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ABSTRACT: The dynamics of stationary air drawing in
the melt blowing of nonwovens were determined on the
basis of a single-filament model in a thin-filament approxi-
mation that accounts for polymer viscoelasticity, heat of
viscous friction in the polymer bulk, and surface energy.
Predetermined distributions of the air velocity and temper-
ature along the melt blowing axis were assumed. Axial
profiles of the polymer velocity, temperature, elongation
rate, filament diameter, tensile stress, and extrapressure
were computed for the melt blowing of isotactic polypro-
pylene. The effects of the air-jet velocity, die-to-collector
distance, and polymer molecular weight are discussed. We
predicted that the filament attenuation and velocity at the
collector located in the air-drawing zone would increase

with increasing die-to-collector distance. The air-drawing
zone was shorter for higher air velocities and lower molec-
ular weights. No online crystallization was predicted
before the achievement of the collector, and melt bonding
of the filament in the web should have occurred during
cooling on the collector, accompanied by spherulitic crys-
tallization. Significant online extrapressure in the filament
was predicted in the case of supersonic air jets as resulting
from polymer viscoelasticity, which could have led to lon-
gitudinal splitting of the polymer into subfilaments. VC 2010
Wiley Periodicals, Inc. J Appl Polym Sci 119: 53–65, 2011
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INTRODUCTION

Melt blowing is a rapid technology of nonwoven
production from a variety of thermoplastic poly-
mers, in which a web structure is obtained in a one-
step process from the melt by the application of
high-velocity, hot-air jets.1,2 In the process, two con-
vergent air jets blown from a dual-slot die attenuate
the melt streams extruded from a single row of orifi-
ces. Intensive experimental studies in recent years
on the multivariable process and its products have
resulted in a considerable improvement of the tech-
nique and the properties of the nonwovens.3–8 Im-
portant properties of the nonwovens associated with
the surface activity of the fibers strongly improve
with a reduction in the fiber diameter. The diameter
of the web fibers melt-blown from polypropylene
and other thermoplastics has been reported in a
wide range, between 70 and 1.6 lm, in the litera-
ture.3,5 Experimental investigations have indicated
that thinner fibers are obtained at faster air jets,

higher melt temperatures, lower mass outputs (W’s)
of the polymer, and longer die-to-collector distances
(L’s).5,6,8 The process dynamics and web structure
are also influenced by the rheological properties of
the melt associated with the polymer molecular
weight and by the geometry of the air die assembly.
The majority of the filament attenuation is caused

by air drawing and occurs within a short range of
the process axis adjacent to the spinneret, where
individual filaments are aligned to the air-jet axis
and remain unentangled. The air-drawing forces
spin the filaments with an elongation rate (dV/dz)
much higher than that used in classical melt spin-
ning. Some attenuation beyond the air-drawing zone
has also been reported as caused by interfilament
collisions and entanglements.3,7

The role of the processing and material parame-
ters in melt blowing has been the subject of many
experimental investigations in the last decade, but
literature on the modeling and computer simulation
of process dynamics is scarce. To overcome difficul-
ties in the modeling, a surface-response methodol-
ogy was adopted in the study in ref. 5 to develop
and optimize the process. However, the method is
based on time-consuming experimental measure-
ments in a wide range of high numbers of the
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process parameters. An attempt to predict the air-
drawing effects by computer modeling has been pre-
sented9,10 with the application of classical equations
of melt spinning for the case of the melt blowing of
polypropylene. The diameter of the fibers predicted
in the computations was rather high, above 50 lm.
The model did not account for the melt viscoelastic-
ity, heat of viscous friction in the polymer bulk, and
filament surface energy, effects that could contribute
to the process dynamics under high-velocity air jets
attenuating the filaments to a few micrometers.

MODEL ASSUMPTIONS

In the melt blowing of nonwovens, the polymer melt
is usually extruded from a single row of orifices
evenly distributed along the spinning beam. We con-
sidered the attenuation of polymer streams in the
air-drawing zone, where the influence of interfila-
ment contacts and entanglements could be
neglected. In the zone, the air velocity [Va(z)] domi-
nates velocity of the polymer streams, and attenua-
tion of the filaments occurs under high air-drag
forces. The air-drawing zone extends between the
spinneret and a point on the process axis where the
velocities of the filament and the air approach each
other and the drawing potential of the air jets
decreases to zero. Consequently, the velocity of the
filaments attains a maximum; this is followed by a
monotonic decrease, which causes interfilament col-
lisions, intensive coiling, and entanglements.7

To discuss the process dynamics, we use predeter-
mined air fields and the equations of melt spinning
in a single-filament approximation. Fundamental
equations of melt spinning were proposed in refs.
11–14 and have been developed by other authors.15–17

In this article, we use a single-, thin-filament model
of melt spinning17,18 that accounts for the nonlinear
viscoelasticity, heat of viscous friction in the polymer
bulk, and filament surface tension [c(z)]. The influ-
ence of viscous friction and surface tension, usually
neglected in melt spinning, is analyzed because, in
pneumatic processes, very high dV/dz values are
introduced, which attenuate the filaments very
quickly within a very short range of the process
axis. The computations focus on the role of the air-
jet velocity, L, and polymer molecular weight [melt
flow rate (MFR)] on the filament attenuation in the
air-drawing zone. Distributions of the filament ve-
locity [V(z)], filament temperature [T(z)], filament
tensile stress [Dp(z)], and filament rheological extrap-
ressure [prh(z)] in the polymer bulk along the melt
blowing axis are also discussed. Example computa-
tions are shown for the melt blowing of nonwovens
from isotactic polypropylene (iPP).

Cartesian coordinates, with the origin at the spin-
neret, the x axis along the spinning beam, and the z

axis along the centerline, were chosen. The geometry
of the process allowed us to reduce the model to
two dimensions in the (y,z) plane normal to the cur-
tain of the blown filaments. The plain showed a
symmetry axis along the centerline of the air jets. A
high length-to-width ratio of the die assembly,
exceeding 50, as recommended in ref. 19, allowed us
to neglect the end effects. The single-, thin-filament
approximation widely used in the modeling of melt
spinning reduced the problem to one variable: the
axial distance (z).
Axial profiles of V(z), T(z), Dp(z), and prh(z) were

considered as the values averaged over the radial
cross section of the filament at point z. The air con-
ditions were approximated by Va(z), air temperature
[Ta(z)], and air pressure [pa(z)] distributions along
the z axis, determined in the form of continuous an-
alytical functions in the absence of the filament. The
validity of the approximation by predetermined air
fields was proven experimentally for melt blowing
in the study in ref. 20. We used the air fields com-
puted for jets blown at different initial air velocities
(Va0’s) from the die slots shown in Figure 1.21,22

MODEL EQUATIONS

Experimental observations7 indicated that intensive
air drawing of the polymer melt takes place within a
range of the z axis where Va(z) much exceeds V(z).
The range is limited by the point on the z axis at
which the Va(z) and V(z) values approach each
other. The mass conservation, force balance, and
energy conservation equations for the filament in the
air-drawing zone read as follows:

qðzÞVðzÞpD
2ðzÞ
4

¼ W (1)

dF

dz
¼ W

dV

dz
þ pDðzÞpzrðzÞ � pD2ðzÞ

4
qðzÞg

� p
2

d

dz
cðzÞDðzÞ½ � (2)

where dF/dz is axial gradient of the tensile force, d/dz
denotes the axial gradient operator, and the z axis is
vertical.

qðzÞCpðzÞVðzÞ dT
dz

¼ � 4a�ðzÞ
DðzÞ TðzÞ � TaðzÞ½ �

þ tr pðzÞ � _eðzÞ½ � ð3Þ

where dT/dz is axial gradiant of the filament temper-
ature, tr denotes the trace operator, p(z) is local
stress tensor, ė(z) is local elongation rate tensor, the
z axis is vertical, D(z) is the local diameter of the fil-
ament at a constant W, q(z) is the local polymer den-
sity, pzr(z) is the air friction shear stress on the
filament surface, g is the acceleration of gravity,
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Cp(z) is the specific heat of the polymer, and a* is
the heat-exchange coefficient.

The last terms in eqs. (2) and (3) account for c(z)
and the friction heat generated in the polymer
bulk,14,17 respectively. The c(z) in eq. (2) is nearly
proportional to local filament attenuation (dD/dz).
The attenuation is extremely rapid at high-velocity
air jets and exceeds by an order of magnitude the
values reported in melt spinning.7 Experimental
observations3,7 indicated a reduction in D(z) to 10%
of its initial value over a distance range less than 2
cm from the die. The volume density of the viscous
friction heat, expressed by the product of Dp(z) and
dV/dz, is calculated as follows:17

tr pðzÞ � _eðzÞ½ � ¼ DpðzÞdV=dz

The mass conservation equation of stationary melt
spinning is valid under the condition of dominating
Va(z) [Va(z) > V(z)]. Equation (1) loses its validity
beyond the air-drawing zone, where V(z) monotoni-
cally decreases after it approaches a maximum at
the zone edge, but a slight decrease in the diameter
is still observed.7 The force balance eq. (2) accounts
for inertia, air friction, gravity, and surface tension.

The energy balance eq. (3) accounts for convective
heat exchange between the filament and the air
caused by the local difference in the temperature
[T(z) � Ta(z)]. a* is determined from the correlation
between the Nusselt number (Nu) and Reynolds
number (Re; Nu ¼ 0.42Re0.334), confirmed by Bansal
and Shambaugh3 for the melt blowing of polypro-
pylene nonwovens.
Crystallization heat effects were omitted, as they

are absent under usual melt blowing conditions. As
reported in the literature,7 the filaments of iPP do
not crystallize during melt blowing until they reach
the collector. No oriented crystallization was pre-
dicted by the computation performed for the process
with the collector located at a fixed distance of 20
cm from the spinneret.23,24

pzr(z) is calculated as follows:

pzrðzÞ ¼ 1

2
Cf ðzÞqaðzÞ VðzÞ � VaðzÞ½ �2sgn VðzÞ � VaðzÞ½ �

(4)

where Cf(z) is the air friction coefficient and qa(z) is
the local air density. pzr(z) depends on the local dif-
ference between V(z) and Va(z) [V(z) � Va(z)] and is
negative in the entire air-drawing zone. Cf(z) is cal-
culated as follows:25

Cf ðzÞ ¼ b
DðzÞ VðzÞ � VaðzÞj j

maðzÞ
� �a

(5)

where b and a are experimental correlation constants
and ma(z) is the kinematic viscosity of the air. For
melt blowing, we assume b ¼ 0.78 and a ¼ �0.61.26

ma(z) depends on the local Ta(z) and reads (at atmos-
pheric pressure) as follows:17

maðzÞ ¼ 4:1618� 10�9 T
5=2
a ðzÞ

TaðzÞ þ 114
ðm2=sÞ (6)

The thermal conductivity of the air, ka which affects
a* in eq. (3) (a * ¼ 0.42ka m�0:334

a D0.666 (V � Va)
0.334,

from the relation between Nu and Re3) is approxi-
mated by the conductivity of dry air [ka(z)] at atmos-
pheric pressure:17

kaðzÞ ¼ 2:0848� 10�3 T
3=2
a ðzÞ

TaðzÞ þ 114
ðJm�1s�1K�1Þ (7)

The following dependences of the melt q(z), c(z),
and Cp(z) on the temperature were chosen for
iPP27,28

qðzÞ ¼ 103

1:145þ 9:03� 10�4½TðzÞ � 273� ðkg=m3Þ (8)

cðzÞ ¼ 2:94� 10�2 � 5:6� 10�5 TðzÞ � 296½ � ðN=mÞ
(9)

Figure 1 Geometry of the die assembly used in the simu-
lation of the air fields:21 a (¼0.3 mm) is the recess of the
nosepiece, b (¼0.5 mm) is the width of the air slots, c (¼
0.5 mm) is the width of the spinneret, and D0 (¼0.35 mm)
is the diameter of the spinneret orifice. The inclination of
the air slots to the z axis was 28.25�. z ¼ L is the collector
location in the air-drawing zone.
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CpðzÞ ¼ Cp0 þ Cp1 TðzÞ � 273½ � (10)

where Cp0 ¼ 1.5358 � 103 J kg�1 K�1 and Cp1 ¼
10.13 J kg�1 K�2 are experiment constants.

The Phan-Thien/Tanner constitutive equation of
viscoelasticity was assumed as follows:29,30

s exp �e
s
g
tr r

� �
_r� ð1� nÞ2r _e½ �

þ r ¼ 2g exp �e
s
g
tr r

� �
_e ð11Þ

where s is the relaxation time of the polymer, g is
the zero-shear melt viscosity of the polymer, r is the
extrastress tensor, r is the time-derivative of the
extrastress tensor, and e and n are constants respon-
sible for nonlinear and shear-thinning effects, respec-
tively. For iPP, e ¼ 0.015 and n ¼ 0.6.31 The
components of r can be expressed by the tensile
stress (Dp ¼ rzz � rrr, where rzz and rrr are axial
and radial components of the stress tensor, respec-
tively) and the rheological extrapressure [prh ¼
�trr/3 ¼ �(rzz þ 2rrr)/3], which vanishes for
purely viscous flow in the limit of zero dV/dz (s !
0, e ¼ 0). In the thin-filament approximation, eq. (11)
is converted into two scalar equations for the axial
profiles of Dp(z) and prh(z):

sðzÞVðzÞ d

dz
Dpþ DpðzÞ exp �3e

sðzÞ
gðzÞ prhðzÞ

� �

¼ 3gðzÞ dV
dz

þ sðzÞð1� nÞ Dp� 3prhðzÞ½ � dV
dz

ð12Þ

sðzÞVðzÞ d

dz
prh þ prhðzÞ exp �3e

sðzÞ
gðzÞ prhðzÞ

� �
¼

� 2

3
sðzÞð1� nÞDpðzÞ dV

dz
ð13Þ

Dp(z) is related to the local tensile force [F(z)]:18

DpðzÞ ¼ FðzÞ
pD2ðzÞ (14)

The Arrhenius-temperature dependence of the
melt shear viscosity [g(T)] is assumed to be above
the glass transition:

gðTÞ ¼ g0ðMwÞ exp Ea

kT

� �
T > Tg

1 T � Tg

�
(15)

where g0 is a material constant, Mw is the weight-av-
erage molecular weight, Ea is the activation energy,
Tg is the glass-transition temperature, and k is the
Boltzmann constant. For iPP, Ea/k ¼ 5.292 � 103 K
and Tg ¼ 253 K.14,28 For entangled polymer melts,
the front factor g0 (Mw) ¼ Constant � M3:4

w .32 The
shear viscosity of the melt [g(z)] at T(z) is calculated
as follows:

gðzÞ ¼ gref

Mw

Mw;ref

� �3:4

exp
Ea

k

1

TðzÞ �
1

Tref

� �� �
(16)

where gref is a reference shear viscosity of the poly-
mer at a reference temperature (Tref) and a reference
weight-average molecular weight (Mw,ref). gref ¼
3000 Pa s was chosen for iPP at Tref ¼ 493 K and
Mw,ref ¼ 300,000.32

The local relaxation time of the melt [s(z)] is calcu-
lated as

sðzÞ ¼ gðzÞ=GðzÞ

where G(z) ¼ BT(z) is the modulus of elasticity pro-
portional to the melt temperature and the constant B
is proportional to the volume density of the average
number of subchains between the entanglements (m):30

B ¼ 1� nð Þ2mk

s(z) is expressed by a reference relaxation time (sref)
of the melt:

sðzÞ ¼ sref
Mw

Mw;ref

� �3:4

exp
Ea

k

1

TðzÞ �
1

Tref

� �� �
Tref

TðzÞ (17)

In the computations, we assumed sref ¼ 0.035 s at
Tref ¼ 493 K and Mw,ref ¼ 300,000 for iPP. sref was
extrapolated from a value of 0.040 s reported for a
shear viscosity of 3420 Pa s at 483 K.31

The set of four first-order differential equations of
melt drawing obtained from eqs. (1)–(3) and eqs.
(12)–(14) was solved by the numerical Runge–Kutta
integration procedure, which required initial values
for polymer V(z), T(z), F(z), and prh(z). The initial
V(z) was controlled by a constant W, V(z ¼ 0) ¼
4W/[pD2

0 q (T0)], the initial melt T(z) was constant
[T(z ¼ 0) ¼ T0], and the initial prh(z) was zero [prh (z
¼ 0) ¼ 0]. The initial F(z) was controlled indirectly
by the dynamic conditions at the collector, where
the filament deposited freely onto the nonwoven
surface. The initial F(z) [F(z � 0) = F0] was adjusted
by an inverse method to zero F(z) at the end of the
process axis [F(z � L) = 0].

AIR-JET CONDITIONS

The air-jet conditions determined the dynamic inter-
actions and heat exchange between the filament and
the air along the process axis z. The z axis was iden-
tical to the centerline of the air jets. We assumed
axial distributions of Va(z) and Ta(z) predetermined
in ref. 21 for several Va0’s between 30 and 300 m/s
and the geometry of the die assembly, shown in Fig-
ure 1. The initial air temperature (Ta0) was fixed to
300�C and was equal to the melt extrusion
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temperature. Experimental investigations in the liter-
ature indicated that Ta0 usually applied in the melt
blowing of nonwovens negligibly influences the fiber
diameter.6 The influence of Ta0 is slightly stronger
when it is lower than the melt extrusion tempera-
ture, and a slight decrease in the fiber diameter was
observed with increasing Ta(z).

3,33 A much more im-
portant role was attributed to Va(z). An increase in
Va0 is frequently used as a method to intensify fila-
ment attenuation and reduce its diameter. The Va0

values in the simulation21 covered the ranges of air-
jet velocity reported in the literature.3,5–7

In the simulation,21 the air flow fields were com-
puted with the standard k � e turbulence model
with the aid of the Fluent 6.3 package (Ansys, Inc.
Canonsburg, PA). The zero point of the z axis was
set at the spinneret face. The air flow space in the
(y,z) plane was wide and long enough to represent
dynamics of the air jets active in melt blowing. The
limits of the air fields in the y and z directions, with
the centerline symmetry z axis and the limit zmax ¼
20 cm, were determined by the experience of other
authors.10,34 In the computation technique, the net
grid was concentrated at the proximity of the air
slots and did enlarge with increasing distance from
the die toward the boundaries of the fields.

In the vicinity of the slots where the spinneret was
recessed, there was a negative axial Va(z), which next
inverted its direction and rapidly increased to a maxi-
mum a few millimeters from the spinneret; this was
followed by a monotonic decay. The maximum air ve-
locity (Vmax

a ) exceeded Va0. For Va0 ¼ 30 and 300 m/s,
the Vmax

a values were 33.4 and 420 m/s, respectively.
We determined analytical fit functions with the aid

of the Origin 8.0 software (OriginLab Corp., North-
ampton, MA) for the axial Va(z) and Ta(z) simulation
data presented in ref. 21. The fit functions for Va(z)
represented the velocity reduced by its maximum,
Va(z)/V

max
a , versus the distance reduced by the width

of the air slots (z/b). The variable z/b was divided into
three ranges for Va(z) and two ranges for Ta(z) to
obtain the best fit to the simulation data by different
fit functions in each range, with a continuous transi-
tion between the ranges. The velocity fit functions
were parabolic within a very short range of the z axis
of about 3

4 b at the spinneret

VaðzÞ
Vmax

a

¼ 0:574 1:339
z

b
� 1

	 
 z

b
; 0 <

z

b
� 0:747 (18a)

followed by the sigmoid up to z ¼ z*

VaðzÞ
Vmax

a

¼ 1

� 3 1þ exp 1:316
z

b
� 0:263

	 
h i�1

;

0:747 <
z

b
� z�

b
(18b)

and by power-law decay above z*

VaðzÞ
Vmax

a

¼ C
z

b

	 
� 0:572

;
z

b
>

z�

b
(18c)

where z* was the axial distance of the intersection
of the sigmoid with the decay plot. The axial dis-
tance from which Va started decaying, reduced by
the width of air slots, is given by the relation z*/b ¼
C1.748, C is the fit coefficient and is calculated by C ¼
3.310 þ (3.949 � 10�3)Vmax

a , and Vmax
a is expressed in

meters/second. At high-velocity air jets (Vmax
a > 200

m/s), the coefficient C deviates considerably from a
nearly fixed value at low velocity. In the literature,
values of �0.61034,35 and �0.6328 of the power in eq.
(18c) were obtained from experimental data, and a
value of �0.568 was obtained from the simulation
results36 for air slots with a similar inclination angle
of 30� to the z axis.
Two ranges of the axial distance were considered

to fit the Ta(z) simulation data presented in ref. 21.
For the first range, we found

TaðzÞ � Tamb

Ta0 � Tamb
¼ A

þ ð1� AÞ 1þ exp 0:714
z

b
� x0

	 
h in o�1

; 0 <
z

b
� z�

b

ð19aÞ

where Ta0 ¼ 573 K and Tamb ¼ 293 K are the initial
and ambient air temperatures, respectively; A and x0
are fit coefficients: A ¼ 0.919 � 0.240 exp(�Vmax

a /
70.21); x0 ¼ 8.112 þ 0.593 exp(Vmax

a /147.90); and z*/b
¼ 8.818 þ 0.434 exp(Vmax

a /168.70).
In the second range, the data fit the following

power-law decay:

TaðzÞ � Tamb

Ta0 � Tamb
¼ C

z

b

	 
�0:590

;
z

b
>

z�

b
(19b)

where C ¼ 3.241 þ (4.769 � 10�3)Vmax
a .

The pa(z) values simulated in ref. 21 showed a
slight increase within a very short range of a few
millimeters near the spinneret followed by fast
decay to atmospheric pressure. Then, the influence
of pa(z) on melt blowing was neglected.
The line plots in Figures 2 and 3 illustrate analyti-

cal fit to the simulation data21 by eqs. (18a)–(18c),
(19a), and (19b) for different Va0 values. A shifting of
the plots for high-velocity air jets resulted from the
dependence of C on Vmax

a . The simulation data and
the fit functions are compared in Figure 2 with the
experimental data (solid symbols) reported by Moore
et al.8 and Harpham and Shambaugh35 for low (Va0

¼ 17.3 and 34.6 m/s35) and high (Va0 ¼ 352 m/s8)
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Va0 values and the air slots with a similar inclination
angle of 30�.

For Ta(z), the simulation data and the fit functions
are compared in Figure 3 with the experimental data
for Va0 ¼ 35 m/s and a Ta0 of 300�C over the ambi-
ent temperature (solid symbols)35 and with the
power-law decay obtained in ref. 8 (dashed line)
from experimental measurements for Va0 ¼ 352 m/s
and a Ta0 of 300�C. The decay exponent, �0.590 in
eq. (19b), was between the experimental values of
�0.61535 and �0.470.8 The experimental data in Fig-
ures 2 and 3, rescaled for the axial variable z/b

according to the geometry of the die assembly used
in the experiments, provided satisfactory verification
for the dependence of the simulation data and the fit
functions on the axial variable and for the influence
of Va0 on the Va(z) and Ta(z) profiles.

RESULTS AND DISCUSSION

The online measurements and experimental observa-
tions3,6,7 indicated that a majority of the filament
attenuation occurred by air drawing within a short
range of the process axis adjacent to the spinneret in
which the polymer melt was subjected to extremely
fast elongation. We use the presented model of melt
air drawing to discuss the influence of Va(z), L, and
the polymer molecular weight on the filament attenu-
ation and dynamics of the melt blowing of iPP non-
wovens. The range of the air-drawing zone in which
Va(z) dominated local velocity of the filament, Va(z) >
V(z), depended on the distribution of the axial veloc-
ity of the air jets and on the rheological response of
the polymer. The stretching of the filaments due to
interfilament collisions that contributed to some
attenuation beyond the air-drawing zone was not con-
sidered. In our computations, we assumed that the
initial temperatures of the melt and of the air were
fixed at 300�C, the polymer W ¼ 0.01 g/s, and the di-
ameter of the spinneret orifice (D0) was 0.35 mm.
Figure 4 shows the plots of the filament velocity

at the collector (VL) versus L computed for several
Mw values between 100,000 and 300,000 and with
the air jet with a fixed Vmax

a of 300 m/s (solid lines).
V(z) is shown in the meters per minute unit widely
used in melt spinning. For the collector located in
the air-drawing zone, Va(z) (dashed line) dominated
the velocity of the filament. The air-drawing model
applies to processes with the collector location in the
range of the z axis and is limited by the point at

Figure 2 Reduced axial air velocity (Va/V
max
a ) versus

reduced axial distance (z/b) at different Va0 values. Open
symbols and crosses represent the simulation data,21 Axial
air temperature Ta presented as lines show the fit by eqs.
(18a)–(18c), and solid symbols show the experimental data
(HS ¼ Harpham and Shambaugh;35 MPS ¼ Moore, Papa-
vassiliou, and Shambaugh8).

Figure 3 Axial air temperature Ta presented as [(Ta �
Tamb)/(Ta0 � Tamb)] versus reduced distance (z/b) at differ-
ent Va0 values. Open symbols and crosses show the simu-
lation data,21 solid lines show the fit by eqs. (19a) and
(19b), solid symbols show the experimental data (HS ¼
Harpham and Shambaugh35), and the dash-dotted line
shows the experimental power-law decay (MPS ¼ Moore,
Papavassiliou, and Shambaugh8).

Figure 4 VL of the iPP filament in the air-drawing zone
versus L computed for different Mw’s. The dashed line
shows the centerline velocity of the air (Vmax

a ¼ 300 m/s).
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which V(z) and Va(z) are equal. The length of the
air-drawing zone considerably decreased with
decreasing Mw, and the reduction was accompanied
by increasing V(z). Some velocity plots shown in Fig-
ure 4 discontinued for lower Mw before they
achieved the edge of the air-drawing zone. The dis-
continuity was a consequence of a divergence of
dV/dz in the computations. The divergence
appeared closer to the spinneret for lower Mw and
may have indicated an instability in the stationary
process leading to the filament failure and different
than the capillary wave instability.14

Table I indicates the relation between Mw and g at
300�C determined for iPP from eq. (16) and MFR
determined from the formula MFR ¼ Constant/(g at
230�C), where Constant ¼ 1.5 � 104 Pa s and the
shear viscosity is computed for 230�C.32

Figure 5 shows the V(z) profiles computed from
the model for several Mw values (solid lines) and the
air-jet velocity with Vmax

a ¼ 265 m/s (dashed line)
adjusted to the experimental data (crosses) pub-
lished by Bresee and Ko7 for the centerline Va(z).
The solid symbols represent online experimental
measurements of V(z) versus distance from the spin-
neret in a process without the collector (infinite col-

lector location) and Mw ¼ 63,000 (MFR ¼ 1259) from
the literature.7 The experimental data showed a
maximum in the range where V(z) approached the
velocity of the air, which was similar to the simula-
tion results obtained for different Mw values.
Figure 6 illustrates influence of Va(z) on VL versus

L (thick lines) predicted for several Vmax
a values and

Mw ¼ 250,000. The thin-line plots show V(z) profiles
computed for the case of collector located at the air-
drawing zone edge, and the dashed-line plots show
the centerline velocity of the air beyond the zone.
In the processes with the collector located beyond

the air-drawing zone, intensive coiling of the fila-
ments took place because of a slowdown of the fila-
ments by the decaying air jet beyond the zone. The
coiling led to interfilament collisions, which resulted
an in acceleration of some filaments and additional
attenuation, broadening of the diameter distribution
of the fibers, and more nonuniformities in the non-
wovens. Online measurements of V(z) by Bresee and
Ko7 indicated that the plots of the air and V(z) val-
ues nearly overlapped beyond the air-drawing zone.
Thus, we assumed that the filament axial velocity
beyond the zone could be approximated by Va(z)
given by eq. (18c), whereas, within the zone, it was
approximated by the velocity computed for the case
of the collector located at the zone edge. The approx-
imation is illustrated in Figure 6 by connection of
the thin- and dashed-line plots.
For the case of the collector position in the air-

drawing zone, the V(z) profiles should be located in
Figure 6 between the thick-line plot of the velocity at
the collector and the thin-line velocity profile deter-
mined for the case of the collector located at the
zone edge. The highest V(z) and attenuation were

TABLE I
Mw and g at 230 and 300�C Determined from Eq. (16)

and Estimated MFR of iPP

Mw (Da)
g at 230�C

(Pa s)
g at 300�C

(Pa s)
MFR

(g/10 min)

100,000 58 16 260
150,000 230 64 65
200,000 611 169 24
250,000 1305 360 12
300,000 2425 671 6

Figure 5 Filament velocity (V) versus z computed for dif-
ferent Mw’s (solid lines) and Vmax

a ¼ 265 m/s (dashed line)
adjusted to the experimental data (crosses).7 Solid symbols
show the experimental data7 without the collector and Mw

¼ 63,000 (MFR ¼ 1259).

Figure 6 Axial velocity of the iPP filament versus z com-
puted for different Vmax

a values. Thick lines show the ve-
locity at the collector, thin lines show the velocity profiles
[V(z)] for the collector at the edge of the air-drawing zone,
and dashed lines show the approximation beyond the air-
drawing zone [eq. (18c); Mw ¼ 250,000].
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predicted for the process with the collector location
at the edge of the air-drawing zone, at which the
most of the air-jet potential was used. Any shift of
the collector from the edge position toward the die
reduced the efficiency of the air jet. Figures 4 and 6
indicate also that the air-drawing zone was shorter
for faster air jets and lower molecular weights.

Figure 7 shows a diagram in the space of Vmax
a

versus L, which indicates the length of the air-draw-
ing zone for several Mw values. The zone decreased
to a few centimeters at high Vmax

a and low Mw val-
ues. The discontinuity of the V(z) plots in the air-
drawing zone associated with a divergence of the
melt dV/dz in the computations is also shown in
Figures 6 and 7 for high-velocity jets. This may indi-
cate an instability of the flow deformation in the
process at such collector locations. The discontinuity
appeared closer to the spinneret for faster air-jet
velocities. The fastest air jet assured convergent com-
putations, and therefore, the prediction of stationary
air drawing was found for Vmax

a ¼ 565 m/s and Mw

¼ 250,000.
The influence of the air-jet velocity on the filament

diameter at the collector (DL) versus L is illustrated
in Figure 8 for several Vmax

a values between 100 and
550 m/s and for Mw ¼ 250,000. The solid-line plots
show the results obtained for the collector located in
the air-drawing zone, whereas the dashed-line plots
are the predicted values for the collector beyond the
zone with an assumption that the interfilament colli-
sions contributed to the filament attenuation negligi-
bly. Any downstream shift of the collector from any
point in the air-drawing zone led to finer fibers,
until the zone edge, where the air-jet potential was
exhausted. Further attenuation, although less effec-
tive, may have occurred by stochastic interfilament
collisions not considered in this model. We pre-
dicted that with increasing Vmax

a to 550 m/s, D(z)

decreased in the process to about 12 lm and attenu-
ation occurred within a very short range of about 6
cm, in which the polymer accelerated to about 6000
m/min.
The model predictions for the D(z) profile along

the process axis are compared in Figure 9 (line plots)
with experimental data from the literature (points)
as reported by Bansal and Shambaugh3 for low Vmax

a

values and Bresee and Ko7 for high Vmax
a values. iPP

with Mw ¼ 122,500 and hot air (300�C) with a Va0 of
51.4 m/s were used in ref. 3. Vmax

a ¼ 59.6 m/s was
assumed in the computations; this value was 16%
higher than Va0, as we estimated on the basis of the
simulation data21 for this range of air-jet velocities
and similar geometry of the die assembly. The meas-
ured diameter (circles) and the values computed for
the same processing and material parameters as in
the experiment (solid line) remained in a good
agreement in the range of fast attenuation near the
die and in the far-distance range, with some discrep-
ancy between. Similar agreement is shown in the fig-
ure for high-velocity air jets, where the experimental
data (squares) and the diameter profile computed at
Vmax

a ¼ 265 m/s and Mw ¼ 63,000 (MFR ¼ 1259)
(dashed line) showed considerably lower values.
The minimum D(z) attainable by the adjustment

of the collector position to the edge of the air-draw-
ing zone is plotted versus Vmax

a in Figure 10 for sev-
eral Mw values. We predicted that any reduction in
Mw would lead to finer filaments in the entire range
of Vmax

a .
Figures 11 and 12 show dV/dz and T(z) versus dis-

tance z for several Vmax
a values and Mw ¼ 250,000

computed for the collector at the edge of the air-
drawing zone. The maximum dV/dz was located
near the spinneret, shifted slightly upstream with
increasing Va(z), and approached a high value of

Figure 7 Ranges of the air-drawing zone in the space of
maximum air-jet velocity (Vmax

a ) and L predicted for differ-
ent Mw values of iPP.

Figure 8 DL versus L predicted for iPP at different Vmax
a

values. Solid lines show the collector in the air-drawing
zone, and dashed lines show the approximation for the
collector beyond the zone (Mw ¼ 250,000).
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about 1900 s�1 at Vmax
a ¼ 550 m/s. Although the

value exceeded several times the dV/dz values in
high-speed melt spinning,37,38 the final V(z) values
attainable in both processes were comparable. A sec-
ond local maximum of dV/dz of about 1300 s�1, at a
distance closer to the spinneret was also predicted
for the highest Vmax

a .
The local temperature of the filament exceeded the

equilibrium melting point (T0
m ¼ 453 K) of iPP14 in

the entire air-drawing zone for Vmax
a > 400 m/s and

less than 20 cm from the spinneret for all considered
Vmax

a values. For processes with the collector beyond
the air-drawing zone, we approximated T(z) outside
the zone, before the filament approached the collec-
tor, by the polymer temperature at the zone edge
because a* outside the zone decreased to zero (a* !
0) because of the reduction of Re. With this approxi-

mation, the temperature profiles in Figure 12 were
completed by the dashed-line plots, which represent
the nearly constant temperature of the filaments af-
ter they left the air-drawing zone. We expect that
the approximation should be better for faster air jets
and for the collector locations closer to the zone. In
reality, the temperature profiles should be smoother
at the transition over the zone edge than those
shown in Figure 12 because of cooling by radiation
and convection at increasing stochastic motion of the
filaments.
Figure 13 shows the average Dp over the filament

cross section versus distance z for the collector
located at the edge of the air-drawing zone at differ-
ent Vmax

a values and Mw ¼ 250,000. Unlike in melt
spinning, Dp was predicted to concentrate near the
spinneret. Although the maximum F(z) was found at
the initial point, z ¼ 0, the initial Dp was very low

Figure 9 D(z) versus z. Symbols show the experimental
data reported by Bansal and Shambaugh (BS)3 and Bresee
and Ko (BK).7 Line plots show the values computed from
the model for processing and material parameters used in
the experiments.

Figure 10 Minimum D(z) versus maximum air-jet veloc-
ity (Vmax

a ) computed for different Mw values of iPP and
the collector located at the edge of the air-drawing zone.

Figure 11 dV/dz of the iPP filament versus z computed
for different Vmax

a values and the collector located at the
edge of the air-drawing zone (Mw ¼ 250,000).

Figure 12 Local temperature of the iPP filament (T) ver-
sus z computed for different Vmax

a values. Solid lines show
the collector at the edge of the air-drawing zone, and
dashed lines show the collector beyond the zone (approxi-
mation; Mw ¼ 250,000).
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and steeply increased to a maximum a short dis-
tance from the spinneret because of the rapid attenu-
ation of the filament. The Dp maximum increased
with increasing Vmax

a and shifted upstream to about
3 cm from the spinneret for Vmax

a ¼ 550 m/s. The
ranges of high Dp and high dV/dz on the z axis coin-
cide in Figure 11, with a slight downstream shift of
the stresses because of higher melt viscosity at lower
temperatures. Despite dV/dz values several times
higher than those in high-speed melt spinning, the
maximum Dp values predicted in the computations
were lower.17,39

The temperature and Dp profiles in Figures 12 and
13 indicate that the filaments should not have crys-
tallized before they approached the collector. In the
range of high Dp values, the polymer temperature
was above T0

m. When the filament cooled down
below T0

m further on the z axis, it should not have
crystallize by stress-induced crystallization before
approaching the collector because the stress relaxed
nearly to zero in that range and the polymer resi-
dence time was too short for crystallization. The
minimum crystallization half period of unoriented
iPP is about 1.25 s,14 whereas the residence time on
the z axis is shorter by two orders of magnitude.
The spherulitic structure of iPP filaments observed
in melt-blown nonwovens7 indicated that crystalliza-
tion occurred under relaxed molecular orientation
during the cooling of the web on the collector.

Unlike in melt spinning, the inertia and air drag
forces are opposite in melt blowing and compensate
each other to a large extent, in particular, in the
range of high dV/dz values. Under such conditions,
low-level forces, such as surface tension, are
expected to influence the process dynamics to a
higher extent than in melt spinning. The surface ten-
sion (c) contributes a positive gradient to the fila-

ment tension in eq. (2) and should enhance air
drawing. Its contribution to the filament tension
associated with a reduction of the diameter in the
attenuation by DD over a range Dz of the process
axis was pcDD, at a nearly constant c in this range.
For air jets with Vmax

a ¼ 550 m/s, the collector
located at the edge of the air-drawing zone, and Mw

¼ 250,000, the highest dV/dz was about 1900 s�1 at a
distance of about 2.5 cm from the die and the high-
est dD/dz of about 103 lm/cm of the process axis
was predicted a few millimeters from the die.
For this process, the surface tension term in eq. (2)

was one order of magnitude higher than the gravity
term in the range between the die and the maximum
of the dV/dz. Analysis indicated that the surface ten-
sion shifted the point at which D(z) decreased to
10% of its initial value from a distance of 2.03 to 1.45
cm toward the die in this process. The influence of
the surface tension on D(z) can be neglected for
processes with a maximum dV/dz below 1400 s�1.
The surface tension forces should be also considered
in an analysis of the limitations observed in melt
blowing of superthin fibers;40 a more detailed analy-
sis of all dynamic contributions will come in a sepa-
rate work.
The computations indicated that the viscous fric-

tion heat term in eq. (3) elevated T(z), in particular,
at higher air-jet velocities. In the process with Vmax

a

¼ 550 m/s, Mw ¼ 250,000, and the collector at the
air-drawing zone edge, T(z) was elevated by about
1.5�C at the maximum dV/dz, up to by about 18�C
at the L ¼ 8.6 cm. Such an increase in T(z) enhanced
the melt processability by increasing its fluidity and
allowed for higher attenuation, from 24.6 to 14.1 lm
at the zone edge in this process. The viscous friction
heat may have contributed to the plateaulike behav-
ior of T(z) observed experimentally at distances
above 4–5 cm from the die by Shambaugh and
coworkers.3,41

The model predicted negative prh in the polymer
bulk created during fast elongation of the visco-
elastic melt under high-velocity air jets in the super-
sonic range. Axial profiles of prh are plotted in Fig-
ure 14 for different Vmax

a values with Mw ¼ 250,000
and with the collector located at the edge of the air-
drawing zone. The pressure was created with the fil-
ament very close to the spinneret in a narrow range
of the process axis of about 1–2 cm. Its location coin-
cided with the secondary maximum of dV/dz pre-
sented in Figure 11 for the fastest air jet. The nega-
tive prh acted against the cohesion forces, and when
the stress level approached a cohesion limit, it may
have been released by cavitation in the polymer
bulk. prh disappears for a purely viscous fluid sub-
jected to the process.
Figure 15 shows the maximum of |prh| plotted

versus L for different Vmax
a values and with Mw ¼

Figure 13 Local Dp of the iPP filament versus z com-
puted for different Vmax

a values and the collector at the
edge of the air-drawing zone (Mw ¼ 250,000).
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250,000. The values and positions of the maximum
on the z axis were almost insensitive to L for L > 6
cm, whereas at closer collector locations, they
decreased to zero when the collector was shifted
upstream. The dashed-line plots show approxima-
tions for the collector outside the air-drawing zone
by the values obtained for the collector at the zone
edge. Figure 16 illustrates the nearly logarithmic
increase of the maximum of the |prh| with increas-
ing Vmax

a in the supersonic range for different Mw

values, with the highest value of about 0.4 MPa at
Vmax

a ¼ 565 m/s and Mw ¼ 250,000.
A high negative prh acting against the cohesion

forces could provide enough potential energy for
cavitation in the polymer bulk and longitudinal
splitting of the filament into subfilaments. Assuming
that potential energy of prh was converted into the
surface energy of n subfilaments produced in the

spitting, we considered the following energy balance
equation:

prhdvþ r
Xn
i¼1

dsi � dsD

" #
¼ 0 (20)

where r is the surface free energy density of the
polymer, dS is the surface of the i-the subfilament,
and the sum represents surface of the subfilaments
created by the splitting of a filament section of vol-
ume dv and surface dsD. Equation (20) is based on
the assumption that the potential energy associated
with the release of prh during the splitting from prh
to a residual extrapressure prel remaining in the sub-
filaments after the splitting in dv [(prel � prh)dv] con-
verts in total to the surface energy of n subfilaments:

r
Xn
i¼1

dsi � dsD

" #

At the full pressure release to prel ¼ 0, we obtain
eq. (20).
For the splitting of the filament at a point z of the

process axis, involving a filament section of local
D(z) and length dl and creating n identical cylindri-
cal subfilaments of diameter d, eq. (20) and the mass
conservation equation npq(z)d2dl/4 ¼ pq(z)D2(z)dl/4
lead to the following formula for the hypothetical
split diameter (d):

1

dðzÞ ¼
1

DðzÞ �
prhðzÞ
4rðzÞ (21)

where r(z) is the local surface free energy density at
T(z). These computations indicate that iPP filaments
do not solidify in the air-drawing zone, and the

Figure 15 Maximum |prh| in the iPP filament versus L
for different Vmax

a values. Solid lines show the collector in
the air-drawing zone, and dashed lines show the collector
beyond the zone (approximation; Mw ¼ 250,000).

Figure 16 Maximum |prh| in the iPP filament versus
Vmax

a for different Mw values and the collector at the edge
of the air-drawing zone.

Figure 14 prh in the iPP filament versus z computed for
different Vmax

a values and the collector at the edge of the
air-drawing zone (Mw ¼ 250,000).

DYNAMICS OF AIR DRAWING 63

Journal of Applied Polymer Science DOI 10.1002/app



temperature dependence of the surface free energy
is given by eq. (9). For high negative prh [�prh(z) �
4r(z)/D(z)], we have d(z) ffi �4r(z)/prh(z).

Figure 17 shows d plotted versus Vmax
a (solid line)

predicted from eq. (21) for the maximum |prh|, with
the collector location at the edge of the air-drawing
zone and Mw ¼ 250,000. The dashed-line plot illus-
trates D(z) at the collector without splitting. We pre-
dicted that, in the range of supersonic air jets, the
postulated pressure-induced splitting should reduce
D(z) by two orders of magnitude to the bottom of
the range of superthin fibers, that is, to about 0.1 lm
at Vmax

a ¼ 550 m/s. Further attenuation of the subfi-
laments by air drawing after the splitting was not
considered in this study.

Burst splitting of polypropylene monofilaments
induced by inside pressure was shown by Gerking42

in a photo of a filament subjected to supersonic air
jet in a Laval nozzle. It was reported that up to sev-
eral hundred subfilaments were created from a sin-
gle filament by longitudinal bursting under such
conditions.42

CONCLUSIONS

A single-filament model of stationary air drawing in
the melt blowing of nonwovens with predetermined
Va(z) and Ta(z) fields, which accounted for melt vis-
coelasticity, viscous friction heat in the filament
bulk, and surface energy, allowed us to discuss the
dynamics of the process and to determine axial pro-
files of V(z), dV/dz, T(z), D(z), Dp(z), and prh(z).
Example computations performed for iPP melt blow-
ing indicated a significant influence of the air-jet ve-
locity, L, and polymer molecular weight (MFR) on
the filament attenuation and process dynamics.

The air-drawing zone was sensitive to the air-jet
velocity and the polymer Mw. The zone was shorter
for faster air jets and lower Mw and decreased to a
few centimeters for supersonic air jets and low Mw’s
(high MFRs). The reduction was accompanied by a
considerable increase in filament dV/dz, attenuation,
and velocity. Any downstream shift of the collector
in the air-drawing zone led to a higher lay-down ve-
locity of the filaments on the collector and finer
fibers until the zone edge, at which the air-jet poten-
tial was exhausted and the highest attenuation by
air drawing was predicted. A reduction in Mw led to
a faster lay down and finer filaments in the entire
range of Va(z) and the die-to-collector locations in
the air-drawing zone.
In the case of collector locations beyond the zone,

further filament attenuation occurred, although it
was much less effective, as a consequence of interfi-
lament collisions. An approximation of the axial V(z)
was proposed for processes with the collector
located outside the air-drawing zone: within the air-
drawing zone, V(z) was approximated by the veloc-
ity computed for the collector at the zone edge, and
beyond that zone, V(z) was approximated by Va(z)
along the centerline of the jets.
The Dp and dV/dz maxima were predicted to be

located near the spinneret, with an upstream shift at
increasing air-jet velocity. Dp was very low at the
spinneret and steeply increased to a maximum de-
spite a monotonic decrease in F(z) from its maximum
at the spinneret. The maximum of Dp was higher for
faster air jets and shifted upstream to the spinneret.
The melt dV/dz values predicted for fast air jets
exceeded by several times the values reported for
high-speed melt spinning, although the Dp values in
air drawing were significantly lower, and the V(z) val-
ues attainable in both processes were similar.
Axial profiles of T(z) and Dp indicated that the

polymer should not have crystallized in the melt
blowing of nonwovens before the filament
approached the collector and that the melt bonding
of the filaments should occur on the collector during
the cooling of the web.
Considerable negative prh was predicted in the

polymer bulk as a result of the viscoelasticity of the
melt being subjected to fast uniaxial elongation in
supersonic air jets. The range of the creation of prh
on the process axis was very narrow and was
located near the spinneret. The maximum and posi-
tion of the absolute value of the pressure on the axis
were insensitive to the collector locations above 6
cm from the spinneret. The negative prh acted
against the cohesion forces in the polymer melt and
may have created cavitation and induced the burst
splitting of the air-drawn filament into subfilaments.
A hypothetical average split diameter was inversely
proportional to the maximum of the absolute value

Figure 17 Diameter of the iPP subfilaments (solid line) in
the hypothetical pressure-induced splitting of the filament
and D(z) without splitting (dashed line) versus Vmax

a pre-
dicted for the collector at the edge of the air-drawing zone
(Mw ¼ 250,000).
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of the pressure. A nearly logarithmic increase of the
maximum was predicted with increasing air-jet ve-
locity in the supersonic range. The postulated pres-
sure-induced splitting could reduce D(z) well down
to the range of superthin fibers.
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