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ARTICLE INFO ABSTRACT

Keywords: High-performance fibers are key components for enhancing the mechanical properties of composite materials.
Cofiblas The development of high strength nanofibers augurs the production of new nano-composites with outstanding
Nanofiber

features. However, the robust production of continuous glass nanofibers that can be feasible processed for
efficiently manufacturing nanocomposites is still challenging. Recently, Cofiblas (Continuous Fiberizing by Laser
melting and Supersonic dragging) was demonstrated as a technique capable of producing continuous glass
nanofibers with unlimited length. Cofiblas process has some similarities with the widely known melt blowing
technique for the production of polymeric fibers. In both techniques, the design of the gas nozzle is key to ensure
the feasibility of the process since the turbulences of the gas jet may induce strong whipping of the filament.

This paper gives novel experimental evidences on the correlation of the supersonic gas jet instabilities with the
oscillation of the filament in the melt-blowing and Cofiblas processes, relating these oscillations with the pres-
ence of shock waves and unsteadiness in the flow, and gives valuable insight into the use of supersonic jets in the
melt blowing process as an effective approach for the formation of nanofibers. A thin 3D-axisymmetric model in
OpenFOAM® was put to test by comparing the performance of different solvers which were validated by flow
visualization of the exit jet using digital holography (DH). In order to perform a realistic and thorough validation,
we simulated the optical measurements of the flow from the CFD simulations of the mass density by Abel
transform and numerical differentiation. The application of digital holography as the flow visualization tech-
nique makes possible both a precise validation of the density maps obtained from the Abel transformation of the
2D-alike results, and the analysis of the shockwave pattern in the air jet. Conversely, the numerical recon-
struction of time-averaged holograms is employed to detect unsteadiness in the flow and to analyze the fiber
oscillation, which is essential to assess the stability of the process. Lastly, the analysis and comparison of the
vibration of the filament using the basic design and the optimized nozzle demonstrates a clear influence of the
shock waves and flow unsteadiness in the stability of the filament.

Melt blowing
Supersonic nozzle
Flow visualization

has recently been shown that silica nanofibers can achieve tensile

1. Introduction

High-performance fibers are key components for enhancing the
mechanical properties of composite materials. The discovering of the
exceptional strength of carbon nanotubes, showing ultimate tensile
strength and modulus in the order of 100 GPa and 1 TPa, respectively
[1], stimulated great efforts during the last decades in the search for
glass and polymer nanofibers with outstanding mechanical properties. It

strengths more than twice that of microfibers and elongation at failure
greater than three times higher [2], while PAN (polyacrylonitrile)
nanofibers attained strengths five to ten times that of microfibers [3].
These exceptional properties of nanotubes and nanofibers predicted the
production of new nano-composites with exceptional mechanical
properties [4,5]. However, existing nanocomposites fall short of these
expectations partially because the reduced length of the nanofibers and
nanotubes limits mechanical strengthening [6] and makes it difficult to
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Nomenclature

cross sectional area of the nozzle,
turbulence empirical constant,
diameter,
total energy of the fluid,
turbulence intensity,
cy) function of nozzle contour coefficients for
optimization,
Mach number,
Molecular weight,
static pressure,
gas constant,
temperature,
components of the velocity vector,
average flow velocity,
coordinate system (in cartesian coordinates: x; =x, Xy =
Y, Xx3=2),

~coa>»

J(Cl, vy
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Greek letters

o Mach angle,

Y specific heat ratio,

8jj Kronecker delta,

A¢ change of optical phase,

€ turbulence dissipation rate,
0 angle of velocity vector with x axis,
K turbulence kinetic energy,
A laser radiation wavelength,
N dynamic viscosity,

v kinematic viscosity,

p fluid density,

® specific dissipation rate,
Subscripts

a Stagnation conditions,

E Exit conditions,

I Inlet conditions,

t turbulent,

T Throat conditions.

manufacture the nanocomposites without causing agglomeration or
misalignment of the reinforcing phase [4]. The robust production of
continuous glass nanofibers that can be feasible processed for
manufacturing nanocomposites is still challenging.

Melt-spinning is the most widely used method of obtaining polymer
[7] and glass fibers [8] due to its economic advantages and high pro-
duction rate. For this reason, it is extensively used in industry for
manufacturing ordered yarns of continuous polymer and glass fibers for
multiple applications, however it’s not a suitable technique for making
fibers with diameters within the nanometer scale. Another widely
employed technique for fiber production is electrospinning, a simple and
cost-effective method that can be used with a wide range of polymers.
Electrospinning can be employed to generate ordered and aligned
nanofibers that can be collected as yarns or mats [9,10]. Therefore,
polymer microfibers are mainly mass-produced by melt spinning (or its
variants wet-spinning and dry-wet spinning), while electrospinning is
the choice to produce polymer fibers of nanometer-size diameters [9].
Although the advantages of the electrospinning technique are clear, it
has some limitations. Mainly, it is only possible to use it with polymers
or other compounds that can melt at low temperatures, on the order of a
few hundred degrees Celsius. Finally, perhaps the most relevant draw-
backs of electrospinning for its extensive industrial application are its
low throughput and reproducibility [9,11], as well as environmental
problems resulting from the large-scale use of solvents [10].

Alternatively, melt blowing is a conventional fabrication method of
polymeric micro- and nanofibers. In this process a polymer melt is
extruded through small nozzles surrounded by a high speed hot gas jet
which stretches the molten filament [12]. This process is routinely
employed in industry to spin fibers onto a surface producing nonwoven
mats for their application as filtration devices, hygienic equipment or
insulation in buildings or automotive industry [13]. Although this
method has been demonstrated to reach nanometric diameters of the
fibers [14,15], it is still limited to the production of nonwovens of
thermoplastic polymers with diameters in the range of some microme-
ters. In any case, these works demonstrated that the most efficient and
productive approach to reduce the polymer filament down to the
nanometric regime is to increase the elongational force by applying a
high speed air jet which leads to thinner fibers and faster production
rates. However, this approach presents some difficulties since it may
cause the fiber to undergo violent oscillations (often referred as whip-
ping in the context of melt blowing) and may also produce an unstable
air flow field which is responsible for a large quantity of unbound fibers

(flies) [12].

Simulations of the aerodynamic interactions of the air jet with the
filament have proven to be very useful to analyze its behavior and
improve the designs of polymer dies and air nozzles. The early and
continued work of some groups such as the one led by Shambaugh
[16-19] proposed several models of the interactions of polymeric fila-
ment with air jet. Turbulence of the air flow field was first considered in
the modeling for the melt blowing process by Entov and Yarin et al. [20].
Some different groups extended this field of investigation [21-23] with
the aim of improving the performance of the process. These works model
the field of airflow velocities considering the flow turbulence with
different models (mainly Reynolds Stress Model and k-¢ model).
Recently, the work performed by Wieland et al. [24] alleged that these
previous simulations underestimate the fiber elongation by several or-
ders of magnitude. Alternatively, they proposed an stochastic model to
introduce turbulence velocity and demonstrated that turbulence has a
strong effect on the elongation ratio of the filament, predicting results
closer to experiments. Sinha-Ray et al. [25] focused their attention on
the role that turbulence played in fiber whipping. They found that the
initial perturbations of the polymer filament are provoked by large
turbulent eddies of the surrounding air flow. The aerodynamic lift force
distributed along the filament helps to amplify the bending perturba-
tions; meanwhile, the stretching force by air imposes restrictions on
large amplitude bending. Importantly, experimental measurements of
the air flow direction demonstrated that a small lateral component of the
velocity has a crucial effect on initiating instability or whipping [26];
whereas, more recently, Yang et al. [27] compared different nozzle
configurations to experimentally measure the turbulence intensity and
Reynolds shear stress which positively related to the bending in-
stabilities in the filament.

On the other hand, many previous works dealt with the analysis and
design of the filament injection die and the air nozzle in order to reach
the required high attenuation force to obtain a thin fiber and, at the
same time, preventing the instabilities on the filament [27,28]. How-
ever, although the use of a high-speed jet has proven to be effective in
increasing the performance of the process and obtaining finer fibers,
most of these works are restricted to subsonic regime with relative low
flow velocities. In fact, there are hardly a couple of works that explore
the advantages of applying supersonic nozzles in this process [29,30].

Although it is evident that turbulence and supersonic features of the
air flow have a notable influence on the prediction of the performance of
melt blowing by high speed air jets, the work of Wieland et al. [24]
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Fig. 1. Schematic representation of the melt blowing and Cofiblas processes
showing their similarities and differences: both processes are based on the
elongation of a fluid filament by means of a high-speed gas jet. In the case of
melt-blowing, the filament is a flow of molten material (polymer or glass)
extruded through a die. The gas is injected through lateral slots that converge
on the filament. The Cofiblas uses a solid glass preform that is melted by two
laser beams at the nozzle exit, the gas jet is injected with a supersonic nozzle
that concentrically surrounds the solid preform.

revealed, that there is still no experimental proven critical selection of
the turbulence and shock wave resolution algorithms in modeling the
airflow field in the melt-blowing process. Conceivably, the reason for
this deficiency is due to the extreme complexity to perform experimental
measurements of turbulence and supersonic phenomena in the filament
domain. Recently, the group led by Yongchun Zeng introduced the two
hot-wire anemometer as an effective technique to analyze the turbu-
lence in the filament [27,31].

In short, we can conclude that the optimization of the interaction of
high speed air jet with the filament is crucial to optimize the process and
obtain nanofibers. And, although it is true that there are some experi-
mental works and simulations in this sense, this is a field that has not
been explored as deeply as to that dedicated to analyzing the dynamics
of the filament during melt-blowing, as can be verified when comparing
recent bibliographic reviews in both fields [12,28,32]. Consequently, in
the judgment of the present authors, further developments on stable and
supersonic air jets are required to obtain thinner fibers and to improve
the stability of the melt blowing process. Very importantly, the design of
the nozzles must be optimized in order to generate perfectly expanded,
stable supersonic jets, since the operation of supersonic nozzles outside
their exact working pressure produces an overexpanded or under-
expanded jet with non-uniform lateral flow. Furthermore, the internal
profile of the supersonic nozzle must be optimized to avoid the forma-
tion of oblique shock waves, which can be formed even working at the
exact operation pressure provoking flow separation into the nozzle.
Moreover, the presence of shock waves amplifies the turbulences in the
flow [33] whereas both phenomena have a strong effect on the stability
and whipping motion of the filament.

Flow visualization and measurement techniques are an invaluable
aid to verify the accuracy of the simulations and check whether the
actual behavior of the jet produced by a supersonic nozzle satisfies the
design specifications. Optical measurement techniques are non-invasive
and, therefore, can be applied without disturbing the gas flow [34].
Among these, digital holography (DH) is a particularly versatile choice
that provides the high sensitivity of interferometry and, at the same
time, is able to operate with non-uniform or diffuse illumination, what
makes unnecessary the use of large high-quality optical elements to
accommodate the field of view.

Digital holography provides quantitative measurements of a
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transversal projection of the mass density distribution across the gas jet.
These measurements may be post-processed by using tomographic
techniques to get the 3D mass density distribution inside the jet, or by
numerical differentiation to highlight features related to the gradient of
the mass density, such as the shock waves. In addition, long exposure
time-averaged holograms are affected by instability and vibration and
can be used to identify regions of unsteady flow and turbulence as well
as to detect the oscillation of elements as, in the present application, the
glass filament.

The purpose of this paper is to present the analysis on how different
supersonic flows affect to the filament oscillation. The paper first pre-
sents the design of the first generation supersonic nozzle employed to
stretch a laser melted glass filament using the novel and original Cofiblas
technique [35]. The Cofiblas technique was developed by some of the
present authors as an evolution of the Laser Spinning technique [36,37]
to achieve the continuous production of glass nanofibers. More recently,
a similar method called laser-assisted melt-blown (LAMB) has been
proposed for the production of polypropylene nanofibers [38]. In our
previously published works on the Cofiblas a simple "first generation"
supersonic nozzle was used. The present work presents an analysis of the
performance of this nozzle using numerical simulation together with
flow visualization by digital holography. An evaluation of three different
solvers was performed by comparing with the optical measurements of
the flow, allowing to model the subsonic, transonic, and supersonic re-
gimes of turbulent viscous flows. The analysis of the first nozzle served
to select the best algorithm for the simulation and to identify the defects
of the original design of the nozzle profile. The outcomes from the
analysis of the first nozzle supported the design of a second generation
nozzle which was optimized with the help of flow simulation and veri-
fied by flow visualization. The analysis with digital holography allows to
examine the development of shock waves and flow unsteadiness, and to
give novel experimental evidences on the correlation of the supersonic
instabilities in the flow with the oscillation of the filament in the
melt-blowing and Cofiblas processes. The use of high-pressure air jets in
the melt blowing process is restricted by the strong whipping that they
induce, however we demonstrate that it can be avoided by using an
optimized supersonic nozzle. This piece of work gives valuable insight
into the use of supersonic jets in the melt blowing process as an effective
approach for the formation of nanofibers.

2. Nozzles design

The original design of the supersonic coaxial nozzle specifically
developed for the Cofiblas process is described in this section. First, the
Cofiblas process is presented in comparison with the conventional melt-
blowing mainly employed for polymers. Then, a detailed description of a
basic nozzle design is presented. After the presentation of the design of
the basic nozzle based in the one-dimensional dynamic theory, which
yields a profile composed of cylindrical and frustoconical surfaces, we
present the procedure used to apply the method of characteristics in
order to design an optimized nozzle profile.

The nozzles analyzed and presented in this work were designed as a
key element of a new method capable of producing individual glass
nanofibers in a stable and continuous manner: the Cofiblas (Continuous
Fiberizing by Laser melting and Supersonic dragging) [35]. This novel
method bears many similarities to the melt blowing process: it uses a
supersonic nozzle to generate a high-speed flow which drags and
stretches a preform that is concurrently heated by a CO; laser (see
Fig. 1). The exit flow generated by the nozzle needs to be stable and free
of shock waves not to break the fiber in its more fragile state of fusion.
The design of the nozzle shape is key to obtain the optimal conditions of
the exit flow. Therefore, the outcomes of the present work can be very
useful for the design of supersonic nozzles in the melt blowing process.

The main approaches for nozzle design are the one-dimensional (1D)
dynamic theory and the method of characteristics (MOC). Both methods
have been used for years and are well documented in the literature [39].
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Fig. 2. (a) Full geometry of the basic design of the nozzle, based in frustoconical sections, showing the central duct to guide the filament preform surrounded by the
air nozzle conduit. This includes two cylindrical stabilizing sections to minimize turbulences, two frustoconical convergent sections to progressively reduce the cross-
section, and the supersonic part comprising the nozzle throat, the frustoconical divergent section, and the cylindrical exit section with diameter of 5.5 mm. (b)
Reduced proposed nozzle geometry for improving computational speed. It includes just the last convergent section, the nozzle throat and divergent section and a part

of the free jet with length Lg.

One dimensional theory allows the estimation of habitual parameters (e.
g., pressure, velocity, Mach number, etc.). For a 1D compressible flow
analysis, some assumptions had to be contemplated:

nearly one-dimensional, unidirectional flow,
an adiabatic flow,

low frictional losses,

air as a perfect gas.

These assumptions make the one-dimensional theory the simplest
theory to calculate optimal expansion in a nozzle employing Eqs. (1) and
(2) [40]. At a given stagnation pressure using Eq. (1) is possible to
compute the Mach number at the exit and with this information, the area
of the exit section could be also estimated using Eq. (2).

w5 [m)]) ®

vl
20r-1)
Ag 1

1+ 1M
Ar Mg

= (2)
1+t

whereas ;’f is the pressure ratio between stagnation pressure p, and exit
pressure pg. Since the nozzle is aimed to work in the supersonic regime
with a Mach number of 1,46, it means a supersonic regime, a non-linear
effect (e.g., shockwaves) should be considered. In order to avoid this
non-linear phenomenon and to reach an ideal expansion of the nozzle,
the exit pressure pg was set as the atmospheric pressure. Mg is the exit
Mach number and the %“_ represents the area ratio between exit area Ag
and throat area Ar.

The Fig. 2a shown below presents the first nozzle design derived
from the 1D equations. The figure depicts a diametrical cross-section of

the prototype with cylindrical symmetry. It shows the central duct to
guide the filament preform surrounded by the air nozzle conduit
including two stabilizing sections to minimize the multidimensional
effects and turbulences, two convergent sections to progressively reduce
the cross-section, and the supersonic part comprising the nozzle throat
and the divergent section. The convergent sections were designed as
frustoconical surfaces with small half-apex angles of 15.7° and 19.4° for
the first and second sections, respectively, these angles and that of the
divergent section were selected based in previous experience with
similar nozzle design in order to achieve a uniform flow in the shortest
possible length. The throat was included as a short cylindrical section
with 5.0 mm of diameter and 2.0 mm length, while the divergent part of
the nozzle is another frustoconical surface with half-apex angle of 19.4°
and exit section diameter of 5.5 mm. Consequently, the borders between
these sections are straight edges. These dimensions were selected heu-
ristically to house the preform guide duct and allow a sufficient, but not
excessive, air flow so that the free jet generated is capable of stretching
the molten filament. This basic design was carried out by calculating the
outlet diameter using 1D theory, however the outlet diameter was
slightly increased with respect to the results of the isentropic equations
to account for the effect of viscous losses and to round the dimensions
with the aim of facilitating the manufacture of the prototype.

Oblique shock waves and expansion waves are intrinsically multi-
dimensional effects which cannot be predicted using one-dimensional
models. On the other hand, the Method of characteristics (MOC) is a
well-known mathematical method employed for solving the hyperbolic
equations resulting in multidimensional supersonic flows. This kind of
equations have the peculiarity of depending only on a set of initial
conditions. The speed of propagation of the perturbations in supersonic
regimes is faster than the speed of sound. Therefore, the flow configu-
ration in the divergence part of the nozzle (where the flow is supersonic)
only depends on the upstream conditions (the throat conditions). This
fact makes possible to use the method of characteristics to solve the flow
in the supersonic part of the nozzle. This method has demonstrated to be
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useful for the design of nozzle shapes capable of shockwave neutrali-
zation but there are more recent methods that have obtained better re-
sults. In the present work, we employed the method proposed by Volkov
and Galkin for the design of a supersonic nozzle with a corner point and
a plane sonic line at the inlet of the supersonic section, and a uniform
flow at the exit [41,42]. In this problem it is assumed that the gas is
ideal, and the flow is steady, considering an isoenergetic and isentropic
flow, these assumptions yield a well-known mathematical formulation
of the problem so the flow parameters can be computed using the
method of characteristics. Volkov and Galkin proposed an algorithm for
the optimization of the nozzle profile which essentially consists in
searching for a minimum of a function of several variables at the exit
characteristic line of the nozzle [41]. In this method the nozzle profile is
described by a cubic B-spline, f(x), with N linearly independent co-
efficients (c1, ..., cn). These coefficients are calculated to minimize
the function J(¢1, ..., c¢n):

1/2

1 o —og 2 .
J= z/{( © >+e dl
+/(po(x)dx, where @, (x)= { V((i)?éché ;0, @

X1

Where, x is the longitudinal distance along the nozzle axis measured
from the plane sonic line, y is the transverse coordinate of the nozzle
profile, y = f(x), C;is the C*characteristic line starting at the axis of
symmetry towards the nozzle profile, computed at the i-interval along
the nozzle axis, which is divided into K intervals from x; (inlet of the
supersonic section) to xg (nozzle exit section); dl is an element of C;"and
L = [dI; 0 s the angle of velocity vector with x axis; & = arcsin(1 /M) is
¢
the Mach angle, with M the local Mach number; ag = arcsin(1 /Mg) is the
Mach angle at the exit section, and a; = arcsin(1 /M;) is the Mach angle
at the inlet section. Coordinates xg and yg are given for a MLN and the
Mach at the exit section, Mg, is obtained from Eq. (2) of the 1D steady
isentropic flow. Then, the function J is minimized when its first term is
evaluated along the exit characteristic line by adjusting the (¢, ...,
cn) coefficients of the nozzle contour using the Broyden’s quasi-
Newton method. A nozzle profile was obtained with N = 10 and K =
26 (see table S1 in the supplementary material for details of optimized
nozzle contour).

3. Numerical simulation and experimental verification

In this section we explain the details of the mathematical formulation
of the problem for numerical simulation, and the three solvers compared
to simulate the supersonic jet features obtained with the basic nozzle.
The comparison of the algorithms was carried out by validating their
ability to accurately reproduce the shock wave pattern and the evolution
of the jet that is observed experimentally in the flow analysis tests using
the digital holography technique. This allows to test three solvers and
choose the one that most closely represents the flow conditions in our
application, in order to use further simulations to refine the design of the
optimized nozzle.

3.1. Governing equations

The equations Navier-Stokes equations describe a compressible flow
along a supersonic nozzle. Since in reality most flows involve turbulence
and in supersonic flows it is especially important, turbulence modeling
also had to be considered. In order to reduce the number of the terms in
the equations shown below describing compressible flows, the de-
rivatives are going to consider a density-weighted averaging, also
known as Favre averaging:
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Conservation of the mass:

dp  o(pu;) _
ot ()xi o

0 4

Conservation of the momentum:

apii)  o(pui) op+2pk/3) 0 o o 2 0
+ = - to | g |t 22— 2o
ot de aX,‘ 6xj 0xj dx,- 3 ()xk
)
Conservation of energy:
ope)  dpue)  o(p) 0
ot 0x; 0x; 0x;
o o 2 0W\. 2.
_q+ ”eff (a—x]"r 6_x, 35"6&)”' 3pk§u:| (6)

where p is the density, x; is the ith component of the position vector, x; is
the jth component of the position vector, u; is the ith component of the
velocity vector, p is the pressure, §;; is the Kronecker delta, e is the total
energy, q is the heat flux vector, ez = p + . represents the
effective dynamic viscosity, where p is the dynamic viscosity and the

pe = pvis the turbulent viscosity that depends on the kinematic
viscosity, v; = CHKZ/S.CH is an empirical constant and has a value of
0.09, « represents the turbulence kinetic energy and e the turbulence
dissipation rate. Since the turbulence and the changes of density gains
prominence in compressible flows, the equations described above used
the Favre averaging approach. Favre averaging usually replaces the
classical Reynolds decomposition and it separates the turbulent fluctu-

ation from the mean flow. Favre averaging is given by: ¢ = ¢+ ¢,
where ¢ can be any dependent variable which will be split into a mean
part, ¢, and a fluctuating part, ¢". The overbars in the equations e.g., p
denotes the averages used by Reynolds decomposition.

3.2. Solvers and simulation details

Here we describe the three solvers with which we have performed
the simulations and that we have compared with each other. The
OpenFOAM® tool has gained many users in the recent years, especially
in academia. Its accessibility and high level of modularity makes the
software extremely customizable, extending its possibilities to fields
other than computational fluid dynamics (CFD). Otto et al. have shown
the potential of this tool for simulating laser processing applications [43,
44]. Darwish et al. [45] recently used the CFD solvers of OpenFOAM to
simulate supersonic flow through a nozzle designed for laser cutting.
The model they proposed was then used to predict the behavior of
different nozzle designs [46]. The current state of CFD simulation has
demonstrated that the tools available are capable of reproducing with
precision the flow regimes attained with supersonic nozzles provided the
correct model of compressible flow is employed in accordance with
specific experimental conditions.

The simulation environment OpenFOAM [47] was employed in order
to observe the characteristics of the flow generated by the nozzle. The
software offers a wide range of solvers for compressible fluid calcula-
tions. An analysis of three different solvers (sonicFoam, rhoCentralFoam
and pimpleCentralFoam) was carried out comparing their behavior side
by side.

The first two are native within OpenFOAM 6 and can be used for the
same type of problems. SonicFoam is a transient solver used for tran-
sonic/supersonic regimes suitable for turbulent flows of compressible
fluids. By the time of writing this work, the functionality of sonicFoam
solver was merged as a transonic option of the application rhoPimple-
Foam. This solver was originally constructed for modeling incompress-
ible fluids problems and then patched making it suitable for the
compressible case [48]. It uses the PISO (Pressure-Implicit with Splitting
Operators) algorithm to couple pressure and velocity. RhoCentralFoam,
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Fig. 3. (a) Schematic representation of the set-up for digital holography. (b) View of the DH system from behind the camera. (c) Procedure to compare the computer
simulations (left-hand column) and the actual DH measurements (right-hand column): (i) simulated mass density distribution in the section of the axisymmetric gas
jet, (ii) Abel projection of the mass density field, (iii) measured and synthetic wrapped phase-change maps, (iv) magnitude of the gradient of the phase.

on the other hand, uses the central upwind schemes proposed by Kur-
ganov et al. (KT/KNP) [49] and implemented for OpenFOAM by
Greenshields et al. [50]. This method implements an interpolation of the
fluxes between neighboring cells that allows for a good modeling of
discontinuous solutions such as shock waves [51]. This solver has been
proven to achieve the best results out of the two for transonic and su-
personic flows, showing the best approximation to the analytical solu-
tions and with more stability than sonicFoam. However,
rhoCentralFoam is not able to model subsonic regimes successfully. The
KT/KNP schemes have demonstrated good accuracy in solving flows in
the sonic/supersonic regime but they fail to work modeling viscous
flows at low Mach numbers (M < 0.3) [52]. Alternatively, new hybrid
schemes have been developed that combine the PISO algorithm, for
modeling the case of subsonic flow, with the KT/KNP scheme for solving
accurately the discontinuities that appear in supersonic regimes [52].
Moreover, these solvers have been recently improved by allowing the
possibility of including outer iterations of the SIMPLE (Semi-Implicit
Method for Pressure Linked Equations) algorithm for more accurate
solutions [53]. The united collection of all these hybrid solvers is not
natively integrated in OpenFOAM 6 but it can be found in the public
repository of the authors. This collection includes a complete set of
solvers for a variety of applications, but this work will only review the
solver PimpleCentralFoam. It is used for implicit calculation of the main
compressible flows equations and the scope of application covers all

flow regimes (subsonic, transonic and supersonic). The greatest benefit
of using this solver is, that it combines the ability to solve problems with
low Mach-number and its accuracy for the discontinuities produced
especially at high Mach-number. PimpleCentralFoam runs also stable
using second order discretization schemes and delivers, as well, high
resolution results for compressible flows [54].

The thermophysical properties of the model and the boundary con-
ditions are the same in all the solvers, but the turbulence parameters are
not. On one side, sonicFoam simulations used a xEpsilon (x-¢ model)
turbulence model. The initial conditions for this set-up were given by:

K :% (u1)® @

C3/4 K}/z
& = <"L—> (8
t

where « is the kinetic turbulent energy and ¢ is the turbulence dissipa-
tion. x and eare derived from the Navier-Stokes equations. The initial
values were computed assuming an inlet mean flow velocity U =
10 ms’, I is the turbulence intensity and has a value of 0.05 and the
turbulent length scale, L, is set to a 7% of the inlet diameter. On the
other side, pimpleCentralFoam cases were simulated using a x -Omega
model (x-w model) and in order to estimates it’s initial value the
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Fig. 4. Simulation results of the Mach number distribution along the central axis of the basic nozzle and the free domain using the three different solvers and three
different inlet pressures (absolute pressures) for comparison: (a) results using the pimpleCentralFoam solver, (b) with rhoCentralFoam, and (c) using the sonicFoam
solver. The part at the left of the nozzle exit is inside the nozzle and the part at the right is the free jet. The graphs show more realistic results in the simulations

performed using the pimpleCentralFoam solver.

following formula was used:

C;]/4K]/2

L 9
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where o is the specific dissipation rate. RhoCentralFoam does not
include turbulence modeling. The model was weakly dependent on the
turbulence parameter value, hence the same values were used inde-
pendently of the stagnation pressure.

3.3. Flow visualization and comparison with simulations

In order to perform the experiments of flow visualization, we
installed the nozzles in an optical metrology laboratory under controlled
ambient conditions. They were mounted in vertical position with the
filament and air-jet flowing downwards to avoid any distortion by
gravitational forces. The nozzle was feed with compressed air through a
circuit with sufficient capacity to ensure the mass flow rate necessary to
produce choking at the throat (sonic regime) for all the pressures used.
Moreover, we installed a reservoir tank close to the nozzle with a double
aim: to accurate measure the stagnation pressure of the air supplied and
to guarantee the mass flow required by the supersonic nozzle. To carry
out the experiments to visualize the oscillation of the filament, we
placed a pure silica fiber with a 600 pm diameter in the central guide
conduct that passes through the center of the nozzles.

The actual distribution of mass density in the air jet has been
measured by digital holographic interferometry [55]. This kind of
measurement has been demonstrated in the past by using, among others,
Mach-Zehnder [56], multiple wavelength [57] and even multidirec-
tional [58] digital holographic set-ups. In this work, a quasi-Fourier
transform digital holography system [59], arranged for the measure-
ment of phase objects in a single-pass configuration (Fig. 3a), was used.
The beam of a continuous-wave Nd:YAG laser, with wavelength 1 = 532
nm, is launched into a polarization-maintaining monomode optical fiber
and split in an object and a reference beam. The object beam diverges
from the fiber end and illuminates a reflecting diffuser (an anodized
aluminum plate) placed behind the nozzle (Fig. 3b). The scattered beam
passes through the gas jet and a photographic objective forms an image
of the plane of the jet on the plane of a field-limiting aperture.

The reference beam is guided through a second optical fiber to the
plane of the aperture. Both beams propagate together from the plane of
the aperture to a plane conveniently apart (see Ref. [59]) to interfere
and form a quasi-Fourier transform hologram that is recorded with a
digital camera. The sensor of the camera has 2448 x 2050 pixels, each of
them with an area of 3.45 pm x 3.45 pm. The exposure time of the
hologram is controlled with the electronic shutter of the camera.

To measure the mass density distribution in the gas jet, a reference
hologram is recorded with the air at rest and a second hologram is taken
with the jet flowing out of the nozzle. Both holograms are numerically

reconstructed by means of Fourier transforms and the resulting values of
the optical phase are subtracted. The change of the optical phase A¢ is
related to the projection of the changes of refraction index of the air
induced by the jet along the observation direction z [60] which, in turn,
are proportional to the changes in the density of the air [34]. Conse-
quently, it can be written as

2.
A =Tk [ (=)t (10)

where p =p(x,y,2) is the mass density field inside the gas jet, pg is the
mass density of the surrounding air, and Kg.p is the Gladstone-Dale
constant. The optical phase is calculated with an arc tangent function
and, therefore, the resulting phase-change maps are “wrapped” into the
interval (-x,n] (Fig. 3c—iii, right hand image).

Since the gas jet is assumed axisymmetric, the projection in Eq. (10)
is an Abel transform. Applying an Abel inversion after unwrapping the
measured phase-change map should yield an estimation of the local
mass density distribution in the section of the actual gas jet which may
be compared to the results of the numerical simulations [61]. But both
steps in that approach, phase unwrapping and Abel inversion, have a
tendency to accumulate the measurement errors and the later is highly
sensitive to the misalignment of the axis of symmetry. To circumvent
these drawbacks, the opposite procedure has been taken instead: Eq.
(10) is applied to the simulated mass density fields, by using a numerical
Abel transform [60], to get synthetic wrapped phase-change maps
(Fig. 3c-iii left hand image) that are compared with the measurements
(right hand image). The value of the Gladstone-Dale constant for the
wavelength of the laser and the temperature, humidity and pressure of
the atmospheric air that is compressed to feed the nozzle, has been
obtained by dividing the value of the refractivity calculated with Cid-
dor’s equation [62] by the value of the mass density calculated with the
CIPM-2007 formula [63].

A visually effective representation of both the measurements and the
simulations, that is similar to the images yielded by the well-known
Schlieren technique, is generated by computing the magnitude of the
gradient of the corresponding phase-change maps [64]. In this case the
calculation of the gradient has been implemented by using the Prewitt
discrete differentiation operator, the obtained images are identified as
Gradient of Optical Phase (GOP) maps (Fig. 3c-iv).

A further operating mode has been implemented to visualize the
instabilities in the mass density distribution of the gas jet, as well as the
oscillation of the glass filament. This mode consists in the acquisition of
a single time-averaged digital hologram with a relatively long exposure
time (in the order of tens of milliseconds). The magnitude of the nu-
merical reconstruction of such holograms shows dark/bright fringes in
the regions where the mass density distribution changes during the
exposure time, thus revealing the instabilities of the gas jet in the images
labeled Time-Averaged Holographic Reconstruction TAHR) maps (see
right hand block of Fig. 8 in Section 4.3). The frequency of the flow
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Fig. 5. Comparison of the three solvers and the GOP map experimentally measured by digital holography for different absolute stagnation pressures as indicated for
each row (p, states for absolute stagnation pressure). The images show the magnitude of the gradient of the simulated and measured phase-change, respectively,
revealing the mass density gradients, which are especially intense in the pressure jumps produced by shock waves. The contrast of each image is individually
equalized to highlight the features of the gradient distribution rather than to compare the magnitude between images. The comparison of the shock wave pattern
obtained using the three solvers with the GOP map measured by DH shows that the results obtained with the pimpleCentralFoam solver present greater fidelity with

the experimental measurements.

unsteadiness and filament oscillation captured with this technique is in
the order of hundreds of hertz or higher, since the minimum exposure
time used was 5 ms. This operating mode is more adequate to observe
the filament oscillation because in this case its motion is not masked by
the spatial distribution of the gradient of the mass density distribution in
the flow produced by the shock wave pattern, which is distinctively
captured in the gradient of optical phase maps.

4. Results and discussion

In this section we first present the comparison of the flow simulations
using the three solvers and validate them against the results of optical
measurements, which lead us to select the algorithm that more closely
simulate the flow in all regimes. A quick analysis of the design faults of
the frustoconical nozzle will be related with the oscillation of the fila-
ment in the last section. The simulations using the selected solver will
support the choice of the optimum design of the nozzle, which is tested
in a new set of flow visualization experiments. Finally, in the last section
we perform an experimental analysis of the oscillation of the filament at
several operating pressures using two different techniques of flow
measurement. Furthermore, comparing the performance of the frusto-
conical nozzle with the optimized nozzle facilitates the analysis of the
causes of the filament oscillation.

4.1. Comparison of solvers

The frustoconical nozzle was tested with the three solvers under
three different stagnation pressures (absolute pressures): 200 kPa (over-
expanded jet), 350 kPa (optimally expanded jet) and 800 kPa (under-
expanded jet). Fig. 4 shows the results of the Mach number in the
domain of the simulations.

The Mach number contours show that, overall, the three solvers

model the flow in a similar manner, specially inside the nozzle and in
points of the jet close to the nozzle exit. However, there are clear dis-
parities that must be noted. Whereas pimpleCentralFoam and sonic-
Foam appear to present a similar configuration of the exit jet,
rhoCentralFoam presents a different pattern of Mach oscillation which is
directly related with the formation of shockwaves in the jet. The patterns
obtained with the solver rhoCentralFoam for the stagnation pressures of
200 and 350 kPa show an unusual amplification of instabilities along the
free jet instead of the expected dissipation of the shockwaves. This
anomalous flow behavior is confirmed with the comparison of the jet
simulations using the three solvers in comparison with the experiments
of optical measurements presented in Fig. 5. The comparison of the
shock wave patterns simulated using the three solvers reveal that son-
icFoam and pimpleCentralFoam model the flow behavior in a more
realistic way, while rhoCentralFoam produces an inconsistent amplifi-
cation of the shock wave strength as the jet flows away the nozzle exit.
Moreover, in the results for a stagnation pressure of 800 kPa, rhoCen-
tralFoam presents a Mach disk resulting from the violent expansion of
the jet. This feature is not present in the flow modeled by the two other
solvers nor in the experimental results. Downstream the point of for-
mation of the Mach disk the flow appears uniform and the Mach number
along the axis line is considerably reduced reaching the subsonic regime.
Additionally, PimpleCentralFoam appears to model more precisely the
abrupt pressure changes resulting in a sharper definition of the shock-
waves. RhoCentralFoam shows a similar behavior but fails to model
correctly the dissipation of the downstream part of the jet. SonicFoam
shows a smoother transition of density throughout the domain modeling
the shockwaves less sharply. Overall, the average values of Mach
number and the phase gradient maps in the downstream part of the jet
are the same as obtained with pimpleCentralFoam, but the results ob-
tained with sonicFoam seem a blurred version of the ones obtained with
pimpleCentralFoam. However, some instabilities can be noticed in the
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Fig. 6. Phase-gradient maps of the mass density distribution in the free jet
generated by the optimized nozzle supplied with compressed air at different
stagnation pressures (p, states for absolute stagnation pressure). The simulated
GOP maps are obtained by processing the mass density fields calculated using
the pimpleCentralFoam solver. The measured images are the GOP maps ob-
tained in the DH experiments. The simulation shows an optimum working point
at an absolute pressure of 350 kPa, while the measured GOP map reveals a
perfectly expanded and free of shock waves jet at the pressure of 400 kPa. The
reason for this difference may be due to small variations in the construction of
the nozzle with respect to the design or to an underestimation of the friction
losses in the calculations.

middle section of the convergent part of the nozzle in the sonicFoam
simulations.

In sum, the simulations performed with rhoCentralFoam did not
resolve accurately the jet supersonic features, the flow presents anom-
alous instabilities in the jet and shows a Mach shock disk that is not
observed in the DH measured air flow with 800 kPa of stagnation
pressure. The simulations with SonicFoam match the shockwave pattern
at 800 kPa but is unable to clearly show the oblique shockwaves that
appear at 350 and 400 kPa. It shows a much smoother jet compared to
the experimental results. The simulations that more closely reproduce
the free jet pattern are done with pimpleCentralFoam. These results
show with notable precision the position of the shockwaves at any given
pressure as well as the diamond structure of oblique compression and
expansion waves observed at 400 kPa in the maps of phase gradient
measured with DH. The intensity of the shockwaves at 800 kPa seems
slightly weaker than those observed in the experimental results, but the
simulation shows a clear depiction of the shockwave pattern in the free
jet. On the other hand, the further propagation of these expansion and
oblique shock waves through the free jet provokes the fluctuation of the
flow velocity which can also be appreciated in the Mach number graph
(Fig. 4a). It is concluded that pimpleCentralFoam is the optimum choice
among the solvers tested, based on our experimental analysis, and that it
can model with accuracy the flow behavior at these regimes. For this
reason, we selected this algorithm to support the next stage of optimized
nozzle design.
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4.2. Optimization of the nozzle

The results presented in the previous section for the basic frusto-
conical nozzle reveals several outcomes of its defective design: the for-
mation of oblique shock waves in the divergent section and a Mach
shock disk at the exit of the nozzle, which can be attributed mainly to the
simplified conical profile of the nozzle and the excessive angle of
divergence. For this reason, we tackle the task of designing and
manufacturing an optimized nozzle. The simulations performed with the
solver pimpleCentralFoam reveal a weak Mach shock disk formed at the
exit of the frustoconical nozzle. It can be noticed in the GOP maps of
mass density for the stagnation pressures from 250 kPa up to 350 kPa
(see Fig. 5). This Mach disk appears at the exit point of the oblique shock
waves generated in the divergent section. Furthermore, the simulations
bring to light well defined shock waves developed at the beginning of
this divergent section, which effect is also unveiled in the Mach number
graphs presented in Fig. 4a, represented as a sudden drop of the flow
velocity at 50 mm from the starting point of the simulation indepen-
dently of the operating pressure. This may be explained by the defective
design of the nozzle: the flow deflection angle induced by the frusto-
conical surface used in the divergent section of the basic design nozzle
exceeds the Prandlt-Meyer angle for the Mach number estimated ac-
cording to the 1D model [65]. In fact, the Prandtl-Meyer angle for exit
Mach of 1.46 is 10.73°, which is effectively inferior to the divergent
angle in the basic nozzle (19.4°). As a consequence, the internal flow
suffers of boundary layer detachment and the jet develops the typical
pattern of successive expansion and oblique shock waves even at the
stagnation pressure for which the nozzle was designed, i.e., 350 kPa,
which is also transmitted to the free jet, as can be clearly appreciated in
the simulations and in the experiments measured by digital holography.
In fact, according to the optical analysis of the free jet, the optimum
conditions to operate this nozzle in order to generate a clear air flow
field, without supersonic instabilities, is the lowest pressure of 200 kPa,
which on the contrary does not produce a supersonic flow but a subsonic
one. In the next section we will analyze the detrimental effect of the
former separated flow induced instabilities on the oscillation of the
filament, which lead to strong whipping. Here, we are presenting the
design of an optimized nozzle developed with the aim of reducing these
deficiencies and to make possible the analysis of their effect by
comparison.

We tested various methods to generate simple and easy-to-
manufacture profiles for the design of the optimized nozzle, such as
reducing the divergence angle. We also compared the profiles calculated
by the method of characteristics using the gradual expansion nozzle and
Minimum Length Nozzle (MLN) criteria. The comparison of the simu-
lations carried out with these profiles finally led us to adopt the MLN
profile obtained using the Galkin algorithm already mentioned [41],
since this profile yielded a perfectly expanded air jet without perceptible
shockwaves in the simulations. Consequently, an optimized nozzle with
the same throat diameter and design Mach number of 1.46, equivalent to
the basic nozzle, was manufactured by electrical discharge machining to
obtain a precise and smooth profile (details of the nozzle profile are
presented in the supplementary materials section). This nozzle was
tested with the aim of experimentally compare its performance with the
basic frustoconical design.

Fig. 6 presents a comparison of the CFD simulations and experi-
mental optical measurements by DH of the free jet generated for
different supplied stagnation pressures using the optimized nozzle
manufactured with the MLN profile obtained from the Galkin’s MOC
algorithm. Both the simulations and the experimental measurements
reveal a working point for which the internal flow and the free jet are
completely free of perceptible shock waves, although the working point
differs slightly between them. In the case of the simulated free jet, the
optimum working pressure exactly coincides with the design pressure of
350 kPa, however, the experimental observations showed that this value
must be displaced to a somewhat higher pressure of 400 kPa. The cause
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Fig. 7. Comparison of the optical measurements of the air jet with the glass filament using both nozzles for different stagnation pressures. The GOP map reveals the
spatial variation of the flow pressure, whereas the TAHR map is sensitive to temporal variations of pressure. The oscillation of the filament can be noticed in the time-
average holographic reconstructions. Both the GOP and the TAHR images have been individually equalized to optimize the visibility of the features in the gas jet. This
analysis demonstrates the existence of an optimum working point using the optimized nozzle at pressure of 450 kPa. Furthermore, it also reveals how the filament
oscillation can be induced both by the appearance of shock waves in the GOP map or regions of temporal unsteadiness of pressure in the TAHR images.

Fig. 8. TAHR maps of the jet generated by the optimized nozzle operating at pressure of 650 kPa in two separate snapshots that are differentiated by the oscillation of
the filament: (a) stable filament, (b) oscillating filament. The comparison reveals how the oscillation of the filament has a noticeable effect on the temporal variation

of the pressure.

for this disparity between simulation and experimental measurements
may arise for two different reasons: one may be a slight deviation of the
manufactured profile from the designed one, and the second may be an
underestimation in the simulations of the friction losses of the flow along
the solid boundaries of the nozzle and the conducts. In any case, these
results are very useful to verify the efficacy of the optimized nozzle to
generate a jet without shock waves and to emphasize the need to analyze
the design experimentally in order to correctly determine the optimum
working point. Notwithstanding, this optimum working point might
eventually be corrected by the presence of the filament in the air flow.

10

4.3. Analysis of filament oscillation

In order to analyze the influence of the supersonic features of the air
jet on the oscillation of the filament, we present a comparison of the
performance of the supersonic flow generated by the basic frustoconical
nozzle and the nozzle with the optimized profile; notice that both noz-
zles are designed for the same exit Mach number and throat diameter.
Fig. 7 presents the comparison of the optical measurements of the air jet
and filament oscillations using both nozzles for different stagnation
pressures. Two different complementary techniques of flow visualiza-
tion are presented: the gradient of the optical phase and the time-
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Fig. 9. Graphical comparison of the wide cross-sectional area of the laser beam
needed under the conditions of high filament oscillation produced by the basic
nozzle design for Cofiblas (a) and the reduced area when oscillation is reduced
using the optimized nozzle (b). Note that these optical images do not allow
showing the gas jet, therefore it is delimited by white lines in the images. The
reduction of the filament oscillation when using the optimized nozzle allows to
significantly reduce the cross-sectional area of the laser beam, which implies a
significant increase in the efficiency of the process.

average holographic reconstruction. The first technique reveals the
instantaneous pattern of the mass density (fluid pressure) spatial vari-
ation and demonstrates a high sensibility to detect the presence of
shockwaves, as we could see in the previous experiments. Conversely,
the TAHR is specifically appropriate to detect the oscillation of the
filament and, also, to visualize the temporal instabilities of the mass
density at specific regions during the exposure time. That is, this tech-
nique allows detecting the regions where temporal variations of the fluid
pressure occur, specifically, with the exposure times employed it is
sensitive to unsteadiness in the flow with frequencies of hundreds of
hertz or higher. The combination of both techniques allows to compare
the effect of the shockwaves and flow unsteadiness on the appearance of
the filament whipping.

The first observation is that the optimized nozzle can be operated at
high pressures between 350 and 450 kPa without inducing a perceptible
filament oscillation, as can be appreciated in the time-averaged images.
Conversely, the frustoconical nozzle provokes filament whipping at all
pressures higher than 250 kPa, and these oscillations increase gradually
with increasing pressure.

These results demonstrate that the filament oscillation can be
directly related with the presence of shockwaves and pressure un-
steadiness in the jet. In fact, the presence of a significant mass density
spatial variation, characteristic of shock waves detected in the GOP
maps of the optimized nozzle for pressures of 550 kPa and higher,
provokes a filament oscillation clearly visible in the time-averaged im-
ages. The presence of shock waves produces a deflection of the air flow
that induces radial components of the velocity, which cause the oscil-
lation of the filament. This is consistent with previous aerodynamical
analysis of the melt-blowing process which demonstrated that a small
lateral component of the velocity has a crucial effect on initiating
oscillation of the filament or whipping [26]. Conversely, when it is
operated at the pressure of 450 kPa a perfectly expanded jet is observed,
no spatial (GOP map) or temporal (TAHR map) variation of pressure is
perceived, which translates into a perfectly static filament free of any
oscillation. Similarly, when the optimized nozzle is operated at the
pressures of 350 and 400 kPa, only weak variations can be detected in
the GOP map of the jet, however they do not seem to have a sufficient
intensity to produce the oscillation of the fiber. Perhaps this is because
the glass fiber has a sufficiently high stiffness that requires a minimum
threshold of the instabilities to cause its oscillation.

A second effect may be related with the appearance of regions of
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temporal unsteadiness in the mass density of the jet, which can be
distinguished in the time-averaged images as alternating dark and bright
fringes. This temporal instability can induce a filament oscillation
clearly perceptible in the TAHR images even when the intensity of the
shock waves is almost imperceptible in the GOP maps. This phenomena
in the absence of perceptible shock waves can be clearly noticed in the
frustoconical nozzle operated at pressure of 400 kPa (design pressure)
and the optimized nozzle at pressures below 350 kPa. Interestingly,
although it is not possible to detect any shock wave in the jet generated
by the optimized nozzle operating at pressures of 250 and 300 kPa, the
oscillation of the filament is clearly perceptible. Below the design
pressure, the characteristic unsteadiness of an overexpanded flow was
recently demonstrated to induce flow separation and low frequency
pressure fluctuations into the nozzle that are transmitted downstream to
the external flow as high frequency velocity fluctuations [66], gener-
ating fluctuating side loads which may be responsible of the filament
oscillation. Analogously, in the frustoconical nozzle at the design pres-
sure, a similar kind of pressure fluctuations may be provoked by the
defective design of the divergent section with an angle higher than the
Prandlt-Meyer angle, leading to the appearance of shock waves in the
internal flow which induce flow separation and the external pressure
fluctuations responsible of filament oscillation.

The combined analysis of the effect of the shock waves and temporal
fluctuation of pressure reveals their strong interaction. As we already
stated, the appearance and progressive intensification of the shock
waves in the GOP maps for both nozzles, due to the gradual increase of
pressure over 450 kPa, produce an increasing agitation of the filament,
while, at the same time, the presence of the filament induces a stronger
instability, which can be noticed in the TAHR images. The oscillation of
the filament may also be related with the low frequency unsteadiness of
the lateral pressure characteristic at the zone of interaction of the shock
wave with the boundary layer, which was well characterized experi-
mentally for a supersonic flow over a compression ramp [67]. Whereas a
later critical review concluded that the characteristic motion upstream
and downstream of this separation shock is also strongly similar across
all separated interactive flows [68], therefore it is reasonable to think
that the behavior is also similar in the present case. Additionally, a
recent analysis of the causality of the unsteadiness of the shock wave
boundary layer interaction demonstrates that the downstream fluctua-
tions propagate upstream and lead to shock wave oscillations [69]
which may explain the presence of the strong temporal fluctuations on
the pressure map captured in the TAHR images at pressures of 550 and
650 kPa for both nozzles. In these cases, the downstream fluctuations in
the flow may be intensified by the filament oscillation promoted by the
high intensity of the shock waves, then propagating upstream and
increasing the temporal unsteadiness of pressure due to the spatial os-
cillations of the shock waves. This self-energizing effect can be observed
when comparing the TAHR images of the flow with and without filament
oscillation. Fig. 8 presents a comparison of the TAHR maps obtained for
the optimized nozzle operating at same pressure of 650 kPa in consec-
utive tests and with exactly the same optical measurement conditions
(exposition time and illumination), whereas in the first image the fila-
ment is static and in the second one is oscillating. This comparison can
be performed because the oscillation of the filament is not continuous
but intermittent. The difference in the oscillation of the filament is
clearly transmitted to the stability of the pressure map, the temporal
variation of pressure is notably increased when the filament is oscil-
lating. Consequently, we show here that, the presence of the filament
increases the spatial instability of the shock wave pattern and, subse-
quently, a self-energizing increase of the pressure unsteadiness. This
experimental evidence of the turbulence energizing effect of the fila-
ment oscillation is in good agreement with the already reported nu-
merical simulations of the flexible flat panel fluttering induced by shock
wave boundary layer interaction, which clearly results in an increased
level of flow turbulence downstream [70,71].

Finally, the optimization of the air flow has an important effect on
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the Cofiblas and melt-blowing processes. First it produces the maximum
drag force on the filament in steady regime, thanks to the absence of
shock waves and turbulences. Consequently, it yields the highest
stretching stress in the filament which may be able to elongate it down to
the nanometric regime in stable regime. This allowed the unprecedent
continuous production of glass nanofibers as demonstrated in a previous
work [35]. Additionally, the reduction of the filament oscillation allows
a more precise adjustment of the cross-section of the laser beam in the
Cofiblas process, since the oscillation forces to cover a very wide area
around the filament with the laser radiation to guarantee that the fila-
ment is continuous and homogeneously irradiated at any time (see
Fig. 9). Then, the stationary position of the filament allows to reduce the
cross section of the laser beam in the direction transversal to the fila-
ment, and, it has a very significant and positive effect in controlling the
irradiance pattern of the laser beam on the molten filament, which was
recently demonstrated to have a crucial influence in achieving adequate
heating of the filament for nanofiber production [72]. Both improve-
ments together involve a significant reduction of the radiant power
compared to the large cross-sectional area of the beam necessary to heat
the oscillating filament. Consequently, the optimization of the super-
sonic nozzle entails a worthy increase of the process efficiency as the
laser power required to heat the filament is reduced by an order of
magnitude. These results have become patent from the first experi-
mental tests of Cofiblas carried out with the optimized nozzle.

5. Conclusion

In order to produce polymer or glass nanofibers the melt blowing and
the Cofiblas processes require careful design of a supersonic nozzle to
minimize the formation of shock waves and turbulences in the air jet,
since these instabilities induce the oscillation and sometimes strong
whipping of the filament compromising the stability of the process. With
this premise, we employed a combination of CFD simulations and
experimental techniques of flow visualization to analyze the perfor-
mance of a basic nozzle, having a simplified frustoconical profile, and to
compare it with an optimized nozzle with a profile calculated consid-
ering the multidimensional characteristics of the flow.

The comparative analysis using two methods of flow visualization
allows to capture the influence of the shock waves and flow unsteadiness
on the oscillation of the filament. On one hand, the maps showing the
gradient of optical phase are highly sensitive to spatial variations of flow
pressure and, consequently, to the presence of shock waves in the free
jet. In this way, the oscillation of the filament becomes more violent as
the intensity of these shock waves increases. Conversely, the time
average holographic reconstruction is responsive to temporal changes of
flow pressure in the same point, therefore it allows to detect flow un-
steadiness. By means of the TAHR we detected the flow unsteadiness in
the free jet of the optimized nozzle working in overexpanded regime and
of the frustoconical nozzle working at the design pressure even when
any shock wave can be detected in the GOP maps. This flow unsteadiness
provoked by internal shock waves and flow separation also produce
perceptible filament oscillation. In addition, a complementary analysis
of the GOP maps and the TAHR images allowed us to verify that the
combined effect of shock waves and filament oscillation at high pres-
sures provokes a self-energized temporal instability of the flow pressure
compared with the stationary condition of the filament.

On the contrary, the optimized design of the nozzle operated at
proper pressure avoids the formation of shock waves, reduces the un-
steadiness of the flow and avoids the oscillation of the filament. This
regime yields a maximum and stable drag on the filament which allows
the continuous production of nanofibers. This optimization process can
also be applied to the design of nozzles for melt blowing of polymers
avoiding the instabilities inherent to the use of high pressures. The use of
a suitable supersonic nozzle can increase the elongation effort on the
filament to reduce the diameter of the fibers down to the nanometric
range.
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In future works, the digital holography technique might be employed
to analyze the frequency of the filament oscillation and the flow un-
steadiness by adjusting the exposure time employed to record the ho-
lograms of the jet. Then the frequency of these events might be related to
the causes and give more evidences on the origins of these instabilities.
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Appendix A. Simulation domain and physical properties

Table A.1 summarizes all the parameters used for the reduced pro-
posed nozzle geometry shown in Fig. 2b. The simulation domain takes
into account only the part of the nozzle downstream of the last stabi-
lizing section, saving a lot of computational effort. This simplification
was tested by comparison with the simulation of the whole geometry
obtaining the same results in both cases. The simulation domain is
composed by the nozzle geometry and an open-air section to observe the
quality of the exit jet. Since the nozzle shape is axisymmetric, the control
volume solved in the simulations is a 2.5° wedge, not the full 3D ge-
ometry. This simplification reduces greatly the computation time and
assumes that the azimuthal component of the flow is negligible.

Table A.2 shows the fluid parameters used for the set-up of the
simulation cases.
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Table A.1

Nozzle parameters.
Parameters Value
Inlet diameter (D; / mm) 22.63

Throat diameter (Dt / mm) 5

Exit diameter (Dg / mm) 5.5
Nozzle length (Ly / mm) 56.42
Convergent length (L. / mm) 50
Throat length (Lt / mm) 2
Divergent length (Lp / mm) 1.42
Exit channel length (Lg / mm) 3
Buffer length (Lg / mm) 60
Table A.2
Fluid parameters.
Fluid parameters Value
Dynamic viscosity (4 / kg m™? s1) 1.789 x 10~°
Kinematic viscosity (v / m? s71) 1.46 x 107°
Molecular weight (M,, /g mol™) 28.90
Specific heat ratio (y) 1.4
Gas constant (R / J mol ! K1) 8.314
Density (p / kg m™) 1.225

Appendix B. Mesh generation

For the mesh generation the axisymmetric wedge type was used in
order to reduce efforts in the set-up of the geometry and the computa-
tional time. Despite the results are displayed in 2 dimensions, Fig. B.1
shows the mesh implemented in an axisymmetric geometry of a nozzle
sector that covers a 2.5° wedge, not the full 3D geometry. The geometry
used in Darwish et al. [45] paper is the starting point to generate the

Fig. B.1. Zoom in the throat and exit of the nozzle showing the mesh imple-
mented in an axisymmetric geometry of a nozzle sector that covers a
2.5° wedge.

Table B.1

Simulations control parameters.
Parameters Value
Time step (5t / ms) 1x10°8
Mesh size (6x / mm) 5x 1072

Table C.1

International Journal of Mechanical Sciences 238 (2023) 107826

mesh that is presented in Fig. B.1. The setup of this well-documented
work was recreated with the purpose of validating the results and to
use this as a guide to set up initial conditions and the geometry pa-
rameters. Although this work uses a larger geometry, it was possible to
keep roughly the number of cells used in Darwish et al. [45] paper. The
current design has 14,250 cells and a maximum skewness of 0.33. The
cell size in the throat is about 0.1 mm and it counts with a buffer section
with the length of 60 mm and a diameter of 22.63 mm. The geometry
owns six blocks. An advantage in this work is that the simulation results
had used a post-processing tool and directly compare them with the
experimental results. The mesh presented in Fig. B.1 is a zoom into the
throat and exit of the nozzle and was used for all simulations with
rhoCentral-, sonic- and pimpleCentralFoam. The aim of this evaluation
is to show which of the three solvers employed here, was closer to the
reality; since the mesh used presented already an enough resolution for
simulating shockwaves and award very close solutions compared to the
experimental results, reducing cell sizes and the possible differences
presented between these refinements was not necessary.

To generate the geometry and define initial and boundary conditions
a configuration was needed. The red part was configurated as the inlet,
the blue part as wall, the green part as atmosphere, the black part as
outlet and the orange part as axis. Some other parameters, for instance
control parameters are also important to be considered and are
described in Table B.1.

Appendix C. Initial and boundary conditions

The initial and boundary conditions were for all solvers the same.
The differences are in the set-up of the turbulence models, since rho-
Central Foam uses a laminar simulation type, pimpleCentralFoam a
kOmega, k-0, model approach and sonicFoam is simulated with a
kEpsilon k-e turbulence model.

Tables C.1 and C.2

Table C.2
OpenFOAM boundary conditions clarification.

totalPressure 1
® Pa =p+5pU°

Inflow: U = (0, 0, 0); Outflow: VU = 0
Velocity is adjusted by pressure.

pressurelnletOutletVelocity

fixedValue Constant value in the boundary

zeroGradient V=0

noSlip U= (0,0,0)

inletOutlet Inflow: fixedValue; Outfow: zeroGradient

waveTransmissive Allows for the transmision of shockwaves

outwards of the domain

kqR,epsilon, Wall function to model viscous layer

omegaWallFunction

Boundary conditions imposed at each boundary section to the following variables: p, pressure; U, mean flow velocity; T, temperature; k, turbulence kinetic energy; e,

turbulence dissipation; w, specific turbulence dissipation.

Variable Inlet Open-air Outlet Walls

P totalPressure (absolute stagnation pressure p,) totalPressure (101,325 Pa) waveTransmissive (101,325 Pa) zeroGradient

U pressurelnletOutletVelocity pressurelnletOutletVelocity inletOutlet noSlip

T fixedValue (293 K) fixedValue (293 K) inletOutlet zeroGradient

K fixedValue (0.375 m2/52) zeroGradient zeroGradient kqRWallFunction

€ fixedValue (23.8 m?/s®) zeroGradient zeroGradient epsilonWallFunction
w fixedValue (705.8s ~ 1) zeroGradient zeroGradient omegaWallFunction
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