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INFLUENCE OF THE PROCESSING OF NON-WOVEN

NEEDLE-PUNCHED MATERIALS ON THE AIR FLOW MODE

V. G. Nazarov and A. V. Dedov UDC 675.92.035

The air permeability of materials obtained by deformation-heat treatment of fabrics of various surface
densities based on a mixture of polyester and bicomponent fibers has been studied. To assess the
influence of processing modes, the parameters obtained from the mathematical description of the
nonlinear dependence of the filtration rate on the pressure drop were used. Optimal processing modes
have been established, the use of which ensures an increase in filtration resistance and, accordingly,
the efficiency of air purification from solid impurities.

Needle-punched non-woven fabrics are used to purify air from relatively large particles with sizes over 10–15 µm [1, 2].
We have proposed a method for processing fabrics [3-6] based on polyethylene terephthalate and bicomponent [7, 8] fibers to
obtain materials with increased tensile strength [3, 4] for removing particles larger than 5 μm from the air [1, 2] while maintaining
high air permeability [5, 6, 9]. The filtration efficiency depends not only on the porous structure of the treated materials, but also
on the air flow regimes in the pores [10, 11], and decreases upon transition from laminar to turbulent flow regime.

The aim of the work is to evaluate the dependence of the air flow regimes in the pores of materials on the
processing conditions of fabrics containing bicomponent fiber.

The objects of study were needle-punched nonwoven fabrics containing 70% polyester fibers with a linear density
of 0.33 tex (TU 6-13-0204077-95-91) and 30% bicomponent fibers with 0.44 tex (Samsung, Republic of Korea). The core
of bicomponent fibers is made of high molecular weight polyethylene terephthalate (PET) with a melting point of 220–
250°C and a shell of low molecular weight PET with a melting point of 120–130°C [6, 7]. Fibrous scrims were obtained by
mechanical formation [8]. Basic needle-punching was used to strengthen the fabrics at a piercing density of 220 cm–2.

Fabrics with a surface density of 0.20 and 0.35 kg/m2 and a bulk density of 100–110 kg/m3 were used for
processing. The fabrics were processed using equipment [9, 10], in which the fabrics were subjected to deformation-
thermal action in the gap between the conveyor belt and a heated metal shaft 1 m in diameter. The temperature of the
shaft was 180°C while the processing speed was varied from 1.2 to 10 m/min.

The forced movement of the fabric by the conveyor belt limits the draft, which, in combination with the use of
a bicomponent fiber that does not change its length in a thermal field, leads to the production of processed materials with
a porosity coefficient of more than 0.75 and, accordingly, high air permeability. In addition, a relatively long contact of
the fabric with a heated roller results in an adjustable heating depth and the production of materials with a pore size
gradient in thickness [12].

The air filtration rate in fabrics and processed materials was determined according to GOST 12.088-77 using an
FF-12/A device (Great Britain) at an air pressure drop of 0 to 120 Pa. Samples 10×10 cm in size were cut out from the
fabrics and processed materials. The air filtration rate was calculated as the average of five measurements at various
points evenly distributed over the surface of the samples.

Considering the similarity of the processes of filtration of liquids and gases in porous media, the change in the
air flow regime in treated materials is reflected by the nonlinear dependences of the pressure drop (ΔP, Pa) on the
filtration rate (w, m/s), which are described by the general Forheimer power equation [13]:

ΔP/d = αμw + βρw2,

where d is the thickness of the material, m; α is the viscous drag coefficient, m–2; β is the inertial resistance coefficient,
m–1; μ is the air viscosity coefficient, Pa⋅s; ρ is the air density, kg/m3.
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The β/α ratio determines the effect of inertial and viscous losses on the air filtration rate, which was used in the
work to assess the dependence of the air flow regimes in the pores of the treated materials on the processing conditions.
According to [13], the greater the coefficient β, the greater the loss of air pressure to overcome the inertia of the flow,
which is in the turbulent flow regime. Accordingly, the larger α, the greater the loss of air pressure to overcome the
viscous resistance of the flow with the transition to the laminar flow regime.

In addition, in fibrous materials, the relationship between laminar and turbulent flow regimes depends not only
on the filtration rate, as follows from the Forheimer equation, but also on the orientation of the fibers relative to each
other. The formation of through pores between fibers oriented parallel to the surface of materials leads to a laminar air
flow at a relatively high filtration rate. The displacement of the fibers during the compression of the fabric during
processing and the filling of the pores with fibers is reflected by an increase in inertial losses during the flow of air
around the fibers and the collision of air jets with each other with the transition to a turbulent flow regime at a relatively
low filtration rate. Therefore, the β/α ratio can be used to assess the effect of processing speed on the formation of the
porous structure of materials.

Therefore, to assess the possibility of using this equation, we established the form of the dependences of ΔP/d
on w of materials obtained using fabrics of different surface densities and varying the processing speed (Figs. 1 and 2).
The possibility of using the ratio ΔP/d is a consequence of the use of the capillary porosity model [13] for assessing the

. . . . . .

Fig. 1. Dependences of ΔP/d on w in processed materials based on the fabric with a surface density of
0.35 kg/m2, obtained at a processing speed of 1.2 (1), 3.0 (2), 5.0 (3), 7.0 (4) and 10 (5) m/min

Fig. 2. Dependences of ΔP/d on w in processed materials based on the fabric with a surface density of
0.20 kg/m2, obtained at a processing speed of 1.2 (1), 3.0 (2), 5.0 (3), 7.0 (4) and 10 (5) m /min
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Fig. 3. Dependences of the ratio of the inertial coefficient to the viscosity coefficient on
the processing speed of the fabric with a surface density of 0.35 (1) and 0.20 (2) kg/m2.

Fig.4. Dependences of the coefficients α (1) and β (2) of processed materials based on
the fabric with a surface density of 0.20 kg/m2 and the coefficients α (3) and β (4) of
processed materials based on the fabric with a surface density of 0.35 kg/m2 on the
processing speed.

Fig. 3.                                                              Fig. 4.
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structure of processed materials. It creates the basis for the correspondence between the air flow in materials and in a
separate capillary, in which, according to the Poiseuille approach [13], air pressure losses in the capillary are proportional
to the length of the capillary or the thickness of the materials.

In addition to the dependence of ΔP/d on w of a material based on a fabric with a surface density of 0.35 kg/m2,
obtained at a processing speed of 1.2 m/min (Fig. 1, curve 1), other dependences (Fig. 1 and 2) are described by the
Forheimer equation. Thus, the use of coefficients α and β for determining the regime of air flow in the pores of processed
materials based on fabrics with a surface density of 0.20 and 0.35 kg/m2 is justified.

When calculating α and β, it was assumed that the viscosity coefficient and air density in materials with a
porosity coefficient ranging from 0.81 to 0.86 do not depend on the pressure drop and have constant values of 1.8⋅10–5

Pa⋅s and 1.2 kg/m3, respectively. The dependences of β/α on the processing speed of fabrics of different surface densities
(w

proc
, m/min) are shown in Fig.3.

The β/α ratio and the w
proc

 value depend on the surface density of the fabrics. However, the value of β/α is a
consequence of various combinations of the coefficients α and β, which requires establishing their dependence on the
processing speed (Fig. 4).

For the fabric with a surface density of 0.20 kg/m2, reducing the processing speed from 10 to 5 m/min leads to
a significant increase in the coefficient α. A further decrease in the processing speed leads to a decrease in this coefficient
(Fig. 4, curve 1), while the coefficient β is practically independent of the processing speed and remains constant when
w

proc
 changes from 10 to 1.2 m/min (curve 2).

A decrease in the processing speed from 10 to 5 m/min of the fabric with a surface density of 0.35 kg/m2 leads to
a relatively small increase in the coefficient α at a constant coefficient β. At w

proc
 < 5 m/min, the coefficient α decreases, and

at w
proc

 < 3 m/min starts to increase; the coefficient β at w
proc

 < 5 m/min continuously increases (Fig. 4, curves 3 and 4).
The data obtained (Fig. 4) make it possible to evaluate the effect of processing conditions on the mode of air

flow in the pores.
The increase in the coefficient α observed with the decrease in the processing speed of the fabrics with surface

densities of 0.20 and 0.35 kg/m2 from 10 to 5 m/min indicates that the decrease in the ratio β/α (Fig. 3) reflects an
increase in the viscous loss of air flow in the pores of the treated materials, which indicates the laminar regime of air
flow. A significant increase in the coefficient α when processing fabrics with a surface density of 0.20 kg/m2 (Fig. 4,
curve 1) indicates that, compared with the fabric with a surface density of 0.35 kg/m2, through pores are formed in this
fabric and the laminar regime of air flow becomes determining.

A decrease in the coefficient α when the processing speed of fabrics with a surface density of 0.20 and 0.35 kg/m2

is less than 5 m/min indicates a shift in the fibers and a filling of the volume of slotted pores with fibers. The shear of the
fibers depends on the surface density of the fabrics. For materials based on the fabric with a surface density of 0.35 kg/m2,
the fibers fill slotted pores with an increase in inertial losses due to air flow around the fibers, which is reflected by an
increase in the coefficient β (Fig. 4, curve 4). For the fabric with a surface density of 0.20 kg/m2, a constant coefficient
β at a processing speed of 1.2 to 10 m/min (Fig. 4, curve 2) indicates a slight shear of the fibers with the preservation of
the laminar regime of air flow in through slotted pores free of fibers.

During processing, the fabric with a surface density of 0.20 kg/m2 is heated to a considerable thickness, which
leads to the melting of the sheath of bicomponent fibers and their fusion between themselves and PET fibers. The
consequence of this is the limitation of mobility and the shift of the fibers when the fabric is pressed against the heated
surface of the shaft by the conveyor belt. For the fabric with a surface density of 0.35 kg/m2, the mobility of the fibers is
maintained at a processing speed greater than 1.2 m/min, at which through defects are formed. In this case, at a value of
ΔP/d = 45000 Pa/m (with a material thickness of 1.0⋅10–3 m, the air pressure drop is 45 Pa) in the places of localization
of defects, the destruction of the material begins, accompanied by a significant increase in the rate of air filtration with a
relatively small increase in pressure drop (Fig. 1, curve 1).
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