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ABSTRACT: A computational fluid dynamics technique
was developed for the simulation of airflow through an
annular jet. The technique used a commercial simulation
package with a Reynolds stress model for the simulation of
turbulent flows. The model parameters were calibrated us-
ing available experimental data for circular and annular jets.
It was found that, after this calibration, the computational
results agreed well with experimental data (specifically,
with the velocity magnitude, velocity decay rate, and the
velocity spreading rate). The jet geometry studied was based

on industrial melt-blowing nozzles. The velocities studied
varied from the low subsonic incompressible range to nearly
sonic conditions. Based on both the computational and ex-
perimental results, a correlation was proposed that predicts
the centerline velocity profiles in both the near- and far-field
regions. © 2004 Wiley Periodicals, Inc. J Appl Polym Sci 94:
909–922, 2004
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INTRODUCTION

Melt blowing is a process for manufacturing polymer
fibers. In melt blowing, streams of hot gases (usually
air) attenuate a molten polymer stream into a fine
fiber. The fibers are generally collected as a mat on an
open screen and that fiber mat is referred to as a
nonwoven structure. There are different die geome-
tries that are used to create melt-blown fibers. The two
most commonly used dies are slot dies (commonly
called Exxon dies; see Harding et al.1) and annular
dies (often called Schwarz dies; see Schwarz2). Slot
dies are dies where the air is sent through a pair of
long linear slots located on opposite sides of a row of
polymer outlets. Typically, the air slots are of the
order of 1 mm wide, and the two slots are located
about 1 mm apart; however, the length of a slot die is
about 0.5 to 3 m. Annular dies are dies where a single
annular air outlet surrounds each polymer outlet; gen-
erally, there are several rows (three to five) of polymer
outlets. A diagram of one hole of an annular melt-
blowing die is pictured in Figure 1. Annular melt-
blowing dies typically have inner (air) diameters of
around 1 mm and outer (air) diameters of about 2 mm.

Recently, slot dies have been studied with a combi-
nation of computational fluid dynamics (CFD) analy-

sis and comparison to experimental data3,4; slot dies
have also been studied with a large eddy simulation
approach.5 Krutka et al.3 found that the default turbu-
lence model parameters [the parameters suggested
within the software (Fluent6)] need to be modified to
obtain agreement between the CFD results and exper-
iments. The present study explores the development
of a CFD technique for analyzing flow patterns of
isothermal air emanating from an annular orifice. The
goal was to develop a method for investigating annu-
lar melt-blowing dies without going through the con-
siderable expense of constructing and testing physical
dies. The technique is calibrated against the annular jet
experimental data of Uyttendaele and Shambaugh7 as
well as other experimental data on circular jets.8

The efficiency of the melt-blowing process depends
on the behavior of both the air flow field and the
polymer stream. The analysis performed here is fo-
cused on the air flow field and does not include the
effects of the polymer on the air flow field. This ap-
proximation is consistent with available experimental
data and with models already developed for the melt-
blowing process.9,10 This decoupling of the air and
polymer flow leads to a significant reduction in com-
putational and modeling effort, while providing a
valuable tool for process development. The implicit
assumption, when decoupling the air and polymer
flow fields, is that the polymer stream has a slight
effect on the air flow field. Because of the rapid atten-
uation and small diameters of the fibers involved, this
appears to be a good approximation when the fibers
are beyond the immediate vicinity of the die face
(where the fiber diameter is quite large) and away
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from the fiber collection device (given that the collec-
tion device can interfere with the air flow pattern).

Circular jets have been studied extensively, al-
though much less work has been done with annular
jets. Schlichting11 presents a theoretical analysis of
turbulent circular jets. Ferdman et al.12 reported that
the far-field development of circular turbulent jets is
independent of the initial jet velocity profile. This
result suggests that annular jets may, at least in the
far-field region, behave in a manner similar to that of
a turbulent circular jet.

The contributions of the present article are (1) the
determination of the turbulence model parameters
that need to be used for the successful simulation of an
annular air jet, (2) the development of predictive cor-
relations that describe the behavior of the mean air
velocity field in annular jets used for melt blowing,
and (3) the prediction of turbulence quantities below
annular air jets.

EXPERIMENTAL

Computational domain and grid generation

The seven different types of dies simulated in this
work included a circular jet and six different annular
jets. The first four dies are referred to as Die A, Die B1
(the circular jet), Die B3, and Die B5; this nomenclature
is consistent with the work of Majumdar and Sham-
baugh.13 Experimental data are available for these
four dies.7,13 The remaining three computational dies
are referred to as Die C, Die D, and Die E. For all seven
dies, the outer diameters vary from 1.25 mm (Die C) to
3.5 mm (Die E). Inner diameters vary from zero (Die
B1) to 2.25 mm (Die D). Table I shows the dimensions
of all the dies studied in this work. It is important to
note that Die B1 is a circular die used to compare the
behavior of a circular jet to an annular jet with the
same outer diameter (Die B3). The experimental ori-

fices had different inlet lengths (“L” on Fig. 1) that
ranged from 2.70 to 9.36 mm; however, it was exper-
imentally determined that, over the inlet length range
used, the length had little effect on the jet develop-
ment.7 Other researchers8,14 found that inlet length
does have an effect on jet development in circular jets,
but only when inlet lengths are greater than those
used in the experimental work of Uyttendaele and
Shambaugh7 (our simulations used lengths of the or-
der of those used by Uyttendaele and Shambaugh).

In our present work, the computational grid was
created with an inlet length of 5 mm, and the starting
velocity profile was assumed to be flat (plug flow).
The software used for the CFD calculations was FLU-
ENT® Version 6 from Fluent, Inc.6 To develop a model
for the annular jet flow, a proper computational do-
main and grid was developed (using Gambit®, which
is also from Fluent, Inc.). The coordinate system origin
was placed in the plane of the die face and at the
center of the annulus. The positive y (axial) axis was
aligned with the dominant flow and the x (radial) axis
was perpendicular to the y-axis (see Fig. 2). Because
the flow geometry involved axisymmetric flow, the
FLUENT axisymmetric solver was used. This solver
mechanism uses a two-dimensional grid to model the
three-dimensional jet using the inherent axial symme-
try of the problem. This two-dimensional grid greatly

Figure 1 Cross-sectional view of the annular melt-blowing
die. The origin of the coordinate system is in the plane of the
die face and at the center of the polymer outlet.

TABLE I
Die Dimensions and Grid Sizes Used

Die
Do

(mm)
Di

(mm)
Fraction open

areaa
Grid size

(cells)

A 2.37 1.30 0.699 58,850
B1 2.46 0.00 1.000 61,150
B3 2.46 1.27 0.733 59,950
B5 1.89 1.27 0.548 59,350
C 1.25 0.45 0.870 58,300
D 2.75 2.25 0.331 58,100
E 3.50 0.50 0.980 60,300

a Unitless.

Figure 2 Computational domain used for the simulations.
Note that this figure is rotated 90° relative to Figure 1. Thus,
the left side of this figure corresponds to the top of the flow
field, whereas the right side of the figure corresponds to the
bottom of the flow field.
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reduced the computation time necessary for conver-
gence. The computational domain was defined as a
frustum with dimensions sufficient to bound the jet
over the region of jet development. In the vertical (y)
direction, the domain ran from the jet inlet and on into
the fully developed region. Based on the experimental
measurements of Uyttendaele and Shambaugh,7 the
overall length of the computational grid was 75 mm (5
mm for the inlet region plus 70 mm for the jet region).
In the x-direction (the radial direction as shown in Fig.
2), the experimental measurements of Uyttendaele
and Shambaugh were also used to define the active
zone of jet development: the upper surface containing
the orifice was given a radius of 5 mm, and the radius
of the lower surface was set at 20 mm. Uyttendaele
and Shambaugh did their experimental measurements
of air flow without the presence of a fine polymer
stream (see Fig. 1). Likewise, in our simulations we
ignored the presence of a polymer stream.

The inlet to the region (at the far left of Fig. 2) was
defined as a mass flow inlet; the “height” of this inlet
was only (Do � Di)/2. The two outlets (shown as
“radial outlet” and “axial outlet” in Fig. 2) were de-
fined as pressure outlets at atmospheric conditions.
The upper (located at the left in Fig. 2) surfaces—both
the inlet walls and inlet face—were defined as solid
walls. The air was modeled as an ideal gas with con-
stant viscosity. At the relatively low pressures in-
volved in the simulation, the ideal gas model ade-
quately accounts for compressibility. Constant viscos-
ity was assumed because of the nearly isothermal
nature of the flow. Because an ideal gas model was
used, energy boundary conditions also had to be spec-
ified. All walls and outlets were defined at a constant

300 K, and the inlet total temperature was defined
such that the static temperature of the inlet air was 300
K. It is important to note that the flow solution is not
entirely isothermal. Near the jet inlet there are some
thermal variations attributed to both the viscous dis-
sipation and the expansion of the air as it exits the
inlet. At higher flow rates these changes become larger
as a result of the increased inlet pressure of the air and
increased velocity gradients present in the flow.

A grid consisting of rectangular cells was developed
to provide accurate answers within reasonable com-
putational time. Grid generation was handled by the
Gambit program from Fluent, Inc. For the different
dies, the number of cells within each grid was slightly
different because of the different die geometries. Table
I lists the number of cells used in each grid. Grid
generation was conducted by first creating an initial
coarse grid; then, the grid was refined in the region
closest to the jet orifice. The refinement was done
throughout the inlet and on all cells up to 15 mm away
from the die face for the entire width of the domain.
Figure 3 shows one of the grids used. To test for grid
dependency, three additional cases were run on grids
that had different levels of refinement. These addi-
tional grids had 23,644, 130,009, and 235,400 cells. The
centerline velocity results for the grids were compared
(see Fig. 4). Because the 58,850 cell grid showed results
nearly identical to those of the larger two grids—and
substantial differences from the 23,644 cell grid—the
58,850 cell grid was deemed large enough to be grid-
independent, and our subsequent work used this grid
size.

Simulations with four different air inlet flow rates
were conducted (0.125, 0.25, 0.50, and 1.0 g/s). These

Figure 3 Actual grid used for simulations with Die B3. The width of the jet inlet shown is 0.595 mm (this inlet is the 5 mm
long inlet shown in the bottom left of the figure).
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flow rates corresponded to nominal velocities of 30.1
to 289.1 m/s (nominal velocity is defined as the flow
rate divided by the cross-sectional area of the annular
inlet). The flow rates were chosen such that the flow
remained subsonic (the speed of sound in dry air at
21°C and 101 kPa is 343.9 m/s). However, the air flows
were high enough so that different levels of compress-
ible behavior could be observed for each die. Table II
lists the specific flow rate and die combinations used.

Turbulence modeling and determination of model
parameters

The Reynolds stress model (RSM; see Launder et al.15)
was chosen as the turbulence model for this study. For
stationary state and isothermal conditions, the RSM
model equation for the transport of Reynolds stresses
is given by Durbin and Petterson Reif16 and FLUENT
User’s Manual.6 This equation is:
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The summation convention is used in the above
equation. In addition to the Reynolds stress transport
equations, the dissipation rate is modeled by the dis-
sipation equation in the standard k–� model

�
D�

Dt �
�

�xi
��� �

�t

	�
� ��

�xi
� � C1�

�

k Gk � C2��
�2

k

(2)

Krutka et al.3 found in a study of slot melt-blowing
dies that the RSM model was more accurate than the
k–� model for modeling the behavior of dual-slot jets.
Our simulations of annular dies were tested with the
Krutka et al.3 parameters (which were developed for
slot dies). With the Krutka parameters, the simulated
annular mean centerline velocity profiles matched the
experimental data from annular dies; however, the
velocity spreading rates did not match. In fact, the
simulated spreading rate was found to be approxi-
mately twice that of the experimentally determined
spreading rate. Consequently, a study of the effects of
different model parameters was undertaken. After
testing several different parameter combinations, it
was found that changing the value of C2� to 1.82
produced the best fit to the experimental velocity cor-
relations proposed by Uyttendaele and Shambaugh.7

Figure 4 Effect of the grid cell number on the simulated profile of the centerline axial velocity (Vay) for Die A run with an
air throughput of 0.25 g/s.

TABLE II
Die and Flow Rate Combinations Useda

Die

Flow rate (g/s)

0.125 0.25 0.50 1.0

A — X X X
B1 — X X X
B3 — X X X
B5 X X X —
C X X — —
D X X X —
E — X X X

a X, flow condition simulated; —, flow condition not sim-
ulated.
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Our C2� value of 1.82 is slightly lower than the FLU-
ENT default value of 1.92, whereas the C2� value sug-
gested by Krutka et al.3 is 2.05. In the RSM turbulence
model, as well as the standard k–� model, C2� is a
constant that controls the magnitude of the rate of
dissipation of turbulent energy [see eq. (2)].

In summary, for the RSM model, Fluent recom-
mends the following default values for the nine fitting
parameters: C� � 0.09, C1ps � 1.8, C2ps � 0.6, C�1ps � 0.5,
C�2ps � 0.3, 	k � 1, 	� � 1.3, C1� � 1.44, and C2� � 1.92.
Krutka et al.3,4 used the first seven of these default
parameters. However, they found that changing C1�

and C2� to 1.24 and 2.05, respectively, was necessary to
produce a good simulation (based on experimental
results) of slot dies used for melt blowing. For our

work on the simulation of annular melt-blowing dies,
we used eight of the nine parameters used by Krutka
et al. However, we had to change C2� to 1.82 to pro-
duce a good match of the simulation to experimental
results. Figure 5 shows a comparison of the centerline
velocity calculated using different turbulence model
parameters; also shown is the correlation produced by
Uyttendaele and Shambaugh7 from actual experi-
ments with a die of identical geometry. Figure 6 shows
the simulated velocity half-widths for the same turbu-
lence model parameters; the correlation suggested by
Uyttendaele and Shambaugh is also shown. The ve-
locity half-width (x1/2) is the distance from the jet
centerline at which the velocity becomes half of its
value at the centerline [i.e., V(x1/2, y) � 1

2Vo(0, y)]. The

Figure 5 Effect of turbulence parameters on centerline velocity for Die A at an air throughput of 0.25 g/s. In the Uyttendaele
correlation, Dh � Do � Di.

Figure 6 Effect of turbulence parameters on velocity half-width for Die A at an air throughput of 0.25 g/s.
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rate of change of x1/2 with y is the spreading rate of the
jet velocity field. Using C2� � 1.82 allows us to match
correlations (i.e., experimental data) with both the
simulated mean centerline velocity and the simulated
spreading rate better than using the default model
parameters.

Computationally, the CFD analyses discussed here
are not expensive. A single run (i.e., the simulation of
one die at one flow rate) was completed in about 12 to
18 h using dual 2.2-GHz Xeon processors (Intel, Santa
Clara, CA) and approximately 200 megabytes of pri-
mary memory.

RESULTS AND DISCUSSION

Centerline velocity correlation

The development of the flow field downstream from
an annular jet exhibits three major zones. First, closest
to the orifice, is the converging zone, where the jet is
still annular in shape. The dominant characteristic of
this zone is the presence of a recirculation area where
flow is traveling in the opposite direction from the
main direction of the jet. The merging zone is next; this
is a transition between the converging zone and the
fully developed region. The dominant characteristics
of the merging zone are the lack of a recirculation area
and the presence of peak velocities away from the

centerline. The final region is the well-developed re-
gion, where the velocity maximum is along the cen-
terline, and the velocity is decaying. Figure 7 shows a
diagram of the three zones; Lai and Nasr17 showed
similar zones for parallel jet flow. Figure 8 shows the
centerline profile (for Die A run with a high air
throughput) with these three zones highlighted.
Tanaka18,19 first reported on and described these three
zones for the flow of parallel plane jets. In Figure 8, the
point where the centerline velocity crosses from a
negative to a positive value is called the merging
point; the point where the maximum centerline veloc-
ity is reached is called the combined point. These two
points were defined by Lai and Nasr.17

To better study the centerline velocity profiles, a
proper frame of reference is needed to correlate data
from various flow rates and flow geometries. In par-
ticular, to develop a dimensionless description of the
jet behavior, the determination of characteristic scales
is needed. The peak centerline velocity (see Fig. 5) was
used as the characteristic velocity for the scaling of the
centerline velocity. The distance along the centerline
from the die face to the point where maximum veloc-
ity occurs (i.e., the convergence distance, Zmax) was
picked to be the characteristic length. The velocity at
this point was defined as Vmax. Note that this is not the
maximum velocity in the entire flow field; rather, it is
the maximum centerline velocity.

Figure 7 Diagram of near-field flow of an annular jet. This diagram is based on that in Lai and Nasr.17
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To describe the geometry of the jet orifice, three
geometric parameters were used. The first parameter
is Do, the outer diameter of the annular opening; the
second parameter is Di, the inner diameter of the
annular opening. The third parameter is the fraction
open area, FOA, which is defined as follows:

FOA �
Do

2 � Di
2

Do
2 (3)

The fraction open area is used as a measure of the
available flow area versus the flow area of a circular jet
with diameter Do.

To predict the centerline velocity behavior of an
annular jet, an empirical model was developed.
Through variations of inlet velocity, outer diameter,
and fraction open area, a number of different velocity
profiles were obtained. These differing velocity pro-
files served as the basis for developing a universal
centerline mean velocity profile. From the computed
velocity profiles it was apparent that no simple corre-
lation (e.g., linear, exponential, etc.) could model the
behavior of all the variables involved. A slightly more
complex correlation was developed using the follow-
ing equations:

V/Vmax � F�Z/Zmax� (4)

Zmax/Do � G�FOA, Vo/Vsound� (5)

Vmax/Vsound � H�FOA, Vo/Vsound� (6)

To determine the mathematical forms for the func-
tions F, G, and H, regression was used based on all the
computational cases tested. This analysis showed that
the circular die (Die B1) had behavior significantly
different from that of the other dies. Therefore, the
regression is valid only for the case of annular dies.
Regression showed that no simple equation could de-
scribe the velocity profile over the entire flow range.
The flow field was separated at the point where V
� Vmax (the “combined point” in Fig. 8), and the two
regions were fitted to two different equations. The
far-field flow region, where the annular jet is similar to
circular jets, was approximated using an inverse linear
relationship, given that such a function has been
found to describe the decay of centerline mean veloc-
ity for circular jets.11 The second region—the complex
near-field flow area—includes both the converging
and merging regions. The fitted equations for these
regions are

V
Vmax

� c1 �
c2

Z/Zmax
for Z/Zmax 
 1 (7)

and

V
Vmax

� ax � bx2 � cx3 � dx4 � ex5 � fx6 � gx7 � hx8

� ix9 � jx10 for Z/Zmax � 1 (8)

Figure 8 Near-field centerline velocity for Die A at an airflow of 1.0 g/s. The regions of jet development are shown.
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with G defined as

Zmax

Do
�

1
� � 
FOA2 � �FOA3 (9)

and H defined as

Vmax

Vsound
�

1
A � B�FOA2 ln�FOA�� � C�ln�Mao�

2�
(10)

The values for the regression constants are given in
Table III. Figure 9 is an example of how well this
empirical model can predict the centerline axial veloc-
ity for an annular die for the entire range of y values
(die face to far field). Figure 9 shows results for Die B3;
results are similar for the other die geometries shown
in Table I. As the reader may observe, the match

between the correlation and the experiments is excel-
lent. Although theoretical models do exist for the far-
field region of flow, very few exist for the important,
high-velocity region nearest to the die. Observe that
the form for far-field flow is similar to that suggested
by Schlichting11 for the centerline velocity decay of a
circular jet.

Velocity spreading and horizontal velocity profile

An important part of modeling the behavior of turbu-
lent jets is capturing the mean velocity spreading rate.
The spreading rate is largely dependent on the turbu-
lent transport of momentum away from the jet and the
entrainment of additional air mass into the jet from the
adjacent quiescent air.

As discussed earlier, the spreading of a turbulent jet
is usually characterized by the jet velocity half-width

TABLE III
Model Equation Constants That Were Produced by Regression Analysis

Constant Value Constant Value

Equation (7) Equation (9)
c1 1.2267 � 0.31596
c2 �0.05913 
 �0.73194

Equation (8) Equation (10)
a �18.67 A 2.51858
b 373.01 B 6.55777
c �2661.51 C 1.74253
d 10558.70
e �26244.90
f 42648.80
g �45422.30
h 30612.00
i �11855.60
j 2011.50

Figure 9 Comparison of centerline axial velocity as predicted by CFD with centerline velocity predicted by empirical
correlations [see eqs. (7)–(10)]. These CFD results and correlations are for Die B3 and an airflow of 0.25 g/s.
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x1/2. The half-width increases with increasing distance
from the jet source. Within the well-developed region
the growth of the jet is linear.11 The slope and inter-
cept of this line are measurable characteristics of the
jet. For our work both half-width and distance from
the die were nondimensionalized using the outer di-
ameter of the die.

The jet spreading rate was calculated for each sim-
ulation. To determine the spreading rate constants, the
region from y/Do � 10 to the end of the computational
domain was used. In every case the velocity half-
width varied linearly with position in the well-devel-
oped region. Figure 10 shows a typical example (for
Die A). It was found that the spreading rate was
nearly constant for every case run, including the cir-
cular die case (Die B1). Table IV lists the seven dies
and the gas flow rates run for each die. The slope and
intercept for each of the 19 simulations are listed in the
table. The average slope, average intercept, and stan-
dard deviations for each die are shown in the last four
columns, and the total averages for all the dies are

shown at the bottom of the last four columns. A plot of
this total average (slope � 0.1139 and intercept
� �0.4243) is shown in Figure 11. This average slope
is a good representation of our simulations: as Table
IV shows, the overall standard deviation of the slope
is only 0.0036.

Also shown in Figure 11 are the experimentally
determined correlations of four groups of researchers.
Our average slope compares well with the experimen-
tal work of Majumdar and Shambaugh13; they re-
ported a slope of 0.112 and an intercept of 0.040.
Uyttendaele and Shambaugh7 and Obot et al.8,14 both
reported lower values (0.077 to 0.097) for the slope, but
they forced the intercept to be zero. With a fixed zero
intercept, our data produce an average slope of 0.0935,
which is actually within the range given by Obot et
al.14 for circular jets with various inlet geometries. [If
we use the FLUENT default turbulent model param-
eters (curve not shown in Fig. 11), we will produce a
line with a slope of 0.146 and an intercept of �0.5528;
the fit of this curve to the experimental data is not

Figure 10 Effect of flow rate on jet spreading for Die A at 0.25, 0.5, and 1.0 g/s.

TABLE IV
Constants for the Velocity Half-Width Correlations for the Cases That Were Studied

Die

Flow rate (g/s)

0.125 0.25 0.50 1.0 Average
Standard
deviation

Slope Intercept Slope Intercept Slope Intercept Slope Intercept Slope Intercept Slope Intercept

A 0.1157 �0.4168 0.1132 �0.4418 0.1052 �0.4629 0.1114 �0.4405 0.0055 0.0231
B1 0.1168 �0.4398 0.1154 �0.4523 0.1108 �0.4456 0.1143 �0.4459 0.0031 0.0063
B3 0.1160 �0.4131 0.1146 �0.4431 0.1080 �0.4375 0.1129 �0.4312 0.0043 0.0160
B5 0.1172 �0.4168 0.1123 �0.4644 0.1148 �0.4406 0.0035 0.0337
C 0.1179 �0.4823 0.1158 �0.5347 0.1169 �0.5085 0.0015 0.0371
D 0.1181 �0.3311 0.1182 �0.3497 0.1147 �0.3653 0.1170 �0.3487 0.0020 0.0171
E 0.1121 �0.3819 0.1113 �0.3861 0.1101 �0.3959 0.1112 �0.3880 0.0010 0.0072

Average 0.1180 �0.4067 0.1160 �0.4218 0.1136 �0.4255 0.1085 �0.4355 0.1139 �0.4243 0.0036 0.0489
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good.] Discrepancy in the jet spreading correlation is
not an unusual occurrence. Kotsovinos20 reviewed
several different works that reported different values
for both the slope and intercept of the half-width
correlation in plane jets.

As Table IV shows, there is significantly more vari-
ance in the intercept than with the slope. Although the
overall standard deviation for the slope was only
0.0036, or 3.2%, the intercept had a much larger overall
standard deviation of 0.0489, or 11.5%. For a given die
geometry our data show that the slope decreases, and
the intercept increases, with increasing inlet flow rate.
However, when comparing the different die geome-
tries, there is no discernable pattern in the slope or
intercept with respect to either inlet velocity or outer
die diameter.

Turbulence

The measurement of turbulence quantities is of impor-
tance to the melt-blowing process. Strong velocity
fluctuations can lead to operating problems, such as
the fiber sticking to the die face or the entangling of
the newly formed fiber with itself or with adjacent
fibers. For very small volumes, such as the near-field
region of an annular die, the experimental measure-
ment of turbulence quantities can be difficult. How-
ever, regardless of the volume considered, simulations
can provide information on the state of turbulence
within the flow.

The turbulent kinetic energy (TKE or k) is a measure
of the kinetic energy associated with the fluctuations
of the velocity; TKE is an output of the FLUENT
simulations. Figure 12 shows centerline TKE (nondi-
mensionalized) for Die A at three gas flows. The pro-

files have a two-peaked shape. The first peak approx-
imately corresponds to the location where the flow
reversal ends (see Fig. 7). The second peak corre-
sponds to the region where the centerline velocity is
decreasing quickly. For Die A run at 0.25 g/s air flow,
Figure 13 shows an overlay of centerline TKE and
centerline velocity. The local minimum between the
TKE peaks corresponds to the area of highest velocity.
Past the second peak, both the TKE and the centerline
velocity profile decay. The generation of TKE is pro-
portional to the velocity gradient, so that the areas of
highest TKE are also the areas of highest velocity
gradient.

It is apparent from Figure 12 that, for Die A, the inlet
air flow rate influences both the peak magnitude and
the general shape of the curve. The other die geome-
tries show similar results. It appears that this change
in the dimensionless TKE is attributed to the growing
effects of compressibility on the flow as inlet flow rates
increase. With our simulated peak velocities transi-
tioning from the generally accepted incompressible
flow regime (v � Mach 0.3) to a compressible regime,
this is a reasonable hypothesis to make. (The 0.25, 0.5,
and 1.00 g/s flow rates in Fig. 12 correspond to Mach
0.20, 0.40, and 0.80, respectively.) As Figure 12 shows,
the peak velocity location and the areas of high veloc-
ity gradient move away from the die at higher inlet
flow rates. Lau21 reported that the potential core for
compressible circular jets stretches with increasing
Mach number. This stretching of the potential core
moves the start of velocity decay, and the position of
velocity maximum, away from the die face. Thus, it is
reasonable to expect that the location of the second
TKE peak will move away from the die at higher inlet
flow rates.

Figure 11 Average half-width (spreading rate) as predicted by CFD. Also shown are experimental jet spreading correlations
developed by other researchers.
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For a given die it is possible to generalize the shape
of the TKE curve. For this generalization, TKE is non-
dimensionalized with SMK, the maximum TKE at the
location of the second peak. The abscissa value is
nondimensionalized with SMP, the second maximum
peak position. With this normalization, the curves for
a single die match well. Figure 14 shows this type of
plot for Die A. The normalized plots for the other dies
look similar to Figure 14. Specifically, the curves for
the different airflow rates (for a specific die) are coin-
cident.

The circular die case, Die B1, has a significantly
different centerline TKE profile than Die A, which is
attributed to the lack of an inner wall and the resulting
shear on the flow. Even at very high open areas (e.g.,
see Die E in Table I), the annular jet turbulence profile
is significantly different from that of the circular jet.

Figure 15 shows centerline TKE plots for Dies A, B1,
and E at an air flow rate of 0.25 g/s. These results
suggest that the hypothesis that annular jets can be
treated merely as variations on turbulent circular jets
is not entirely valid. The presence of the inner wall has
a significant effect on the turbulence properties
throughout the flow because it is an additional surface
of high shear that generates additional turbulence ve-
locity fluctuations. Figure 16 shows the Reynolds
stresses along the centerline for Die A at an air flow of
0.25 g/s. It is apparent that the three Reynolds stress
curves are different both in shape and magnitude.
(There are only three significant Reynolds stresses
attributed to the axisymmetric model used for the
flow.) The large differences in the Reynolds stresses
are an indication that the turbulent flow is anisotropic.
The popular k–� turbulence models, as well as the

Figure 12 Centerline (dimensionless) TKE versus position for various air flow rates. This simulation is for Die A.

Figure 13 Comparison of centerline TKE and mean velocity for Die A at 0.25 g/s.
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similar k–� model, both make the assumption of iso-
tropic turbulence.16 It has been shown that the k–�
model is not particularly well suited to the flow of
turbulent free jets.3,22 The present work (with the RSM
model) suggests that the real flow may have signifi-
cant turbulent anisotropy, and this anisotropy would
hamper the accuracy of the k–� and k–� models.

CONCLUSIONS

Through a comparison with experimental data an ac-
curate technique for the simulation of the flow field
below an isothermal annular jet has been developed.
This technique agrees well with the experimental cor-
relations, it provides insight into annular jet physics,
and it is a useful tool for engineering annular jet

orifices. At different flow rates a change in flow be-
havior was observed as the jet velocity progressed
through the incompressible to compressible, but sub-
sonic, flow regimes. One observed effect of increasing
compressibility seems to be that of extending the area
of flow reversal farther from the die face, as well as
shifting the velocity peak away from the die.

Rather than using all the FLUENT default param-
eters, we used a value of 1.24 for C1�; this value was
suggested by Krutka et al.3 In addition, we set the
turbulence parameter C2� � 1.82, to allow a much
better agreement of the simulation with experimen-
tal measurements. Specifically, changing the value
of C2� allowed excellent fits to experimental data of
both the centerline velocities and the half-width
spreading rate.

Figure 14 Generalized TKE plot for Die A. SMK � maximum TKE at the location of the second peak. SMP � second
maximum peak position.

Figure 15 Comparison of (dimensionless) centerline TKE for Dies A, B1, and E at 0.25 g/s.
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In comparing different air flow rates, it was found
that at higher, but industrially operable, air flow rates
the effects of compressibility become significant. At
large distances from the die, however, it was found
that these effects are much smaller than in the near
field. When melt-blowing dies are operated at high
nominal velocities (velocities � 100 m/s), compress-
ibility should be taken into account for the calculation
of the air flow field for positions close to the die.

An annular jet has significantly different flow char-
acteristics than those of the more well studied circular
jets. The presence of the inner annular wall induces
large differences in turbulent behavior. The presence
of the recirculation region is the most apparent exam-
ple of the center wall effects. Another effect of the
annular orifice is the large generation of turbulence in
the immediate vicinity of the orifice. This turbulence
generation is substantially greater for an annular ori-
fice than that for a circular orifice. In addition, the
computational results suggest that the turbulence
within an annular jet is anisotropic, with larger Reyn-
olds stresses along the axial direction than any cross-
direction. This may potentially explain why the com-
mon k–� model does not do a particularly good job of
modeling turbulent melt-blowing jets.

NOMENCLATURE

Symbol

Abbreviation Description

C1ps coefficient for the slow pressure–strain
term of the Reynolds stress model

C2ps coefficient for the rapid pressure–
strain term of the Reynolds stress
model

C�1ps, C�2ps coefficients for the modeling of the
wall reflection effects on the pressure–
strain term of the Reynolds stress
model

C1� parameter for the dissipation equation
of the RSM model [eq. (2)[rsqb]

C2� parameter for the dissipation equation
of the RSM model [eq. (2)[rsqb]

C� coefficient for the modeling of turbu-
lent viscosity

Di inner diameter of annular orifice, mm
Do outer diameter of annular orifice, mm
Dh difference between inner and outer di-

ameters, Do � Di, mm
F(Z/Zmax) function describing Vay/Vmax

FOA fraction open area [FOA � (Do
2 � Di

2)/
Do

2]
G(FOA) function describing Zmax/Do

H(FOA, Mao) function describing Vmax/Vsound

k turbulent kinetic energy [TKE � 1
2(uiui)],

m2/s2

Mao nominal Mach number (Mao � Vo/
Vsound)

P static pressure, Pa
q turbulence intensity [q � (ui

2)0.5/Vo]
SMK maximum TKE at the location of the

second peak (see Fig. 14)
SMP second maximum peak position (see

Fig. 14)
TKE (�k) turbulent kinetic energy, m2/s2

Vmax maximum centerline axial velocity,
m/s

Figure 16 Centerline Reynolds stresses for Die A at 0.25 g/s.
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Vo nominal discharge velocity, m/s
Vay velocity in the y-direction, axial veloc-

ity, m/s
Vx velocity in x-direction, m/s

x, y spatial coordinates, mm
x1/2 jet half-width defined as the distance

from flow centerline at which the
mean x velocity becomes half of its
value at the centerline, mm

Greek characters

� dissipation rate of turbulent kinetic en-
ergy, m2/s3

� viscosity, kg m�1 s�1

� local density, kg/m3

	k turbulent Prandtl number for the tur-
bulent kinetic energy

	� turbulent Prandtl number for the rate
of dissipation
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