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Abstract

:

This work focuses on the development of a numerical mold filling simulation for the rotational molding process. In the rotational molding process, a dry fiber preform is placed in a mold and impregnated with a thermoset matrix under rotation. Additionally, metallic load introduction elements can be inserted into the mold and joined with co-curing or form-fit, resulting in hybrid drive shafts or tie rods. The numerical model can be used to simulate the impregnation of the preform. Based on the resin transfer molding process, an OpenFOAM solver is extended for the rotational molding process. Permeability, kinetic and curing models are selected and adapted to the materials used. A wireless measurement solution with a capacitive sensor is developed to validate the model. Comparisons between measurements and numerically calculated impregnation times to reach the capacitive sensor with the matrix show good quality of the developed model. The average deviation between calculated result and measured mean values in the experiment is 43.8% the maximum deviation is 65.8% . The model can therefore be used to predict the impregnation progress and the curing state.
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1. Introduction


Due to rising emissions of climate-damaging gases, legislative restrictions are increasingly being imposed on the operation of machines, plants and mobility applications [1]. One way of meeting these challenges is to develop lightweight components. Fiber-reinforced plastics (FRP) made of continuous fibers and thermoset matrix are particularly suitable for this purpose due to their high specific stiffness and strength [2].



In addition to shell-shaped FRP components, rotationally symmetrical components such as drive shafts, tubes, rollers or tie rods are of particular importance. These components are often produced using pultrusion, winding, resin transfer molding (RTM) or blow molding [3]. An alternative to these established manufacturing processes is the rotational molding process. In the early days of this process, cutted glass fibers with matrix were often used for liquid containers and silos [4,5]. Meanwhile, structural components are also manufactured for which a dry perform with continuous fiber reinforcement is used [6,7,8,9]. This preform made of semi-finished products is placed in a mold and impregnated with a matrix under rotation (see Figure 1). The matrix used can be either thermoplastic [6] or thermoset [7,9]. The impregnation pressure is generated by the resulting centrifugal force due to the rotation. Infiltration and curing take place during rotation. After sufficient curing, the component can be removed from the mold with no need of further finishing work.



Compared to established manufacturing processes, metallic load introduction elements can be intrinsically joined in this process. No subsequent joining steps such as bolting, screwing or adhesive bonding are required [9]. The connection between laminate and load introduction element can either be a co-cured or form-fit joint [10,11]. The co-cured joint is based on the adhesive properties of the thermoset matrix used.



Rotational molding, just as RTM or vacuum-assisted resin infusion (VARI), pertains to the liquid composite molding (LCM) processes. Therefore, the cycle time and thus the process costs strongly depend on the time required for infiltration and curing. In addition, it must be ensured that the preform is completely impregnated and that no dry spots occur. In general, the impregnation paths in the rotational molding process are short. As a result, the preform can be fully impregnated and cured in a very short time if heat is applied and low-viscosity matrix systems are used.



Koch [10] developed an analytical model to predict the impregnation with thermoset matrix systems for rotational molding based on the work of Ehleben [6]. The analytical model uses Darcy’s law [12] and calculates the impregnation times as a function of preform permeability [13,14], viscosity and impregnation pressure. The impregnation pressure depends on geometry, rotation speed and volume of matrix used [10].



A disadvantage of this analytical model is the fact that only very simple and no complex geometries with undercuts or polygons can be calculated. In addition, the analytical model cannot take into account multilayer structures with different fiber angles. Furthermore, in Koch’s model, the viscosity is assumed to be constant, and the cure degree is not considered. The cure degree is highly important, since this parameter can be used to determine the time of demolding to ensure that the part is not demolded too early (i.e. uncured) but also not too late (loss of valuable production time).



The current state of research shows different approaches for numerical modeling the LCM processes such as VARI [15,16] or RTM [17,18,19,20,21]. As with analytical calculations, Darcy’s law is used. For the numerical simulation, kinetic, viscosity and permeability must be calculated. The Kamal-Sourour model [22] is often used for kinetics and the Castro-Macosko model [23] for viscosity. In addition, semi-analytical approaches [13] or flow measurements [24] are used to determine permeability. Kinetic and viscosity model are linked via the degree of cure  α . Isothermal measurements of curing show a faster increase in viscosity at higher temperature. The degree of cure  α  also increases faster over time at higher temperatures and reaches higher values. Laminates with higher values of  α  show slightly higher crack initiation stresses [25]. However, depending on the desired mechanical properties, different temperatures and curing cycles can be applied [26].



For the numerical modeling of conventional LCM processes, the commercial programs PAM-RTM or Ansys Fluent are often used. However, they are only specifically suitable for modeling the RTM or VARI process. The rotational molding process differs significantly from the known processes due to the rotating motion. Currently, no approach exists for numerical modeling of the rotational molding process.



Therefore, the objective of this research is to develop a numerical model for the rotational molding process. For the purpose of ensuring the necessary freedom in the implementation of the process, the present approach applies the OpenFOAM© software [27]. Compared to the RTM or VARI process, other boundary conditions must be applied. The viscosity of the matrix system and the permeability of the preform are characterized using experimental data that is fitted to suitable models. To validate the numerical model, a measurement principle is developed and integrated into the rotational molding process. Experimental and simulated results are compared to evaluate the model.




2. Simulation


The rotational molding process with an internal load introduction element is shown in Figure 2. Impregnation of the fiber preform is conducted first mainly in radial direction and then axially to impregnate the overlap area lo. To ensure complete venting of the laminate and prevent the formation of dry spots, so-called ventilation holes are drilled into the load introduction elements at the end of the overlap area [10].



In the following, the methods used to create the numerical model, the kinetic, viscosity and permeability models, as well as the results obtained from the calculation are presented.



2.1. Methods


2.1.1. Fluid Mechanics and Numerical Methods


In order to simulate the flow of the liquid matrix through the fiber preform, Darcy’s law is applied [12]. The law describes the flow of a liquid through a porous medium, which in this case is the preform:


  v = −  K μ   ·  ∇ p  



(1)




where  v  is the volume averaged velocity, p the pressure field,  μ  the viscosity and  K  the permability of the preform. In this case the OpenFOAM software is used, which employs a finite volume (FV) approach to solve the Navier-Stokes-Equations. Darcy’s law is added as a source term to the momentum equation [20]. Therefore, the matrix is modeled as a quasi incompressible liquid phase and the air as a compressible gas phase [28]. Magagnato [29] created a model based on OpenFOAM’s interFoam solver to simulate the RTM process. This solver is used and adapted to the rotational molding process.




2.1.2. Implementation of the Rotation


In contrast to the RTM process, rotational molding does not use a press or pump to generate the pressure to impregnate the fibers, but rotation. Therefore, the impact of the rotation has to be added to the simulation. An additional source term is thus added to the momentum equation. The influence of the centrifugal force is calculated by:


   F Cen  = ρ  ·   ( ω ×  ( ω × r )  )   



(2)




where  r  is the radius of the respective element,  ω  is the angular speed,  ρ  is the density [27]. The required data are stored in a table, where they can also be changed depending on the time.




2.1.3. Mesh Creation


In order to reduce the number of mesh elements and to achieve an acceptable calculation time, the rotational symmetry around the rotation axis is used as shown in Figure 3. In addition, a symmetry plane is introduced in the center of the considered area. This simplification allows the calculation to be reduced to a two-dimensional simulation case. The calculation time can thus be significantly shortened. The simulation area is marked in red in Figure 3.



The simulation area is decomposed into a mesh, which is divided into two areas (see Figure 4). The first area represents the preform as a porous medium with a corresponding permeability. The second area up to the rotation axis only contains fluid (air/matrix) and therefore no permeability is implemented. In this empty area, the matrix is deposited at the beginning of the simulation. A convergence analysis of the mesh has been carried out and can be found in the Appendix A (see Figure A1). The results show that a number of 9000 cells show the best compromise between low calculation time and high accuracy. The cells of the porous preform have a thickness of 0.3 mm in y direction and a length of approximately 0.40 mm in x direction. The element density in the porous area is set higher, because the simulation has to be more accurate in this area. It is therefore important that the element size increases smoothly and no elements with high aspect ratios exist. However, to reduce the number of cells, a grading of cell thickness in y direction towards the porous media is used, so that the cellsize gets smaller towards the porous area and the mesh is refined locally.



The fiber volume fraction and the orientation of the fibers in the preform significantly influence the permeability and thus the impregnation behavior. Therefore, an anisotropic permeability model is used that takes into account fiber orientation and fiber volume fraction. A two-phase flow of matrix and air is created, which is presented in Figure 5. The matrix is depicted in blue and the air in grey.




2.1.4. Boundary Conditions


For the correct functioning of the model, initial conditions and boundary conditions at the edges of the considered area have to be defined. In this context, the already mentioned symmetry axis (Figure 3 and Figure 4) needs to be addressed. Further inital and boundary conditions are listed in Table 1. At the outlet, the boundary condition prevents matrix or air from flowing back into the porous media through the outlet. It acts like a membrane which is only permeable in one direction [27]. In addition, one boundary condition is selected at the inlet where air can permanently flow into the simulation area. Fixed values are specified for pressure and temperature. At the walls, a slip boundary condition is set. This condition adds no additional drag and only the Darcy term influences the flow. For flows through porous media with low permeability, the drag of a no-slip wall is negligible compared to the porous drag.





2.2. Material Models


The most relevant material parameters to describe the flow in the rotational molding process are the matrix viscosity and the preform permeability.



2.2.1. Kinetic Model


The viscosity is characterized by using kinetic and viscosity models to model the dependence on temperature and cure degree. Literature offers various models to describe the curing kinetics for epoxy matrix systems [22,30,31]. Since the Kamal-Sourour model [22] is well-known [32,33,34,35,36] and also widely used in commercial programs, it is chosen for the present case. In addition, the effort required for fitting the parameters is acceptable [37]. The equation to describe the degree of cure  α  is as follows:


    ∂ α   ∂ t   =  (  K 1  +  K 2   α m  )   ·    ( 1 − α )  n   



(3)




where K1 and K2 are rate constants with an Arrhenius type equation:


      K 1  =  A 1   ·   e  (   −  E 1    R  ·  T   )       



(4)






      K 2  =  A 2   ·   e  (   −  E 2    R  ·  T   )       



(5)







The parameters m and n are catalytic constants,    A 1  ,  A 2    are pre-exponential factors    E 1  ,  E 2    are activation energies, R is the gas constant and T the temperature.



In order to determine the parameter values of the Kamal-Sourour model, isothermal and dynamic measurements are performed by differential scanning calorimetry (DSC) with TA Instruments’ Q200 analyzer. The matrix used is Sicomin’s SR8500/SZ8525 epoxy system, which is recommended for hot processes and short cycle times [38]. The dynamic DSC measurements are carried out with heat rates of 1, 2.5, 5, 10 and 15 °C min-1 from −40 °C to 300 °C. The degree of cure  α  depends on the enthalpy released during the DSC measurement and is determined by formula:


     α =   h ( t )   Δ h   =  1  Δ h    ·   ∫   t 0   t  q  (  t ^  )   d  t ^      



(6)




where   Δ h   is the total heat of reaction and   q (  t ^  )   is heat flow at time t. The total heat of reaction   Δ h   is calculated by determining a baseline under the exothermic peak and integrating the enclosed area. With the results of the five dynamic DSC measurements, a mean of   Δ h   is computed.



For the isothermal runs, measurements are conducted at 60 °C, 80 °C, 100 °C. The samples are quickly mixed and placed in the DSC analyzer, which has already been preheated to the appropriate temperature. After no more heat is released, the samples are rapidly cooled and then heated to 300 °C at a defined heating rate of 10 °C min−1 in order to calculate the residual heat of reaction. With this residual heat and   Δ h  , the curves are determined and fitted with the nonlinear least-squares algorithm, as shown in Figure 6. The required prediction of the fitted Kamal-Sourour model agrees well with the isothermal DSC data, only the slope towards the end of the curves is not accurately reproduced because the DSC measurements do not reach a final value of  α  = 1.



Table 2 shows the area difference between the experimental DSC results and the Kamal-Sourour model prediction. The model prediction for 60 °C shows the largest deviation from the DSC measurement. In addition, it can be seen that the matrix is not fully cured even after 4000 s at 60 °C, so that tests at 60 °C require a correspondingly long time. This is a well-known phenomenon at low constant temperatures [33,39]. To achieve a complete cure of 100 % ( α  = 1), it is recommended to post-cure the matrix. In Table 3 the parameter values for the fitted Kamal-Sourour model are given.




2.2.2. Viscosity Model


The frequently used Castro-Macosko model [19,33,36] is selected for the time-dependent viscosity  η . The model is defined as follows [23]:


  η  ( T , α )  =  η 0   ( T )   ·      α g    α g  − α     (  c 1  +  c 2   ·  α )    



(7)




with the initial viscosity    η 0   ( T )    at   α = 0  :


   η 0   ( T )  =  A η   ·   e  (   E η   R  ·  T   )    



(8)




where  α  is the degree of cure,   α g   the degree of cure at gelation, T the temperature , R the gas constant and    A η  ,  B η  ,  c 1  ,  c 2    the fitting parameters. The viscosity measurements are provided by the datasheet of the manufacturer [38]. The focus of the fitting lies upon the time period crucial for the rotational molding process with values below 300 s. Figure 7 shows a comparison between the values predicted with the Castro-Macosko model and the experimentally measured values of the datasheet. The corresponding parameter values are presented in Table 4.




2.2.3. Permeability Model


The permeability of the fiber preform is described by the Koch model [10], which is largely based on the model of Gebart [13]. In this model, the fiber bundles are represented as an ellipsoid, since the fiber bundles are usually not ideally round in shape, as showed in Figure 8. The equivalent radius   r eq   of the fiber bundles used in this study is calculated using the equation according to van West et al. [14]:


   r eq  =  2   ·     a 0   b 0      a 0 2  +  b 0 2      



(9)




with   2  a 0    being the length of the ellipsoid and   2  b 0    being the width of it.



In general, permeability can be divided into longitudinal permeability, which is parallel to the fibers and transverse permeability, which is orthogonal to the fibers. With the radius   r eq  , the longitudinal permeability   K ‖   is calculated by [13]:


   K ‖  =   8  r eq 2   c     ( 1 −  φ f  )  3   φ f    



(10)







The following equation describes the transversal permeability   K ⊥   [13]:


   K ⊥  =  C 1        φ f  , max   φ f    − 1   5 2    ·   r eq 2   



(11)




where   φ f   is fiber volume fraction and    C 1  , c ,  φ f  , max   are constants, which depend on the packing order (square, hexagonal or mixed) of the preform [10,13].



In the rotational molding process, depending on the fiber orientation, it often occurs that a mixed state between longitudinal and transverse permeability in axial direction (x axis) exists Figure 9. Axial permeability is the permeability along the axis of rotation. Therefore, an extended model is applied [10,40], which considers longitudinal and transverse permeability according to their proportions:


   K  x x   =  K ‖   cos 2  β +  K ⊥   sin 2  β  



(12)







In order to calculate the permeability of the used braided sleeves, computer tomographic scans are taken at the wbk Institute of Production Science by using a Metrotom 800 CT-scanner from Carl Zeiss. The software VGStudio Max is used to measure the dimensions of the fiber bundles by manual thresholding using the grey-scale values. A total of 24 different rovings are analyzed and the fiber volume fraction    φ f,macro    of 12 different scans is determined using automatic grey scale analysis. In addition, the fiber angle  β  of the preform is determined. The parameters to calculate the permeability can be taken from Table 5.



These values are then used to calculate the mean value for permeability as well as the maximum and minimum permeability based on the corresponding standard deviation. The obtained parameter values are listed in Table 6.






3. Experiments


The experiments pursue the objective of validating the developed model for the rotational molding process through tests with different manufacturing parameters. The challenge is that, compared to conventional processes such as RTM or VARI, only wireless sensors can be used and the imbalance of the mold resulting from the components must be compensated. For validation, the time at which the sensor detects the matrix is compared with the numerically calculated time for reaching this point.



Set-Up


In order to obtain a high impregnation pressure at moderate rotational speeds, a large mold with an outer diameter of the component of 80 mm is selected (see Figure 10). Due to the high total mass of the rotational mold, the additional mass due to the sensor technology is less significant. Nevertheless, an axisymmetric balance weight must be fixed to ensure sufficiently high rotation speeds and to avoid vibrations.



For the detection of the matrix, either pressure [41], capacitive [42] or point-voltage sensors [43] have been considered. Initial tests with a pressure sensor [41] have shown that the impregnation pressure in the rotational molding process is not sufficiently high for a defined measurement signal. This is also indicated by the simulation results, which show a pressure increase to only 1.02 bar. Therefore, a capacitive sensor [42] of Rechner Sensors is subsequently used. The disadvantage of capacitive and point-voltage sensors is that they can only be used with glass fibers and not with electrically conductive carbon fibers. The validation experiments are thus carried out using glass fiber preforms.



Since a cable-guided power supply is not possible, the electrical supply of the capacitive sensor is ensured by a series connection of 9 V rechargeable batteries (see Figure 11). The sensor is embedded into the mold and connected to a Raspberry 4 8 GB single-board computer. Raspberry then transmits the signal wirelessly via WiFi to a measurement computer for further steps. Except for the sensor, all electronics are housed in a box that is attached to the mold (see Figure 10 and Figure 12). The distance of the sensor from the center of the mold   l s   is 67.5 mm.



For the experimental tests, the preforms are first built up. Each preform consists of seven layers of glass fiber braided sleeves with ø 80 mm [44] (see Table 7). To prevent the preform from collapsing when placed into the mold, a binder powder [45] is applied between the layers and activated by temperature. The preform is then placed into the mold together with the metallic load introduction elements and sealing elements. To ensure a homogeneous temperature of the mold across all surfaces, the mold is heated in an oven for one hour. In parallel, resin and hardener are also heated in a water bath to the respective test temperature. After heating in the oven, the mold is removed, and the sensor box is swiftly attached to the mold. Resin and hardener are quickly mixed and placed into the mold. The amount of matrix added to the mold is measured with a precise digital scale. For the simulations the mean value of the quantity of matrix is used (see Table 7). The mold is then clamped in an Index IT 600 lathe and rotated at the specified speed (see Figure 10). The time required for mixing the matrix until the rotation starts is approximately 30 s.





4. Results


Using the developed numerical solver for the rotational molding process, a simulation is performed in OpenFOAM. For this purpose, the corresponding area from Figure 3 and Figure 4 is considered. The size of the simulation model equals the validation geometry. The overlap length between laminate and load introduction element is 40 mm and the thickness of the preform is 3 mm (see Table 8). The temperature specified is 60 °C, which is particularly important for the adapted kinetic model and also for the viscosity model. A speed of 1200 RPM is set for the rotation and the values for axial and radial permeability from Section 2.2.3 are placed in the solver.



Different stages of the impregnation are illustrated in Figure 13. At t = 0 s, the matrix is introduced into a region without permeability and there is no rotation yet. It can be observed that the radial impregnation (y direction) of the preform takes place very quickly at the parameters used and is almost complete at t = 2 s. Axial impregnation requires considerably more time and is preceded by a flow front on the inside of the mold (Figure 13c).



Figure 14 shows the impregnation process over time. A value of 100% means that the volume of the preform to be filled is completely impregnated. The simulation results demonstrate that 100% impregnation cannot be fully achieved with the used parameters. This is consistent with the findings from real experiments, where it is found that a small matrix excess is always required for generating sufficient pressure to ensure complete impregnation of the preform and good surface quality [10].



To compare the numerical simulation and the experiment, the position of the sensor was analyzed considering the pressure. The first pressure increase in the simulation is important (see Figure 15), being the time to be compared with the time of the sensor deflection from the experiment. The mold only cools very slowly once it has been removed from the oven until the sensor signal is received due to the large mass. Its cooling is thus not considered in the simulation.



In order to compare and validate the model in a large parameter space, four different configurations are defined (see Table 9). Temperature and rotation speed are varied. The two parameters are deliberately chosen low because it is very difficult to measure short impregnation times with the developed experimental setup. The structure of the preform is not changed. Four experimental measurements are conducted with the sensor for each configuration and the mean value and standard deviation are calculated subsequently.



As with all experiments, there is some scatter in the process parameters. These parameters comprise the temperature, the time for mixing the matrix and starting the rotation, and the axial as well as the radial permeability (see Table 10). Depending on the type of scattering, the time until the sensor detects the matrix can be either reduced or increased. As a result, two limits can be distinguished for the impregnation time on the basis of the scattering: A lower limit (faster) and an upper limit (slower) (see Table 10). For example, higher temperature and quick mixing decrease the viscosity of the matrix, accelerating impregnation. Lower permeability, on the other hand, increases flow resistance and slows down impregnation. Thus, for each configuration, an additional simulation is performed with the fastest and slowest limits, respectively.



The results of this comparison are shown in Figure 16. Each configuration is indicated on the x axis whereas the respective time that the matrix needs to reach the sensor or the time which is calculated simulatively in OpenFOAM is presented on the y axis. The mean values of the experiments are shown as diamonds, while the mean values of the simulation are shown as squares. The error bars for the experiments represent the standard deviation and the error bars for the simulation represent the fastest and slowest impregnation (see limits in Table 10).



The longest impregnation time for reaching the sensor is measured for variant 1 at 60 °C and 800 RPM. The simulation of this variant predicts a slightly shorter impregnation time. Table 11 shows the percentage deviations of simulation results and measured values. In the present case, the deviation between simulation and experiment is 15.4%. The measured standard deviation falls within the simulated limits for the fastest or slowest impregnation time. Increasing the speed of rotation in variant 2 to 1200 RPM reduces the measured time to reach the sensor by more than half. Here, the lower standard deviation lies outside the simulated lower limit. The deviation between simulated and measured mean value is −41.7%. In variant 3, a higher temperature of 80 °C and a rotational speed of 800 RTM are specified. Compared to variant 1, the measured impregnation time is reduced. This can be explained by the lower viscosity due to the higher temperature. However, due to the lower rotational speed, the time is higher than the one of variant 2. For variant 4 with 80 °C and 1200 RPM, the time decreases significantly compared to variant 3. However, the measured mean value is higher than the one for variant 2 (60 °C and 1200 RPM). Here, a shorter time than that for variant 2 was expected due to the higher temperature. The devation between simulated and measured mean value is 52.1%. Overall, the absolute times measured at high rotational speeds are extremely low, so that even small deviations during measurement have a large influence on the result.



It can be seen that the discrepancy between mean values of experiments and simulation is small, varying between twenty and six seconds depending on the configuration. The deviations are between −41.7%–65.8%. Overall, this results in an average deviation of 43.8%. In the simulation, shorter impregnation times are calculated, except for configuration 2. The higher temperature and speed, the lower the scatter of the measurements.



A comparison of numerical and experimental results reveals that the standard deviations of the experiments and the fastest and slowest impregnation time simulations overlap (except for configuration 2). All mean values of the experiments are within the calculated limits of the simulation. This qualitative trend can be considered as a validation of the presented numerical model.



The results also demonstrate that lower impregnation times can be achieved both with an increase in rotation as well as an increase in temperature, whereby the selected temperature depends on the respective matrix and the number of rotations on the balance quality of the loaded mold.




5. Conclusions


This work pursued the objective of implementing a numerical model for the impregnation of dry fiber preforms in the rotational molding process. For this purpose, an existing RTM mold filling simulation method is extended and permeability, kinetic and viscosity models are selected and adapted. Comparisons between measurements and numerical results confirm the high quality of the developed model.



Hence, the numerical model can be used to calculate the impregnation progress for the rotational molding process and the time required for complete mold filling. Simulations demonstrate that radial impregnation occurs extremely quickly, whereas axial impregnation consumes a larger part of the time required. By increasing the viscosity-influencing temperature and the rotation speed, the impregnation time can be significantly reduced. In addition, other matrix systems, geometries or braided sleeves with smaller filament bundles can easily be integrated into the model by adjusting the parameters.



The model also considers the curing degree of the thermoset matrix. In future studies, this will be used to determine the optimum time for demolding. Thus, too early demolding with an uncured component, but also too late demolding with the loss of valuable production time should be prevented.
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Appendix A


In order to specify the amount of cells needed for the simulation a convergence analysis is carried out. Therefore the first pressure increase at a certain position is evalutated. This pressure increase will be compared with a measurement signal. Five different mesh sizes a compared with each other. The mesh with 9000 cells deliveres a similar result as the finer meshes and is therefore used to save simulation time.
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Figure A1. Convergence analysis for different amounts of cells. 






Figure A1. Convergence analysis for different amounts of cells.
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Figure 1. Simplified representation of the rotational molding process with thermoset matrix. 
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Figure 2. Impregnation in the rotational molding process [10]. 
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Figure 3. Simplified simulation with symmetry plane and rotation axis. 
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Figure 4. Mesh for the simulation case. 
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Figure 5. Two-phase flow with matrix and air at the start of rotational molding. 
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Figure 6. Degree of cure  α  as a function of time fitted to isothermal DSC data. 
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Figure 7. Comparison between viscosity  η  as a function of time of the Castro-Macosko model and the experimental measurements. 
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Figure 8. Determination of the equivalent radius of the fiber bundles   r eq   by computed tomography studies of the cross section. 
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Figure 9. Axial permeability based on [10]. 
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Figure 10. Mold for the rotational molding process and finished component. 
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Figure 11. Electrical circuit diagram with capacitive sensor. 
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Figure 12. Sensor integration into the mold. 
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Figure 13. Different stages of impregnation for 60 °C and 1200 RPM. 
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Figure 14. Impregnation progress over time. 
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Figure 15. Simulated pressure curve at the position of the sensor after starting the rotation. 
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Figure 16. Comparison of the experimentally measured times with the numerically calculated times for reaching the sensor with the matrix. 
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Table 1. Start and boundary conditions.
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	Inlet
	Outlet
	Walls





	Velocity
	zero gradient
	“inletOutlet”
	slip



	Resin fraction
	uniform 0
	zero gradient
	zero gradient



	Pressure
	fixed value = 1 × 105 Pa
	fixed value = 1 × 105 Pa
	“fixedFluxPressure”



	Temperature
	fixed value = configuration
	fixed value = configuration
	fixed value = configuration
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Table 2. Area difference between DSC measurement and Kamal-Sourour model predictions.
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	60 °C
	80 °C
	100 °C





	Area DSC
	2530.2
	1218.1
	475.0



	Area model
	2194.4
	1210.8
	484.8



	Deviation
	13.27 %
	0.6 %
	−2.06 %
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Table 3. Parameter values for the Kamal-Sourour kinetic model fitted to isothermal DSC data.
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	Parameter
	Value
	Unit ()





	m
	7.431
	-



	n
	7.527 × 10−1
	-



	   A 1   
	1.100 × 108
	s    − 1   



	   A 2   
	−9.543 × 105
	s    − 1   



	   E 1   
	7.369 × 104
	J   ·   mol    − 1   



	   E 2   
	5.713 × 1010
	J   ·   mol    − 1   



	R
	8.314
	J   ·   (mol   ·   K)    − 1   
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Table 4. Parameters values for the Castro-Macosko viscosity model.
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	Parameter
	Value
	Unit ()





	   A η   
	4.633 × 10−5
	Pa   ·   s



	   E η   
	3.978 × 104
	J   ·   mol    − 1   



	   c 1   
	1.603
	-



	   c 2   
	2.737
	-



	R
	8.314
	J   ·   (mol   ·   K)    − 1   



	   α g   
	0.63
	-
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Table 5. Parameters for the permeability calculation.
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	Mean Value
	Deviation





	   C 1   
	    1 2   ·   (  16  9  ·  π  ·   2    +  16  9  ·  π  ·   6    )    
	-



	c
	55
	-



	   φ f,macro    (%)
	65.24
	±2.621



	    φ f,max    
	    1 2   ·   (  π 4  +  π  2  ·   3    )    
	-



	  a 0   (mm)
	2.1
	±0.219



	  b 0   (mm)
	0.29
	±0.044



	  β  
	42.5 °
	±2.5
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Table 6. Permeability values for axial permeability (x-direction) and radial permeability (y-direction).
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	Axial Permeability
	Radial Permeability





	Mean
	2.5280 × 10−10
	9.3585 × 10−11



	Maximum
	5.9832 × 10−10
	2.3608 × 10−10



	Minimun
	1.3098 × 10−10
	4.4764 × 10−11
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Table 7. Manufacturing parameters.
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	Parameter
	Value





	Number of preform layers
	7



	Preform material
	Glassfibers [44]



	Binder
	EPIKOTE 05390 [45]



	Heating temperature oven and water bath
	≈60 °C and ≈80 °C



	Heating time
	1 h



	Matrix
	SR8500/ SZ8500 [38]



	Mean value matrix quantity
	108.38 g



	Rotation speed
	800 RPM and 1200 RPM



	Time required for mixing
	≈30 s
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Table 8. Mold dimensions.
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	Parameter
	Value
	Unit ()





	Overlap length   l o  
	40
	mm



	Total length   l t  
	82.5
	mm



	Thickness t
	3
	mm



	Inner radius   r i  
	37
	mm



	Outer radius   r o  
	40
	mm
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Table 9. Configuration parameters.
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	Configuration
	Temperature (°C)
	Rotation Speed (RPM)





	1
	60
	800



	2
	60
	1200



	3
	80
	800



	4
	80
	1200










[image: Table] 





Table 10. Lower and upper simulation limits.
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	Lower Limit (Faster) Impregnation Time
	Upper Limit (Slower)





	Temperature
	+3 °C
	−3 °C



	Start of rotation
	−3 s
	+3 s



	Radial Permeability
	2.36 × 10−10
	4.48 × 10−11



	Axial Permeability
	5.98 × 10−10
	1.31 × 10−10
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Table 11. Deviations of simulation results and measured mean values for reaching the sensor.
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	Variant 1
	Variant 2
	Variant 3
	Variant 4





	Experiment
	69.3 s
	14.0 s
	49.8 s
	18.3 s



	Simulation
	60.0 s
	24.0 s
	30.0 s
	12.0 s



	Deviation
	15.4%
	−41.7%
	65.8%
	52.1%
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