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KINETICS OF STRUCTURAL TRANSFORMATIONS AT PORES
FORMATION DURING HIGH-TEMPERATURE TREATMENT
OF FOAM GLASS
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Annotation: The work shows the key points used in the simulation of pores formation and growth in the foam
glass structure. Pore is represented as a separate radius growth center with the outer boundary of a spherical shape
and with a specified value of the initial radius surrounded by a finite volume of molten glass that is a part of foam
glass charge stock. Solution of three-dimensional problem is reduced to one-dimensional setting in spherical co-
ordinates. The presented model takes into consideration kinetics of pores radius growth, taking into account the
influence of glass viscosity and surface tension, as well as the effect of moving (stretching) glass cladding when
pores radius increases.
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AHHoTaums: B paboTe mokazaHbl KI1I0YeBbIe MOMEHTBI, IPUMEHAEMbIE TP MOAEIMPOBAHUH Mpoiecca GOpMUPOBAHHS
1 pOcCTa Mop B CTPYKType nenoctekna. [lopa mpeacrasnsercs kKak eIUHUYHBIN HEHTP POCTa paJnyca ¢ BHEUIHEH rpaHuIeit
cdepuueckoil GOpMbI M C 3aJaHHBIM 3HAYEHHUEM HA4aJbHOIO pajuyca, OKPYKEHHbIH KOHEYHbIM O0OBEMOM pacljiaBa
CTEKJIa, BXOMSIIEr0 B COCTAaB MEHOCTEKOIbHON MIMXTHI. PelieHne TpexmMepHoil 3a1auu CBEACHO K OJTHOMEpPHOI MmocTa-
HOBKe B c(hepuuecKux KoopanHarax. [IpeacraBieHHas MOAEIb yUYUTHIBAET KWHETUKY POCTa paguyca Mop ¢ y4eTOM BIIH-
SIHUSL BSI3KOCTHU CTEKJIAa ¥ TIOBEPXHOCTHOTO HATSHKEHHS, a Takke d(P(EKT NBIKYIIEHCS (pacTATHBAONICIHCS) CTEKIISTHHON
000JI0YKH TIPH YBEITHMYCHUH PAJIIyCa TIOPBL.

KuarwoueBble ciioBa: TIIEHOCTEKIIO, EAMHUYHAA IT0Opa, MATEMATUICCKOE MOJACTIUPOBAHUE, CTCKIITHHAA O60J’IOLIKa, TIOBEPX-
HOCTHOC HATAXKCHUEC, BA3BKOCTh

1. INTRODUCTION

Currently, manufacturers of heat insulating ma-
terials have to adapt to the dynamically changing
market conditions, since consumers start to pay
interest to the materials with high structural per-
formance and materials with good heat and sound
insulation properties.
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In this regard, such heat insulating material as
foam glass [15] gains growing popularity. Foam
glass production technology is associated with
thermal treatment of raw material mixture (foam
glass charge stock), which involves consumption
of a significant amount of electrical power [2, 5],
due to which the finished product cost is higher
than for example, in case of expanded-clay con-
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crete, foamed concrete, autoclaved aerated con-
crete, pumice stone concrete, sawdust concrete
and other heat insulating materials.

It is required to pay attention to scheduling ther-
mal treatment processes in order to reduce the
production cost of foam glass. Knowledge of the
heating processes peculiarities, foaming and an-
nealing of foam glass charge stock will enable to
adjust the material quality, energy consumption
and production areas by adjusting the thermal
treatment modes and sizes of process equipment
[13].

It is worth noting that one of the main factors in
the foam glass technology is to obtain the mate-
rial with uniformly distributed pores throughout
the volume. Foam glass porous structure for-
mation is very important, because physical and
chemical properties of finished product are
formed during this process [3, 6].

Currently, foam glass powder production method
is the most widespread because it enables to re-
ceive the finished product with different charac-
teristics depending on composition and ratio of
raw feedstock and gas developing agent [12].
For receive foam glass with the use of powder
method the mixture of crushed glass and gas de-
veloping agent is subjected to thermal treatment
at the temperatures above the glass softening
point and gas developing agent decomposition.
During the heating the glass particles are sintered
together forming the pores, which gas developing
agent particles get into [16]. Thus, the pores ra-
dius growth centers are formed. External bound-
aries of pores radius growth centers must be in-
creased in order to produce foam glass with low
density and with large volumetric weight. Due to
similar processes the thickness of formed inter-
porous glassy partitions decreases [11]. Sintering
and pores initial formation is shown schemati-
cally in Fig. 1.

Thermal decomposition of gas developing agent
and increase in the gas stage content in the foam
glass charge stock determines the pore-forming
potential of the whole charge stock.
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™ Gas developing g
agent particles
Figure 1. Pores initial formation during
sintering of glass/gas developing agent mixture.

Equilibrium state of gas phase pressure inside a
pore and surface tension of molten glass on its
boundaries contributes to formation of a uniform
porous structure throughout the material volume.
Gas developing agent activation leading to in-
crease in gas phase pressure and as a conse-
quence the volume inside a pore constitutes iner-
tial potential of call growth. Gas generation de-
pends on the bulk transfer of chemically and
physically dissolved oxygen in the glass volume
around the pore surface [7], during its interaction
with carbon the CO or COz, the gas, is formed.
The most developed models describing the pores
growth or shrinkage in the glass melt consider
only separate pore in an infinite glass melt with a
spherical shape. Obvious conclusion is that sim-
ulation of pore growth in foam glass charge stock
taking into consideration limitless glass melt sur-
rounding the latter one does not provide adequate
dependencies and perceptions of structural trans-
formations in the process of foam glass charge
stock thermal treatment.

The works [20, 22] demonstrate that the ap-
proaches in which assumptions about infinite
melt of foam glass charge stock surrounding a
separate pore are adopted, can be applied to sim-
ulate the structural transformations only at the in-
itial stages of pores radius growth with the sizes
about 10 microns. However, over time, in terms
of pores radius growth, the latter ones start to in-
teract with each other, thereby forming a porous
matrix (Fig. 2).
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2. RESEARCH METHODS

Simulation of separate pore radius growth taking
into consideration infinite melt glass volume sur-
rounding a pore is non-rational because with this
assumption the cellular structure of the target ma-
terial and interaction of neighboring pores is not
taken into account. Cellular structure of foam
glass shows that each pore cladding is sur-
rounded by a finite volume within the limits of its
glass partitions. Pores shape in the finished foam
glass is more polygonal than spherical. This de-
viation from spherical nature dramatically in-
creases the mathematic simulation complexity.
However, taking pores spherical shape during
mathematic simulation with small volume-equal
partitions, as shown in Figure 3, instead of poly-
gons, permissible error in this case does not ex-
ceed 5%. This ratio was determined by compar-
ing the models with the structure in the pores
form with systems of closely spaced pores [19].
Figure 3 demonstrates the model of spherical
pores in foam glass where spherical pores (cells)
and glass claddings around them are displayed in
such a way having described a single unit cell
then the rest of the cells can be similarly de-
scribed.

In developing the model we consider a separate
spherical pore with an initial radius surrounded
by a finite volume of foam glass charge stock
melt. This allows to reduce the three dimensional
problem to one-dimensional problem in spherical
coordinates.
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Glass cladding

Pores superposition

Spherical pore
Figure 3. Model of spherical pores in foam
glass.

Important aspect of pores growth simulation is
the influence of pore radius increasing on the
molten glass volume. Taking into consideration
the spherical shape of pores, surrounded by glass
cladding, the cladding thickness decreases with
pore radius increasing, since constant volume of
the mold for foaming is assumed. Glass particles
melt, stick together with each other and form
voids at the initial stage. With increasing temper-
ature, first shrinkage of the charge stock as a re-
sult of transition from solid to molten state takes
place, and then gas developing agent inside the
voids starts to activate, and the internal pressure
starts to increase thereby forming a pore. Shrink-
age (decrease of the geometric dimensions) occurs
as long as the pressure generated inside the form-
ing pore is equal to the pressure on the surface.
Growth of the produced gas concentration gradu-
ally leads to increasing in internal pressure and in-
creasing in the pore radius. This effect is shown
schematically in Fig. 4.

Gas developing agent Glass cladding
particles melt

a b ¢ d e

Figure 4. Dynamics of change of the radius of
separate pores and melt glass cladding volume
(a— sticking of particles and the pores for-
mation, b — pore reduction, ¢ — glass cladding
formation; d — pore growth; e — decrease of
glass cladding volume).
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Analysis of the existing mathematical models de-
scribing the formation of foam glass porous
structure [14, 17] has shown that it is required to
develop such a model that will enable to describe
the foaming process not only at the micro level
(separate pore change, but at the macro level as
well (size change of the total charge stock vol-
ume), since it is required to resolve the boundary
value problem with moving boundaries for the
ability to describe the temperature fields in foam
glass charge stock, and without knowledge of the
law regarding changing the geometry of the
charge stock is almost impossible. Simulation of
temperature fields’ distribution in charge stock is
one of the key issues in improving the foam glass
production technology. In this work we didn't
state the aim to describe influence of the law re-
garding pore size change on the solution of equa-
tions on heat conductivity factor in charge stock.
However, we should not keep silence about the
fact. Returning to the question of bubble growth
simulation, it should be noted that ideally, the
model should consider not only described by us
below effects of glass viscosity and surface ten-
sion, but also the diffusion processes as the mass
transfer of the molten glass determines the laws
of the porous structure of foam glass formation.

3. BASIC PART

Complexity of pores formation in the foam glass
during its production significantly complicates
the analytical solution for such problems. Thus,
it's required to simplify certain conditions or
even neglect them, so let's take a number of as-

sumptions.
1. Melt glass around a pore is taken as incom-
pressible
d _
dt ’

while the glass density forming a part of
foam glass charge stock — as constant at any
point and time moment

Vp=0.
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2. Melt viscosity of foam glass charge stock
will be taken as depending only on tempera-
ture and pressure.

3. We consider a separate pore of a completely
spherical shape, therefore,

] ]
va—v¢—0, ﬁ—ﬁ—o.
The assumption shows that cladding external
boundary is the boundary between two pores
of identical size, including its cladding.

4. Temperature is taken as constant for every
small time interval, i.e. there is no tempera-
ture gradient in the area pore/glass cladding.

5. Spherical coordinates with the system origin
of coordinates in the pore center are used
(Fig. 5).

6. Despite the fact that external boundary of the
considered pore cladding out of the glass
melt is the boundary between the neighbor-
ing pores of identical size (Fig. 3) we assume
that the external surface of separate pore
(when r = Rz2) is impermeable to penetration
of gaseous products that are generated as a
result of thermal decomposition reaction of
the gas developing agent in the neighboring
pores.

Figure 5. The coordinates system used
for the considered pore.
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7. Glass melt behaves as a Newtonian fluid, i.e.
viscosity, according to this definition, de-
pends only on temperature and pressure, but
not from movement rate.

Continuity equation for fluid in accordance with

[4] can be written down as:

= _(V ' pv)a (1)
where p — fluid density [kg/m?®], ¢ — time [sec]
and v — vector of the sustained mass flow rate
[m/sec]. For incompressible fluid with constant
density values, we get the following:
V-v)=0. (2)
Spherical symmetry eliminates expression for di-
rections 0 and ¢. At a constant glass density for
the continuity equation at the glass phase we get:
(V) =5+ 02v,) = 0 3)
r2 or r i
where » — radial coordinate in spherical coordi-
nates [m], v+ — average fluid rate in r direction
[m/sec].
Integration of equation (3) between the two bound-
aries R1 and Rz, where Rj is the pores inner radius
[m] and R2 is the outer radius [m], leads to:

2
2, — = R2 o =R
r?v, = constant = R{vg, © v, = vp,, (4)

where v —pores radius growth rate R;.

_ de
VR, = a "

)

Under the conditions that the pore has a spherical
shape, the glass melt is a continuous medium that
fills the space without voids and gaps, and, ne-
glecting gravitational forces, the Navier — Stokes
equation for incompressible viscous fluid is re-
duced to the following view [3]:

avr
el

————— " (riny,) + e ()

avr]
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where p — pressure [Pa], tr— radial component of
the stress tensor in the r-direction [Pa], tes, Ty —
similar components of the stress tensor in the in-
dicated directions 6 and ¢.

Assuming that the viscous fluid follows the New-
ton's law of viscous friction in its flow, T 1S ob-
tained:

v,

Trr = —H [2 ] +Z s H (V-v), (7)
where p — factor of fluid dynamic viscosity
[PA-s]. In terms of equation (2) we get:

vy
Tyr = — .ua_i- (8)

Similarly, the equations for s and 74y are con-
verted to the following view:

10173
Top = —H [2 (r 26 +_)] -
v =2t )
_ 1 % v+vg ctgf
T‘p(p - TH [2 (rsine dp + r )] +
+2u (V- v) = —2p (10)

Then by putting the values of equations (8)-(10)
in equation (5), we get:

[Ovr c')vr] _
__op_190 vr 2\ _ 4,0
- or rzar( or r ) 4’ur2'(ll)

Temperature range of the foam glass froth build-
ing varies from 600 °C to 900 °C, and corre-
sponding dynamic viscosity p of foam glass
charge stock modifies in the interval from 10 to
10° [Pa]. Duration of foaming process makes
from 0.5 to 1 hour, and the pore radius varies
double-order from standard 103 to 107 [ml].
Reynolds Number:

_ PVR2R
U
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less than 10 throughout the total froth building
mode [8, 9]. In other words: for liquids with high
viscosity two members of the left-hand side of
equation (10) can be neglected since vris very

small and changes very slowly. Therefore, the
v,
ot
can be neglected. This simplifies equation (11) to

the view:

o d L
thermal inertia v, % and the inertial member

v,
ar

ap 16(_ -rz)—4/1:—2=0~ (12)

Let's integrate equation (12), between » = R and
r = Ra (glass cladding boundaries):

R, 6p R, 1 a a‘l}r a2 _
Joy o dr = [, ga(—zﬂ? r?)dr
2 Uy
— [y 4udr (13)

Let's integrate the first additive component:

[ (=2ydr = pR) - p(R)  (14)

Let's integrate the second additive component by
substituting equation (4):

jR21 0( ) v, 2)d B
Ry r2or “ar r "=

_JRZ 1 0 (4uRfvg, g =

B R, T2OT r "=
Rz 1

= 4,uRva1f r—4dr =

Ry

4 11
sHELVR [ 7 g3

(15)

Let's integrate the third additive component by
substituting equation (4):

Ry
j 4,ur—2dr =

Ry
Ry, 1 4 1 1
= 4uRPvg, [ dr = SuR?vy, [@ - R_%] (16)

Difference of equations (15) and (16) is equal to
zero, so during integration of equation (12) be-
tween R1 and R> we'll get:
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pi(Ry) —pi(Ry) =0, (17)
where pac(R1) — fluid pressure at the inner radius
r =R, px(R2) — fluid pressure at the outer radius
r=Ra.

It should be noted that Ri and Rz are functions of
time (R1 (t) and Rz (t)).

It is required to obtain the power balance in order
to determine the values of various pressures, aris-
ing in the glass melt when » = R1 and » = Ra, as
well as surface tension effect on pores growth. In
the absence of external powers on the fluid power
balance can be obtained in accordance with Fig.
6.

As it has been already noted, the pore outer
boundary at » = Rz is not the real outer boundary,
but is the boundary of the glass cladding of the
adjacent pore. Since one pore with its cladding is
considered, initial pressure is the pressure ap-
plied to the entire system (pore + glass cladding).

Glass

Figure 6. Power balance on the external
and internal border of the glass cladding,
arrows indicate the direction of forces.

Taking into account symmetry of the porous
structure in the considered model of porous struc-
ture, the pressure acting on the glass cladding
when r = Ra(pressure at the external boundary of
glass melt), formed during gas formation reaction
at thermal decomposition of gas developing
agent in the foaming stages, we'll receive the bal-
ance of powers:

1) forr = Ry:

163



Pint. T Trr,r(Rl) =

=p(R) + Ty (R) +57. (18)

where p;,;. — gas pressure inside the pore [PA], o
— surface tension factor [N/m], ZR—G — voltage act-
1

ing perpendicularly to the fluid surface due to
surface tension.
2) forr = Ry:

Dext. = Di(R2) + Tpr (R2), (19)

where pext. — pressure on external (outer) border
of the glass melt [Pa].
Radial viscosity tension of gas phase /¢ is very
small compared to T+, of liquid phase and there-
fore it can be neglected. 1+, is given by equation
(7) therefore, by combining equations (8) and (4),
we get the equation describing the stresses in the
inner radius (R1) and outer radius (R2):

4'“. dR1

Trri(Ry) = -0 (20)
4u dRrR
Trri(Ry) = - (1)

From power balance and equations (17), we get:

20
Pint. — Pext. — R_l

dR; 1 dR, 1
—4 (_1___2_) = 0.
dt Ry dt R,

(22)

Since the total volume of pore cladding glass
melt (Vac) is adopted by us as constant, R1 and Rz
will be linked through the equation:

4

v, = En(RS — R?) = constant. (23)

Thus:
1
Vi 3 ’
R2 = |z + R]_ .
=TT

3

24)
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In order to get the formula of radius R1 change it
is required to calculate the change in R2 depend-
ing on Ri:

dR, _ dR,dRy _ R?

- - 2
dt  dR; dt (3—"1+R§)§
41T

Combining equations (22), (24) and (25), we get
the equation for the pore growth:

dR,

(25)

ARy S L+R
— = 5y (OpRy — 20),  (26)
WMo
where
AP = Dint. — Pext.- (27)

The Runge—Kutta fourth-order method [1] in the
MathCAD program was used for calculations
and equation graphical interpretation (26).

Four function values for two intermediate points
were used on the following step: two values in
the center of the step and the two values at the
ends of the step:

ki=hf (3, Ry); (28)
ko=f (t; + 5 0 R+ ky -2 AR);  (29)
ks=f(t+5 0 Ri+k; - AR).  (30)

ke=f(t; + h,R; + ks - AR). (31)
Rivy = Ry + (ky + 2k, + 2ks + k) %ARi. (32)

Runge—Kutta fourth-order method was used, as it
provides the calculations with required accuracy
and is characterized by resistance and possibility
of monitoring the error and calculation step
change, unlike «Euler», «Adams» and «Predic-
tor-corrector methodsy.

Calculations results are presented in Fig. 7.
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Figure 7. Diagram of pores radius growth
depending on the temperature.

Values u and o at calculations are taken as vari-
ables.

Changing the values of dynamic viscosity was
calculated by the formula [10, 18]:

A To-T
K=o 10" T=BT0=0, (33)
where u, — factor of dynamic viscosity at the in-
itial moment of time [Pa-s], T, — temperature at
initial moment of time [K], T — temperature [K],
A and B — empirical factors.

Changing the values of surface tension factor cal-
culated by the formula [21]:

T—-1173

6 =6y — 0,004 - o0’

(34)

where o, — factor of surface tension at the initial
moment of time [N/m].

Temperature change over time was prescribed as
follows:

T=Ty+k-t, (35)
where k — factor taking into account the heating
rate, t — time [sec].

Value p, was taken equal to 10'° [Pa]. Value o,
was taken equal to 0.2 [N/m]. Factor A was taken
equal to 3700. Factor B was taken equal to 510.
Dynamics of pores radius growth was examined
at initial temperature of 293 [K]. Value k& was
taken equal to 0.25, which allowed defining the
temperature change in increments of 15 [K/min],
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that is, we have been simulating total froth build-
ing process within 1 hour.

The diagram (Fig. 7) shows that the pore radius
starts to increase when the temperature reaches
900 [K], herewith the temperature increase up to
1000 [K] leads to radius increase only by 0.0001
[m]. However, the active melting of glass parti-
cles starts at temperatures above 1000 [K], while
concentration and pressure of the gas developing
agent becomes sufficient for overcoming surface
tension forces, and the pore radius starts to in-
crease. When reaching temperatures of 1200 [K]
the pore radius increases to the sizes 2-2.5 [mm],
after which pore radius growth slows down and
then stops. This fact is due to a number of rea-
sons. First, the formed pores start to collapse, as
the glass cladding does not withstand high pres-
sures that occur inside and outside the pores due
to decrease of surface tension ratio and decrease
of viscosity of raw material mixture glass parti-
cles (foam glass charge stock). Second, as a re-
sult of prolonged exposure to temperatures above
1200 [K], complete thermal decomposition of the
gas developing agent takes place, and its amount
gradually becomes not sufficient for the new
pores formation. The formed pores start to col-
lapse, which ultimately can lead to deterioration
of final thermos-physical properties of the fin-
ished material.

4. CONCLUSIONS

Equation (26) shows that pressure in a pore
(Pint.) should be by 20 greater than the pressure
at the outer boundary (p.y;.) of a pore in order to
form glass cladding around the source of gas de-
veloping agent by overcoming the surface ten-
sion forces. Increase of viscosity of melt glass
particles in raw material mixture slows down the
pores radius growth rate. Pressure increase inside
a pore depends on several factors, major of which
is the mass transfer process of glass melt along a
pore surface. For further refinement of the pore
growth model it's required to consider not only
physical parameters but also chemical reactions
occurring during the gas generation on the glass
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cladding / pore boundary, this will enable to ob-
tain results through analytical calculations, at
mathematic simulation, as close to the real phys-
ical and chemical process as possible.

Absence, at present, of mathematical relation-
ships and physically clear concepts regarding this
process inhibits the industry development as a
whole, but also directly affects the material cost.
Development of adequate mathematical models
able to describe the dynamics of porous structure
formation of foam glass, taking into account tem-
peratures distribution in the material at all stages
of thermal treatment, will allow for comprehen-
sive approach to the technological process of
foam glass production, as well as to take into ac-
count all the peculiarities of heat and mass trans-
fer in the material.
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