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ABSTRACT

The vacuum infusion process promises to improvelitguaf the laminate, better
worker conditions, a reduction of labour and betégreatability. Flow analysis makes
it possible to use proven engineering techniqueseteelop and improve the process.
This allows for much better control over the coesable investment needed to switch
to infusion and also makes it possible to contimproving a working process at
minimal risk. However, it will not solve every issuThis paper will outline the
modelling, required to understand what it can aawl ot do. Several case examples
will be presented to illustrate the applicatiorflofv analysis to infusion of large boat
hulls and decks, and also discuss several pradsisaés that we had to deal with to
make the process work.

INTRODUCTION

Resin infusion is becoming a more and more impotchnology in the composites
industry. Driven by reduction of styrene emissiotise desire for more quality
control, reduction of labour costs and simply buadd lighter and stronger.
Developing vacuum infusion processes for largesplaas not been feasible for a long
time because of the high risks for failure. Howeuee risks can be considerably
reduced when flow analysis software is used togeethe injection strategy and is
even economical in the case of a one-off.

Flow analysis software for the RTM process has baeailable for more than a

decade (see for example [1]). With the ability totdal injections on the computer,

development can be done much more quickly. Comperedassical trial-and-error

methods, flow analysis software empowers the eegite try out new methods and
optimise existing methods, where one otherwisdesetbr sub-optimal processes that
simply worked.

This paper reports how modern engineering techsiqure particular flow analysis
software, in combination with practical experieras®l modern materials, have been
applied to the production of large parts like yalehils and decks in a way that is not
just cost-effective, but has made it feasible far yards to invest in new technology
due to the low financial and technical risks.
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The first section recapitulates the theory thatm®rthe foundation of our

implementation of a flow analysis software for RBvd Resin Infusion: RTM-Worx.

Next, basic injection strategies will be discussed why the design of injection
strategies is something that can not (yet) be dignsoftware. Some additional rules
are presented which can be used as guidelinestimisg injection strategies using
the flow analysis software. To illustrate the widariety of possibilities — e.g. the
flexibility of this approach, several case exampdéssuccessful infusions of large
hulls and decks are presented in the third section.

THEORY

In order to model the Vacuum Infusion process, eednthe ability to model sections
with and without reinforcement. More detailed infation — including the theory

behind the non-isothermal reactive calculation fferature and conversion) can be
found in [2] and [3].

Flow through porous media

With gravity terms included, Darcy’s Law - which MWdescribes the flow of resin
through reinforcement, [4] - generalised to thramehsions and the continuity
equations are:

u=-2(Fp- . g) M

N>u=0 (2)

Here,u is the local flux density (or superficial velogifK is the permeability tensor,
IS the resin viscosity is the pressure in the resin,is the (local) resin density and
g is the gravity vector. Substitution of Darcy’s L&®) in equation (2) results in:

&x%@p- r.g) =0 3)

This equation is often referred to as the ‘pres&gpeation’, because the pressure (a
3D scalar quantity) is the only unknown.

Generalised Newtonian Fluid

The model for flow through sections without reirdement is based on the so-called
Generalised Newtonian Fluid:

s =-pl+2/D’° @)
D ={fiv +Rv7}- 2R )i (5)
h=h(p,T,a,D?) (6)

At the pressures typically used in the Vacuum liofugprocess, the resin behaves as
an incompressible fluid, so we can assume thatéhsity is constant, which leads to
the well-known Navier-Stokes equations:

rv=-Np+NxD?+ rg 7)
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Unified GHS/RTM model formulation

It is possible to formulate a very efficient modi@l shell and beam elements and the
resulting elements can be directly combined with ¢fements for Darcy flow. The
restriction to thin-walled sections makes it possitbd introduce a number of
simplifications in the Navier-Stokes equations whHed to the so-called Generalised
Hele-Shaw (GHS) model [5], better known as the 22D model:

The pressure gradient in thickness direction caméglected because it is much
smaller than the pressure gradient in the (locéphe This does not mean that
velocity in thickness direction is zero; if needads can recover the full 3D velocity
field from the (local) mass balance.

As a consequence of those simplifications, the pressalculation reduces locally to
a 2D problem. Analytical integration of the Navieplts equations over the
thickness, leads to the following, much simplerpfalation for the pressure problem
on a GHS shell element:

R s p- 6')=0, (8)
hzz . *hZZ

S=2 —dz G =29 — rdzdz (9)
0/7 o 0/70

Integration of equation (3) with gravity forces mdéd over the thickness leads to a
similar result for the RTM shell element:
N s p- G')=0 (10)
h * h *
. K x K .
S =2 =—dz G =2 =—xrgdz 11
S P o9 (11)

0 0

From those equations it is clear that the GHS flownelet can not be replaced with
RTM flow elements in general. If the analysis istliymal, viscosity is constant
through thickness, and the integrals can be awaligi solved. For 3D volume
elements, straightforward reformulation of equat®nresults in:

Rx{sxp- G)=0 (12)
K

S== G=r 13

S=2 G=rg (13)

We now have a generalised model for the calculatbrpressure (and resulting
velocities) in 3D volume (Darcy flow only), 2D shell (i2g and Hele-Shaw flow)
and 1D beam (Darcy and Poiseuille flow) elements ({detabout the FEM

implementation can be found in [6]).
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Figure 1: Basic element types for the unified GHS/RTM fotation, (a) 3D linear tetrahedron (Darcy
flow only), (b) 2D linear triangular shell and (& linear runner (tube); where x* and y* denote the
local co-ordinates and(¥%,z) the global co-ordinates.

INJECTION STRATEGIES

Choosing the best injection strategy is importanemsure that the reinforcement is
properly impregnated without voids, or worse, aimbetrapped and within a given

time frame. The reinforcement has to be completaited out before the resin starts
to gel.

Analysis of basic strategies

While the flow analysis can show what will happen whepagticular strategy is
chosen, the design for layout of runners is up he engineer and a basic
understanding is required. Basically, all injectitnategies, even the most complex
ones, can be broken down into three basic metheésfigre 2):

Point injection. This method is used a lot in peabikty measurements.
Edge injection. A channel or spiral tube along ohthe sides of the part.
Peripheral injection, where the resin is fed inte plart from all edges.

L L L

Figure 2: Three different injection strategies for a squalege with dimensions LxL. From left to
right: point (slow to fast) injection (inlet dianeetd), edge injection and peripheral injection.
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For those basic injection strategies, an analyggplession for the filling time can be
derived [7], with a constant C that depends on Hasen injection strategy:
2
ty =C XM (14)
KDp
It is clear that viscosity, permeability and pressdifference are of equal importance.
Injection resins typically have a low viscosity ihet order of 200 cp., and the
maximum pressure difference for infusion is (théioedly) 1 bar (in practice, 0.9 bar
is feasible, but not with all resin types). Porosityd permeability are reinforcement
properties. In order achieve a filling time thawisll within the gel time of the resin,
we can influence the permeability by adding a séedaflow medium, and choose a
faster injection strategy. The constant C depend$e injection strategy and is given
by:

- Point injection: C=1 € +2In 1 e _d
e L

- Edge injection: c=1

- Peripheral injection: c=4

Peripheral injection is clearly the fastest methatjle the injection time for point
injection is very dependent on the diameter ofithket. Therefore, injection time is
very unpredictable. Because this is also the slomeshod, it is the least preferred.

Resin flow velocity

Another very important criterion for the injectiotragegy — not apparent from the
analytical formula’s — is the resin flow velocitypth magnitude and direction:

If the resin flows too fast, the fibre bundles act completely impregnated, only
the space in between is filled with resin. Impregmabf the bundles will take
place, and result in voids. When there is stillsiddarable resin flow, the voids
will be transported. The requirement thereforehast t(1) the speed of the resin
front is controlled (e.g. ‘not too fast’) and (2)at there is sufficient resin flow
throughout the reinforcement to ensure the bestragmation possible. This is
particularly important when carbon fibres (with vesmall filaments) or aramid is
used in the laminate. The best way to achieve stpefipheral injection because it
(a) results in the smallest variation in resin frepeed and (b) gives the highest
resin flow velocity in the neighbourhood of the \@nt

When two resin fronts merge, voids can result atweé line, but not always.
This will occur when the resin flow stops after tments have merged. Air is
trapped, and there is no transport mechanism t@verthe voids. This can be
solved by (1) avoiding obstacles (even when nofoeztement is needed, a flow
medium can be used over the obstacle to maintdimngogeneous front) and (2)
when weld lines can not be avoided, the flow direcstwould change to flow
parallel to the weld line after it has formed.

With those rules in mind, the injection strategyh d& optimised, using the flow
analysis software which has the ability to show reffomv velocity - typically
visualised as arrows where the size of the arrow agp@tional to the resin flow
velocity.
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Gravity and the ‘fishbone’ strategy

For the infusion of large parts, we have to deal wtthvity. For every meter height
difference, about 100 mBar of vacuum is lost: thishe force needed to lift up the
resin. Infusing from top to bottom does not worlcdngse the air still under the bag
will mix with the resin, resulting in a laminate wihigh void content. Using vertical
feeding lines, combined with a feeding line in teegth of a hull results in 3-sided
configuration which is closest to the optimum (pkgaral infusion) that can deal with
gravity. Compared to typical SCRIMP technology, efhiconsists of parallel lines
which are opened in sequence, the advantages are:

- Any bubbles that get into the tubes will quickly awp to the highest point
through the vertical feeding lines.

- There are no delays, because it is not necessavgitdor the resin front to arrive
at the next feeding line before it can be opendts &llows for relatively slow
filling locally — with better wet out of the reinfoement as a result which is
especially important for carbon and aramid reirdonents - while the total
injection time is relatively small.

- Reduced man dependence, because there is no neeahtme the resin feeds.
This strategy works with a single feed, which is aggkat the start of the infusion
and closed when the part is full. We like simpl&igons!

Therefore, the fishbone not simply something we liketry to use to do things
different from everyone else: it is the preferred/iram an engineering point of view
based on the physics of the flow and the evidenaetlse practical applications.
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ACCURACY OF THE FLOW ANALYSIS

Application of the flow analysis software requiregad knowledge of the accuracy
of the predictions. The numerical accuracy of tB&MFCV algorithm that we use is
very high [3]. For edge injection, RTM-Worx givessults that are exact, because the
pressure gradient is linear in that case — whichbearepresented exactly by the linear
elements - and the flow front position is a quadr&inction of time, which is also
solved exactly by the first order scheme used tontmration in time.

The worst case for our RTM-Worx software is poineatjon, because the pressure
gradient is a logarithmic function of the radiustlat case, a function that is difficult
to capture with the piecewise linear FEM approxiomtiThis case is presented in
figure 3, and the conclusion is that the error ttu@umerical approximation in our
RTM-Worx software is less than one percent for afgw hundred elements!

E[-] tn [S] Error [%]
80 5.22 1.9
152 5.28 0.8
482 5.34 0.4
2114 5.33 <0.2

Exact fill time from analytical
solution for filling of this
particular quarter disk: 5.32
seconds.

E = number of elements
ty = calculated filling time

Figure 3: Test case to determine numerical error: fillifgaoquarter disk. The grey bands show the
flow front at equal time intervals. At the righhet table shows the calculated filling time andtreda
error for different meshes, from course to vergfin

Note that linear elements and first order time iraégn alone are not sufficient to
guarantee this high accuracy. What is also veryomamt is that (1) the algorithm is
mass conservative and (2) flow front propagatiommtigm and pressure calculation
are identical. RTM-Worx is the only flow analysisfteeare for RTM and Resin

Infusion that meets those requirements.

In practice, models have at least a couple of thwodiselements to capture the
geometry of a part with sufficient detail. This medhat numerical accuracy is never
a problem and the difference between predictionraatity is only governed by the
accuracy of the material parameters:

Resin viscositydoes not influence the flow pattern, only the fdliime. One should
also take into account that resin viscosity vanéhl temperature.
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Porosity of the reinforcement influences both the fillinghé and the flow pattern.
This parameter is not very critical though, becaitseill only slightly vary. On the
other hand, a small change in porosity can haeege linfluence on permeability.

Permeability of the reinforcement influences both the fillingné and the flow
pattern and is very dependent on the porosityhén\facuum Infusion process, the
porosity is very low due to the pressure appliedhenreinforcement. Because of the
sensitivity of permeability to porosity, it is diilt to measure it accurately. In
addition, the porosity, and therefore the permdésbilvaries as a result of the
differences in pressure during the infusion. Faataly, infusion of large parts is not
possible without the use of a flow medium, and teemgability of the flow medium
is at least an order of magnitude larger than #enpability of the reinforcement.
Therefore, when the properties of the flow mediumvee# known, the injection time
can be predicted very accurately, even when théoremment properties are not well
known.

In general, when a flow medium is used, it is theeefeufficient to know (1)
properties of the flow medium and (2) porosity oé tteinforcement (because this
determines the amount of resin needed to wet oueith@®rcement).
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RUNNER AND REINFORCEMENT RESIN TRANSPORT

The purpose of runners, e.g. the spirals and otleans to transport resin under the
bag, is to transport the resin from main feed tofoecement stack. Normally, the
flow resistance in the reinforcement (with or withdlotv medium) is much higher
than the flow resistance in the runner system, aintyitubes outside the bag. If there
is a significant drop in pressure in the runnertays the infusion takes more time
which should be avoided. With the flow analysis, gressure drop in the feeding
system can be analysed and visualised, which is howeleet diameters for spiral
tube and feeding tubes outside the bag. Howeverdtes not provide the insight in
the resin transport for different runner types. réfere, we did a simple analysis to
put numbers on what we more or less learned fromrexme by doing simulations
and infusions. In order to compare different typésunners, we need a measure for
the transport capacity. Rewriting Darcy’s Law (witlagty included) results in:

]

Q=- AK p;/g (15)

If we want to compare different runner types, A*Khave A is the cross-section and
K the permeability is the important measure. Pressu resin density, resin
viscosity and acceleration vector (magnitude and directi@ve nothing to do with
the choice of the runner type.

For a spiral, the permeability can be deduced ftbm Poiseuille flow equations
(which are also used in the RTM-Worx software), wigores a so-called ‘equivalent’
permeability of B3/32, with D the diameter of the spiral tube. The eaibl figure 4

compares two kinds of spiral tube with diameters8adnd 14 mm and a material
called ‘Colbonddrain’. This material, made by tlmmpany Colbond is also known as

‘Enkadrain’ or ‘Flat runner’ from C-Sense.

Runner type Permeability | Cross-section AK [mm?]
K [1e-8 m?] A [mm?]
Figure 4: Comparison of the Colbonddrain material (pictatethe right) with spiral tube in two

Spiral, 8 mm inside diameter
diameters. The right column, AK is a measure ferréssin transport capacity.

Spiral, 14 mm inside diameter 610 154

Colbonddrain (85 x 4 mm) 5 380

This simple analysis leads to conclusions that sugrising, but confirmed in

practice. Because the transport capacity of alspiefunction of the diameter raised
to the fourth power, a 14 mm runner can transpdficgnt resin to feed 10 branches
of the smaller 8 mm diameter spirall The permebbitif the Colbonddrain was
determined with a simple experiment in which weugdd it and monitored the flow
front. The first impression was that it worked verylvbecause the flow front moves
fast through it. However, the main reason for thghhilow front is that the resin

volume of the Colbonddrain is relatively small cargd to the spiral tube. Simply
replacing spiral tubes with the same number of Qudldrain runners will actually

lead to injection times that are almost five tineager! However, if this is taken into
account in the flow analysis and runner capacityn® the bottleneck, the

Colbonddrain is a very nice material to work withpesally because it does not
leave any marks on the surface of the laminate.
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The same reasoning can be used to compare the tesigport capacity in
reinforcements with that of flow media. We alreadgrhed in practice that the use of
a core with large grooves leads to a bad resukst@dormation of dry spots on every
block, see figure 5. We wanted to be able to asshsther a flow medium would be
‘compatible’ with the reinforcement and the anadydone for the runners provided us
with a method to do this.

Figure5. Infusing a sandwic
of glass laminate with foam
core on a glass plate. This is
the view from the mould side
(e.g. what will typically
happen behind the gelcoat,
you might never see this).
The foam core (blocks on a
scrim) has relatively large
grooves of 1.5 mm wide,
which results in quick filling.
However, it takes much morg
time to wet out the glass
properly, so this combination
results in a dry island on
every block. At this stage,
resin is already draining into
the resin trap and the other
side looks pretty good. Image
courtesy of Prinz, Kroatia.

For flow media and reinforcement, the transportacéty can be characterised by
thickness times permeability, H * K. In figure 6namber of materials are listed for
which we have data available. Because permealslityfiicult to measure accurately
and some variation is always present, a range aésgas given.

Also included is the resin take up of the materitigs is especially interesting for
core materials. Combining the numbers with what wernled from practical
experiments, the criterium for use of a flow mediisnthat it's resin transport
capacity should not be larger than about one huhdimes the resin transport
capacity of the reinforcement to get good resuilttherwise, another flow medium
should be chosen that has less resin transpotteoresin transport capacity of the
reinforcement should be increased, for example dying CFM to it. The actual
choice depends on the requirements set by the ragsigyVvhile this may limit the
choice of materials, the good part is that thisly@ms provides us with the means to
make an engineering decision instead of relyingriahand error.
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Baisa (scrm) 1° 0.1 4 kg/m= YUU ... ZUUU
Foam 20/ 2x2 / 30x30 mm 100 1.7 kg/m? (.57/.23) 2000
Foam 20/ 1x1 / 30x30 mm 30 1.2 kg/im2 (.16/.14) 300

Figure 6: Comparison of reinforcements with flow media. N&fands for Non Crimp Fabric, e.g.
multiaxials. For the foam types, 20 and 30 mm & $pacing of the grooves, 2x2 and 1x1 are the
groove dimensions in mm. The resin take up in f@ard balsa consists of two parts: absorption of
resin by the surface (which is greatly increasecciiip and grooves) and the volume of the cuts or
grooves (accounts for roughly 50% of the extraréske up).

One of the main conclusions of this analysis is thatpopular foam types with saw
cut grooves do not give very good results in comfiam with multiaxial
reinforcement and only work well with Continuous Kildéat. The resin flow is fast
which reduces the need for spiral runners, but tlee you pay for this convencience
is that the void content of the resulting laminai# be quite high. Gravity and time
may improve this a bit, but with the use of a gatcthere is no easy way to verify the
impregnation. This is like gambling, and qualityncaot be guaranteed. For carbon
and aramid fiber that need much more time to wettbatonly options are flow mesh
and core with knife cuts or 1 mm wide surface grgove



12/25

CASE EXAMPLES

Application of the theory, flow analysis software angection strategy design rules,
combined with what we know about materials and resinsport will be illustrated in
this section by a number of examples from proj¢icéd were carried out during the
past five years.

Typical sailing boat hull injection strategy (80’ Maxi Jena, carbon/epoxy)

From the viewpoint of the designer of injection stges, most sailing boat hulls are
pretty much alike. The biggest challenge is to fdexlresin into a large area, while
the height difference (about 2.5 meters for thish8dl) reduces the pressure gradient.
The resin is fed through multiple injection porfis€ in this case) into the part using a
central tube, and smaller spirals branching to diues. Effectively, each area is
infused through three sides, which results in aifgettion and minimal variation in
resin front speed.

The distance between the spirals is limited, if theg too close to each other the risk
of voids trapped on the weld lines becomes too Iiigls mainly depends on the
amount of resin that flows vertically in between twaral tubes). Vacuum is applied
along the top flange. Multiple vacuum points areduto ensure that the pressure will
not rise when the tube gets filled with resin.

Figure 7: Injection strategy for the 80’ carbon/epoxy haflithe Maxi Jena (built by Technol Yachting
d.o.o., Izola, Slovenia). The resin feeding tubesshown schematically; what is important is tiat t
tubes are included in the model: the flow resistaincthe resin feeding system can not be ignored!
The colors indicate the time, dark blue parts &st impregnated, red parts last.

Nowadays, we would do this a little bit different ars® @ single feed to centralize
mixing (and optional degassing) to one spot to mire the possibility for error and
maximize control. However, for a hull like this, tifishbone’ is optimal.



13/25

Partially cored powerboat hull (VanDutch 40’ by Zaadnoordijk)

Powerboat hulls are quite different compared toirgpiboat hulls. For the same
length, a powerboat hull is higher and there areeng@ometric details. In the case of
the VanDutch 40’ hull, only the sides are cored,db#om is a monolithic laminate.

Figure 8: Injection strategy for the VanDutch 40’ hull. Rrdeft to right, the images show the filling
times at 40%, 60%, 80% and 100% fill respectively.

Zaadnoordijk has their own CNC machine, so they cpuépare the grooves in the
foam to the specifications required. With a groofed mm wide and 1.5 mm deep,
the permeability was of the same magnitude of a&&glow mesh (shade cloth), and
because the sides of the hull are relatively lowafqgrowerboat, a feeding line in the
chine was all we needed to fill the sides. For tb#dm, we have chosen to use a
feeding line along the keel and several connectioom® keel to chine which divide
the area into rectangles. Placement of the vacuinigis not very critical, so this is
the most simple and very robust way to infuse thisih one shot.

Figure 9: Infusion of the first VanDutch 40" hull. The imagt the left was taken almost at the end of
the preparation, the image at the right was také&% fill (compare with simulation).

Major motivation for Zaadnoordijk to infuse thislhis the requirement to innovate to
stay competitive and especially the cleaner workirenment will be very important
to be able to hire skilled people in the Netherlattds want to do the job. However, it
is also very important that the production of thel lsan be economically justified.
The time needed for applying gelcoat, hand lanmgaé skin with tiecoat, laying up
the dry reinforcement and infusion is about 1 dzgslcompared to hand lamination
for the entire hull. Total cost will be slightly Higr because of the additional cost of
consumables, but in return a much higher qualigdpct is built to which the hand
laminated hull can not be compared. Zaadnoordgk aifuses the inner tray, which is
about 30% lighter in weight compared to the handrated one they did for the first
hull. In addition, much less paste is needed te ¢he inner tray into the hull because
the dimensions are much better controlled with Emndblerance and the infusion
method has proven to give very repeatable results.

This project has been done as part of the JIPj@gr(see sidebar).
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Skilla 2000 by Classicon

This 20 meter powerboat hull was fabricated by finsiiding the foam core, infuse
the outer skin, turn it around (and remove thaata) and infuse the inner skin (glass
and kevlar) with epoxy resin. The biggest challeng¢his case was caused by the
large amount of resin needed in combination withhkight difference of 3.5 meters!

Because we wanted to infuse the hull within 90 misytetually, a longer time was
allowed, but a reasonable safety margin is neededlaw for any unforeseen events),
the resin feeds branching from the feeding tubdhatbottom run all the way to the
highest point. Vacuum lines were placed in betweenldhkt part of the feeding lines
(on the bottom of the hull) and connected with amdwvacuum line.

Initial flow analysis calculations also showed thhe tpressure drop in the resin
feeding tube was quite significant, which signifidgnincreased the total injection
time. A bigger tube, and a couple of additionaldieg points were sufficient to
remove this bottleneck.

Figure 1Q: Injection strategy for the 20 meter hull of thidlig 2000 with intermittent resin feeds and

vacuum lines on top (bottom of the hull). Infuseg Blassicon Yachts, Groot-Ammers, the

Netherlands. (note that dimensions of feeding tudes not to scale but exaggerated in size).
The photograph shows how one of the vacuum lingsdi work (probably, the T-piece was blocked),
which was fixed during the infusion with a bypass.
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43’ carbon epoxy hull by Standfast Yachts

Because this is just a single skin, and not a Vvegy product, a relatively simple
strategy can be used to infuse the hull. The rbaga very long geltime (Prime 20
epoxy from SP Systems with a slow hardener), whidbwald Standfast to defer
filling the middle part by first only opening resimets at front and back.

Figure 11 Infusion of a 43’ carbon/epoxy hull by Standfa&ichts, Breskens, the Netherlands.
Comparison with predicted flow pattern by RTM-Wahows very good agreement!

The image illustrates the agreement between predicand reality. This is not
incidental: the shape of the flow pattern dependseadative flow resistance and is
therefore much less sensitive to inaccuracies itenad parameters.



42’ Catamaran (African Cats)

The major differences between a monohull and a
catamaran are the relative complexity of the hull
and the area of the hull and deck. For both parts,
infusion technology was developed to infuse the
entire sandwich (glass, kevlar and PVC core)
with epoxy resin in one step.

A three stage injection strategy was used to
infuse the hull (dictated by geometry):

1. Keels (integrated, carbon/kevlar)
2. Hulls and fairing
3. Bridgedeck

For the deck, quite a complex part, an injection

strategy was designed that is quite simple. This
reduces the time needed for preparation and the
amount of consumables needed.

The primary reason to use infusion in this case
was weight reduction. Therefore, double-cut
foam was not suitable (20 mm double-cut foam
will take up 3.5 kg resin per M and
commercially available PVC foam has relatively
large grooves. To improve the balance of the
flow in the foam with the reinforcement and to
reduce even more weight, a special pattern with
smaller grooves was developed.

Figure 12 (above): Infusion strategy for the hull of t
African Cats 42'.

Figure 13 (right): Infusion of the deck of the African
Cats 42’ using a very simple but effective strategy

Courtesy of African Cats, Durban, South Africa
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44’ sailing boat deck (Bolt Maritiem)

This deck of the Satellite 44 has been built ughmgy ATC ‘bead and cove’ method.

First, the core has been built out of strips ofioan (CNC machined) stations. On

top of this foam the first skin is infused (figutd). When the laminate has cured, the
deck is turned upside down and the bottom side efiftk is laminated in a second
infusion step (figure 15).

Figure 14 Infusion of the top laminate with epoxy resineldomputer generated image is a plot of the
resin feeding and vacuum lines, injection and venforts (schematically) made using RTM-Worx
and actually used to define the injection strategy.

The infusion strategies are primarily designedljoe{iminate racetracking and (2) fill
the deck in a reasonable time (45 to 60 minutegetarTherefore, the infusion of the
top and bottom laminates is quite different (corepgiagures 14 and 15).

Figure 15 Second infusion for the laminate at the bottonthaf deck. The inset shows a rendered
image of the Satellite 44 (courtesy of SatelliteMaDesign).



High speed 76’ powerboat hull (Pantera Yachts)

The decision to produce this hull with
vacuum infusion technology has been made
because of the combination of high quality
(especially the excellent bonding), low
weight and reduction of labor compared to
traditional wet bagging. Actually, the design
of the global injection strategy (shown in
figure 16) has only been a small part of the
project. Other important issues that have
been solved are:

- Excellent surface quality with gelcoat
(no printing);

- Bonding of epoxy infused laminate on
vinylester skincoat and balsa core;

Because this yacht will be built in versions
that will reach speeds of 55 knots, the
demands on the stiffness and strength of the
hull are extremely high.

The injection was complicated by the fact

that the designer did not allow us to fill up

the spray rails and chine by hand and
because there were a lot of inserts for the
windows. Therefore, there are quite a lot of
geometrical details in this hull that make

preparation difficult and increases the risk

for resin rich area’s and racetracking. This

does not just add weight, but can cause a
high peak exotherm during curing of the

resin which can damage the mould.

The infusion strategy can be summarised as
follows:

- Fishbone on the vertical sides, fed from
a feeding line in the chine;

- Alternating feeding lines and vacuum
lines in the bottom part.

This strategy has the following advantages:
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Figure 16: Injection streegy for the
Pantera 76’ hull. Images show the

- All resin feeds open at the start, no mistak how filling sides and bottom is done

possible.

simulatenously.

- Slow moving flow front to wet out the thick laminatethvilayers of aramid
properly, but reasonable total injection time beseathe filling of the sides starts
directly without having to wait for the bottom artefill.

- Avoid any risks due to racetracking.
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Figure 17 top: rendered image of the open version. Botteftn tlegassing the resin, bottom right: the
infusion (approximately 70% filled). Courtesy ofrféera Yachts, Waalwijk, the Netherlands.

The hull was succesfully infused, using the stratiiggtrated in figure 16 (see also
figure 17). The epoxy resin (about 2000 kg) was deg before injection (figure 17,
bottom left) to reduce the void content in the laate. Total injection time is about 2
hours, which is well within the 6 hours open timeled resin.
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Zevenhuizen 42’ mould

For Zevenhuizen jachtbouw, a yard in Franeker, Nietherlands, we infused the
laminate on the outside of a plug built in Stromgi. The owner of the yard was very
happy with the clean and controlled way this job dase and asked us to investigate
whether it would be feasible to infuse the mouldvadl. The challenge was that the
laminate had to be quite thick (28 mm) to give theuld sufficient stiffness and
rigidity and that we had to realise a very good gatied surface as well. Epoxy resin
was chosen for the infusion to minimise shrinkage @nnting. To avoid using huge
guantities of glass, Lantor Soric was used as aroaterial.

Figure 18 Flow analysis for infusion of the Zevenhuizen 42buld. The image at the left shows
thickness and diameter, this is one of the rarecashere the laminate thickness is larger than the
diameter of any tube or spiral! The image at tgbtrshows the filling pattern.

Because of the thickness of the laminates andetlagively large height (typical for a
powerboat hull), we used vertical feeding lines a&krothe top of the part to realise a
workable infusion time. Effectively, this leads teeries of peripheral injections, each
with it's own vacuum connection at the top of thetp&acetracking can not be
avoided through the chine; therefore, the infussodone in two stages and a fishbone
was used for the part below the chine which is almesical.

The infusion took about 100 minutes, close to tregljgted time of 90 minutes and in
this period a little bit more than 1000 kg epoxginewas infused. This method of
mould building will be further commercialized in aoeration with partners for
materials and CNC plug production.

Figure 19 Two images of the infusion of the hull. The pietwat the left was taken before the flow
front reaches the chine, the picture at the rigig taken just before the entire part was filled.

This project has been done as part of the JIPj@gr(see sidebar).
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Southernwind 100’ deck

For the Southernwind 100’ (and recently for the nEl®’ as well) we developed
infusion technology for the hull and deck. All resvas degassed before infusion and
skins are infused separately, because differemsese used for outer and inner skin,
and it is not feasible to preshape the 40 mm foane ¢Core-Cell) for the hull to
sufficient accuracy to infuse the sandwich in om®ts While this is the most
expensive way to build a hull or deck with infusiah,will result in the lowest
possible weight, an important consideration for Setrwind.

Figure 2C: The image above shou
the filling strategy used for the SWS
100’ deck. In all corners feeding lines
are placed to be independent of race
tracking. Additional feeds are
inserted where necessary to get
similar feeding time for every
section, each of which has it's own
vacuum connection (the blue dots).
Only 4 resin inlets are needed.

Figure 21: Three pictures from the infusion of the SWS 18€¢k. The left one was taken just after the
resin feeds were opened, the middle one almosheaend of the infusion (just a little bit of dry
reinforcement on the flange still to do) and thetysie at the right was taken the next day, jusrafte
mesh had been removed.

With the flow analysis software, designing an inetstrategy for the complex deck
is a straightforward job:

1. Put feeding lines in all the corners to avoid aapehdency on racetracking.

2. Check filling time using the simulation software,dakeep adding feeding
lines in sections which take too long too infuse.
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3. Put vacuum connections at each point where thednoetge.

Particularly important for infusion of carbon wigpoxy is that the flow front speed is

not too high because the carbon needs time to wetomopletely. By using a strategy

that basically consists of lots of peripheral itijges, the shortest possible injection
time can be obtained. Compared to using lots odlifeg lines that are opened in

sequence (SCRIMP), this method is much more rolinestause the only thing that

needs to be done is to close each vacuum point tigesgection it is in is completely

filled. This is not critical, if it is done a bibb late only some resin is wasted without
adverse affects on the laminate quality. The vaclioes on the flanges will be the

only ones still working when the part is completelied until the resin has cured.
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Sensations 150 hull

The Sensations 150’ hull is the largest part tlaat leen infused with our technology,
and as far as we know it is actually the largest that has been infused. This job was
done by Gordon Lacy from the Infusion Group (part Gfeg Marshall Naval
Architects, Canada) in cooperation with DIAB Au$tta

Because the height is too large to infuse theihudne shot, two infusions were done:
(1) the sides, from the chine up and (2) the botpam. In case of a project like this,
the flow analsyis software already pays back folfies® an insurance that the system
will work. Even for the infusion of the sides frorhet chine up, the limit to the
maximum height difference (about 18’) that can baedwith infusion was reached.

Figure 22 Two images of the finished Sensations 150’ hh#, other four are from the infusion of the
sides (from the chine up). For the infusion, abkt2@0 kg vinylester resin was needed.

While it is possible in theory to lift the resimadst 10 meter, the resulting vacuum at
the lowest part would be 1 bar ambient pressureortter to maintain sufficient
vacuum at the lowest point to keep the reinforcem@&aimpressed, the maximum
height difference is about 6 meters, which uses @0 mBar pressure difference to
lift the resin and leaves 400 mBar vacuum pressiréhe lowest point. This is
sufficient to minimise decompression of most refnéments.
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SUMMARY

While infusion is basically a very simple processpractice it is not easy to use the
technology to produce a large part and without sede flow analysis software the
risks are high. Due to the large variation in desagd materials it is impossible to
come up with a single solution that will work in elises, with the exception of very
common and simple shapes. Flow analysis software snakpossible to analyse
different solutions, and to deal with the inaccyra€ material parameters, especially
the reinforcement permeability. In order to arria@ such a solution, basic
understanding of different injection strategieségded, briefly outlined in this paper.
In addition, knowledge of different types of reirfement and flow media is needed
to arrive at a working and economical solution éméfit from all the advantages that
injection technology promises to deliver. The cagamples illustrate that a wide
variety of solutions are available. The combinadmew materials with the power of
flow analysis software - which allows you to do a Idtteal infusions without
wasting a lot of time and materials - has made iafua viable mature technology for
the production of large parts.
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** Sidebar **

The JIP-9 project

Some of the projects mentioned in this article hagen carried out as part of the
Yacht Innovative Projects (JIP), coordinated by ffechnologiecentrum Noord-
Nederland (Technology Centre North-Netherlands, TCND{e of the activities in
JIP is the stimulation of use of modern technoléycomposites processing in the
yachtbuilding industry. Funding has been providedJiP by the province Friesland
and Samenwerkingsverband Noord-Nederland. TCNN coazeratth HISWA,
Syntens, Koninklijke Metaalunie and the Noordeliftegeschool Leeuwarden.



