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ABSTRACT

A numerical framework for simulation of
swirled adhesive application along arbitrary
robot motions and substrate geometries is pre-
sented. The momentum and continuity equa-
tions are solved on a Cartesian octree grid using
a finite volume discretization. A viscoelastic
constitutive model is used to describe the com-
plex rheology of the adhesive and is solved us-
ing a previously presented Lagrangian-Eulerian
method. The flow from the nozzle to the target
surface is modelled using experimental data,
and a projected injection model is used to add
adhesive material in the simulation close to the
surface. The two-phase flow of adhesive and air
is then simulated. Numerical results are com-
pared with experimental data and good agree-
ment is found.

INTRODUCTION

Hybrid joining techniques have gained atten-
tion due to an increased demand for prod-
ucts with new combinations of materials. In
many applications adhesive bonding plays an
important role. A relatively new technique is
swirled adhesive application, in which the ma-
terial flows from a small nozzle rotating at high
speed. The result is a spiral-like bead pat-
tern of the adhesive bead. The main advantage
compared to the common cylinder bead is that
the application can be performed at larger dis-
tances, at higher robot speeds and is less sensi-
tive to geometry variations.

The swirl application is performed with a
small circular nozzle, with diameter on the
scale of a millimeter or less. In Figure 1, a
schematic picture of the swirl nozzle is shown.

In order to predict and optimize the process,
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Figure 1. Schematic of swirl nozzle as seen
from below (left) and from the side (right).

and to fully utilize its capabilities, efficient sim-
ulation tools are required. In the current work,
a method to simulate the complex process is
therefore presented. The framework is based on
IPS IBOFlow®, an incompressible finite vol-
ume flow solver developed at the Fraunhofer-
Chalmers Centre in Gothenborg, Sweden. The
solver includes a Lagrangian-Eulerian method
for viscoelastic flow!3 and has previously been
used to simulate two-phase flows with shear
thinning fluids for seam sealing® % !? and ad-
hesive extrusion!!. Other applications include
conjugate heat transfer’ and fluid-structure in-

teraction”.

The adhesives considered are typically
complex viscoelastic materials. Several consti-
tutive models exist, suitable for different types
of viscoelastic fluids. Examples span from the
simpler models of linear viscoelasticity, e.g.
the Upper-Convected Maxwell (UCM) model
and the Oldroyd-B model? to more physically
correct models such as the Finitely Extensi-
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ble Nonlinear Elasticity (FENE) models>, the
Giesekus model® and the Phan Thien Tanner
(PTT) model.

From a modelling point of view, four impor-
tant properties for the flows considered in this
work can be distinguished:

1. Two-phase flow of the adhesive and the
surrounding air.

2. Arbitrary substrate geometry.
3. Viscoelastic material rheology.

4. Moving application along a prescribed
path.

The involved equations and the numerical mod-
elling corresponding to each of the respective
properties are described further on in this pa-
per.

The rest of the paper is structured as fol-
lows. First the governing equations are stated,
followed by a description of the numerical
method. Results from numerical simulations
are then shown and compared to experimental
measurements. Finally, conclusions are drawn
and some outlines are discussed.

GOVERNING EQUATIONS
The flow is described by the momentum and
continuity equations

paa—l;+pu-Vu:—Vp+V-r+f, (1)

V-u=0, )

where u is velocity, p density, p pressure, T de-
viatoric stress, f body force and ¢ is time. The
deviatoric stress can be written as

Tzz,u«s‘i’fv, (3)

where U is the Newtonian contribution to vis-
cosity, S the rate of strain tensor

S=_(Vu+(Vu)’), (4)

1
2

104

and 7, the viscoelastic stress. The constitutive
equation from the Phan-Thien-Tanner (PTT)
model in its linear form is used to describe the
evolution of 7, as

A¥V + (1 + %Trace(rv)) T, =218, 5)

where A is relaxation time, 1 polymeric viscos-

. . . V.
ity, € a non-dimensional parameter and 7 is the
upper-convected derivative

v drT T

T—dt Vu' -t—17-Vu (6)
It is remarked that d /dt denotes the material, or
Lagrangian, time derivative.

Free-surface flow is modelled with the Vol-
ume of Fluid (VOF) method. The respective
phases are then tracked through the local vol-
ume fraction a € [0, 1] by the following trans-
port equation,

88_(: +u-Va =0. @)

If only air is present @ = 1 and if only
adhesive is present o« = 0. A location where
0 < o < 1 lies on the interface between the
phases. Local fluid properties, e.g. density or
viscosity, are calculated as

¢ = a¢air+(1 _a)(padhv (8)

where @,;; is the property of the air and ¢,q, that
of the adhesive.

NUMERICAL METHOD

The momentum and continuity equations are
solved on an Eulerian grid using a collocated
finite volume-discretization and the pressure-
velocity coupling is solved using the SIMPLEC
method. Interior objects are treated with the
mirroring immersed boundary method>® The
velocity field is then implicitly mirrored across
the immersed boundary surface such that the
defined boundary condition is satisfied for the
converged solution. A boundary-conforming
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computational mesh is therefore not required
and a Cartesian octree grid is used. The grid
is automatically generated and updated dynam-
ically simulation progresses. Specifically the
grid is refined near the VOF-interface and auto-
matically updated as the interface moves. The
resulting numerical framework is suitable for
flows with arbitrary geometries, moving ob-
jects and free surface flow.

The advective term in (7) for the vol-
ume fraction o discretized using the CICSAM
scheme*. The scheme is specifically designed
to maintain a sharp interface between the two
phases. This is particularly important since (7)
has no natural diffusive term.

The viscoelastic stresses are calculated us-
ing a Lagrangian-Eulerian method in which the
constitutive equations are solved in Lagrangian
nodes that are distributed in the viscoelastic do-
main and convected by the velocity field. The
solution of (5) is thus reduced to solving an
ODE system in each Lagrangian node. The up-
dated viscoelastic stresses are interpolated from
the unstructured node set to the cell centers of
the Eulerian grid using radial basis functions.
The stress divergence can then be integrated us-
ing Gauss divergence theorem and added as a
pseudo-body force to the discretized momen-
tum equation. To ensure a well-distributed
node set, nodes are added and deleted where
needed in each time step. The method is de-
scribed in detail in Ingelsten et al.!>.

The final key component of the simulation
framework is the injection of adhesive material
in the simulation. In the real process, the ad-
hesive flows continuously from the nozzle. In
the simulation framework this is modelled by
adding material in each time step by modify-
ing the local volume fraction o and setting an
appropriate inlet condition. The geometry and
state of the added adhesive is determined from
an injection model. The injection is performed
along the predefined robot path. The position
of the injection therefore varies during the sim-
ulation and the velocity of the nozzle is added
to that of the injected material.

Two main injection model types may be dis-
tinguished, namely direct and projected injec-
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tion models. In the former the material is in-
jected directly at the current position of nozzle
and according to the nozzle geometry. Depend-
ing on the type of application, this method may
require high spatial and temporal resolution to
capture the flow from the nozzle to the target
surface. This is particularly the case if the ap-
plication distance is large or if the inlet velocity
is large. If this is the case, a projected injection
model may be a possible remedy to reduce the
computational time. In the projected approach,
the main part of the flow between the nozzle
and the target surface is instead modelled us-
ing data from experiments or detailed numeri-
cal simulations. The model is then used to pre-
dict the state of the material close to impact on
the target surface, where it is injected and the
free surface flow is simulated.

The projected injection model for the
swirled application is based on a

torus geometry where material is injected in
torus segments calculated from the angular ve-
locity of the nozzle 6, a given torus radius 7;
and the nozzle diameter d,. The center-point
of the torus is calculated by projecting the noz-
zle position in the application direction using a
ray-trace technique.

In the ith time step with length A¢;, the an-
gle swept, assuming constant angular veloc-
ity, is AG; = OAr;. Material is thus injected
in the torus segment defined by angles 0 €
[6;—1,0;_1 + AB;], where 6;_; is the angle from
the previous time step. In other words 6; =
0,_1 + A6;. A schematic view of the injection
geometry is shown in Figure 2.

The value of the torus radius r; is unknown
and need to be calculated. In this work, a model
is proposed in which r; depends on the angular
velocity, the adhesive flow rate and the applica-
tion distance, such that

rl:rt(éavaLapp)a (9)

where V is the volume flow rate of adhesive
from the nozzle and Ly, is the distance from
the nozzle to the substrate surface. An esti-
mate for 7;(0,V, Lyyp) is obtained from experi-
mental data by applying adhesive with different
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Figure 2. Schematic of torus segment used in
the swirl injection model.

process conditions and measuring the radius 7;.
The values are stored in a database and during
simulation the value of r; is linearly interpo-
lated for the current process conditions.

The injection procedure may be summa-
rized in the following steps:

1. Find the impact/torus center using ray-
tracing

2. Calculate the torus radius 7,(6,V, Lypp)
3. Calculate the torus segment

4. Refine the computational grid around the
torus segment

5. Identify injection cells and add material

In the following section, simulations with the
proposed method are presented and compared
to experimental results.

RESULTS

A set of point clouds of scanned experimental
straight beads on a flat plate are available. The
experiments and the scanning are performed by
RISE IVF in Molndal, Sweden. The data is
then used to measure the bead width for differ-
ent process conditions and create the database
for the torus radius ;. In Table 1 the process
conditions for the experiments are shown. All
beads are applied at distance 30 mm from the
surface and with application speed 300 mm/s.
The nozzle diameter is 0.6 mm. In Figure 3 the
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scanned experimental beads are shown. It is
clear that a combination of high rotation speed
and low flow rate as in setup C results in a nar-
row bead and a dense pattern. The opposite, i.e.
low rotation speed and high flow rate (setup B),
results in a wider bead with a sparse pattern.

Setup | R (rpm) | V (ml/s)
A 10000 1.14
B 10000 1.7
C 20000 1.4
D 20000 1.7

Table 1. Process parameters for the available
experiments adhesive beads.

Figure 3. Experimental swirl beads for setup
A-D ordered from the top.

In Figure 4 a snapshot from the simulation
of setup B as defined in Table 1 is shown. The
injection cells are visualized by solid cubes and
the adhesive by the contour surface o = 0.5, i.e.
the interface between the adhesive and the air.
The torus segment geometry of the injection
zone is clearly visible. In Figure 5 more snap-
shots from the same simulation can be seen,
showing the simulation progress.

In Figure 6 the simulated and experimental
beads corresponding to setup A and B in Ta-
ble 1 are shown. A good overall agreement
is found between simulated and experimental
beads. This is of course expected to some ex-
tent, since the model for the bead width is based
on the experiment. It is however remarked that
there is also good agreement to the frequency
of the spiral-like bead pattern and the over-
all shape of the bead. In Figure 7 the corre-
sponding results for setup C and D are shown.
For these higher rotational speeds the spiral-
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Figure 4. Bead geometry as the contour
surface o = 0.5. Injection cells shown as solid

Figure 5. Progression of applied adhesive bead
in simulation. Simulated with setup B.

like pattern is denser and the bead widths are
smaller than for setups A and B. In the sim-
ulation this results in a bead where the pat-
tern is still clearly visible, but without gaps be-
tween the individual threads. In the experimen-
tal beads, some gap is seen. For all beads, how-
ever, the size and frequency in the bead pattern
show good agreement with the experiments.

CONCLUSIONS

A numerical framework to simulate swirled ap-
plication of a viscoelastic adhesive has been
presented and demonstrated. The adhesive flow
from the nozzle to the impact on the target sur-
face is modelled based on the impact pattern
from experimental beads. Adhesive material is
then injected close to the surface with an injec-
tion model based on a torus-segment geometry.
The results show good agreement with experi-
mental data. The obtained results are an impor-
tant step towards simulating the full mechanical
joining process, including part assembly and

Figure 6. Comparison between simulated and
experimental swirl beads for setup A (top) and
B (bottom).
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Figure 7. Comparison between simulated and
experimental swirl beads for setup C (top) and
D (bottom).

hemming with adhesives.
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