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PREFACE

Dear reader,

thanks for your interest in the first edition of Industrial Problem Solving with
Physics. First of all, let us introduce ourselves: we are three PhD. students in
Physics from the University of Trento in our last year of studies. We grew up
— especially working on the project for the master thesis and during our PhD
years — with passion for applied physics: with IPSP2014, we wanted to have the
chance to put in practice our experiences and knowledge to real-life industrial
R&D. By promoting and realizing this event we had the chance to share this
opportunity with other students and researchers that, like us, were motivated
and curious to try such experience. The inspiration for the realization of this
event came from the well-established Physics with Industry, organized by the
FOM Foundation in the Netherlands. This event is held on a yearly basis, and
the fifth edition is going to start in these days. We adapted their format to
the size of our local community and of the student network of the University of
Trento. For the realization of this first edition, we received a great support from
the Department of Physics and the Research and Technology Transfer Support
of the University of Trento, as well as from Confindustria Trento. They accepted
our proposal and, most important, they believed in us. Their support has been
a major motivation to invest our time and our efforts in the organization of the
workshop, and for this we are really grateful to them. Another big satisfaction
and reward for our work came from the feedback of the students and of the
companies. As regards students/researchers, even if we received less applications
than the available positions, the selected applicants participated with passion,
and worked as a team by forming several groups that tackled the problems from
multiple perspectives. Also the participation to social events was a good proof
of their engagement. The positive feedback of the companies was shown by the
high number of applications that we received and proven by the appreciation of
the participating ones. This is a clear indication that in the Trentino area there
are many highly-technological companies that feel the need for innovation and are
willing to invest in research. At the same time, however, a career in a company is
not perceived by many students as a valuable alternative to the academic one. Our
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hope is that the feedback from participants of this edition will work as a catalyst
for rising students awareness and attracting their interest for future editions of
IPSP. Lastly, a major and unexpected outcame of this workshop is the big impact
of the solutions found by the young researchers: a commission for the realization of
a diagnostic system to be installed in the R&D line, a couple of research projects
that are under definition and one idea currently under investigation for patent
filing.

Matteo Franchi

Davide Gandolfi

Luca Matteo Martini

Scientific Committee of Industrial Problem Solving with Physics 2014



INTRODUCTION

Industrial Problem Solving with Physics 2014 (IPSP2014) is a one-week-long
workshop organized by the Department of Physics of the University of Trento,
in collaboration with the local industrial organization, Confindustria Trento, and
the Research and Technology Transfer Support of the University of Trento. This
event took place from the 21st to the 26th of July, 2014, in Trento, Italy.

The aim of the workshop was to allow young and motivated university stu-
dents/researchers to apply their knowledge and skills to solving industrial prob-
lems. This experience gave them the opportunity to display their talent, in view of
future collaborations or job careers. In addition, it has been a great opportunity
to strengthen the technological know-how and human resources exchange between
the academic system, in particular the Department of Physics, and companies.
By participating to the event, in fact, the companies received solutions to their
problems and experienced a new approach to research and development.

The participation to the event has been restricted only to three industrial
companies and to 30 students/researchers, which were selected by means of a call
available on the official website http://events.unitn.it/en/ipsp2014. Con-
sidering that this was just the first edition organized by the University of Trento,
the response of the companies to the call has been really positive: the committee
for the selection of the applications received 8 industrial problems, all of them
qualified and very interesting. As far as students are concerned, the response
was not as impressive: we received 24 eligible applications. During the working
sessions, the young researchers were grouped by their affinity to the problems
and by their knowledge background. After a quick introduction to the companies
profiles and to the problems, the groups started working in close collaboration
with the industrial partners. This cooperation has been fundamental for reaching
quickly the “state-of-the-art”, and to wisely choose new investigation methods.
The research activities have been focused on literature readings, computer simu-
lations, theoretical modelling and laboratory experimental investigation. At the
end of the week the groups summarized all the collected materials to present their
solutions to the other participants and to the proposing company.

All the solutions proposed by the researchers were judged positively by the
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industrial partners, both in terms of effectiveness and novelty. This result was
confirmed also by the plans of further research and development that have been
commissioned to the Department of Physics after the event. Lastly, some ideas
proposed are currently under investigation for patent filing.

The present document is structured as follows: the first chapter is about the
problem of Adige S.p.A., the second is dedicated to the problem proposed by
Aquafil S.p.A. and the last one for the problem of Rochling Automotive SE &
Co. KG. All the chapters contain a section dedicated to the presentation of
the problem, followed by the description of the investigation and finally by the
summary of the results.



CHAPTER
ONE

METHODS AND INSTRUMENTATION FOR THE
STUDY OF THE FLUID DYNAMICS OF THE
ASSIST GAS DURING LASER CUTTING

M. Bernard, C. Castellan, S. Donadello, M. Eccher, M. Mancinelli,
M. Scapinello, A. Toffali, A. Trenti

Abstract

Adige S.p.A. is a world leader company in projecting, producing and
selling lasertube cutting systems. Two different systems are available, one
based on fusion and the other on oxidation of the material that has to be cut.
Both these techniques require the presence of a laser beam well focalised on
the material and an assistance gas stream, used to eject the melted material.
Until now paths for gas injection and in particular nozzles are drawn using
empirical criteria, based on cutting tests. The idea of this work is to find
some experimental techniques able to correlate the design of the gas path to
the process performance. In addition to this, experimental measurements
will be useful to validate numerical simulations of the process. The idea is
trying to design and validate an experimental apparatus able to measure
the pressure (or the velocity) of the gas during its path across the machine,
both inside and outside the nozzle.

1.1 Introduction

During IPSP2014, different techniques have been proposed. Here they are listed
and briefly described, emphasising in particular their main positive and negative
aspects.

1.1.1 Hot-wire anemometers

Hot-wire anemometry is one of the most used invasive techniques. It has the
great advantage of being directly available on the market, and it is portable and
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Figure 1.1: Structure for an hot wire anemometer.

can be used also on industrial machines, not only in the laboratory scale. The
disadvantages of this technique is that hot-wire anemometers are invasive and so
the measured quantity can be affected by systematic errors. Anyway, the use of
this technique could be very interesting to monitor the proper functioning of the
machinery (also made by technicians in the place where the system is operating).

Hot wire anemometers use a very thin wire, which is electrically heated up to
a temperature above the ambient one. The measurement technique is based on
the heat transfer from the metal wire to the relatively cold gas flowing over the
wire.

The wire material is typically platinum or tungsten, which is 1 + 10 pum in
diameter and about 1 mm in length. A schematic representation of the apparatus
is given in Figure 1.1. The heat dissipated by the wire is a function of the gas
velocity. Using fluid dynamic equations, a relationship between the fluid velocity
and the electrical output of the system can be established.

Description of the hot-wire anemometer measurement

Let us consider a wire that is immersed in a fluid flow. Assume that the wire,
heated by an electrical current input, is in thermal equilibrium with its environ-
ment. The electrical power input is equal to the power lost to convective heat
transfer, that is:

PRy = hAw (Tw — Ty)

where I is the input current, Ry is the resistance of the wire, Ty and T are
the temperatures of the wire and fluid respectively, Ay is the projected wire
surface area, and h is the heat transfer coefficient of the wire. This is a good
approximation for Ty < 1000 K and fluid velocity larger than 0.2ms™! [1].

The wire resistance Ryy is also a function of temperature according to:

Ry = Rref[]- + a(TW - Tref)]
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where «a is the thermal coefficient of resistance and R,.s is the resistance at the
reference temperature 7. s.
The heat transfer coefficient h is a function of fluid velocity vy according to
King’s law,
h = a+ b}

where a, b, and ¢ are obtained from calibration (¢ ~ 0.5).
Combining the above three equations allows us to eliminate the heat transfer
coefficient h,

0t bl = Isz . Ieref[l—l-a(TW _Tref)]
P Aw(Tw —Ty) Aw (Tw — Ty)

. We can solve for the fluid velocity,

|:|:I2Rref[]-+a(TW _Tref)] :| 1:|(1/(.)
vf = —a

Aw (Tw — Ty) b

The hot-wire anemometer operates in two regimes, a constant-current (CC)
regime (I = const) when the gauge voltage pulsations are attributable to tem-
perature variation and, hence, the wire resistance, and a temperature constant
(CT) regime ( Tw = const), maintained by the feedback system with a variable
current heating the sensor. The amount of energy lost can be calculated from the
temperature change in the constant current case, or the current change in the con-
stant temperature change. Constant-temperature anemometers are more widely
used than constant-current anemometers due to their larger dynamic range. When
Tw = cost, the fluid velocity is a function of input current and flow temperature
only. The gauge wire is connected by a shielded coaxial cable to one of the arms
of Wheatstone bridge, the opposite arm being connected to a variable resistance
controlling the overheat factor m = Ry /Rc. In CT a feedback amplifier con-
trols the bridge current so as not to upset the bridge balance and, consequently,
to retain the gauge resistance and temperature constant and independent of the
cooling rate. The instantaneous unbalanced voltage of the bridge determines an
instantaneous value of velocity pulsation. Nowadays instrument circuits afford,
at an optimal alignment, a bandwidth up to hundreds of kHz.

Example of a commercially available hot wire anemometer

Dantec Dynamics offers a complete probe system for use with Constant Temper-
ature Anemometers (CTA). Miniature wire probes have 5 pm diameter, 1.25 mm
long platinum-plated tungsten wire sensors. The wires are welded directly to
the prongs and the entire wire length acts as a sensor. The probe body is a
1.9mm diameter ceramic tube, equipped with gold-plated connector pins that
connect to the probe supports by means of plug-and-socket arrangements. These
probes are general purpose probes recommended for most measurements in one-
dimensional flows. They measure mean flow velocities and fluctuations. One of
the available probes (miniature probe category) is the product 55P14, represented
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/
55 =2

55P14 90° sensor perpendicular
to probe axis

Figure 1.2: On the left, a schematic of 55P14 anemometer. On the right, the same anemometer
is reported perpendicular to probe axis [2].

in Figure 1.2, having right-angled prongs with the sensor perpendicular to probe
axis. This configuration makes this probe suitable for boundary layer measure-
ments, e.g. in pipes, as well. These probes can measure flux velocities up to the
supersonic regime (500ms~!) and have a flat frequency response (< 3dB) up to
400kHz in CTA mode.

Table 1.1: Technical Data For Miniature Wire Sensors.

Medium Air

Sensor material Platinum-plated tungsten
Sensor dimensions 5pm dia, 1.25 mm long
Sensor resistance R20 (approx) 3.5
Temperature coefficient of resistance 0.0036°C~*
(TCR) « 20 (approx.)

Max. sensor temperature 300°C

Max. ambient temperature 150°C

Max. ambient pressure Depends on the type of mounting
Min. velocity 0.05ms™?

Max. velocity 500ms~!
Frequency limit fcpo (CCA mode, 90 Hz

Oms~1)

Frequency limit fmax (CTA mode) 400 kHz

Given its dimensions and shape, probe 55P14 seems to be a good option to
evaluate the gas flow output of typical nozzles used in laser cutting technologies.
Lets consider z-axis as the main axis of a nozzle (coincident to laser beam direc-
tion), having an aperture diameter of 1 mm. Moving the probe within a plane,
at a certain distance from the nozzle exit, does not provide good resolution 2D
(x —y plane) mapping of the flux velocities, since each measure refers to the entire
length of the wire (1.25 mm). Probably a rough distribution of velocities could be
reconstructed by assuming a Gaussian shape of the flux. The measurements can
be used anyhow to evaluate the transversal dimension of the gas flow. This can
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easily be done at every z value, allowing to understand how the flux varies as a
function of the nozzle standoff (typical standoff lower than 1mm for this nozzle
size). For a bigger nozzle (3 mm aperture), more acquisition points would con-
tribute to evaluate the flux distribution. Alternatively, bigger probes can be used.
By placing the probe on top of the workpiece, along the cut line, an estimation of
the mean flux during the laser-cutting operation can be obtained. Another type
of evaluation is the fluctuation of the flow due to the high-frequency response of
the probe.

Feasibility and cost

The potential benefits from an apparatus based on hot wire anemometry have
already been presented. Some uncertainties about the robustness of such a system
remain. The small dimension of a miniature probe is a great advantage, since it
is expected not to significantly change the flow characteristics; on the other hand
it is not clear whether this system will hold out against high flux conditions. One
of the main issue to face in order to have a quantitative evaluation of the gas flow
is the calibration of the probe for the convective heat transfer to nitrogen, which
is used as assist-gas in the cutting-machine by Adige S.p.A. Some works can be
found in literature about the calibration procedure. A limitation for these devices
is the requirement for frequent calibration if contamination occurs over time.

An in-situ apparatus for hot wire anemometry is composed by four basic com-
ponent: a measuring-system frame with micrometric adjustment, electronic in-
strumentation (a digital multimeter and a power supply), a hot wire probe and
a Wheatstone bridge circuit. If the frame and the electronic instrumentation are
already part of the company equipment, the purchase reduces to the probe and
to the circuitry.

1.1.2 Doppler shift - LDA

Optical techniques allow the measurement of the local and instantaneous velocity
of tracer particles to be done while not disturbing the carrier flow. In particular
we can apply the familiar concept of Doppler shift to fluid mechanics: when light
is reflected from a moving object, the frequency of the scattered light is shifted
by an amount proportional to the speed of the object. On the other hand, the
object speed can be estimated by measuring the light frequency shift.

If the flow is seeded with small, neutral particles that scatter light, which are
illuminated by a known laser light frequency. The difference between the incident
and scattered light frequencies is called the Doppler shift Av. It is described by
the relation [3]

Av = 2Tvcosﬁsin%,
where v denotes the particle velocity, A the wavelength of the light, o and 3 refer
to Figure 1.3. By scanning the flow we can map the velocity of the tracer particles
averaging along the laser beam.

Laser Doppler anemometry (LDA) represents an improvement of this tech-
nique, in which the laser beam from the source is split into two parts that cross to
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C j photodetector

scattered light

.

g @, g
incident light wave

Figure 1.3: A particle moving through an incident light wave of frequency v scatters light in all
directions. Scattered light picked up by the photodetector will be shifted by Av. a
is the angle between the incident light wave and the photodetector, 8 denotes the
angle between the velocity vector and the bisector of ABC.

provide an interference pattern in the local region of flow where velocity measure-
ment is required [4]. As a particle crosses the fringe pattern, the intensity of the
scattered light is modulated with the intensity of the fringes (Figure 1.4). The
frequency of the amplitude modulation is the Doppler frequency Av.

Figure 1.4: A fringe pattern is created at the intersection of the two incident beams, with fringe
spacing dy. The frequency of the modulation gives the Doppler frequency Av =

v/dy.

-——""'?'"'""-.

Feasibility and cost

Doppler shift and LDA are techniques typical of research laboratories. These
setups are not commercially available, due to the complexities related to the de-
velopment and the use of these techniques, but they can be made custom. Univer-
sity, research institutes and specialised companies (e.g. Dantec Dynamics) could
offer the possibility to develop the best custom system related to the problem.
The cost is generally high compared to other commercially available products, but
these techniques aren’t invasive and they are more accurate. Coupling Doppler
shift and LDA with a transparent section of the cutting head, makes it possible
to map the velocity of the fluid inside the chamber.

1.1.3 Acoustic interferometry

Since the 19th century rudimentary acoustic antennas consisting of simple horns
were used to locate ships in the fog. This method was improved during World War
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I to detect enemy aircrafts, but experienced a stop later on due to the development
of radar technology. Nowadays acoustic interferometry is a widely-used technique
in the field of imaging noise inside mechanical parts and machinery.

It makes use of array antennas of microphones to sense sound (pressure waves)
with a high spatial precision. Since this method is based on the interference of the
sound waves at different positions, the spatial distribution of the microphones is
a crucial parameter along with the wavelength that is employed. Hence we tried
to design an experiment for measuring pressure with acoustic interferometry, and
we performed some Finite Elements Method simulations (FEM).

We simulated a circular antenna searching for the optimal number and pos-
itions for the microphones and possible further elements such as a reflector, in
order to maximise the signal-to-noise ratio and spatial resolution.

Nevertheless microphones available in our laboratory allow us to obtain an
insufficient spatial resolution, of about 1 cm, mainly due to their bandwidth, which
is limited to 15kHz. Therefore we made a market research finding out two main
categories of detectors.

The first is the proper acoustic antenna, which makes a 2D image, exactly as
a camera. Hence the resolution of such a method is in the range of 1+ 5 degrees.

The second one is a 3D imaging technique, which allows a three-dimensional
tomography of the sample.

Feasibility and cost

Although this technique could, in principle, give us 3D maps of gas flow and pres-
sure and could give information even in the kerf, the realisation complexity, low
spatial resolution and difficult calibration analysis make acoustic interferometry
not suitable for this application.

1.1.4 Schlieren photography

Schlieren photography is an imaging system that uses optical techniques for the
visualisation of density gradients inside a fluid. This method has been developed
in 19th century, and is essentially interested in giving a visual study of what is hap-
pening. It is often used to study the dynamics of a fluid. Schlieren photography
is based on the principle that, if the refractive index of a medium is changed, the
path of the light that passes through that material is modified [5]. In order to
take advantage of this mechanism, a light source illuminates the analysed region
and its image is observed on a screen. A brief scheme of the apparatus is given
in Figures 1.6 and 1.7. A knife edge is placed between the probe and the screen
in order to stop one half of the image (Figure 1.5). In that way:

e if there are no changes in the density gradient, the knife simply darkens the
image;

e if there is a variation of the density gradient inside the probe, this induces
a variation in the propagation direction of the light beams inside the probe;
it could happen that some beams that were blocked without the probe now
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are visible, and on the other side some beams visible without the probe can
be now invisible on the screen; in this way a sharp contrast in the image is
induced.

weak displaced
source image

Figure 1.5: Diagram of tangential focus in a z-type schlieren system, showing horizontal smear-
ing of the light-source image and the proper application of a horizontal knife-edge
cutoff [5].

Theoretical background

Light propagates uniformly through media, but disturbances and inhomogeneities
can change the media density and with it the refractive index. This can cause
the rays of light travelling through media to bent. For example for air there is a
simple relationship between the refractive index and the gas density p:

n—1=kp,

k is the Gladstone-Dale coefficient, that for air is about 0.23cm®g=!. The re-
fractive index is only weakly dependent upon p, and, as the refractivity n — 1 of
a gas, depends upon the gas composition, temperature, density and wavelength.
The bending or refraction of light rays can be understood using geometrical op-
tics. Let’s take a Cartesian x,y,z system. Suppose that the light travels along
the z-direction. It can be demonstrated that the light rays are refracted by op-
tical inhomogeneities in proportion to the gradient of the refractive index in the
x,y-plane. The resulting ray curvature is given by:

82m718n a2y7 10n
022 nox 022 noy’
integrating once we obtain:
on 1 [0n
= —0 = — —0 )
¢ n) 9:%° YT n oy N

for a two-dimensional schlieren of extent L along z-axis, this becomes:
L [0n L [ 0n

€ = — _— € = — -,
T ng ) Oz Y ng ) Oy

where ng is the refractive index of the surrounding medium. These relations are
the basis for the mathematical modelling of this technique.
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Experimental setup

The most used schlieren setup is the Toepler’s one, characterised by the presence
of the slit-source and the knife-edge to partially cutoff the light before the detector.
We are going to present the two most used types of Toepler’s schlieren schemes.
The first one is the dual-field-lens system shown in Figure 1.6. The light coming
through an extended non-coherent light source must have at least one edge sharply
limited by an opaque mask or knife (a slit in Figures 1.6 and 1.7). Field lens 1 and

schlieren
object
condenser S camera
lens ]

: knife
field field edge
lens 1 lens 2

lamp slit

Figure 1.6: Schematic representation of a in-line schlieren set-up [5]

2 cause the light ray to travel parallel inside the test area, and to focus the slit
image in the knife-edge plane. The second system is the z-type mirror one. Two
opposite tilted on-axis parabolic mirrors (Figure 1.7) illuminate the sample with
a parallel beam coming from a divergent light source. The light is then focused
on the knife-edge plane. Optics arrangement suggest the letter z, that gives the
name to this kind of set-up.

condenser

parabolic
mirror

parabolic
mirror

camera

Figure 1.7: Schematic representation of a Z-type schlieren set-up [5]

Sensitivity

Consider a z-type schlieren arrangement (Figure 1.7), with a horizontal source
slit orientation and a horizontal knife edge. Given the luminance B of the light
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source (in cdm~2), the illuminance Ey incident upon the first mirror is:

Bbh
EO = T
1

where b and h are the slit breadth and height, respectively and f; the focal length
of the first mirror. The schlieren image illuminance is the same of the first mirror,
but multiplied by a factor m that takes into account the image size relative to the
total test area:

Bbh

Ey=—.
T

(1.1)

The knife-edge has the function of blocking a fraction of the incoming light at the
second mirror focus. Assume that the height of the transmitted light is a, we can
replace h in Eq: 1.1 with a%:

_ Bba

C m2fife]

that is the background illuminance. If we put a schlieren object in the test area
that refracts a certain light ray with an angle € with a the y-component ¢, a
fraction of source image is shifted upward in the knife-edge plane by a distance
Aa = €, fo. The incremental gain (or differential gain) of the corresponding image
point caused by the refraction €, in the test area is:

Bbe
AE = Ly
m? fy

We define the contrast C' as the ratio of the differential gain to the image back-
ground:

_AE _ fey

C
FE a ’

(1.2)
and, finally, the schlieren sensitivity S as the change in image contrast respect to
the refraction angle:

_0C _ fy

S -

e a (1.3)
y

Feasibility and cost

Schlieren photography is an imaging technique typical of research laboratories.
This apparatus is not completely commercially available, but it can be made
custom. University, research institutes or specialised companies could offer the
possibility to develop the best custom system related to the problem. The cost
for the material needed for the construction of an apparatus similar to the one
presented during the IPSP week is around 5000 — 10000 €.
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1.1.5 Optical fibers

Optical fiber-based devices can be used to measure pressure and velocity field
inside and outside the laser-cutting machine head [6]. A typical scheme of an
optical fiber with a micro-machined head and its readout apparatus is presented
in Figure 1.8. The optical fiber ends with two mirrors that create an optical

Sensing
White Light Element
Source Fiber Coupler .
T 2
Sl
Optical Fiber I||
I3 .'[ |
PC Spectrometer &'
N Mirror (Al)
Half-mirror (Cr) \ Diaphragm
i—\\”‘\— e (8102:0.7um)
Ny o
ghetnf Wigle
Gl g Core ] [ g g
oDy (=8 !%
1 S

‘Mesa (Si02:2.3
Spacer (Polyimide:2pm) esa (3 um)

Figure 1.8: Left: scheme of the micro-machined head and read out setup. Right: SEM image of
the micro-machined head [6].

cavity called FabryProt interferometer (Figure 1.8) [7]. The suspended mirror
(diaphragm) is able to deform under an external pressure thus changing the cavity
length. Different cavity lengths correspond to a different spectral response of the
optical fiber. The spectral response of the sensing head can be recognised using
a white light source and a spectrometer as illustrated in Figure 1.8.

1740

1400
1200 __ 170}
—_ = 17004
. { —
5 1000 =
= 500 T 1680}
= 5
Z = jesn}
5 =
2 2
£ an = edof
o
200 1620}
] e — 1600 s s s
400 450 500 S50 600 650 700 750 800 -100 i 100 200 300 400
Wavelength [nm] Pressure [mmHg]

Figure 1.9: Left: spectral response of the sensor for several pressures. Right: sensor calibration
curve [6].

Figure 1.9 left shows the spectrum of the sensor for several external pressures.
Starting from the previous graph the calibration curve (cavity length vs Pressure)
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can be extracted (Figure 1.9 right). The sensor pressure range and the sensitivity
can be tuned by changing the diaphragm thickness. This sensor can be applied

assistant
gas

optical
fiber

Figure 1.10: Fiber-based pressure sensor inside the chamber.

to map the pressure inside the nozzle and the chamber prior to the nozzle as
sketched in Figure 1.10.

Feasibility and cost

Optical fiber-based devices are not commercially available. Universities, research
institutes or specialised companies could offer the possibility to develop the best
apparatus related to the problem. The cost for the material needed for the con-
struction of an apparatus is in the order of 5000 €.

1.1.6 Strain gauges

A strain gauge is an instrument that measures strains by employing the fact that
a mechanical stress on a conductor changes its resistance. More in detail, if we
consider a material characterised by a length L and a section S = W - H and
subjected to a force F' along L, we can define the stress as N = F/S, and the
strain as e = AL/L [8]. In an elastic regime the strain is proportional to the
stress, ¢ = N/E, with E the Young modulus. A useful parameter characterising
a material is the ratio of transverse to axial strain (Poisson’s ratio):

AW/W  AH/H

- _ — . 1.4
AL/L AL/L (14)

The resistance of a conductor is described by the law
R=pL/S, (1.5)

where p is the material resistivity. Rearranging Eq: 1.5, the ratio between the vari-
ation of resistance and the resistance can be expressed as function of the Poisson’s
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ratio Eq: 1.4 and the variation of length A—LL and the variation of resistivity %
can be found:

AL Ap
14+2v)—+ —.
(+V)L+p

AR
— =

The most general case accounts for piezoelectricity of the material, in which p =
po(1 4+ BN), with 5 piezoelectric coefficient. In this case the relative variation of
resistance becomes AR/R = AL/L(1+ 2v + SE). Hence a strain gauge converts
a relative length variation into a relative resistance variation. It is characterised
by the so-called Gauge Factor:

_ AR/R
" AL/L’

Feasibility and cost

A strain gauge-based instrument can be made easily with commercially available
systems (strain gauges elements and read out electronics). University, research
institute or specialised companies could offer the possibility to develop the best
apparatus related to the problem. The cost for the material needed for the con-
struction of an apparatus is in the order of 2000 €.

1.1.7 Comparison between techniques

A brief comparison between the analyzed techniques is reported in Table 1.2.

Table 1.2: Comparison between the analysed techniques.

Technique Advantages Drawbacks Cost
Hot wire an- Spatial resolution, Intrusive, necessity Low-
emometer high frequency re- of calibration, probe Medium
Flow velocity sponse, in  situ, breakage

commercially  avail-

able
Doppler 3D mapping, spatial Complex equipment, Very high
shift-LDA resolution, sensitivity, laboratory system
Flow velocity internal analysis, kerf

analysis
Acoustic 3D mapping, kerf Low spatial resolu- High
interferometry analysis tion, complex, diffi-
Flow pressure cult calibration
Schlieren Real-time  imaging, Phenomenological, Medium
photography 2D  sensitive, kerf non-quantitative
Flow densitiy analysis, data for

modeling
Optical fibers Internal analysis, Average  measures, Low
Flow pressure portable, ease of difficult calibration

measurement
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Because of the short time available, it has been decided to implement only three
of the techniques described up to now, that are:

e schlieren photography;
e optical fibers;
e strain gauges.

These techniques have been considered the most interesting for the solution of
problems introduced by Adige S.p.A. They are based on very different approaches,
and allow to obtain measurements in different situations. For example, measure-
ments made by optical fibers are the only ones that can give a measurement
both inside and outside the nozzle, but their implementation and calibration can
be considered more difficult that the measurement made by strain gauges. On
the other hand, using strain gauges one can obtain only mean measurements of
the pressure inside of the chamber, and nothing about what happens outside.
Schlieren photography can be considered very interesting because it can give an
immediate visual idea of what is happening, but it is only a qualitative technique
and it is difficult to infer absolute values.

In following sections, a more detailed description of the considered techniques
is given.

1.2 Schlieren photography

In the following sections we are going to describe our schlieren photography ap-
paratus.

1.2.1 Set-up

We chosen an hybrid set-up between the dual-field-lens and the z-type (Fig-
ure 1.11). The light coming through a 3 W-white led was focused by a f = 50 mm
lens on the slit. The light was then collimated with a f = 100mm lens, then
the first mirror (flat, 2" diameter) illuminated the sample. The light was then
collected and focused on the focal plane of the knife by a circular f = 200 mm, 2"
mirror. Finally a f = 50 mm lens focused the schlieren image on the CCD (Ima-
ging Source, DMK41AUOQ.AS) sensor plane. We used the circular mirror in the
detector arm to maximise fs, in order to increase the contrast and the schlieren
sensitivity (C' and S, respectively, see Eq: 1.2 and Eq: 1.3). The CCD images were
recorded and stored by using a program written in LabVIEW that automatically
subtracts the background to the sampled images. A Matlab script was used to
post process and to increase the contrast of the images. A Phyton script was used
for videos post processing.

1.2.2 Results

The set-up was used to characterise a nozzle of 1 mm exit bore (Figure 1.17 left),
in function of the pressure applied to the gas feed (Figure 1.12). The gas used
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Figure 1.11: Left: realised experimental set-up. Right: Schematic representation of the schlieren
apparatus.

was air at room temperature with a pressure range from 1.0 bar to 6.0 bar.

(a) 1.0bar (b) 1.5bar (c) 2.0bar (d) 3.0bar (e) 4.0bar (f) 5.0bar (g) 6.0 bar

Figure 1.12: Evolution of the schlieren image in the test-range (1.0 to 6.0 bar)

We also verified if our apparatus could give good image even if an obstacle is
present in the test area. In Figure 1.13 we put vertically a 1" CaF, window over
the nozzle, which was fed with 5bar of air.

In Figures 1.12 and 1.13 are clearly visible regions where the pressure and
the velocity of the air exiting from the nozzle are inhomogeneous. The formation
of standing wave patterns, that appear increasing the pressure of the gas feed,
indicates the presence of shock diamonds (also known as Mach disks). These
images should be used to infer crucial information about the fluid-dynamics of
the nozzle and can be used to verify theoretical models.

1.3 Optical fibers

In the following sections we are going to describe the development of a novel
technique for velocity field measurements inside the cutting-head chamber.

1.3.1 Set-up

The features of an optical fiber-based sensor are:
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Figure 1.13: Schlieren images of the nozzle bore.

deformability;

spatial resolution up to 5 mm;

e sensitive to direction;

e low-cost.

The sensor is a brand new idea developed during the IPSP week. Here is reported
just an introduction to the sensor because the idea is going to be patented by the
University of Trento. The optical fiber is used as a flux sensor and needs to be
placed inside the chamber. In the presence of a gas flux, the fiber sensor will alter
the polarization state of the light, because the fiber can feel the flux thanks to the
drag force [9]. By looking at the polarization state at the output of the sensor, it
is possible to get information on the flux magnitude and on the flux direction.

Polarizer
source

Figure 1.14: Read out set-up
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1.3.2 Results

Since we did not have a calibrated flux source, the sensor was calibrated knowing
the pressure at the chamber entrance. The pressure range was chosen to have a
N, flux of the same order of magnitude to that inside the Adige S.p.A. machine.
The flux magnitude was estimated using the Bernulli equation. An homemade
brass chamber was fabricated to simulate the chamber prior to the nozzle. The
experiment was realised under these conditions:

e Input pressure: from 0 to 6 bar;
e Approximate flux 100 Lmin~!;
e Reynolds number > 6000 (turbolent regime);

e Drag force on the fiber ~ nN.

0 35 L L ' L i L L L
Calibration curve

0.30 4

0.25

0.20

0.15

0.10

Detector signal (mV)

0.05 4

0.00 4

T T T T T
0 1 2 3 4 5 6

Pressure (atm)

Figure 1.15: Sensor calibration curve. The pressure scale can be seen as the flux magnitude.

Figure 1.15 shows the sensor calibration curve. It is important to remark that a
proper calibration would require a gas-flow meter.

1.4 Strain gauges

In the following sections we are going to describe our attempt to realise a strain
gauge-based sensor.

1.4.1 Numerical simulation

We perform a FEM numerical simulation using the software COMSOL Multiphys-
ics. We simulate the strain of the nozzle caused by a 20 bar pressure. We suppose
that the only mechanical constrain is along the mechanical seal. The pressure at
the exit and around the body of the nozzle is 1bar. The results are shown in
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Figure 1.16: Numerical simulation of the nozzle deformation at 20bar. The deformation is
magnified by a factor of 103.

Figure 1.16. The maximum estimated strain of the nozzle body is AL ~ 1 um at
P = 20bar.

1.4.2 Set-up

A copper nozzle can be deformed by the gas pressure acting on it. A strain gauge
attached on the nozzle body can detect such deformations and, via a proper cal-
ibration, it can return an estimation of the pressure value. In our test apparatus
we used a Micro-Measurements Division CEA-13-125UN-120 strain gauge char-
acterised by the following parameters:

Resistance | (120.0 £0.4) Q
Gauge factor 2.11+£0.01

The gauge has been glued to the nozzle with cyanoacrylate as in Figure 1.17.
The nozzle was screwed on a cylindrical test chamber connected to a compressor
that constituted the gas source. The strain gauge output was detected via a
Wheatstone bridge (Figure 1.17). The Wheatstone bridge transducer was realised
using an instrumentation amplifier (INA111, Texas Instruments). The amplifier
gain was set to G, = 1000. The strain gauge length is 3.18 mm and considering
the maximum estimated strain of the nozzle body AL ~ 1um (at P = 20 bar) we
get:

AL
— ~3x107%
i7 3x 10

The variation in terms of gauge element resistance is:

AR AL
— =G—=~6x107%

R L
The resistor values in our Wheatstone bridge (as shown in Figure 1.17) are R; =
R3 =115Q and Ry = 120Q. R, is the strain gauge resistance. A variation of the
gauge resistance of A—}f ~ 6 x 10~* change the output of the bridge of AViridge =
1.4 x 1073 V. The expected maximum output signal is given by the bridge voltage

variation times the instrumentation amplifier gain AV, = AVipiageGina = 1.4 V.
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Figure 1.17: Left: gauge glued on the nozzle. Right: schematic representation of the Wheatstone
bridge read-out circuit.

1.4.3 Results

Despite the attended read-out value of the strain gauge deformation was =~ 400 mV
for a 6 bar pressure applied to the nozzle, during our tests we didn’t register any
variation on the output signal. The noise level of the amplifier output was in the
order of 10mV s, so the deformation of the nozzle caused by a 6 bar pressure
was expected to be detectable. The failure of this type of measurement could
depend on either the fact that the strain gauge was not positioned correctly on the
nozzle body or the fact that the numerical simulation overestimated the nozzle
deformation. For the future developments of this technique it is important to
check the mechanical constrain used during the numerical simulation, and, on the
other hand, for the strain gauge positioning, it is important to find the right place
where the deformation reaches its maximum value, because the intensity of the
deformation is not constant on the nozzle surface.

1.5 Conclusions

During the IPSP2014 week we reviewed different experimental techniques aimed at
characterising the pressure and velocity field of the assistant gas flowing inside and
outside a cutting machine head. We successfully realised a schlieren apparatus
and performed qualitative pressure measurements of the gas ejected from the
nozzle in various conditions. A novel sensor based on optical fibers was proposed
and successfully tested during the IPSP2014 week.
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CHAPTER
TWO

IDENTIFICATION OF COLORED-MASTERBATCH
PROCESS-PARAMETER WITH GREATER
INFLUENCE ON PIGMENT DISPERSION AND
COLOR PERCEPTION

F. Benetti, M. Buccella, A. Caciagli, N. Cozza, F. Deirmina, D.M.S. Sultan,
G. Giusti, E. Schneider, S. Tondini

Abstract

Aquafil S.p.A. has been one of the leading players in the production of
Nylon 6. Over 60% of its total production is composed by the so called
solution dyed industrial yarns. The fibers are colored through a mass pig-
mentation process by the addition of Color Masterbatch during the melt
spinning. From the industrial point of view, the most important problem
for the Color Masterbatch production is to maximize the tinting strength
of the color pigment. This have to be achieved by optimizing the fillers dis-
persion into the polymer bulk without using the dispersing additives, that
can show detrimental effect during melt spinning. The dispersion degree of
the pigments is the key point of the masterbatch production process and
it depends on the physical properties of pigment particles, on the process
parameters involved during extrusion and on the pigment concentration in
color masterbatch. During IPSP2014, the Aquafil team of students and re-
searchers worked on the realization of two models, one empirical and one
theoretical, that could reproduce and predict the tinting strength of the
Color Masterbatches, starting from the production process parameters. At
the end of the week, the two developed models were able to qualitatively
reproduce the experimental results measured on a set of Monoconcentrated
Color Masterbatches, which were realized for this purpose by Aquafil during
the event. Moreover, both models suggest that a critical production para-
meter for the realization of masterbatches with optimized tinting strength
is the temperature profile of the extruder barrels.

21
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2.1 Introduction

Since 1969, Aquafil' has been one of the leading players, both in Italy and glob-
ally, in the production of Nylon 6: a landmark in terms of quality and product
innovation as, additionally, the Group is a leader in the research of new production
models for sustainable development. This commitment to research and develop-
ment leads to the regular renewal of processes and products thanks to continuous
investments of capital and knowledge.

The Group has a presence in seven countries on three continents with 14
plants employing more than 2,200 people in Italy, Slovenia, Croatia, Germany,
the United States, Thailand and China.

It operates through two product business units:

e BCF: production of filaments for textile floorings
e NTF: synthetic fibers used in the apparel and sports industries

Always committed to taking real measures to protect the environment, Aquafil
established the Energy & Recycle business unit in 2008. This division is dedicated
to the promotion of the research activities and sustainable projects, for all the
Group’s activities. The mission of Aquafil is to be the leader in the production
of synthetic fibers, particularly Polyamide 6. To concentrate resources, ideas and
investments on growth and excellence with the focus of environmental, social and
corporate sustainability.

2.1.1 Colored masterbatch production

Over 60 % of the total production in Aquafil S.p.A. is composed by the so called
solution dyed industrial yarns. The fibers are colored through a mass pigmenta-
tion process by the addition of color masterbatch during the melt spinning. The
production of Color Masterbatch (CM) can be divided in two steps:

1. Production of Monoconcentrated Masterbatches (MM): they are obtained
introducing one type of color pigment into the polymer matrix by an extru-
sion process

2. Production of Color Masterbatches (CM): they are obtained by mixing dif-
ferent kind of Monoconcentrated Masterbatches through an extrusion pro-
cess, in order to reach the right color requested by the costumer.

Monoconcentrated Masterbatches are composite materials, also called concen-
trates, obtained by a melt compounding process, with a high amount of pigment
(5-50 %wt.), higher than in the final products. Polymer matrix and one type of
color pigment are mixed by an extrusion process, in order to obtain a fine disper-
sion of particles into the polymer. Monoconcentrated masterbatches are marketed
in chips form and they are used in later production step for coloring plastic mater-
ials. During extrusion two mixing phenomena occur: (i) dispersing mixing that

TAquafil S.p.A. website: http://www.aquafil.com/
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breaks down the agglomerates in aggregates and primary particles and (ii) dis-
tributive mixing that produces an homogeneous distribution of pigment inside the
polymeric matrix.

Color pigments used in plastic industry can be divided into two groups: in-
organic and organic pigments. Their primary particles can have different shapes:
cubes, platelets, needles or different irregular shapes. The primary particles of the
most used pigments are composed by tiny molecular crystals, and show dimen-
sions ranging from 20 to 500 nm. For this reason they are called nano colorants.
Generally speaking, color pigments for plastic have to satisfy some requirements:
(i) total insolubility in the polymer in which they are incorporated, (ii) easy dis-
persion within the matrix, (iii) chemical stability under severe thermo-mechanical
processing conditions, (iv) compatibility with the other additives used, (v) nontox-
icity and (vi) environmental friendliness. The most critical pigments to disperse
in a polymer matrix are the organic ones and in particular the Copper Phthalo-
cyanine Pigments (Blue and Green) and the Dioxazine Pigments (Violet). This
is due to the high interface energy formed between pigment and polyamide that
the system tends to reduce through flocculation.

2.1.2 Production process

In Aquafil S.p.A. the Monoconcentrated Masterbatches are produced through a
co-rotating twin screw extruder because of its modular configurations that makes
it flexible for adapting to changing tasks and material properties. The extrusion
process is characterized by the properties of the extruder (i.e. power, L/D, the
screw geometry) and the variable parameters (i.e. screw speed, throughput rate,
ampere absorption, pressure at spinneret, temperature profile) and the quality of
the product are strongly depended on these process features.
