Proceedings of ENCIT 2012 14" Brazilian Congress of Thermal Sciences and Engineering
Copyright © 2012 by ABCM November 18-22, 2012, Rio de Janeiro, RJ, Brazil

APPLICATION OF THE COMPUTATIONAL MODELING IN THE RE  SIN
TRANSFER MOLDING (RTM) PROCESS: A CASE STUDY OF A M ARINE
PROPELLER

Joseane da Silva Porto, joseanecimd@gmail.com

Max Letzow, max.letzow@bol.com.br

Elizaldo Domingues dos Santos, elizaldosantos@fubg.

Jeferson Avila Souza, jasouza@furg.br

Liércio André Isoldi, liercioisoldi@furg.br

Escola de Engenharia - Universidade Federal do Riade (FURG) - Av. ltalia km 8, CEP 96203-900 Rio @exfiRS, Brazil

Sandro Campos Amico, amico@ufrgs.br
Escola de Engenharia - Universidade Federal do Riodg do Sul (UFRGS)

Abstract. This work presents one example of how the computational modeling can help in the Resin Transfer Molding
(RTM) process when it is applied to the production of parts with complex geometry, such as the marine propellers.
This manufacture process of composite material parts consistsin the injection of a polymeric resin into a closed mold
where a fibrous reinforcement is previously placed. The numerical simulation of the RTM process can be considered as
the resin flow through a porous media. This computational model was developed in the FLUENT package, which is
based on the Finite Volume Method (FVM), and was applied to study a propeller for naval propulsion. Asthe propeller
has a complex format, the use of computational approach as a preliminar step in the manufacturing process is very
important for the correct definition of the inlet and outlet nozzdes. So, it is possible to design an efficient mold,
avoinding extras costs related with the mold redesign, the resin waste and the increase of injection time. The results
showed that an inadequate positioning of the mold outlet nozzes causes an increase about 10% and 2% in the
production time and in the resin amount, respectively, for obtaining the marine propeller by RTM process.
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1. INTRODUCTION

A composite material is defined, basically, as alsimation of two or more materials in a macroscogiale
generating a new material. A typical composite maltes formed by suspended inclusions in a matfikese
inclusions (fibers or particles) provide the medbahcharacteristics to composite material, while tnatrix (resin) is
responsible to transfer the mechanical loads feritklusions and protect them from the externairenment (Isoldi,
2008).

Nowadays the naval industry increasingly employsgblymeric composites to manufacture various patish as:
hulls and decks of boats, chimneys and propellEnss trend impels the search for new technologissthe use of
computational modelling, to help in the reductidrtime and costs of the fabrication processes anithér enabling to
obtain parts with better quality.

In accordance with Lin et al. (2008) most of prégmsl for marine propulsion are still produced ottaléc materials,
as bronze or steel. However, the advantages cdaieyg) the metallic material by polymeric compositaterial are that
the latter is lighter and more corrosion resistamother important advantage is that the deformatibthe composite
propeller can be controlled to improve its perfone® Therefore the use of polymeric composite ra$efor naval
applications, more specifically for the marine pelgrs, allows to produce parts with complex geaiestand with
certain specific properties.

Among the different manufacturing processes of paic composite material parts, it is possible ighlight the
Resin Transfer Molding (RTM) process which produpasgs with best characteristics and propertiesihpared with
those produced by other fabrication techniquest{fa; 2000). The process mainly consists of twpsst&he mold
filling step involves injecting a thermosetting iresnixed with catalyst and initiators into a nepked mold cavity
containing a dry fibrous unit, called the preforfthe resin-catalyst mixture permeates through th@yso network
formed by the fibers, resulting in a saturated gnaf In the second step, the fiber-resin mixtureubject to high
temperatures that harden the catalyzed resin anhenfibers, and form the composite part, via &s#inking chemical
reaction, called cure (Nielsen and Pitchumani, 2002

This manufacturing process has some advantageakeagod finish in both side of parts, higher prtéhn rate,
flexibility, relative ease to produce geometricalymplex parts and a low loss of raw materials.réfoge, it is possible
to affirm that the RTM process can be very effitienproduce parts used in marine and naval engige

However, there is a great difficulty in the moldsidg to produce parts with complex geometries ugimgRTM
process: the adequate localization of the air/resiitet nozzles. If the part has a simple geomiteydefinition about
the adequate outlet nozzles positions is obviousthis is not possible when the part has a comglepe. A wrong
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positioning of these nozzles may result in finat péth defects, or else an excessive time forcmplete mold filling,
or even the waste of resin.

In this sense, the computational modeling can heal s an auxiliary step for evaluation of the RTMaess,
because the resin flow behavior will be predic@thwing the adequate identification of the moldioms where the
outlet nozzles must be positioned. Shojaei (20@&ed that the main objectives of the numericalustion in the
RTM process are to predict the flow behavior ifte tmold, to define the flow front position and temtify regions
with void formations (regions of the part withowgsin), allowing the design of an efficient mold ahnence the
manufacturing of quality parts. Besides, the pkinowledge of the resin flow is very useful to esttmthe injection
time and to improve the properties of the finaltpaiShin et al., 2006). Thus, the numerical simomatcan be
considered as an important tool for the manufaotudf parts by the RTM process, mainly those oniés eomplex
geometries.

Based on the foregoing, in this work a numericaiudation of the RTM process was performed. The @&@s to
show the relevance of the Computational Fluid DyieangCFD) in the development of an adequate mokigte For
this, a case study applied to the naval engineening chosen, combining the geometric complexityaaharine
propeller with the advantage to employ a polymedmposite material for its manufacture.

2. PROPELLERS FOR NAVAL PROPULSION

Among the existing methods for the propulsion odiispthe use of propellers is the most widespredthg, 2006).
Basically, the propeller is a propulsion deviceduhen the rotational movement of surfaces (bladediplly arranged
on a shaft. This shaft must be aligned with the @moent direction and as a consequence the bladhe pfopeller are
subjected to axial and radial velocity componeklalf, 2006). The propeller function is to transte engine power
to the water, causing the boat displacement (A8&9).

Currently, a great effort has been made for theelbgwment of composite propellers and propulsiorftshdhe
composite are expected to offer a number of impbtanefits over metal when used in propulsionesyst including
lower cost, reduced weight, lower magnetic sigregtuvetter noise damping properties and superiorosion
resistance. For instance, it is anticipated thappision shafts made of composites will be 18 t&2ighter than steel
shafts of the same size and will reduce life cymdst by at least 25% because of fewer problemscided with
corrosion and fatigue (Selvaraju e llaiyavel, 2014) example of a marine propeller manufacturechvgiblymeric
composite material can be observed in Fig. 1.

Figure 1. Polymeric composite marine propeller (Ma|2004):\(a) overview and ( )detail.

Searle (1998) has manufactured marine propelletls thiree blades using the RTM process. The expetahe
results indicated that the polymeric composite pHeps presented a similar performance when condpavith
propellers fabricated with conventional materiali€Kel, aluminum and bronze).

Fontoura et al. (2009) has studied a polymeric aasitg propeller with two blades obtained by the RphMcess.
For the characterization of the composite, sharitenechanical tests such as tensile, flexural, engad Barcol
hardness were used. For the physical evaluatidheotomposite, density and void content were teddéferential
scanning calorimetry was used to determine gelcainichg time and temperature. Thermogravimetric ysigalwas used
to determine fiber content. The dynamic mechanprabperties of the composite under a range of teatper and
frequency were also evaluated. To evaluate theeptibdity of the material to the environment, wagbsorption test
was carried out. The results showed that the coitgpasaterials can be considered a good alterndtivethe
replacement of metallic materials in propulsiontsyss.
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3. RESIN TRANSFER MOLDING

The Resin Transfer Molding (RTM) is a manufacturprgcess in which a liquid resin is injected intol@sed mold
pre-loaded with a porous fibrous preform, producimgnplex composite parts with good surface finighafter the
resin cure (Isoldi et al., 2012). Figure 2 shoveslaematic representation of the RTM process.

Resin Injection

Preform Final Part

Mold Filling
and Cure

Figure 2. RTM process.

This process also is characterized by the facfiity obtaining parts with complex geometries andhwiigh
structural performance. However, the behavior ef pblymeric resin flow through the fibrous reinfencent is a key
point in this process. It is necessary a complegrégnation of the fibrous reinforcement and al tiiteng of the mold
by the resin to ensure the quality of the prodysad. In this context the mold design has a fund@aiemportance,
particularly in preventing the voids formation. Tleistence of these voids causes structural prabkemd changes in
the mechanical properties of the components matwfsat by the RTM process. So, to avoid these matwiag
defects, the positioning of the resin injection zlezand mainly the outlet nozzles of the air arginrén the mold must
be adequately defined, being the computational tmagan efficient methodology to predict the reflimw behavior.
Besides, the definition of the inlet and outlet zlez locations by numerical simulation eliminateigliional costs
related with mold redesign and with waste resin.

Dimitrovova and Faria (2000) has performed numésgaulations of the mold filling in a RTM procesmploying
the Finite Element Method (FEM) and the homogerioratechnique. The obtained results were comparid tive
literature ones and a good agreement was observed.

Shen and Zhai (2005) developed an algorithm to Isitadhe mold filling during the RTM process. Thigorithm
is solved in an iterative way without constraintéated with the time step (Courant number). The enigal results
showed the effectiveness of the model.

Ribeiro et al. (2007) used the FLUENT software éwvalop a computational model for the RTM procesgo 2D
cases were analyzed: rectilinear and radial floWse numerical results were compared with analyta@utions,
verifying the model.

Souza et al. (2008), using the FEM and the Flowlysis Network (FAN) technique, developed an aldoritto
define the resin flow front position. The resultegented a good agreement with the analytical ones.

Oliveira (2010) performed a numerical study of REM process applied to manufacture multilayer payim
composite materials. The FLUENT and the PAM-RTMtwafe were employed. The obtained results with ghes
computational packages presented a good concordance

Isoldi et al. (2012) discussed the 2D and 3D nucaésgimulation of the RTM and the Light Resin Tri@andolding
(LRTM) processes. The FLUENT software was used thedcomputational modeling was adequately validated
verified.

4. COMPUTATIONAL MODELING

In the RTM process modeling, Darcy's Law is usuaflgd to correlate velocity and pressure fieldhefresin flow
inside the mold cavity. This Law can be mathemétiexpressed by:

v=-Kop 1)
u



Proceedings of ENCIT 2012 14" Brazilian Congress of Thermal Sciences and Engineering
Copyright © 2012 by ABCM November 18-22, 2012, Rio de Janeiro, RJ, Brazil

where vV is the resin velocity (m/sK the reinforced media permeability (m3), the resin viscosity (Pa s) afdthe

pressure (Pa).

The Volume of Fluid (VOF) method (Hirt and Nichol81) has been used within FLUENT software to esthe
resin flow in the RTM problems. Besides FLUENT s@ite that has been used to solve the numericalgmoand post
process the results, GAMBIT software has been tsedeate and discretize the mold geometry.

According to Maliska and Vasconcelos (1998), Luand Voller (2000) e Minussi (2007), the VOF metlimdsed
to solve multiphase problems of inviscid fluids. this method, all phases in the mixture are weflngel and the
volume occupied by one phase can not be occupiednlgyother phase. To represent the different pherstde a
domain cell (element), the volume fraction condspised.

In the particular case of the RTM problem only plmses are defined: resin and air. Thus, defihagthe volume
fraction of the resin, one cell will be considefékbd with resin wherf = 1. If f = 0 the cell will be completely filled
with air. Whenf assumes a value between zero and one both philsesexist inside the cell.

In the VOF method, the fluid flow problem is modéMith a single set of differential equations fbe tmomentum
and continuity. The volume fraction is modeled bgiag to the system a transport equatiort.for

For a Newtonian fluid, the continuity, momentum aradume fraction equations can be written as (lisetdal.,
2012):

%+D[@p\7): 0 @)

2(,0\7)+D[@,0\7\7) =—Dp+D[(]r)+p§+E

ot 3)
o(f) -\
> +D.(fv)—0 (4)

where p is the density (kg/m3}),the time (s) g the gravity acceleration vector (m/s?,the stress tensor (PiF the

external resistance (force) to the fluid flow (N)dd the volume fraction. The physical properteand i are assumed
to be average values calculated by:

P =T Dresin _(1_ f )pair ()
M= 1 Lhesin _(1_ f )'uajr (6)

In the RTM process solutiorF is used to model the resistance imposed by theufib reinforcement (porous
media) to the flow such as:

F= —%\7 @

Several authors has successfully used the numemeghodology employed in the present study (FVMhwit
FLUENT) for estimative of the RTM process. For exden Ribeiro et al. (2007) verified the methodoldgy solution
of 2D problems by direct comparison with analytisalutions. Studies by the research group of tlesemt work are
also performed, e.g., Oliveira (2010) employed FINTEo model resin injection in multilayered reinfements. Porto
et al. (2011) evaluated the resin injection prodesomplex 2D and 3D geometries and Isoldi e{2012) presented a
validation for this numerical model for RTM and LRITprocesses. For the sake of brevity the veriftgatand
validation of the numerical model will not be rehébited here.

5. RESULTS

The proposed case study consists in apply the aldeseribed computational modeling of RTM in a marin
propeller used in naval vessels. The numerical lsitimn of the resin advance inside the mold wagl usedetermine
the flow front position as a function of the injiect time and hence to define the correct locatiohshe resin/air
outlets.

In this simulation, the injection pressure wastee85 kPa and the used resin had density equa2@okg/n? and
viscosity equal to 0.06 Pa s. The reinforced meui@perties were: porosity equal to 0.7 and perntidataqual to
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3x10™ m?. Propeller's geometry (3D) and main dimensionssamvn in Fig. 3. More details about this geomety
be found in Speluzzi e Tessarotto (1961). The géymeas discretized with 938.606 tetrahedral eletsen

The resin is inject through the core section ofpih@peller and forced to flow to its extremities,@n be observed
in Fig. 4. During the flow advance, a similar beloavo the radial injection can be qualitativelyseoved (Porto et al.,
2011). Three outlet sections (nozzles) were platade propeller’'s extremity. In the first simutatipresented in Fig. 4
the outlet nozzles were placed exactly at the sytmnsection of each propeller blade (see Fig. 4).
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Figure 3. Marine propeller geometry and its mamesions (in mm).
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Figure 4. Resin flow behavior.

In Fig. 5 it is possible to observe that the ouflettion (detail) is not correctly positioned. Tiesin (red) has
already reached the nozzle from one side (belothenfigure), but stills far from the nozzle in tbther side (above).
This inadequate position of the outlet nozzle caube air (blue) remains inside the mold. Howeesen with the
outlet nozzle in the wrong position was still pbésito finish the mold filling. The process waseimupted when all
remaining air has left the mold and the resin lea€hed the outlet section from both sides. Theutatkd filling time
was 215 s.

Figure 5. Resin filling at the outlet nozzles (dgta



Proceedings of ENCIT 2012 14" Brazilian Congress of Thermal Sciences and Engineering
Copyright © 2012 by ABCM November 18-22, 2012, Rio de Janeiro, RJ, Brazil

Based in the resin flow behavior observed in thisnarical simulation it was possible to determine dorrect
position for the outlet nozzles. Therefore, theleiutozzles were displaced 20 mm from the locatidopted in the
preliminary simulation (as noticed in Fig. 3). Thew behavior for the numerical simulation of theimeflow in the
RTM process is indicated in Fig. 6, where it isgibke to note that the total filling of the moldaues before to reach
the outlet nozzles.

Figure 6. Correct position for the outlet nozzles.

In this simulation, with the outlet nozzles adeglapositioned, the time necessary to fill the madas 193 s. A
comparison between the two solutions showed tlatrtadequate position for the outlets led to @nfilltime 10.23 %
higher than that found when the correct outletation were employed. During the extra time needsiilltthe mold a
resin waste around 0.04 kg was observed, repregeatresin loss of 1.50% (considering the total @m®f resin to
manufacture the propeller). This increase of mastufeng time, as well as, the resin consumptionseduby the
erroneous definition of the outlets nozzles placengan represent an enormous additional cost éoséhial production
of this marine propeller using the RTM process.

Therefore, it is possible to affirm that the congiitnal modeling can be used as an auxiliary toahe RTM
process. The correct definition of the inlet andleiunozzles during the mold design is fundamemtidrmation to
avoid unnecessary extra costs related with the medésign and with the prevention of inadequatednufiactured
parts. These capabilities are even more evidenhwie part has a complex geometry because inithegtisn there is
no preliminary reference about the ideal positiohthe nozzles, being the numerical simulation fiigient procedure
to define them.

6. CONCLUSIONS

In current work, computational modeling was useddtermine the correct positioning of resin/aireistin a RTM
mold cavity. The conservation equations of massraathentum, as well as, the equation for transplospecies were
solved with the finite volume method (FVM). To téekvith the mixture of resin-air it is employed thelume of fluid
(VOF) method.

It was highlighted the importance of such modelimgnold design and process control. The complexgg@bmetry
of a marine propeller used in naval boats was wed case study example. For the specific studynthmerical
approach allowed the reduction of filling time ieamly 10 % and the reduction of 1.5 % in costs wittste of resin.
Considering the series production of the analyzeggiler, the extra filling time and the associatedin waste will
lead to a considerable additional cost to the nmastufe process. Therefore, the use of the numaricakling as an
auxiliary tool to determine the resin flow behavinside the mold cavity allow an efficient mold dgs especially in
the case of pieces with complex geometries.
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