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ABSTRACT 

The transfer of air through systems of two woven macrostructure is studied experimentally and numerically. The influence of the 
properties of the layers, the array of the layering and the angle between the layers are analyzed from the point of view of the air 
permeability of the system. Results from the 3D simulation of the air permeability in through-thickness direction of systems of two 
consecutive woven macrostructures are also presented. An approach, based on modelling of the woven macrostructure as a jet system, is 
used to numerically predict the air transfer. Control volume method, Reynolds Averaged Navier-Stokes equations and Fluent CFD 
software package are applied for the simulation. The numerical results are compared with the experiments and the verification shows 
that the method can be successfully applied for simulation of the air transfer through multilayer systems. 
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INTRODUCTION 

Air permeability (AP) is one of the important features of 
porous textile macrostructures, applied in to clothing, as 
filterration media, geo-textiles, etc. The hierarchical 
structure of woven textiles makes the process of air transfer 
through them quite complex: the air flows through both the 
macrostructure (pores between the threads) and 
mesostructure (the voids between the fibers, spun into 
threads) [1]. AP is highly dependent on the shape and size 
of the pores in the macrostructure, which are strongly 
influenced by the characteristics of the woven 
macrostructures: the type of fibers, weave, warp and weft 
density, etc. [2]. Several studies have been dedicated to 
theoretical [3-5] or experimental investigation of the porosity 
of woven macrostructures [6-8]. The AP of single woven 
macrostructures has been also studied by a number of 
authors [2, 9-12]. Air permeability has been used even to 
predict thermal conductivity of non-wovens [13]. 

Besides the experimental studies, modeling of AP of textile 
macrostructures has been also performed [1, 3, 11, 14-17]. 
The transfer of fluid through a single pore of a monofilament 

woven fabric was simulated [17]. Latis–Boltzmann method 
was applied to predict the transport of fluids in a 
polyfilament macrostructures [11]. The AP of composite 
structures was predicted using a specialized CFD code [18]. 
Recently, the AP of woven fabrics was simulated using 
artificial neural networks [19]. The same technique was 
used to predict the permeability of single jersey fabrics [20]. 
Statistical modeling was applied to for the AP of 
cotton/polyester knitted fabrics [21]. The permeability of 
woven fabrics under specific out-of-plane deformation was 
modeled analytically [22]. 

There are several applications, when two or more layers 
from one and the same or different macrostructures are 
used. The system of layers has a different permeability from 
the compound single layers. The last affects the thermal 
insulation of clothing ensembles, for example, or the 
thermophysiological comfort of bedridden people [23]. Main 
reasons for that are the change in the porosity of the single 
layers and the layer (or layers) of air, retained between the 
textile macrostructures. However, the porosity of the system 
of layers cannot be calculated, as it is done in the case of 
single layers. Therefore it is difficult to estimate how the 
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porosity of the system has changed, on the first place, and 
how the transfer of air is affected, on the second.  

The literature survey has shown that the problem of air 
permeability of a multilayer system of woven 
macrostructures has not been a topic of systematic 
research. Therefore the present study aimed to determine 
experimentally and to simulate numerically the through-
thickness air transfer through systems of two woven 
macrostructures. The influence of the characteristics of the 
macrostructures and the lay-up of the single layers on the 
AP of the system was studied. Different lay-up settings and 
positioning of the two layers (angle between warp and weft 
threads) were tested, which has not been reported in the 
literature. 3D simulation of the air permeability in through-
thickness direction of two consecutive woven 
macrostructures was also performed. An approach, based 
on modelling of the flow through the woven macrostructure 
as a jet system, was applied, using the control volume 
method and Fluent CFD software package. The numerical 
results were compared with the experimental data and the 
verification showed that the method could be successfully 
applied for simulation of the air transfer through multilayer 
systems. 

MATERIALS AND METHODS 

Experimental measurements 

Fourteen cotton woven macrostructures (called “single 
layers” or SL) were involved in the study. They were 

selected to be with a wide range of mass per unit area (from 
63 to 235 g/m2) and thickness (from 0.39 to 0.71 mm). were 
selected for preparation of the system of layers with a range 
of mass per unit area from 63 to 235 g/m2. 

Their characteristics were experimentally determined after 
24-hours conditioning (22oC, 65% RH). The mass per unit 
area was measured in accordance with ISO 3801:1977 
2011 [24] and the thickness – following EN ISO 
5084:201302 [25]. ISO 7211-2:20101984 [26] was used to 
determine warp and weft densities. The mean pore size of 
the macrostructures was measured with Optika DM-15 
microscope and built-in digital camera (1600x1200 pixels), 
following the described methodology described in [27].  

Table 1 shows the basic characteristics of the single layers 
and woven macrostructures, used for the composition of 77 
two layer systems (TLS). Fig.ure 1 presents the microscopic 
view (4x-enlargements) of the single macrostructureslayers. 

The single layers were used for composing 77 two-layer 
systems (TLSs). A different code was given to each system, 
showing the top and the bottom layer: for example the 
TLS2-4 system was composed by SL2 as а top layer and 
SL4 as a bottom layer, while the TLS4-2 system was 
composed by SL4 as а top layer and SL2 as a bottom layer.  

   

 
 
 

 

Fig. 1. Microscopic view of the selected woven macrostructures (4x enlargement) 
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Table 1. Properties of the selected woven macrostructures 

Sample Mass per 
unit area, 

g/m2 

Warp 
density, dm-1 

Weft density, 
dm-1 

Warp yarn 
linear 

density, tex 

Weft yarns 
linear 

density, tex 

Mean pore 
area, mm2 

Thickness , 
mm 

Weave 

SL1 63 142 166 20 20 0.243 0,43 plain 

SL2 89 176 124 28 28 0.255 0,45 plain 

SL3 118 272 218 20 25 0.031 0,39 plain 

SL4 133 284 294 20 20 0.040 0,39 plain 

SL5 138 270 266 25 25 0.024 0,41 plain 

SL6 157 234 254 30 30 0.046 0,47 plain 

SL7 184 383 338 28 28 0.063 0,68 twill 2/1 

SL8 197 252 260 36 36 0.029 0,48 plain 

SL9 201 258 238 36 36 0.038 0,49 plain 

SL10 202 386 226 30 36 0.024 0,71 twill 3/1 

SL11 206 324 254 40 25 0.014 0,64 twill 2/2 

SL12 212 402 240 30 40 0.031 0,71 twill 3/1 

SL13 219 376 216 36 36 0.023 0,65 twill 2/1 

SL14 235 267 166 50 50 0.024 0,62 plain 
 
 
 
 
 
 
 

The transfer of air through TLSs was measured (20 
measurements per a TLS) in accordance with EN ISO 
9237:20111999, with a FF-12 apparatus of Metrimpex [28]: 
a 10 cm2 measurement area and 100 Pa pressure gradient, 
applied on both sides of the specimen.  

The following problems aimed to be analyzed: 

 The effect of the lay-up: 3 macrostructures with different 
characteristics, but one and the same weave: SL4, SL9 
and SL14, were used as first (top) layer of the system, 
while all other samples, composing the second (bottom) 
layer of the system, were kept constant.  

 The effect of the positioning: 3 different angles between 
the warp threads of the top and the bottom macrostructures 
were applied: 0o (coincidence of the warp threads of the 
two layers); 45o and 90o (the warp threads of the top 
layer coincided with the weft threads of the bottom layer). 

Numerical simulation 

Four of the layers (SL 2, SL4, SL6 and SL10) were used for 
preparing virtual models and performing numerical simulation 
of the transfer of air through a two layers system (TLS). 

The numerical simulation of the air transfer through TLS 
was baseds on the jet-system theory. The method was 
successfully applied and verified in previous works for single 
woven macrostructures [1, 3] and also applied for knitted 
fabrics [29]. The basic idea of the method is to present the 
pores of the woven macrostructure as jet openings, which 
form an in-corridor ordered jet system. The air, which 
passes in through-thickness direction of the macrostructure, 
flows predominantly through the pores, i.e. the system of 
jets. 

It was proven experimentally that in this type of jet systems 
every single jet is representative for the whole system, if it is 
surrounded by 8 other jets [30]. The jets that surround the 
“central jet” perform the role of boundary conditions, as they 
influence the development of the central jet downstream. 
Figure 2 presents the approach, using the example of SL4: 

the macroscopic view of the sample (Fig. 2a) and the 
approximation to a 3x3 in-corridor ordered jet-system (Fig. 
2b) that involves 9 pores (3x3) and 16 threads (4x4).  

To approximate the complex woven macrostructure to a jet 
system, some reasonable assumptions were made: * The 
thread’s diameter was taken as a constant; * The pore area 
was used to calculate the average side of the square pore 
opening (jet opening); *It was assumed that the thickness of 
the SL reflects the weave pattern.  

a.    

b.   

Fig. 2. Representation of the woven macrostructure as a jet system: a. 
Microscopic view of the woven macrostructure; b. Part of the 
numerical grid – the in-corridor jet systems with the highlighted 
central pore 
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The simulation of the air transfer through the woven 
macrostructures was based on Reynolds Averaged Navier-
Stokes (RANS) equations plus the continuity equation.  

A standard k  turbulent model was used to close the 
system, adding additional transport equations for the 
turbulent kinetic energy k and its dissipation rate  . 

The geometry of each of the woven structures was built with 
GAMBIT pre-processor of FLUENT CFD software package, 
used for the simulations. A pressure difference of 100 Pa 
was set on the two sides of the samples (200 Pa at the 
domain inlet and 100 Pa at the domain outlet), so as to 
repeat the conditions of the experimental measurement of 
the air transfer through the woven macrostructures. 
Symmetrical boundaries were set at the surrounding walls of 
the domain. The solver was set-up as pressure based and 
implicit, over a 3D space. 

The first SL was immersed in a pipe-like domain: 3 mm after 
the inlet and 8 mm before the outlet. The second (bottom) 
SL was placed at a distance of 0.5 mm after the first (top) 
layer. A hybrid grid of tetrahedrons (between the samples) 
and hexahedrons (in the rest of the domain) was applied. 
After performing a grid independence tests a hybrid grid was 
chosen with a number of cells, faces and nodes, described 
in Table 2 together with the simulated cases. Figure 3 

shows one of the virtual models and the grid, for the TSL4-
2. 

RESULTS AND DISCUSSIONS 

Results from the Experimental Measurements 

The measured flow rate through the systems of layers was 
used to calculate the air permeability, namely: 

A

Q
AP                         (1) 

where AP denotes the air permeability, m/s, Q is the measured 
flow rate through the sample, m3/s, and A is the area of the 
sample, m2. 

Figures 4-6 present the results for the AP of system of 
layers, when the top SL was changed, namely SL4 (Fig. 4), 
SL9 (Fig. 5) and SL14 (Fig. 6). The weaves of the three 
macrostructures were one and the same, to avoid the 
possible influence of the yarns interlacing on the flow 
resistance. However, the three single layers differ in terms 
of their thickness and mass per unit area (Table 1).     

 
 
 

Table 2. Simulated cases 

Case Code First layer 
Second 

layer 
Number of Cells Number of Faces Number of Nodes 

1 TLS2-4 SL2 SL4 134350 391110 125501 

2 TLS4-2 SL4 SL2 128318 373014 119469 

3 TLS4-6 SL4 SL6 71799 211721 69636 

4 TLS4-10 SL46 SL104 425966 1071864 219064 

5 TLS6-4 SL6 SL4 68103 200633 65940 

 

 
Fig. 3. Numerical domain and a grid for TSL4-2 
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Fig. 4. Air permeability of TLSs with SL4 as a top layer 

 

 

Fig. 5. Air permeability of TLSs with SL9 as a top layer 

 

 

Fig. 6. Air permeability of TLSs with SL14 as a top layer 
 
To visualize the difference in the air permeability of the TLS 
one and the same values of the Y-axis were used in the 
graphs on Figs. 4-6. The highest values of the air flow rate, 
transferred through TLS, were obtained with SL4, placed as 
a top layer (Fig. 4). The lowest was the air permeability of 
TLSs with SL14 as a top layer (Fig. 6). For example, when 
SL5 was used as a bottom layer, the AP of the system 
TLS4-5-0 (SL4 top layer) was 0.49 m/s, while for the 
systems TLS9-5-0 (SL9 top layer) and TLS14-5-0 (SL14 top 

layer) the average values were 0.41 m/s and 0.22 m/s, 
respectively.  

At the same time, the air permeability of some of the 
systems with SL4 (Fig. 4) and SL9 (Fig. 5) as a top layer, 
were very similar: for TSL4-6 and TSL9-6, for TSL4-7 and 
TSL9-7, and for TSL4-13 and TSL9-13. A possible 
explanation of these results can be found in the way the air 
is transferred in through-thickness direction of a woven 
macrostructure [27]. Part of the flow moves through the 
pores of the macrostructure (between warp and weft 
threads), and part of the flow, though much lesser, passes 
through the pores of the mesostructure (between the fibers, 
forming the threads). Using computer simulation, it was 
found [27] that less than 5% of the total air flow rate passes 
through the mesostructure [27]. In the present case not only 
the top, but also the bottom layer influences the air 
permeability of TLS. When SL2 and SL4 macrostructures 
were used as bottom layers, their higher porosity allowed 
easier transport of the air through the system. In the case of 
SL6, SL7 and SL13, used as bottom layers, the influence of 
the top layer was much higher. Being different in thickness 
and mass per unit area, SL4 and SL9 macrostructures have 
very similar mean pore area (pores of the macrostructure): 
0.040 mm2 and 0.038 mm2, respectively. Due to the low 
percentage of the total flow rate, which can pass through the 
pores of the mesostructure, obviously the similar pore area 
of the top layers leaded to a similar air permeability of TSLs.  

An important analysis can be also made comparing the 
results for TLS4-9 (Fig. 4) and TLS9-4 (Fig. 5). The 
difference between the systems is that SL4 and SL9 change 
their position as top and bottom layers (Table 2). Evidence 
is shown in the graphs that the AP of all three systems, 
where SL94 is used as a top layer and SL49 – as a bottom 
layer – is higher than the AP of the three systems, where 
the order of layering is reversed. The difference between the 
mean values is less than 3% for the systems, with an angle 
of 0o and 90o between warp and weft threads, and 5% for 
the systems, layered at 45o. An explanation can be found in 
the difference, though a small one, between the pore area of 
SL4 and SL9. The flow rate through the pores of SL4 is 
higher than through the pores of SL9 due to the higher voids 
between the threads, thus provoking greater air permeability 
of the system higher flow rate is transferred when the more 
porous layer is at the bottom side. 

through the pores of the bottom layer (SL9). On the 
contrary, when SL9 is the top layer, smaller flow rate passes 
through its smaller pores and the total AP of the system is 
lower. 

Figures 7 and 8 are useful for the analysis of the effect of 
the angle of positioning of between the warp threads of both 
top and bottom layers. Two groups of exemplary results are 
presented: when the top layer changes (SL4, SL9 and 
SL14), while the bottom layers is SL2 (Fig. 7), and the same 
top layers combined with SL7 as a bottom layer (Fig. 8). 

The angle of positioning between the two layers in the TLS 
has not influenced quite much the transfer of air flow 
through them. In almost all cases there is no difference 
between the cases with 0o and 90o layering. Only the 
rotation of the bottom layer on 45o toward the top layer 
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decreased the air permeability in some of the cases, i.e. by 
4% in the case of TLS4-2 (45o) compared to TLS4-2 (0o) or 
by 16% in the case of TLS9-2 (45o) compared to TLS9-2 
(0o). In some cases the rotation of the two layers did not 
have an effect on the air permeability. 

 
Fig. 7. Air permeability of TLSs with SL24 as a top bottom layer 

 

 

Fig. 8. Air permeability of TLSs with SL79 as a top bottom layer 

Results from the Numerical Simulation 

Figure 9 visualizes the velocity field for TLS4-2, composed 
by of a sample with low porosity (SL4) as a top layer and a 
sample with high porosity (SL24) as a bottom layer and a 
sample with low porosity (SL4). The velocity of the 
developed flow (a steady state flow) after the samples has 
the meaning of air permeability, obtained as a quotient 
between the flow rate through the sample Q, m3/s, and the 
area of the sample A, m2. For comparison, it is also shown 
the velocity field of TLS4-6: (a system, composed of layers 
with similar values of warp and weft density and pore area) 
is also shown in – Fig. 10. Obviously, when samples with 
different porosity compose the system of two layers, part of 
the pores of the first layer are closed by the threads of the 
second layer, but this is the same in the reality. The 
predicted air permeability of TLS4-2 is 0.85 m/s (Fig. 9), 
while for TLS4-6 is 0.38 m/s (Fig. 10), due to the smaller 
pores between the threads of SL4 and SL6. 

Figures 11 and 12 compare the centerline velocity decay of 
the air flow, transferred through TLS4-6 and TLS6-4, where 
the same single layers are used, but placed on a reverse 
order. Figures 13 and 14 present the static pressure of the 
flow through the same systems.  

 

 
Fig. 9. Visualization of the air transfer through TLS4-2: velocity field (m/s). 
 

 
Fig. 10. Visualization of the air transfer through TLS4-6: velocity 

field (m/s) 
 
The centerline velocity decay allows assessing the influence of 
the lay-up of the system. Theoretically, the air permeability is a 
cumulative property of the textiles and the lay-up order of the 
single textiles in the system would not affect the total flow rate, 
passed through the system. The results obtained have shown 
that the order of the layers has an influence on the flow 
development, as the second sample changes the boundary air 
layer between the two textiles in the system, as it can be seen 
from Figures 11 – 14. Though the flow development through 
the two systems is quite different, the predicted air 
permeability is similar: 0.38 m/s for TLS4-6 (Fig. 11) and 0.4 
m/s for TLS6-4 (Fig. 12). 

Verification of the Numerical Results for the Air 
Permeability of TLS 

The comparison between the numerical and experimental 
results is performed for three of the TLSs, as shown in Fig. 
15: TLS4-2, TLS4-6 and TLS4-10. The verification of the 
numerical allows to conclude that all numerical results are a 
bit smaller than the experimental readings. The calculation 
of the error (calculated as the difference between the 
experimental and numerical values, divided into the 
experimental values) shows that the error is less than 10% 
for TLS4-2 and TLS4-6, and 15% for TLS4-10, which is 
quite a good coincidenceconcordance, having in mind the 
simplifications made for in the simulation of the woven 
macrostructures.  
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Fig. 11. Centerline velocity decay of the air flow through TLS4-6 

 

Fig. 12. Centerline velocity decay of the air flow through TLS6-4 

 

Fig. 13. Static pressure (Pa) of the air flow through TLS4-6 

 

Fig. 14. Static pressure (Pa) of the air flow through TLS6-4 

 

Fig. 15. Comparison between experimental and numerical results 
for the air permeability 

The results are in a very good correlation with the 
established tendency in [27] that the predicted air 
permeability of tightly woven fabrics differs more from the 
experimental measurements, if compared with fabrics with 
greater porosity. An explanation is that the applied method 
for simulation of the transfer of air through a system of 
layers does not include the transfer of air through the pores 
of the mesostructure (pores between the fibers in the 
threads). When the sample is less porous, greater part of 
the fluid is transferred through the pores of the 
mesostructure. However, it was found that for single layers 
this value is approximately 2% [27]. 

The lower predicted values, compared to the experimental 
measurements, show that there is a part of the air flow, 
which is transferred not only through the pores between the 
threads, but also through the pores between the yarns in the 
threads. Our future work will be dedicated to an in-depth 
numerical investigation of this problem. 

CONCLUSIONS 

Results from experimental measurements and numerical 
prediction of the air permeability of systems of woven 
structures were presented.  

It was found that the increment of thickness and mass per 
unit area of the TLSs decreases their ability to transfer air in 
through thickness direction. The highest values of the air 
permeability were obtained when a thinner layer with lower 
mass per unit area was placed as a top layer. 

The analysis performed has shown that the air permeability 
of the TLS changes when the layering array changes, but 
the established difference is between 0 and 5%. The angle 
of positioning between the two layers in the TLS has not a 
big influence on the transfer of flow through them. Only the 
rotation of the bottom layer on 45o toward the top layer 
decreased the air permeability by 4 to 16%. 

The results from the CFD simulation of the air transfer in 
through-thickness direction of a single layer woven 
macrostructures and systems of two consecutive woven 
macrostructures showed the importance of the properties of 
the SL and the TLS for the flow parameters after the textile 
barrier. The modeling approach, based on presentation of 
the woven macrostructure as a jet system was verified for a 
system of two layers and a good coincidence between the 
numerical and experimental results was ascertained. 
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