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Abstract—Based on the micro-structure of the 3D full five-
directional braided composites inner unit cell model and the 
dual-scale characteristics of braided preform porosity, this 
paper established a model for calculating the permeability of 
3D full five-directional braided preforms. By applying 
periodic boundary condition, the axial and vertical filling 
processes of 3D full five-directional braided preforms are 
simulated using the two-phase model in Fluent, and the axial 
and vertical unsaturated permeability of the preforms with 
different braiding angles are obtained. The simulation 
results shows the regular pattern that how the permeability 
responds to the change of the braiding angle: the axial 
permeability of 3D full five-directional braided preform is 
larger than the vertical one, and with the increase of 
braiding angle the axial permeability increases while vertical 
one decreases.  Furthermore, the permeability of preform is 
much larger than the permeability of fiber bundles, which 
leads that the macro speed of resin is much larger than the 
speed of infiltration. So the resin filling time should be 
extended to realize the completely infiltration of the fiber 
bundles. 

Keywords-3D braiding; full five-directional preform; 

permeability; RTM; radial flow techniques 

I. INTRODUCTION  
As an a kind of advanced composite materials, 3D 

braided composites overcome the shortcoming of 
laminated composite materials that their performance 
interlayer is poor and improve the impact strength and 
damage tolerance, for their spatial interwoven fiber 
structure[1,2]. Meanwhile, the 3D braided composites can 
play a role in the complex load conditions, because the 
fiber structure of 3D braided preforms is designable[3]. In 
recent years, the composite structure parts produced by  
3D braiding technology, have been applied widely in 
aerospace and other fields. 

3D full five-directional braided composites are 
different with other kind of 3D braided composites in the 
microstructure. The former increase the proportion of axial 

yarn which enhance the axial properties of the material, so 
that they can play a better role in the structure[4]. 

Resin transfer molding(RTM) process is one of the 
most commonly used molding methods for 3D braided 
composites. RTM process has the advantages that it costs 
less, pollutes less and products with higher precision. But 
the RTM process may generate dry spots and other process 
defects[5]. In order to reduce process defects, improve part 
quality, it is necessary to conduct a scientific design for the 
RTM filling program. The common approach is to 
simulate the RTM resin flow field inside the mold, find the 
locations of defects that may occur depending on the resin 
flow front, then improve the RTM filling program based 
on the locations[6-8]. And obtaining the permeability 
parameters according to the microscopic structural 
characteristics is the basis of carrying out this task[9,10]. But 
the experimental measurement of the permeability often 
requires a large number of carefully controlled 
experiments which cost much money and time. So it is 
necessary to find a way to conduct the numerical 
prediction of the permeability. 

 

II. THEORETICAL BASIS 
The resin flow process in the preform can be seen as a 

Newtonian fluid flow in porous media, that follow the 
Darcy’s law[11-13]: 

                          


  PK
V                                  (1) 

Meanwhile, the resin flow satisfies the continuity 
equation: 

                            0 V                                     (2) 
Where V is the volume averaged velocity vector of the 

resin, μ is the Newtonian viscosity of fluid, ▽P is the 
pressure gradient vector, and K is the permeability tensor 
of porous medium. 
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III. GEOMETRIC MODELING 
Section and polish the 3D full five-directional braided 

composite with internal braiding angle of 45° which is 
braided with 12K carbon fibers, and enlarge 50 times in 
the optical microscope, then this can be see: the contact 
between yarns is intimate, the axial yarns cross-section is 
extruded into approximately square, the flat braiding yarns 
and the resin are distributed around the axial yarns 
periodically. The section macrophotograph of 3D full five-
directional braided composites is shown in Fig. 1. 

  
Figure 1.  Section macrophotograph of 3D full five-directional braided 

composites 
Because the internal microstructure of 3D full five-

directional braided composites is cyclical, a unit cell model 
can show the microstructure characteristics.  In order to 
facilitate the modelling process, this paper made the 
following assumptions: 

(a). The braiding process remains stable. 
(b). Because the effect of adjacent yarn extrusion, the 

cross-section of the internal braiding yarn remains 
hexagonal, and the cross-section shape remains unchanged 
along the yarn axis direction. 

(c).  Because the effect of adjacent yarn extrusion, the 
cross-section of the internal axial yarn remains square, and 
the cross-section area remains unchanged along the yarn 
axis direction. 

(d). The adjacent fiber bundles are closely contact. 
(e). The characteristics of all fiber bundles are same, 

and the fiber bundle is not distorted. 
Thus, according to the section observations, and 

considering the other existing geometric models of 3D 
braided composites inner unit cell[14-16], establish a 
geometric model of inner unit cell to calculate the 
permeability of the preform. The unit cell model is shown 
in Fig.2, and Fig.3-5 respectively represent the braiding 
yarns, axial yarns and resin. 

 

 
Figure 2.  3D full five-directional braided composites unit cell model 

 
Figure 3.  Braiding yarns of 3D full five-directional braided composites 

unit cell model 

 
Figure 4.  Axial yarns 3D full five-directional braided composites unit 

cell model 

 
Figure 5.  Resin of 3D full five-directional braided composites Unit cell 

model 
In this model, the packing fraction of the fiber bundle 

is set to 0.6. For Toray T700 carbon fiber which the 
composites are made of, the fiber filament diameter is 7um, 
the unit cell specifications of different braiding angle is 
shown in Table 1. Where γ is the internal braiding angle, ε 
is the fiber bundle packing fraction, l is the length of a unit 
cell, w is the width of a unit cell, Vo is the volume of the 
resin zone in a unit cell. 

TABLE I. SPECIFICATIONS OF THE UNIT CELL MODELS 

γ/(°) ε l/mm w/mm Vo/mm3 

25 0.6 10.684 3.523 30.5 

35 0.6 7.292 3.611 22.8 

45 0.6 5.303 3.750 18.8 
 
It can be seen from the internal microstructure of the 

3D full five-directional braided preform that the pores 
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inter-fiber are in micron level while the pores inter-tow in 
millimeter level. When the fiber filament diameter is 7um 
and the fiber bundle packing fraction is 0.6, the axial 
permeability of the fiber bundles is approximately      
4×10-11m2 and the vertical one is 4×10-12m2 [17]. 

IV. NUMERICAL SIMULATION 
Because the scale difference of the pores inter-tow and 

inter-fiber, the velocities of resin flow inter-tow and inter-
fiber are different[18]. On the basis of whether the resin is 
completely infiltrate the fiber tow, permeability can be 
respectively defined as saturated or unsaturated one. 

Meanwhile, due to the periodicity of the 3-D full five-
directional braided composites microstructure, the 
macroscopic resin flow in the preform is symmetrical. 
Therefore, the one primary direction (the axial direction) 
of permeability is parallel to the axial yarns, the other two 
primary directions (the vertical directions) are 
perpendicular to each other and both perpendicular to the 
axial yarns. And the permeability of the two vertical 
directions are equal to each other. 

Simulate the resin filling process in both axial and 
vertical directions of the unit cells with braiding angle with 
25°, 35°and 45°. The resin inflows from one side of the 
unit cell and flows out from the opposite side at a constant 
volumetric flow rate during simulation, besides periodic 
boundary conditions are applied to the boundaries which 
are perpendicular to the flow direction. Considering the 
influence of capillary pressure, use the Fluent User-
Defined Functions to set the capillary pressure at 400Pa 
which acting on the interface between the resin and air 
inside the fiber bundle and perpendicular to the interface 
pointing at the dry fiber region. Setting resin viscosity of 
0.1Pa•s, density of 1200kg/m3. Initially, the unit cell is 
filled with air. For the unsaturated one-way resin flow, the 
following equation is obtained:  

fr

o

V
u L

V
                               (3) 

Where μ is apparent resin flow velocity, Vfr is resin 
volume flowing through the unit cell per second, L is the 
length of unit cell in the direction of resin flow. 

On inserting (3) into (1), we obtain: 
2

- fr

o

V LK
V P





                             (4) 

Where K is unsaturated permeability, △ P is the 
difference in pressure between the outlets and inlets. 

The resin filling processes of unit cells are simulated 
using the two-phase model in Fluent. When the resin flows 
through the entire unit cell, record the volume flow rate 
and the pressure difference between the inlets and outlets. 
Then take the data into (4) and calculate the unsaturated 
permeability. 

V. RESULTS AND DISCUSSION 
Resin volume fraction contours of the unit cell section 

during the resin filling process are shown in Fig.6 and 
Fig.7. Those contours show that the resin flow into the unit 
cell, gradually fill the inter-tow region while only a little 
resin infiltrates the fiber bundles. The velocities of resin 
flow inter-tow and inter-fiber are different, because the 
scale difference of the pores inter-tow and inter-fiber. 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 6.  Volume fraction contours of the axial filling process 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 7.  Volume fraction contours of the vertical filling process 
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Fig.8 shows the vertical permeability calculation 
results of the preforms with different braiding angles and 
Fig.9  shows the axial permeability calculation results. 

20 30 40 50

1.00E-010

1.20E-010

1.40E-010

1.60E-010

1.80E-010

2.00E-010

2.20E-010

2.40E-010

p
e

rm
e
a

b
ili

ty
/m

2

braiding angle/(°)

 
Figure 8.  Vertical permeability with different braiding angles 
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Figure 9.  Axial permeability with different braiding angles 

Calculation results show that the axial permeability of 
3D full five-directional braided preform is larger than the 
vertical one, and with the increase of braiding angle the 
axial permeability increases while vertical one decreases. 
The reason for this may be that the shape of  resin region is 
different for the preforms with different braiding angle  
and  the flow channel changes with the shape of resin 
region. So when designing RTM process, it is important to  
make the resin flow along the axial fiber bundle as much 
as possible. And the dry spot defects may generate where 
the vertical resin flow happens. 

Furthermore, the calculation results show that the 
permeability of preform is much larger than the 
permeability of fiber bundles, which leads that the macro 
speed of resin is much larger than the speed of infiltration. 
And when resin has been through the whole unit cell, only 
a little of the fiber bundle is infiltrated by resin. So in order 
to realize the completely infiltration of fiber bundles, the 
resin filling time should be extended. 

VI. SUMMARY AND CONCLUSIONS 
Based on the unit cell model of 3D full five-directional 

braided composites and the dual-scale characteristic of the 
preform pores, a model for simulate the resin filling 
process is established. And by simulating the axial and 
vertical resin filling process, the permeability of the 3D 
full five-directional braided preform with different 
braiding angles is obtained. Thus, the regular pattern that 
how the permeability responds to the change of the 
braiding angle is shown. At the same time, because the 

permeability of preform is much larger than the one of 
fiber bundles, the process of resin infiltrating the fiber 
bundles is much slower than the resin macroscopic flow in 
the preform. Combined with the volume fraction contours 
of filling process, it is known that the resin filling time 
should be extended to realize the completely infiltration of 
the fiber bundles. 
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