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This article presents an analysis of the influence of chemical composition of the melt on the thickness of mineral wool fibres
produced industrially on a double-disc spinning machine. To calculate density, viscosity and surface tension of a multi-com-
ponent silicate melt, several parameters as well as own constitutive equations were included in the model. The proposed
regression model was verified and fitted by the measurement of the thickness of an industrial fibre of known chemical com-
position and produced under defined technological parameters, i.e. radius of spinning discs, disc rotational speed, thickness
of the melt film and melt volume flow rate. Verified model brings a possibility to simulate the fibre thickness when changing
both technological process parameters and chemical composition of the melt.

INTRODUCTION

Mineral wool is a general name for many inorganic
insulation materials made of fibres. The material is usu-
ally divided into different subgroups depending on the
raw materials they are made of, such as rock wool, glass
wool and slag wool.

The most frequently used raw materials for mine-
ral wool production are diabase, amphibolite, granite,
basalt, etc., and additives such as dolomite or limestone.
There are several production methods for mineralwool
fibres, with a wide variation of quality and quantity of
the final product [1]. The most commonly used mineral
wool production process is the fiberisation of molten
rock on fast rotating spinning discs [2-4]. Molten rock
enters through a siphon neck into a homogenisation
reservoir. Over the weir and directing channel the
molten rock falls under gravity onto a rotating disc of
the spinning machine. With blown-in air led coaxially
over the discs, the fibres are transported away from the
spinning machine and thrown into a wool chamber
where they solidify into fibres of diameters about 5 um
and lengths greater than 10 mm.

The formation mechanism, as mentioned in [4],
was described by Eisenklam [5]. Fibre is formed from a
molten film on spinning discs. The forming and motion
of the fibre depends on the inertial, viscous and surface
tension forces. In addition, the solidification process is
affected by the thermo-physical properties of the melt.
The model describing the breaking mechanism and the

formation of mineral fibres on a spinning machine is
presented in [4]. The temperature, position and internal
tension of each fibre are calculated during the formation
phase with respect to the effects of inertial and aerody-
namic forces.

The quality of the final product depends on the
structure of fibres and on the proportion of solidified
shots in the mineral wool. The fibre structure is charac-
terised by its thickness (diameter), length, and the varia-
tion of both respective quantities. The material that has
not transformed into fibres remains in the form of soli-
dified shots resulting from an incomplete fiberisation
process [2,3,6].

Fibres in the shape of wool can be obtained at labo-
ratory scale. Caceres et al. [7] studied the ability of ba-
salt melt to fiberise by means of viscosity curves. The
quality of experimental fibres was enhanced through the
additives CaCO; and CaMg(CO;),. Glass fibre samples
were compared with four commercial rock wool samples.

As described by Bauchage [8], and Walzel [9], den-
sity, viscosity and surface tension are very important in
the liquid splitting process. The methods and instru-
mentation for measuring these quantities are similar for
melted metals and glass melts [10].

The dependence of silicate melt density on the
chemical composition and temperature is described in
[11,12], where regression equations are also given for
the calculation of molar volumes of multi-component
silicate melts, based on the experimental data available
in the literature.
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The viscosity is strongly dependent on the chemical
composition of the melt. Therefore, the optimal fiberi-
sation conditions are attained for each melt at different
temperatures [13]. In addition, chemical composition
constrains the surface tension of the melt. Based on the
results of experiments and a review of the literature,
Kucuk et al. [14] set a parametric equation for estima-
tion of surface tension of silicate melts. Goleus et al.
[15] have developed similar formula for calculation of
surface tension of borosilicate glasses. Multiple regres-
sion model, which enables the prediction of mineral
wool fibre thickness in a real production process is pre-
sented in [16]. The model is designed on the basis of a
dimensional analysis [17,18] and includes dimension-
less numbers when density, viscosity and surface ten-
sion playing an important role.

With respect to the complexity of the process of
developing mineral fibres, the aim of this research was
to verify the multiple regression model for the predic-
tion of fibre thickness in a real production process and
to analyse the effect of chemical composition changes
on the fibre thickness.

PARAMETRIC MODEL OF MINERAL WOOL
FIBRE THICKNESS MAGNITUDE

Centrifugal process of mineral wool fiberisation

The thermo-physical properties of the melt at the
furnace outlet depend on the input material and on che-
mical reactions in various regions inside the furnace. At
the furnace outlet, the melt should be homogeneous,
single-phased, without any solid inclusions, and could
be characterised by density, surface tension and visco-
sity.

Schematic presentation of the fiberisation process
is given in figure 1. The molten material flows, over a
system of adjustable channels, onto the first spinning
disc. At the impingement point of the free jet and the
first spinning machine disc, formed thin melt film is
transferred via a droplet non-uniform flow onto the sec-
ond disc. The melt mass rate of both discs depends on
the geometric, dynamic, and thermo-physical parame-
ters. The fiberisation process is related to the melt flow
non-stability of the spinning melt film. Melt droplets -
connected via surface tension and viscous forces with
the melt film on the spinning disc - are drawn out of the
film, and cylindrically-shaped mineral wool fibre is
formed. The fibres are transferred into a coaxial airflow,
which emanates through coaxial nozzles placed at the
perimeter of the spinning discs. The airflow transforms
the radial motion of the fibres into axial motion, and the
fibres are driven into a wool chamber where the primary
mineral wool layer is formed.

reservoir
of the melt

e

reservoir adjustment

melt jet

rotating wheels

Figure 1. Schematic presentation of fiberisation process on
a double-disc spinning machine.

Dimensional analysis of fiberisation process
on a double-disc spinning machine

The course of centrifugal process of mineral wool
fiberisation is affected by the parameters important for
rotational fluid spraying, where the fluid flow falls in a
coaxial, cylindrically-shaped form onto the first disc.
The key parameters and characteristic numbers of fluid
flow spraying, which affected the melt spraying fiberi-
sation process were defined by Walzel [18]:

- melt density: p (kg/m);

- dynamic viscosity: 1 (kg/(ms));

- surface tension: ¢ (kg/s’);

- radius of the first disc: R (m);

- thickness of melt film on the disc: B (m);

- first disc rotational speed: ® (rad/s);

- melt flow rate: g, (m’/s).

The physical properties p, 1, ©, are considered at melt
temperature.

The basic aim of the regression model, which is
presented in [16], is to determine the diameter of min-
eral wool fibres d,. Based on dimensional analysis [17],
three characteristic dimension N numbers can be found:

__n . S __949r .

1 pR_z(J)’ Nz=pR30)2; M_BRZO)’

By combining the basic dimension numbers, the
following characteristic numbers can be defined:
- characteristic rotational speed number, ®*:
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- characteristic flow rate number, ¢,*:
s N _ar. [P

%" "N, B VRo
- characteristic viscosity number, Z:
N
T N, OpR

The dimensionless numbers, ®*, ¢,* and Z, characterize
the process of fluid spraying on the spinning discs.

In present experiments the distance between the
axes of both discs was not modified. In addition, other
characteristic numbers, important for the spraying
process, were taken into consideration. The important
influence of temperature was considered by:

;e AT _T-T,

T T
where T is the melt temperature, and 7, the air tempe-
rature.

The ratio between mass flows and dynamic visco-
sity of melt and gas (air) is also of significant impor-
tance [8]. This was shown by Lubanska [19], who
investigated the disintegration of melts in airflow. On
the basis of her empirical correlation for the determina-
tion of mean radius of droplets, (mentioned also in
Bauchage [8]), a new characteristic number was defined
in the present work:

9n | v

Lu= [l * qu] Ve

where ¢, is the mass flow of melt, g, the mass flow of

gas (air), v and v, are the kinematic viscosity of melt
and gas respectively.

In comparison with the regression model [16] we

considered 6 characteristic dimension numbers, which

predict the thickness of mineral wool fibres:
d, = a ]I TI;TL T TS TS (1)

where a; (i = 0, 6) are the parametric constants of the
multiple regression model, and IT; are corresponding
characteristic numbers:

- Characteristic rotational speed numbers of both discs:

=08\ in 1 0R\E

where ®, and m, are the respective rotational speeds of
the discs.

- Characteristic number of melt flow rate: I, = ¢,*.
- Characteristic viscosity number: I, = Z.
- Characteristic temperature number: I1; = T*.

- Characteristic flow ratio number:
II,=Lu= [1 +

9P ] v
dvePs) Ve

Temperature dependence of melt properties

The density, viscosity and surface tension of the
melt plays an important role in the proposed model for
calculation of mineral wool fibre thickness. Virtually all
the characteristic numbers in equation (1) depend on the
density, viscosity and surface tension of the melt, except
the fifth characteristic number, in which temperature is
dominant. Temperature dependence of density, surface
tension and viscosity on the chemical composition of
silicate melts must be known in order to provide an
independent model for the prediction of mineral wool
thickness.

Temperature dependence of density

The density of a liquid can be determined by the equa-

tion: X
2 x.M,
== ' ¢

=, )

where M, is the molar mass of the i-th oxide in the sili-
cate system and ¥, is molar volume of the melt.

The melt density of Na,0-K,0-CaO-MgO-FeO-
-Fe,0;-Al,05-TiO,-Si0, system within a temperature
range of 1573 K to 1873 K can be calculated by a
regression equation [11], which takes into account that
the volume of a multi-component silicate liquid is li-
nearly dependent on the composition, with an exception
of TiO,. The molar volume ¥, can be obtained from par-
tial molar volume V; of individual oxides presented in
the melt:

V(D) =2xV,T) 3)

Courtial et al. [12] studied density of CaO-MgO-
-Al,O;-Si0, system and proposed the calculation of
molar volume using the relation:

ViAT) = 3 XV, GV/STT - 1873)] “4)

where the partial molar volume V ;; is determined at a
temperature of 1873 K.

In the present paper 67-component silicate melt
was considered [11] and the molar volume V,(7) in
cm’/mol was approximated by the equation:

Vi) = 35Vt 5 - GV/INT-1773)] (5)

i T

Table 1 presents the values of appropriate linear
regression coefficients x; and temperature gradient coef-
ficients ..

Figure 2 shows very good agreement between the
measured molar volumes of experimental melts at dif-
ferent temperature from 1300 K up to 1896 K and those
predicted by regression analysis.
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Table 1. Values of regression coefficients in equation (5) used for the calculation of silicate melt molar volume.

Oxide SiO, TiO, AlO, Fe,O; FeO MgO CaO Na,O K,O

X; 25.178 24227 39.126 44 .457 11.731 14.110 18.677 35.872 49.978

i -0.0025 0.0027 -0.0096 -0.0229 0.0138 0.0041 0.0081 0.0158 0.0158
34] Constants B,, T, and B, can be calculated from

- r*=0.994 , Vogel-Fulcher-Tamann's equation [20]:

£ 32{ SEE=20271m

w
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Figure 2. Comparison between measured and predicted values
of the molar volume.

Temperature dependence of viscosity

Lakatos' regression model [13] was used for the
calculation of temperature dependence of viscosity of
the melt having known chemical composition. The mo-
del is designed for the calculation of the temperatures
T(°C) when melt viscosity reaches values log n = 1.5,
2.0 and 2.5 (dPas). These temperatures can be deter-
mined with the aid of Lakatos' equation:

b, - SiO, - b, ALO, ]

b, CaO + b, -MgO + b, - Alk + b,-FeO + b,-Fe, O,
(6)

where b,, b, b,, bs, b, bs, in by and A are Lakatos'

approximation constants presented in table 2. The frac-
tions of individual oxides are entered in weight %.

T=A[

Table 2. Lakatos' approximation constants for log n = 1.5,
log n =2.0 and log n = 2.5 (dPas).

Coefficient logn=1.5 logn =2.0 logn=2.5
A 1375.76 1272.64 1192.44
by 122.29 117.64 112.99
b, 1.06247 1.05336 1.03567
b, 1.57233 1.42246 1.27336
by 1.61648 1.48036 1.43136
b, 1.44738 1.51099 1.41448
b, 1.92899 1.86207 1.65966
bs 1.47337 1.36590 1.20929

_ 1
logn =B+ T+T, @)

The applicability of Lakatos' model in the present
article was verified for the melt having composition
(Wt.%): Si0, 35-42, Al,0, 15-20, CaO 16-20, Fe;0, 2-6,
MgO <12 and Na,O <4. Figure 3 presents very good
agreement between measured and calculated viscosity
values with the difference up to 35 %. However, when
the viscosity value at 1100°C is expelled, the relative
error is only 18 %, which corresponds to the absolute
error 9 dPas.

6, < +18 (35) %
SEE < 9 (76) dPas

@ —o— predicted
% 100 8 __measured
o=

10

1100 1150 1200 1250 1300 1350 1400 1450 1500 1550
—>» temperature (°C)

Figure 3. Comparison between the measured and calculated
viscosity values of melt as a function of temperature.

Temperature dependence of surface tension

The values of surface tension 6(mN/m) at tempera-
ture 1400°C were indirectly obtained from Kucuk's
equation [14]:

6 =271.2 + 1.48[LiO,] - 2.22v[K,0] - 3.431[Rb,0] +
+ 1.96v[MgO] + 3.34v[Ca0] + 1.28v[Ba0] + 3.324[SrO] +
+2.68v[FeO] + 2.92v[MnO] - 1.38v{PbO] - 2.86y[B,0,] +

+3.4Tv[ALO,] - 24.5v[MoO;] ®)

where v are oxide molar concentrations.
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RESULTS
The experimental set-up

The experiments were performed on a double-disc
spinning machine in a real production process (figure 1)
at varying air mass flow ¢, and rotational speed of both
discs, ®, and ®,. The diameter and the length of both
cylindrically-shaped discs were 120 mm and 385 mm,
respectively. The above-mentioned quantities were
independent process variables and their selection was
optional. During the variation of each of the parameters,
the other parameters were kept constant. The mass flow
of the melt g,, the temperature 7, chemical composition
and ambient parameters were measured. At each repeti-

tion, samples of melt and mineral wool were taken and
the viscosity and density of melt were measured, as well
as the thickness of mineral wool fibres. The rotational
speed of the first disc varied in a range of
1800-5500/min, and that of the second disc in a range of
2000-5300/min. The ratio between both rotational
speeds was approximately constant. The air flow rate at
the spinning machine was 1.2-2.2 m/s. The melt tem-
perature in the jet was measured by an optical pyrome-
ter. The average temperature of the melt impinging at
the disc was 1450°C.

The fibre diameters of mineral wool samples were
determined by computer microscopy (figure 4). The
fibre diameter varied between 4.4 and 7.5 pum, see
figure 5.

[
CCD
i |— camera PC and
—T software
microscope
monitor
glass | frame ; %“i‘
substrate lEIJ grabber /'
s m | o A A 4’
positioning —T F——1 — A bt
unit I I
series
of images
I/O unit |[@————
statistical
analysis

Figure 4. Computer microscopy of mineral wool fibres.

Figure 5. Micrographs of mineral wool fibres.

132

Ceramics — Silikaty 48 (3) 128-134 (2004)



Simulation of the effect of melt composition on mineral wool fibre thickness

Statistical analysis of the results

The parameters of the regression model (equation
(1)) were determined by multiple regression analysis.
Table 3 presents the results of F-test [21], which was
testing the hypothesis that the regression is not signifi-
cant using the probability 0.0001.

Table 3. F-test results of agreement between the model and the
measured values.

Source Degree of Sum of Mean F Prob
Freedom Squares Square  Statistic >F

Regression 6 1206.3391 201.0565 2211.11

Residual 30 2.7279 0.09093

Total 35 21.8051 <0.0001

Good agreement between the model and the measu-
red values of fibre parameters was also confirmed by
the high value of multiple correlation coefficient: r* =
= 0.88.

Table 4 presents the values of the regression model
parameters a, - a,, which significance was checked by a
t-test.

Table 4. Regression model parameter values (equation (1)) and
the results of t-test.

SIMULATION OF CHEMICAL COMPOSITION
EFFECT ON FIBRE THICKNESS

The knowledge of the regression model coefficients
brings a possibility to simulate the effect of the melt
composition on mineral wool fibre thickness. The
regression equations for calculation the temperature
dependence of melt density (equations (2) and (5)), vis-
cosity (equations (6) and (7)) and surface tension (equa-
tion (8)) were taken into account. Tables 5 and 6 present
chemical compositions of the melts chosen for the sim-
ulation and corresponding melt properties at the tem-
perature 1450°C. The composition 1, which was deter-
mined by the chemical analysis of industrial fibres, was
chosen as a reference one.

Table 5. Compositions of melts (wt.%).

No. K,O Na,0O MgO CaO Fe,0; TiO, MnO ALO, SiO,

1 05 20 115 230 36 13 01 195 385
2 05 20 115 230 3.6 13 0.1 145 435
3 05 20 115 230 36 13 0.1 245 335
4 30 20 65 230 61 13 01 195 385
5 0.0 00 115 230 61 13 0.1 195 385
6 05 20 165 230 36 13 01 195 335
7 05 20 165 180 0.1 13 0.1 195 385

a, a, a, as a, as as

Values 1 -0.358 -0.245 2.189 -0.255 -36.753 0.144
Prob > |t| 0.034 0.128 0.049 0.002 0.000 0.151

Table 6. Calculated values of density, surface tension and vis-
cosity of melts having composition presented in table 5, tem-
perature 1450°C.

Figure 6 shows the comparison between measured fibre
parameters and calculated ones. In figure 7, 95 % con-
fidence levels for model approximation are given.

s poram = 0.88 @

7.0 @ G-parametric model
—e— measured

fiber thickness (um)

—
~
[$)]

-]

45 5.0 5.5 6.0 6.5 7.0 75
— fiber thickness (um)

Figure 6. Comparison between experimentally measured fibre
diameters and the values predicted by statistical analysis.

Compo-

sition 1 2 3 4 5 6 7
p (kg/m’) 2617 2606 2628 2592 2659 2644 2610
1 (dPas) 10.94 11.41 10.53 15.34 8.57 520 9.03

o (mN/m) 440 425 455 430 441 451 432

#ﬁ HHHiHH i
fjﬁim{}f{ﬁ{ R

— number of experiment (M)

Figure 7. Comparison between experimentally measured fibre
diameters and the predicted values of regression model with
95 % confidence fitting levels.
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To simulate the influence of chemical composition
on the fibre thickness, the constants of the regression
model from table 4 were taken into account in all calcu-
lations. Other quantities (melt temperature, rotational
speed, etc.) were identical with the case presented in
previous chapter.

Figure 8 presents calculated results in form of the
difference in fibre diameters Ad from the diameter d,
having reference chemical composition. It can be seen
that the compositions 4 and 6 affect considerably the
fibre thickness, whereas the effect 2, 3, 5 and 7 is lower.
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CONCLUSIONS

The article has verified the proposed regression
model for predicting fibre thickness on an industrial
double-disc spinning machine. The model brings good
agreement between calculated and measured values.
The knowledge of the constants of the regression model
also makes possible to carry out simulations of mineral
wool fibre thickness when changing the chemical com-
position of the melt. For this purpose, regression equa-
tions for the calculation of density, viscosity and surface
tension of silicate melts were proposed and experimen-
tally verified.

Acknowledgement

The research reported in this article was supported
by the Commission of the European Communities DG
XII Science, Research and Development under the EU
Copernicus Project: "Novel Visualisation System for
Control and Monitoring (NOVISCAM)", Contract No.
ERBIC 15CT960700.

8. Bauckhage K.: Chem.Ing.Tech. 64, 322 (1992).

9. Walzel P.: Chem.Ing.Tech. 62, 983 (1990).

10. Vaisburd S., Brandon D. G.: Meas.Sci.Technol. §, 822
(1997).

11. Lange R. A., Carmichael I. S. E.: Geochimica et Cos-
mochimica Acta 57, 2931 (1987).

12. Courtial P., Dingwell D. P.: American Mineralogist §4,
465 (1999).

13. Lakatos T., Johannson L. G., Simmingskold B.: Glas-
teknisk Tidskrift 36, 51 (1981).

14. Kucuk A., Clare A. G., Jones L.: Glass Technol. 40,
149 (1999).

15. Goleus V. 1., Beljin A. Ya., Sardak E. M., Beljin Ya. I.:
Steklo i keramika &, 6 (1996).

16. Blagojevi¢ B., Sirok B.: Glass Technol. 43, 120 (2002).

17. Zlokarnik M.: Dimensional Analysis and Scale-up in
Chemical Engineering. Springer-Verlag, Heidelberg
1991.

18. Walzel P.: Ger.Chem.Eng. 5, 121 (1982).

19. Lubanska H.: J.Met. 22, 45 (1970).

20. Kapplan-Dietrich H., Eckerbracht A., Frischat G. H.:
J.Am.Ceram.Soc. 78, 1123 (1995).

21. SPSS Inc. SPSS version 11.0 for Windows.

SIMULACE VLIVU SLOZENI TAVENINY
NA TLOUSTKU VLAKEN MINERALNI VLNY

BOGDAN BLAGOJEVIC, BRANE SIROK, BRANE STREMFELJ*

University of Ljubljana, Faculty of Mechanical Engineering,
Askerceva 6, SI-1000 Ljubljana, Slovenia
*Termo, d.d., industrija termicnih izolacij,
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Clanek se zabyva analyzou vlivu chemického sloZeni
taveniny na tloustku vldken primyslové vyrabénych na dvoud-
iskovém zafizeni. K vypoctu hustoty, viskozity a povrchového
napéti viceslozkové taveniny bylo pouzito n€kolik parametri a
ptvodni konstitutivni rovnice. Navrzeny regresni model byl
ovéfen méfenim tloustky pramyslové vyrabénych vlaken pfi
znamém slozeni taveniny a definovanych provoznich parame-
trech, tj. primér a rychlost otaceni diskd, tloustka vrstvy a obje-
movy prutok taveniny. Ovéfeny model umoziiuje simulovat
tloustku vlakna pti zménach technologickych parametri proce-
su a chemického slozeni taveniny.
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