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Abstract Numerical simulation of the polyurethane foaming
process is a valuable method to analyze the molding process at
an early stage of product development to shorten time-to-
market cycles and cut costs by using fewer prototypes.
However, this process involves highly coupled thermo-
chemo-rheological modeling and needs adequate model pa-
rameters’ identification. A theoretical model including chem-
ical reactions and thermo-rheological coupling of conserva-
tion equations was developed. Based on the theoretical model,
three-dimensional numerical simulation for mold filling of the
polyurethane foam was carried out by using Finite Pointset
Method (FPM) to predict flow field, flow front advancement,
temperature and density distributions during mold filling. A
FOAMAT system was used to monitor foam height rise and
reaction temperature on a cylindrical test tube and foam vis-
cosity was measured by using a dynamic rotational rheometer
with parallel-plate system. The parameters of the model were
identified by an inverse analysis method which consists in
determining the parameters by comparing the computed quan-
tities to those measured experimentally. The overall modeling
was validated by using short shot foams obtained with a panel
mold cavity. Mold filling of an automotive underlay carpet
cavity was investigated numerically. Flow front results were
successfully compared to short shot foams obtained with the
industrial mold cavity.
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Introduction

Polyurethane foams are widely used in several applications
such as automotive, aeronautic and buildings. These thermo-
setting materials offer many opportunities thanks to their wide
range of stiffness, hardness and densities. After injection of
the mixture of polyols, isocyanate, blowing agents, catalysts
and other additives, the foam expansion starts in few seconds
and fills out the mold cavity. During this process a number of
defects (air entrapment, weld lines, unfilled regions in the
mold...) may occur and can affect the quality of the final
product. Thus, the modeling and the numerical simulation of
the foaming process is very important during the mold design
process to define suitable injection points and air vents to
avoid the potential defects. By the simulation of foaming
process, one can reduce the development delay and the costs
by reducing the number of mold prototypes and the time for
parameter settings of the process.

The modeling of the foaming process has been extensively
studied and several models have been proposed to describe the
foaming process at a microscopic scale [ 1—-6] or macroscopic
scale [7-9]. In the microscopic approach, a single [1, 2] or a
multiple gas bubbles [3] in a polymeric melt are considered for
the modeling of the polyurethane foaming. Amon and Denson
[4] and Arefmanesh et al. [5, 6] used a microscopic cell model
to predict macroscopic parameters of the foaming process
such as the front evolution and the density decrease. For the
macroscopic approach, the foam is supposed to be a pseudo-
homogeneous phase whose expansion is governed by the
evolution of its density either through an empirical equation
[10] or by considering the contribution of the chemical reac-
tions, the temperature and the viscosity evolution [11-14].
Baser and Khakhar [15] studied the foaming process for a
polyurethane with a physical blowing agent considered as a
pseudo-homogeneous phase. They have proposed two theo-
retical models by considering the foaming process controlled
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only by heat generation or by heat generation and mass
transfer. These models were used to predict the evolution in
time of the temperature and the density of the foam. To
identify the needed parameters for the nth order kinetic model
used for the gelling reaction, they have used the temperature
rise measurement for an adiabatic reaction of a non foaming
mixture. Baser and Khakhar [11] have also studied the
foaming process for polyurethane with a physical and chem-
ical (water) blowing agents. They have supposed that the
generation of the carbon dioxide gas is controlled by the rate
of the reaction of isocyanate with water which was supposed
to follow a first order kinetic model. The two reactions were
assumed to be independent and their kinetic parameters have
been identified separately. The parameters of the gelling reac-
tion have been calculated using the same method as for the
previous work [15]. For the blowing reaction, they monitored
the foaming process with only chemical blowing agent. The
rate of volume change was used to determine the parameters
of the kinetic model.

One and two dimensional mathematical models based on
the finite element method have been proposed by Lefebvre
and Keunings [16, 17] to simulate the foaming process. By
assuming the foam as a homogeneous compressible inelastic
fluid, these models have been used to predict the evolution in
time of macroscopic properties such as the density of the
foam. The foaming was controlled by the decrease of the
density which was supposed to be temperature-dependant
and modeled by a mixture law of reactant and products
densities. The evolution of the viscosity has been modeled
through a phenomenological model composed by a mixture
law of the shear viscosities of the reactants (polyol, isocyanate
and water), a power law introducing the shear-thinning be-
havior and a polynomial equation representing the contribu-
tion of the rate of gas creation in the foam. The authors have
reported that the needed material parameters for this model
were not available. The chemical reactions were modeled by
two second order kinetics models. By monitoring the temper-
ature and the foam height and by using values published in the
literature, the kinetic parameters have been identified.

For an elementary representative foam volume composed
by a set of gas bubbles in a polymer shear-thinning viscous
fluid matrix, Bikard et al. [12] have used a finite element
method to follow the evolution of macroscopic parameters
such as porosity. The needed parameters for the blowing
reaction have been arbitrarily estimated while for the gelling
reaction, the authors have used the results of Dimier et al. [18].
Dimier et al. [18] have studied the kinetics of the gelling
reaction and the rheological behavior for polyurethane. They
have used the differential scanning calorimetry (DSC) to
estimate the kinetic parameters and the small amplitude oscil-
latory shear rheometry to identify the parameters of the
adopted rheological model through nonlinear regression based
on error minimization. Bikard et al. [13] have studied the
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macroscopic aspect of the foaming process for flexible poly-
urethane foam by presenting the foam as a homogeneous
compressible viscous fluid. They have added the difference
of pressure between the gas and the polyurethane as a factor of
expansion in addition to the gas generated. This reaction has
been modeled by an nth order kinetic model and the gelling
reaction by a Piloyan law [19]. The evolution of the viscosity
has been modeled by a phenomenological equation whose
parameters have been taken from the literature. By using a
dynamic rotational rheometer with parallel-plate system,
Bouayad et al. [14] have carried out an experimental work to
identify the kinetic parameters of the two main reactions. The
authors have monitored the evolution of the elastic modulus G
"and the loss modulus G" in time for different temperatures.
They have shown that the radial expansion due to the creation
of gas can be neglected and thus the results can be exploited
directly. They estimated the needed kinetic parameters and
their dependency on temperature. Due to experimental diffi-
culties caused by the height reactivity of the chemical reac-
tions, the authors used a set of delaying chemical agents and
they supposed that these agents have not a great influence on
the results. However, the time characteristics of the different
reactions were highly increased. The simulation of the
foaming process using a physical and chemical blowing agent
has been studied by Geier et al. [20] by using the volume-of-
fluid (VOF) method implemented in the commercial code
FLUENT. The authors have modeled the gelling and the
blowing reactions by a second-order kinetic model and a
first-order kinetic model respectively based on the work of
Baser and Khakhar [11, 15]. The foam density has been
supposed to be function of the temperature, the pressure, the
rate of the blowing reactions (for water and physical blowing
agent). The evolution of the foam viscosity has been described
by an empirical model depending on temperature, conversion
of isocyanate and shear rate. To determine the heat of each
reaction, they monitored the temperatures of the foam obtain-
ed with three different polyurethane formulations. The first
formulation was prepared without blowing agent (neither
chemical nor physical agent) and was assumed to be repre-
sentative of the gelling reaction. For the second formulation,
the water was added as the blowing agent. For the third
formulation, the water was replaced by the physical blow-
ing agent. Using the results of these three reactions, the
authors have solved a system of three linear equations to
determine the heat generated during each reaction. The
kinetic parameters have been determined using an adiabat-
ic temperature rise method presented by Lipshitz and
Macosko [21]. The evolution of the rate of the gelling
reaction with time has been calculated by using the tem-
perature evolution for the first formulation. The rate of the
reaction of isocyanate with water has been calculated by
using the evolution of the volume of the foam for the
second formulation.
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Fig. 1 Blowing reaction

Either for a microscopic or macroscopic approaches, the
determination of the parameters of the model is extremely
important for the accuracy of the polyurethane foaming sim-
ulation. However, this task necessitates an extensive experi-
mental work to characterize the chemical, thermal and rheo-
logical behavior of the polyurethane foam. The determination
of the parameters of the model, the calibration and the valida-
tion of the final model became complicated. In the present
work, we propose an inverse identification procedure aiming
at determining all the parameters of the model by using
experimental results from dynamic rotational rheometer with
parallel-plate system and FOAMAT system coupled with
foaming simulations by using the finite pointset method
(FPM) introduced by Kuhnert [22].

In the following section the necessary fundamentals of
polyurethane chemistry and rheology are presented.
Afterwards, the numerical simulation model is introduced
including governing equations and numerical implementation
in the FPM framework. The experimental methods and the
parameters identification procedure are then presented. The
last section is devoted to the results and discussion. First, the
analysis of the model response on the FOAMAT system is
detailed. Then, the model is validated against experimental
short shot foam obtained from a panel mold cavity. Finally, the
mold filling of an automotive underlay carpet cavity is ana-
lyzed and compared to experimental results obtained from
industrial tests.

Theoretical model

Polyurethane foam is considered at a macroscopic scale, as a
homogeneous continuous medium, whose rheological behavior

R-N=C=0 + R'-CH,-CH — R-N-C-0-CH,-R' +

Isocyanate Alcohol

Fig. 2 Gelling or cross-linking reaction

depends on temperature. The evolution of the PU foam prop-
erties mainly depends on its structure at the macromolecular
level (state changes, interaction between components. . .). There
is a strong thermo-rheological coupling: the increase of tem-
perature inside the foam leads to the change of its rheological
behavior, and thus its microstructure, up to its gelling. There are
two main reactions in the polyurethane foam formation: poly-
merization or gelling reaction and blowing reaction. The gel-
ling process leading to the formation of polyurethane in-
creases both viscosity and temperature of the foam because
the reaction between isocyanate and polyol is highly exo-
thermic. The polyurethane foam is expanded by the crea-
tion of the carbon dioxide gas and its diffusion into the
nucleated bubbles. At the end of this process, the final
cellular structure of the polyurethane foam is created.
Kinetic parameters for the gelling and blowing reactions
are usually assumed to be independent of each other. It is
generally assumed that the foam expansion is the result of
the generation of the carbon dioxide which is controlled by
the water—isocyanate reaction.

Blowing reaction

The first step of the model of blowing reaction involves the
reaction of an isocyanate group with water to yield a thermally
unstable carbamic acid which decomposes to give an amine
functionality, carbon dioxide and heat. In the second step
(Fig. 1), the newly formed amine group reacts with another
isocyanate group to give a disubstituted urea and additional
heat is generated. The total heat generated from the blow
reaction along with the carbon dioxide released in the first
step serve as the principal source for blowing the foam
mixture.

O

I
HEAT

|  Urethane
H
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This reaction is governed by chemical kinetics and is
supposed to follow a Piloyan law [19]:

do 1

T M 1_ N

ar ~ 7, 1)
with a=qy at =1t

where « is the chemical conversion rate of CO, creation, 7, is
the characteristic time of the reaction and n,, is the exponent of
the reaction. In this work, we suppose that this reaction is of
second order then we have n,=2-m,,.

Gelling reaction

The gelling reaction, also sometimes called the polymeriza-
tion reaction, involves the reaction of an isocyanate group
with an alcohol group to give a urethane linkage as shown
in Fig. 2. Since polyurethane foams usually utilize
polyfunctional reactants this reaction leads to the formation
of a cross linked polymer.

If molecular diffusion is neglected, the kinetic equation
of gelling reaction can also be represented by a Piloyan
law [19]:

dﬁ _ 1 g —_N\"s
7 %5 (1-8) (2)
Wlthﬁ = ﬁo at =1

where (3 is the chemical conversion rate of the gelling reaction,
7 is the characteristic time of the reaction and m, ng are the
exponents of the reaction. As for the blowing reaction, we
suppose that the gelling reaction is of second order then we
have nz=2—mg.

Viscosity model

The viscosity is one of the most important parameters for
the simulation of the foaming process. Thus, an accurate
viscosity model should be used for an accurate analysis of
foaming process. The foam is considered as a Newtonian
fluid whose viscosity depends on the temperature (7), the
chemical conversion rate of the gelling reaction () and the
porosity of the foam (¢):

(T, ¢, 8) = no(T)f($)g(B) (3)

The thermo-dependence of the viscosity is usually written
as Arrhenius type law:

n(T) = noexp (%(%‘%)) (4)
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where R is ideal gas constant and E, is the activation
energy, 1o is the viscosity of the mixture (isoyanate and
polyol) at a reference temperature (7,=23 °C) before their
reaction.

The porosity-dependence of viscosity is derived from the
study of phenomena of emulsion when the interaction be-
tween the dispersed bubbles cannot be neglected (substantial
concentration of gas). The most general expression can be
represented in an exponential form [23]:

£(6) = exp @ (s)

with

k = koexp (’% (;—TL» (6)

where k, and E are the model parameters.

The conversion-dependent viscosity is obtained by
the application of the percolation model to gelling
[24]:

3 a(T)B+b(T)

o gel

with:

a(T) = apexp (%(%—%)) (8)
b(T) = by T*~b; T + by 9)

where (3, is the conversion at gel point, £, ag, by, b; and b, are
model parameters.
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Fig. 3 Particle distribution and definition of neighbor points (smoothing
length /)
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Fig. 4 FOAMAT system and typical curves obtained for foam height and temperature

Numerical model
Governing equations

For numerical investigation of mold filling, foam is consid-
ered as pseudo-homogeneous fluid and modeled as a contin-
uum with the assumption of ideal mixing. It is assumed that
the continuum is a generalized Newtonian fluid whose con-
stitutive equation is governed by the foam rheology. The
general governing equations for compressible Newtonian flu-
id with Stokes’ hypothesis include the mass conservation
equation, momentum conservation equation, and the energy
conservation equation.

Mass conservation equation

The conservation of mass is written as:

dp B
E#—V-(pv) =0 (10)

Fig. 5 Complex viscosity 10000

evolution for different
temperatures

1000 -

100 -

Complex viscosity (Pa.s)

where v is the velocity field, p is the mass density and V is the
divergence operator.

Bikard et al. [13] proposed a homogenized model for the
mixture by introducing the porosity ¢ (volumetric ratio of gas)
and by using the foam growth model introduced by Amon and
Denson [3, 4]:

1 do

V'V:gﬁ (11)
@ _ iy (Lda, 1dT

o~ ¢)(a dt+Tdt> (12)
with &=d, at t=1

where « is the conversion rate of CO, creation.

—T=23°C
—T=30°C
—T=38°C
—T=45°C
—T=60°C

100 200 300
Time (s)
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Fig. 6 Workflow of the

e Initial vector Py |—»|
optimization procedure

Parameter vector P

Script:

\ 4

Momentum conservation equation

The conservation of momentum is given by:

%;V):—Vp—i-v-s—i—pg (13)

where g is the gravity vector and s is the deviator part of the
stress tensor given by:

s =n(T,6,0) (W) + (W) (14)

where the superscript 7 indicates the transpose of tensor and
(T, ¢, ) is the viscosity defined in Eq. (3).

The mixture density is expressed as a function of the
porosity ¢ as follows:

p = (1=¢)ppy + ¢ pcon (15)

(a) (b)

Fig. 7 Foam expansion in a FOAMAT cylinder: a problem geometry, b initial front position, ¢ front position at 7=30 s, (d) front position at /=180 s
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where ppy is the density of the polyurethane and pcq; is the
density of the CO, gas.
The velocity field v=0 is imposed on the mold walls.

A

Energy conservation equation

The conservation of energy is given by:

ar

(pcp)ﬁ =V (kVT) + V' (sv) = (V's)-v + p- (VIv) + O
with 7 =23C at t=1t T =23C on the mold walls
(16)

where T is the temperature, C,=(1-¢)Cpy+¢Cco» is the
thermal capacity of the mixture, k = (1-¢)kpy + dkco, is
the thermal conductivity of the mixture and Q is a source term
due to the exothermic effect of CO, creation and gelling
reactions which can be expressed as:

dg da

= AHz—+ AH,— 1
0 Far Ty, (17)

Y-position

.0.13

i 0.00

(c) (d)
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Table 1 Initial and final values of the model parameters identified by
inverse analysis

Parameters Initial values (min—max) Identified values
To [8] 7-9 8.5

me, 0.6-0.8 0.73
75s] 100-120 113.8
mg 0.7-0.9 0.82

E, [J.mol ] 1.7 10*-2.0 10* 1.89 10*
ko ~0.09 to —0.07 —0.074
E; [Jmol "] 8 10*-10 10* 8.110*
ay 100-120 100.4
E, [J.mol '] 9.0 10>-11.0 10° 1.06 10*
by 225-275 2482

by 1.8-22 2.07

b; 0.0037-0.0045 0.0042
AH, [Jm3] 4.510%-5.5 10° 5.02 10°
AHg[Tm ) 1.6 10°-2.0 10° 1.8 10°

where AH,, is the enthalpy of the reaction of isocyanate with
water and AHj; is the enthalpy of the gelling reaction.

Numerical implementation

As an alternative to grid-based numerical methods such as
finite difference, finite element and finite volume methods, the
meshless formulation was developed from the 1970s with the
emergence of SPH (smoothed particle hydrodynamics) meth-
od which was originally dedicated to the study of

. 0.9
0.85
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. 0.75
£ 07
: 0.65
. 0.6
055
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100 200 300 400 05

o o o
© & O

7,[s]
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Objective function

°

astrophysical problems [25]. To extend the application of this
formulation to study others classes of problem, a set of
methods based on this approach have been developed [26].
These methods tried to avoid the main disadvantages of the
SPH formulation such as tensile instability, interpolation con-
sistency and especially the boundary conditions implementa-
tion. For the last one, several solutions have been proposed
such as the ghost particle approach [27], the Lagrangian
multiplier method [28], transformation method [29] and
boundary singular kernel method [30]. More details for these
methods are presented in [26].

As an amelioration of the finite point method developed by
Onate et al. [31], Kuhnert [22] presented the finite pointset
method (FPM). For this method which uses the moving least
squares approach, the boundaries are presented by a set of
fixed boundary particles and the boundary conditions are
imposed on these particles.

The FPM method has been successfully applied to a set
of industrial applications such as glass forming [32],
cutting simulation [33] and fluid structure interaction
[34]. Using FPM, the fluid domain is discretized by finite
number of Lagrangian particles which move with fluid
velocity and carry along with them all fluid properties
such as density, viscosity, velocity, temperature and so
on (Fig. 3). The list of neighbor points is determined for
each point at each time step through the definition of a
zone of influence. Indeed, a smoothing length # which
can be function of time and space (Fig. 3) is attached to
each particle and it is used to create an interpolation
function using a Moving Least Square (MLS) method.
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Fig. 8 Evolution of the objective function and model parameters during the identification procedure
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Fig. 9 Main effects of the different parameters on the objective function

The simulation of the foaming process in industrial
applications is characterized by complex mold shapes.
FPM is a grid-free (or meshless) method which, in contrast
to classical numerical methods does not require a grid or a
mesh whose generation takes a long time for complex
geometries. Furthermore, this work is an initial step to
simulate the foaming process in an open mold technique.
This technique consists in using a moving injector to inject
the mixture at the bottom of an open mold. After the
injection step, the injector is removed and the mold is
closed. The use of a grid-based method necessitates the
meshing of a large domain to take into account the injector
and the moving part of the mold thus increasing signifi-
cantly the simulation time.

The adopted model is implemented in the NOGRID-points
software. We have to solve the set of differential equations
defined by conservation equations with appropriate boundary
conditions. This system is highly coupled and non-linear.
Thus, a splitting technique is used to decrease the degree of
complexity. On one time step, knowing «, 3 and T, the
velocity and pressure fields are determined through a least-
squares particle method; the velocity is then used to compute
temperature and reactions’ rates.

The pressure—velocity equations are solved by applying an
implicit projection method [35], which is based on the least-
squares particle method used in FPM [22].

Identification of model parameters

To perform an accurate simulation, it is very important to
characterize the chemical, thermal and rheological behav-
ior of the polyurethane foam. However, the constitutive
models are very complex due to the coupling between
chemical, thermal and rheological phenomena, and usual-
ly require a significant amount of experimental data to
determine the parameters of the model and, therefore, to
calibrate and validate the final model. In this study, we
propose an inverse method aiming at determining chemi-
cal, thermal and rheological properties associated to the
foam expansion model. The main idea is to identify a set
of parameters such that, for a desired range of operating
conditions, the model outputs match well the experimental
outputs, when both are submitted to the same inputs.

@ Springer
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Experimental characterization

Using a foam qualification system FOAMAT (Format
Messtechnik GmbH), the foam rise and the reaction tempera-
ture are monitored during the foaming process on a cylindrical
cardboard test tube (Fig. 4).

The determination of the foam height in the Foamat and the
temperature evolution are carried out using respectively an
ultrasonic sensor and a thermocouple fixed in the center of the
cylindrical cardboard test tube.

The evolution of the viscosity during the foaming process
has been measured using AR2000ex rotational rheometer (TA
Instruments) using parallel plate system. The experimental
protocol is similar to that adopted by Bouayad et al [14]
without any delaying chemical agent to ensure that the obtain-
ed results describe the true time evolution of the viscosity. The
experiments have been carried out for five different tempera-
tures (23, 30, 38, 45 and 60 °C) and typical results of complex
viscosity (1") are plotted in Fig. 5.

During the experiments the temperature is controlled by the
system and is supposed to be homogeneous. These experiments
have been achieved using a fixed frequency of 1Hz in order to
have enough information about the evolution of the viscosity
(by using low frequencies we have few information due to the
high reactivity of the used formulation) and to avoid the tear of
the foam structure for high frequencies. By using this frequen-
cy, the influence of the elongational flow can be neglected [14].

1.0 4 s

0.8 —— EXP1
- EXP2
2 EXP3
< 06+ —— EXP4
3 ——EXP5
T —— Model
€ 044
o
=z

0.2

0.0 T T T T T 1

T T T T T T T T T T T 1
0 20 40 60 8 100 120 140 160 180 200
Time (s)

Fig. 10 Comparison between experimental and numerical foam
expansion in a FOAMAT cylinder
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Fig. 11 Comparison between experimental and numerical results core

foam temperature

The obtained results present the rheological behavior of the
foam during and after the foaming process. In fact, the foam is
considered as a viscous fluid before the gel point and after this

i=1

Fopj = mz"{NLhZh [Ph (h(P, fi)*hexp(fi)ﬂ + oy {pT(T(P’ t")fTe"p(t’A))z}

N,

i=1

Tt NL]Z [pn (n(R fi)—nexp(tf))z] }

point it is characterized by a high increase in the viscosity. In
this work we suppose that the viscosity is described by a
percolation model defined in Eq. (7). Thus, only the first parts
of the experimental curves are exploited and the viscosity is
supposed to become infinite after the gel point supposed to be
in the inflection point of the complex viscosity curve as
presented in Fig. 5 [36].

Identification procedure for the model parameters

The inverse method presented in this paper consists in deter-
mining the parameters by comparing the computed quantities
(foam height, reaction temperature and viscosity) to those mea-
sured experimentally. The unknown material parameters in the
numerical model (75, mg, To, Mo, £, Ei, Eq, ko, ag, bg, by, bo,
AH,, and AH ) are iteratively tuned so as to match the exper-
imentally measured and the numerically computed quantities as
closely as possible. The objective function is defined as:

where P is the vector of the unknown material parameters,
subscripts 4, T'and n refer to foam height, temperature and
viscosity respectively, N,, Ny and N, are the numbers of
experiment points, #; is the time corresponding to the
experimental point i and pj,, pr and p, are weighting
parameters.

The workflow of the optimization process is shown sche-
matically in Fig. 6:

1.2

Fig. 12 Chemical conversion
rates and porosity evolution

Parameter

— A parameter vector and a parameter file are defined.

— An initial set of designs to be evaluated is generated.

— A script is used to: read the parameter file, edit the input
file, launch NOGRID points software, extract the neces-
sary results and evaluate the objective function

—  The overall optimization process is driven by NSGA-II
algorithm (Non-dominated Sorting Genetic Algorithm II)
[37].
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Fig. 13 Particle distribution at /=30s

The NSGA-II algorithm used in this work has been pro-
posed by Deb et al. [37] and it consists in the generation of an
initial random set of parameter vectors. For each vector the
values of the material parameters is chosen between the min-
imal and the maximal values assigned to every parameter.
After achieving the identification procedure using all the
parameter vectors generated in the initial set, combinations
of those providing the best results for the minimization of the
objective function are used to generate a new set. This tech-
nique is repeated until having the parameter vector which
provides the minimum difference between the numerical and
experimental results.

The identification procedure in this work is divided into
two principal stages: the initialization stage and the optimiza-
tion stage.

The initialization stage

In this stage, we start by identifying the material parameters 7,,
and m,, related to the blowing reaction using the foam height

VOIoCity Mognituth
000201 l 000

0002

. 4 o 4

results. To do so, we exploited the experimental results of five
tests achieved in the same conditions and we used Eq. (18)
with p,=1 and p=p,=0.

The next step is the identification of the material pa-
rameters corresponding to the initial viscosity temperature
dependence (£,) and the contribution of the blowing
reaction in the evolution of the viscosity (ky, Ey). As
presented by Bouayad et al [14], this contribution is
manifested in the beginning of the foaming process.
During this step we fixed the material parameters 7, and
n,, and we exploited the first zone of the viscosity curves
(<20 s) in Fig. 5 and we used a modified viscosity model
presented by the Eq. (19).

(T, ¢, 8) = no(T)f(¢) (19)

The identification is carried out using Eq. (18) with p, =1
and p;=p ; =0.

The third step in the initialization stage is the identification
of the material parameters related to the contribution of the
gelling reaction to the evolution of the viscosity (75, mg, E,,
ag, by, b; , bs). To do so, we fixed the already determined
parameters and we exploited the whole viscosity curves. The
identification is carried out using Eq. (18) with p,, =1 and p;=
p » =0 and the viscosity model given in Eq. (3).

The last step concerns the identification of the enthalpies of
the two reactions. The experimental curves used in this step
have been obtained by monitoring the temperature evolution
in the center of the cylindrical cardboard test tube for three
tests carried out in the same experimental conditions. We used
Eq. (18) with py =1 and p,=p ;, =0.

The optimization stage

Due to the complexity of the foaming process, all model
parameters have been optimized simultaneously. The material
parameters obtained in the initialization stage (Table 1) are
used to generate a design of experiment in a range defined by
+20 % of these values. Then an identification process taking in

ternperahse 138
7 -
320 12
310 ' 10

| 300

Fig. 14 Isovalue of: a particle velocities, b foam temperature and (¢) foam viscosity at 7=30s
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consideration the coupling between chemical, thermal and
rheological phenomena and using the experimental results of
the foam height, the temperature and the viscosity has been
achieved.

Results and discussion
Results of the identification the model parameters

In order to identify the parameters of the model, the simulation
of foam expansion in a FOAMAT cylindrical cup of height
H=250 mm and radius R=75 mm is defined in Fig. 7(a). In
order to reduce the simulation time, we have used the axi-
symmetric model defined in Fig. 7(b).

A no-slip condition is imposed (v=0) at the cylinder walls.
At the initial time step, the mixture occupies the region

Fig. 16 Evolution of the foam 400
temperature of P1, P2 and P3
during foaming 380 -

360 -

340

X position (m)

defined in Fig. 7(b) corresponding to the amount of the
mixture initially introduced into the cup. Figure 7(c—d) show
the front positions of the foam after t=30 s of foaming and at
the end of expansion corresponding to /=180 s.

The parameters of the model used for this simulation are
obtained by using the identification procedure defined in the
precedent section and are summarized in Table 1.

As shown in Fig. 8, the objective function decreases pro-
gressively during the identification and converges to a mini-
mum. The evolution of the model parameters during the
identification procedure are also shown in Fig. 8. After an
important fluctuation in early stage of the identification pro-
cedure, the parameters converge to their final values. These
figures show that a slight variation in the parameters do not
increase the objective function. We have also presented in
Fig. 9 an analysis of the main effects of the different param-
eters on the objective function. We can notice that the
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Fig. 17 Experimental panel mold Injection gate
used for the validation of the
model

\T 180mm 1
0.5m )
Tm
Im
parameter k, do not have much influence in the process , the Figures 10 and 11 show the comparisons between experi-
parameter a, has the biggest influence and the other parame-  mental and numerical foam expansion and core foam temper-
ters have more or less influence. ature in a FOAMAT cylindrical cup respectively. In Fig. 10 the

Fig. 18 Comparison between
experimental and numerical
results for the foaming process of
a panel cavity for thicknesses: a

8 mm, b 12 mm, ¢ 16 mm and d
20 mm

I

—

i
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Fig. 19 Three dimensional shape
of the underlay carpet with its
thickness distribution

five experiments have been carried out in the same conditions
and the normalized height represents the height in the center of
the expanded foam divided by the maximum height reached at
the end of expansion.

The numerical results are very close to the experimental
ones, showing that the proposed identification procedure gives
a set of parameters enabling accurate foaming simulations.

The chemical conversion rates of gas creation and gelling
reactions as well as the porosity are plotted in Fig. 12. This
figure shows that the maximum porosity of 95 % is reached
around 60 s and the gas creation and gelling reactions conver-
sion rates reach their maximum values «,,,,=1 and
Bmax=DBger=0.95 respectively around 120 s. These results
show that the expansion ends around 60 s but the foam is
not completely gelled.

L

Time: 3.205046

L O 4

Time: 10.001726
Fig. 20 Flow front positions in the underlay carpet cavity

thickness
0.0489

I 0.04
0.03

$0.02
=i
0.01
0.0025

Using Eq. (15) and the value of the maximum porosity, we
deduce that the final density is approximately 50 g/l which is
in agreement with the experimental results obtained by divid-
ing the weight of the obtained part by its volume.

The particle distribution representing the foam front posi-
tion corresponding to a simulation time =30 s is shown in
Fig. 13.

The isovalues of the particle velocities, temperature
and viscosity of the foam are shown in Fig. 14. We can
notice the presence of strong gradients near the walls
especially for temperature and viscosity. We have plotted
in Fig. 15 the temperature and viscosity profiles through
the path defined by the points P1, P2 and P3 which were
defined in Fig. 13. We can see that the foam velocity is
more important at the center of the cylinder and vanishes

.y

Time: 16.019615

@ Springer



98

Int J Mater Form (2016) 9:85-100

(c)
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=

(b)

(d)

Fig.21 Comparison between experimental and numerical short shot for the automotive underlay carpet: experimental results (a and c), calculated results

(b and d)

at the wall boundary in agreement with the imposed
boundary conditions. We can notice that the temperature
is quasi-homogenous in a wide region of the cylinder and
decreases rapidly in a thin transition zone near the wall
boundary and the free surface. This narrow region is due

Fig. 22 Density distribution for
short shot of the automotive
underlay carpet obtained with
injection time of 1.2 s

@ Springer

to the poor thermal conductivity of the foam and the
thermal dissipation is only located near the free surface
and the wall boundary. The foam viscosity follows the
same tendency as the temperature due to the temperature-
dependence of the foam viscosity.
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The evolution of the temperature of the points P1, P2 and
P3 during foaming simulation is shown in Fig. 16. The tem-
perature of P3 is constant corresponding to the wall tempera-
ture defined as 7=296 K. We notice that the increase of the
temperature of P1 start few seconds before that of P2 because
the foam front reaches P1 before reaching P2. The temperature
of P1 increases continuously while the temperature of P2
increases until =60 s then decreases. The temperature in-
crease is due to the reactions heat which is poorly dissipated
in the center of the cylinder (P1) because of the low conduc-
tivity of the foam, but which is dissipated when the foam
reaches the wall boundary (P2).

Validation of panel simulation with short shot foams

To validate the overall model obtained by the inverse identi-
fication method, we carried out a set of experimental tests
using a square panel mold having different thicknesses. Its
dimensions and the position of the injector are shown in
Fig. 17. The injected mass flow was fixed to 200 g/s and the
panel mold thickness was varied from 8 to 20 mm with an
increment of 4 mm. Short shot foams have been obtained by
using different injection times avoiding completely filling the
mold. To compare the obtained short shots with the foaming
simulations, only one half of the mold has been modeled
thanks to the symmetry of the problem. All the foaming
simulations have been performed under the same conditions
as the experimental tests. The obtained results for thicknesses
e=8, 12, 16, 20 mm and injection times #,,=1, 2, 2, 2's
respectively are shown in Fig. 18. The left parts of Fig. 18
(a—d) represent the experimental short shots and the right parts
represent the corresponding simulations. These results show a
good agreement between the experimental and the numerical
results. The proposed parameters’ identification procedure
gives a set of optimal parameters enabling accurate foaming
simulations.

Foaming simulation of an automotive underlay carpet

As a practical industrial problem, filling of an automotive
underlay carpet is simulated numerically. Three dimensional
shape of the part is depicted in Fig. 19 with its thickness
distribution. When the part is completely filled the number
of particles is 1264725. Unexpanded foam is injected in the
mold cavity through an injection gate with a fixed mass flow
of 320 g/s. After it is supplied for 3 s, the gate is closed. It is
assumed that the cavity has isothermal boundary (7=60 °C)
and the gravity is acting in negative z direction. Figure 20
shows the flow front progress at four different times. In the
beginning of mold filling unexpanded foam flows out in z
directions due to the gravity. After a while, the foam expands
to fills up the cavity.

Figure 21 shows a comparison between short shot foam
obtained experimentally and by simulation for injection
times of 0.8 and 1.2 s. The front positions are almost
similar indicating a very good agreement between the
experimental and the calculated results. Density distribu-
tion for short shot of the automotive underlay carpet
obtained with injection time of 1.2 s is shown in
Fig. 22. Foam density is dependent on temperature and
conversion rate of the blowing agent. The foam density is
inversely proportional to conversion rate and temperature.
The density is almost constant in the filled region and the
lowest density occurs at the flow front.

Conclusion

Polyurethane foaming process has been physically modeled
by considering the expansion of a compressible quasi-
homogeneous continuous mixture. The computational domain
is discretized by the finite pointset method (FPM). A splitting
technique is used to decouple the velocity—pressure computa-
tion from temperature and evolution equations. An inverse
method aiming at determining chemical, thermal and rheolog-
ical properties associated to the foam expansion model have
been proposed. The identification procedure coupling the
experimental results and the FPM simulations lead to a set
of optimal parameters enabling accurate foaming simulations.
The validation of the used model and the identified parameters
has been achieved through the comparison between experi-
mental and numerical short shot foams results for the foaming
process in a square panel cavity with different thicknesses. An
industrial foaming case consisting in an automotive underlay
carpet has been simulated using the proposed model giving
very similar results to those obtained experimentally by short
shots method.
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