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SUMMARY

The objective of the present work is to predict compressible swirl flow in the nozzle of air-jet spinning
using the realizable k—¢ turbulence model and discuss the effect of the nozzle pressure. The periodic
change of flow patterns can be observed. The recirculation zone near the wall of the injectors upstream
increases in size and moves gradually upstream, whereas the vortex breakdown in the injector downstream
shifts slowly towards the nozzle outlet during the whole period. A low axial velocity in the core region
moves gradually away from the centerline, and the magnitude of the center reverse flow and the area
occupied by it increase with axial distance due to the vortex breakdown. From the tangential velocity
profile, there is a very small free-vortex zone. With increasing nozzle pressure, the velocity increases and
the location of vortex breakdown is moved slightly downward. However, the increase in the velocity tends
to decline at nozzle pressure up to a high level. Copyright © 2008 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Turbulent swirling decaying flow in the nozzle of air-jet spinning plays an important role in
influencing fiber motion and therefore the quality of the yarn. Consequently, increased attention is
being paid to the prediction of the swirling flow characteristics in the twisting chamber in order to
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produce a high quality yarn. However, at present, most of the information available in the literature
on air-jet spinning is related to the yarn structure [1-3], the principle of yarn formation [1, 4] and
the effects of various parameters on yarn quality [1-3, 5, 6], and these are closely related to the
flow characteristics in the nozzle. Only Zeng and Yu [6] and Yu and Zhang [7] used experimental
and numerical methods, respectively, to study 2D airflow field in the nozzle. This cannot show
some important properties of the swirling flow because this flow is very complex and exhibits a
strong three-dimensional behavior characterized by curved streamlines [8]. Therefore, the present
work is to systematically study 3D swirl flow characteristics in the nozzle of air-jet spinning.

In air-jet spinning, the swirl flow in the nozzle is created by injecting tangentially high-velocity
compressed air through evenly spaced injectors placed on the periphery of the twisting chamber
(tube). Several experimental studies of turbulent tubular swirl flows induced by tangential inlets
have also been reported in the literature [9—13]. The first experimental study in this area was done
by Nissan and Bresan [9]. In their work, profiles of the static pressure along the radius of the tube
always showed a minimum at the center, with a steady increase towards the wall. The tangential
velocity profile showed the velocity to increase from zero at the center to a maximum at a radius
usually less than half the tube radius and to decrease again to zero at the wall.

Ito et al. [10] experimentally investigated the decay of swirl using water as the test fluid.
The ratio of tangential to axial momentum flux was approximately 50. It was shown that the
axial velocity was lower in the middle portion of the tube than that near the wall. The radial
velocity was much smaller than the axial and tangential velocities, such that it could be ignored,
and the swirl intensity was found to decay exponentially with axial distance. All these results
coincide with the observation indicated by Chang and Dhir [11], who experimentally studied
turbulent swirl flow in a tube by using four and six tangential inlets, and air was used as the test
fluid.

Numerical simulation of swirling flows is a very important tool to assist in experiments and to
gain deep understanding of the fundamental flow physics, since the experiments are often limited
due to practical reasons that only a few discrete positions and not a whole 3D structure can be
provided. Several authors have applied conventional Reynolds-averaged-Navier—Stokes (RANS)
models to simulate pipe swirling flows induced by a tangential inlet [14—17]. It is well known
that the nature of swirling itself causes considerable degree of anisotropy in stress and dissipation
tensors leading to a highly anisotropic eddy viscosity according to the works of Yajnik and Subbsish
[12] and Kitoh [13]. Thus, the classical k—& model, which is the eddy-viscosity-based model, is
not expected to give reliable results. Kobayashi and Yoda [16] attempted to simulate swirling flow
in a pipe by using the k—¢ model. They indicated that the obtained velocity profiles are quite
different from the experimental data and concluded that eddy viscosity components are anisotropic.
They obtained satisfactory results by considering an anisotropic factor for eddy viscosity with
a modified k—¢ model. Najafi er al. [17] simulated the turbulent swirling decay pipe flow and
compared their results with the existing experimental data. They also showed that the RSM model
is generally more reliable than the two-equation models. However, the RSM model requires a
large amount of memory and computing time and it may be difficult to obtain a convergent
solution.

At present, most published research on swirl flow is related to an incompressible fluid. However,
in the nozzle of air-jet spinning, compressibility cannot be ignored due to high-velocity jet through
very small orifices. Therefore, in this paper a 3D compressible realizable k—¢ turbulence model is
adopted to simulate the swirl flow in the nozzle of air-jet spinning. Since the nozzle pressure is
the most important parameter in air-jet spinning, its effect on fluid flow is also discussed.
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2. THEORETICAL BASIS

2.1. Nozzle structure

Ignoring the influence of the fibers or strands, airflow in the nozzle will be a classical fluid flow
problem. Normally the nozzle is made cylindrical in shape in the spinning process. Figure 1
shows the profiles used in the 3D simulation. In this research, the computational domain is the
twisting chamber of the nozzle from the inlet to the outlet, including the injectors. A 3D Cartesian
coordinate system as illustrated in Figure 1 is used. The origin of the coordinates system is located
at the center of the nozzle inlet. The z-axis is taken as the streamwise direction and the x—y plane
is perpendicular to the z-axis (i.e. the nozzle inlet). The twisting chamber diameter D is 2 mm,
the jet length L is 25 mm, the diameter of the injector d is 0.45 mm, the injection angle 0 is 45°
and the position of the injector /, which is the distance from the injector to the outlet, is 14 mm.

2.2. Governing equations and turbulence model

Since high-velocity compressed air is forced into the twisting chamber through the injectors from
the air reservoirs, its Mach number is large (in the range of 0.6-0.9) [7], compressibility effects are
important. In our simulation, the air entering the twisting chamber is modeled as an ideal gas in the
absence of body forces. The fluid viscosity, the specific heat capacity and thermal conductivity are
assumed to be constant. Therefore, Favre-averaged mean equations [18] of continuity, the motion
equation, the energy equation and the equation of state in Cartesian tensor notation can be written
as follows:
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where an overbar indicates the mean with Reynolds averaging. A tilde and a double prime are the
corresponding mean for Favre averaging. In addition, x; (i =1, 2, 3) are the coordinate directions,
and u; are the velocities in the three coordinates directions. p, p, T,  and Pr are the air density,

pressure, temperature, laminar viscosity and Prandtl number, respectively. k defined by pk = 5 pu/ "u!

is the turbulence kinetic energy, ¢g=C l,T + 2u, ; +k is the mean total energy and y is the ratio of
specific heats (C),/C,, where C), and C, are specific heat capacity and constant volume specific
heat, respectively). 7;; = u(0u; /Ox; + 0u j / 0x; — %(617;< /0x1)0;;) is the mean viscous stress tensor,
where ¢;; is the Kronecker delta.

The mean conservation equations have resulted in additional terms: the Favre-averaged Reynolds

stress tensor (rt“rb =—pu; u” ) and turbulent heat flux (¢; wb—c, pu’j/ T). They can be modeled using
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Figure 1. Profiles of a 3D model and projections of the nozzle.

an eddy viscosity assumption for the Reynolds stresses and a gradient-diffusion approximation for
the turbulent heat flux:
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where g, is a turbulent viscosity and Pri=0.9 is a turbulent Prandtl number.

The standard k—¢ two-equation turbulence model has been widely applied to engineering practice,
but has been criticized as being only qualitatively correct in the simulation of confined swirling
flows [19-23]. This is because of the neglect of anisotropic eddy viscosity and additional turbulence
generation arising from the effects of streamline curvature in the standard k—e model [20, 24].
The realizable k—¢ model belongs to the k—¢ family of turbulence models; however, unlike the
standard k— model, the realizable k—¢ turbulence model, which was proposed by Shih er al. [25],
satisfies certain mathematical constraints on the Reynolds stresses, consistent with the physics of
turbulent flows. This model consists of a new model dissipation rate equation and a new realizable
eddy viscosity formulation. The realizable k—¢ model has shown substantial improvements on
the standard k—¢ model where the flow features include strong streamline curvature, vortices and
recirculation [25-27]. Hence, it is adopted to close Favre-averaged equations in this paper. The
modeled transport equations for k£ and ¢ in the realizable k—¢ model are given as follows:
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where C1 =max[0.43,#/(n+5)] and n=Sk/e.
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In these equations, S is the mean rate-of-strain tensor (S=,/2S;;S;;, where S;; = %(auj/ﬁxi +
Ou;/0x})), Gy represents the generation of turbulence kinetic energy due to the mean velocity
gradients. Y, is the contribution of the fluctuating dilatation in compressible turbulence to the
overall dissipation rate. o; and g, are the turbulent Prandtl numbers for £ and ¢, respectively.

Another main feature of the realizable k—¢ model is that the variable C, in the eddy viscosity
formula is a function of mean strain and rotation rates, the angular velocity of the system rotation,
and the turbulence fields (k and ¢). It can be computed from [28]

1
Ch=———
7 Ao+ AkU* /e

where U*=,/S,-,-S;j+§~2,-j§~2,-j in which f)iszij—Zsijkwk and Q,-sz_,-j—sl-jkwk where Q_,J is
the mean rate-of-rotation tensor, and ¢; j; is the alternation tensor. The model constants Ag and A;
are given by Ag=4.04, A, = V6cos ¢, p= % cos L (V6W), W= S,-ijkSki/g, S= SijSij.

The constants used in this model are defined [25]: C»=1.9, 6, =1.0, 6, =1.2.

€))

2.3. Boundary conditions

The inlet boundary: The airflow in the nozzle is a more complex flow with multiple inlets and
different conditions. Because the pressure of the air reservoir is known, pressure inlet condition is
used at the injector inlets. However, at the nozzle inlet, while the fibers or strands output from the
front roller and go into the nozzle, the outer air is supplied into the nozzle; hence, velocity inlet
boundary can be set.
The outlet boundary: At the nozzle outlet, the pressure is supposed to be the external pressure.
The wall boundary: At wall, non-slip boundary condition is applied.

2.4. Numerical method

To solve the governing equations, the finite-volume scheme based on the FLUENT code is
employed. Owing to compressible effects, the coupled implicit approach is adopted. It performs
a simultaneous solution of the conservation of mass, momentum, energy, turbulent kinetic energy
and its dissipation rate equations within the physical domain. The conservation equations are
solved using the second-order upwind (SOU) scheme, and the other (k and &) equations use the
quadratic upstream interpolation of convective kinematics (QUICK) scheme [29], which provides
high accuracy for swirling flows.

In order to accelerate the convergence of the solver, a block Gauss—Seidel algorithm is used in
conjunction with an algebraic multigrid (AMG) method [30-32] to solve the discretized equations.
AMG is a method for solving matrix equations, which is based on multigrid concepts that effectively
reduce the distribution of low-frequency errors. It is relatively economical on computer storage
and CPU time, both scaling linearly with problem size. In the AMG methods, the coarse grid
points and restriction and interpolation operators are constructed by considering only the linear
system and the coupling between the different unknowns. The defect in any coarse level cell is
given by the sum of those from the fine level cells it contains, whereas fine level corrections
are obtained by injection of coarse level values [30, 33, 34]. Therefore, the AMG method has the
advantage that no coarse level grids have to be generated or stored, and no fluxes or source terms
need be calculated on the coarse levels. This feature makes AMG particularly important for use
on unstructured meshes.

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2009; 59:1285-1298
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Convergence was judged not only by examining the scaled residual values (i.e. residual is
normalized by the respective the largest absolute value of the residual in the first five iterations)
for all solution variables but also by monitoring the average value of mass flow rate on z=12mm
surface. The solution convergence is obtained as the average mass-flow-rate value stops changing.
In addition, the mass fluxes through z=12mm surface is checked to ensure that mass is being
conserved, i.e. the ratio of the net mass imbalance to the total flux through the system is below 0.8%.

3. RESULTS AND DISCUSSION

3.1. Validation of the numerical code and grid independency

Owing to the sharp-pointed angles located in the intersection between the injectors and the twisting
chamber, a regular mesh is difficult to apply in the entire geometry. A hybrid non-uniform grid
is generated (Figure 2). To prove grid independency, three different grids with 134 140 (Grid 1),
198 851 (Grid 2) and 252923 (Grid 3) cells have been tested. In all cases, grid refinements in
the regions of expected high gradients, e.g. near the wall and at the zone corresponding to the
intersection volume between the injectors and the twisting chamber, are applied. As shown in
Figure 3, all three grids predict very similar velocity profiles. Therefore, the mesh employed will be
deemed to be satisfactory and further refinements of the mesh will not be beneficial. Considering
the computational effort, Grid 2 is preferred. In the following analysis, computational results are
obtained using Grid 2.

In order to test the accuracy of our numerical method, the computed axial and tangential
velocities with the realizable k—¢ model are compared with the experimental results of Yu and
Zhang [7]. The results are shown in Figure 3. Owing to the limitation of experimental conditions,
Yu and Zhang measured only the velocities at the injector and nozzle outlets under the Reynolds
similarity (the model is 5 times as large as the prototype). It can be observed from the figures that

Figure 2. Mesh topology of the nozzle.
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Figure 3. Comparison of the computed axial and tangential velocities’ profiles at different axial locations
with the experimental results of Yu and Zhang [7]: (a) axial velocities and (b) tangential velocities.

the model predictions differ from the experimental results in the quantitative sense. The model
predicts lower velocity, a smaller near-wall zone and a larger center zone. The difference between
numerical simulation and experiment can be attributed to the variation in inlet conditions, as the
supplement of air through the nozzle inlet is ignored in the measure. Corresponding to the theory
analysis [7] and simulation results, the equality of Mach numbers for the prototype and the model
is paramount because Mach numbers near the injector outlet is close to 1.0 (see also Figure 6).
Therefore, the other probable reason that causes the difference between simulation and experiment
is that the Reynolds similarity is used in the measurement. However, in a qualitative sense, the
model predicts the velocity distributions quite well, as seen from the figures.

The predicted results of the standard k—e model are also presented in Figure 3 to assess the merits
of the realizable k—¢ model. In contrast with the results of the measurements and realizable k—e
model, near the wall, the standard k—e model predicted a lower axial velocity and higher tangential
velocity except at the nozzle outlet. However, in the central region, its velocity distributions are
sharper and, consequently, both the strength and area of the vortex breakdown become smaller than
those of the realizable k—¢ model. This is a major difference between the two turbulence models’
predictions. It appears that the results given by the realizable k—¢ model are in better agreement

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2009; 59:1285-1298
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with experimental data than the standard k—¢ model. This may be due to the fact that the realizable
k—e model includes the effects of mean rotation in the definition of the turbulent viscosity (see
Equation (9)).

3.2. Flow structure

A series of time evolution flow structures with the computed streamlines show a periodical behavior
(Figure 4). The general flow structure in Figure 4(l) is similar to that in Figure 4(a), which
indicates the beginning of a new period. In the upstream of the injectors, an interface between the
inflow from the nozzle inlet and reverse-jet airflow of the injector is formed (Figure 4(b)—(j)), and
the location of the interface moves upstream gradually and finally reaches near the nozzle inlet
(Figure 4(b)—(f)); thereafter, it shifts towards the injector again slowly (Figure 4(f)—(j)). On the
other hand, the recirculation zones near the wall in the injector upstream are generated, and its
location shifts towards the nozzle inlet (Figure 4(a)—(1)). In the injector downstream, spiral-type
vortex breakdown is generated. The flow in the breakdown region periodically rotates around the
centerline (z-axis), and a period is shown in Figure 4(a)—(e). In comparison with Figure 4(a) the flow
field looks like turned around the centerline about 180° at the semiperiod in Figure 4(c), where the
breakdown point moves downstream slightly. First in Figure 4(a), there is a counterclockwise vortex
below the centerline. On the other side of the centerline, there are two clockwise rotating vortices
on the left and right sides of the lower vortex. The gross vortex distribution moves downstream,
and the upper right vortex begins to slowly move out of the twisting chamber (Figure 4(b)). At the
same time, a new counterclockwise vorticity field near the breakdown point begins to grow below
the centerline (Figure 4(b)—(c)). The same process takes place below the centerline with a reversed
sign of vorticity (Figure 4(d)—(e)). Similar results were observed by Briicker [35]. Note that the
location of the stagnation point shifts slowly towards the nozzle outlet during the whole developing
period. According to these results, it can be inferred that vortex breakdown will disappear after a
long enough time.

Based on the above analysis, the duration of one period is very short (about 1.1x 10™*s). In
fact, the air vortex in the nozzle rotates at a very high rate (about two to three million r/min)
and the fiber bundle rotates at 200 000-300 000 r/min [36]. Therefore, the twisting process will
occur in a very short time. To save computed cost, the following study will be completed under
steady-state assumption.

The streamline plots at different sections are shown in Figure 5. A strong, large-scale swirling
flow is observed at the two cross sections (Figure 5(a)—(b)). The center of the large swirling flow,
marked in the figure with a ‘+’ sign, is generally on the twisting chamber axis (centerline) near the
injection location. However, it departs gradually from the axis further downstream of the injectors
due to the occurrence of asymmetric spiral breakdown [35]. This leads to a non-zero radial and
tangential velocity component at the z-axis, see also Figure 7. As shown in Figure 5(c), in the
injectors upstream, reverse flow appears near the wall due to reverse jet. Therefore, a weak balloon
is formed here and its rotation direction is opposite to that of both the injector downstream and the
core zone of the injector upstream (Figure 5(d)—(e)). At a distance of about 7 mm (viz., z=18 mm)
downstream of the injectors, the streamlines in the near axis core region show flow reversals,
i.e. internal recirculation zones (IRZ) are generated as a result of the vortex breakdown, see also
Figure 5(c). The IRZ is of spiral type, whose shape is not axisymmetric. The spiral structure
obtained (Figure 5(c)) agrees well with the experimental results presented by Briicker [35]. As also
observed experimentally [35, 37], the sense of the spiral’s winding is opposite to the sense of basic
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Figure 4. Time series of the streamlines in the y—z plane at x =0mm: (a) t =0s; (b) t=1.0x 1073s; (c) 1=
2.0x1073s; (d) r=3.0x1073s; (e) r=4.0x1073s; (f) r=5.0x1077s; (g) t=6.0x 1073s; (h) r=7.0x
1079s; (i) r=8.0x1077s; (j) t=9.0x107s; (k) r=1.0x10"*s; and (I) r=1.1x10"*s.
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Figure 5. Predicted streamline plots at different sections: (a) the x—y plane at z=12mm;
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Figure 6. Contour plots of Mach number at different sections: (a) the x—y plane at z=12mm; (b) the
x—y plane at z=21mm; and (c) the y—z plane at x =0mm.

flow rotation (Figure 5(c)—(e)) and the spiral breakdown became turbulent after a few turns of the
spiral. On the other hand, expansion of the vortex core downstream of the breakdown leaves very
little space near the periphery for the air to flow, resulting in a higher stream velocity (Figure 7).
Mach number is the most important similarity parameter in the compressible fluid. It controls
the characteristics of the compressible flow and indicates compressible degree. Figure 6 shows that
Mach number is the smallest in the center zone, and it is symmetric near the injector (z=12mm).
However, the smallest Mach number departs from the center zone further downstream of the
injector (z=21mm) due to the occurrence of the vortex breakdown. The Mach number is less than
(approaches) 1.0 near the injector outlets. Hence, compressibility effects are important and the flow
is subsonic in the twisting chamber. This agrees with the theory analysis by Yu and Zhang [7].
Figure 7 shows the three velocity components profiles along the radial direction at different
axial locations. The tangential velocity is the largest of the three components of velocity vector.
According to studies on swirling flows [10, 11, 38], the radial velocity is the weakest component

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2009; 59:1285-1298
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and it can be ignored. In upstream of the injector, the distributions of three velocity components are
axisymmetric. However, in downstream of the injectors, the lowest axial and tangential velocities
begin gradually to depart from the centerline with axial distance due to the vortex breakdown. In
addition, the maxima of both tangential and axial velocities are located near the wall, and they
shift towards the center of the twisting chamber before the vortex breakdown; thereafter, they shift
towards the wall. This is because the effects of both the centrifugal force and the vortex breakdown,
which is induced by the tangential inlet. By identifying the location at which the maximum
tangential velocity occurs, the tangential velocity profile can be divided into two regions—the core
(forced-vortex) and annular (free-vortex) regions. This is in agreement with other works dedicated
to swirl motion using incompressible fluid [9—-11]. However, under compressible condition, there
is a very small free-vortex zone and a little large transition zone between the forced-vortex zone
and the free-vortex zone. For the axial velocity distribution, a flow-reversal region appears at the
center, and the magnitude of the reverse flow and the area occupied by it increase with axial
distance due to vortex breakdown. This contradicts the experimental results by Chang and Dhir
(incompressible air was used as the test fluid) [11], owing to the compressibility effects. It is clear
from the figures that a change in the distribution of axial velocity is from a jet-like profile before
breakdown to a wake-like profile after breakdown with axial distance [37].

The key of forming yarn for air-jet spinning is to produce sufficient leading-end free edge fibers,
and form a larger twist difference between these fibers and yarn core. In accordance with our
simulation, as the fiber strand passes through the twisting chamber, the weak opposite swirling
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Figure 8. Velocity profiles at different pressures: left figure, axial velocity; and right figure, tangential
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P=1.5,2.0,2.5 and 3.0 x 10° Pa, respectively; the scaling of the shown quantities is given by the number
in the upper left corner of the figure.

balloon near the upstream wall can delay the edge fiber end to be picked up by the core strand. It
is helpful to form a larger twist difference. Some factors, such as the opposite winding of the spiral
and the buffeting caused by the vortex breakdown, will help the edge fibers to loose wrapping and
produce more wrapping fibers. Based on this reason, yarn tenacity can be improved.

3.3. Effect of nozzle pressure

Several researchers have used spinning experimental methods to study the influence of nozzle
pressure [1-3] and the results show that it is the most important parameter affecting the mechanical
properties of air-jet yarns. Because the radial velocity is very weak, Figure 8 only shows the
tangential and axial velocities’ profiles along radial direction at different z-axial positions for the
different pressure P =1.5,2.0,2.5 and 3.0 x 10° Pa cases. Firstly, for all cases, it is observed that
the rules of velocity distributions are quite similar. At a low-pressure condition, velocity distributes
are symmetrical and vortex breakdown in downstream of the injectors cannot occur because actual
outlet pressure is close to external pressure. Secondly, as is expected, velocities increase with
increasing nozzle pressure. However, the increase in velocity tends to decline as the pressure
exceeds 2.5x 10°Pa. It is clear from the figures that with pressure increase, the recirculation
strength near the upstream wall increases and the location gradually shifts towards the nozzle inlet.
Although the vortex breakdown location of the injector downstream is moved slightly downward
with pressure increase, both its radial extent and buffeting intensity increase.

4. CONCLUSIONS

The 3D compressible swirl flow in the nozzle of air-jet spinning using the realizable k—¢ turbulence
model has been studied in the present work. Meanwhile, the effect of the nozzle pressure was also
discussed. The following conclusions can be drawn after the detailed analysis:

1. Reverse flow appears near the wall and the weak opposite rotation balloon is formed in
upstream of the injection due to compressible effects. A spiral-type vortex breakdown is also
observed in downstream of the injectors.

Copyright © 2008 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2009; 59:1285-1298
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2. The flow structures show periodical behavior. Recirculation zone near the wall upstream
of the injection shifts towards the nozzle inlet while the vortex breakdown slowly moves
downstream during the whole transient period.

3. From the velocity profile, the maximum tangential velocity near the wall decreases as swirl
decays. On the contrary, the maximum axial velocity increases with increase in axial distance.
A flow-reversal region is found in the core in tangentially injected swirl flow. The area occu-
pied by the flow-reversal region increases as the swirl intensity decreases. On the other hand,
according to the tangential velocity distribution, a very small free-vortex zone is observed.

4. With increasing nozzle pressure, the velocity increases and vortex breakdown location is
moved slightly downward, whereas the rule of the velocity distribution does not change. Note
that vortex breakdown does not occur at lower nozzle pressure.
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