1 for all n. Because
thenoise threshold was smaller than tasolution of the instrumethe data was not significantly
altered by the smoothingquessOverall, the leveVariations of both doctor boxes se@anbehave
opposite to one another. This is caused by the first patieafontrol logic which acts on the
overflow and underflow of each doctor box individually. Then, the general trendlofdvas is
the result of the second part of the control lpgiich acts on the error from the set paifiteach
doctor boxeglepending on the status of B2 and BV22. The resin level of both doctor boxes
go beyondthe upper and lower limits because WK H V\V W H R & VallzeQdisbuty lefiover
fluid in the piping at the outlet will continue dripping in ttiectorbox.
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Thecontrol logicneeds to be responsive enough to prevent underflow or overflow in each
doctor box but forgiving enoXJK DV WR QRW FRQWLQXRXVO\ VHQG RQ RII
and ball valve actuatorgVith the presented parameters and control Idigeresin level only varies
by half an inch in each doctor box over timghout being too sensitive eitheFhis variation is
considered negligible for trepplication Obviously, the control algorithm could meproved with
additional iterations,but no further mdifications were included as tPHW WKH SURMHEF

requiremerd.

5.3 Flow rate linearity

As covered in sectin3.4.3 mixing ratio varations at the inlet of the static mixer will
influencethehomogeneity ofthdJHVLQ 7KH V\VWHP TV &XIgySuin@rechvstR KQ RO R,
for its capability to pump high viscosity abrasive fluids while limitifthgw rate pulsations.
Nevertheless, plunger pumps do not generatertectlylinear flow rate The next test aimed at
guantifying theflow ratevariations prodced by the system. The pump speed was set to 60 Hz with
all plungerso 100 %. Based on the motor speed and gear ratio of the pumipedthetical pulse
frequency per sidevas calculated to b&52 strokes per minut@r 2,53 pulses per secondhe
systetPV EDFN SUHVVXUH UHJXO DW R Wpsigand tiddow riataniMpiresBuBeS U R[ L P |
wererecorded by the PLG=low ratedata with and without dampener for the A side is presented
in Figure50. To test the system without the dampener, a cap was used to block the connection

where theequipmenwvas installed.
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Figure50 - Flow ratedampening of part A of the metering system at A€iQ

The theoretical pulse frequency matches the recdtaedatevariations shown ifrigure
50. Data analysis isummarizedn Table24 for both parts A and Blhe minimum and maximum
flow ratefor parts A and B with and without dampenarspresented. The variation for each

case is calculated using,

3566F 3a04-
8=NE=RERI_—"Usrr 6)
Oéu

where 3505 3iyaanf 3pecare respectively the maximum, minimum and average flowrate
recorded. The damping efficiency is the reduction in variation from the recorded flowrate without

and with the dampener installed. It is calculated using.

8=NE=RgKdoasosps
B=NE-Rhobioens "

Bioasvak FsF (7)

where 3 5 3 5 y 43/the damping efficiency
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Table24 - Flow rate linearity and dampening efficiency at 1p3dg

Flow rate (ml/min)

Minimum Maximum Variation  Damping efficiency

Part A Without

2285 2558 +5,6%
dampener
. 81 %
With
2361 2413 +£1,1%
dampener
Part B Without
110 130 *=8,7%
dampener
. 90 %
With
116 118 +0,9%
dampener

The addition of the pulsatiaslampenersas a significant impact on tflew ratelinearity
allowing the variations to beeduced by81 % and 90 % for the A and B sides respectively. This

allows the system to have an averfige ratevariationof + 1 %.

To evaluate the systef variability in terms of mixing ratio, which he mostcritical
process variable WKH VA\VWHPY{V PL[LQJ UDW LderdaDOrina@l@maieis ITURP W
presented ifrigure51. Toget a volumetric mixing ratio of 20,5:1, the A and B plungeeseset
W R DQG UHVSHFWLYHO\ floiwrat®/of SBIR Mikhin\g hshieydriRt. Q D O
pump speed d39 Hz.
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Figure51 - Mixing ratio evolution after systestartup at nominal speed (39 Hz)

Figure51 shows the time delay before thgstem reached steady stafes a conservative
estimate,tiwas determined thateadystateconditions were achieved 40 seconds aftertup by
looking at the data collectedheflow rate of part B is calculated using a moving average over
severalreadingsbecause of the type of flowmeter used. This probably partly explains the peak
from PL r Qo PL w(as the flowrate recorded for part B takes time to stabilize. During this time
the mixing ratio increasespidly until the fluid pressureatio stabilizes. When the system is
started, the fluid pressure for each side is lomgrdoes not increase at the same rate due to the
vastlydifferentflow rates. Luckily, because positive displacemg@umps are used, the pressure of
both fluids increase wntil their ratio reachesequilibrium After the mixing ratio reaches a
maximum,it takes some time for the mixing ratio calculation to reaghilibrium because of the
moving average on part Bow rate In reality, the positive displacement pump mechdlyica
guarantees the accuracy of the mixing ratio. Nevertheless, aftecdds, theolumetric mixing

ratio varies between 20,39 and 20wi¢h an average d20,56.This corresponds to a mixing ratio
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precision of £ 1 %The experimental mixing ratio is very close to the targeted 20ikdwise, the
V\VWHPYV PL[LQJ UDWLR YDULDWLRQV PHHW WKH UHTXLUHPH

5.4 Cleaning

To write the cleaning procedure for the systerdjne solvent flushes were performem
HYDOXDWH WKH V\VWHPfV HDVH R harderHdc@aapessDhg 6yste@H QW L I\
wasconfiguredin a closed loop circuit arecetone was pumped throuigin five minutes per flush.
After each flush, an acetone sample was collected to obsereeltue and presence of resin or
isocyanateln addition, clean and dry air was blown in the system for 10 minutes in between each
flush to dry the systenT hreeconsecutiveflushes were performed and the acetone samples are

shown inFigure52.

Figure52 - Part B (top) and Part A (boim) acetone sampleslour evolutionfollowing three

cleanin-placeflush procedurs

Based on theolour of the sample, performing three-line acetone flushes for 5 minutes
with a 10 minutes drying was sufficient to get most of the process fluids dheaystem.
Evidently, some process fluid is still preseiter the third flushas was confirmed via FTIR
analysis orthe acetonesample However the goal of this cleam-place flushing procedure is to
get most of the r@s out of the system for short leave occasions. The resin is stable enough to be
left in the system for over a week if unused. Long leserrencesf over a week would require
the system to be clean@tplace first before manually cleaniteygetequipment This equipment

waschosen based on tlability of the acetone to reach every small corner for thorough cleaning.
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Because otheir complexgeometry and orientation and position in the system, the pulsation
dampenerandthreepiece encapsulated balkhiveswere identified as thequipmenthat would
presenttie mostrisk of containing leftover process fluid following a solvent fluBbbmps back
pressureregulators, flowmeters, rupture disks and pressure sensors all show adequate cleaning

following thethree clearin-place acetone flushes.

5.5 Mix homogeneity

The last test performed on the system is the most crér@hlconcerns the validation of its
performance in terms of mix homogeneitiis time, the completed metering and mixing system
was used to produce the samples and a new type of static mixer was used: a disposable
polypropylene SMX mixewith a 2, 3, 6configurationsn a stainlesssteelhousing, as shown in
Figure 53. A total of 12 mixing elements with a diameter of 12 mm were used following the

manufactureés recommendadin to obtaim CoVof less than 2 %.

Figure53 - SMX mixer used in the final system

This mixer geometry differs from the Kenics type static mixer us&hapter 3The SMX
mixer provides the best performance of any static mixer geometry to the extent of significant
pressure losses. However, as the new metering and mixing system is capable of handling relatively

high pressuralrops, it has been put forward as itheal mixing technology.

To produce the mixed samples, the system was started in manualAradk of resin and
isocyanate did not allowtd V\VWHP YV SHUIRU P Dh@pEghoMitRopettingDaDdeG D W H G
Instead, the samplébomogeneity was validated athominal flow rate and pressureSamples
were taken over time from systestartup to 60 secondsA total of eight 60 ml sampsewere

collected in 120 ml glass jars and fi#r& IR readings werperformed on eackample usinghte
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same test procedure, technique and analysis as usedtion3.3.1 The oefficientof variation
resultfor each sample igresented iTable25.

Table25 - Coefficient of variation of samples mixed with the system

Sample # Time after systemr CoV (%)

startup (s)
1 5 4,25
2 15 1,84
3 30 4,66
4 60 1,23
5 5 3,97
6 15 4,92
7 30 4,97
8 60 1,85

As described earlier, the mixing ratio variations immediately after systmup are due to
anunstable pressuratio betweenparts A and BThe correlation betweehe isocyanate level in
each sampland the sample collection time after systartup could not be observed. However,
there seems to be a correlation between the coefficient of variation of each sample and mixing ratio
variation curve presented kigure51. Except for sample #2, all sample show lower homogeneity
when the slope of the mixing ratio curve is highere is also the possibility that sple #2 was
collected at the apex of the mixing ratio peBliis suggests that the rapidly changing mixing ratio
in the first seconds after the system is started results in samples with high variability in terms of
isocyanate concentratiorin any case, theVDPSOHVY FRHIILFLHQW Rl YDULD\
concentration is belowthe 5 UHTXLUHPHQW )XUWKHUPRUH WKH V\VWHP"
steady state 14,23 % and 1,83% (average of 1,54 %pr samples 4 and 8 that were taken 60
seconds aftesystemstartup. 7KHVH ILIXUHV DUH FRQ \pé&rférrhéheeGn 2WvnsW KH V\
of mixing homogeneity.

5.6 System performancesummary

Table26sXPPDUL]JHV W Ketfonavial Brfel £a&pabilities and compares them to the
SDUWQHUYY UHTXLUHPHDWY FRYHUHG LQ VHFWLRQ
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Table26 - System's performance, capabilities and features

System SDUWQHUSYV Ul
Performance
Viscosity (cP) 30! to 9000 1050to 5000
Pressurefdsig) up to 300 N/A
Volumetricmixing ratio (A:B) 0,8:7to 320:2 5:1 to 30:1
Flow rate(ml/min)* 390 to 500 600 to 2000
Mixing homogeneity (Co\f) 1,5 % 5,0%
Mixing ratio variatior? +1,0% +35%
Capability and features
Abrasive fluids capability Yes Yes
Mixing technology Static Static or dynamic
Pump technology Multiplex Plunger N/A
Wetted parts materic Stainless Steel, PTF N/A
Class 1 Div. 1 certificatior Yes Yes

LLimited by the geared flow meter which does not work with viscosities of less than
cP,2At 125 ml/min maximum3At 2227 ml/min maximunt}At a volumetric mixing ratio

of 20,5:1,° At nominaloutput

The developed systemmeets all requirements. Most significantly, the new machine is
versatile by coveringwide rangeof mixing ratios andlow rates. In addition, it offers very precise
dosing with a mixing ratio variation of only =+ 1 % and higllgmogeneousutput with a
coefficient of variatiorof 1,5 %. The systemasesstainless steel and PTFE wetted parts throughout
to offer excellent chembO FRPSDWLELOLW\ )L QD O Oéquipm&ntan® \VW HP
connections are certified to operateCilass1 Division 1 hazardous locations.

The cleanin-place solvent flush procedure allows the system to be cleaned rapidly. In
addition, its mixing pgormance relies on a simple and inexpensive static mixer that can be cleaned
or disposedf in a timely fashion. Even with its advantages a@nmerciallyavailable systems
the new machine offers interestifigw rate capabilities compared to the comfieh. Moreover,
although not validated, the new system can work with fluids of up to 9000 cP and upp&d00



5.7 Commissioning

After the YDOLGDWLRQ RI VA\VWHPYV SHUIRUPDQFH WHVWV
laboratory, thesystem was installed at tte D U W Q H U f V ihD &flp&tovihel wab ietfapmed
and a maintenance manual wipare padlist was includedFigure54 VKRZV WKH VWVWHP {V
RXWSXW WR GRFWRU ER[ RQH DW WKH SDUWQHUSYV IDFLOLW\

(@) )
Figure54 £System resin outlet to doctor box oBleW W KH SDUW Qével $8hsbDdnd O L W\ [

system output and (Isystem in operation with the prepreg line

7KH VA\VWHPTV FRQWURO ORJLF LQ QRUPDO PRGH ZDV YDO
the SMC prepreg linélhe system worked as expected and a roll of SMC prepregiahasbown
in Figure55, was manufactured using the new sgste



Figure55- SMC prepreg material manufactured using the nelneanmetering and mixing

system at the partner's facility
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CHAPTER6 &21&/86,2%$1' 5(&200(1'$7,216

Throughout the project and with the help of the composites research team at CTA and Magna
Exteriors Inc.the development of aew automatedwo-component metering and mixing system
was made possiblel KH S UR M H F Wafid/adRiEvdrirtRt\&histé dHoélow.

Chapter 3denonstratedthe performance of a static mixer to obtailnomogeneousesin
sample.To achieve this objective, FTIR spectroscopy was validated as a technique to evaluate the
homogeneity of a resin sample. Then, the performance of a static mixer toahtaimogenous
resin sample was demonstrated. Finally, testing was performed to qualitatively evaluate the impact

of flow ratevariation of mixing homogeneity.

Chapter 4overed the development of a new automatamcomponentnetering and mixing
system for the processing of high viscosity and abrasive fluiddass 1Division 1 classified
locations.The chapter presented the preliminary and detailed desigrtheitompkete3D CAD
model. In addition, the system is manufactured to be tested.

Finally, Chapte 5 aimed to walidate the performance of the new system in ternflowfrate
linearity, mixing ratio variation, overpressure safety, cleaning and mix homogene#&ynew
V\VWHP PHW DOO WKH VHW UHTXLUHPHQWY EHIRUH EHLQJ LQ

The new innovative systesolves the limitation of commercially available twomponent
metering and mixing systems. More specifically, the new system aficyegssingabrasive and
high viscosity fluids inClass 1Division 1 classifiedocations The systenfeatures a multiplex
asembly of plunger pumps that operate together with pulsation dampeners to produce a precise
and virtuallypulsefreeflow rate Themeteringequipmenis equipped withwo safety devices for
overpressure protectipra first software andsecondaryhardwareprotection. The system is
designed to meter the two fluids, mix thenth high homogeneity and dispense the outpuivim

doctor boxes located an SMC material manufacturing lingith seamless integration

Using various instruments and controllabipment W K H V prxowetienfisdutomated.
ORUH VSHFLILFDOO\ WKH VA\VWHPYV SURGXFWLRQ VSHHG DG
material manufactimg line to pevent overflow and underflow i@ach doctor box. Coriolis and

gear flowmeters ra included to continuously monitor ttiew rate and the mixing ratio. The
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VA\VWHP TV LQVW ahidiipinénbutpuidcan i@ ¥ig¢wednd controlledn a toubscreen

humanmachine interface.

The systenexclusivelyfeatures stainless steel and PTFg&ted parts for excellent chemical
compatibility with the process fluids and cleaning solvent. The system can be cleaned in place
(CIP) using acetone flushes. For a more thorough cleaning, the system can easily be disassembled

usingsanitary triclamp pipng connections.

Validaton RI WKH V\VWHP{V SHUIRUPDQFH DOORZHG WR FRQIL
requirements. Notably, the system offefla raterange 0390 to 2500 ml/min and volumetric
ratio of 0,8:1 to 320:10 process fluids witlpressires up to 30@sigand viscosity up to 9000 cP.
8VLQJ IORZPHWHU GDWD WKH P waskcarrhhgdftob# 1 o@ila bobiwal R YD U L

mixing ratioof 20,5:1.

The new machine relies on the performance of an SMX static mixer to mix both products
together FTIR analysis waperformedwith mixed resin samplet® quantify the homogeneity of
the product. Results show the system offers saswypth a coefficient of vaation of only 1,5% in

steady state conditign

In summary, e developedsystemoffers adequate performance and versatility to albaw
manufacturers to delop new SMC materials to potentially meet the upcoming high demand of
the industry.

6.1 Future work and recommendations

Although the objectives of the project were met, numerous improvements and additions
could be includedn the systemHere are some interesting upgraddsR LQFUHDVH WKH V

performance or ease of operation

1. Include an automated cleaning sequence to flush the A side of the systelaffover
resin using ig system[108]. This method uses compressed gas to push a tighaly
foam plug through the pipes to expel and scrape the pipe walls. Such cleaning method is
HIILFLHQWO\ XVHG DW WKH LQGXVWULDO SDUWQHUTV ID
WR EH LQFOXGHG LQ WKLV SURMHFW (Y, t&$implfyUHeQ J D QG
complexity of the innovative system, this solution was left aside. This feature would

improve the ease of maintenance of the system.
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2. Automating the dampening pressure tbé pulsation dampenetsy using the fluid
pressure readingsom the pressure sensorBecause the dampening depends on the
process fluid t@lampenindladder pressure ratio, having an athible system compared

to a precharged and static solution could improveftbes ratelinearity of the system.

3. Evaluaing the wear UDWH RI WKH V\VWHP{YV FULWLFDO FRPSR(
Although the system was used witsincontaining abrasive additives and fillers in the
validation phase, a limitedmountof approximately 500 Lof resin was processed.

Ideally, opticalmicroscopyof components atisks like check valve seats and plunger

packing could be performed to quantify the wear rate.

4. Upgrading the system to offer the ability to miretdry additives and fillers iline as a
third component. This would limit the work requirea manually mix part A with its
additive and fillers before feeding the mixed resin to thedamponent metering and

mixing system.

5. Adding inline degassing capabilities to improve the quaditythe composite parts by
reducing porosity. A gagermeablanembrane with vacuum chamber could potentially

be used to achieve this feature.

6. Optimizingthe PD control feedback looparametersor the doctor boxes. Himpact
of doctor box resin level vatiorson SMC prepreg sheet weight has not been quantified.
Due to hydrostatic pressure, more resin in the doctor boxes will likely increase the resin

film thicknessslightly and reduce the consistency of the material.
7. Adding ank level monitoring to sigal the operator when thanks need to be refilled.

8. Automating the various manual valves to prevent the system to be started by accident

when the outlet valves are not open. This could prevent risks of overpressure.

If this project was to be done again, significant twald be spent in the component and
WHFKQRORJ\ LGHQWLILFDWLRQ SKDVH 7KH V\VWHPY{V SHUIR
equipment choice and this system was developed and optimized for tisHbFOW V VSHFLILF |
and applications. Therefore, with another resin systemexample, some technologies could

potentially not be optimal or simply not used.
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APPENDIX A +CHEMICAL COMPATIB ILITY

Table 27 - Chemical compatibility ofvarious chemicalsof interestwith metals,plastics and

elastomers

Chemical Metals Plastics and elastomers

Acetone
Amines
Peroxide
Isocyanates
Vinyl
Acetate
Styrene A A

@ O 2> |carbon Steel
O O @ |Nylon
> > > lUHMWPE

> @ @ |Alyminum

U U U |Buna

© O > [EPDM
W T O OITpPE

> U O W [acetal

w)

W

w
us]
> W > W > > |304 Stainless Steel

> @ > > > > [316 Stainless Steel

@ O > U U »|castiron
W > W > U O [Fyor elastomer

O > >» > W »|4astelloy C
O U @ ® O Oiie (TS)
O T O 0 U O Nitile (TPE)
O T » @ @ U polypropylene

> > > > > > IPTEE
O O W O U OUlyrethane

Legend:
A: Excellent, B: Good, C: Fair tBoor, D: Not recommendedNo Data



APPENDIX B +DOCTOR BOX LEVEL CONTROL LOGIC
Doctor Box 1 status
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— Limit,_,
DB-2

Figure56 - Doctor box individual control logic

Doctor Box 2 status
. Yes .. Yes .
Levelpp ; > Limity; y, ? > Levelpg , > Limity;.y, ? » No action
v No
. .. Yes
Limity,,, < Levelpp , < Limity;y ?
No L No A 4
. Yes
Limait,, > Levelpg , ? » Shut BV-21
A A
. .. Yes .. Yes
Limit,,,, < Levelpg ; < Limity;, ? > Levelpp , > Limity;,y, ? » Shut BV-22
v No
.. . Yes ]
Limity,,, < Levelpg , < Limity;,, ? » No action
No v No
. Yes
Limit,, > Levelyg , ? » Shut BV-21
Y
.. Yes .. Yes
Limit,, > Levelpg ; ? > Levelyp , > Limit,;,, ?
y No L 4
. .. Yes
Limity,,, < Levelpg , < Limity,, ? » Shut BV-22
v No
. Yes .
Limit, > Levelpp , ? » No action
Schematic
<] + ><]
l BV-21 BV-22 J,
S R Llﬂllthi{_,h
- LEVEIDB_]_ = LEVEIDB_z
DB-1
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Y

BV-21 & BV-22 open ? Yesyl  PID on ey

A

No

Y

BV-21 open & BV-22 shut ?

4 No

BV-21 shut & BV-22 open ?

Yes

Y

PID on epg 4

Yes

Y

PID on €pg_o

No

Legend:

eave = Average of the combined error of both doctor boxes
epp.; = Error of doctor box 1

epp.» = Error of doctor box 2

Figure57 - PID cases for metering system output control



