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ABSTRACT

A novel process for dry granulation of molten slesing a
spinning disc is being developed by CSIRO. Moltewy sla
is atomised by a spinning disc under centrifugatdcand
slag droplets are quenched and solidified via air t
produce glassy granules and recover waste heaheln
present work, steady-state two-dimensional CFD
simulations of fluid flow and heat transfer in tslag and
the disc was carried out by using ANSYS CFX modgllin
package. The model domain is comprised of a tikd,

air and liquid slag before the slag film breaks up.
Multiphase fluid flow and heat transfer were coesét
for the liquid slag with a free surface and thelicgpair.
The free surface was modelled with the continuurfase
force method. Conjugate heat transfer between liglaid
and disc was included. The present model was apptie
predict the thickness and temperature of the sliagpirior

to its rupture. Influences of factors including theuring
flowrate and temperature of liquid slag and thecdis
spinning rate on the slag film thickness and telipee
were investigated.

Keywords: Spinning disc, granulation, simulation,
modelling, CFD, free surface flow and heat transfer.

NOMENCLATURE

Alphabetic Symbols
C, constant in turbulence model
Cgp interphase momentum transfer term
diameter
F body force vector
F, first blending function in turbulence model
F, second blending function in turbulence model
Fs surface tension force vector
g gravitational acceleration
h  specific enthalpy
k  turbulence kinetic energy
Nu Nusselt number
p pressure
P« production rate of turbulence kinetic energy
g heat flux
Q interphase heat transfer term
r  volume fraction
Re Reynolds number
S strain rate
T temperature
u velocity vector
y" dimensionless distance
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Greek Symbols

a heat transfer coefficient

a, constant in turbulence model

a; constant in turbulence model

B’ constant in turbulence model

B; constant in turbulence model

& surface-centred Dirac peak function

¢ dissipation rate of turbulence kinetic energy
& emissivity

Pin angular velocity of spinning disc

Kk curvature of free surface

A thermal conductivity

M dynamic viscosity

M turbulent viscosity

p density

o Stefan-Boltzmann constant

g,s Prandtl number fowin transformed-£ model
g,z Prandtl number fowin SST turbulence model
0 Prandtl number fok in SST turbulence model
o, surface tension coefficient

w turbulence eddy frequency

Common Subscripts:

a, B fluid phase identity (liquid slag or air)
a ambient

air bulk air

b boundary identity

ext external parameter

film liquid slag film

dag bulk slag

w wall

INTRODUCTION

Slags are high volume by-products or wastes fragrirthn

and steel industry. For every tonne of hot metatipced,
about 300 kg of blast furnace slags are produceghE
year, about two million tonnes of slags are produite
Australia. These slags are either air cooled orervat
granulated. Air cooled slags could be crushed and
screened, and then used as road base materialer Wat
granulation is increasingly used to process molikst
furnace slags to produce glassy granules whichdcbel
used as cementitious materials for cement manufactu
These conventional slag processes, however, have so
major short comings, from no heat recovery, aitytian,

to consumption of a large amount of water.

Dry slag granulation using a spinning disc is enmgr@s
an attractive alternative for slag processing. The



conception of dry granulation via a spinning disgs\irst
proposed in 1980s. The recent work at CSIRO hasled t
significant technology breakthrough in dry granialat
process design by overcoming several major diffiesi
Currently work is underway to extend the dry gratiafa
process to incorporate heat recovery (Xie and Jatzdm,
2008). The new integrated dry granulation and heat
recovery process could be used for full recoveoynfthe
slag (to recover waste heat as high grade heates@und

to produce glassy blast furnace slag granules domenit
manufacture) and much reduced environmental impact
(saving water and eliminating sulphur emission).

Slag granulation at a spinning disc involves comlieid
dynamics, phase transformation, and heat transfeiten

slag is poured onto a spinning disc, spreads torheca
liquid film, and eventually develops into a numbar
ligaments and breaks up into fine droplets under
centrifugal forces (Figure 1). The fast motion is
accompanied by simultaneous slag cooling due td hea
transfer to the disc and surrounding air and the
corresponding significant changes in slag properigch

as viscosity and liquid to solid phase change. Situation

is further complicated by inevitable fluctuation shag
tapping rate and temperature and variable operating
parameters such as disc spinning rate.

Figure 1: Typical still image from high speed video
recording of the dry granulation at a spinning disc
CSIRO dry slag granulation process.

In this work, CFD modelling techniques were applied
dry slag granulation via a metal spinning disc &ing
valuable insights and deep understanding of theptmm
process. In particular, the formation of a solidefring
slag layer at the disc surface and spreading amdafion

of a liquid slag film have been studied as an ad f
developing the optimal process design and for &utur
scale-up of the process.

MODELLING PRINCIPLES

General Assumptions

The fluid flow phenomenon encountered for a ligsiag
stream falling from the furnace crucible onto thiscd
flowing and spreading across the disc is a typfoeé
surface flow in which the two phases, liquid slagl air,
are separated by a sharp interface or free surflve.
phenomenon is further complicated by heat tranfsfen
the slag to the disc and the solidification andriation of
a thin solid slag layer that is in contact with thsc. Thus,
conjugate heat transfer must be considered betwrezn
liquid slag region and the solid slag and discotder to
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mathematically simulate these complex phenomenra, th
following general assumptions have been made:

Continuous slag stream is poured from the crucible
with a fixed temperature and mass flow or tapping
rate;

e Steady-state fluid flow and heat transfer;

e A central and cylindrical slag stream such that is
rotationally symmetric is assumed about the central
axis of the stream and thus a two-dimensional
computation domain can be applied;

In the vicinity of the disc, the air flow is inflneed
only by the spinning disc and the motion of liquid
slag;

To reduce computational effort, only a part of the
tapped slag stream and a limited portion of airr tiee.
disc are included in the computation domain;

* A constant Nusselt number is used to calculate heat
exchange between liquid slag and air at the free
surface; and

* A single temperature value, defined as slag “salidu
is adopted to judge the occurrence of solidifiaatid
the slag.

Governing Equations

In this work the liquid slag and air flow is modalli as a
steady-state two-phase free surface flow problerh wi
conjugate heat transfer to predict temperatureimvithe
disc and solid slag layer. Location of the liquidgsair
interface is determined by solving a pair of phase
continuity equations given in Eqn. 1.

D[ﬂrapaua):o (1)

As shown in Figure 1 the slag film eventually breako
ligaments then droplets. To allow for this in fieunodels
separate velocity fields are obtained by solving a
momentum Eqn. 2 for each phase.

D[ﬁra(pauaua)]:_raljpa (2)
+ D [ﬁra(/u_'—lut )(Dua +(Dua)T )]+ Fa +Ca/i

To account for surface tension at the free surflageis an
additional momentum source that is approximated by
using the Continuum Surface Force (CSF) method of
Rackbill et al., 1992. This method transforms thdame
force into a body force in the free surface laysterphase
drag,C,y is calculated using a free surface model with the
area derived from the volume fraction gradient assg a
Newtonian regime. To allow for convective and réd&a
heat transfer from the free surface separate energy
equations are solved for the liquid and air phasermling
to Egn. 3.

D [[ra (pauaha)] = D [I.ra (/‘eﬁ DTH)J+ Qa (3)
Turbulent effects are accounted for by using the
homogenous turbulence model, which is a phase tezigh
extension of the single phase Shear-Stress-Transpor
(SST) model. Eqns. 4 and 5 are solved to obtain the
turbulent kinetic energy and turbulent eddy frequen



_ Hr .
Oeuk)=00)| p+-24 [0k [+P, - 4) ”
k) Eﬁ[,u akJ } k- Bk Boundary Type Condition
AB Axis of Zero fluxes
D[ﬂpuw):l][ﬁ[,u+MJDw%(l—Fl)Zp DkJw symmetry
Oun T %) BC Inlet Liquid slag mass flowrate = Tapping riate
w Liquid slag temperature = Tapping
tas P = Bspaf temperature
Further details of the constants and terms in theve CD&DE  OpeningExternal relative pressure =0 Pa
- . . External temperature = Eq. (6)
equations are given in ANSYS (2009). EF & FG Wall  Heat flux = Eq. (8)
Disc Geometry and Computation Domain GA Wall__Temperature = Constant
The disc geometry is a flat cylinder of 50 mm ditene Table 1: Boundary conditions.
and 10 mm in height, as schematically illustrate&igure
2(a). Figure 2(b) shows the two-dimensional comjira where, T, is an external temperature only used when
domain covering half the disc, a layer of solidgsfarmed inflow occurs, for outflow a Neumann condition ised.
on the top face of the disc and a region enclopags of Tex depends on the local volume fraction of slag aind a
Ilqwd.slag and air aboye the solid slag layerthe rqdlal immediately passing the openings;,Tis the average
direction, due to rotational symmetry, the compatat temperature of the slag film just leaving the démed
dpmaln only extends from the axis to the side faicthe assumed to be 1400 °Cy;Tis the temperature of air
disc. surrounding the disc and assumed to be 1200 °Crand
_ and g; are, respectively, the volume fractions of liquid
Tapping slag slag and air, which satisfy the following consttain
1 rslag + rajr =1 (7)
gllnlet,c Opening D . . .
Tapping siag o o The heat flux lost from the disc side face andsthié slag
solidsiag g tip are estimated by using Eq. (8), which accoufots
gin\Jaudska&Ar 15 convection and radiation heat transfer:
2, E
§I e q = _ab(Tb _Ta)_gba—(Tb‘l _vall) (8)
@ i =
: el £ where, T, is the temperature of the disc side face or solid
A%§r vl G slag tip face; T is the bulk air temperature;,Tis the
= enclosure wall temperature, is the emissivity of disc or
211\_) solid slag,o is the Stefan-Boltzmann constant; amgdis
o ) ! ) i the boundary heat transfer coefficient, which isnested
(a) Spinning disc (b) Computation domain by using the published empirical dimensionlessaiation
) o ) ) ] for rotating cylindrical surfaces from Etemad (1355
Figure 2: Schematic diagrams of three-dimensional disc A
geometry and two-dimensional computational domain. hy :% Nuj, 9)
b
In order to resolve the liquid slag layer and fse€face, a Nu, =0.076Re}”  (10)
fine mesh with an element size of 0.25 mm is engdon and
the vicinity above the interface between fluid ssalid b d2
slag domains, and a five-layer inflation within tfieid - PairPin% (11)
domain is applied to this interface. This treatmbas 2y
resulted in an average value of the dimensionlestartte The definition of the symbols involved in all thbcwve-
from the interface to the first nodal points in tfieid mentioned equations is given in the Nomenclature.

domain, ¥, to be around 0.1. This value implies that the

turbulence model is integrated up to the interfacel

turbulent wall functions are not used in this regio Table 2 gives the thermophysical properties ofiticalag,
solid slag, disc and air used in the present miodgiork.

Material Properties

Boundary Conditions

In the computation domain shown in Figure 2(b), the Density Dynamic Thermal
boundaries are named and labelled in an alphabetica Material viscosity conductivity
order, for which the specified conditions are givien (kg/m®)  (Pa‘s) (W/mK)
Table 1. Liquid slagf 259G 0.7 Eq. (12%
Solid slag 3100 - Egs. (12) & (13)
; ; . : Stainless steel diéc 8000 - 17.6
Equation (6) in Table 1 is defined as
q ©) ’ Air® 1185 Eq. (14) Eq. (15)
1a: Inaba et al. (2004), b: Purwanto et al. (20@5)Nagata and
Text =Tsag ilm * Fair Tai (6) Goto (1984), d: Measured

Zhttp://www.azom.com/details.asp?ArticlelD=863
Shttp://users.wpi.edu/~ierardi/FireTools/air_promht

Table 2 Material thermophysical properties.
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The equations mentioned in Table 2 are given by the

following expressions:
Agag =—99552+0.1967 X, —~1.2574x107*T4,,

+2.625x107°Tg,,

(for Tgag= 1373.15K)  (12)

Agag = 0.7095+ 7.3468x 107" Ty, +7.6683x107 T,
-65718x107°T3,,

(for Tgag< 1373.15K)  (13)
Ui =10x107°(- 257346 | 153796

Tair (14)

+0.029247,;, —3.4702x10°°T2,)

Ay =0.00318+8.616x107°T,;, 15)

-3.203x10°T2 +6.214x1072T2

In addition, the slag “solidus” is estimated to 1888 °C,
which is used to judge the occurrence of solidifara
according to the model predicted temperature figlde
surface tension coefficient of liquid blast furnaglag is
taken as 0.478 N/m (Inaba et al., 2004). A valuéQif is
set for the Nusselt number at free surface to auctor
heat exchange between liquid slag and air.

Solution Method

The governing equations expressed by Egs. (1) t¢ffrou
(5) together with the boundary conditions giverTable 1
were solved numerically using the commercial CFD
package ANSYS/CFX 11 (ANSYS Inc., 2009).

Solidification of liquid slag into solid slag waseated by
using a trial and error method. With this methoe, first
start the simulations with a predefined solid skegjon in
the computation domain and then intermittently atjhe
geometry of this region to follow the position tietslag
“solidus” isotherm in the numerical results. Insthiay,
and after a few iterations of adjusting the shap¢his
region, the solid slag profile becomes consisteith e
slag “solidus” isotherm, such that the solid slayer
profile and thickness can be predicted. Furthermasea
means of model validation, the predicted solid $tagr
thickness was compared with that measured in number
granulation experiments. The model validation resswill
be described in the following section.

RESULTS AND DISCUSSION
Typical Modelling Results

Prediction of free surface profile

One of the important objectives of the CFD model as
applied in the present work is to predict the fseeface
profile of liquid slag. From the free surface otaa durther
predict the thickness of the slag film at the disc
circumference prior to it rupturing into dropletds an
example, Figure 3 shows the predicted free suriactie
indicated by the border between the red colouroregi
(liquid slag) and the blue colour region (air). @éndhe
operating condition shown in the figure, the model
predicts that the slag film thickness close todise edge

is 0.86 mm.
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Prediction of temperature fields

Figure 4 depicts the model predicted temperature
distribution in liquid slag, solid slag, disc anid mear the
centre of the rotating disc. Under the operatingditon
indicated in the figure, the model predicts that #iverage
temperature of the liquid slag film at the exit thfe
computation domain is 1446.8 °C. Knowledge abois th
temperature is crucial for controlling film proges, such

as viscosity and surface tension, as these aregstro
functions of temperature and control slag granule
formation.

Slag stream tapped at 5 kg/min & 1450 T

Liquid slag film
thickness: 0.86 mm

Liquid slag

Axis of symmetry _ _ __ _

. 7
Solid slag layer
Solid slag layer

thickness: 0.72 mm
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Figure 3: Predicted liquid slag free surface profile.

@ Slag stream tapped at 5 kg/min & 1450 T
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Figure 4: Predicted temperature fields.

Prediction of flow fields

The model predicted liquid slag and air flow fieldse
shown in Figure 5. This figure depicts the strong
downward flow of the tapping stream and that in the
vicinity of the free surface both the slag and #direflow
have high velocities. Away from the slag film, thie flow
decays rapidly. A careful examination on the sldg f
region reveals that the radial velocity of liquihg also
decreases in the direction towards the solid slggrl This

is due to the wall and boundary layer effect of sioéid
slag.

Prediction solid slag profile

Figures 3 to 5 depict the profile of the solid slager
predicted by the model (i.e., the slag “solidusstigerm).
As seen from these figures, the thickness of thid stag
layer is nearly uniform across a major part ofdiez’s top
face, except for the centre zone impinged by tppitay
liquid slag stream where a thinner solid slag lagests.



Under the operating condition indicated in Figurett®
model predicted thickness of the solid slag layese to
the disc edge is 0.72 mm.

Slag stream tapped at 5 kg/min & 1450 T

Overall velocity
(m/s)

'2.618

r1.963

r1.309

Axis of symmetry

r0.654
IO.OOO

Solid slag layer

Free surface
Slag “solidus” isotherm

ZT S 1000 rpm
r

Figure 5: Predicted liquid slag and air flow fields.

Model Validation

The complexity of the fluid flow and heat transfer
phenomena occurring on a spinning disc makes i ver
hard to facilitate reliable measurements of theasig} or
temperature of the fast moving and rotating malteria
Therefore, it is difficult to validate the CFD mddey
measuring velocity and/or temperature in experisient
Instead we were able to use the thickness of thé slag
layer deposited on the disc’'s top face during the
granulation experiments to indirectly validate onodel.
Figure 6 shows a comparison of the predicted sslhg
layer thickness with that measured at two diffenemtial
positions on the disc’s top face (about one- araitvirds
away from the centre, respectively) for three expental
runs under the operating conditions given in tigar. It
can be seen from Figure 6 that the model givesigiieds

of solid slag layer thickness that are generallygood
agreement with the measurements (only with slight
overestimations).

The validation results shown in Figure 6 providea! of
confidence that the CFD model is able to prediethikat
transfer and frozen slag layer and thus can be fmed
investigating the flow and heat transfer phenontekiang
place on a spinning disc. Further validation byhgssolid
slag layer thickness measured from more granulation
experiments and by measuring other parameters ean b
used to improve the validity of the model.

3.0

254
2.0 4
154
1.04
Operating Condition:

0.5+ Tapping rate:1.420 — 2.475 kg/min
Tapping temperature: 1445 - 1469 PC

Predicted solid slag layer thickness, mm

Spinning speed: 1780 rpm
0.0 T T T T T
0.0 05 1.0 15 2.0 25 3.0

Measured solid slag layer thickness, mm

Figure 6; Comparison between predicted solid slag layer
thickness and the measurements.
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In all subsequent simulations the solid slag peofi
adjusted to follow the position of the slag “sokdu
isotherm. In this way, the CFD model is able tooact

for the slag solidification phenomena and thus ban
applied to investigate the influences of operating
conditions on the key parameters, such as slag film
thickness and temperature, for the dry slag graionla
process.

Influences of Operating Parameters on Slag Film
Thickness and Temperature

To gain an understanding of the sensitivity of ddéiyer
thickness, liquid slag film thickness and the film
temperature on operating parameters a series of
simulations looking at changes in operating paramset
has been performed.

Influence of slag tapping rate

From the present modelling investigation, it wasnd

that the slag tapping rate has a major influencethan
liquid slag film thickness, as shown in Figure 7can be
seen from this figure that increasing the tappiage r
results in a thicker slag film thickness at the eedg the

disc. For instance, an increase in the tappingfrate 2 to

8 kg/min leads to an increase in film thicknessabput

0.4 mm. Figure 8 shows the influence of tapping @t

slag film temperature. It can see from this figthat the

effect of tapping rate on the slag film temperatisreery

limited, with a few degrees increase. This is beeawith

the high spinning of the disc, liquid slag on thscchas a
high velocity and thus has a short residence timehe

disc, resulting in limited heat losses to the disd air.

1.2

Operating Condition:
Tapping temperature: 1450 °C
Spinning speed: 1000 rpm

Disc bottom temperature: 1100 °C

Liquid slag film thickness, mm
o
[ee)
L

0 2 4 6 8 10
Tapping rate, kg/min

Figure 7: Influence of tapping rate on film thickness.

Influence of slag tapping temperature

The most dominant influence of slag tapping temjpeea

is on the slag film temperature, which is illustgtin
Figure 9. It can be seen from this figure that the
relationship between the tapping temperature aadiliin
temperature is quite linear and the latter is omlyew
degrees (2.5 to 4 °C) lower than the former.

Influence of disc spinning speed

The most obvious influence of spinning speed isitban
the slag film thickness, as depicted by Figure\1/@. can
see from this figure that an increase in disc spopspeed
from 1000 to 2000 RPM leads to a decrease in the fi
thickness by about 0.35 mm.



1450

1448 4

L

Operating Condition:

Tapping temperature: 1450 °C

Spinning speed: 1000 rpm

Disc bottom temperature: 1100 C
T T T

1446

1444

1442 A

Ligid slag film temperature, °C

1440

0 2 4 6 8 10
Tapping rate, kg/min

Figure 8: Influence of tapping rate on film temperature.

1500

°c

Operating Condition:

Tapping rate5 kg/min

1480 - Spinning speec1000 rpm

Disc bottom temperature:1100 °C,

1460 +

1440 4

1420 4

Ligid slag film temperature,

1400

1400 1420 1440 1460 1480 1500

Tapping temperature, °C

Figure 9: Influence of tapping temperature on film
temperature.

12
1
0.8 1

0.6

Operating Condition:

0.4 { Tapping rate: 5 kg/min

Tapping temperature: 1450 °C

Disk bottom temperature: 965 - 1065 °C

Liquid slag film thickness, mm

0.2
500

1000 1500 2000 2500

Spinning speed, rpm

Figure 10 Influence of spinning speed on film thickness.

As a summary, the above-mentioned modelling results
demonstrate that the slag film thickness can hecti¥lely
controlled by adjusting the slag tapping rate arnst d
spinning speed, whereas the slag film temperatanche
more directly controlled by adjusting the slag tagp
temperature. Therefore, by appropriate selectiothese
operating parameters slag film properties can n¢ralbed

to achieve favourable conditions for disintegratafrthe
slag film into desired droplets and final granules.

CONCLUSION

Steady-state two-dimensional CFD modelling stutiege
been carried out to simulate fluid flow, heat tfansand
solidification of liquid blast furnace slag on aireging
disc for dry granulation of slag. The model is dapaof
predicting the liquid slag free surface profileg fltow and
temperature fields and the solid slag layer thiskndhe
most important outputs from the model are predigiof
the thickness and temperature of liquid slag fikefobe it
leaves the disc and ruptures, which can be usdédace
the formation of slag droplets/granules. For thirsipg
disc with the geometry investigated in this worke t
modelling results indicate that, i) the slag filhickness
can be effectively controlled by adjusting slagpiag rate
and disc spinning speed; ii) an increase in tappatg
from 2 to 8 kg/min leads to an increase in the film
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thickness by about 0.4 mm; iii) an increase in disc
spinning speed from 1000 to 2000 RPM results in a
decrease of slag film thickness by about 0.35 minthie
slag film temperature can be directly controlled by
adjusting the slag tapping temperature, with thenéy
being nearly linearly dependent on the latter. Appiate
controls on tapping rate, tapping temperature aithing
speed will maintain a slag film with properties davable

for producing desired slag granules.
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