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Introduction

Liquid Molding Processes and, particularly, Resin Transfer Molding (RTM), are being widely used in the manufacturing of fiber-reinforced composite materials. These processes are based on the preform reinforcement impregnation with a low viscosity resin, from which composites parts are conformed after the curing reaction (see Fig. 1). Most applications of the process require a short manufacturing cycle time and low production costs. An appropriate design of the process can be carried out with virtual manufacturing tools such as computer simulations.

Many of the final qualities of the piece are determined during the injection and curing stages. An accurate prediction of the mold flow pattern, pressure distribution, temperature and curing profile of the resin using simulation techniques allow one to optimize the process and, hence, to improve the final properties of the manufactured part. The design variables (process inputs) such as injection pressure, injection flow rate, gate and vent locations, mold and resin temperatures, etc. are introduced in the optimization models. Based on the manufacturing objectives, the optimization algorithms determine iteratively the optimal values of the process parameters. Nevertheless, due to the increasing complexity of manufactured parts and to the time required to simulate many of the cases like the threedimensional non isothermal filling, simulation times involving optimisation become excessive. In this manner, the introduction of efficient and accurate simulation tools within the optimization algorithms will be a key issue in composites manufacturing.

RTM mold filling simulation

The resin flow through a porous medium can be modelled by Darcy's law

n Z K K m Vp (1) 
where n is the velocity, K is the preform permeability tensor, m is the fluid viscosity and p is the pressure. The fluid flow problem is defined in a volume U U Z U f ðtÞg U e ðtÞ [START_REF] Hirsch | Numerical computation of internal and external flows[END_REF] where the fluid at time t occupies the volume U f (t) and U e (t) defines at that time the empty part of the mold. Assuming constant permeability and viscosity, orthotropic preform and the fluid incompressibility, the variational formulation related to the Darcy flow results ð

U f ðtÞ ðVp à $K VpÞdU Z 0 ( 3 
)
where p* denotes the usual weighting function.

The prescribed conditions to impose on the boundary of U f (t) are: † The pressure gradient in the normal direction to the mold walls is zero. † The pressure or the flow rate is specified at the injection nozzle. † Zero pressure is applied on the flow front.

The flow kinematics is computed by means of a conforming finite element Galerkin technique applied to the variational formulation extended to the whole domain U [START_REF] Garcı ´a | A fixed mesh numerical method for modelling the flow in liquid composites moulding processes using a volume of fluid technique[END_REF], imposing null pressure at the nodes not connected with at least a completely filled element.

An important concern in the mold filling simulation is the numerical treatment of the moving boundary defined by the flow front of the liquid resin. The domain occupied by the fluid where the governing equations have to be integrated changes continuously, so it has to be defined at each time step during the simulation. The fluid domain evolution is accomplished by the resolution of the hyperbolic transport equation that governs the fluid presence function I updating

dI dt Z vI vt C n$VI Z 0 (4) 
with I defined by:

Ið x; tÞ Z 1 x 2U f ðtÞ 
0 x ;U f ðtÞ ( (5) 
The numerical resolution of hyperbolic equations has been extensively treated by different authors due to the difficulty to obtain schemes that reproduce with accuracy the solution in both smooth regions and in the presence of discontinuities, see for instance [START_REF] Hirsch | Numerical computation of internal and external flows[END_REF][START_REF] Leveque | Numerical methods for conservation laws[END_REF]. First order upwind techniques have been used to approximate solutions of conservation laws. These methods have a strong numerical dissipation in the neighbourhood of discontinuities giving a low accuracy in smooth regions of the solution, which means in RTM a diffusive definition of the flow front. In order to avoid this problem, some second-order finite difference schemes have been proposed. The Total Variation Diminishing (TVD) schemes were introduced by Harten [START_REF] Harten | High resolution schemes for hyperbolic conservation laws[END_REF]. A particular version of these techniques is the flux limiters introduced by Sweby [START_REF] Sweby | High resolution schemes using flux limiters for hyperbolic conservation conservation laws[END_REF], based on the definition of hybrid schemes that use second-order approximations of the solution in the smooth regions and a limitation of the numerical fluxes to the first order in the vicinity of the discontinuities avoiding the spurious oscillations. Its implementation applied to RTM was issued in [START_REF] Garcı ´a | A fixed mesh numerical method for modelling the flow in liquid composites moulding processes using a volume of fluid technique[END_REF] and a deeper analysis was completed in [START_REF] Sa ´nchez | Propuesta de un esquema nume ´rico eficiente para el tratamiento de los problemas de transporte en la simulacio ´n del moldeo por transferencia de resina[END_REF].

The incubation time as a curing-related simulation variable

Another important issue in the numerical simulation is the resin curing stage. In LCM, the goal is to saturate completely the fiber preform with the resin before the curing reaction reaches the threshold value where the viscosity starts to increase abruptly, also known as gelling point. The chemical reaction begins when the pre-polymers are mixed just before the injection in the mold cavity (see Fig. 2). In many cases, the resins need to be heated to initiate the cure, nevertheless, the use of the inhibitors in the resin formulation allows to control and delay the curing [START_REF] Ramis | Efect of the inhibitor on the curing of an unsaturated polyester resin[END_REF][START_REF] Rouison | Kinetic study of an unsaturated polyester resin containing an inhibitor[END_REF] and hence, an isothermal mold filling is possible. Also, if a multi-component injection system is used, one could change the initial concentration of the resin catalyst in the mixing head with a controlled system (see Fig. 3). Then the catalyst concentration may be different for each region of the filled mold yielding different rates of cure. In any case, it is important to prevent early gelation and avoid nonhomogeneous curing. Mold filling constraint can be defined enforcing that the resin gelling time must be higher than the mold filling time, that is

t gel K t fill O 0 (6)
Moreover, the resin gelling time can be delayed and controlled by using different inhibitor concentrations in the polymerization resin agents as the fluid flows, see for instance [START_REF] Cardona | Spatially homogeneus gelation in liquid composite molding[END_REF][START_REF] Cardona | Etude et contro ˆle de la polime ´risation homoge `ne dans les proce ´de ´s LCM[END_REF]. In [START_REF] Cardona | Etude et contro ˆle de la polime ´risation homoge `ne dans les proce ´de ´s LCM[END_REF], Comas-Carmona et al. used the correlation of the gelling time and the concentration of the inhibitor as follows lnðt gel Þ Z a C bC hardener C cC accelerator C dC inhibitor [START_REF] Ramis | Efect of the inhibitor on the curing of an unsaturated polyester resin[END_REF] where a, b, c, d, are constants to be determined for each resin, and C refers to the concentration of the different chemical agents.

On the other hand, the curing reaction proceeds since the pre-polymers are mixed and its evolution depends mainly on the temperature and time. During the mold filling stage, the curing conversion must not reach the gelling point value a gel allowing a complete filling. Once the filling is finished, the curing continues and the part can be demolded when it has reached enough strength. For engineering purposes such as process control and optimization, the cure-kinetic reaction can be modeled as a function of time through the temperature history [START_REF] Dunkers | A mid infrared attenuated total internal reflection cure sensor for control of resin transfer moulding of a pre-ceramic[END_REF] aðtÞ

Z X N iZ1 a i exp K ð t 0 k i ðtÞdt (8)
where a i and k i depends on the resin system and a is the resin curing conversion factor. The time to gel and the curing conversion depend directly on the resin formulation as described in Eqs. ( 7) and ( 8), but this topic is not addressed in the present work. In all the cases, the curing reaction depend on the time elapsed since the reactive mixture just before the injection, that is, on the incubation time. Moreover, if we consider an isothermal filling due to the use of inhibitors, then, the incubation time is directly related to the resin curing conversion as illustrated later. Therefore, the incubation time resolution can be used as a curing related variable for optimization and control purposes.

The main point of this approach is its generality (for all the chemical system), despite the fact that the incubation time is not the most appropriate way to describe the real curing evolution. Thus, by solving the incubation time variable one could detect improper processes. For example high gradients in the incubation time implies high gradient in the curing rates and consequently local thermomechanical stresses. In this work, we will solve the incubation time in different systems, without considering their chemical particularities.

The incubation time depends on the traveled path of each fluid particle throughout the mold since its injection, and therefore, is not always easily predicted. In many particular cases, such as multi-component injection systems, areas with different fiber permeabilities, complex geometries invloving obstacles, etc. the incubation time of the resin located in the flow front cannot be the injection time.

The calculation of the incubation time E distribution throughout the mold has been achieved by solving the linear advection equation given by

dE dt Z vE vt C n$VE Z 1 (9)
The value of the incubation time E is zero in the injection nozzle (or a fictitious time accounting for the inhibitors presence, as described later, in controlled processes) and varies throughout the filled part of the mold, but it is not defined on the empty one 

The incubation time simulation depends directly on the previous resolution of the volume fraction, which allows locating the flow front position of the injected resin. The accurate resolution of both coupled advection problems has been implemented (see [START_REF] Gasco ´n | A flux limiter technique for the calculation of the incubation time in LCM[END_REF][START_REF] Sa ´nchez | Some numerical schemes for the numerical treatment of the advection equation in Liquid Composite Moulding processes[END_REF] for details) using a similar strategy for both equations based on the original definition and implementation of a second-order scheme with flux limiters applied to the integration of a general linear advection equation

dJ dt Z vJ vt C n$VJ Z S ( 11 
)
where JZI and SZ0 in the volume fraction updating case and we consider JZEI and SZI with the initial conditions

ðEIÞð x; tÞ Z Eð x; tÞ x 2U f ðtÞ 0 x ;U f ðtÞ 
( ( 12 
)
for the integration of the incubation time. This last strategy proposed by Chinesta et al. [START_REF] Chinesta | Some difficulties in the flow treatment in fixed mesh simulations of composites forming processes[END_REF] allows one to circumvent the particular difficulty of the incubation time not being defined in the empty part of the mold.

In order to illustrate the use of the incubation time as a resin curing design parameter, we can analyze some RTM simulations obtained in a recent work [START_REF] Sa ´nchez | Propuesta de un esquema nume ´rico eficiente para el tratamiento de los problemas de transporte en la simulacio ´n del moldeo por transferencia de resina[END_REF] for the mold depicted in Fig. 4. In this case, a mold of 1000 mm! 500 mm, with a thickness of 5 mm, a permeability of 10 K7 m 2 containing 50% fiber volume, is considered. The resin viscosity of 1 Pa s, and a constant flow injection rate of 5 cm 3 /s, is considered. The circular obstacles induce velocity variations as well as the welding of different flow fronts. The injection gate is located in the lower left corner and the vent near the upper right one. Fig. 5 shows the flow pattern, which is the time at which the resin reaches each position. Fig. 6 represents the incubation time distribution. High values of the time can be noticed not only in the flow front position but also in the region with very small velocities like downstream the mold obstacles. Both results have been calculated with the simulation code FLOWSIM developed in our research group in [START_REF] Garcı ´a | A fixed mesh numerical method for modelling the flow in liquid composites moulding processes using a volume of fluid technique[END_REF][START_REF] Sa ´nchez | Propuesta de un esquema nume ´rico eficiente para el tratamiento de los problemas de transporte en la simulacio ´n del moldeo por transferencia de resina[END_REF][START_REF] Garcı ´a | Mould filling simulation in RTM processes[END_REF]. Fig. 7 depicts the curing conversion predicted with the commercial code CMOLD for the same process conditions. Assuming a curing conversion a gel Z0.2 for the resin system, it is guaranteed the total mould filling before the viscosity buildup.

The knowledge of the resin flow front evolution and incubation time requires only a two-dimensional isothermal simulation. The main advantage in considering the isothermal case is not only the lower CPU time required, but also the fact that the number of material parameters involved in the model is reduced with respect to those required in non-isothermal three-dimensional simulations.

Several computer simulations, including some which address the thermal and curing problems, have been developed in RTM process in [START_REF] Bruschke | A numerical approach to model nonisothermal viscous flow through fibrous media with free surface[END_REF][START_REF] Lin | Non-isothermal mold filling and curing simulation in thin cavities with preplaced fiber mats[END_REF][START_REF] Trochu | Numerical analysis of the resin transfer moulding process by the finite element method[END_REF][START_REF] Young | Three dimensional nonisothermal mold filling simulations in RTM[END_REF][START_REF] Antonucci | A simulation of the nonisothermal resin transfer molding process[END_REF].

Related works in RTM process optimization

Many research studies have been focused on the use of simulations in the RTM process optimization. We can find different optimization models in which the maximum temperature differences have been considered [START_REF] Young | Three dimensional nonisothermal mold filling simulations in RTM[END_REF][START_REF] Rudd | Process modelling and design for resin transfer molding[END_REF]. The use of neural networks and genetic algorithms has been also applied with success in [START_REF] Jiang | Optimum arrangement of gate and vent locations for RTM process design using a mesh distance-based approach[END_REF][START_REF] Jiang | A process performance index and its application to optimization of the RTM process[END_REF][START_REF] Mathur | Use of genetic algorithms to optimize gate and vent locations for the resin transfer molding process[END_REF][START_REF] Spoerre | Integrated product and process design for resin transfer molded parts[END_REF][START_REF] Luo | Optimum tooling design for resin transfer molding with virtual manufacturing and artificial intelligence[END_REF]. With these techniques, iterative stochastic search algorithms are required and then, the computation involved is very important. In other recent work [START_REF] Gokce | Branch and bound search to optimize injection gate locations in liquid composite molding processes[END_REF], the optimization problem is treated by using the branch and bound search method. In all these cases, the process optimization objective functions, such as minimum filling time or dry spot prevention, have to be defined quantitatively.

In this work, a new process performance index is presented. The use of the incubation time as a curing-related variable allows optimizing the LCM process, locating the gates and vents properly in order to reduce cycle time, avoid dry spots and obtain a spatially homogenized curing. This effectiveness of the approach is illustrated through a number of examples which involve race tracking, areas with permeabilities, different filling conditions, etc.

Definition of the resin flow index based on gate distance and incubation time

The success of filling and curing stages in liquid composite molding (LCM) depends on many variables such as locations of gates and vents, temperature distribution, flow rate, injection pressure, etc. Traditionally the selection of gate and vent locations in mold design is based on experience and trial and error attempts. Recent research studies have been conducted to reduce cycle time by using computer simulation and optimization. Zhang et al. employed in [START_REF] Jiang | A process performance index and its application to optimization of the RTM process[END_REF][START_REF] Mathur | Use of genetic algorithms to optimize gate and vent locations for the resin transfer molding process[END_REF][START_REF] Spoerre | Integrated product and process design for resin transfer molded parts[END_REF][START_REF] Luo | Optimum tooling design for resin transfer molding with virtual manufacturing and artificial intelligence[END_REF] a process performance index based on gate-distance of the resin located on the flow front at different time steps. A good process should have short filling time and a vent-oriented flow with a desired resin flow pattern. At a given time step, the distances from the nodes located on the resin flow front to the outlet are associated with the quality of the filling process (Fig. 8). The standard deviation of those distances is used to evaluate the shape of the flow front (the smaller the better).

In addition to the shape of the flow pattern, total mold filling time is included to guarantee overall performance of a mold filling process. A process performance index was proposed as follows

Q Z T ! P m kZ1 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi P n k i k Z1 ðd ik K d k Þ 2 nK1 r m Z T ! P m kZ1 q k m ( 13 
)
where The filling flow pattern is divided into m time steps, and intermediate flow front indexes q k (standard deviation) can be calculated for every flow front considered which is associated to the time step k. Then the overall process performance index Q is calculated from the intermediate values q k as illustrated in Eq. ( 13).

Q
This index has been extended in this work in order to include the incubation time as a variable related with an optimal curing performance. The new index is defined as follows

QD Z T !D ! P m kZ1 q k m ; D Z P n f iZ1 D i n f ; D i Z max nn i jZ1 ðE j Þ K min nn i jZ1 ðE j Þ (14) 
where:

QD overall process performance index (the lower the better) T total mold filling time q k intermediate flow front index m number of flow fronts considered D resin incubation time dispersion index defined for all filled nodes at the end of mold filling D i dispersion index related to node i which is assumed fullfilled E j incubation time for node j nn i number of nodes connected with node i n f number of filled nodes Thus, the overall process performance index QD includes the consideration of the flow front shapes at different time steps with q k , the total mold filling time T and the differences in the incubation time values of all the nodes impregnated by the resin by means of the resin incubation time dispersion index D. For every filled node i, its dispersion index D i is calculated as the maximum difference of the incubation time values E j for all the nodes j connected to node i, see Fig. 9. We note that the dispersion index D i accounts for the local differences in the incubation time, and therefore, in the curing conversion. A spatially homogeneous curing for the whole resin filled part of the mold is then conditioned by a small value of the resin incubation time dispersion index D. According to the previous definition, a good RTM process should have a desirable flow front shape, short filling time and small resin incubation time dispersion index.

Numerical simulations

In order to validate the resin flow index just presented, different numerical simulation experiments have been carried out to check how the index represents the RTM process behavior. In all cases, the injection process is defined in a mold of 140 mm!100 mm, with a thickness of 6.4 mm, a permeability of 2.714!10 K10 m 2 with 50% fiber volume, a resin viscosity of 0.1 Pa s, and a constant flow rate of 0.5 cm 3 /s. 

Case with induced variations in the incubation time

Case 1 refers to a simple injection example with one inlet and one vent in a mold with uniform permeability, see Fig. 10. In case 1a, the resin is injected with constant inhibitor concentration during the filling process with the injection system represented in Fig. 2. We observe in Fig. 11 the flow pattern, the intermediate flow front index q k evolution, the incubation time E distribution and the dispersion index D i profile throughout the mold. We observe that the regions where the resin velocity is smaller (upper and lower regions of the mold) correspond to the highest values for the dispersion index D i due to the differences of the incubation time of the resin located nearby. In that case, the process performance index defined by Eq. ( 13), takes the value QZ1.09 and the new process performance index defined by Eq. ( 14), QDZ18.85.

In the situation depicted in Fig. 10, case 1b, three control points located in the mold are used in the simulations to change the incubation time of the resin located in the injection nozzle as the fluid fills the cavity. One could expect that an appropriate change (according to the chemical kinetics) in the inhibitor concentration could be equivalent to adjust the incubation time of the fluid entering into the mold. Thus, the gate incubation time is set to be the incubation time existing at the control point when the fluid flow front reaches this point. A similar sensor-based control technique was implemented with satisfactory results by Comas-Carmona et al. in [START_REF] Cardona | Etude et contro ˆle de la polime ´risation homoge `ne dans les proce ´de ´s LCM[END_REF]. It can be observed in Fig. 12 that the index defined in Eq. ( 14) QDZ5.00 is better in this case as was expected, and Q does not account for this improvement. The uniform color map of the dispersion index indicates an expected homogeneous curing. Fig. 13 shows the evolution of the resin incubation time dispersion index D for both cases. The three peaks in the controlled case correspond to the instants that the incubation time at the injection nozzle is changed.

Case of non-homogeneous preform permeability

Non-uniform preform permeability induces important variations in the flow pattern during the filling process. Three cases with different permeability conditions (10, 50, 0.1 and 0.02 times the uniform permeability previously used) as shown in Fig. 14 have been analyzed. The associated results are shown in Fig. 15. It can be noticed that without changes in the incubation time (that is equivalent to use the same resin formulation) at the gate during filling, both index Q and QD agree that case 2a represents the best filling conditions, and case 3b the worst one according with the results obtained for similar conditions in [START_REF] Jiang | A process performance index and its application to optimization of the RTM process[END_REF].

Application in multi-component injection systems

Case 4 depicted in Fig. 16 analyzes the effect of a high permeability area in the lower part of the mold, which induces a disturbance in the flow pattern and produces a dry spot in the manufactured part due to a wrong location of the vent as depicted in Fig. 17. To avoid that problem other injection gate can be considered as it is depicted in Fig. 18 which opens only when a sensor previously located detects this anomalous behavior. Many research studies have been done showing the application of control strategies in RTM manufacturing [START_REF] Bickerton | Design and application of actively controlled injection schemes for resin-transfer molding[END_REF][START_REF] Lawrence | An approach to couple mold design and online control to manufacture complex composite parts by resin transfer molding[END_REF]. In this example, the location of this auxiliary gate has been obtained from [START_REF] Gokce | Simultaneous gate and vent location optimization in liquid composite molding processes[END_REF]. The lower race tracking originates a dry spot in the upper right mold corner, which could be corrected with the auxiliary gate. That gate injects resin when a control point located appropriately detects the unbalanced flow front (see Fig. 19) avoiding the mold-filling defect. However, in the case depicted in Fig. 19, a problem arises during the welding of the resin flow fronts with different incubation times. Fig. 20 shows that the resin incubation time and the dispersion index D i vary strongly throughout the mold with the use of multiple injection gates where the inhibitor concentration is taken as constant (that is the incubation time is the same on all the gates during the mold filling). We observe areas with a high gradient in the incubation time and in the dispersion index. In that case, the process performance index takes a value of QDZ36.67.

Fig. 21 depicts a better solution characterized by QDZ19.26, obtained by using different incubation times at the gates during the filling using the same strategy as before. We can notice that the incubation time distribution varies smoothly throughout the mold predicting therefore, lower variations in the curing conversion rates.

Conclusions

The index proposed in this paper allows the consideration of both resin flow and curing issues in process design optimization. Another advantage of using this index in process optimization is that the computation involved is very efficient as only a two-dimensional calculation is required instead of more complex models requiring the simulation of the coupled flow-thermal models that involve 3D or 2.5D computations. This index seems to be very useful in LCM process design optimization where costly iterative stochastic search algorithms such as genetic algorithms are used and could be easily adapted to a specific resin system using its rheokinetic behaviour. This last topic has not been addressed in the present work. Moreover, the comparison between numerical predictions and experiments is a work in progress. 
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