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Abstract

In the present paper, the foaming process of biosourced thermoset foams was considered at
the lab scale with the aim of creating a numerical model able to simulate, for the first time,
their manufacturing process. A multi-physical model was thus generated, having as driving
force of the expansion the inner gas pressure of the foam, calculated from mass, heat and
mechanical balances. In addition, and this is another originality of our work, the study was
implemented in a 2D axisymmetric mobile mesh. The simulation was not stopped just after
the rise of temperature and the related material expansion but, instead, a complete simulation
of the whole process was offered, i.e., including cooling. Simulated and experimental data
such as temperature changes and foam growth were compared, and a fair agreement was

observed, suggesting the relevance of our approach.
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1 Introduction

Rigid foams find applications in various sectors due to their unique combination of
thermal, acoustic and mechanical properties, associated with a very low bulk density.
Construction and transportation industries are major examples in which such materials are
widely used. Most of these foams are thermoset, whose market is dominated by three
polymers: polyurethane, phenolic and epoxy [1] and, for preparing them, two different
processes are possible, chemical and physical foaming. Chemical foaming consists in
producing a gas from the polymerisation reaction(s). Thus, polyurethane generally expands
due to the carbon dioxide formed by the reaction between isocyanate and water [2]. However,
physical foaming is also possible, by which a vapour is produced from the sudden evaporation

of a low boiling point-liquid phase purposely added to the formulation, for instance pentane

[3].



In the recent past, bio-based foams obtained from one or the other process, were reported,
i.e., either by chemical foaming [4] or physical foaming [5], and even by mixed foaming [6].
The purpose of these new cellular solids was to compete with synthetic foams in terms of
properties while using greener raw materials. Similarly, biosourced polyurethane foams were
shown to present similar or better performances than those of synthetic foams while being
more environment-friendly and valorising at the same time some wastes from agriculture and
food industries [7]. The polyurethane industry indeed investigated the incorporation of
different types of plant polyols derived from castor oil [8], soybean oil [9], palm oil, rapeseed
oil and linseed oil [10], safflower oil [11], coffee grounds, lignin [12] or wheat straws [8-14].
Others alternatives aimed at substituting traditional phenolic reagents by biosourced extracts
[15], such as those used in the present work: tannins.

Whether thermoset foams are purely synthetic or bio-based, better understanding their
formation would be quite useful. It would allow not only optimising them further, but also
skipping the heavy experimental design that is required as soon as some changes in the
preparation process are made (e.g. in terms of volume of formulation, nature of the moulds,
processing temperature, etc.). The material’s expansion indeed critically depends on the heat
generated by the polymerisation in the case of physical blowing, and the amount of heat that
can be retained in the bulk of the formulation and used for foaming is related to the amount of

polymer, to the losses throughout the walls of the mould, and to the outside temperature.

Modelling the foaming of thermoset polymers might be done through a numerical
approach. Several models have already been implemented, most of them in 0D geometry
[2,3,16-20], 2D [21,22] but also in 3D [23-27]. OD simulations calculate one temperature and
a total density for a macroscopic approach on the one hand, and cells dimensions for a
microscopic approach on the other hand. They do not allow estimating physical changes at
different spatial points (e.g. temperature, pressure and local porosity), which would be
interesting for processing big blocks of foam or for optimising their preparation, based on
given boundary conditions. In general, 3D geometry simulations are implemented with a
volume of fluid (VOF) method. But most of these models (OD and 3D) simulate the increase
of temperature and the corresponding foam expansion without considering the end of the
process, such as cooling and others phenomena like drying, shrinkage, etc.

In the present paper, simulating the foaming process of biosourced foams at the lab scale

was considered for the first time. These materials are derived from mimosa tannin, a



polyphenolic vegetable extract, polymerised in the presence of furfuryl alcohol as co-reagent,
water as solvent, formaldehyde as crosslinker, para-toluenesulphonic acid as catalyst, and
diethyl ether as (physical) blowing agent. Their preparation, chemistry and properties were
abundantly detailed elsewhere [28-34], and the aim of the present work was thus to create a
numerical model able to simulate, for the first time, their manufacturing process. From such
model, quantifying the impact of each phenomenon taking place during the foaming process
was expected. A multi-physical model was thus generated, having as driving force of the
expansion the gas pressure inside the foam, calculated from mass, heat and mechanical
balances. In addition, and this is another originality of our work, the study was implemented
in a 2D axisymmetric mobile mesh. Finally, the simulation was not stopped just after
temperature increase and related material expansion but, instead, a complete simulation of the

whole process was offered, including cooling.

Such a model is thus presented below. First, the experimental part is detailed. Then, the
physics and the coupling between the involved physical phenomena are considered, and how
the numerical simulation was carried out is explained. Regarding the latter, a parametric study
was proposed for choosing the most relevant mesh parameters. Finally, the numerical results
are compared to the experimental ones, and the evolution of some physical properties of the

foam during the foaming - cooling process is discussed.

2 Materials and methods

2.1 Formulation of the foam

The present foams are based on commercial mimosa tannin extract, available on the market
under the name FINTAN-OP and kindly provided by SilvaChimica (St. Michele Mondovi,
Italy). It should be noticed here that tannin was used as such, without any purification: this
light-brown powder generally contains 80-82% of actual phenolic flavonoid materials, 4-6%
of water, 1% of amino and imino acids, the remainder being monomeric and oligomeric
carbohydrates, in general broken pieces of hemicelluloses. Mimosa tannin is soluble in water,
and is generally composed of two up to eleven monomers flavonoid units. Therefore, this
biopolymer is characterised by low molecular weights ranging typically from 500 to 3500 g
mol™. More details can be found elsewhere [35].

Herein, the formulation presented in Table 1 was used as follows. First, tannin extract was

dissolved in water under strong mechanical stirring, and mixed with furfuryl alcohol. Then,



diethyl ether and a 37 wt. % aqueous formaldehyde solution were added, and the whole was
thoroughly homogenised. The final addition of a 65 wt. % aqueous solution of para-
toluenesulphonic acid (pTSA) immediately followed by stirring the as-obtained viscous resin
led to its expansion after a few tens of seconds. Indeed, the auto-polymerisation of furfuryl
alcohol as well as the co-reaction of tannin and furfuryl alcohol is highly exothermic, and the
corresponding increase of temperature produced the boiling of the diethyl ether, and hence the
foaming. At the same time, the formaldehyde crosslinked the polymer and stabilised the foam,
turning it into a rigid cellular material so that no collapse occurred. The end of the process is
characterised by an increase of mechanical properties and by the progressive cooling of the

foam.

Table 1: Standard formulation of tannin-based foam

Ingredients and roles in the formulation Mass (g) Role in_the mass
conservation equation
Mimosa tannin extract; base of the resin 60 Skeleton
65% pTSA in water; acid catalyst 22 Skeleton
Furfuryl alcohol; co-reagent producing heat upon 21 Skeleton
polymerisation
Formaldehyde (37% in water); crosslinker 14.8 Skeleton
Water; solvent 12 Skeleton
Diethyl ether; (physical) blowing agent 6 Liquid or gas

2.2 Experimental protocol and measurement methods

The experimental data of foam temperature and expansion as a function of time were
retrieved from a former work carried out by our team in 2013 [34], based on the formulation
detailed in Table 1, without need of additional experiments. Those data were obtained using a
FOAMAT apparatus Model 281 (Foamat Messtechnik GmBH, Karlsruhe, Germany). With
such a device, the liquid mixture described above was poured into a cylindrical cardboard
mould (diameter 10 cm) in which the reaction took place. The expansion of the foam was
monitored as a function of time by measuring the position of the top surface of the foam with
a ventilated ultrasound sensor placed above the foam, and working in a pulse-echo mode. The
temperature was measured with a K-type thermocouple whose position was maintained fixed
1.8 cm above the bottom of the mould and whose probe was centred on the vertical axis. With
such a set of data, it is expected that the general trends derived from the model are verified as

a first approximation, but no accurate validation is possible yet.



3 Multi-physical model

The porous foam structure was considered to be formed from an initially homogeneous
medium comprising blowing agent (diethyl ether), able of phase change from liquid (subscript
de;l) to gas (subscript de;g), and a “skeleton” phase (subscript s) corresponding to the rest of
the ingredients (see Table 1), which all participate to polymerisation reactions and/or will be
included in the solid resin. In other words, after foaming, all ingredients except the boiling
agent will be part of the rigid foam. To consider as many phenomena as possible, the
equations of mass, energy and momentum conservation were solved and completed with an
equation accounting for the polymerisation reactions. As it is a first approach concerning the
simulation of bio-sourced foams, the following phenomena will be neglected:

 diffusion of blowing agent into bubbles

» interfacial effects between gas and condensed phase

» wall-drainage and wall-rupture effects

» dependence of viscosity on the molecular architecture and concentration of prepared
polymer and on the distribution of bubbles in the dispersion

« steps of bubble nucleation, growth and stabilisation.

The aforementioned simplifications are all related to the macroscopic character of the
proposed model, and therefore cannot consider such details at its present stage of

development.

3.1 Mass conservation

Changes of mass concentration, defined as the weights of the different phases divided by

the total volume of the formulation at time t, were calculated from three mass conservation

equations:

Lot 1 291 () = K Eq. 1
Pots 1191 (pragl) =K Eq. 2
P2V or(ph)=0 Eq. 3

where r is the radial coordinate, Oy, and pg., are mass concentrations of liquid and gaseous

diethyl ether, respectively, and p, is the mass concentration of the skeleton. The volume



fractions of each phase were defined as the ratios between mass concentrations p (numerically

calculated) and intrinsic densities /', and read:

_ P _Per. . _ Pueg
s irCdel T i r©deig T i )
S de;l de;g

& With & + &, + €4eq =1 Eq. 4

The intrinsic density of gaseous diethyl ether was calculated from the ideal gas law:

Pde M de

Eq. 5
RT a

i
pde;g -

where Pge and Mg are pressure and molecular weight of gaseous diethyl ether, respectively, R

and T being the molar gas constant and the absolute temperature, respectively.

In Egs (1)-(3), u is the local expansion velocity, and Kge is a function related to the change
of phase of diethyl ether which depends on the local temperature. Diethyl ether was assumed
either a liquid or a gas below or above the corresponding boiling point Ty of the pure
compound at atmospheric pressure, respectively. The phase change was simulated with a
sigmoid function f (T), centred on Tge, Which takes values from 0 to 1 below and above Tk,
respectively, within a range temperature A7. In addition, the contribution of other compounds
to the vapour-liquid equilibrium was neglected (e.g., water, formaldehyde and furfuryl-

alcohol). Kge thus reads:

« of(T) « Of(T)oT
Kee = =P ™ = g o ot Eq. 6

where pj;;, represents the mass concentration of liquid diethyl ether able of phase change in

the deformable matrix. This is an appendix variable that does not participate to the mass

balance. In the case of a rigid matrix, this quantity is intuitively constant and takes the value
of the mass concentration of liquid diethyl ether at t = 0 (o,,,). But in the case of a

deformable matrix, this quantity changes with the deformation and is thus calculated from a

partial differential equation integrating the deformation:

é-r(p;;;,6)=o Eq. 7

To facilitate the numerical resolution of Eq. (6), the derivative of the function f(T) was not

solved. The following function was thus used instead [36]:
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3.2 Energy conservation

The temperature was calculated from the energy conservation equation as follows [25,37]:
oH 17
— Vs r(Q+Hu) 0 Eq. 7

where (5 is the conductive heat transfer calculated by Fourier’s law:
§=-aVT Eq. 8

A being the thermal conductivity of the foam during growth and H the total enthalpy, with
embraces the enthalpy of each component, including temperature and phase-change

contributions:

H = Hypy +Heey + H, Eq. 9
Haer = PaeCoger (T —Trer ) Eq. 10
Hasg = Paos | Cpeg (T =Tt )+ L | Eq. 11
H, = p. [cp;s (T ~T,e )+ EAH po,y] Eq. 12

In these equations, c, is the specific heat of each phase considered, T the reference
temperature, L,’° the latent heat of vaporisation of diethyl ether, £the conversion (describing
the progress of reaction which ranges from O when the reactions start to 1 when the

polymerisation is completed), and AH , the (exothermic) enthalpy of polymerisation.

Finally, the temperature was calculated from the following equation (see the nomenclature

section for the definition of the new terms):
1r r r
(pde;lcp;de;l + pde;gcp;de;g + P Cp;s )E + FV T (_ﬂ’VT +Hu )
0
_(T _Tref )a(pde;lcp;de;l +pde;gcp;de;g +pst;s) Eqg. 13

0py..
_le?g 'OatdE,g —AH poly ( 85 + QE )




3.3  Momentum conservation

A momentum equation including the gravitational acceleration, §, was used to calculate

the mechanical matrix velocity. For that purpose, the foam was considered as a viscous

medium within which the dynamic viscosity changes with the degree of polymerization. The
gas pressure P was calculated from the mass concentration pje;g of gaseous diethyl ether by

using the ideal gas law. The momentum equation reads:

I
r = -
a(gu)+%V~r(r+(P—Patm)l+pl515)=pg5 Eq. 14

where 7 = 77(— (@l’ﬁ gup‘ )+ %(@ . l.Fl))Tj IS the viscous stress tensor, 7 is the dynamic viscosity

of the formulation and p is the total density.

As the gas phase is only constituted by diethyl ether, the total pressure is equal to diethyl
ether pressure.
P = Pgeg Eq. 15

3.4 Conversion

In addition, an equation describing the conversion ¢ i.e., the dimensionless quantity
accounting for the progress of reaction, was used, based on Kamal cure reaction [37-40]. It

reads:

E

or | b n
— =ke RT(1- Eqg. 16
5 ke (1-¢) q

where Ej, is the activation energy of the polymerisation reactions and k is a pre-exponential

factor.

3.5 Boundary and initial conditions

An axisymmetric condition was applied to the left side boundary of the foam geometry
considered here, see Figure 1. No mass exchange with the atmosphere was considered, and a
natural convective heat flux was applied to the rest of the geometry, so that:

I
N (=AVT)=h,(T,~T)+eo (T, ~T*) Eq. 17
where n is the normal vector, h. is the convection heat transfer coefficient, T, is the

temperature of the air surrounding the foam, ¢ is the foam emissivity, and o is the Stefan-

Boltzmann constant.



Moreover, a zero velocity was imposed to the bottom boundary, whereas the top boundary
was let unconstrained. The vertical boundary was allowed to move only along the vertical
direction, i.e., along the direction of foam growth. This constraint was obtained by applying a
force F along the radial direction. Since the model allowed a displacement of the mesh
beyond the real wall of the mould, the applied force had to be proportional to the difference
between the mesh position r and the wall position ry;:

L|§ —[_Ff(r_rw)j Eq. 18
= 0 q

Heat flux

Axisymmetric conditioM\Free deformation
0.015 I

Wall

Figure 1: Initial geometry of the formulation in its cylindrical mould, and boundary
conditions

Finally, all initial conditions were taken constants, according to:

Py (1 =0) = Pei0

P (t = 0) = Peito

Priesg (1 =0) = Pye.q00

P, (t=0)=pq, Eq. 19
Tt=0)=T,

ut=0)=u,

v(t=0)=v,

St=0)=4




4 Properties and input parameters

In the previous section, a physical model was developed for simulating the expansion of
tannin-based foams. This model requires the use of physical properties, input data, and values

used for the initial and ambient conditions. All these necessary data are presented below.

4.1 Densities and specific heats

The skeleton is defined by an intrinsic density pis of 1471 kg m™ [41] and a specific heat
capacity cps of 1680 J kg™ K™ (from lab measurement). The total density of the foam during

growth is equal to the sum of the mass concentrations of each phase, such as:
P=Ps +10de;l +10de;g Eq 20

4.2 Thermal conductivities

The thermal conductivity of the foam during expansion, A, is described as the sum of the
thermal conductivities of each phase, weighted by their corresponding volume fraction, &

(parallel model):

2’ = gsﬂ’s + ‘c"de;lﬂ'de;l + gde;glde;g

Eqg. 21

The thermal conductivities of diethyl ether, either in the gas phase (Age;g) or in the liquid

phase (Age:1), are given in
Table 2. The thermal conductivity of the skeleton, As, is taken as 0.32 W m™ K™ [42].

4.3 Dynamic viscosity of the polymeric matrix

The dynamic viscosity # mainly depends on the polymerisation reaction [23,25,38,43].
Since we had no measurement of the experimental viscosity as a function of time, we had to
base ourselves on models existing in the literature, simplified herein in the form of a constant
viscosity at the beginning of the reaction, followed by a rapid rise at some critical conversion
(here 0.3). For the numerical optimisation of the model, the final value of viscosity was set to
a constant. The dynamic viscosity was thus simulated with a sigmoid function. The latter
defines a step-like, polymerisation-dependent viscosity, starting from a low initial value ( =
10° Pa.s) to simulate a fluid-like behaviour, and ending at a high viscosity (n = 10% Pa.s) to

simulate a solid-like foam behaviour. The hardening of the matrix has been fixed at a



conversion between 0.3 and 0.4, see Figure 1. The aforementioned parameters were evaluated

from an internal parametric study and must be refined to precisely validate the model.
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Dynamic viscosity, Pa.s
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Figure 2 : Dynamic viscosity, modelled by a step function, versus conversion

Table 2 : Initial values of variables used in the model; the * denotes the parameters that have
been recalibrated from the experimental points of a previous work [34] by performing a
parametric study.

Symbol

AT

Cp:desg

Cp:de;1

Hpoly

I—>g
L de

Definition
Temperature range used in the function

related to diethyl ether phase change

Specific heat capacity of gaseous diethyl
ether

Specific heat capacity of liquid diethy!l
ether

Force parameter simulating the wall of
the beaker

Gravitational acceleration
Convective heat transfer coefficient

Foam emissivity (black body assumption)

Enthapy of polymerisation

Heat of vaporisation of diethyl ether

Units

Value

1606
2321
10’

Oalongr
-9.81 along z
10

1

-132 x 10°

3.676 x 10°

Reference or
comment
Parametric

study*
[44]

[45]
Parametric

study*

[46]

Parametric
study*
[45]



Mee Molecular weight of diethyl ether kgmol* = 7.412 x 10 -
P.am  Atmospheric pressure Pa 1x10° -
Tee Diethyl ether boiling point °C 34
T, Air temperature °C 20 -
e Thermal conductivity of liquid diethyl W mtk? 0.18 [47]
ether
Aderg Thermal conductivity of the gaseous W mtlk? 0.018 (at [48]
diethyl ether 60.2°C)
pees  Intrinsic density of liquid diethyl ether kg m? 713.4 -
Polymerisation function
o 4 s Parametric
Ea Activation energy J mol 37x 10
study*
) 1 s Parametric
k Pre-exponential factor S 15x 10
study*
Parametric
n Constant - 1.3
study™*
Initial conditions
To Initial temperature K 293.15 Measured
N Initial mass concentration of liquid 3 Estlma_te_d_from
Pde;l; 0 . kgm 44231 the initial
diethyl ether .
formulation
. Initial mass concentration of gaseous 3 Estlma_t e_d_from
Pde;g;0 . kgm 0.00304 the initial
diethyl ether .
formulation
Estimated from
Ps0 Initial mass concentration of the skeleton kg m* 1378.3 the initial
formulation
<0 Initial conversion - 0 -
Estimated from
&s,0 Initial volume fraction of the skeleton - 0.937 the initial
formulation
Estimated from
éde;g;0  Initial volume fraction of gaseous phase - 0.001 the initial
formulation
Estimated from
€des1,0 Initial volume fraction of liquid phase - the initial
formulation

In this model, several parameters have been recalibrated from the experimental points of a
previous work [34] by performing a parametric study (denoted by a * in Table 2). Here, only
the final parameters used are presented in order to highlight the construction of the model.



Indeed, new experimental developments will be made concerning the viscosity parameters,

which will give a specific publication on this topic.

5 Numerical model

The 2D axisymmetric physical model was implemented with Comsol Multiphysics v5.3a
commercial software using the finite element method. The initial geometry consisted of a 5
cm-wide and 1.135 cm-high rectangle, see again Figure 1. A mobile mesh, using the
Arbitrary Lagrangian-Eulerian Method (ALE) method, composed of 28368 elements, was
applied. The number of elements used was determined by performing a parametric study (see
next section). Since the quality of the elements decreases with the expansion of the geometry,
a remeshing was automatically done when the quality, a parameter calculated by the software,
reached a minimum value of 0.1. Finally, 4 meshes were used during the simulation (Figure
3). In addition, some parameters were set as follows: an initial time step of 10™ s and a
relative tolerance of 10™.

Initial mesh Remesh 1 Remesh 2 Remesh 3

0.12]
0.11°
0.1
g 0.09
& 0.08]
2 0.07
E =
£ 0.06
(o] il
S 0.05
Ne
0.047
0.03"
0.02]
0.01°

Figure 3: Different meshes used during the simulation

A parametric study on the mesh was carried out in order to determine which mesh size
should be used. The mesh size on the border was fixed, and only the central mesh size was
varied. Thus, 4 configurations of meshes (see Table 3 and Figure 4), predefined by the

software, were tested ranging from "Coarse" to "Extra fine".

Table 3: Internal element size, final element number and computation time for meshes used in
the present study



Internal element size (m) )
. . Final
_ Simulation o
Mesh . . Maximum element Computation time
Maximum Minimum time (s)
) ) element number
element size | element size
growth rate
Coarse 0.006 3.00E-04 15 7200 13045 1d 2h 18min 54s
Normal 0.00335 1.50E-05 1.3 7200 14282 1d 4h 22min 7s
Fine 0.00265 1.50E-05 1.3 7200 18634 1d 13h 4min 44s
Extra fine 0.001 3.75E-06 1.2 7200 28368 2d 18h 4min 27s
Coarse Normal Fine Extra fine
0.12] ;
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0.02]
0.01]
o]

Figure 4: Meshes used for the parametric study, ranked from coarsest to finest

The different meshes had a negligible impact on foam expansion and temperature, and
hence the results are not presented here. Regarding expansion for instance, Figure 4 indeed
shows that the final meshes have exactly the same shape and the same height. The situation
was not the same for pressure, which is a specially interesting parameter in this type of study
as it is derived from temperature calculation, material balance and mechanical equilibrium
[49]. Figure 5a thus shows the changes of gas pressure, calculated at a central point of the
simulated foam (r = 0.025 m and z = 0.00675 m), as a function of time for all the various
tested meshes. It can be observed that the differences were the highest between 50 and 80
minutes. Therefore, the studies focused only on this part of the curve, and especially on the

final part (i.e., after 60 minutes, see Figure 5b).




Figure 5b shows that the calculated pressure converged when the mesh was refined. Thus,
the pressure stabilised around -6000 Pa for “coarse” meshes, around -3000 Pa for "normal”
and "fine" type meshes, and around O Pa for an "extra fine" type mesh. The latter led to an
acceptable solution because absolute gas pressure can never be under zero. To conclude on
the mesh sensitivity studies, a mesh type "extra fine" was found to be acceptable and was thus

chosen to present the results.

(a) (b)

105 "myL _ T T ] i
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0.8 Extra fine | 10000t Extra fine |4
& 0.7 { & 8000}
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Figure 5 : (a) Temporal evolution of pressure calculated for different meshes; (b) same as (a)
but with a focus on the moment when differences are observed

6 Results and discussion

In the present study, only the temperature measured at a fixed position centred on the
revolution axis of the foam, and the measured height of the foam, both retrieved from a

former paper [34], were taken into account and compared to the simulation.

Figure 6a shows the changes as a function of time of experimental (black squares) and
calculated (solid line) temperature at 1.8 cm from the bottom of the foam on its revolution
axis. The experimental evolution of the temperature shows two distinct phases: a sharp
increase up to 85°C, followed by a gradual decrease down to room temperature. These two
phases are also seen in the simulation. During the first three minutes, the calculated increase
of the temperature was faster than the experimental one but the maximum was higher, 87.5°C,
and was reached after 4 minutes of simulation, against 2 minutes in the experiment. The

simulation also overestimated the temperature during the cooling phase.

The experimental evolution of height presents three phases, see Figure 6b. During the first

one, negligible deformation is observed: the material remains liquid and there is almost no



expansion. This period corresponds to the observed induction time, which lasts for a few tens
of seconds after the addition of the acid catalyst. The second phase shows a very rapid
increase of foam height. Finally, during the third phase, the foam, and hence its geometry,
stabilise. The calculated evolution also presented these three phases, although the first one
was extremely short, about 30 seconds, against about 1 minute in the experiment. This might
be due to the fact that the simulation considers a perfectly homogeneous mixture from the
very beginning, whereas the (viscous) reactants need time for being intimately mixed in any
real experiment. But the kinetics of expansion was similar to the experimental one, and so was

the final height: 12 times the initial one for the simulation, against 11 times for the

experiment.
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Figure 6: Evolution of: (a) experimental (black squares) and simulated (line) temperature at
1.8 cm above the bottom of the foam and on its axis of symmetry, and (b) experimental (black
squares) and simulated (line) foam height.

The comparison of calculated and experimental data thus demonstrated similar overall

trends. However, differences were seen, and can be explained in two ways:

(1) The viscosity and the polymerisation equation used here were inspired from the
bibliography related to polyurethane foams (see again Table 2). It would be interesting
to develop experimental tools for carrying out our own measurements and getting
parameters corresponding to the present tannin-based foams.

(2) The experimental data of temperature at one point of the foam and of foam expansion,
as a function of time, were taken from one paper of the literature, for which not all

precise measurement conditions were given, such as air temperature, initial height,



mixing time, repeatability, etc. The development of a dedicated experimental device
for controlling these unknowns appears necessary for validating the model and

improving it further.

Whereas the foaming mechanism of tannin-based formulations is qualitatively well
understood, as explained in section 2, the phenomena highlighted by our model deserve
further discussion. Indeed, even if the present simulation can be considered as realistic despite
the obvious discrepancies already observed in Figure 6, some deviations from the
experimental data can be justified as soon as one considers the way the model was designed.

Figure 7 thus shows the temporal evolution of quantities calculated from the model for
three points A, B and C along the vertical revolution axis of the foam (see the inset in Figure
7¢). These three points were chosen in the lower, middle, and upper part, and were mobile,
i.e., their positions change depending on the expansion of the material. The results of Figure 7
are given for the first 120 min of the foaming process, except for mass concentration and
volume fraction of each phase, for which only the first minute of simulation is presented in

order to highlight the expansion phenomenon (Figure 7e and Figure 7f, respectively).

The present model is based on the conservation of mass, momentum and energy. As shown
by the momentum conservation equation (Eq. 16), the increase of pressure is the driving force
of the expansion. In the very first moments of the foaming, the abrupt increase of temperature
(Figure 7a), due to the exothermic nature of the polymerisation reaction, induced a drop of
mass concentration of liquid diethyl ether (Figure 7c), due to its change of state. As a result,
the mass concentration of the gaseous diethyl ether increased sharply at t < 1 min (Figure 7d),
resulting in a pressure increase (Figure 7b). Focusing on the pressure evolution between 0 and
4 minutes, the calculation produced two peaks of pressure (Figure 8a): one between 0.5 and 1
minute and the other above 1 minute. It can also be observed that the increase of volume, also
presented in Figure 8a, only depends on the first peak of pressure. Indeed, during this period,
the pressure increases as a result of phase change, then decreases due to the expansion
allowed by the still low viscosity of the porous matrix. The second increase in pressure occurs
whereas the foam is completely stiffened (compare Figure 8a and Figure 8b). Then, the
pressure generated by the rise of temperature can no longer decrease due to the high viscosity
of the medium (Figure 8b). As a result, the pressure continuously increases until a plateau
reached at t ~ 4 min, at which the temperature goes through a maximum (Figure 7a)

corresponding to the end of the exothermic reaction (Figure 8b). This simulation highlights a



questionable choice of the viscosity model. Indeed, it is unlikely that the expansion occurs
when the viscosity is the lowest, but at intermediate values allowing both the development
and the stabilisation of the structure. However, this simplifying way of “modelling” the
viscosity makes it possible to authorise, or not, the deformation of the material. Finally, it can
be seen that the relative expansion is definitively stopped when the viscosity is at its
maximum value. The latter plays its role well because the material could continue to expand
with the temperature that increases further after the end of the expansion, a consequence of

the reaction, which is not completed.
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Figure 7 : Calculated temporal evolution of: (a) temperature; (b) relative pressure with
respect to atmosphere; (c) mass concentration of liquid diethyl ether, (d) mass concentration
of gaseous diethyl ether; (e) foam density; and (f) volume fraction of each phase.
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Figure 8 : Calculated values of: (a) relative pressure (left scale) and relative expansion (right
scale), and (b) dynamic viscosity (left scale) and conversion (right scale).

The evolutions of the density of the foam (Figure 7e) and of the volume fractions of each
phase (Figure 7f) provide more information on the modelling of the expansion phenomenon.
This was verified in Figure 7f where it can be seen that the volume fraction of gas phase
(from 0 to 92 %) is compensated by the corresponding decrease of those of skeleton (from 94
to 8 %) and liquid (from 6 to nearly 0 %) phases. Such increase of the volume fraction of gas
phase up to 92 % created the porosity, hence the corresponding decrease of foam density
(Figure 7e).

Once the porous matrix was stiff and once polymerisation reactions were completed, the
temperature decreased by heat losses with the outside air at room temperature (Figure 7a).
During the decrease of temperature, a discontinuity related to the condensation of the gaseous

diethyl ether that could not escape the foam is observed. Such change of state was confirmed



by the curves of mass concentration of liquid and gaseous diethyl ether, which increased and
decreased, respectively (Figure 7c and Figure 7d, respectively). Upon condensation, the
liquid mass concentration did not reach the initial value at t = 0 and remained at a level of
about 3 kg m™ because, after expansion, there was obviously less matter per cubic meter of

product.

In parallel, the condensation of diethyl ether induced a decrease of pressure, which passed
below the atmospheric pressure (Figure 7b). The model indeed assumed that the pores are
closed, which is not necessarily the case in reality with such expansion. An open porosity
would allow a transfer of gas from the atmosphere by depression (Darcy’s law) and diffusion
(Fick’s law) (unless the porosity opens before the condensation occurs, so that the gas would
move out from the pores toward the atmosphere), thus stabilising the pressure at the
atmospheric value at the end. Nevertheless, the careful observation of experimental foaming
of tannin-based formulation evidenced some shrinkage, which might be related to the
condensation-induced depression in the pores, and/or to the decrease of the temperature (ideal

gas law effect).

7 Conclusion

In this paper, a multi-physical model was introduced with the aim of simulating the
foaming of a standard tannin-based formulation at the lab scale. This 2D axisymmetric model,
implemented on a mobile mesh with Comsol Multiphysics v5.3a commercial software,
allowed calculating the changes of temperature, the mass transfers, the expansion of the
material, and the progress of the polymerisation reactions. The important multi-physical
couplings and phenomena that normally occur during the foaming process were taken into
account through realistic equations and relevant properties. A parametric study on the mesh
was carried out in order to determine which mesh size was the most appropriate. A mesh size

type "extra fine" was chosen.

Calculated and experimental data were compared, and similar trends were globally
observed, even if discrepancies were also noticed. Validating the model and improving it
further will thus require two new developments to be performed in the near future: (i) getting
more accurate data from polymerisation studies of tannin-based resins, that are still missing

today; and (ii) building our own device for measuring simultaneously, and in a continuous



way as a function of time, the temperature at different positions inside the foam in the growth

phase, the expansion, and the mass of the foam.

The results from the numerical model have shown that the expansion of the material is
mainly due to the increase of inner gas pressure, generated by the change of state of the
blowing agent from liquid to vapour when the temperature exceeds its boiling point. The
results, although in fair agreement with the experimental results, also proved the need of
refining the model by introducing a phenomenon of pore opening, in order to limit the
condensation of diethyl ether during the cooling of the foam. The corresponding work is
underway, in which a sensitivity study will have to be carried out to highlight the impact of
the estimated parameters, whereas in the present article, the authors had only wanted to

emphasize the simple development of the model.

8 Notations

Greek symbols
AT Temperature range used in the function related to the change of phase of

diethyl ether, K

£ Emissivity of the foam, dimensionless

& Volume fraction of the skeleton, m® m™

Ede:l Volume fraction of liquid diethyl ether, m®* m?
Ederg Volume fraction of gaseous diethyl ether, m®* m™
n Dynamic viscosity, Pa s

y) Thermal conductivity, W m™ K*

¢ Conversion, dimensionless

o) Density or mass concentration, kg m™

o Stefan-Boltzmann constant, W m? K™

: Viscous stress, Pa

Letters



Co Specific heat, J kg™" K™

Ea Activation energy, J mol™

F Force, N

o] Gravitational acceleration, m s

he Convection heat transfer coefficient, W m? K™
H Volume enthalpy, J m™

Hpoly Enthalpy of polymerization, J kg'l

I Identity matrix

K Phase change function, kg m®s™
k Pre-exponential factor, s™

L Latent heat of vaporisation, J kg™
M Molecular weight, kg mol™

n Polymerisation exponent

Normal vector

P Pressure, Pa

Qs

Conduction heat flux, J m?s*

R Ideal gas constant, J mol™ K*

r Radius of the cylindrical mould for foaming, m
T Temperature, K

t Time, s

& Velocity, m s

Subscript

0 Initial

atm Atmosphere

C Convection



de

Diethyl ether
Gas

Liquid
Reference
Skeleton

Wall

Superscript

st

Intrinsic

Amount of liquid diethyl ether able of phase change
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