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Abstract—Bubble nucleation and growth was experimentally and numerically investigated in polyvinyl alcohol (PVA)
while using supercritical carbon dioxide (scCO,) as a blowing agent. The solubility and diffusivity of CO, in PVA were
first evaluated using a magnetic suspension balance (MSB). Bubble nucleation and growth during foaming was then
examined using a batch foaming setup equipped with a visualization system. It was observed that the increase in
depressurization rate during the foaming increased the average bubble density. The average bubble size during the
foaming was also evaluated through three different numerical models based on the integral method. Moreover, accord-
ing to the bubble pressure profile, the PVA viscosity and CO, diffusion control the bubble growth. According to the
sensitivity analysis, the bubble growth seems to be more affected by the changes of thermodynamic parameters than
the PVA rheological properties. Eventually, the average CO, concentration and the critical free energy were numeri-

cally calculated using the classic nucleation theory.

Keywords: Polyvinyl Alcohol (PVA), CO,, Solubility, Diffusivity, Foaming, Visualization, Simulation

INTRODUCTION

Microcellular polymer foams refer to the dlass of lightweight mate-
rials with bubble sizes of 1 to 50 pm. According to such fine bubble
morphological characteristics, these foam structures possess supe-
rior mechanical properties such as high specific strength and tough-
ness [1-3]. In microcellular foaming of thermoplastics blown with
physical blowing agents, several parameters, such as blowing agent
type, saturation pressure, and the applied thermodynamic instabil-
ity could determine the final bubble density, size, and growth rate
[34]. The solubility and diffusivity of various blowing agents in ther-
moplastics are different [5-8]. This influences the bubble nucleation
and growth rate through the changes in pressure drop rate and the
applied thermodynamic instability [1,9-11]. The changes in satura-
tion pressure of an identical blowing agent could also aftect the pres-
sure drop rate and the degree of applied thermodynamic instability
and hence the noted bubble characteristics [12-15]. On the other
hand, thermodynamic instability, which causes bubble nucleation
and growth, could be provided through either a sudden pressure
release or temperature increase [4,9,16-19]. During this step, nucle-
ated bubbles can be stabilized when the bubble radius reaches the
critical value [20-22]. Moreover, bubble nucleation and growth, and
hence the final cellular structure of the foamed product, are depen-
dent on the material's characteristics. Surface tension, rheological
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properties and crystallization behavior of the used polymer as well
as the incorporation of additives such as micro-/nano-sized partic-
ulates could also noticeably influence the bubble nucleation and
growth rate and the bubble stability [23-26].

The simulation of bubble nucleation and growth during foam-
ing has been explored in a series of studies [10,19,27-29]. Gent and
Tompkins [30] visualized the foaming process of a cross-linked elas-
tomer/carbon dioxide (CO,) and reported the changes in bubble
radius with foaming time. Using a visualization apparatus, Amon
and Denson [31] compared the transient foam bulk density with
the simulation values. Han and Yoo [32] also developed a molding
process for foaming of polystyrene with different injection rates in
foam extrusion through a converging die and they compared the
experimental and numerical data. A bubble growth model was
developed by Payvar et al. [33] according to the mass transfer-con-
trolled integral method. They showed that the predicted results were
consistent with foaming experimental data for ethyl alcohol [33].
Ramesh et al. [34] investigated the mathematical simulation for
the heterogeneous nucleation of microcellular foams. They investi-
gated the bubble nucleation and growth dependency on various
parameters such as the saturation temperature and pressure, con-
centration of nucleating agents and blowing agent solubility. Shafi
et al. [35] also developed a simultaneous model for bubble nucle-
ation and growth. They considered a cluster which could be nucle-
ated when it reaches a supercritical state. A nucleation rate equation
could also be generated while the bubble nucleation is derived from
classical nucleation theory [35]. Some researchers extended Shaff’s
model to viscoelastic fluid systems [36] or to foam extrusion pro-
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cesses [37]. The nucleation and growth of bubbles in non-Newto-
nian and Newtonian fluids were studied by Frank et al. [38]. The
visualization results showed that the bubbles grow linearly with time,
although after a critical radius the size increase continues expo-
nentially [38]. Ishikawa et al. [39] worked on numerical studies of
polypropylene foaming blown with CO,. They used a visualization
chamber and analyzed the bubble nucleation and growth during
the foaming process. Similar work was conducted in extrusion foam-
ing of polystyrene blown with CO, [40] where the saturated system
was subjected to a rapid pressure drop at the die. Another simula-
tion model for foaming process was also proposed by Sun et al.
[41] in which the concentration boundary layers overlapping was
used in the model and the effects of physical properties of the poly-
mer matrix on the foaming process were explored. Riou et al. [42]
compared the numerical and experimental results using a growth
model while considering the melt rheology effects on foaming,

In this study, the solubility and diftusivity of scCO, in PVA were
first evaluated using a magnetic suspension balance (MSB). The
bubble nucleation and growth in PVA/CO, mixture were then
investigated using a batch foaming setup equipped with a visual-
ization system. The average bubble radius and density versus time
were then plotted and analyzed for various depressurization rates.
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The bubble nucleation and growth were also simulated using three
different numerical models of Han and Yoo [32], Payvar [33] and
Shafi [35]. These models were developed for solving the diftusion
equation of CO, in PVA. The effect of various simulation variables
on bubble growth was subsequently explored through sensitivity
analysis. The Gibbs free energy and average concentration of CO,
were eventually calculated according to classic nucleation theory:.

EXPERIMENTAL

1. Material

PVA with weight average molecular weight of 90,000 g/mol and
a hydrolyse grade of 98.7% was supplied from Kuraray, Japan. The
melting temperature (T,,) of PVA, which was obtained through dif-
ferential scanning calorimetry (DSC, Netzsch-DSC200 F3 Maia)
analysis, was determined to be 194 °C. A rheological analysis of PVA
was conducted using an MCR 301 theometer (Anton Paar, Austria),
and it was seen that PVA shows shear thinning behavior. CO, was
used as the blowing agent. To generate the supercritical phase, CO,
gas was pressurized using a plunger pump (Isco 260D, USA).
2. Characterization Experiments

Solubility and diftusivity of CO, in PVA were evaluated using
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Fig. 1. Schematic of the visual observation batch foaming setup.
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an MSB apparatus. The details of the measurements are provided
in previous studies [11,43]. Foam visualization was also conducted
using a lab-scale batch foaming setup which was connected to the
Bell view software. The schematic of this visual foaming setup is
shown in Fig. 1. This system has a visual observation chamber made
of high-pressure stainless steel. The CO, is supplied to the chamber
through a mass flow meter. The chamber temperature is also tai-
lored using a heat controller. The sapphire window on the chamber
together with a high-speed digital camera was designed to visual-
ize the bubble nudeation and growth. The foaming and foam visual-
ization of PVA was conducted during the depressurization step. The
recorded bubble nucleation and growth were then analyzed using
image processing software.
3. Bubble Growth Modeling

The governing equation for a single bubble growth in a polymer
melt solution can be presented by three equations based on an over-
all force balance on the melt, mass balance of the gas in the poly-
mer melt and the mass balance on the bubble. Fig. 2 represents
the schematic of a single bubble growth with blowing agent in
which pressurized blowing agent diffuses into the polymer matrix.
Initial concentration of diffused blowing agent in molten polymer,
C(0), is given by Eq. (1):

C(0)=K,/P, @

where P;; is the bubble pressure and K solubility parameter being
proportional to the attributed Henry’s constant. Note that far-field
pressure, P, can be obtained from saturation pressure at initial time
(t=0). Blowing agent supersaturation state is provided after far-
field pressure release resulting in the value of P,—P;(t) being higher
than zero.

Polymer & dissolved PBA
(Influence Cell)

4 pL(t)

Spherical Bubble o or r Radial coordinate
Boundary ¢ t Time Variable
O P (t) - v(r, t) Velocity of fluid particle

Blowing agent diffusion has been taken into account by the gas
bubble-polymer interface. The shape of the bubble seems to be
spherical. The ideal gas equation was used for supercritical CO,.
Newtonian behavior was assumed during the whole foaming pro-
cess.

A combined equation of momentum and continuity of the melt
surrounding the bubble in the radial component (r) of spherical
coordinate gives:

where, 77 is the viscosity;, and ois the surface tension, R is the bub-
ble radius, P; and P; are the bubble pressure and the ambient pres-
sure, respectively. Mass balance of the bubble requires that the rate
of mass added to the bubble by blowing agent diffusion equals the
rate that the gas diffuses in through the bubble surface. Thus, the
diffusive mass balance at the bubble surface relates bubble pressure
to the concentration gradient at the surface:

d(42RPg) 5 aC
dt(3 T R ®

The ordinary differential form of bubble pressure is:

P
10C :3_(_;d_R @)

dPG—SD RT
=3D(R D5 u-r=33

dt

where T is the absolute temperature and R, is the gas constant. Dif-
fusion of gas in the melt is assumed to obey FicKs law defined as

0C_p[12(p0C
or _D[rzar(r 6rﬂ ©)
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—=0 R(t) Bubble radius
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P Gas pressure
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pr Density of the liquid
o Surface tension

0 R(t)
Fig. 2. Schematic of a single bubble growth with blowing agent.
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In Eq. (5), C is the CO, concentration and D is the CO, diffusion
coefficient. Eq. (5) describes the concentration profile in the poly-
mer melt. Eq. (5) is indeed expressed by integrating the polyno-
mial profile. This profile is illustrated in Fig. 2. In this study, while
the Han and Yoo, Payvar and Shafi models (based on the integral
method) were used, the finite difference [27] and integral [32,33]
methods were used for solving Eq. (5).

To know the concentration gradient at the bubble-melt inter-
face for Eq. (3), the below three different numerical models were
used in this study.

1. Han and Yoo model:

d 6D(R,T)(C,,~CpR
ﬁ(RaPG)= - 12 ©)
1)1 Q(R P;—RiPg, 0)
RT\ C,-Cy
Coo_c _ r—R 2
cw—cR_(l_ 5) @)
2. Payvar model:
dR’P
%:mmgn(cw—q)}z 1+ 13 —| ®
. 2R(RPe—RP
TUTRT C-G
C,-C _R( r—R)2
C,-Cy Vv & ©)
3. Shafi model:
4 2
d 36R (R, T)(C,,—Cp)
d—(R3PG): e (10)
t 3 R PG_ROPG,O
C,-C _ r-R’ (11)

C.-Cr (R+0)’-R’
In the above models one parameter was used for identifying the
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boundary thickness. This parameter is named & according to Fig.
2. The initial conditions of bubble radius and bubble pressure are

as follows:
20
Rt)==4—— 12
)=, (12
Ps(t,)=Clky 13)

Due to the importance of foaming thermodynamics, the criti-
cal free energy and the average CO, concentration were deter-
mined according to classical nucleation theory:

1/2 A _
J®=f (ﬁM /NA) exp (K T)NAC(t) 14
AG= "E%}%@"L— (15)
(3, Ky _PL(t))
Differentiating above equation by t gives:
&)
(dAG) ~320°F ky/ dP, 16)
dt C(b) dt dt
(5 20]

where f, and F are fitting parameters of nucleation rate and AG is
the critical free energy of bubble nucleation. This energy is a kind
of obstacle for starting the bubble nucleation, and when it is over-
come bubble nucleation starts. N, is Avogadros number, k; is Boltz-
manns constant, and M, is the molecular weight of blowing agent.

The average concentration of CO, in PVA with the volume of
V,, is given by:

PG(t_tn’ tn)
RT

t47 3

C(t)vLozcovLo '[o S R(t-t,t,) Jt)Viedt,  (17)

In the above equation, t is the time that a bubble nucleates and
t—t, is the period in which a single bubble grows. Bubble nucleation
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Fig. 3. Solubility of CO, in PVA at different temperatures and pressures.
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starts when the bubble nucleation rate (J) becomes greater than
the bubble nucleation rate threshold (Jyeq.0)-

RESULTS AND DISCUSSION

1. CO, Solubility and Diffusivity in PVA

Fig. 3 shows the solubility behavior of CO, in PVA at various
pressures and temperatures. As expected, the CO, solubility in PVA
increases with pressure increment due to the pressure driving
force for dissolution of CO, in PVA. This is while the solubility has
an opposite trend with temperature increment. With temperature
increase, the CO, molecules evacuate the PVA matrix and hence

the CO, solubility decreases. The CO, diffusion coefficients in PVA
with pressure, at different temperatures, are also shown in Fig. 4.
Diffusion coefficients are increased by increasing of the tempera-
ture and pressure.
2. Foam Visualization

To run the foaming experiments, the samples were first satu-
rated at 185 °C and CO, pressure of 9.6 MPa. The foaming and the
bubble nucleation and growth visualization were then conducted
during the depressurization step, which was separately conducted at
three different depressurization rates of 3.47, 1.24, and 0.52 MPa/s.
The recorded micrographs during the foaming and depressuriza-
tion at the rate of 0.52 MPa/s are shown in Fig. 5. According to

2.402E-09
OPVA/CO2-205°C

BPVA/CO2-185°C
2.002E-09
BPVA/CO2-150°C

1.602E-09

1.202E-09

Diffusion Coefficient (m?s)

8.02E-10

4.02E-10

2E-12

124

Average Pressure (MPa)

Fig. 4. Diffusion coefficient of CO, in PVA at different temperatures and pressures.

4.35 sec

10.37sec

Fig. 5. Optical micrographs recorded during foam visualization at pressure release rate of 0.52 MPa/s.
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Fig. 7. Experimental data and simulated results at pressure release rate of 0.52 MPa/s.

these images, the bubble density and growth could be determined
at certain foaming times. The average bubble density in three pres-
sure release rates versus time is illustrated in Fig. 6. As expected, the
average bubble density increased with the increased pressure release
rate. This indicates that the pressure release rate significantly con-
trols the average bubble density. At higher pressure release rates,
the accessible CO, for diffusing into the nucleated bubbles in PVA
increases during the foaming and hence the bubble growth could
occur faster.
3. Bubble Growth Simulations

The accuracy and validation of experimental data were investi-

gated through simulation studies and the corresponding numeri-
cal values are reported in this section through using the models
developed by Han and Yoo, Payvar, and Shafi. Figs. 7-9 compare
the average bubble radius values versus time at different pressure
release rates obtained through using the noted models. As shown,
the Han and Yoo model could more accurately predict the bubble
growth behavior. Considering the Shafi and Payvar models, it seems
that the bubble growth rate is either slow or fast, respectively. Accord-
ing to Fig. 9, however, it seems that the experimental data at higher
pressure drop rate could also be predicted by Payvar model, al-
though the compatibility of the experimental data with Han and

Korean J. Chem. Eng.(Vol. 39, No. 8)
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Fig. 8. Experimental data and simulated results at pressure release rate of 1.24 MPa/s.
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Fig. 9. Experimental data and simulated results at pressure release rate of 3.47 MPa/s.

Yoo model is still better. Fig. 10 also depicts the bubble pressure
versus time during the foaming. As seen, during the bubble growth,
the pressure profile of the bubble undergoes two different states.
The bubble pressure after a short interval of about 0.3 s (region 1)
starts decreasing during the foaming step (region 2). Thus, in region
1, bubble nucleation occurs during a short interval of about 0.3 s
during which the change in bubble radius is slow. This is because
when bubble nucleation starts, the bubble pressure and the satura-
tion pressure are similar, indicating that the concentration gradi-
ent at PVA/CO, interface of bubble is almost zero. Such behavior
is highly dependent on the polymers viscosity. Hence, such time

August, 2022

interval of region 1 could prolong with the increase in matrix vis-
cosity. In region 2, the bubble pressure keeps decreasing to reach
the ambient pressure. In this region, CO, diffuses into bubbles and
is consumed by the growing bubbles. Therefore, the concentration
gradient at the PVA/CO, interface is much larger than region 1.
This means that the bubble growth is majorly dominant in region 2.

According to Figs. 7-9, the Han and Yoo model was selected to
further investigate the effect of various simulation variables on
bubble growth through sensitivity analysis in Fig. 11. For instance,
to consider the solubility effect, the use of different values for the
Henry constant (solubility parameter) resulted in curves with dif-



Experimental and numerical investigation of CO, bubble nucleation and growth in PVA 2259

9.54

Region 1
9.06

Region 2

8.58 2|
8.1

7.62 i

7.14 \

6.66 \

6.18
5.7

522

Bubble Pressure (MPa)

4.74
4.26
3.78

3.3

[2/]
th
o
th
~
th
[
th

—— 0.52 MPa/s
----- 1.24 MPa/s
—-- 3.47 MPa/s

Time ( sec)

Fig. 10. Bubble pressure profile versus foaming time at different pressure release rates.
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Fig. 11. Effect of numerically changing different parameters according to the Han and Yoo model, on the bubble growth at pressure release

rate of 0.52 MPa/s.

ferent bubble radius values versus foaming time. Similar investiga-
tions were conducted for diffusivity and viscosity as the changing
parameters. Hence, various bubble growth profiles could be obtained
depicting the individual effects of solubility, diffusivity and viscos-
ity on foaming dynamics.

As shown in the Fig. 11, the curve related to the Han and Yoo
model is plotted using the measured parameters in this study. For
example, according to the sensitivity analysis shown in Fig. 11 and
Table 1, when the viscosity; as a rheological parameter, increases
nearly sixty times, the final bubble size decreases 1.3 times and the

corresponding curves (curves 2 and 5 in Fig. 11) become close to
the experimental data. The viscosity increase hinders the bubble
growth and the growth rate decreases. However, when the Henry
constant is doubled or the diftusion coefficient increases 2.5 times,
the final bubble size increases more than 2 times and the relevant
curves are significantly far from each other. A larger CO, solubility
parameter (k) means that the PVA can dissolve more CO, mole-
cules and larger bubbles are expected. Moreover, the higher diftu-
sivity causes the CO, molecules to diffuse to the nucleated bubbles
faster, which increases the bubble growth rate. This indicates that

Korean J. Chem. Eng.(Vol. 39, No. 8)
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Table 1. The sensitivity analysis for the PVA/CO, foaming using Han and Yoo model

Curve number ky; (mol/m’/Pa) D (m%/s) 1 (Pa-s) Final Bubble radius (um)
1 0.0064 8.11x107"° 5.1x10° 132
2 0.0064 8.11x107"° 2x10* 140
3 0.0081 8.11x107"° 5.1x10° 163
4 0.0064 1.32x10°° 5.1x10° 185
5 0.0064 8.11x107" 1.2x10° 105
6 0.0064 4.03x107" 5.1x10° 92
7 0.0043 8.11x107"° 5.1x10° 75

10
9
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8 e (t)/ KH 1.24 MPa/:
=4 S
- - = —Critical free energy
g 7 » 3.47MPa/s
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g s 1 2
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e A oM 7 4
¢ 3 1: Beginning of Bubble nucleation N8 V;"\ S 10 F 24 Ml
S - '/
2 2: End of Bubble nucleation RS A\ » 347 MPws
1
0

Time (sec)

Fig. 12. Changes in average concentration and critical free energy of bubble nucleation at different pressure release rates.

bubble growth and foaming could be more affected by the ther-
modynamics parameters than the viscosity effect of the matrix.
According to classic nucleation theory, the average concentra-
tion of CO, and the free energy could be numerically calculated.
To determine the parameters of f, and F in Eq. (14) and (15), the
data in Fig. 6 was used. A trial-and-error method was used for
calculating the f, and F parameters in which by changing different
values of f, and F the average bubble density was fitted to the
PVA/CO, system and the amounts of f; and F were calculated as
2.8x107% and 0.013121, respectively. Therefore, the critical free
energy and the change in average concentration of CO, at 0.52.
1.24 and 3.47 MPa/s were determined, respectively, and are shown
in Fig. 12. As shown, the average concentration of CO, remains
constant up to a certain time and then decreases. Before this time,
the free energy has a definite value, the ambient pressure and the
supersaturation pressure reach each other, bubbles nucleate and the
critical free energy decreases in the period of 4.4-10.5 seconds accord-
ing to three depressurization rates. In this period, the average con-
centration of CO, is constant. Then, it decreases with time because
CO, diffuses into the bubbles. During this period, the supersatura-
tion pressure has a low value and is not suitable for nucleation of

August, 2022

bubbles and then nucleation stops. The decrease in concentration
increases the free energy of bubble nucleation. Therefore, in the
simulation, the critical free energy has a minimum value in the
time range of 44-10.5s.

When the left-hand side of Eq. (16) equals zero, the critical free
energy has a minimum and at this point the terms in bracket of
Eq. (16) equal zero. As Fig. 12 shows, the time that the critical free
energy reaches a minimum value is the same as the time that the
CO, average concentration starts to decrease. This means that with
a lower value of the minimum free energy, the beginning time of
average concentration decrement was decreased and foaming pro-
cess occurred earlier. Indeed, increasing of the pressure release rate
increases the bubble density during the process and decreases the
minimum free energy, which also is shown in Fig. 13.

CONCLUSIONS

Bubble growth visualization and simulation was done using a
visual batch foaming setup for PVA/CO, system at three different
pressure release rates. It was shown that the Han and Yoo model
seems to be more consistent with the experimentally obtained val-
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ues. It was also concluded that with solubility and diffusivity incre-
ment and viscosity decrement, the bubble growth rate increased
although the bubble growth process seemed to be more affecting
the thermodynamic parameters than the matrix rheological fea-
tures. Moreover, according to the classic nucleation theory, the cal-
culated average concentration of CO, and the critical free energy
results show that these two parameters are correlated during the
foaming.

Eventually, to explore the thermodynamics and viscosity effects
on the bubble nucleation and growth of various polymers includ-
ing PVC, it is important to experimentally and numerically inves-
tigate the effect of viscosity of PVC by selecting various molecular
weight matrix samples. Hence, the thermodynamics and viscosity
correlations on the foaming behavior of the polymer matrix could
more accurately be disclosed.
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