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Abstract    Efficient  recycling  of  lithium  metasilicate
(Li2SiO3) from lithium-containing slag via a pyrometallur-
gical route demands a comprehensive understanding of its
solidification  process  in  the  slag  reactor.  A  simulation
framework is developed to predict the heterogeneous phase
distribution of Li2SiO3, the temperature and velocity fields
considering density changes in the solidifying melt, on the
apparatus scale. This framework integrates thermodynamic
models  via  calculation  of  phase  diagrams  with  the
enthalpy-porosity  technique  and  the  volume  of  fluid
method  within  a  finite  volume  approach,  ensuring
thermodynamic  consistency  and  adherence  to  mass
balance.  Thus,  the  formation  of  Li2SiO3 from  the  liquid
slag  composed  of  Li2O-SiO2 is  described  in  space  and
temporal fields. Thereby, the interrelationship between the
temperature field,  enthalpy field,  velocity field,  and phase
distribution  of  Li2SiO3 is  revealed.  It  is  shown  that  the
lower  temperature  on  reactor  boundaries  prompts  the
earlier  formation  of  Li2SiO3 in  the  vicinity  of  the
boundaries, which subsequently induces a downward flow
due to the higher density of Li2SiO3. The predicted global
mass fraction of Li2SiO3 under non-equilibrium conditions
is  11.5  wt % lower  than  that  calculated  using  the  global
equilibrium assumption. This demonstrates the global non-
equilibrium  behavior  on  the  process  scale  and  its
consequences on slag solidification.
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1    Introduction

Nowadays,  lithium  metasilicate  (Li2SiO3),  as  a  key

component  in  the  pseudo-binary  system  Li2O-SiO2,  is
attracting  increasing  attention  in  the  application  of
electrodes  in  lithium-ion batteries  (LIBs)  [1−10].  Due to
its  fast  Li+ ion  conductivity  property  with  a  three-
dimensional  Li+ path,  Li2SiO3 can  be  mixed  with
LiNi0.5Mn1.5O4 to form new cathode composites so as to
improve  cycling  stability,  rate  performance,  and  lower
charge  transfer  resistance  [1].  Recently,  novel  double-
buffer-phase  embedded  nanocomposite  Si/TiSi2/Li2SiO3
has  been  proposed,  and  it  shows  good  thermal  stability
and greater  rate  capability  at  evaluated  temperatures  [3].
Furthermore,  Li2SiO3 is  also widely applied as a coating
material to greatly enhance the Li+ diffusion rate [7,9,11],
the  electrode  structural  stability  [8],  and  electrochemical
performance  [12].  Other  uses  of  Li2SiO3 also  include
serving  as  silicate-based  sorbents  for  CO2 capture
[13,14],  acting as a heterogeneous catalyst for producing
biodiesel  from  soybean  oil  [15],  reducing  the  sintering
temperature  in  the  low-temperature  co-fired  ceramic
technology  [16],  and  serving  as  tritium  breeder  material
in  fusion  reactors  [17].  The  wide  usage  of  Li2SiO3 also
adds  to  the  increasing  demand  for  lithium,  which  is
categorized  as  a  critical  raw  material  [18].  Therefore,
ensuring lithium availability in the supply chain is crucial.
However,  the  current  processing  rate  may  not  fulfil  the
market  demand  in  terms  of  lithium  and  its  compounds
[19],  highlighting the  need for  energy-efficient  recycling
processes from industrial waste streams, e.g., via tailored
slags  from  pyrometallurgical  recycling  routes  of  spent
LIBs [20,21]. In our previous works [22−24], equilibrium
thermodynamic  modeling  of  slag  solidification  was
performed  under  the  framework  of  calculation  of  phase
diagrams  (Calphad)  [25−29].  This  method  is  a  powerful
tool  for  the  development  of  materials  and  processes,
facilitating  the  Calphad  and  the  corresponding
thermodynamic  properties,  such  as  enthalpy  and  latent
heat,  for  high-entropy  alloys  and  oxide  systems
[22,24,30,31].  In  recent  years,  this  method  has  been
extensively  applied  to  the  targeted  design  of  slag  phase
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compositions,  enabling  the  enrichment  and  optimization
of  vital  elements  within  a  single  target  phase,  such  as
enrichment of lithium in the target phase γ-LiAlO2 in the
context  of  engineering  artificial  minerals  of  LIBs
recycling.  This  is  important  for  making  downstream
processes  such  as  mechanical  separation  and  froth
flotation  more  efficient.  Since  solidification  rate  of γ-
LiAlO2 is  fast  and  kinetic  effects  only  occur  at  high
cooling  rates  [32],  thermodynamic  equilibrium  models
via  Calphad  [25−29]  can  be  successfully  applied  in  this
context,  if  external  kinetic  requirements  in  terms of  heat
extraction  are  fulfilled  [24,33].  However,  for  Li2SiO3,  it
could  be  emphasized  that  internal  kinetic  effects  during
solidification  occur  already  at  lower  cooling  rates
compared to γ-LiAlO2. As an example, in Ref. [34,35], it
was  shown  that  for  local  thermal  rates  of  5  K·min–1,
significant  internal  kinetic  effects  should  be  taken  into
account. Moreover, on the reactor scale, in addition to the
local  kinetic  effects,  large  spatial  and  temporal  tempera-
ture fields in particular, as well as density and flow fields,
play  a  central  role  in  solidification.  Computational  fluid
dynamics (CFD) [36] in combination with the volume of
fluid  (VOF)  [37,38]  and  the  enthalpy-porosity  technique
[39,40]  offers  approaches  to  take  these  phenomena  into
account.  While  there  are  numerous  works  using  the
enthalpy-porosity  technique  [39,40]  for  phase  change
materials  (PCMs) [41−44] solidification from the energy
storage  sector,  this  methodology  has  been  used  less
frequently for the solidification of slags. Moreover, in the
traditional  modeling  framework,  such  as  enthalpy-
porosity  technique  [39,40]  for  PCMs  solidification
[41−44],  the  density  is  typically  considered  either  cons-
tant  or  as  a  function  of  temperature.  Conversely,  when
density is treated as temperature-dependent, the fixed-grid
method  [45]  is  generally  employed.  In  Ref.  [45],  the
volume of the entire fluid domain is presumed to remain
constant,  which  precludes  the  ability  to  adhere  to  the
overall  mass  balance  [45−47].  In  this  work,  stronger
density  changes  during  solidification  are  expected.  Thus
it  is the goal to develop a simulation framework for slag
solidification,  where  spatial  and  temporal  flow,  density,
and temperature fields are considered globally and locally
phase  transition  and  phase  evolution  are  predicted  based
on thermodynamic models, under the assumption of local
thermodynamic equilibrium. The density of the mixture is
considered  to  be  temperature-dependent,  and  a  dynamic
mesh approach is employed, to ensure the maintenance of
overall  mass  balance.  The  framework  is  applied  to
simulate  the  solidification  of  Li2SiO3 from  Li2O-SiO2
melt. The grid size of the model is to be designed in such
a way that the hypothesis of local thermodynamic equili-
brium applies at the local cell level, where limits for this
particular  material  system  are  calculated  based  on  the
thermodynamic  extremal  principle  (TEP)  according  to
Ref. [34]. Accordingly, the enthalpy change in the trans-
formation  zone  is  calculated  also  with  thermodynamic

models  based on Calphad [25−29].  With  this  framework
in place,  the  time evolution of  the  heterogeneity  in  solid
phase  distribution  at  the  processing  scale  together  with
the  interdependent  spatial  inhomogeneity  of  temperature
fields  and  flow  patterns  is  simulated.  Such  an
investigation  contributes  to  the  understanding  and
predictive capability of oxide solidification in processing
environments,  providing  crucial  insights  for  efficient
apparatus and process design and operation. 

2    Methods
 

2.1    Model and VOF

In  this  study,  a  two-dimensional  numerical  model  of  the
solidification process is developed, representing a cylind-
rical  reaction  chamber  containing  a  liquid  slag  charac-
terized by a chemical composition of 55 mol % SiO2 and
45  mol % Li2O.  For  the  sake  of  demonstration,  the
diameter is set at 55 mm, and the height is at 130 mm. In
this  case,  the  reaction  chamber  is  completely  filled  with
liquid  slag.  The  temperature  of  the  entire  fluid  domain
and boundaries was assumed to be uniform at 1455 K in
the initial state. Following this, a cooling rate of 50 K·h–1

is  set  at  the four boundaries of  the reaction chamber.  To
consider  a  multiphase  system,  the  VOF method,  accord-
ing to Ref. [37,38] is considered. Specifically, as sugges-
ted  by  Richter  et  al.  [47],  we  applied  the  VOF  method
[37,38]  coupled  with  Calphad  to  describe  the  volume
fraction of Li2SiO3 and liquid slag, denoted as αs and αl,
respectively.  To  accurately  describe  the  solidification
process in terms of phase change based latent heat and its
impact on the temperature, flow, and density field of this
slag  system,  a  reformulated  enthalpy-porosity  technique
that  derives  its  enthalpy  information  directly  from  the
Calphad framework [25−29] is developed. 

2.2    Enthalpy-porosity technique coupled with Calphad,
and Calphad-based phase fraction calculation at the local
scale (finite volume element)

In  the  enthalpy-porosity  technique  [39,40],  enthalpy  of
the  mixture  is  divided  into  two  terms,  i.e.,  sensible  heat
and  latent  heat  content.  Furthermore,  the  latent  heat  is
assumed  to  vary  linearly  with  temperature  in  the
transition  zone.  However,  in  this  work,  the  enthalpy  of
the  mixture  is  directly  deduced  from  the  Gibbs  energies
from  Calphad  framework  [25−29].  Thus  for  each
individual  cell  of  the  simulation  domain,  at  a  particular
composition  and  experiencing  a  certain  temperature,  the
specific  enthalpy  of  the  mixture  is  directly  calculated
based  on  the  Calphad  database  [22,48]  from  the  Gibbs
energy  models  of  the  respective  phases.  For  the  sake  of
demonstration, Fig. 1(a)  represents  the  variation  of  the
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specific enthalpy of the binary Li2O-SiO2 system with an
initial composition of 55 mol % SiO2 and 45 mol % Li2O
over  temperature  for  a  single  finite  volume.  This  shows
for the particular material system a strong deviation from
linearized  latent  heat  calculations,  as  is  traditionally
considered  in  the  enthalpy-porosity  method  [39,40].  The
associated  liquid  fraction  for  the  same  system  and  over
the  same  temperature  range  as  is  derived  from  the
Calphad  database  [22,48]  is  presented  in Fig. 1(b).  A
significant  deviation  from  the  liquid  fraction  value
calculated  by  the  linear  change  assumption  with
temperature [39,40] is  observed for  this  material  system.
The  deviation  is  most  pronounced  as  the  system
approaches  the  solidus  temperature.  The  overall
nonlinearity  of  the  liquid  fraction  might  be  attributed  to
two factors: first, with the initial composition of 55 mol %
SiO2 and 45 mol % Li2O, the phase boundary at liquidus
temperature is  parabolic.  Second,  the eutectic  reaction at
solidus temperature is present:
 

Liquid↔ Li2SiO3+Li2Si2O5−high temperature form.
(1)

When  the  system  reaches  the  solidus  temperature
(Fig. 1(a)),  the  liquid  phase  undergoes  a  sudden
transformation  into  Li2Si2O5-high  temperature  form  and
Li2SiO3.  In  this  work,  Calphad  framework  [25−29]  is
applied  to  each  local  finite  volume  cell  to  calculate  the
specific  enthalpy  and  phase  fraction  via  polynomial
mapping  at  the  local  temperature.  Then,  the  calculated
local  volume  fraction  of  phases  denoted  by αl,  and αs is
provided as an input information to VOF [37,38] and the
local  specific  enthalpy  is  linked  to  the  reformulated
enthalpy-porosity  technique,  such  that  the  flow,
temperature, and density fields can be globally simulated.
Besides,  for  the  liquid  slag,  liquid  fraction βl is  set  to  1,
and βs to 0 for the solid phase. A schematic illustration of
these concepts and the geometry of the reaction chamber,
which is applied for the process simulation is presented in

the Fig. 2. The upper boundary of the reaction chamber is
configured  to  be  movable  in  order  to  maintain  mass
balance  as  the  density  varies  during  the  solidification
process. 

2.3    Global scale and connecting to local information

The  VOF  [37,38]  based  CFD  that  simulates  the
temperature  and  flow  fields  in  this  work  for  a  process
scale  slag  solidification,  utilizes  the  cell  level
solidification  information  in  terms  of  phase  fraction  and
enthalpy, that are calculated by the coupled framework of
Calphad  [25−29]  and  enthalpy-porosity  technique
[39,40].  Herein,  the  solid  deformation  of  the  material  is
not  considered.  Additionally,  due to  the  extremely slow-
moving  velocity  appearing  in  the  system,  it  is  assumed
that no turbulence is present. Under these conditions, the
mass  conservation  equation,  energy  equation  and
momentum  equation  are  formulated  respectively  as
follows [40,50]:
 

∂ρ

∂t
+∇ · (ρv⃗) = 0, (2)

 

∂

∂t
(ρH)+∇ · (ρv⃗H

)
= ∇ · (k∇T )+S H, (3)

 

∂

∂t
(
ρv⃗
)
+∇ · (ρv⃗v⃗

)
= −∇p+∇ · ( ¯̄τ)+ρg⃗+F. (4)

p ρ
t v⃗ H
k S H

g⃗ ¯̄τ

In  the  above  equations,  is  pressure,  represents
density,  represents  time,  is  velocity  vector,  is
enthalpy,  is  heat  conductivity,  is  the  source  term,
which is set to zero for the particular case studied in this
work.  is  gravitational  acceleration,  is  stress  tensor,
which can be expressed as according to [50]:
 

¯̄τ = µ
[(∇v⃗+∇v⃗ T )− 2

3
∇ · v⃗I

]
. (5)

v⃗ T IHere,  is the transpose of the velocity vector,  is the

 

 
Fig. 1    (a)  Calculated  specific  enthalpy  of  mixture  from  the  Calphad  framework  [25−29]  in  three  different  regions,  i.e.,  liquid,
liquid/solid, and solid region (structure of Li2SiO3 is based on Ref. [49]). (b) Calculated temperature-dependent liquid fraction with
the initial  composition: 55 mol % SiO2 and 45 mol % Li2O [34] (The black line represents the calculated liquid fraction from the
Calphad framework [25−29]. The blue dash line is modeled as a step function using the linearity assumption within enthalpy-porosity
technique [39,40]). The liquid fraction is expressed as a dimensionless quantity.
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F
unit  tensor.  In Eq.  (5),  besides the gravity force,  there is
another body force term  for modifying the momentum
in the mush region, which can be described according to
[40,47,51]:
 

F =
(1−β)2

β3+ε
Amushv⃗. (6)

εIn Eq. (6),  is a constant, which is introduced to avoid
division  by  zero. Amush is  an  adjustable  mush  zone
constant.  It  is  worth  emphasizing  that  the  liquid  fraction
of the mixture, β, in the present work does not follow the
linear  temperature  relationship  from  the  classical
enthalpy-porosity technique [39,40], and is derived based
on  Calphad  method  [25−29].  The  parameter β can  be
expressed as:
 

β = αsβs+αlβl. (7)
Under the condition that no material is being pulled out

of the domain, the introduction of the momentum source
term accounts for the strong decrease of the flow velocity
of the mixture with decreasing liquid fraction. Especially
when  the  liquid  fraction  is  approaching  zero,  the
predicted velocity will be close to zero. 

2.4    Numerical framework

The  model  is  implemented  in  Ansys  fluent  [52].  To
discretize  the  geometry  of  the  exemplified  reaction
chamber,  different  structured  and  quadrilateral  mesh
sizes,  such  as  0.4,  0.3,  0.2,  and  0.1  mm,  are  applied  to
assess  the  mesh sensitivity  of  the  numerical  simulations.

The  details  will  be  discussed  in  the  results  section.
Regarding  the  solution  methods  employed  in  this  study,
the  SIMPLE  algorithm  [53]  was  utilized  for  pressure-
velocity  coupling.  For  spatial  discretization,  the  least
squares  cell-based  scheme  was  adopted  for  gradient
evaluation, while the PRESTO! Scheme [54] was applied
for  pressure  interpolation.  The  momentum  and  energy
equations  were  solved  using  the  second-order  upwind
scheme [55]. To determine the volume fraction, the Geo-
Reconstruct  scheme  [56]  was  utilized.  Additionally,  a
first-order  implicit  formulation  was  applied  for  transient
calculations,  with  a  constant  time  step  set  at  1  s.
Additionally, the upper boundary is modeled as a moving
boundary,  with its  position dynamically adjusted accord-
ing  to  a  governing  equation  designed  to  maintain  the
overall  mass  balance.  For  this  case,  the  dynamic  mesh
technique [57] was employed where layering was specifi-
cally applied to the upper boundary.  Simultaneously,  the
left boundary, right boundary, and the interior fluid were
configured  to  deform  within  the  dynamic  mesh  settings.
Surface  forces  and  further  body  forces  are  neglected  in
this  work.  Furthermore,  the  applied  material  properties
and  simulation  conditions  in  terms  of  initial  temperature
and cooling rate applied to the system are summarized in
Table 1.

In Table 1,  the  volume  fraction  and  specific  heat
capacity  of  each  phase  are  temperature-dependent.  They
are  calculated  based  on  the  Calphad  framework  [25−29]
under  local  equilibrium  conditions  and  mapped  via
polynomial  functions,  such  that  the  information  is
transferred  via  a  user-defined  function  in  Ansys  fluent

 

 
Fig. 2    Schematic  illustration  of  the  coupled  approach  between  enthalpy-porosity  technique  and  VOF  (αl and αs represent  the
volume fraction of liquid and solid respectively, βl and βs are the liquid fraction of the liquid and solid phases respectively. The black
arrows represent the movable upper boundary, which is adjusted to maintain the overall mass balance. The interface is described by
three regions: solid, mushy, and liquid, respectively).
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[52]. 

2.5    Identifying maximal local cooling rates to ensure
validation of the local thermodynamic equilibrium
hypothesis based on the TEP

The validity of the local equilibrium assumption for melt
solidification  that  has  been  considered  in  this  work,
depends  on  the  external  cooling  rates,  the  transport
kinetics  of  the  material  system  under  investigation,  as
well  as  the  reaction  kinetics  of  the  solidifying  phases.
Hence,  it  is  essential  to  elucidate  the  dependence  of
different  internal  kinetic  effects  during  solidification,  on
the external processing conditions.

Ġ

Q

Ġ = −Q
Q

A  thermodynamically  consistent  model  based  on  the
TEP  has  been  developed  in  our  previous  works
[34,35,64].  Within  the  model  framework,  the  internal
kinetic effects, as well as the migration of the solid/liquid
interface,  have  been  considered  to  dissipate  the  system
Gibbs energy.  Hence,  first,  the  rate  of  this  Gibbs energy

,  was  formulated  in  terms  of  certain  kinetic  variables,
such  as  the  mass  flux  and  the  interface  velocity  that  are
representatives  of  the  internal  kinetic  processes  on  the
one hand and characterizes the system on the other. Next,
based on the linear relation between fluxes and forces for
each  of  the  kinetic  processes,  the  dissipation  function 
was  represented  as  a  quadratic  function  of  the  same
kinetic  variables.  Finally,  considering  the  constraint  of

 stemming  from  irreversible  thermodynamics,  a
maximization  of  with  respect  to  the  kinetic  variables
yielded the evolution equations, hence the time evolution
of  the  internal  material  and  thermal  profiles  for  a
solidifying  melt  in  dependence  of  the  external  thermal
profiles  could  be  calculated.  For  a  detailed  derivation  of
the  evolution  equations,  the  readers  might  refer  to  Ref.
[65,66].

The TEP framework,  when implemented for  the Li2O-
SiO2 system, could describe the non-equilibrium nature of
Li2SiO3 solidification  for  the  fast  cooling  of  the  binary
melt  in  Ref.  [34].  The  model  parameters  could  be
successfully  determined  to  capture  the  experimentally
observed  deviation  of  the  solidified  phase  fraction  from
its equilibrium behavior.

In  this  work,  the  TEP  model,  with  its  experimentally

determined  parameters  has  been  implemented  inversely,
such  that  a  limiting  external  cooling  rate  can  be
determined  below  which,  minimal  deviation  from
equilibrium  is  predicted  and  the  local  equilibrium
assumption  is  substantiated  and  chosen  cell  size  is
approved for the particularly simulated cases in this work. 

3    Results and discussion

The  simulation  framework  developed  in  this  work  has
been  implemented  to  study  the  solidification  of  Li2SiO3
from a liquid slag with a bulk composition of  55 mol %
SiO2 and  45  mol % Li2O. Hence,  the  initial  temperature
of the fluid and boundaries is set at 1455 K, which is the
liquidus  temperature  for  this  composition.  A  boundary
cooling rate  of  50 K·h–1 is  applied and the solidification
is simulated for a duration of 1000 s, to put the particular
focus  on  the  early  stage  crystallization  regime  in  this
work.  The time step is  chosen to be 1 s,  due to the very
high viscosity of the slag system.

Furthermore,  the  simulation  domain  had  to  be
discretized using a mesh of a certain dimension. For this,
a  sensitivity  analysis  was  first  performed  to  observe  the
influence  of  mesh  size  on  the  simulated  solidified
fractions. A structured and quadrilateral cell based grid is
used  for  meshing.  Based  on  the  present  numerical
simulation,  the  overall  mass  fraction  of  the  Li2SiO3 can
be  updated  in  every  time  step.  With  a  coarse  mesh  size,
such  as  0.4  mm,  the  time-dependent  phase  evolution  of
Li2SiO3 exhibited  frequent  numerical  fluctuations.  A
sharp increase of the global mass fraction of Li2SiO3 from
0 to  14.2  wt % followed by a  steep  decline  to  7.3  wt %
within  only  the  first  200  s  suggests  a  strong  numerical
instability.  With  the  continuous  refinement  of  the  mesh,
the temporal numerical fluctuation of the generated phase
amounts  gradually  disappeared.  Specifically,  when  the
mesh size was reduced to 0.1 mm, no mass fraction jump
was observed throughout the entire simulation. Therefore,
in this work, the mesh size of 0.1 mm is selected for the
numerical simulations.

Next,  a  comparison  was  made  between  the  local
cooling  rates  experienced  by  several  representative
locations  within  the  reactor,  when  the  boundary  cooling
was set at 50 K·h–1, and the TEP determined cooling rate
of  approximately  10.2  K·h–1,  for  which  the  internal
kinetic  effects  are  negligible.  It  was  observed  that  the
local  temporal  thermal  gradients  were  in  the  range  or
even  below  the  critical  value.  Hence,  the  assumption  of
the  local  thermodynamic  equilibrium  for  the  externally
applied kinetic condition was validated.

Consequently  for  any  boundary  cooling  rate  below  50
K·h–1,  some  of  which  are  further  discussed  later  in  this
section,  the  presently  developed  non-equilibrium  model
with  the  local  equilibrium  hypothesis  is  applicable  to

 

Table 1    Applied material properties and conditions in the numerical
simulations

Properties Liquid Li2SiO3 Reaction chamber Ref.

cpi /(J·kg−1·K−1) 1840 1890 1882.8 [22,48,58]
ρi /(kg·m−3) 2025 2570 1900 [49,59,60]
λi /(W·m−1·K−1) 0.2 8.392 65 [59,61,62]
ηi /(Pa·s) 1.046 300 – [63]
Tini /(K) 1455 – 1455 –

Ṫ /(K·h−1) – – 50 –
βi 1 0 – –
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simulate  time-dependent  solidification  behavior.  For  the
cases,  when  the  reactor  is  subjected  to  higher  cooling
rates at the boundary, the local thermal gradients need to
be  further  evaluated  to  determine  whether  it  falls  within
the  TEP  defined  critical  cooling  rate.  If  not,  this  would
signify  that  even  locally,  the  kinetics  of  diffusion  and
phase  generation  are  not  fast  enough  compared  to  the
process time scales to attain local equilibrium. This would
trigger  spatial  heterogeneity  of  material  and  thermal
profiles even at the local cell level and the corresponding
solidification behavior can no longer be described by the
local  equilibrium  hypothesis.  In  such  cases,  modeling
strategies that capture the local kinetics need to be further
integrated  to  the  present  framework.  However,  for  this
study, ensuring adherence to local equilibrium conditions,
model  calculations  were  first  performed  under  the
boundary  cooling  rate  of  50  K·h–1,  with  the  simulation
space being discretized using a 0.1 mm mesh, to elucidate
the  interrelationship  between  the  temperature  field,
enthalpy  field,  flow  field,  and  phase  distribution  of  the
Li2SiO3 as the liquid slag solidifies.

Figure 3 represents  the  heterogeneity  of  the
temperature,  velocity,  and  density  fields  formed  at  the
reactor  scale  when  the  slag  system  has  been  cooled  for
1000  s.  As  can  be  observed  from Fig. 3(a)  the
temperature  on  the  four  boundaries  is  generally  lower
than the rest of the region of the reaction chamber.

According  to  the  numerical  simulation,  when  the
boundary  temperature  decreases  to  1441  K  at  a  cooling
rate of 50 K·h–1,  the central region of the slag retains its
initial temperature of 1455 K. This thermal lag effect thus
results in a reduced generation of Li2SiO3, in comparison
to the phase amount formed under the assumption of the
global  homogeneous  temperature  distribution.  Moreover,
even with identical cooling rates and initial  temperatures
on  the  four  boundaries,  after  1000  s,  the  temperature
distribution near the four boundaries is not identical. This

phenomenon can be attributed to two main factors. On the
one  hand,  during  the  solidification  process,  the  overall
density of the mixture increases because the density of the
solid phase Li2SiO3 is higher than that of the liquid slag.
As  the  temperature  decreases,  an  increasing  amount  of
Li2SiO3 forms, resulting in a shrinkage of the entire fluid
domain.  This  shrinkage  causes  the  upper  boundary  to
move downward. Consequently, the temperature gradient
from  the  upper  boundary  to  the  center  region  becomes
more  pronounced  than  the  gradient  from  the  bottom
boundary  to  the  center  region.  On  the  other  hand,  the
movement  of  the  mixture  resulting  from  density  varia-
tions,  as  depicted  in Fig. 3(c)  during  the  solidification
process  affects  the  temperature  and  velocity  fields.  The
details of the velocity field are illustrated in Fig. 3(b). As
the  temperature  continues  to  decrease,  an  increasing
amount of the liquid phase near the boundary transforms
into the solid phase Li2SiO3. Additionally, due to gravity,
the denser mixture near the two vertical boundaries tends
to  move  downward.  Furthermore,  the  downward  move-
ment  is  accelerated  by  the  lowering  of  the  upper
boundary.  Subsequently,  the  mixture  from  both  vertical
sides reaches the bottom boundary and flows in a reverse
direction upward.  Additionally,  vortices  can be observed
in  the  flow  pattern  represented  in Fig. 3(b).  The  highest
velocity is calculated to be around 1.4 × 10−5 m·s–1 in the
reverse  flow  region  at  the  bottom  area.  In  contrast,  the
movement  in  the  center  area  remains  very  low,  as  the
temperature in this region stays at 1455 K, preventing the
production  of  Li2SiO3.  Consequently,  the  density  in  this
region  remains  constant,  equal  to  the  liquid  slag  density
of  2025  kg·m–3.  In  this  work,  the  specific  enthalpy  is
directly  informed  by  the  Calphad  [25−29],  which
inherently  includes  the  latent  heat  term.  As  temperature
decreases,  the  liquid  slag  transforms  into  solid  phase
Li2SiO3.  Due  to  the  release  of  the  latent  heat,  the
temperature  at  local  points  can  increase  during  the

 

 
Fig. 3    Calculated contours of (a) temperature, (b) velocity, and (c) density field with the present numerical simulation after 1000 s
with 0.1 mm mesh size.
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solidification  process  and  lead  to  the  remelting  pheno-
menon.  This  local  temperature  increase  also  affects  the
phase  distribution of  Li2SiO3,  as  its  local  phase  fraction,
is  calculated using Calphad method [25−29].  The spatial
variation in the solid phase distribution further influences
the density field and impacts the flow pattern. Therefore,
in  this  numerical  simulation,  accurately  describing  the
specific  enthalpy  of  mixture  is  crucial  for  the  integrated
enthalpy-porosity  technique  [39,40].  Accordingly,  the
calculated  specific  enthalpy  of  the  simulation  domain
after the system has been cooled for 1000 s is presented in
Fig. 4.

The  absolute  and  specific  enthalpy  of  the  mixture
calculated  using  the  Calphad  model  [25−29]  within  the
temperature  range  of  1455–1441  K,  varies  from
approximately –1.550 × 107 to –1.561 × 107 J·kg–1. This
aligns  well  with  the  calculated  enthalpy  field  of  the
mixture  shown  in Fig. 4.  Thus,  this  confirms  that  the
specific  enthalpy  from  the  numerical  simulation  at  each
local position matches the specific enthalpy predicted by
the  Calphad  method  [25−29],  validating  the  successful
integration  of  Calphad  [25−29]  and  enthalpy-porosity
technique [39,40]. The evolution of the phase distribution
of Li2SiO3 with time has been represented in Fig. 5.

In  the  early  stage  of  the  solidification  process,  as
depicted in Fig. 5(a),  Li2SiO3 is  initially generated at the
boundaries. However, compared to the bottom boundary,
 

 
Fig. 4    Calculated  absolute  and  specific  enthalpy  field  of  the
mixture with the present numerical simulation after 1000 s.

 

 
Fig. 5    Calculated phase distribution of the Li2SiO3 in volume fraction with the present numerical simulation at (a) 250 s, (b) 500 s,
(c) 750 s, and (d) 1000 s. The volume fraction is expressed as a dimensionless quantity.
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Li2SiO3 is less concentrated near the top boundary. As the
temperature  continues  to  decrease,  this  phenomenon
becomes increasingly pronounced and can be attributed to
two main factors. First, due to the gravitational field, the
generated  Li2SiO3,  being  denser  than  the  liquid  slag,
tends to accumulate at the bottom boundary. The velocity
field  shown  in Fig. 3(b)  also  indicates  downward
movement  along  the  top  boundary  and  the  presence  of
vortices  at  the  bottom  boundary.  Additionally,  the
downward  movement  of  the  top  boundary  increases  the
vertical  temperature  gradient  in  this  area.  Compared  to
the initial height of 130 mm, the final height after 1000 s
of simulation time is reduced to 129 mm. As illustrated in
Fig. 3(a),  this  change  leads  to  a  higher  average
temperature  near  the  top  boundary,  which  subsequently
inhibits the formation of Li2SiO3.

The  effect  of  the  external  processing  conditions  in
terms of heat extraction-based boundary cooling rates on
the solidification behavior of the slag is elucidated further
in Fig. 6 by  comparing  the  generated  mass  fraction  of
Li2SiO3 within  the  different  simulation  times  of  slag
solidification  under  different  cooling  conditions.  The
cases  (i),  (ii),  (iii),  (iv),  (v),  and  (vi)  are  for  boundary
cooling  rates  of  50,  45,  40,  35,  30,  and  25  K·h–1,
respectively,  considering  heterogeneous  temperature  and
velocity  fields.  (vii)  is  for  the  sake  of  comparison  a
calculated case with a boundary cooling rate of 50 K·h–1

with a homogeneous temperature field within the reactor
chamber.

For cases (i) and (vi) in Fig. 6(a) it can be observed that
decreasing  the  cooling  rate  delays  the  formation  of  the
first crystalline solid phase Li2SiO3 almost twofold, from
74  to  146  s.  Moreover,  since  the  formation  rate  of
Li2SiO3 is slower at 25 K·h–1 compared to 50 K·h–1, only
1.4  wt % of  Li2SiO3 is  produced  after  1000  s,  which  is
less than half of the amount formed at the higher cooling

rate of 50 K·h–1. In the case of a cooling rate of 40 K·h–1,
the first crystalline phase forms at 92 s, with 2.6 wt % of
Li2SiO3 produced after 1000 s. This amount is lower than
that  generated at  the  cooling rate  of  50 K·h–1 but  higher
than  those  at  the  rates  which  lower  than  40  K·h–1.  The
influence  of  higher  density  of  solid  and  lowering  of  the
upper  boundary,  which  can  now  be  precisely  described
under  mass  balance  conditions,  leads  to  the  early
concentration  of  solid  phase  near  the  bottom  boundary.
Furthermore,  compared  to  the  generated  Li2SiO3 mass
fraction  for  case  (vii)  denoted  by  the  brown  line  in
Fig. 6(a),  which  is  determined  to  be  14.9  wt % after
1000  s,  the  calculated  mass  fractions  for  cases  (i),  (ii),
(iii),  (iv),  (v),  and  (vi)  after  1000  s  are  significantly
smaller.  This  stems  from  the  fact  that  under  the
assumptions  of  global  thermodynamic  equilibrium,
spatial  and  temporal  fields  have  not  been  considered  for
the case (vii). Whereas for the cases (i), (ii), (iii), (iv), (v),
and (vi) that better represent the conditions for a practical
reaction  chamber  or  slag  reactor,  the  temperature  and
chemical  composition  differ  at  each  position  and  hence
represents  non-equilibrium  cases  at  the  global  scale,
while  locally  equilibrium  is  maintained. Figure 6(b)
illustrates the effect of varying cooling rates on the phase
formation of Li2SiO3 across different simulation times. At
each  simulation  time,  ranging  from  500  to  1000  s,  the
effect of varying cooling rates on the phase formation of
Li2SiO3 appears  to  be  approximately  linear.  As  the
cooling  rate  increases,  the  predicted  phase  amount  of
Li2SiO3 also rises. For instance, at the simulation time of
500 s, the mass fraction of Li2SiO3 increases from 0.3 to
1.0  wt % when  the  cooling  rate  is  elevated  from  25  to
50  K·h–1.  Moreover,  the  slope  of  the  lines  progressively
increases  between  500  and  1000  s.  At  1000  s  of
simulation time, an additional 2.0 wt % of Li2SiO3 forms
when  the  cooling  rate  is  increased  from 25  to  50  K·h–1,

 

 
Fig. 6    (a)  Calculated  mass  fraction  of  Li2SiO3 from process  simulation  at  different  cooling  rates  (black  line:  25  K·h–1,  red  line:
30 K·h–1, green line: 35 K·h–1, blue line: 40 K·h–1, cyan line: 45 K·h–1, and magenta line: 50 K·h–1. The brown line represents the
calculated mass fraction of Li2SiO3 with a cooling rate of 50 K·h–1 across the entire domain under equilibrium conditions, ignoring
all  spatial  and  temporal  fields,  and  hence  represents  the  comparison  case  for  global  equilibrium  behavior).  (b)  Calculated  mass
fraction of Li2SiO3 from process simulation at different simulation times (black line: 1000 s, red line: 900 s, green line: 800 s, blue
line: 700 s, cyan line: 600 s, and magenta line: 500 s).
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compared to an increase of only 0.7 wt % at  500 s.  This
indicates that higher cooling rates have a more significant
effect  on  promoting  the  phase  formation  of  Li2SiO3
during the later stages of phase evolution. 

4    Conclusions

The  objective  of  this  work  is  to  develop  a  numerical
simulation  framework  that  integrates  thermodynamic
models via Calphad with the enthalpy-porosity technique
and  the  VOF  method  within  a  finite  volume  approach.
The aim was to predict phase distribution and temperature
profiles  during  solidification  processes,  particularly  for
simulating solidification of slags on processing scale. The
framework  applies  Calphad  to  integrate  the  enthalpy  of
the  mixture  and  the  temperature-dependent  phase
behavior  in  each  local  cell,  where  the  local  equilibrium
hypothesis is applied and approved via TEP. Considering
the thermal lag effect, a temperature difference of 14 K is
observed between the boundary and the core of the fluid
in the herein chosen simulation geometry at a cooling rate
of  50  K·h–1 after  1000  s.  Due  to  the  lower  temperature
near  the  boundaries,  the  generated  Li2SiO3 is  primarily
distributed  in  the  boundary  area,  while  the  central  area
remains in the liquid state for the observed time interval.
At  the  same  time,  the  density  of  the  fluid  near  the
boundaries  increases  from  2025  to  approximately
2095  kg·m–3.  Owing  to  the  significant  density  changes
during solidification, the upper boundary which accounts
for  maintaining  mass  balance  moves  downward.  This
leads  to  an  increase  in  the  temperature  gradient  and
simultaneously  accelerates  the  flow  velocity  of  the  fluid
near the top boundary. Once the fluid reaches the bottom
boundary,  it  reverses  direction  and  flows  upward,
forming  vortices  with  a  maximum  predicted  velocity  of
approximately  1.4  ×  10–5 m·s –1.  With  this  approach,  the
time- and spatial-dependent phase distribution of Li2SiO3
and  the  heterogeneous  temperature  field,  and  the
corresponding  flow  pattern  during  solidification  is
calculated. It turned out, for the particular system studied
that due to non-equilibrium and flow conditions, the mass
fraction  of  Li2SiO3 is  11.5  wt % below  the  global
equilibrium prediction.  This  emphasizes  the  necessity  of
taking  into  account  heterogeneous  fields  and  non-
equilibrium on the slag processing scale, such that reactor
conditions can be simulated and optimized. 
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