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Abstract 

Transverse permeability measurement of engineering textiles by state-of-the-art approaches revealed 

considerable discrepancies between different test devices. The absence of performance analysis protocols 

makes quantifying error sources challenging. This work addresses this issue by providing approaches for 

evaluating performance of unidirectional test devices and obtaining transverse permeability from conventional 

saturated tests. Firstly, experiments are presented to illustrate how flow distribution plates affect flow capacity 

and lead to underestimation of permeability. To quantify this effect and describe device performance, a 

dimensionless descriptor, discharge coefficient, is introduced. The latter appears to depend on mold geometry 

and sample thickness and anisotropy. An iterative framework is then established to obtain intrinsic transverse 

permeability through simulations or using the descriptor. Two molds were investigated with actual textiles. 

The first underestimated permeability by up to 51%, whereas the second by 36%, resulting in inconsistency. 

Comparatively, the proposed approach significantly improved measurement accuracy and consistency for 

both molds. 

Keywords: Engineering textiles; Transverse permeability; Mold performance; Iterative framework 

1. Introduction 

In sectors such as automotive, low-cost, high-volume production is key for textile reinforced thermoset and 

thermoplastic composites to find practical applications, but achieving defect-free fabrication is 

technologically challenging. Transverse impregnation plays a key role in efficiently manufacturing 
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composites by modern Liquid Composite Molding (LCM) techniques because it provides a much shorter flow 

path than in-plane directions [1, 2]. Hence, it is of high practical significance to determine the capability of 

textile reinforcements in establishing through-thickness flow. This is quantified by transverse permeability 

according to Darcy's law [3]: 

 𝑢𝑢�⃗ = −
𝐾𝐾�
𝜇𝜇𝜇𝜇

⋅ ∇��⃗ 𝑝𝑝 (1) 

where 𝐾𝐾� is the permeability tensor (m2) depending on fabric architecture and fiber volume fraction, 𝑢𝑢�⃗  is the 

physical velocity of the test fluid (also known as intrinsic average velocity [4], m/s), 𝜙𝜙 is the porosity of 

specimen, 𝜇𝜇 is the dynamic viscosity of fluid in Pa ∙ s and 𝑝𝑝 fluid pressure in Pa. A survey conducted by the 

National Physical Laboratory in 2016 confirmed the interest in standardizing the transverse permeability 

measurement [5]. 

Methods developed to determine the transverse permeability of engineering textiles fall primarily into two 

categories. The first category, referred to as unidirectional method or 1D method, involves establishing a 

quasi-unidirectional through-thickness flow across a fibrous preform sandwiched between two rigid flow 

distribution plates (e.g., perforated plate [6-9], aluminum honeycomb [10] and porous media [11]). The 

transverse permeability can be determined knowing the pressure gradient and liquid flow rate. Typically, the 

test mold is cylindrical (see Fig. 1) [7, 8, 12, 13]. Few investigations used square molds [14], or special 

devices to continuously alter the compaction level of textile samples [15, 16]. A number of devices also 

integrated sample thickness [8, 17] and textile layer position [9] tracking systems to evaluate the effect of 

hydrodynamic compaction [13] induced by injection pressure of the test liquid. 

The second category includes various 3D methods that relate the principal permeability with the flow front 

position of a 3D transient flow through a textile specimen [18-21]. The permeability tensor can be obtained in 

this case either analytically by solving governing equations [20, 22] or numerically by matching the actual 

flow front on a case-by-case basis [21, 23]. Due to the complexity in flow front tracking and data analysis, 22 

out of the 28 tests reported by 26 participants in an international benchmarking project (hereafter referred to 

as Benchmark III) [24] were obtained by the unidirectional approach with saturated flow conditions. 
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Transverse permeability measurement remains challenging, as evidenced by results of Benchmark III: 

experimental results obtained with the same textiles showed differences of about two orders of magnitude. 

Even after excluding the possible outliers, the maximum value was still roughly four times larger than the 

minimum. In spite of this, the single-factor analysis failed to identify any significant error sources [24]. The 

challenges are primarily caused by the following two aspects: 

One is connected with the test mold, data analysis, and operational guidelines. Among them, a fully calibrated 

test mold forms the basis for a more extensive error source analysis. Research [7, 25] demonstrated that flow 

distribution plates in 1D molds may lead to permeability underestimation since they alter flow path and 

reduce mass transfer efficiency. Neither experimental evidence of the underestimation nor a method for 1D 

mold calibration has been published to date. This makes it difficult to quantify the efficiency of test molds.    

The other is related to the material. The inherent variability of materials, partly caused by manual handling, 

dual-scale structure [26] and layer nesting [27, 28] are well-known factors that contribute to the inconsistency 

between measurements. Besides, the deformable nature of engineering textiles makes rigid sample holders 

necessary to maintain fiber volume fraction. As a result, in-plane flow is introduced. The specimen 

permeability anisotropy and thickness may play a role in this case [7]. Furthermore, microstructure variations 

may also appear due to flow-induced compaction [8, 9, 13].   

Therefore, it is imperative to determine the efficiency of a 1D test mold for mass transfer to improve 

measurement accuracy. It is usually related to the cross-sectional area of test molds or the open space of flow 

distribution plates. For instance, Merhi et al. [10] described a transverse permeability test in which the fiber 

bed (140 mm in diameter) was sandwiched between two distribution plates of 100 mm in diameter. For 

permeability calculations, the area of the plates, rather than the sample area, was used as an estimation of the 

limited flow transfer capability. Similar approximation was also adopted by Huang et al. [6], Swery et al. 

[29], and Studer et al [30]. A rigorous theoretical analysis is, however, required for accurate assessment.  

Furthermore, the flow exchange capability may also vary depending on the specimen, as will be demonstrated 

in this study. 
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The current work aims to improve the accuracy and reproducibility of the conventional 1D method by 

quantifying and correcting the effect of test devices on the measured transverse permeability. The paper is 

organized as follows: experimental evidence is first presented in Section 2 to illustrate the issues associated 

with conventional 1D test methods. A dimensionless number, discharge coefficient, is introduced as a 

performance descriptor to assess mold efficiency. Section 3 presents a numerical procedure for building the 

characteristic performance map of a test mold. In Section 4, we propose a method for determining intrinsic 

permeability from conventional 1D measurements for isotropic materials based on the performance 

descriptor. Section 5 extends the method to anisotropic materials and validation experiments are conducted 

with a fibrous textile. Finally, the approach is applied to investigate the discrepancy in permeability tested by 

two different unidirectional molds in Section 6.  

2. Evidence for permeability underestimation of the conventional 1D method 

2.1 Equipment and method 

Permeability tests were conducted with an existing unidirectional testing device (see Fig. 2a) that was 

previously used for Benchmark III. The specimen was held between a pair of 6.5-millimeter-thick metallic 

flow distribution plates. As shown in Fig. 2b, the perforations in the plates are arranged in a hexagonal pattern 

and are not present near the edges of the plate. This leads to an open space ratio (𝛾𝛾𝑝𝑝) of 35.1%. The testing 

fluid enters the mold from the bottom inlet at a controlled flow rate and leaves from the top at atmospheric 

pressure. Injection pressure is monitored by sensors on the bottom of the mold. The testing fluid was 

XIAMETER® PMX-200 100cst silicone oil (density 964 kg/m3). Its viscosity 𝜇𝜇 (Pa·s) was determined using 

Eq. (2) obtained by fitting experimental results against temperature 𝑇𝑇: 

 𝜇𝜇 = 0.001𝑒𝑒6.061𝑇𝑇−0.473, 21 ℃ < 𝑇𝑇 ( ℃) < 26 ℃ (2) 

The apparent transverse permeability 𝐾𝐾𝑧𝑧𝑎𝑎 was computed according to Darcy’s law from the measured pressure 

drop ∆𝑃𝑃 (Pa) and liquid volume flow rate 𝑄𝑄 (m3/s): 

 𝐾𝐾𝑧𝑧𝑎𝑎 =
𝑄𝑄
𝐴𝐴
⋅
ℎ𝜇𝜇
Δ𝑃𝑃

 (3) 
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where 𝐴𝐴 (m2) is the mold cavity cross-sectional area (area of the perforated plates) and ℎ (m) the sample 

thickness controlled by distance between two flow distribution plates. The equivalent permeability of the flow 

distribution plates 𝐾𝐾𝑝𝑝 was estimated using the model derived [31] based on Hagen-Poiseuille relation: 

 𝐾𝐾𝑝𝑝 =
𝑛𝑛h𝜋𝜋𝑅𝑅4

8𝐴𝐴
 (4) 

where 𝑛𝑛h is the number of the holes, R the hole radius. 𝐾𝐾𝑝𝑝 can thus be estimated as 6.2 × 10−7 m2, between 3 

and 5 orders of magnitude higher than typical textile reinforcements. This indicates that additional pressure 

drop caused by the perforated plates is negligible. It agrees with the report of Barnett et al. [16], although it 

may need to be considered in some limiting cases (extremely low thickness or high permeability). 

2.2 Permeability of reference porous medium 

A reference isotropic porous medium made of sintered ceramic balls of 0.2 mm diameter (Fig. 3a) was tested 

with the unidirectional mold to quantify the mold performance. It has the advantage of being much more rigid 

than engineering textiles. This allowed comparing the results obtained with and without flow distribution 

plates, as depicted in Fig. 3. The transverse permeability measured with perforated plates (Fig. 3b) is referred 

to as apparent permeability 𝐾𝐾𝑧𝑧𝑎𝑎, which can be influenced by a deviation from unidirectional flow caused by 

the plates. In comparison, the value measured in freestanding condition (Fig. 3c) is referred to as the intrinsic 

permeability 𝐾𝐾𝑧𝑧, since a quasi-unidirectional flow satisfying 1D Darcy’s law can be established in this case.  

Two specimens of the reference porous medium with different thicknesses, 11.6 mm and 25 mm, were 

tested. The samples were machined to a diameter of 94.5 mm. The gap between the specimen and the mold 

wall was sealed to prevent any edge effect. Each sample was tested with and without distribution plates. 

Experimental results are reported in Fig. 4. In each case, an almost perfectly linear relationship between flow 

rate and pressure drop (𝑅𝑅2~0.999) is observed. This confirms that possible unfavorable effects, such as flow-

induced compaction and nesting effect, were avoided. The presence of the perforated plates can then be 

considered the only important factor in analyzing experimental results and evaluating the testing procedure.  

Permeability is an intrinsic property that should not depend on the operational conditions of measurements. 

However, the values reported in Table 1 for the reference material contradict this concept in two aspects: 
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1) The apparent permeability is specimen thickness sensitive. Significant inconsistency (18%) in 

apparent permeability was observed for specimens of different thickness. In comparison, the intrinsic 

permeability is in good agreement (the 4% difference is possibly induced by machining). 

2) The presence of flow distribution plates leads to considerable permeability underestimation. As 

expected from the difference in pressure drop (Fig. 4), the intrinsic permeability is 43% and 26% higher 

than the corresponding apparent permeability for the thinner and thicker specimens, respectively.  

The underestimation could be caused by (1) additional pressure drop through the perforated plates and (2) 

limited fluid exchange capacity between the specimen and the free flow zone due to perforated plates. As the 

pressure drop associated with the devices is negligible, the second one becomes critical for accurate 

permeability characterization. It is, however, necessary to use flow distribution plates as holders since actual 

textiles are deformable and compressible. In the following, the impact of the plates on the measurement will 

be quantified numerically to eventually propose a correction strategy. 

2.3 Performance of unidirectional molds 

A performance descriptor named the discharge coefficient 𝐶𝐶d is introduced to evaluate the flow capacity and 

performance of unidirectional molds. It is simply computed as the ratio of the apparent discharge 𝑄𝑄𝑎𝑎 (m3/s) 

measured through a given test mold with flow distribution plates to the theoretical discharge  𝑄𝑄1d for 

unidirectional Darcy flow at the same pressure gradient:  

 𝐶𝐶d =
𝑄𝑄𝑎𝑎

𝑄𝑄1d
=
𝐾𝐾𝑧𝑧𝑎𝑎

𝐾𝐾𝑧𝑧
  (5) 

The above definition is thus equivalent to 𝐾𝐾𝑧𝑧 = 𝐾𝐾𝑧𝑧𝑎𝑎 𝐶𝐶d⁄ , considering 𝐶𝐶d as a correction factor to obtain the 

intrinsic permeability from the apparent permeability. With the measurement data on the reference material, 

the corresponding discharge coefficient 𝐶𝐶𝑑𝑑 of 69% and 79% can be obtained for the thinner and the thicker 

specimens, respectively. It should finally be noted that for any similar test mold, the discharge coefficient 

takes values between 0 and 1 and is expected to decrease when the open space ratio of the perforated plates is 

reduced. As will be shown later, the discharge coefficient is not a constant for a specific device but also 

depends on characteristics of the porous sample.   

3. Numerical characterization of 1D experimental setup 
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3.1 Motivation 

The motivation of this research is to establish a robust approach to obtain intrinsic permeability while 

maintaining the advantages of the conventional method (e.g., inexpensive, simplicity of data processing and 

sample preparation). The method consists of quantitatively evaluating the performance of test devices by 

computing the discharge coefficient using numerical simulation. The unidirectional flow rate is calculated 

using Darcy’s law while the apparent flow rate 𝑄𝑄𝑎𝑎 is predicted using numerical simulation. The latter is 

detailed in this section. In Sections 4 and 5, the method is then applied to predict the characteristic 

performance map of 1D molds and identify the intrinsic transverse permeability from apparent measurements. 

3.2 Governing equations 

The numerical domain consists of two solid-free subdomains (upstream and downstream) and a porous zone 

representing the fibrous preform, as illustrated in Fig. 5. Assuming constant porosity 𝜙𝜙 and single phase flow, 

the volume-averaged mass and momentum conservation equations for flow in porous media are as follows: 

 𝛻𝛻 ⋅ (𝜌𝜌𝑢𝑢�⃗ ) = 0 (6) 

 𝛻𝛻 ⋅ (𝜌𝜌𝑢𝑢�⃗ 𝑢𝑢�⃗ ) = −𝛻𝛻�⃗ 𝑝𝑝 + 𝛻𝛻 ⋅ 𝜇𝜇 ��𝛻𝛻�⃗ 𝑢𝑢�⃗ + 𝛻𝛻�⃗ 𝑢𝑢�⃗ T� −
2
3
𝛻𝛻 ⋅ 𝑢𝑢�⃗ 𝐼𝐼�̿ + 𝜌𝜌𝑔⃗𝑔 − �𝐾𝐾�−1𝜙𝜙𝜙𝜙𝑢𝑢�⃗ +

𝜙𝜙2𝐶𝐶2
2

𝜌𝜌|𝑢𝑢�⃗ |𝑢𝑢�⃗ � (7) 

where 𝜌𝜌, 𝜇𝜇 and 𝑢𝑢�⃗  are, respectively, the density, viscosity, and intrinsic average velocity of the fluid. 𝑝𝑝 denotes 

the static pressure, 𝐼𝐼 ̿the identity tensor and 𝑔⃗𝑔 the gravitational acceleration. The last two terms of Eq. (7) in 

the bracket of the right-hand side describe the viscous and inertial resistance of flow in porous media. In this 

research, the inertial resistance is neglected (𝐶𝐶2 = 0) because of the low Reynolds number (𝑅𝑅𝑅𝑅 < 1) for 

practical resin flow in engineering textiles. Note that in the solid-free subdomain where 𝜙𝜙 = 100% and 𝐾𝐾� →

∞, Eq. (6) and Eq. (7) reduce to standard Navier-Stokes equations for single phase flow. 

3.3 Geometrical model and boundary conditions 

The geometrical model and the boundary conditions are also described in Fig. 5. The analysis takes into 

account the geometrical features of the mold, the thickness, and the permeability anisotropy of the specimen 

as the flow pattern might be altered by these factors [7]. The dimensions are the same as the device described 

in Fig. 2. Pressure boundary conditions are assigned to the inlet and outlet. The domain is discretized in a 
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non-conforming hexahedral-dominated mesh. Mesh sensitivity analysis was conducted by considering 

different grid resolutions to ensure the independence of the numerical solutions from the mesh size. The mass 

and momentum conservation equations are discretized by the second-order upwind scheme. The Semi-

Implicit Method for Pressure Linked Equations (SIMPLE) algorithm [32] is employed to decouple the 

pressure–velocity linkage to solve the incompressible flow problem. The convergence criterion was set to be 

10−5 for all residuals. The simulations were performed with ANSYS Fluent. 

The flow is assumed to be Newtonian, isothermal, and incompressible.  Besides, previous knowledge of the 

in-plane permeability of the preform is required to complete the simulation. Nevertheless, it will be shown in 

Section 5.5 that the numerical results are not sensitive to in-plane permeability with acceptable errors. The 

other properties needed to run the simulation are viscosity and density of the test fluid. 

4. Correction of permeability measurements with isotropic materials 

This section presents the use of the discharge coefficient for correcting the permeability of isotropic materials. 

A parametric study is first conducted to predict the performance of the setup for varying test conditions. The 

approach is then validated using experimental data previously acquired with the reference porous medium. 

4.1 Numerical evaluation of mold performance  

The apparent flow rate through an isotropic porous sample was predicted at a constant pressure gradient 

numerically for permeability ranging from 1E-13 m2 to 1E-10 m2, and specimen thickness from 1.5 mm to 60 

mm. The corresponding discharge coefficient is reported in Fig. 6 with permeability underestimation 𝛥𝛥𝐾𝐾 

representing the relative difference between the apparent and intrinsic permeability:  

 𝛥𝛥𝐾𝐾 =
𝐾𝐾𝑧𝑧 − 𝐾𝐾𝑧𝑧𝑎𝑎

𝐾𝐾𝑧𝑧𝑎𝑎
× 100% =

1 − 𝐶𝐶𝑑𝑑
𝐶𝐶𝑑𝑑

× 100% (8) 

It can first be noted that the discharge coefficient does not vary with permeability values, as shown by the 

superimposed markers corresponding to numerical simulation in Fig. 6. This is not surprising because the 

pressure drop of the plates is negligible and because the porous sample is isotropic. In that case, the 

permeability tensor reduces to a scalar and the apparent flow rate 𝑄𝑄𝑎𝑎 varies linearly with permeability for 

given pressure difference and sample thickness. Since the theoretical flow rate 𝑄𝑄1d is also proportional to 𝐾𝐾𝑧𝑧, 
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the discharge coefficient varies only with the sample thickness as indicated by the trend line. This numerically 

built performance indicator agrees well with the data points derived from experiments presented in Section 

2.3 (red star markers).  

Fig. 6 also indicates that the underestimation of transverse permeability can exceed 100% for isotropic 

specimens with a thickness less than 5 mm. The discharge coefficient increases with specimen thickness as 

the effect of the perforated plates diminishes and flow tends to get closer to unidirectional conditions. This is 

consistent with our previous numerical study [7], which showed that apparent permeability could only 

approach the intrinsic permeability of a specimen when sample thickness exceeds 50 mm. However, such test 

condition seems impractical for actual fabric characterization due to increased material and time costs.  

4.2 Permeability correction and validation 

Fig. 7 compares the measured apparent and intrinsic permeability, and the corrected value obtained by 

applying Eq. (8) with the numerically determined 𝐶𝐶𝑑𝑑. For the two reference samples, the corrected 

permeabilities are similar and in quite good agreement with intrinsic values. The largest difference of 4% is 

observed for the thinner specimen, which may be due to the slightly uneven specimen thickness caused by 

machining. Overall, results indicate that the apparent permeability measured by the conventional test can be 

adequately corrected with the 𝐶𝐶𝑑𝑑 performance indicator, demonstrating the validity of the proposed approach. 

5. Correction of permeability measurements with orthotropic materials 

In this section, the approach for permeability correction is extended to orthotropic materials. We first show 

that the result of the permeability test is influenced by anisotropy of the sample so that this parameter must be 

considered when modelling the performance of the mold. Two iterative frameworks are then presented for 

permeability correction based on the discharge coefficient and validated with tests on a typical fibrous fabric.  

5.1 Influence of global permeability anisotropy 

Common fibrous preforms exhibit a quasi-orthotropic behavior. If the coordinate system is chosen to coincide 

with the principal directions of the material, the permeability tensor reads: 

 𝑲𝑲 = �
𝐾𝐾𝑥𝑥 0 0
0 𝐾𝐾y 0
0 0 𝐾𝐾z

� (9) 
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In-plane permeability components 𝐾𝐾𝑥𝑥  and  𝐾𝐾𝑦𝑦 are usually significantly higher than 𝐾𝐾𝑧𝑧. This is considered by 

global permeability anisotropy 𝛼𝛼𝑔𝑔 defined as: 

 𝛼𝛼𝑔𝑔 =
�𝐾𝐾𝑥𝑥  𝐾𝐾𝑦𝑦
𝐾𝐾𝑧𝑧

 (10) 

The anisotropic behavior influences the permeability test by altering the flow pattern in the sample. This is 

shown in Fig. 8b, which plots the intrinsic average velocity magnitude in a cross-section located at the center 

of the mold (the visualization zone covering one full and two half perforations as shown in Fig. 8a). To obtain 

these numerical results, the transverse permeability was kept constant (1 × 10−11 m2) while the in-plane 

permeability was taken equal (𝐾𝐾𝑥𝑥 = 𝐾𝐾𝑦𝑦) and selected to achieve the given anisotropy. In all simulations, the 

pressure gradient across the sample was 2000 Pa/mm. The solid part of perforated plates, which is 

impermeable, is represented in gray in Fig. 8b. 

The four left panels of Fig. 8b were obtained with an isotropic material (𝛼𝛼𝑔𝑔 = 1) and corresponds to results 

already presented in Fig. 6. As can be seen, the fluid in the porous medium between the impermeable part of 

the perforated plates is nearly stagnant for the case with the thinnest sample (ℎ = 1.5 mm). When the 

thickness increases, the stagnant zone decreases and a flow redistribution can be observed so that the intrinsic 

average velocity tends to become uniform in the mid-plane of the sample. For a given preform thickness, 

increasing global permeability anisotropy facilitates in-plane flow redistribution in the vicinity of the plates 

and the averaged flow becomes unidirectional more rapidly. In the case of thickest sample and highest global 

permeability anisotropy (ℎ = 15 mm and 𝛼𝛼𝑔𝑔 = 100), the intrinsic average velocity field is almost uniform in 

a large part of the sample and flow conditions are quite close to quasi-unidirectional because the sample itself 

plays a role of flow distribution media that offsets the limited flow exchange capacity induced by perforated 

plates. Consequently, the apparent transverse permeability measured with an orthotropic material depends not 

only on the device but also on the global permeability anisotropy and thickness of the specimen.  

5.2 Evaluation of mold performance 

Following the approach of Section 4.1, the characteristic performance map of the mold was numerically 

characterized for a wide range of specimen thickness and global permeability anisotropy. As shown in Fig. 9, 
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the discharge coefficient for 𝛼𝛼𝑔𝑔 > 1 is significantly enhanced compared to isotropic case at the same 

thickness because higher in-plane permeability facilitates flow redistribution. However, the effect of global 

permeability anisotropy becomes less noticeable once 𝛼𝛼𝑔𝑔 is greater than 50. Note that the two in-plane 

permeability components, 𝐾𝐾𝑥𝑥  and 𝐾𝐾𝑦𝑦, are assumed to be equal. As for the isotropic material, other simulations 

also confirmed that the discharge coefficient is not affected by the absolute value of transverse permeability if 

the thickness and anisotropy are same. Besides, a simulation performed with  𝐾𝐾𝑥𝑥 = 10𝐾𝐾𝑦𝑦 = 10𝐾𝐾𝑧𝑧 shows that 

the discharge coefficient is quite similar to the one for 𝐾𝐾𝑥𝑥 = 𝐾𝐾𝑦𝑦 with an error less than 2%. It is then 

reasonable to consider that Fig. 9 describes the performance of the test device for any orthotropic preform.   

A simple analytical model was proposed to relate the performance descriptor 𝐶𝐶𝑑𝑑 to the open space ratio 𝛾𝛾𝑝𝑝 of 

a flow distribution plate (with perforations in hexagonal pattern) and the thickness and global permeability 

anisotropy of the specimen. It is given by:  

 𝐶𝐶𝑑𝑑�ℎ,  𝛼𝛼𝑔𝑔� =
�1 − 𝛾𝛾𝑝𝑝�ℎ

ℎ + 𝐸𝐸
�𝛼𝛼𝑔𝑔

+ 𝛾𝛾𝑝𝑝 (11) 

In this general model, the only unknown 𝐸𝐸 is a constant to be determined by making use of the data obtained 

from either numerical simulations or experiments. As shown by the dashed lines in Fig. 9, the model 

represents the predicted discharge coefficient quite precisely (𝐸𝐸=13.6, R-square = 0.99). In addition, the 

model is bounded between the open space ratio of the distribution plate and 1. This is consistent with the fact 

that when ℎ → 0, the flow can only develop in perforations, whereas it approaches a 1D ideal flow for ℎ → ∞.  

5.3 Iterative framework for transverse permeability identification 

For anisotropic materials, the discharge coefficient 𝐶𝐶𝑑𝑑 cannot be computed directly since the anisotropy is a 

priori unknown. To tackle this issue, two iterative frameworks are presented here.  

(1) Numerical-based approach  

This method consists of running a series of flow simulations for each test. Its principle is rather similar to past 

work on 3D unsaturated tests that matched simulation results with the experimental flow front to identify the 

material permeability [21, 23] except it matches the experimental and numerical flow rates. It uses a 
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numerical model that replicates the test conditions (mold geometry, pressure drop, etc.). The apparent 

permeability measured by the conventional method is used as initial value for transverse permeability in the 

first simulation. It is then updated iteratively using Eq. (12) to minimize the residual 𝑅𝑅𝑛𝑛𝑛𝑛: 

 𝐾𝐾𝑧𝑧,𝑖𝑖+1 =
𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒
𝑄𝑄𝑖𝑖

× 𝐾𝐾𝑧𝑧,𝑖𝑖 (12) 

 𝑅𝑅𝑛𝑛𝑛𝑛 =
𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒 − 𝑄𝑄𝑖𝑖
𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒

× 100% (13) 

where 𝑄𝑄𝑒𝑒𝑒𝑒𝑒𝑒 is the experimental flow rate, 𝑄𝑄𝑖𝑖  is the flow rate predicted by simulation and 𝑖𝑖 stands for the 𝑖𝑖-th 

iteration. The output (when 𝑅𝑅𝑛𝑛𝑛𝑛 < 0.5%) is referred to as numerically identified permeability to distinguish 

from intrinsic transverse permeability measured directly by experiment. This strategy is summarized below: 

 

Algorithm 1: Numerical based approach 
 Input : 𝑃𝑃𝑖𝑖𝑖𝑖 , 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜 , 𝐾𝐾𝑥𝑥, 𝐾𝐾𝑦𝑦 , 𝐾𝐾𝑧𝑧𝑎𝑎 
 Output : 𝐾𝐾𝑧𝑧𝑛𝑛𝑛𝑛 
1 𝐾𝐾𝑥𝑥, 𝐾𝐾𝑦𝑦 ← in-plane permeability; 
2 𝐾𝐾𝑧𝑧  ←  𝐾𝐾𝑧𝑧𝑎𝑎; 
3 Read full-scale numerical mesh; 
4 Impose boundary conditions 𝑃𝑃𝑖𝑖𝑖𝑖  and 𝑃𝑃𝑜𝑜𝑜𝑜𝑜𝑜; 
5 while True do 
6 | 

| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 

Solve Eq. (6) and Eq. (7); 
7 Calculate numerical flow rate; 
8 Residual checking: Eq. (13); 
9 if 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 >  0.5% then 
10 | 

| 
Update 𝐾𝐾𝑧𝑧   according to Eq. (12); 

11 Continue; 
12 else  
13 | 

| 
𝐾𝐾𝑧𝑧𝑛𝑛𝑛𝑛  ← 𝐾𝐾𝑧𝑧; 

14 return 𝐾𝐾𝑧𝑧𝑛𝑛𝑛𝑛 
15 end  
16 end 

(2) Discharge coefficient-based approach  

A series of simulations is first performed to establish the characteristic performance map of the mold and 

determine the model parameter 𝐸𝐸 in Eq. (11). Then the initial discharge coefficient 𝐶𝐶𝑑𝑑0 is computed with the 

sample thickness and the initial permeability anisotropy 𝛼𝛼𝑔𝑔0 using apparent transverse permeability:  

 𝛼𝛼𝑔𝑔0 =
�𝐾𝐾𝑥𝑥𝐾𝐾𝑦𝑦
𝐾𝐾𝑧𝑧𝑎𝑎

 (14) 
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The transverse permeability is then updated iteratively using the newly computed discharge coefficient 

𝐶𝐶𝑑𝑑(𝑡𝑡,𝛼𝛼𝑖𝑖), following evaluation of residual 𝑅𝑅𝐶𝐶𝐶𝐶: 

 𝛼𝛼𝑔𝑔𝑖𝑖 =
�𝐾𝐾𝑥𝑥𝐾𝐾𝑦𝑦
𝐾𝐾𝑧𝑧𝑖𝑖

 (15) 

 𝑅𝑅𝐶𝐶𝐶𝐶 =
𝐾𝐾𝑧𝑧𝑖𝑖 − 𝐾𝐾𝑧𝑧𝑖𝑖−1

𝐾𝐾𝑧𝑧𝑖𝑖
× 100% (16) 

This approach can greatly facilitate the post-processing of experimental data compared to the previous one. 

The performance of the test mold is obtained through an initial parametric study and no additional simulation 

is needed once the model parameter 𝐸𝐸 is determined. The method is summarized in Algorithm 2 below. 

Algorithm 2: 𝐶𝐶𝑑𝑑 based approach 
 Input : 𝐾𝐾𝑥𝑥, 𝐾𝐾𝑦𝑦, 𝐾𝐾𝑧𝑧𝑎𝑎, ℎ 
 Output : 𝐾𝐾𝑧𝑧𝐶𝐶𝐶𝐶  

1 𝛼𝛼0 ←  𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�𝐾𝐾𝑥𝑥×𝐾𝐾𝑦𝑦�
𝐾𝐾𝑧𝑧𝑎𝑎

; 

2 𝐶𝐶𝑑𝑑0  ←  𝐶𝐶𝑑𝑑(ℎ,𝛼𝛼0); 
3 𝑖𝑖 = 0; 
4 while True do 
5 | 

| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| 

++ 𝑖𝑖; 

6 𝐾𝐾𝑧𝑧𝑖𝑖 ←
𝐾𝐾𝑧𝑧𝑎𝑎

𝐶𝐶𝑑𝑑
𝑖𝑖−1; 

7 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 ←  Eq. (16); 
8 if 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 >  0.5% then 

9 | 
| 
| 
| 
| 

𝛼𝛼𝑖𝑖 ←
𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠�𝐾𝐾𝑥𝑥×𝐾𝐾𝑦𝑦�

𝐾𝐾𝑧𝑧𝑖𝑖
; 

10 𝐶𝐶𝑑𝑑𝑖𝑖  ← 𝐶𝐶𝑑𝑑(ℎ,𝛼𝛼𝑖𝑖); 
11 Continue; 
12 else  
13 | return 𝐾𝐾𝑧𝑧𝐶𝐶𝐶𝐶 = 𝐾𝐾𝑧𝑧𝑖𝑖  
14 end  
15 end 

 

5.4 Validation 

A 3D orthogonal glass textile TG96N (3250 g/m2, Texonic Inc.) was characterized with the experimental 

setup to show the validity of the two iterative methods for anisotropic fibrous reinforcements. A first series of 

tests were conducted following the conventional method. As summarized in Table 2, four fiber volume 

fractions were considered by changing the cavity thickness while keeping the number of fabric layers 

constant. Each sample was weighted to evaluate the actual fiber volume fraction and each experiment was 
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repeated three times with fresh samples. Table 2 also shows the in-plane permeability along the warp and weft 

directions that were derived from the experimental results of Karaki et al. [26]. 

To validate the approach, a second series of tests were performed to measure directly the intrinsic 

permeability following the approach proposed by Huang et al. [6]. It consists of placing a highly permeable 

secondary Flow Distribution Layer (FDL) between perforated plates and sample. The FDL distributes fluid on 

the entire cross-section rapidly and create unidirectional flow in the tested specimen. However, some nesting 

is inevitable between the fibrous preform and the FDL so that the actual fiber volume fraction is reduced and 

the transverse permeability is overestimated. Huang et al. [6] characterized the nesting between the FDL and 

the preform by X-ray micro-computed tomography at different compaction levels. This analysis allowed 

relating the effective thickness of secondary FDL ℎ𝑠𝑠 (in millimeter) to the fiber volume fraction 𝑉𝑉𝑓𝑓 through 

the following fitting function:  

 ℎ𝑠𝑠 = 3.49 × 106𝑒𝑒−35.52𝑉𝑉𝑓𝑓 + 3.43 × 10−1 (17) 

Note that Eq. (17) was obtained for a different type of woven fabric. However, the 3D fabric considered here 

possesses a similar compaction behavior and the experiments were conducted with the same secondary FDL 

as reported by Huang et al. As a first approximation, Eq. (17) was directly used in the present study without 

reproducing the Micro CT experiments and analysis. 

Fig. 10 presents the apparent permeability of TG96N and its intrinsic permeability obtained following 

Huang's method and the two newly proposed approaches. Before correction, the permeability measured with 

secondary FDL is between 52% and 107% larger than the apparent permeability without secondary FDL (Fig. 

10a).  The former was overestimated due to the lower fiber volume fraction induced by nesting, while the 

latter was underestimated because of the presence of perforated plates. The data with secondary FDL was 

processed with Huang’s method and presented in Fig. 10b as a reference value for validating the two iterative 

frameworks. As reported, the two iterative approaches yield nearly the same result, indicating they are 

equivalent. In addition, the intrinsic permeabilities obtained by the new approaches are quite close to those 

determined by Huang's approach. This strongly suggests that the two iterative approaches are valid.  
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Although Huang's method can eliminate the overestimation due to the nesting between sample and secondary 

FDL, one must first use volumetric imaging technology to obtain the model. Moreover, the model is expected 

to differ from one fabric or secondary FDL to another. Therefore, it can be expensive and time-consuming. 

This is another reason that motivates the development of the general approach reported in this work. 

5.5 Sensitivity analysis 

 (1) Errors in in-plane permeability: In-plane permeability is a required input for the iterative algorithms. To 

mimic the measurement error of in-plane permeability, this analysis varied the in-plane permeability in a 

range of ± 20% while keeping transverse permeability constant in numerical identification. The investigation 

included two thickness levels (5 mm and 10 mm) and the global permeability anisotropy ranges from 1 to 

100. The change in identified transverse permeability is less than 3% and decreases gradually as global 

permeability anisotropy increases. Considering typical textiles exhibit global permeability anisotropy ranging 

from 10 to 100, error in in-plane permeability shows only limited impact. 

(2) Alignment of perforated plates: The numerical analyses presented so far assumes the upper and lower 

perforated plates are fully aligned. It is not always the case in practice. This could possibly modify the flow 

pattern within the sample. The holes in the perforated plates usually follow a hexagonal packing pattern to 

maximize the open space ratio, as illustrated in Fig. 2. The maximum misalignment angle is then considered 

as 30 degrees because of symmetry.  

Two extreme conditions, i.e., the perfectly aligned and the 30° misaligned perforated plates, were investigated 

numerically with the proposed algorithm based on the experimental result of the reference porous medium. 

The transverse permeability identified is plotted in Fig. 11 as a function of the mass flow rate of the test 

liquid. Only 0.1% increase in the identified transverse permeability was obtained for the case with misaligned 

perforated plates. The authors tried to verify this experimentally but no difference could be observed.  

6. Effect of test device on transverse permeability characterization 
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In this section, previous results obtained by two participants of Benchmark III [24] are re-analyzed to 

illustrate the usefulness of the correction method and the effect of test devices on transverse permeability 

characterization. 

 6.1 Mold description and analysis of performance 

The setups used at Polytechnique Montreal (Fig. 2) and Wuhan University of Technology (Fig. 12) were 

investigated. The test principle is similar and both molds use perforated plates to control fiber volume 

fraction. However, some differences exist: 

1) geometry: the diameter of the mold is 95.6 mm for Montreal and 114 mm for Wuhan.  

2) perforated plates: the open space ratio of perforated plates in Montreal is 35.1% and 52.4% in 

Wuhan. The centroid distance between perforations is also different (see Fig. 2 and Fig. 12). 

3) pressure monitoring: only one pressure sensor is mounted near the inlet for the mold in Montreal 

since fluid leaves the mold at atmospheric pressure. In contrast, one more pressure sensor was installed at 

outlet to monitor outflow pressure because the mold in Wuhan is closed with a top cover.  

The characteristic performance map for the Wuhan device is presented in Fig. 12c. The minimum discharge 

coefficient is 59.2% (𝑡𝑡 = 1.5 mm,𝛼𝛼 = 1), while it is 42.2% for the one in Montreal. The discharge coefficient 

of the device in Wuhan is constantly higher than that of the Montreal device (see Fig. 9 and Fig. 12c). This is 

consistent with the inherent difference in mold structure: the open space ratio of perforated plates in Wuhan is 

higher than that in Montreal (52.4% vs. 35.1%). It can be concluded that the Wuhan setup is more efficient. 

However, its discharge coefficient is still significantly lower than 1 for practical test conditions. 

6.2 Permeability and measurement consistency 

Experimental data from the two participants of Benchmark III were compared and reprocessed with the 

proposed approach. The textiles are non-crimp glass fabric produced by Saertex (NCF, 45°/90°/0°/45° of 

areal density 444 g/m2) and twill glass woven fabric supplied by Hexcel (295 g/m2). The in-plane 

permeability of the two fabrics was derived by polynomial fitting (see Table 4) from the results of Technische 

Universität Clausthal [33]. The test configurations are summarized in Table 3. Each test was repeated five 

times with fresh samples. Refer to [24] for more details on the benchmark materials and test guidelines.  
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The apparent and identified transverse permeability are plotted in Fig. 13a for the woven fabric and Fig. 13b 

for the non-crimp fabric. Only the identified permeability using the numerical-based approach is presented 

since the two iterative frameworks provide equivalent results. Fig. 13 shows that the apparent permeability of 

the two institutes is in good agreement. The values obtained by Wuhan tend to be higher but the difference is 

small considering the variability observed during the international benchmark. However, good repeatability 

does not necessarily mean the measured apparent permeability is accurate. Result shows that the identified 

permeability is significantly higher than apparent permeability. For woven fabrics tested in Montreal, the 

apparent permeability is 36.8%, 39.7%, and 45.8% lower than intrinsic values (for fiber volume fractions 

from low to high), while it is 28.3%, 29.8%, and 32.0% in Wuhan. For non-crimp fabric, the underestimation 

is 44.7%, 50.8%, 50.4% in Montreal and 34.6%, 36.3%, 34.3% in Wuhan. Overall, the amount of correction 

is higher for Montreal for all cases since the Wuhan setup possesses a larger open space ratio and is more 

efficient. It is also important to note that the number of plies (and hence thickness) was higher in Montreal 

which tends to increase the discharge coefficient. Additionally, it was observed that the correction is of 

greater importance for non-crimp fabric because of its low global permeability anisotropy. 

To facilitate comparison, the apparent and identified permeability was adjusted to a nominal fiber volume 

fraction 𝑉𝑉𝑓𝑓 using the following equation (derivation in Appendix A):  

 𝐾𝐾𝑧𝑧
𝑉𝑉𝑓𝑓 = 𝐾𝐾𝑧𝑧𝑎𝑎 ∙

𝑉𝑉𝑓𝑓𝑎𝑎
2

�1 − 𝑉𝑉𝑓𝑓𝑎𝑎�
3 ∙
�1 − 𝑉𝑉𝑓𝑓�

3

𝑉𝑉𝑓𝑓2
 (18) 

where  𝑉𝑉𝑓𝑓𝑎𝑎 is the actual fiber volume fractions and 𝐾𝐾𝑧𝑧
𝑉𝑉𝑓𝑓 the permeability for the nominal fiber volume 

fractions 𝑉𝑉𝑓𝑓. Three nominal fiber volume fractions are chosen here as the median values of the two institutes. 

They are 45%, 49%, and 53% for woven fabric and 46.8%, 50.5%, and 55% for non-crimp fabric. The 

apparent and identified permeability at nominal fiber volume fractions are presented in Fig. 14a for the woven 

fabric and Fig. 14b for the non-crimp fabric. The identified permeability is significantly improved in 

consistency. The maximum difference in average permeability of the woven fabric decreases from 18% 

(apparent permeability at 𝑉𝑉𝑓𝑓𝑎𝑎 = 53%) to 10% (between identified permeability). For the non-crimp fabric, the 

difference in apparent permeability is 4%, 9%, and 10% for the fiber volume fraction of 46.8%, 50.5%, and 
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55%. It decreases to 3%, 0.4%, and 0.6% after reprocessing. This again confirms the validity of the proposed 

algorithm in improving the consistency of transverse permeability measured with different devices. It also 

shows that geometrical differences in test molds may lead to apparently inconsistent results.   

7. Conclusion 

This study investigated the impact of flow distribution plates used in conventional 1D transverse permeability 

test devices for characterization of engineering textiles in saturated conditions. A general approach has been 

proposed to predict and model the performance of the test mold and correct the measured permeability value. 

Validation experiments were also conducted by measuring the intrinsic permeability of an isotropic reference 

porous medium and an anisotropic engineering textile. The key results are summarized as follows: 

The underestimation of transverse permeability using the conventional unidirectional method was 

demonstrated experimentally for the first time by introducing a rigid reference porous medium. This effect 

was quantified by a dimensionless mold performance descriptor named discharge coefficient.  

Using numerical simulation, the discharge coefficient was shown to depend on the geometry of the test device 

(open spaces in the flow distribution plates and cavity thickness) and on the anisotropy of the tested material. 

A simple analytical model was proposed to relate the mold performance to these key parameters.  

An iterative framework was presented to identify the intrinsic transverse permeability from the conventional 

1D test, either based on a series of numerical simulations or on the discharge coefficient model. The two 

approaches give equivalent results and agree well with the intrinsic permeability. The discharge coefficient 

approach is more promising as it reuses the performance map and no additional simulation is required.  

The approach was finally applied to investigate the permeability discrepancy between two different molds. 

The discharge coefficient shows a strong positive correlation with the open space ratio of flow distribution 

plates. Permeability underestimation of the first mold is up to 46% for woven fabrics and 51% for non-crimp 

fabrics. In comparison, the second mold underestimates up to 32% and 36%, respectively. The iterative 

framework successfully improved the reproducibility of the two molds and eliminated underestimations.  
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Overall, the concept of discharge coefficient can be applied to any testing device based on 1D saturated flow 

and is promising for improving measurement consistency between different setups. It could be used to refine 

the analyses conducted during the recent benchmark that only considered the effect of perforated plate 

geometry and sample thickness separately [24]. Future investigations could also consider other types of 

distribution medium (such as honeycomb or sintered structures) to provide guidelines for highly efficient 

mold design.  
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Appendix A 

Kozeny-Carman [34] model expresses the permeability as a function of fiber volume fraction 𝑉𝑉𝑓𝑓 as follows: 

𝐾𝐾 =
𝑟𝑟𝑓𝑓2

4𝑘𝑘
∙
�1 − 𝑉𝑉𝑓𝑓�

3

𝑉𝑉𝑓𝑓2
 

where 𝑟𝑟𝑓𝑓 is fiber radius and k is Kozeny constant, which varies with 𝑉𝑉𝑓𝑓. The term 
𝑟𝑟𝑓𝑓2

4𝑘𝑘
 can be considered 

constant when the variation of 𝑉𝑉𝑓𝑓 is limited to a small range. This gives the following equations for the actual 

and nominal fiber volume fractions 𝑉𝑉𝑓𝑓𝑎𝑎 and 𝑉𝑉𝑓𝑓, and the corresponding permeability 𝐾𝐾𝑧𝑧𝑎𝑎 and  𝐾𝐾𝑧𝑧
𝑉𝑉𝑓𝑓:  

𝐾𝐾𝑧𝑧𝑎𝑎 =
𝑟𝑟𝑓𝑓2

4𝑘𝑘
∙
�1 − 𝑉𝑉𝑓𝑓𝑎𝑎�

3

𝑉𝑉𝑓𝑓𝑎𝑎
2 , 𝐾𝐾𝑧𝑧

𝑉𝑉𝑓𝑓 =
𝑟𝑟𝑓𝑓2

4𝑘𝑘
∙
�1 − 𝑉𝑉𝑓𝑓�

3

𝑉𝑉𝑓𝑓2
 

This leads to the correction equation Eq. (18). 
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Fig. 1 Schematic diagram of a typical unidirectional transverse permeability test device. 

 

(a) (b) 
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Fig. 2. Transverse permeability test mold at Polytechnique Montreal (a) and its perforated plate of 6.5 mm in 

thickness (b) 
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Fig. 3 Reference porous medium (a) and two test configurations: apparent permeability test with flow 

distribution plates (b) and intrinsic permeability test in freestanding conditions (c).  

 

 

 
 

Fig. 4 Measured pressure drop across the thickness direction for the reference porous specimens with 
thickness (ℎ) of 11.6 mm and 25 mm. 
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Fig. 5. Geometrical model and boundary conditions for 3D flow simulation. 

 

 

  
Fig. 6 Discharge coefficient (scatters) and transverse permeability underestimation for isotropic materials as a 

function of sample thickness for the test device shown in Fig. 2. Red stars indicate experimental 

measurements whereas all other markers correspond to numerical simulations   
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Fig. 7 Comparison of apparent, intrinsic, and identified transverse permeability based on numerically 

determined discharge coefficient for the reference porous medium.  

 

 

Fig. 8 Parametric investigation of fluid exchange through distribution plates for different preform thickness ℎ 

and anisotropy 𝛼𝛼𝑔𝑔: the magnitude of intrinsic average velocity vector in the visualization zone of (a) is shown 
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in (b) superimposed with streamlines (only shown on the right half of each subplot). The gray color in (b) 

represents the solid part of perforated plates which is impermeable. 

 

 

Fig. 9 Characteristic performance map for the mold presented in Fig. 2. 

(a) (b) 

  

Fig. 10 Transverse permeability of TG96N: (a) raw data with and without secondary flow distribution layers; 

(b) corrected values with Huang's model and the two newly proposed iterative frameworks.  
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Fig. 11 Comparison of numerically identified permeability for aligned and not aligned perforated plates: two 

extreme conditions for hexagonal packing holes as depicted by the inset.  

 

(a) (b) 

  
 

(c) 
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Fig. 12 Transverse permeability test mold of Wuhan University of Technology (a) and its perforated plate of 7 

mm in thickness (b); Characteristic performance map of the mold (c). 
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(a) (b) 

  

Fig. 13 The apparent and the identified permeability of (a) woven and (b) non-crimp fabric. 

 
(a) (b) 

  

Fig. 14 The apparent and identified permeability of (a) woven fabric and (b) non-crimp fabric after being 

corrected to nominal fiber volume fractions. 
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Table 1 Transverse permeability of the reference porous medium 

Sample thickness Apparent permeability 
𝐾𝐾za  (× 10−10 m2) 

Intrinsic permeability 
𝐾𝐾𝑧𝑧  (× 10−10 m2 ) 

Relative error 
(𝐾𝐾𝑧𝑧 − 𝐾𝐾za) 𝐾𝐾za⁄  

11.6 mm 1.41±0.030 2.02±0.015 43% 
25.0 mm 1.67±0.027 2.11±0.005 26% 

 

 

 

 

Table 2 Transverse permeability test configurations of TG96N 

𝑉𝑉f 
Without secondary FDL With secondary FDL In-plane permeability  

(10−11 m2)[26] 
ℎ (mm) 𝑛𝑛 ℎ (mm) * 𝑛𝑛 𝐾𝐾𝑥𝑥  𝐾𝐾𝑦𝑦  

53 % 9.45 4 10.58 4 14.2 7.0 
56 % 8.94 4 10.08 4 11.2 4.54 
59 % 8.49 4 9.64 4 8.36 2.62 
62 % 8.10 4 9.23 4 5.74 1.25 

* The thickness of the two layers secondary flow distribution layers is included. 
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Table 3 The transverse permeability test configurations for Benchmark III  

Devices 
Woven fabric Non-crimp fabric 

Vf ℎ (mm) 𝑛𝑛 Vf ℎ (mm) 𝑛𝑛 

Polytechnique 
Montréal* 

45. 1±0.06 % 5.29 21 46.8±0.10 % 5.29 14 
49.3±0.04 % 5.29 23 51.2±0.07 % 4.48 13 
53.1±0.06 % 4.48 21 55.2±0.08 % 4.48 14 

Wuhan University of 
Technology 

45.0±0.32 % 3.01 12 46.7±0.37 % 3.01 8 
48.4±0.24 % 3.01 13 50.0±0.31 % 2.80 8 
51.9±0.49 % 3.01 14 54.8±0.34 % 3.20 10 

Note: All the benchmark tests in Montreal and Wuhan were performed without secondary flow distribution 
layers. 

 

 

 

 

Table 4 In-plane permeability of the two benchmark fabrics 

Non-crimp fabric Woven fabric 

𝑉𝑉f 
Permeability in 

10−11 m2 𝑉𝑉f 
Permeability in 

10−11 m2 

46.8 % 
𝐾𝐾𝑥𝑥 5.54 

45 % 
𝐾𝐾𝑥𝑥 6.56 

𝐾𝐾𝑦𝑦 4.45 𝐾𝐾𝑦𝑦 1.36 

50.5 % 
𝐾𝐾𝑥𝑥 3.79 

49 % 
𝐾𝐾𝑥𝑥 4.13 

𝐾𝐾𝑦𝑦 2.99 𝐾𝐾𝑦𝑦 0.64 

55.0 % 
𝐾𝐾𝑥𝑥 2.15 

53 % 
𝐾𝐾𝑥𝑥 2.61 

𝐾𝐾𝑦𝑦 1.64 𝐾𝐾𝑦𝑦 0.369 
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