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OWENS PROCESS

- Air/steam melt-blowing process

- Melt emerging from Pt crucible 

- Use of downward gas jet

- Fiber length: 3 – 10 cm

ROCK WOOL PROCESS

- One-step centrifugal process

- Melt distribution @ 1st cylinder

- Multiple rotating cylinders

- Fiber length: 3 – 10 cm

ROTARY PROCESS

- Two-step rotary process

- Rotating Pt/steel melt distributor

- Entrainment by combustion gases

- Fiber diameter: 3 – 6 µm
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ZONE

I

ZONE I: MOLTEN SLAG BULK FLOWZONE I: MOLTEN SLAG BULK FLOWZONE I: MOLTEN SLAG BULK FLOWZONE I: MOLTEN SLAG BULK FLOW

ZONE II: MINERAL FIBER GENERATIONZONE II: MINERAL FIBER GENERATIONZONE II: MINERAL FIBER GENERATIONZONE II: MINERAL FIBER GENERATION

ZONE III: DISPERSED FLOW OF FIBERSZONE III: DISPERSED FLOW OF FIBERSZONE III: DISPERSED FLOW OF FIBERSZONE III: DISPERSED FLOW OF FIBERS

ZONE

II

MELTMELTMELTMELT

AIRAIRAIRAIR

Macroscopic free surface laminar flow zone
Nonisothermal field (molten slag jet cooling)
St. state homogeneous field, high observability

Microscopic molten slag fiber generation zone
Isothermal field (very low residence time)
Dynamic inhomogeneous field, low observability

Macroscopic dispersed flow zone
Nonisothermal field (fiber cooling+elongation)
Dynamic inhomogeneous field, med observability



MOLTEN SLAG JET FREE SURFACE FLOW IN MINERAL WOOL F IBERIMOLTEN SLAG JET FREE SURFACE FLOW IN MINERAL WOOL F IBERI ZATIONZATION
DIMITRIOS I. GEROGIORGIS AIChE 2011 ANNUAL MEETING

1010

�� Mineral wool fiberization Mineral wool fiberization -- Mathematical modeling strategyMathematical modeling strategy

�� Thermophysical properties of molten slag: Literature reviewThermophysical properties of molten slag: Literature review

�� Dimensional Analysis: Governing dimensionless numbersDimensional Analysis: Governing dimensionless numbers

�� CFD analysis of nonisothermal vertical free surface flowCFD analysis of nonisothermal vertical free surface flow

�� Conclusions on process design and future research goalsConclusions on process design and future research goals

AGENDAAGENDAAGENDAAGENDA



MOLTEN SLAG JET FREE SURFACE FLOW IN MINERAL WOOL F IBERIMOLTEN SLAG JET FREE SURFACE FLOW IN MINERAL WOOL F IBERI ZATIONZATION
DIMITRIOS I. GEROGIORGIS AIChE 2011 ANNUAL MEETING

1111

DENSITY OF SILICATE MELTS (DENSITY OF SILICATE MELTS (DENSITY OF SILICATE MELTS (DENSITY OF SILICATE MELTS (SirokSirokSirokSirok et al., 2005)et al., 2005)et al., 2005)et al., 2005)
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DENSITY OF SILICATE MELTS: SLAG RESULTS (DENSITY OF SILICATE MELTS: SLAG RESULTS (DENSITY OF SILICATE MELTS: SLAG RESULTS (DENSITY OF SILICATE MELTS: SLAG RESULTS (101010103333 kg.mkg.mkg.mkg.m----3333))))

2.5892.6782.6682.6642.6831800

2.6042.6852.6762.6742.6971700

2.6182.6922.6842.6832.7111600

2.6332.6992.6922.6932.7261500

2.6482.7052.7012.7032.7401400

2.6642.7122.7092.7132.7551300

T ( T ( T ( T ( °°°°C )C )C )C ) STOICH.STOICH.STOICH.STOICH. 5.0 % C5.0 % C5.0 % C5.0 % C 7.5 % C7.5 % C7.5 % C7.5 % C 10.0 % C10.0 % C10.0 % C10.0 % C TARGETTARGETTARGETTARGET
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VISCOSITY OF SILICATE MELTS (VISCOSITY OF SILICATE MELTS (VISCOSITY OF SILICATE MELTS (VISCOSITY OF SILICATE MELTS (SirokSirokSirokSirok et al., 2005)et al., 2005)et al., 2005)et al., 2005)

LAKATOS method
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VISCOSITY OF SILICATE MELTS (Browning et al., 2003)VISCOSITY OF SILICATE MELTS (Browning et al., 2003)VISCOSITY OF SILICATE MELTS (Browning et al., 2003)VISCOSITY OF SILICATE MELTS (Browning et al., 2003)

BROWNING method



MOLTEN SLAG JET FREE SURFACE FLOW IN MINERAL WOOL F IBERIMOLTEN SLAG JET FREE SURFACE FLOW IN MINERAL WOOL F IBERI ZATIONZATION
DIMITRIOS I. GEROGIORGIS AIChE 2011 ANNUAL MEETING

1515

VISCOSITY OF SILICATE MELTS: SLAG RESULTS (VISCOSITY OF SILICATE MELTS: SLAG RESULTS (VISCOSITY OF SILICATE MELTS: SLAG RESULTS (VISCOSITY OF SILICATE MELTS: SLAG RESULTS (Pa.sPa.sPa.sPa.s))))

0.0670.0270.0270.0270.0241800

0.1250.0470.0470.0450.0401700

0.2470.0840.0840.0810.0711600

0.5230.1610.1600.1540.1331500

1.2040.3260.3250.3120.2651400

3.0460.7120.7100.6780.5671300

T ( T ( T ( T ( °°°°C )C )C )C ) STOICH.STOICH.STOICH.STOICH. 5.0 % C5.0 % C5.0 % C5.0 % C 7.5 % C7.5 % C7.5 % C7.5 % C 10.0 % C10.0 % C10.0 % C10.0 % C TARGETTARGETTARGETTARGET
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SURF. TENSION OF SILICATE MELTS (SURF. TENSION OF SILICATE MELTS (SURF. TENSION OF SILICATE MELTS (SURF. TENSION OF SILICATE MELTS (DudekDudekDudekDudek et al., 2009)et al., 2009)et al., 2009)et al., 2009)

YOUNG-LAPLACE EQN. HIGH ACCURACY via ODE-BASED OPTIMIZATION
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SURF. TENSION OF SILICATE MELTS: LITERATURE DATASURF. TENSION OF SILICATE MELTS: LITERATURE DATASURF. TENSION OF SILICATE MELTS: LITERATURE DATASURF. TENSION OF SILICATE MELTS: LITERATURE DATA
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SUMMARY OF TRANSPORT PROPERTY MODELINGSUMMARY OF TRANSPORT PROPERTY MODELINGSUMMARY OF TRANSPORT PROPERTY MODELINGSUMMARY OF TRANSPORT PROPERTY MODELING

SLAG TEMPERATURE, T (°C)
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melt density: ρ (kg.m-3) 
dynamic viscosity of the melt: η (kg.m-1.s-1) 
surface tension of the melt: σ (kg.s-2) 
radius of the orifice: R (m) 
final radius of the vertical stream: B (m) 
height of the vertical stream: L (m) 
radius of the impinging air jet: RG  (m) 
melt flow rate: qV (m3.s-1) 
 
air density: ρG (kg.m-3) 
dynamic viscosity of air:  ηG (kg.m-1.s-1) 
air flow rate: qVG (m3.s-1) 
melt temperature: TL (K) 
air temperature: TG (K) 
temperature difference: ∆T = TL – TG (K) 
 

MELT BLOW FIBERIZATION: OPERATING PRINCIPLEMELT BLOW FIBERIZATION: OPERATING PRINCIPLEMELT BLOW FIBERIZATION: OPERATING PRINCIPLEMELT BLOW FIBERIZATION: OPERATING PRINCIPLE

GOVERNING PROCESS VARIABLESGOVERNING PROCESS VARIABLESGOVERNING PROCESS VARIABLESGOVERNING PROCESS VARIABLES

MELTMELTMELTMELT

AIRAIRAIRAIR
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MELT BLOW FIBERIZATION: DIMENSIONAL ANALYSISMELT BLOW FIBERIZATION: DIMENSIONAL ANALYSISMELT BLOW FIBERIZATION: DIMENSIONAL ANALYSISMELT BLOW FIBERIZATION: DIMENSIONAL ANALYSIS

• Dimensional system (M, L, T, Θ): 
 

 ρ R η TL L σ qV Β ∆Τ qVG RG ηG ρG TG dF 
Μ 1 0 1 0 0 1 0 0 0 0 0 1 1 0 0 
L -3 1 -1 0 1 0 3 1 0 3 1 -1 -3 0 1 
T 0 0 -1 0 0 -2 -1 0 0 -1 0 -1 0 0 0 
Θ 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 

 
 
Z1 = M + T 
Z2 = 3M + L + 2T 
Z3 = – T 
Z4 = Θ 
 
 

 ρ R η TL L σ qV Β ∆Τ qVG RG ηG ρG TG dF 
Ζ1 1 0 0 0 0 -1 -1 0 0 -1 0 0 1 0 0 
Ζ2 0 1 0 0 1 -1 1 1 0 1 1 0 0 0 1 
Ζ3 0 0 1 0 0 2 1 0 0 1 0 1 0 0 0 
Ζ4 0 0 0 1 0 0 0 0 1 0 0 0 0 1 0 

 
               CORE MATRIX                                                     RESIDUAL MATRIX 
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MELT BLOW FIBERIZATION: DIMENSIONLESS NUMBERSMELT BLOW FIBERIZATION: DIMENSIONLESS NUMBERSMELT BLOW FIBERIZATION: DIMENSIONLESS NUMBERSMELT BLOW FIBERIZATION: DIMENSIONLESS NUMBERS
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Derivation of equivalent dimensionless numbers
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CHARACTERISTIC DIMENSIONLESS NUMBERSCHARACTERISTIC DIMENSIONLESS NUMBERSCHARACTERISTIC DIMENSIONLESS NUMBERSCHARACTERISTIC DIMENSIONLESS NUMBERS

� characteristic dimensionless flow number: 
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� characteristic dimensionless flow number: 
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(Lubanska number, 1970)

(inverse Laplace number)
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FIBRE SIZE: THE DATAFIBRE SIZE: THE DATAFIBRE SIZE: THE DATAFIBRE SIZE: THE DATA----DRIVEN STATISTICAL MODELDRIVEN STATISTICAL MODELDRIVEN STATISTICAL MODELDRIVEN STATISTICAL MODEL
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gradual 
simplification

ai (i = 0 to 6)are the parametric constants of the multiple regression model
(determined by statistical methods on the basis of an experimental dataset)
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IAIAIAIA----based THERMOPHYSICAL PROPERTY BOUNDS: DATAbased THERMOPHYSICAL PROPERTY BOUNDS: DATAbased THERMOPHYSICAL PROPERTY BOUNDS: DATAbased THERMOPHYSICAL PROPERTY BOUNDS: DATA

SLAG DENSITYSLAG DENSITYSLAG DENSITYSLAG DENSITY (ρ)

SLAG VISCOSITYSLAG VISCOSITYSLAG VISCOSITYSLAG VISCOSITY (µ)

SLAG SURF. TENSIONSLAG SURF. TENSIONSLAG SURF. TENSIONSLAG SURF. TENSION (σ)

SLAG JET VELOCITYSLAG JET VELOCITYSLAG JET VELOCITYSLAG JET VELOCITY (V)

SLAG JET DIAMETER SLAG JET DIAMETER SLAG JET DIAMETER SLAG JET DIAMETER (D)

(kg.m-3)

(Pa.s)

(N.m-1)

(m.s-1)

(m)

SLAG DROP DIAMETER SLAG DROP DIAMETER SLAG DROP DIAMETER SLAG DROP DIAMETER (d) (m)

MINMINMINMIN MAXMAXMAXMAX

2.589·10+3 2.755·10+3

3.680·10-1 5.100·10-1

5.000·10-2 2.000·10-1

5.000·10-2 2.000·10-1

1.000·10-3 1.000·10-2

2.400·10-2 3.046·100

UNITUNITUNITUNIT

SLAG DROP VELOCITYSLAG DROP VELOCITYSLAG DROP VELOCITYSLAG DROP VELOCITY (υ) (m.s-1)5.000·10-1 2.000·100
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IAIAIAIA----based DIMENSIONLESS NUMBER BOUNDS: RESULTSbased DIMENSIONLESS NUMBER BOUNDS: RESULTSbased DIMENSIONLESS NUMBER BOUNDS: RESULTSbased DIMENSIONLESS NUMBER BOUNDS: RESULTS

REYNOLDS (Re)REYNOLDS (Re)REYNOLDS (Re)REYNOLDS (Re)

CAPILLARY (Ca)CAPILLARY (Ca)CAPILLARY (Ca)CAPILLARY (Ca)

OHNESORGE (Oh)OHNESORGE (Oh)OHNESORGE (Oh)OHNESORGE (Oh)

LAPLACE (La)LAPLACE (La)LAPLACE (La)LAPLACE (La)

WEBER (We)WEBER (We)WEBER (We)WEBER (We)

MINMINMINMIN MAXMAXMAXMAX

2.125·100 4.592·10+3

2.353·10-3 1.655·100

1.432·10-3 4.413·10-1

5.134·100 4.879·10+5

6.346·10-1 5.989·10+1

(with respect to molten slag jet)
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IAIAIAIA----based DIMENSIONLESS NUMBER BOUNDS: RESULTSbased DIMENSIONLESS NUMBER BOUNDS: RESULTSbased DIMENSIONLESS NUMBER BOUNDS: RESULTSbased DIMENSIONLESS NUMBER BOUNDS: RESULTS

REYNOLDS (Re)REYNOLDS (Re)REYNOLDS (Re)REYNOLDS (Re)

CAPILLARY (Ca)CAPILLARY (Ca)CAPILLARY (Ca)CAPILLARY (Ca)

OHNESORGE (Oh)OHNESORGE (Oh)OHNESORGE (Oh)OHNESORGE (Oh)

LAPLACE (La)LAPLACE (La)LAPLACE (La)LAPLACE (La)

WEBER (We)WEBER (We)WEBER (We)WEBER (We)

MINMINMINMIN MAXMAXMAXMAX

4.250·10-1 2.296·10+3

2.353·10-2 1.655·10+1

6.403·10-3 3.121·100

1.027·10-1 2.439·10+4

1.269·100 2.995·10+2

(with respect to molten slag drop)
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THE COOLED VERTICAL JET MODEL (THE COOLED VERTICAL JET MODEL (THE COOLED VERTICAL JET MODEL (THE COOLED VERTICAL JET MODEL (EpikhinEpikhinEpikhinEpikhin et al., 1982)et al., 1982)et al., 1982)et al., 1982)
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THE REDUCED MODEL w/ DIMENSIONLESS NUMBERSTHE REDUCED MODEL w/ DIMENSIONLESS NUMBERSTHE REDUCED MODEL w/ DIMENSIONLESS NUMBERSTHE REDUCED MODEL w/ DIMENSIONLESS NUMBERS
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FREE SURFACE SHAPE OF JETS (Georgiou et al., 1988)FREE SURFACE SHAPE OF JETS (Georgiou et al., 1988)FREE SURFACE SHAPE OF JETS (Georgiou et al., 1988)FREE SURFACE SHAPE OF JETS (Georgiou et al., 1988)
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�� Mineral wool fiberization Mineral wool fiberization -- Mathematical modeling strategyMathematical modeling strategy

�� Thermophysical properties of molten slag: Literature reviewThermophysical properties of molten slag: Literature review

�� Dimensional Analysis: Governing dimensionless numbersDimensional Analysis: Governing dimensionless numbers

�� CFD analysis of nonisothermal vertical free surface flowCFD analysis of nonisothermal vertical free surface flow

�� Conclusions on process design and future research goalsConclusions on process design and future research goals

AGENDAAGENDAAGENDAAGENDA
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CFD ANALYSIS: CFD ANALYSIS: CFD ANALYSIS: CFD ANALYSIS: COMPUTATIONAL DOMAIN & BASE CASECOMPUTATIONAL DOMAIN & BASE CASECOMPUTATIONAL DOMAIN & BASE CASECOMPUTATIONAL DOMAIN & BASE CASE
4.477

VELOCITY ( U )TEMPERATURE ( T )COMPUTATIONAL GRID

BASE CASE CFD
PARAMETERS

ρ = 2500       kg.m-3

µ = 1.0    Pa.s
ε = 0.90
L   =       1.0    m
T in = 1873.15  K

~3000 tet. elements
(~12000 FEM DOF)
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CFD ANALYSIS: EFFECT OF SLAG DENSITY ( CFD ANALYSIS: EFFECT OF SLAG DENSITY ( CFD ANALYSIS: EFFECT OF SLAG DENSITY ( CFD ANALYSIS: EFFECT OF SLAG DENSITY ( ρ ))))

T  (K)

ρ = 2500 kg.m-3 ρ = 2600 kg.m-3 ρ = 2700 kg.m-3 ρ = 2800 kg.m-3

Tout,min = 800 K              799 K                                798 K 796 K
Tout,max = 1355 K            1360 K                              1367 K 1374 K
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CFD ANALYSIS: EFFECT OF SLAG CFD ANALYSIS: EFFECT OF SLAG CFD ANALYSIS: EFFECT OF SLAG CFD ANALYSIS: EFFECT OF SLAG VISCOVISCOVISCOVISCOSITY ( SITY ( SITY ( SITY ( µ ))))

T  (K)

µ = 0.5 Pa.s µ = 1.0 Pa.s µ = 2.0 Pa.s µ = 3.0 Pa.s

Tout,min = 848 K              800 K                                  802 K                              803 K
Tout,max = 1380 K            1355 K                                1340 K                               1325 K
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CFD ANALYSIS: EFFECT OF SLAG CFD ANALYSIS: EFFECT OF SLAG CFD ANALYSIS: EFFECT OF SLAG CFD ANALYSIS: EFFECT OF SLAG EMISSIVITYEMISSIVITYEMISSIVITYEMISSIVITY ( ( ( ( ε ))))

T  (K)

ε = 0.70 ε = 0.80 ε = 0.90 ε = 0.95

Tout,min = 860 K                 828 K                                  800 K                            788 K
Tout,max = 1401 K               1377 K                                1355 K                          1346 K
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CFD ANALYSIS: EFFECT OF CFD ANALYSIS: EFFECT OF CFD ANALYSIS: EFFECT OF CFD ANALYSIS: EFFECT OF LADLE TEMPERATURELADLE TEMPERATURELADLE TEMPERATURELADLE TEMPERATURE

T  (K)

Τin = 1773.15 Κ Τin = 1823.15 Κ Τin = 1873.15 Κ Τin = 1923.15 Κ

Tout,min =  795 K                 798 K                             800 K  803 K
Tout,max=  1312 K               1334 K                           1355 K 1378 K
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CFD ANALYSIS: EFFECT OF DISTANCE ( CFD ANALYSIS: EFFECT OF DISTANCE ( CFD ANALYSIS: EFFECT OF DISTANCE ( CFD ANALYSIS: EFFECT OF DISTANCE ( L, JET HEIGHT ), JET HEIGHT ), JET HEIGHT ), JET HEIGHT )

T  (K)

L = 0.60 m L = 0.80 m L = 1.00 m L = 1.20 m

Tout,min = 921 K                  889 K                                800 K                               780 K
Tout,max = 1490 K                1447 K                              1355 K                               1315 K
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DENSITY (ρ)

VISCOSITY (µ)

ΕΜISSIVITY (ε)

POT TEMPERATURE (Τpot)

STREAM HEIGHT (L)
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CFD ANALYSIS: PARAMETRIC SENSITIVITY SUMMARYCFD ANALYSIS: PARAMETRIC SENSITIVITY SUMMARYCFD ANALYSIS: PARAMETRIC SENSITIVITY SUMMARYCFD ANALYSIS: PARAMETRIC SENSITIVITY SUMMARY
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DENSITY (ρ)

VISCOSITY (µ)

ΕΜISSIVITY (ε)

POT TEMPERATURE (Τpot)

STREAM HEIGHT (L)

VERTICALVERTICALVERTICALVERTICAL

SLAG STREAMSLAG STREAMSLAG STREAMSLAG STREAM

BOTTOM BOTTOM BOTTOM BOTTOM 

TEMPERATURETEMPERATURETEMPERATURETEMPERATURE

(core = maximum)(core = maximum)(core = maximum)(core = maximum)

VERTICALVERTICALVERTICALVERTICAL

SLAG STREAMSLAG STREAMSLAG STREAMSLAG STREAM

BOTTOM BOTTOM BOTTOM BOTTOM 

TEMPERATURETEMPERATURETEMPERATURETEMPERATURE

(skin = minimum)(skin = minimum)(skin = minimum)(skin = minimum)
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MOLTEN SLAG DISINTEGRATION BY GAS (MOLTEN SLAG DISINTEGRATION BY GAS (MOLTEN SLAG DISINTEGRATION BY GAS (MOLTEN SLAG DISINTEGRATION BY GAS (SilaevSilaevSilaevSilaev, 1966), 1966), 1966), 1966)

(isolated drop)

(molten stream)
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MINERAL FIBRE LENGTH VARIATION (Kulago, 1986)MINERAL FIBRE LENGTH VARIATION (Kulago, 1986)MINERAL FIBRE LENGTH VARIATION (Kulago, 1986)MINERAL FIBRE LENGTH VARIATION (Kulago, 1986)

Length of obtained fibres:

Exptl. data: Exptl. data: Exptl. data: Exptl. data: Lfibers = 5-6 cm (± 20%)
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�� Mineral wool fiberization Mineral wool fiberization -- Mathematical modeling strategyMathematical modeling strategy

�� Thermophysical properties of molten slag: Literature reviewThermophysical properties of molten slag: Literature review

�� Dimensional Analysis: Governing dimensionless numbersDimensional Analysis: Governing dimensionless numbers

�� CFD analysis of nonisothermal vertical free surface flowCFD analysis of nonisothermal vertical free surface flow

�� Conclusions on process design and future research goalsConclusions on process design and future research goals

AGENDAAGENDAAGENDAAGENDA
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� Mathematical modeling strategy for mineral wool fiberization

� Multiphase mass and heat flow study in three (3) distinct zones

� Systematic for multiphase mass and heat flow CFD modeling

� Thermophys. property, multiphase flow, fiber processing literature 

� Thermophysical properties (ρ, µ, σ) are crucial (already investigated)

� Temperature- & composition- dep. models yield ρ-µ-σ variation ranges 

� Dimensional Analysis employed to identify key dim/less numbers

� Reynolds, Weber, Capillary and Laplace numbers govern fiberization

� Ιnterval Arithmetic (IA) provides fast computation of respective bounds

� Sensitivity CFD analysis of exit temperature profile w.r.t. parameters

� Emissivity, viscosity, jet size are pivotal; other phys. properties weaker

CONCLUSIONSCONCLUSIONSCONCLUSIONSCONCLUSIONS
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