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Introduction

VARTM is a type of Liquid Composite Molding (LCM) process in which resin is pulled into a closed mold by a vacuum and distributed into a fibrous material. In the VARTM process, a dry fibrous media, usually made of carbon or fiberglass, is placed between a vacuum bag and a rigid tool surface. Resin is introduced into the fabric from one end to the other end with vacuum due to a maximum total pressure difference of around 1 atm. between the two ends. DM, which is a highly permeable fabric, is placed on top of the layers of the fabric to reduce the total filling time [1]. A schematic of the process is shown in Figure 1.The resin flow through the porous network of fabric is usually described by Darcy's law as shown below [START_REF] Whitaker | Flow in porous media I: A theoretical derivation of Darcy's law[END_REF].
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In Equation 1, is the volume averaged resin velocity, is resin viscosity, ∇ is the pressure gradient across the resin domain, and K is the anisotropic permeability tensor, which is positive definite and symmetric. The permeability tensor, K, shown in Equation 2 is a measure of how easily resin moves through the fibrous reinforcement. There are only six independent components of the symmetric permeability tensor in three dimensions (x,y, and z). K xx , K yy and K zz are the permeability values in the chosen x, y and z co-ordinate directions respectively where the skew terms K xy , K xz and K yz provide information about the angles between the principle direction of the fabric and the chosen direction of the coordinate system. These values are zero if the coordinate directions coincide with the principal directions of the fabric.

Most composite parts are long and wide but only a few millimeters in thickness. In previous studies [START_REF] Yun | Stochastic modeling of through the thickness permeability variation in a fabric and its effect on void formation during Vacuum Assisted Resin Transfer Molding[END_REF]- [START_REF] Zhang | Efficient stochastic simulation approach for RTM process with random fibrous permeability[END_REF], it was found that variability in permeability exists in both the in-plane and through the thickness directions. There are many reasons for this variability such as handling, placement, and variations in fabric and VARTM manufacturing process [START_REF] Vernet | Experimental determination of the permeability of engineering textiles: Benchmark II[END_REF]. Nesting of layers during layup [START_REF] Hoes | Study of nesting induced scatter of permeability values in layered reinforcement fabrics[END_REF]- [START_REF] Zeng | Numerical prediction of in-plane permeability for multilayer woven fabrics with manufacture-induced deformation[END_REF], and shearing of fabrics [START_REF] Yang | Influence of fabric shear and flow direction on void formation during resin transfer molding[END_REF]- [START_REF] Aranda | Influence of shear on the permeability tensor and compaction behaviour of a non-crimp fabric[END_REF] are found to cause local variability in fabric permeability. Other variations in fabrics such as fiber misalignment and fiber angle distribution were found and studied by Yurgartis et al [START_REF] Yurgartis | Measurement of small angle fiber misalignments in continuous fiber composites[END_REF]. Deformation induced during the manufacturing process in the In-plane permeability of woven fabric was studied using numerical prediction and shown that the variability in permeability causes random resin flow variations through the fabric during the impregnation process [START_REF] Zeng | Numerical prediction of in-plane permeability for multilayer woven fabrics with manufacture-induced deformation[END_REF]. Markicevic et al [START_REF] Markicevic | Stochastic modeling of preform heterogeneity to address dry spots formation in the VARTM Process[END_REF] were the first ones to numerically study the random resin flow in through the thickness direction when distribution media (DM) is used in a VARTM process. The research by Yun et al. showed the effect of variability in through the thickness permeability (K pin ) due to the pinhole regions formed at the junction of two tows in a plain woven fabric [START_REF] Yun | Stochastic modeling of through the thickness permeability variation in a fabric and its effect on void formation during Vacuum Assisted Resin Transfer Molding[END_REF]. An example of the fabric with pinholes is shown in Figure 2. These pinholes vary in size throughout the fabric, hence their K pin values which is the K zz value at that location will be different as well. It is also notable that there are areas with pinholes (pinhole areas) and areas without pinholes (no pinhole areas), which are demonstrated through an image analysis in Figure 2b. This variation causes the resin to race preferentially through different pathways with varying K pin in through the thickness direction, and this variation leads to uneven resin flow causing formation of air pockets due to the merging of the flow fronts which result in voids. The air pockets result in a void within the composite part reducing its strength dramatically [START_REF] Fernlund | Experimental and numerical study of the effect of cure cycle, tool surface, geometry, and lay-up on the dimensional fidelity of autoclave-processed composite parts[END_REF], [START_REF] Liu | Effects of cure cycles on void content and mechanical properties of composite laminates[END_REF]. It was also found by experimental and numerical studies that more voids were formed when DM with higher permeability was used, because the higher permeability DM increases randomness in the resin flow in through the thickness direction [START_REF] Yun | Stochastic modeling of through the thickness permeability variation in a fabric and its effect on void formation during Vacuum Assisted Resin Transfer Molding[END_REF]. Although the effect of K pin on resin flow and void formation was well studied using experimental and numerical work in the research by Yun et al., statistical analysis of the heterogeneous K pin field was not carried out. To obtain random fields of K pin for use in numerical simulations, a number of images of a large sample must be taken. Obtaining all of the K pin values for large composite parts such as a wind turbine blade can be time consuming and may not be feasible. Thus, the statistical study of the random K pin field is important for understanding the degree of heterogeneity and so to generate the random K pin field using statistical variations in a fabric.The statistically generated random K pin field can then be incorporated into a numerical flow simulation which predicts the resin flow and void formation in the presence of this heterogeneity. The novelty of this study is that the pinhole field is statistically analyzed and the statistical properties found from this analysis are used to generate K pin random fields. These K pin random fields are then used to perform numerical simulations to study the effect of heterogeneity on the resin flow and compared with the previously reported experimental results.

Methodology

Generating the K pin random field requires several steps including image acquisition, image analysis, and statistical analysis. An algorithm illustrating the methodology used in this study to generate the K pin random field is presented in Figure 3. First, multiple images of a fabric of interest are captured and filtered using a MATLAB image analysis tool. Then, K pin are calculated using the cross-sectional area of pinholes from the image analysis [START_REF] Yun | Stochastic modeling of through the thickness permeability variation in a fabric and its effect on void formation during Vacuum Assisted Resin Transfer Molding[END_REF]. Next, the mean, standard deviation, and spatial correlation (semi-variogram) of K pin are calculated. To understand the spatial correlation of pinhole areas and no pinhole areas, a cluster analysis is carried out using Moran's I index. Moran's I is a widely used statistical measure of spatial autocorrelation [START_REF] Zhang | Use of local Moran's I and GIS to identify pollution hotspots of Pb in urban soils of Galway[END_REF].

Once Moran's I index of the K pin samples is obtained, random fields of this index are generated, which supply the locations of the pinholes. The probability density function (PDF) of the K pin field fits a gamma distribution, but it is difficult to directly generate gamma random numbers.

Thus, the transformation between gamma and normal random numbers is used in this study. In this transformation, the covariance function of the K pin gamma distribution is converted to the covariance function of a normal distribution. The result from the cluster analysis, along with the converted covariance function, is utilized to generate normal random numbers by Karhunen-Loève (KL) expansion. Finally, normal random numbers are transformed to gamma distribution numbers, which are used to generate the K pin field to be used as input in the numerical flow simulation.

Material and K pin statistical properties

Plain woven E-glass fabric was used as a sample in this study so one could compare it to previously obtained results. An image of the fabric is shown in Figure 2. The image on the top (Figure 2a) is an unedited picture and the image on the bottom (Figure 2b) is the image from Figure 2a filtered to show only the pinholes. As can be seen in Figure 2b, the pinholes vary in size throughout the fabric. The optimum number of pixels for a 5cm x 6cm image was found to be 1605 x1905 pixels. This optimum number of pixels was determined by taking images with various ranges of pixels to find the smallest number of pixels with which the size of K pin does not change. K pin is calculated using the measured cross-sectional area of each pinhole which is obtained from the image analysis. The detailed equation and method are presented in [START_REF] Yun | Stochastic modeling of through the thickness permeability variation in a fabric and its effect on void formation during Vacuum Assisted Resin Transfer Molding[END_REF]. An exampleof the random field obtained using this methodology is presented in Figure 4, in which color signifies permeability, and Figure 5, in which white signifies pinhole area and black signifies no pinhole area.

As can be seen in Figure 5, there are areas with pinholes and areas without pinholes. Regions in K pin field with no pinhole area are present because at the intersection of some tightly woven tows no pinhole was detected. For these no pinhole areas, a permeability of K zz,mic (micro scale fiber tow through the thickness permeability, 8.2*10 -14 m 2 ) is assigned, and this value is calculated from an analytic result of resin flow across a fiber tow [START_REF] Bruschke | Flow of generalized Newtonian fluids across a periodic array of cylinders[END_REF].
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In Equations 3-5, r is the radius of a single glass fiber, L is a non-dimensional parameter, . /,012 is a volume fraction of a tow, . / is a measured volume fraction of 4 layers of fabric under vacuum, and 4 5 6 is fraction of pinhole areas. . /,012 is calculated to be 0.66 with . / of 0.45 and 4 5 6 of 0.16 and is found to be 0.91. Average fiber diameter was measured to be 9.2 .

The location of no pinhole areas in a random field is obtained from a spatial correlation study of two areas, no pinhole and pinhole areas, using Moran's I index, which is described in the next section. The PDFs of the random fields with and without K zz,mic (the no pinhole permeability) show a clear discrepancy, which is presented in Figure 6. The PDF without K zz,mic fits a gamma distribution (shown at the right in Figure 6) and this gamma distribution is used to generate the K pin values in a random field. The gamma distribution is fitted using maximum likelihood estimation (MLE). The gamma distribution fits reasonably the PDF of K pin except for the range of low K pin (0~5× 10 "#: ; ) which is acceptable because the K pin effect is more prominent at higher values. Basic statistical properties such as mean and standard deviation were calculated for the whole area analyzed (~ 2 m 2 ) and are provided in Error! Reference source not found.. 

K pin Area (m 2 ) 1.936 K pin Mean (m 2 ) 9×10 -9 K pin Standard deviation (m 2 )
9×10 -9 Spatial correlation of K pin is another critical statistical property which is obtained using a semivariogram function. Semi-variogram (<(h)) is a measure of the spatial correlation between two random values at a function of distance (h).
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In the semi-variogram given in Equation 6, z is the coordinate of the random variable, > ℎ is the total number of pairs of random variables at a lag distance ℎ, pin B is K pin value at the B location, and pin B + ℎ is K pin value at B + ℎ location.

A semi-variogram of (10 8 )×K pin is obtained and plotted in Figure 7. An exponential function is fitted to the experimentally obtained semi-variogram as shown in Figure 7. The exponential semi-variogram function is given in Equation 7. The exponential covariance function is presented in Equation 8.
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In equations 7 and 8, F is the maximum variance of the spatial process of the sample data, in which the semi variance reaches 95% of the maximum variance, a is the maximum lag distance at which semi variance reaches the maximum value, and h is the spatial distance between two data points. Here h is 5 mm which is the width of a tow of the selected plain woven fabric. The semi-variogram exponential function and the corresponding covariance function are presented in Figure 7b.

The exponential fit in Figure 7(b) has a value of F of 0.73 and a value of 3h (15 mm) 95% of maximum variance value is reached at the distance of 3h (15 mm) and 99% is reached at 5h (25 mm). Semi-variance varies a little over the distance lag of 5h (25 mm) to 15 h (65 mm). This means that K pin values are spatially correlated within a distance of up to 15h (65 mm). As the tow shifts or curves, the size of nearby pinholes (K pin value) are affected and this influence is found to be within the distance range (15 tows or 15h (65 mm)).

K pin cluster analysis: Moran's I

As can be seen in Figure 5, the total random field consists of two parts: no pinhole areas and pinhole areas. The location of no pinhole areas must be identified so that K zz,mic can be assigned to these areas. The generated K pin is then assigned to the remaining area in a random field. The spatial correlation between these areas (no pinhole and pinhole areas), which is the degree of clustering, is investigated using Moran's I index. Moran's I index varies from -1 (negatively correlated) to 1 (positively correlated) depending on the spatial correlation of the random values in a sample. Moran's I is described in Equation 9.
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Where Q R is the binary weight matrix, S is K pin at location i, S R is K pin at location j, and S̅ is the global mean of K pin , n is the total number of K pin .

The effect of the square sample's width on Moran's I index was also studied, and this effect is shown in Figure 8. Moran's I index steadily increases up to a specimen width of 50 mm and levels off at 0.30 for specimen widths exceeding 100 mm. This indicates that the optimum fabric sample size for random field generation should be 100 mm x 100 mm over which no pinhole and pinhole areas are not spatially related. The unit size for generating a random field used is therefore 105 mm x 105 mm, which is also over the maximum distance required for the spatial correlation between K pin (max 65 mm). Figure 9 presents two examples of samples, each with an index of 0.30 and a size of 105 mm by 105 mm.

In Figure 9, black areas (no pinhole areas) have K zz,mic (8.2*10 -14 m 2 ) assigned, and white areas (pinhole areas) have K pin assigned. However, it remains to generate K pin . The determined unit size of 105 mm x 105 mm is the size of fabric of interest which needs to be sampled for random field generation. The unit fabric size of 105 mm x 105 mm (~.01 m 2 ) is over two orders of magnitude smaller than the sample size of 2 m 2 used in the previous study [START_REF] Yun | Stochastic modeling of through the thickness permeability variation in a fabric and its effect on void formation during Vacuum Assisted Resin Transfer Molding[END_REF] in which statistical analysis was not carried out and the random field for numerical simulation was obtained by sampling a larger size of fabric. The statistical study of spatial correlation of random values introduced here determines the necessary sample size to generate random fields, which greatly reduces the effort and time to collect data from unnecessarily large sizes of samples.

Transformation between gamma and normal random variables

The PDF of K pin fits a gamma distribution rather than a normal distribution as seen in Figure 6.

Transformation between gamma and normal random variables is required since it is difficult to generate gamma random variables directly. The gamma random numbers are obtained by transforming normal numbers after the normal numbers are generated using a Gaussian random generator such as KL expansion [START_REF] Liou | A covariance conversion approach of Gamma random field simulation[END_REF]. The following methodology presented by Liou et al. [START_REF] Liou | A covariance conversion approach of Gamma random field simulation[END_REF] was adopted for the transformation. First, the covariance function of the K pin gamma distribution is converted to that of a normal distribution. In Equation 10, x is a gamma random variable (X~G (U, V)) and f X (x) is the gamma random variable density, U is a shape parameter, and V is a scale parameter.
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For the (10 8 )× K pin fitted gamma distribution, U is 1.08 and V is 1.16.

The covariance function of two normal variables w 1 and w 2 (`a #a is related to the covariance function of two gamma variables x 1 and x 2 as shown in Equation 11. Using the Equation 11, the covariance function of normal variables is obtained.

Mb. S # , S ≈ I U # V # U V L de + f`a g a h + M`a g a h + i`a g a h j - U # V # U V (11) 
k # = 1 9U # , k = 1 9U e = 1 -k # 1 -k + 3 1 -k # k # 1 -k + 3 1 -k # 1 -k k + 9 1 -k # k # 1 -k k f = 9 1 -k # k # :.n 1 -k k :.n + 9k # #.n 1 -k k :.n + 9 1 -k # k # :.n k #.n + 9k # #.n k #.n M = 18 1 -k # k # 1 -k k i = 6k # #.n k #.n
The conversion of covariance functions works well when U # , U > 0.5 U # , U = 1.08 and a coefficient of skewness (< # ) is less than 3. Using Equation 12, < # is calculated to be 1.9.
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Next, the covariance of normal numbers is used to generate normal random numbers (w) in the KL expansion process. Then the numbers (w) are transformed back to gamma random numbers (x) point by point using Equation 13.
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These generated gamma random numbers (x, K pin ) through the transformation are assigned to the pinhole areas (white areas in Figure 9) in a random field of Moran's I index of 0.3.

Random number generation: KL expansion

The transformed covariance function of normal random numbers was used in the normal random generator, KL expansion, to generate gaussian normal random variables (w(x,y)) in Equation 14.
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In Equation 14, V and 4 S are the eigenvalues and eigenfunctions of the covariance function, k y is a normal random variable with mean of 0 and variance of 1, v S is the mean of normal random variables which is 0, and > is the finite number of terms which is 33 determined by studying the estimated decay of eigenvalues. The sum of 33 eigenvalues reaches 92% of the sum of total eigenvalues

Numerical simulation

Numerical flow simulation with the generated random field in a porous network where one can assign K pin values to through thickness permeability allows to study the effect of heterogeneity on the resin flow. LIMS is a finite element/control volume flow simulation software which was developed at the University of Delaware [START_REF] Šimáček | Desirable features in mold filling simulations for liquid composite molding processes[END_REF]. The woven fabric with pinholes was modeled into 3D mesh with 1D elements representing the pin hole values for the simulation [START_REF] Yun | Stochastic modeling of through the thickness permeability variation in a fabric and its effect on void formation during Vacuum Assisted Resin Transfer Molding[END_REF]. The mesh is shown in Figure 10.

Four layers of fully nested fabrics (0.12 m by 0.53 m) and pinholes are simulated using 3D elements (representing the woven fabric) and 1D elements (representing the pinholes). The thickness of each layer of fabric is 0.7 mm under vacuum (fully nested). One layer of DM (0.11 m by 0.48 m) with thickness of 1 mm is simulated using 2D elements. The permeability tensor of the woven fabric was obtained experimentally using the methodology presented in [START_REF] Yun | Characterization of 3D fabric permeability with skew terms[END_REF]. The bulk permeability is presented in Table 2.

Table 2 Permeability of the plain woven fabric[3]

; ; ; ; ; ; 8.8× 10 "## 9.1× 10 "## 1.36× 10 "# 9.89× 10 "#{ 1.58× 10 "#n 1.00× 10 "#n The K pin , generated using the methodology described earlier, was assigned to the 1D elements.

Three values of DM permeability (K DM of 1.45 × 10 ":| ; , 8.5 × 10 ":} ; , and 4 × 10 ":} ; ) were used to study the effect of K DM on void formation. Other experimental conditions such as fabric volume fraction, pressure, and viscosity are presented in Table 3.

Table 3 Experimental condition for numerical simulation study[3]

Fabric volume fraction 0.45 Pressure (Pa) 1× 10 n Viscosity (Pa.s) 0.1 Monte Carlo simulations were conducted for each type of DM. The number of iterations for each DM type is determined using a method presented in [START_REF] Driels | Determining the number of iterations for Monte Carlo simulations of weapon effectiveness[END_REF],

O = 100B • €S̅ (15) 
In Equation 15, B is a confidence coefficient, • is sample standard variation, € is a percentage error of the mean, and S̅ is the mean. For 95% confidence level and 5% error, B is 1.96, • and S̅ are presented in Table 5, and € is 5. Using this, the number of runs n is calculated to be 134 for K DM of 1.45× 10 ":| , 232 for K DM of 8.5× 10 ":} , and 543 runs for K DM of 4× 10 ":} . Mean of void fraction as a function of run number is presented in Figure 11. It shows that 440 runs are sufficient for the case of K DM of 4× 10 ":} because the mean of void fraction levels off at by 440 runs. The random K pin field is generated for each simulation run. The void fraction was calculated as the area of the void divided by the mold area. The simulation result (void fraction) from this study was compared to the void fraction found in the experimental work and the simulation work with an experimentally determined K pin field presented in [START_REF] Yun | Stochastic modeling of through the thickness permeability variation in a fabric and its effect on void formation during Vacuum Assisted Resin Transfer Molding[END_REF].

Results and discussion

K pin random field

The properties of (10 8 ) K pin random field generated using the methodology described earlier are presented in Table 4. The parameters of the probability density function of the gamma distribution, U and V, fits the values of the observed K pin fields within 5% error. The parameter of semi-variogram, F , also matches the experimentally observed value within 5%. The normalized histogram of void fractions obtained from the simulation runs for each type of DM is presented in Figure 12. In Figure 12, the experimental result is given in (a), simulation result using experimentally determined K pin fields is presented in (b), and the simulation result using generated K pin fields is presented in (c). The void percentages for all three case studies are presented in Table 5. The results with generated random field qualitatively match the other two results. It shows the trend of void fraction increasing with higher K DM . The experimental and both of the simulation results also agree qualitatively in which the void fraction is within about 20% except for experimental study with K DM of 1.45× 10 ":| where one single experiment with 8.45% of void fraction significantly affects the mean void fraction. This shows that it is possible to generate the behavior of flow in a fibrous porous media through statistical analysis of the fabric pinholes by characterizing a small sample of the fabric. 

Conclusion

In this paper, the methodology to generate gamma random field is presented. The K pin random field with a gamma distribution was successfully created based on the statistical analysis using the methodology. The spatial correlation between pinhole and no pinhole areas was studied using 
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 2345678 Figure 2 Image of E-glass fabric(120 mm by 60 mm) (a) and filtered image using image analysis (b)
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 9 Figure 9 Two examples of a unit size of matrix with Moran's I of 0.3. White area represents pinhole areas and black area represents no pinhole areas.
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 10 Figure 10 Woven fabric layer modeled as 3D elements pinholes as 1D elements in the flow simulation[3].
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 11212 Figure 11 Mean of void fractions as a function of run number in Monte-Carlo simulations. K DM varying from (a) 4×10 -9 m 2 , (b) 8.5×10 -09 m 2 , and (c) 1.45×10 -8 m 2

Table 1 Mean and standard deviation of calculated K pin from Image Analysis
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Table 4 Parameters of generated density function and the semi-variogram model (From observed (10 8 ) K pin field
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	Simulation Experiment	U 1.04~1.14 1.08	, • = '. ƒ", … = '. ' †, ‡ ˆ= ƒ. ‰Š) V 1.08~1.19 0.70~0.76 F 1.16 0.73
	Error 3.2. Numerical simulation	±4.5%	±4.8%	±4.3%
	3.2.1			

. K pin random field

  

Table 5 Void percentage obtained from (a) experimental and (b-c) simulation runs. ((b) Simulation 1 : simulation with experimentally determined K pin , (c)Simulation 2: simulation with generated K pin field)
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	K DM (m 2 )	(a)Experimental study Void (%)	(b)Simulation 1 Void (%)	(c)Simulation 2 Void (%)
		Range	Mean	Standard	Range	Mean	Standard	Range	Mean	Standard
		(%)	(%)	deviation	(%)	(%)	deviation	(%)	(%)	deviation

in a VARTM process. It should prove useful for numerical simulations of a manufacturing process of large composite parts.
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