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ABSTRACT 

To manufacture high-performance fiber-reinforced polymers using liquid composite molding it is 

necessary to have a deep understanding of the fiber preform filling process and, therefore, of its 

parameters. This is important because such parameters are used in numerical simulations of the resin 

flow during the filling process. One of the parameters that determines the process is the permeability of 

the fibrous preform. 

In spite of the fact that permeability has been studied by many researchers, there are divergences of 

experimental results provided by different methods. Therefore, to help to standardize permeability 

measurements, two international benchmark exercises were conducted. Although the results of these 

benchmarks were promising, further steps to standardize the measurement procedure were required. In 

the context of the 2017 benchmarks (one on the in-plane permeability, one on the out-of-plane 

permeability), an experimental setup was developed to measure all components of a permeability tensor. 

The crucial aspect of our study is that the theoretical method developed earlier was implemented to 

predict values of both in-plane and out-of-plane permeability. This method takes into account the finite 

size of the inlet gate (when the thickness of the preform is equal to the inlet’s diameter or smaller). To 

develop the method further, in our study we observed flow front pattern of the silicon oil on both sides 

of the preform and used this information for the evaluation of the permeability components. 

We analyzed the permeability for different layups of the preform changing thereby both the 

compression pressure on the preform and the volume fraction of fibers. To test the response of the 

preforms on different values of the compression pressure, load relaxations were monitored for both dry 

and wet states of the preforms. 

 

 

1 INTRODUCTION  

Polymer composite materials reinforced with fibers are widely used in the production of high-tech 

products due to their high mechanical properties and low weight. One of the technologies for 

manufacturing fiber-reinforced composites is the liquid composite molding method, in which a liquid 

resin impregnates a dry fiber preform [1]. After impregnation, the resin solidifies, and the finished 

product is taken out of the mold. 

The quality of the fiber-reinforced polymer composite materials is determined by how well the resin 

has impregnated the preform and how good is the contact between the fibers and the resin. The 

impregnation of the preform by the resin is simulated as the unsaturated flow of the Newton 

incompressible fluid through a porous medium [2,3]. Such flow is governed by the continuity equation 

for incompressible fluid [1]  

 

∇ ∙ 𝐯 = 0 (1) 

and the tensor form of Darcy’s law  

𝐯 = −
𝐊

𝜇
∇𝑝 

(2) 
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where 𝐯 and 𝑝 are volume averaged fluid velocity and pressure, 𝜇 is the fluid viscosity and 𝐊 is the 

permeability tensor of the preform. In spite of the fact that permeability has been studied by many 

researchers, there are divergences of the experimental results provided by different methods [4–9]. 

Therefore, to help to standardize permeability measurements, two international benchmark exercises 

were conducted [10,11]. Although the results of these benchmarks were promising, further steps to 

standardize the measurement procedure were required. In the context of the 2017 benchmarks (one on 

the in-plane permeability, one on the out-of-plane permeability), we developed experimental methods 

to measure all components of permeability tensor and to investigate the compressibility of preforms. We 

will present them in the next section. 

 

2 EXPERIMENTAL METHODS  

The developed setup comprised two transparent plates made of PMMA, three cameras, and a liquid 

supply system (Fig. 1). A continuous-fiber preform was compressed between the plates. One of the 

plates had an inlet gate for liquid feeding to the preform (different diameters of the inlet gate for in-

plane and out-of-plane permeability). Three cameras monitored the movement of the liquid front from 

both sides of the preform. The output from all of the cameras was synchronized in time so that the 

images were processed together to obtain the full information on the filling process. In the course of the 

liquid feeding, the constant liquid pressure was maintained, and the flow rate was measured. 

Both in-plane and out-of-plane unsaturated permeability measurements were conducted with the aid 

of the same test setup. Transparent upper and lower plates allowed observing the unsaturated flow fronts 

directly. The flow front is determined using the image processing technique as shown in the Fig. 2. 

The in-plane permeability tensor was found by the well-known mathematical analysis of the 2D flow 

front. On the contrary, the out-of-plane permeability measurements involved a non-traditional approach 

to the flow front propagation analysis based on the solution of Laplace’s equation developed in the 

previous works [12–14]. 

In this study, we investigated out-of-plane permeability of an anisotropic multi-layered fibrous 

preform. The quasi-isotropy assumption allowed us to simplify the analysis because in that case, the 

permeability tensor is diagonal in any coordinate system, one plane of which coincides with the plane 

of the preform. We chose the coordinate system, so its X and Y axes were positioned in the plane of the 

preform layers while its Z axis was normal to them. As it was discussed, the permeability tensor in this 

coordinate system is diagonal with the first two diagonal elements equal to one another: 

 

 

 

Figure 1: Schematic diagram of the experimental setup for 3D liquid flow tracking in a porous 

medium. 
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Figure 2: Processing of the data obtained from the cameras. 

 

𝐾 = [

𝑘𝑒 0 0
0 𝑘𝑒 0
0 0 𝑘𝑧

]. 

(3) 

The profile of the flow front is axisymmetric and is presented in Fig. 3 schematically. 

Substituting Darcy’s law (2) for the continuity equation (1), we found the second order differential 

equation 

𝑘𝑒

𝜕2𝑃

𝜕𝑥2
+ 𝑘𝑒

𝜕2𝑃

𝜕𝑦2
+ 𝑘𝑧

𝜕2𝑃

𝜕𝑧2
= 0 

(4) 

which determines the 3D pressure profile within the preform. The boundary conditions were  

𝑃 = 𝑃0 𝑓𝑜𝑟 𝑖𝑛𝑙𝑒𝑡
𝑃 = 𝑃𝑓  𝑓𝑜𝑟 𝑓𝑟𝑜𝑛𝑡

. 
(5) 

To solve Eq. (4), the coordinates have to be transformed as 

𝑋 = (
𝑘𝑧

𝑘𝑒
)

1/6

𝑥

𝑌 = (
𝑘𝑧

𝑘𝑒
)

1/6

𝑦

𝑍 = (
𝑘𝑒

𝑘𝑧
)

1/3

𝑧

 

(6) 

 

 

 

Figure 3: Flow front of the unsaturated out-of-plane permeability. 
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Eq. (4) thereby transforms into Laplace’s equation: 

𝜕2𝑃

𝜕𝑋2
+

𝜕2𝑃

𝜕𝑌2
+

𝜕2𝑃

𝜕𝑍2
= 0 

(7) 

where the new radius of the flow inlet, 𝑅0, and the new thickness of the preform, H, are connected to 

the original radius 𝑟0 and the original thickness h as: 

𝑅0 = (
𝑘𝑧

𝑘𝑒
)

1/6

𝑟0

𝐻 = (
𝑘𝑒

𝑘𝑧
)

1/3

ℎ

 

(8) 

To apply boundary conditions directly, the second coordinate transformation was required: 

𝑋 = 𝑅0 cosh𝜉 cos𝜂 cos𝜙
𝑌 = 𝑅0 cosh𝜉 cos𝜂 sin𝜙

𝑍 = 𝑅0 sinh𝜉 sin𝜂
 

(9) 

In the new coordinates, the solution of Laplace’s equation is: 

𝐹(𝜉𝑓 , 𝜂) =
𝑘𝑒(𝑃0 − 𝑃𝑓)𝑡

𝜇𝜀𝑟0
2  

(10) 

where 

𝐹(𝜉𝑓 , 𝜂) = 𝐹1(𝜉𝑓) + sin2𝜂𝐹2(𝜉𝑓)

𝐹1(𝜉𝑓) =
1

6
{(4 arctan 𝑒𝜉𝑓 − 𝜋) sinh3𝜉𝑓 −

1

2
(cosh 2𝜉𝑓 − 1) + 2 ln cosh 𝜉𝑓}

𝐹2(𝜉𝑓) =
1

2
{(4 arctan 𝑒𝜉𝑓 − 𝜋) sinh3𝜉𝑓 −2 ln cosh 𝜉𝑓}

 

(11) 

and 𝜉𝑓(𝜂, 𝑡) is the flow front dependence on time and position along the front.  

To find the front position along the inlet plate, it was assumed that 𝜂 = 0 in these equations: 

𝐹(𝜉𝑓 , 0) =
𝑘𝑒(𝑃0 − 𝑃𝑓)𝑡

𝜇𝜀𝑟0
2

𝑟𝑓 = 𝑟0 cosh 𝜉𝑓(0, 𝑡)

 

(12) 

On the contrary, for front propagation along Z axis, it was assumed that 𝜂 = 𝜋/2 

𝐹 (𝜉𝑓 ,
𝜋

2
) =

𝑘𝑒(𝑃0 − 𝑃𝑓)𝑡

𝜇𝜀𝑟0
2

𝑧𝑓 = (
𝑘𝑧

𝑘𝑒
)

1/2

𝑟0 sinh 𝜉𝑓 (
𝜋

2
, 𝑡)

 

(13) 

Since we knew both 𝑟𝑓 and 𝑧𝑓 from the experiments, the presented equations allowed us to calculate 

the in-plane permeability, 𝑘𝑒, and the out-of-plane permeability, 𝑘𝑧. Although the transparency of the 

plate with the inlet gate allowed us to measure 𝑟𝑓 in the course of the whole experiment, only one value 

of 𝑧𝑓 could be obtained, 𝑧𝑓 = ℎ, in the moment when the front touches the opposite plate.  

To test the response of the preforms on different values of the compression pressure, load relaxations 

were monitored for both dry and wet states of the preforms [15]. The test was conducted on the static 

testing system Instron 5985 (Fig. 4a). The preform was placed on the top surface of the base platen. The 

upper platen was moving at constant speed up to the point when the distance between the platens reached 

the determined through fiber volume fraction calculations value. After that, it was halted for a certain 

period. The distance was controlled by an extensometer fastened via elastic ties to the platens with 



21st International Conference on Composite Materials 

Xi’an, 20-25th August 2017 

sandpapers glued on them (Fig. 4a). After a specific time, the platens were moved apart at the same 

speed as for the first part of the experiment. During the whole process, the load on the preform was 

recorded (Fig. 4b). 

 

    
 

Figure 4: (a) Photo of the setup used for the compressibility tests of fibrous preforms and (b) load-time 

curves for different final volume fractions of glass fibers. 

 

 

3 CONCLUSIONS 

To study permeability in composite fiber-reinforced preforms, the experimental setup for the 

measurements of both in-plane and out-of-plane permeability tensor components was developed. The 

methodology that takes into account a finite size of the inlet gate was used to calculate all components 

of permeability tensor of a fibrous multi-layered preform. We also investigated compressibility of the 

preforms to determine their relaxation behavior and to better understand the conditions for permeability 

evaluation experiments. 
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