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Numerical simulation of bubble growth in
expanding perlite
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Aiming to improve the comprehension of the expansion process of perlite, a numerical
study has been carried out, concerning the water vapour bubble growth in softened perlite
melt. The physical properties of the melt and temperature history during the expansion
process are varied, in order to determine the most influencing parameters. Calculated
bubble growth results are compared to experimental data obtained in a previous study, and
to industrial expansion results. An extensive literature review has been done to determine
the physical properties of raw and expanded perlite, as input values to the numerical

model. © 2001 Kluwer Academic Publishers
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surface, m?

specific heat, J/(kg K)
diffusion coefficient, m?/s
particle diameter, m
activation energy, J/(K mol)
enthalpy, J

Henry coefficient, Pa~!
mass, kg

molar mass, kg/mol

mass flux, kg/(s m?)

Henry constant, —
pressure, Pa

surface heat flux, W/m?2
radial distance, m

radius of the gas bubble, m
universal gas constant, J/(K mol)
radius of the cell, m

time, s

temperature, K

growth velocity, m/s
volume, m>

mole fraction, —

mass fraction, —

Greek letters

A =
l,l, =
ud =
p =
o

Indices
0 =
amb =

0022-2461

heat conductivity, W/(m K)
dynamical viscosity, kg/(m s)
viscous dissipation, Pa
density, kg/m?

surface tension, N/m

atr =0
ambient
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g = gas
1 = liquid

P = particle

r = radial component
R = atradiusR

raw = raw

1. Introduction

Perlite, a naturally occurring volcanic glass, is used in
its expanded form as a granular thermal and phoni-
cally insulating material especially in the building in-
dustry. Its principal advantages compared to other in-
sulating materials are its lightweight and fire resistant
properties. In the last few years perlite has been used
for new applications in plasterboards and mortars. Per-
lite is used in these materials to get a higher fire re-
sistance, better insulating properties and an easier han-
dling due to its lighter weight. These new applications
have created a new demand concerning the properties
of expanded perlite, especially its granulometry and
morphological aspect. Very small particles with well-
controlled size distributions and high mechanical sta-
bility are needed for these applications. For the most
delicate applications small particles of hollow spher-
ical shape consisting of a single bubble are the most
required, since they are mechanically resistant, easy to
apply and insulating as well.

Perlite gets its insulating properties by an expansion
process, which increases the particle diameter to about
3 times its initial value. This expansion is due to the
presence of 2 to 6% of combined water in the crude
rock. When the raw material is heated to a suitable point
in its softening range (between 800-1100°C), the wa-
ter recombines, vaporises and the steam expands the
softened material, thus creating a foamy structure and
decreasing the original density and heat conductivity.
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Industrial expansion of perlite is done in big rota-
tive or vertical furnaces, which are generally not op-
timised for the production of the perlite qualities nec-
essary for the new applications. For the production of
these qualities the industrial expansion process has to
be adapted and a better comprehension of the expansion
phenomenon is necessary.

A previous morphological study [1] has shown the
foamy structure of expanded perlite. The foam cells
of perlite consist of pentaedric or hexaedric faces and
correspond to most of the naturally occurring foams [2].
Expansion of perlite is due to the formation and growth
of these bubbles in the softened material and a better
comprehension of the bubble growth process could give
more informations about the expansion phenomenon of
perlite.

In this study we developed a numerical model de-
scribing the growth of water vapour bubbles in perlite
melt. The model supposes that bubble growth is due
to water diffusion from the melt to an existing bubble
nucleus. The model does not treat bubble formation, co-
alescence or break-up problems, as well as the creation
of microcracks, necessary for expansion.

By varying the physical model parameters like tem-
perature, viscosity or diffusion coefficient, the impor-
tance of these parameters for the expansion process can
be examined. An extensive literature review concern-
ing the physical properties of perlite had been neces-
sary to determine these input parameters correctly. The
calculation results are compared to experimental data
obtained from industrially expanded perlite.

2. Foam growth model

The foam growth model used in this study is based on
the assumption that the foam consists of elementary
spherical bubble cells (cell model). The growth of one
bubble in a finite volume of liquid (melt) is simulated
and considered to be representative for the behaviour
of the foam.

This kind of model has been developed by
Arefmanesh and Advani [3—-7] and is currently used to
simulate polymeric foams. Proussevitch and colleagues
[8—12] have adapted these models for the simulation of
magmatic foams in order to explain volcanic eruptions.
They included thermal effects of the volatile evapora-
tion and accounted for the interactions of melt proper-
ties such as viscosity and diffusivity.

We used their numerical code to simulate bubble
growth during the expansion of perlite. Physical proper-
ties, time and pressure scales had to be adapted to those
of perlite. Especially we introduced different temper-
ature and composition dependend viscosity and diffu-
sivity calculation methods.

The cells of the model foam consist of a spherical
gas bubble surrounded by a finite volume of liquid, in
which a volatile component is dissolved (Fig. 1). In the
case of perlite expansion, the volatile is water, the liquid
is the perlitic melt. Bubble nucleation is not taken into
account, the initial bubble size is chosen to be larger
than the critical size, necessary to allow growth (see
Equation 9). The bubbles are assumed to be indepen-
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Figure 2 Bubble growth in a finite melt volume.

dent and no drainage or coalescence are taken into ac-
count. Thus it will be sufficient to consider the growth
of only one bubble, representative for the whole system.

Bubble growth is supposed to be induced by diffusion
of the volatile from the melt to the bubble. Initially the
volatile, is distributed uniformly in the melt (Fig. 2 left).
During bubble growth, the volatile diffuses in the melt
and a concentration profile (defined in terms of molar
fraction X on Fig. 2 center) is established inside the
melt. The bubble grows until equilibrium between the
pressure inside the bubble and the oversaturation level
of the melt (Fig. 2 right). We suppose that the outer
surface of the cell S is not permeable to the volatile and
that there are no external constraints.

Initially the system is isothermal, the external bound-
aries are adiabatic. During expansion of the gas bubble,
atemperature profile is established due to the latent heat
of evaporation of water, cooling due to expansion work,
viscous heating and conduction inside the melt shell.

2.1. Model equations

The complete derivation of the model equations can be
found in [8]. Here only the main assumptions and equa-
tions will be summarised. The equations are derived for
a spherical symmetry with its origin in the center of the
bubble. The main assumptions are :

e the bubble is spherical with an initial gas bubble
radius Ry bigger than the critical growth radius and
an initial melt shell radius S,

e growthis only due to the diffusion of water, initially
uniformly distributed in the melt, coalescence and
external forces are neglected,

e the gas inside the bubble is considered as a perfect
gas,



e the gas is always in themodynamical equilibrium
at the bubble interface,

e the outer surface is not permeable for the gas,

o the system is adiabatic,

e the melt is considered as incompressible and
Newtonian.

2.1.1. Continuity equation of

the liquid phase
The continuity equation for the liquid in a spherical
symmetry and at constant density p; of the melt can be
written as:

a
pro-(rur) =0 M

which is the same as:
rzu, = const. = RzuR

with the growth velocity u g of the bubble radius R.

2.1.2. Momentum equation

In spherical coordinates, the momentum equation for
an incompressible melt, a unidirectional problem and
when neglecting gravity effects becomes:

ou, ou, ap ou, du(r)
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where t,; is the radial component of the tensor of con-
straints. By integrating Equation (2) between the gas
bubble radius R and the outer cell radius S, introduction
of the boundary conditions (3) and (4) and the continu-
ity Equation (1), the momentum equation becomes:
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For highly viscous fluids the two last terms of this equa-
tion can be neglected and the momentum equation is
written as:

20 2 [P )
Pg—Pamb=?—12R MR/R r—4d” (6)

2.1.3. Diffusion equation and mass balancy
at the interface

In spherical coordinates the diffusion of the volatile in

the melt at constant density p; and written in terms of

mass fractions Y is defined by :

8Y(t,r)+ur8Y(t,r) =ii<Dr28Y(t,r)>

ot or r or or
(7
with boundary conditions :
Y(r,0)=Y), for »r>R and =0
oY
(—) =0 for >0
or r==S
Y(R,1)=Yr=(Knp)/" for r=R and t>0
(®)

The Henry constant K}, is considered to be n =2 for
water in silicate melts [13, 14]. The last equation also
describes the necessary condition for a bubble to grow.
The bubble pressure p, has to be smaller than the sat-
uration pressure pg:

Y2

0 20
psat=a>pg=pamb+R—O for r=0

The initial radius Ry of the bubble thus has to be larger
than the critical bubble radius R to allow bubble
growth.

20
Ry > Reit = S E— for t=0 €))
K_(; — Pamb

The mass balancy at the bubble interface (r = R) can
be written as:

amy _d o d (4
_— = — = —\| —TT
ar dr PP T g \3TN e

£)4
= —Armg = 471R2D,01¥ (10)

r=R

After introduction of the ideal gas law this equation
becomes:

d [ peR? R Y

—(=— ) =3—=R?>Dp— 11
dt( Tg) M" (b

r=R
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Figure 3 Enthalpies used for the temperature determination in the gas
bubble.

2.1.4. Energy equations

For the energy conservation inside the gas bubble we
take into account the gas enthalpy H,, cooling due to
volatile evaporation H.y, cooling due to bubble expan-
sion Heyp and the heat flux from the surrounding melt
Heong (Fig. 3):

ng + dHev + dHexp = dHcond

We also suppose that the gas temperature T, only de-
pends on time. Gas enthalpy is defined by:

dHg = mgcp,dTy = Vypgcp,dTy

= in R? peM
3 RT,

cp, ATy 12)
Heat flux due to expansion of the melt is written as:

4
dHexp = —Vodpy = —§NR3dpg (13)

Heat flux due to evaporation depends on the mass flux
from the melt to the bubble (Equation 10) and we sup-
pose that the latent heat is delivered by the gas:

AH.y AHey |
dH., = dmg = Am
M M
AH,, 2 ]
= ——4n R°| Dp— e (14)
M =R

with A H,, the molar latent heat of evaporation. The
conductive heat flux is determined by:
) dr (15
r=R

Combining Equations 12 to 15, temperature evolution
of the gas bubble becomes:

a7,
dHcond = Aqcona = 47 R? ()Ml—rg

with:

ouy 2 Uy 2
u® =2pl|—) +2{— (18)
ar r
By introducing Equation 18 into Equation 17, and by

taking into account the continuity equation (1) the tem-
perature of the liquid phase can be written as:

AT Ty 1 3 M 0T, R*
ot ar  r2ar\ picp Or PICp T
(19)

with boundary conditions:

Ti(r,0)=Tp for r>R and =0
oT

(—l) =0 for t>0 (20)
or r=S

Ti(R,t)=T, for r=R and t>0

Equations 6, 7, 11, 16 and 19 constitute the system of
governing equations of the bubble growth problem.

In order to resolve this system of equations we
used the numerical code developed by Proussevitch,
Sahagian et Anderson [8] for applications in magmatic
foams and adapted it to the case of expanding perlite,
by introducing the appropriate calculation methods for
its physical properties.

3. Physical properties of perlite

In order to introduce the physical properties of per-
lite into the above bubble growth model, an exten-
sive literature review has been necessary. The physi-
cal properties of expanded perlite are rather well exa-
mined in literature, those of raw perlite are very poorly
known. Therefore we also paid attention to the physi-
cal properties of materials similar to perlite (volcanic
and commercial glasses, magma). The temperature
range in industrial expansion being rather large (am-
bient to 1300°C), the physical properties had to be
determined for this whole range to get representative
results.

3.1. Density
Literature values for the density of perlite melt vary
from 2200 to 2400 kg/m® [15-17]. Murase and

0T,  3RT, ) 0T,
ar pgRepy, M Vot

r=R

— AHoy— Dp—

1 Y

+ 5%) (16)

M7 or | g 3 o

For the heat balancy of the melt we take into account
the heat losses due to conduction and heating due to
viscous dissipation:

dT , -
PICp, d—tl = div (4 grad 7)) + pu® 17
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McBirney [18] have measured the density of an ob-
sidian melt between 800 and 1250°C. In this temper-
ature range density does not change significantly and
is situated around 2200 kg/m>. In our calculations we
used a mean value of 2350 kg/m?>.



3.2. Viscosity

Viscosity plays a key role in the expansion process of
perlite. Its determination in function of the temperature
and chemical composition will strongly influence cal-
culation results. In the temperature range encountered
during expansion, viscosity changes by more than ten
orders of magnitude.

Water content of the melt has the strongest influ-
ence on viscosity values. A decrease of one order of
magnitude per percentage of water content is generally
supposed [19, 20]. Friedman et al. [20] also stated that
the influence of temperature on the viscosity decreases
with increasing water content. They obtained viscosity
values of 10! Pa - s to 1083 Pa - s for rhyolitic glasses
between 350 and 850°C and water contents of 0.1 to
3%. Murase and McBirney [18] determined the vis-
cosity of obsidian with 0.5% water between 600 and
1300°C and obtained values of 10'* to 10° Pa - s.

Oxides like Na, O, K, O, Fe, 03, TiO,, CaO and MgO
also decrease the viscosity of the melt, but their influ-
ence is much less than that of water. Aluminium oxide
has an inverse effect: it increases the viscosity of the
melt and thus inhibits expansion of perlite. This can be
seen on perlite production sinks consisting in materials
containing less water, Na, O and K, O, but more Al,O3,
F6203 and TiOz [21]

Due to the importance of melt viscosity for volcanic
erruptions and in the glass industry, different calcula-
tion methods exist for the determination of viscosity in
function of temperature and chemical composition [22].
In general they are based on an Arrhenius equation for
the temperature dependency. The activation energies
and preexponential factors are determined in function
of the composition.

In our study we specially used the methods of
Bottinga and Weill [23], improved by Shaw [24] and
a non-arrhenian method of Hess and Dingwell [25].
These methods have been developed for the determina-
tion of magma viscosities.

In their empirical model, Bottinga and Weill [23]
and finally Shaw [24] are representing the viscosity u
in function of the molar composition X; as:

Inp=Y X; Iny 1)

Temperature influence is described by an Arrhenius
equation:

E,

n = o exp(ﬁ) (22)

which is linearised as:
In (u[Poise]) = s(10*/T[K]) — crs + ¢, (23)

where s represents the slope of the natural logarithm of
the viscosity of the multicomponent mixture in function
of the inverse temperature. The slope value s is deter-
mined from the partial slope values s;o of the pseudo-
binary system between SiO; and the constituent oxides.
The partial slope values s, for Xsio, = 1 represent char-
acteristic values for each oxide and are given in Table 1.

TABLE I Characteristic partial slope values s;o for viscosity calcula-
tions, Shaw [24]

Corresponding molar

Si0 activation energy
K kcal/mol

H,O 2.0 40

K;0, Na,O, Li,O 2.8 56

MgO, FeO 34 68

CaO, TiO; 4.5 89

AlO; 6.7 134

The mean values of cr and ¢, for magmatic melts are
cr=1.50K™!, ¢, = —6.40 [24].

The total slope value s in Equation 23 is calculated
from these values by multiplying them with the mo-
lar fraction of the corresponding oxide, summing them
up and dividing by the molar fraction of the other ox-
ides. Viscosity then can be calculated with Equation 23,
temperature dependency with Equation 22.

The authors underline that this method only should
be used for viscosities smaller than 107 Pa - s, the soft-
ening point of glass. Very high water contents (>6% of
mass) or high pressure (>1000 bar) can lead to wrong
viscosity calculations.

Hess and Dingwell [25] use a non-arrhenian ap-
proach to calculate magma viscosities. Their empiri-
cal method is based on the analysis of experimental
results published by different authors. These include
water contents Yy,0 of 0.02 to 12.3% and temperatures
between 610 and 1916 K. Hess and Dingwell finally
propose an equation to represent these experimental
results for granitic and rhyolitic melts:

log = [—3.545 4+ 0.833 In(Y,0)]

N 9601 — 2368 In(Yy1,0)
T[K]—[195.7 + 32.25In(Yn,0)]

The influence of the metallic oxides is considered to
be negligible compared to the influence of the water
content.

The results obtained by the two methods for a typical
perlite composition with 3% water (see Table III) are
represented on Fig. 4. Below 600 K, the method of Hess
and Dingwell predicts much higher viscosities than the
method of Shaw. Between 600 and 1500 K the viscosi-
ties of Shaw are up to two orders of magnitude higher
than those of Hess et Dingwell (logaritmic scale on
Fig. 4). On the same figure we also represented the vis-
cosity of the same perlite but without water, calculated
with Shaw’s method.

Both methods are widely used in literature and val-
idated for different natural glasses by experimental
measurements [23—-25]. For numerical calculations, the
method of Hess and Dingwell may cause problems,
since the logarithm of the viscosity tends to —oo when
approaching zero mass fraction of water. For that rea-
son we generally used Shaw’s method, which showed
in our test calculations a good agreement compared to
experimental literature values for viscosity [18, 23-27].
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Figure 4 Perlite viscosity calculated with the methods of Shaw [24] and
Hess and Dingwell [25].
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Figure 5 Heat conductivity of expanded perlite 4 [15, 17], and analo-
gous non-expanded materials (glasses o [29] and obsidian  [18]).

3.3. Heat conductivity

Heat conductivities of expanded perlite are well known
in the literature (e.g. [15, 17]) due to its insulation appli-
cations. These values cover a temperature range from
150 to 1150 K (Fig. 5, losanges ¢) for heat conductiv-
ity values A between 0.025 and 0.45 W/(m K). To use
these values in our numerical calculations, we interpo-
lated them with the following equation:

W
A[—} = 0.0433918 — 0.806781 x 10~* T[K]
mK

+0.313595 x 107° T2[K] (24)

These values also correspond to values measured for
Little Glass Mountain obsidian foams by Bagdassarov
and Dingwell [28].

As to our knowledge there are no literature values
for raw perlite heat conductivity. Touloukian [29] gives
heat conductivities of different glasses, represented on
Fig. 5 by circles o. Murase and McBirney [18] de-
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termined the heat conductivity of obsidian (Newberry
Rhyolite Obsidian) at temperatures from 300 to 1600 K
(Fig. 5, triangles ). We used these values in our calcu-
lations and represented them by:

W
)\|:—i| = 1.173571 + 0.065649
mK

x exp(T[K1/427.333981)

3.4. Heat capacity

This property has been examined in detail by King,
Todd and Kelley [30]. They determined the heat capac-
ity C,, of different perlite qualities with various water
contents. For fully dehydrated perlite (Fig. 6, bold line)
their regression equation in function of temperature T
is:

J
Cp(0% HgO)[—:| = (24.25 4+ 4.66 x 107°T[K]
kgK
—6.62 x 10°T%[K]) x 41.868 (25)

The heat capacity of perlites containing water is always
higher than these values, but the authors don’t give in-
dications how to calculate the heat capacity in these
cases. Perlite expanders give a value of 837 J/(kg K) at
ambient temperature [15].

Bacon [31] developed a method for calculating the
heat capacity of glasses from their chemical composi-
tion. For a typical perlite composition these values are
represented on Fig. 6 by a fine solid curve. These values
are smaller than the values of King et al. The presence
of water can not be taken into account with this method.

In order to represent the influence of the water con-
tent of raw perlite, we decided to add the heat capacity
Cp(H;0) of water vapour in function of its mass fraction
Y (H,0) to the heat capacity of dehydrated perlite:

Cppn = (1 = Y(H0)) - Cp(0% H,0)
+ Y (H,0) - Cp(H20)

The results of this calculation are represented by a dot-
ted curve on Fig. 6 for a water mass fraction of 3%. The

_ Glasses, Bacon 1977 4

1600 Perlite, King, Todd,Kelley 1943 R

-———— Perlite + C, of wator .
Perlite Design Manual .

, y L . .
200 400 600 a0 1200 1400 1600

0 100
temperature (K}

Figure 6 Heat capacity of perlite [15, 30] and glasses [31] in function
of temperature.



presence of water has a very strong influence at high
temperatures, but at these temperatures perlite would
have lost most of its water content and be expanded
and Equation 25 has to be used to calculate the heat
capacity.

3.5. Surface tension
Murase and McBirney [18] determined the surface ten-
sion of obsidian (0.5% water) in a temperature range
between 1000 and 1400°C. It shows a linear depen-
dency on temperature (Fig. 7) and can be described by:
o =0.09317 4+ 1.971 x 107*T[°C] (26)
In the temperature range considered, surface tension
takes values between 0.29 N/m and 0.37 N/m.
Proussevitch et al. [8] use a constant value of
0.32 N/m for their study of bubble growth in rhyolitic
magmas. In Equation 26 this corresponds to a temper-
ature of T =1150°C.

3.6. Diffusion coefficient

There is much literature concerning water diffusion in
natural glasses (e.g. [32—-38]). The values given in these
references for diffusion coefficients and activation en-
ergy are summarised in Table II and Fig. 8.

Moulson and Roberts [33] determined the temper-
ature dependency of the diffusion coefficient of mag-
matic liquids between 600 and 1200°C and give two
equations for its determination :

76494 (£20990
D =1.0(£0.2) x 10~ %exp (¥>

RT

m?
X 10000[—:| for addition of water
S

0.38 |-
I B Murase + McBirney
Fit

036
034 -

032
I 6=0.09317+0.0001971*T(°C)

Surface tension (N/m)

0.30 -

0.28 -

900 1000 1100 1200 1300 1400 1500
Temperature (°C)

Figure 7 Surface tension of obsidian [18].

TABLE II Diffusion coefficients and activation energies for the dif-
fusion of water in natural and commercial glasses

Author Temperature D [mz/s] E, [kJ/mol]

Marshall [32] 1027 125.4

Moulson and Roberts [33]
addition
removal

Zhang et al. [34]

Boulos and Kreidl [35]
addition 1000°C 72x 1074 765
removal 1000°C 29x 1074 723

Friedman et al. [36] - - 83

Lee [37] - - 64.8 -102.4

Karsten et al. [38] - - 79.4

20°C

1.7x10710 765
44 % 1071 72.3
1.91x 10712 103

1000 K
1000 K
1000 K

1071

10717 |
10718
10719
1020 |
102!

diffusion coefficient (m Y 5)

10722

Sahagian + Proussevitch 1997

102
10—24 |
10°2° |-
10726

———- Zhang et.al. 1991
------- Moulson + Roberts 1960 (coefl. removal)
--------- Moulson + Roberts 1960 (cocff. entry)
M Marshall 1961
<O  Boulos + Krcidl 1972

1 1 1

10—27 I

1000 1500 2000

temperature (K)

Figure 8 Diffusion coefficients of water in natural glasses.

_ 72314 (£8360)
D =2.7(£1.0) x 107’ R
( ) X exp( RT >
m2
X 10000[—:| for removal of water
S

Zhang et al. [34] give an equation for rhyolitic glasses
between 673 and 1123 K:

103000 (£5000)

InD = —14.59(£1.59) — RT

o ()]

The results of these equations show a difference of up
to 3 orders of magnitude, as it can be seen on Fig. 8
(dotted curves). The diffusion coefficient of Moulson
and Roberts is always smaller than the one of Zhang
et al. In our calculations we used both methods, in order
to determine the influence of the diffusion coefficient
determination for the expansion process.
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4. Numerical results

4.1. Parameter study

In order to validate the foam growth model for the case
of perlite, we first tested the influence of the physical
properties introduced and presented in the previous sec-
tion. This also allowed the determination of the most
important parameters for the expansion process.

For this study, we used a reference cell with a bubble
diameter Ry =4.5 pmand acell diameter Sp = 17.2 um
at a temperature of 1000°C. This temperature is a typi-
cal furnace temperature in the industrial expansion pro-
cess. The bubble and cell radius have been calculated
from the mean bubble diameter (80 pwm) and cell thick-
ness (1 wm) determined experimentally in a previous
study [21]. The viscosity has been determinated with
the method of Shaw [24], the diffusion coefficient is
calculated with the equation of Zhang et al. [34].

The raw perlite composition used for this study cor-
responds to a typical composition of Provatas perlite
from the island of Milos in Grece (Table III).

4.1.1. Influence of the initial cell size

The initial bubble radius R and the cell radius Sy have
been varied in a way to keep constant the mass of the
melt. Five different combinations have been tested.

Ry [pnm] 14.4 12.3 9.4 7.1 4.5
So [nm] 20 19 18 17.5 17.2

The results of these calculations are represented on
Fig. 9. The final bubble radius (125 pm) is the same for

140

R,=144um, 8 ~20 pm
R.=123pum, SO=19p m

0
0
R,=9.41m, S =18um
0
0

N
=3

R~7-1Hm, S=175um
R =45pum, So=17'2 wm

)
8

@
S

bubble radius R (um;
ford
{3

»
S

B & Ro=4.5 um

@D @
f= (=]

gas pressure (bar)

IS
(=}

201

1
time {s})

TABLE IIT Composition of raw perlite used in this study

Si02 AI203 Fe203 CaO MgO TiO2 Na20 K20 H20

747 116 1.08 129 051 0.1 3.65 284 3.09

all five initial radiuses (Fig. 9 top, left), since it is only
determined by the water content. For times smaller than
0.5 s, the bubble radius R is different in the five cases.
After this moment the radius is nearly the same and the
initial radius has no more influence.

As residence time of the particles in the industrial ex-
pansion process is generally in the order of one second,
we will have to pay attention to the initial calculation
radius for comparison with experimental results.

The mean viscosity of the melt in function of time
and different initial radius is represented on the right top
of Fig. 9. For bigger cells, viscosity is increasing faster
at the beginning of the expansion than for smaller cells.
This is due to the bigger surface between the bubble
and the melt, which increases the water diffusion and
decreases the viscosity of the melt due to the water loss.
The final viscosity is the same for all initial cell sizes,
since it is determined by the chemical composition and
temperature, which are the same in all cases.

Gas pressure inside the bubble increases with de-
creasing initial bubble size (Fig. 9 bottom, left). Due to
the bigger viscosity of the small bubble, the dynamic
pressure term of the momentum equation (6) decreases.
Ambient pressure can be neglected in our case com-
pared to the much bigger bubble pressures.

The mean temperature of the melt decreases during
expansion from 1000°C to 983°C (Fig. 9 bottom, right).
This temperature difference is essentially due to the
water evaporation inside the bubble.
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Figure 9 Influence of the initial cell size on bubble growth in perlite: gas bubble radius R (top, left), viscosity (top, right), gas pressure (bottom, left)

and mean melt temperature (bottom, right).
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4.1.2. Influence of the initial temperature
The influence of the initial temperature on the bubble
growth of a cell with Ry =4.5 um and Sp=17.2 um
is represented on Fig. 10. The viscosity has been cal-
culated with Shaw’s method, the diffusion coefficient
with the equation of Zhang et al.

Bubbles are growing faster and to bigger diameters if
initial temperature is higher. The reason is the decrease
of viscosity of some orders of magnitude, if tempera-
ture increases (Fig. 10 top, right). In that case a lower
pressure is sufficient to expand the bubble. The final cell
radius is slightly bigger if temperature is higher, since
the glassy shell is thinner due to the smaller viscosity
(Fig. 10 bottom, right).

4.1.3. Influence of the initial water content
The influence of the initial water content of the melt
is shown on Fig. 11 for an initial radius Ry =4.5 pum.
Initial temperature is 1000°C, viscosity has been cal-
culated with Shaw’s method, the diffusion coefficient
with the equation of Zhang et al.

When doubling the water mass fraction from 2% to
4%, the final radius is increasing for one third from
106 pum to 136 pum. During the period of strongest
growth between 0.1 and 1 second, the diameter of
the bubble with 4% of water (symbols “x”) can be 8
times bigger than the one of the bubble with 2% of
water (symbols “+”). Growth begins later and final
bubble radius is reached later for the bubble with less
water.
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This can be explained by the viscosity of the melt,
which is two orders of magnitude smaller for the bub-
ble with 4% water (Fig. 11 top, right), since wa-
ter is the component with the biggest influence on
viscosity.

Pressure is smaller in the cell with 4% water (Fig. 11
bottom, left). The mean temperature of the melt is de-
creasing faster if water content is high. The latent heat
of evaporation is higher in that case and the melt is
cooled faster.

4.1.4. Influence of the viscosity

In order to examine the influence of viscosity on the
expansion process, two different methods (Shaw [24]
and Hess and Dingwell [25]) for calculating the vis-
cosity in function of temperature and chemical compo-
sition have been used. The initial radius of the bub-
ble is 4.5 um, initial temperature 1000°C. The dif-
fusion coefficient is calculated with the equation of
Zhang et al.

The final bubble radius is the same for both viscosi-
ties (Fig. 12 top, left) since equilibrium is attained when
all water has diffused to the gas bubble. At the begin-
ning of expansion (¢ < 0.05 s) less water has diffused
and the influence of water loss on the calculation of the
viscosity is small. During the strongest growth period
between r =0.05 s and ¢ =35 s the difference between
the bubble radius, obtained with the two methods, is
very strong. The radius calculated with the method of
Hess and Dingwell can be two times bigger than the

—
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Figure 10 Influence of the initial temperature on bubble growth in perlite: gas bubble radius R (top, left), viscosity (top, right), gas pressure (bottom,

left) and shell thickness S — R (bottom, right).
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Figure 11 Influence of the initial water content on bubble growth in perlite: gas bubble radius R (top, left), viscosity (top, right), gas pressure (bottom,
left) and mean melt temperature (bottom, right).
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radius obtained with Shaw’s method (Fig. 12 top left,
t=0.1to15s).

These results can be explained by the viscosity dif-
ference calculated for the same material with the two
different methods. Viscosity of Shaw exceeds the vis-
cosity of Hess and Dingwell by up to one order of mag-
nitude. Bubble growth is slower and a higher pressure
is necessary to expand the bubble (Fig. 12 bottom, left).

At the beginning, mean temperature of the melt is
higher for Shaw’s method, since the higher viscosity
leads to higher viscous heating (Fig. 12 bottom, right).
Final temperature is nearly the same, due to the latent
heat of water evaporation, which is the biggest term in
the energy equation.

4.1.5. Influence of the diffusion coefficient
The strong differences for the diffusion coefficient of
water in natural glasses have been shown in Section 3.6.
In order to determine its influence on the expansion pro-
cess, we compare in this section the results obtained
with the coefficients of Moulson and Roberts [33] and
those of Zhang et al. [34]. Viscosity has been deter-
mined by the method of Shaw [24], initial radius is
4.5 pm, initial temperature 1000°C.

The diffusion coefficient has its strongest influence
on the bubble radius until t ~2 s (Fig. 13 top, left).
During this time the bubble radius can be up to 4 times
bigger if calculated like Zhang et al. [34] compared to
the diffusion coefficient of Moulson and Roberts [33].
Since industrial expansion takes place during this pe-

140

+—+ Moulson and Roberts
120 |o—© Zhang et al.

[[*—+ Moulson and Roberts|”
e—o Zhangetal.

gas pressure (bar)

time (s)

riod, the choice of D is very important for the validity
of model calculations.

The bigger diffusion coefficient of Zhang leads to
higher viscosity, due to smaller water content (Fig. 13
top, right). Higher gas pressure is necessary to expand
the bubble.

The melt is cooled more rapidly (Fig. 13 bottom,
right) since higher pressure causes higher heat loss due
to expansion (Equation 13).

4.2. Simulation of the bubble growth
during perlite expansion in an
industrial furnace

In the previous sections, bubble growth has been ob-
served until its maximum diameter when equilibrium
has been attained between water concentration in the
melt and water vapour pressure in the bubble. During
industrial expansion, the perlite particle has a limited
residence time in the furnace and is cooled quasi-
instantaneously at the exit of the furnace. Bubble ex-
pansion thus is stopped immediately. At the same time,
particle temperature varies inside the furnace, since par-
ticles have to be heated up from injection temperature
to expansion temperature.

In order to simulate the bubble size at the exit of an
expansion furnace, we have to take into account the
temperature evolution of the particle during its trajec-
tory in the furnace and its total residence time.

On Fig. 14 are represented typical particle center
(Tp0) and surface temperatures (Tps) for two 1 mm
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Figure 13 Influence of diffusion coefficient calculation method on bubble growth in perlite: gas bubble radius R (top, left), viscosity (top, right), gas

pressure (bottom, left) and melt temperature (bottom, right).
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Figure 14 Typical center (Tp0) and surface temperatures (Tps) of per-
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Approximation of this profile by a step function for the simulation of
temperature evolution of a growing bubble in the expanding material
(bold solid line).

particles during their trajectories in an industrial ex-
pansion furnace [21, 39—41]. The temperature increases
nearly linearly during the first 0.75 seconds, then a quasi
constant temperature is attained until the exit of the par-
ticle, 2.7 seconds after its entry.

In order to simulate this temperature evolution dur-
ing the particle trajectory with our adiabatic bubble
growth model, we approximate it by a step function
up to a mean constant temperature at the end of the tra-
jectory. This approximation is represented on Fig. 14
by abold line. Temperature is increased for 100 K every
0.085 s and attains after 0.765 s a constant temperature
of 1240 K. This temperature is maintained untilt =2.7 s
after the beginning of heating. The growth results ob-
tained with the adiabatic model at each temperature
step after 0.085 s, are used to initialise the following
temperature step at 100 K higher temperature. The last
calculation at 1240 K is maintained for 2 s in order to
calculate the final bubble radius for a total residence
time of 2.765 s.

In the following sections we will present the results
of these simulations in function of the most impor-
tant parameters which are viscosity, diffusion coeffi-
cient and water content for two different initial cell
sizes (Ry=4.5 um, Sy =17.2 um and Ry = 14.4 pm,
So=20.0 wm).

D :Zhang et al., R=4.5 pm, S=17.2 pm
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4.2.1. Influence of the viscosity

The results of our simulations are represented on Fig. 15
in function of the temperature steps, for the two dif-
ferent viscosity calculation methods presented above.
Mass fraction of water is 3%, the diffusion coefficient
is calculated with the equation of Zhang et al. The bub-
ble radius R is indicated at the end of each temperature
step (after At=0.085 s) with filled symbols, the cell
radius S is represented with hollow symbols.

Bubble growth is very small until a temperature of
1100 K (therefore we have represented only the radius
from 1000 K on). This is valid for both viscosity cal-
culation methods and both initial radiuses. The maxi-
mum growth rate is attained during the last 2 seconds
at 1240 K.

This result reflects the two stages of expansion: a
first phase where vesiculation takes place and an im-
portant part of the water content is driven out without
notable expansion, and a second stage, after viscosity
has reached the glass transition viscosity, where the
material is expanded by the remaining tenth of mass
percent of water [42].

The bubble radius at the end of the trajectory af-
ter 2.7 s depends very strongly on the viscosity cal-
culation method. The smaller viscosity of Hess and
Dingwell [25] gives a final radius of 100 pm, instead of
56 um with the method of Shaw [24]. The initial radius
has no influence on the final growth result, it nearly
remains the same for both cases. The shell thickness
(S — R) is smaller in the case of Hess and Dingwell
(0.2—0.3 pm). The higher viscosity of Shaw leads to
a shell thickness of 0.5 um. The expansion coefficient
4 of the bubble, defined as the relation between the ex-
panded radius Sexp and the initial radius Sy of the cell,
is given in the following table:

17.2 20.0
So [um] Sexp ) Sexp )
Hess and Dingwell 100 pem 5.8 103 um 5.0
Shaw 56 um 3.3 58 um 3.0

The values obtained with Shaw’s method for the per-
lite considered in our case are more realistic compared

D : Zhang et al., R=14.4 um, §;=20.0 um
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Figure 15 Influence of viscosity on bubble growth during the trajectory in an industrial furnace in function of the temperature, left: Ro =4.5 um,
So=17.2 um, right: Ry =14.4 pum, Sop =20 pm; hollow symbols: evolution of S, filled symbols: evolution of R.
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to industrial expansion results, where generally an ex-
pansion coefficient of 3 is obtained.

On Fig. 16, the same bubble growth case is repre-
sented in function of time. The radius at the end of
each temperature step is represented by symbols. The
evolution of cell radius S is represented by bold lines,
the one of bubble radius R by a thin line. The rightmost
symbols on the graphs indicate the radius at the fur-
nace exit. The hypothetic growth evolution with longer
residence time in the 1240 K zone is indicated by the
continuing line.

Growth begins 0.85 s after beginning of heating at
a temperature of 1200 K. If growth would not be in-
terrupted after 2.7 s, the potential final radius of 122
um would be attained at r &~ 10 s for the case of Hess
and Dingwell, and after t ~ 20 s for the case of Shaw.
These two results are independent of the initial bubble
size.

4.2.2. Influence of the initial water content
The influence of water content on bubble growth during
the particle trajectory in an expansion furnace is repre-
sented on Fig. 17 for two initial radiuses (Ry = 4.5 um,
So=17.2 um and Ry =14.4 um, Sy =20.0 um). Vis-
cosity and diffusion coefficient are calculated with the
methods of Shaw and Zhang et al. The rightmost sym-
bols indicate the radius at the furnace exit. The evolution
with a longer residence time is represented by a solid
line.

D : Zhang, R=4.5 um, S;=17.2 um
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The bubble radius at furnace exit (symbols) increases
with initial water content. With 4% water content, the
radius (at 2.7 s) is two times bigger than with 2% wa-
ter. The shell thickness increases from 0.3 um to 1
pm for 2% water content. The initial radius has only
a small influence, at 2% water content the exit radius
is 35 pum for an initial bubble of Ry =4.5 um, instead
of 40 um for Ry =14.4 pum. Significative growth al-
ways starts at 1200 K after a heating time of about 0.85
seconds. The exit radiuses and expansion coefficients
8 are represented in the following table. All values are
situated in the range of industrially obtained expansion
coefficients.

17.2 20.0
So [pm] Sexp 8 Sexp )
2% H,0 35 um 2.0 40 pm 2.0
3% H,0 57 um 3.3 59 um 3.0
4% H,0 74 pm 4.3 74 pm 3.7

4.2.3. Influence of the diffusion coefficient
The influence of the water diffusion coefficient on the
results of the trajectory simulations is represented on
Fig. 18 Water content is 3%, viscosity has been calcu-
lated with the method of Shaw.

With the diffusion coefficients of Moulson and
Roberts, the bubble is much smaller (29 um) at the

D : Zhang et al.
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Figure 16 Influence of viscosity on bubble growth during the trajectory in an industrial furnace in function of time, left: Ro =4.5 um, So =17.2 um,
right: Rp = 14.4 um, So = 20 pm; hollow symbols: evolution of S, filled symbols: evolution of R.
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Figure 17 Influence of initial water content on bubble growth during the trajectory in an industrial furnace in function of time, left: Ro =4.5 um,
So=17.2 um, right: Ry =14.4 pum, Sop =20 um; hollow symbols: evolution of S, filled symbols: evolution of R.
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Figure 18 Influence of diffusion coefficient on bubble growth during the trajectory in an industrial furnace in function of time, left: Rp =4.5 um,
So=17.2 um, right: Ry = 14.4 pum, Sop =20 pm; hollow symbols: evolution of S, filled symbols: evolution of R.

furnace exit than with the coefficient of Zhang (57 um),
if starting with a cell of Sop = 17.2 um (Fig. 18 left, sym-
bols at t =2.7 s). In the case of the initially bigger cell
(Fig. 18 right, symbols at t = 2.7 s) the difference of the
exit bubble radius is much smaller (58.5 pm instead of
55.6 um). The shell thickness is 0.6 to 0.9 pm for the
diffusion coefficient of Moulson and Robert, compared
to 0.5 pm for the coefficient of Zhang. The expansion
coefficients § in the following table depend less on the
initial size for the coefficients of Zhang et al. than for
those of Moulson and Roberts.

17.2 20.0
So [um] Sexp 8 Sexp 8
Moulson and Roberts 29 um 1.7 58.5 um 2.8
Zhang et al. 57 pm 33 55.6 um 3.0

A bigger surface of the bubble apparently counter-
balances the smaller diffusion coefficient of Moulson
and Roberts, and the water mass flux is no longer deter-
mined by the diffusion coefficient, as for small bubbles,
but by the bubble surface.

5. Discussion and conclusions

A bubble growth model for the simulation of perlite
expansion has been developed. The numerical results
obtained with this model for bubble growth in a finite
volume of melt allow a better understanding of the ex-
pansion phenomenon of perlite.

The most important parameters for the process have
been emphasised. They are the water content of the
melt, temperature and related to those the viscosity
and diffusion coefficient of water in the melt. Vis-
cosity and diffusion coefficients are difficult to deter-
mine experimentally and literature values show very
large differences concerning these parameters. Water
content is intrinsic to the material used and gener-
ally cannot be determined continuously in an indus-
trial context. The only parameter which can be changed
easily in the industrial process is the temperature
evolution.

The comparison of the model results with experi-
mental values [1, 21, 43] can help us to determine a set
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of calculation methods for viscosity and the diffusion
coefficient for the material used:

e With the method of Shaw [24] a bubble growth of
about 3 times the initial radius is predicted, which
corresponds to industrial perlite expansion coeffi-
cients. The method of Hess and Dingwell [25], in
our case, leads to an expansion coefficient which is
5 times the initial radius, and thus too big compared
to industrial values.

e The final cell size (d =2 - S =116 um) obtained
with the methods of Shaw (viscosity) and Zhang
et al. [34] (diffusion) lies near experimental values
determined by electron microscopy [21, 43], which
are between 20 um and 170 wm with a mean value
of 80 um. The method of Hess and Dingwell (vis-
cosity), estimating a cell diameter of d =200 pm,
gives too large bubbles compared to these experi-
mental values.

e The calculation method of the diffusion coefficient
has a very strong influence on the simulation re-
sults. With the method of Moulson and Roberts
[33], the final bubble size depends very strongly
on the initial cell size, which is not the case with
the method of Zhang et al. The final bubble ra-
dius of 29 um (d = 58 um for an initial cell size of
So = 14.4 um) is at the lower limit compared to the
experimental results. The expansion coefficient of
2 is smaller than the industrial one.

e Shell thickness at the end of expansion varies in
our calculations between 0.2 um with the meth-
ods of Hess and Dingwell (viscosity) and Zhang et
al. (diffusion), and 0.6 to 0.9 um with the method
of Shaw for viscosity. Experimental results [21,
43] give a wall thickness of 0.1 to 1 um. The
calculation results correspond very well to these
values.

In conclusion of these comparisons, it seems that the
combination of the viscosity calculation of Shaw [24]
and the diffusion coefficient of Zhang et al. [34] are the
most appropriate for the simulation of the expansion
process of the perlite used here. The expansion coeffi-
cient and wall thickness are reproduced very well. The
bubble size is slightly overestimated compared to the
experimental mean value.



This overestimation can be explained by several
model assumptions. In the model the bubble is
impermeable at its external surface. All the water in
the melt only can diffuse to the gas bubble. In reality
the bubble also has water loss at its outer surface or can
even crack.

Coalescence and film drainage have not been taken
into account in our model. Due to the high viscosity of
the melt these phenomenon should not have a strong
influence on growth.

Viscosity of real perlite melt may be higher than the
calculated one. Solid inclusions and micropores in the
molten material can influence viscosity in such a way
[44]. There are also doubts concerning the Newtonian
behaviour of the melt [19], as supposed in the model.

In the calculations, expansion begins at 1100 K
(830°C) with an accelerated expansion between 1200
and 1240 K (930 to 970°C). These temperatures cor-
respond to industrial expansion temperatures and lab-
oratory experiments concerning the kinetics of perlite
expansion [42]. The calculations show the strong influ-
ence of residence time in a given temperature level and
of the temperature level itself. In the industrial process,
which treats inhomogeneous material, these parameters
will represent the key to the desired expansion result.
A slightly higher residence time can lead to a strong
increase of the expansion rate.
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