
Computational Study of Flash Calcination of Lime Mud from Pulp
and Paper Mill Process
Marcus Svensson,* Andreas Johansson, Fredrik Weiland, and Henrik Wiinikka

Cite This: Ind. Eng. Chem. Res. 2026, 65, 12610−12619 Read Online

ACCESS Metrics & More Article Recommendations

ABSTRACT: Calcination, where CaCO3 is thermally decom-
posed to CaO and CO2, is one of the most important chemical
reactions. In this work, a CFD model is developed to investigate
the flash calcination behavior of lime mud under various
temperatures and gas atmospheres. Simulation results are
compared with experimental data obtained from a pilot-scale
flash calcination experimental campaign conducted in a drop tube
furnace at the RISE site in Piteå. The simulated flash calcination
temperature ranges from 700 to 1350 °C, with 50 °C increments,
under different atmospheric conditions: 100% N2, CO2, and H2O
vapor, as well as a 50/50 mixture of CO2 and H2O vapor. The
comparison shows overall good agreement between simulations
and experiments, with most flash calcination thresholds accurately
captured, particularly in cases involving CO2-containing atmospheres. The particle residence time, temperature, and the presence of
CO2 and H2O vapor were identified as the most influential parameters affecting flash calcination conversion and the evolution of the
specific surface area.

■ INTRODUCTION
Achieving global net-zero greenhouse gas (GHG) emissions
will require deployment of carbon dioxide (CO2) removal
technologies in addition to substantial reductions in fossil fuel
emissions.1 Bioenergy with carbon capture and storage
(BECCS) has gained increasing attention due to its potential
to combine renewable energy production with permanent
sequestration of biogenic CO2.

1 In both North America and
Europe, the pulp and paper industry has been identified as a
promising sector for carbon capture and storage (CCS) and
BECCS implementation due to its extensive biomass use and
large biogenic CO2 emissions.1−3 Integration of CCS within
existing industrial infrastructure has therefore been suggested
as a pathway toward reducing industrial climate impact and
potentially enabling negative CO2 emissions.1,2 Emission of
GHG from pulp and paper industry in Sweden accounted for
11% of the national annual emissions during the 1990s. Due to
transition from fossil energy to biofuels and electricity, as well
as investments in environmental technology, the annual
emissions of GHG from this domestic industrial sector are
now at 5% as of 2024.4 Despite the efforts to reduce the
environmental impact, pulp and paper industry is still among
the largest sources of GHG emission in Sweden.5−7 Ongoing
initiatives to further reduce emissions and the environmental
impact are continuing.5 One approach is introducing CCS
technology into the lime cycle;8,9 the lime cycle has been
recognized as a suitable integration point for CCS, potentially

enabling negative CO2 emissions due to biogenic origin of the
emitted carbon.1−3 The lime cycle is a key part of the chemical
recovery process (see Figure 1), in which sodium carbonate
(Na2CO3) is causticized to form sodium hydroxide (2NaOH)
and lime mud (CaCO3), according to the reaction Na2CO3 +
Ca(OH)2 → 2NaOH + CaCO3. Subsequently, the lime mud
undergoes calcination to form lime (CaO), as CaCO3 → CaO
+ CO2.
The resulting lime is then slaked to reform calcium

hydroxide, (Ca(OH)2), which is needed during causticizing,
as CaO + H2O → Ca(OH)2.

8 The lime cycle has the potential
to function as a CCS method, through calcination and
carbonization of CaCO3/CaO. By allowing emitted CO2
from the process gas to react with lime, lime mud can be
reformed while simultaneously contributing to an overall
reduction in CO2 emissions.8,10 Industrially, this process
occurs in a rotary kiln, similar to clinker formation in cement
production,11 typically fired with oil or biomass fuel. The
resulting flue gas contains approximately 20 vol % CO2 from
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the kiln.12 To enhance effectiveness of CCS technologies, a
higher CO2 concentration is beneficial.10 To increase CO2
concentration in the flue gas, an alternative heating source,13

for example, an electrified CO2 plasma burner, in which CO2 is
ionized and heat for calcination is generated simultaneously
during CO2 reforming, may be employed. Switching to a CO2
plasma burner would result in a fully electrified system, and the
flue gas would predominantly consist of CO2, which may
facilitate CCS. However, the overall climate impact of such a
system would depend on the carbon intensity of the electricity
supply and the energy requirements associated with CO2
plasma generation.5−8,10

Previous studies have shown that calcination temperature,
atmosphere, and residence time significantly influence lime
quality, particularly the morphology and porosity of the lime
particles, which are key factors affecting the slaking rate.
However, these studies have primarily focused on calcination
of pulverized limestone from a quarry, rather than lime mud
from the pulp and paper industry.3,14−19

Reinsdorf et al.15 investigated how calcination temperature
and various calcination atmospheres affect the kinetic and
physical properties of lime mud derived from the pulp and
paper industry. The experiments were carried out in several
different gas atmospheres: CO2, N2, H2O, and various mixtures
of CO2/N2 and CO2/H2O at temperatures ranging from 700
to 1350 °C. The researchers conducted the flash calcination
experiment of lime mud in a pilot-scale drop tube furnace
(DTF) and found that both the reaction behavior and material
structure changed significantly when H2O vapor was included
in the calcination atmosphere. The highest calcination degree
was observed in an inert (N2) atmosphere, and a lower
calcination degree occurred when CO2 and H2O were
included.
To gain a deeper understanding of the heat and mass

transfer mechanisms between the continuous gas phase and
solid lime mud phase, a computational fluid dynamic (CFD)
model was developed in this work to capture and evaluate the
influence of key operating parameters related to lime mud
calcination and sintering. The objective of the present work is
to simulate flash calcination and the influence of different flash
calcination atmospheres, such as gas composition and
temperature. A mathematical model for flash calcination,
originally from 1980s20 and later adapted in 2010s17 for

cement production, is implemented along with a particle
sintering submodel in a CFD framework. The model is applied
to a one-to-one numerical reconstruction of the experimental
setup described by Reinsdorf et al.,15 thereby enabling scaled-
up simulations under realistic operating conditions in the
future. To the authors’ knowledge, there is currently no
existing CFD model describing flash calcination or sintering of
lime mud stemming from the pulp and paper industry.
Therefore, the novelty of this work lies in applying and
evaluating a flash calcination model originally developed for
cement systems to lime mud stemming from the pulp and
paper industry and comparing the CFD result to experimental
data obtained from a lime mud flash calcination campaign.

■ PARTICLE REACTION MECHANISM
The mathematical model for the reversible calcination/
carbonation reaction R1 is based on the work by Mikulcǐc ́ et
al.,17 which is a continuation of the previous work by Silcox et
al.,20 and contains two rate-limiting factors: diffusion of CO2
through the particles to the bulk phase and the chemical
kinetics of the reaction.17,20

+ =HCaCO (s) CaO(s) CO (g), 168 kJ/mol3 2 R

(R1)

The total reaction rate R total
kg

m s2

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ for the reversible reaction

R1 is expressed as

= +R
R M R

1 1
,

kg
m stotal

ph CaCO ch

1

2
3

Ä

Ç

ÅÅÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑÑÑ

Ä
Ç
ÅÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑÑ (1)

where R ph
kg

m s2

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ and Rch

mol
m s2

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ represent the physical and

chemical reaction rates and MCaCO
kg

kmol3

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ is the molar mass of

calcium carbonate. The physical rate (eq 2) is expressed as

=R
DShP

R D T
12

,
kg

m sph
CO p p

2
2

Ä
Ç
ÅÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑÑ (2)

where RCO
J

kg K2

Ä
Ç
ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑ is the gas constant for CO2, Dp [m] is the

particle diameter, Tp [K] is the temperature of the particle, Sh [
− ] is the dimensionless Sherwood number, P [Pa] is the
ambient pressure, which is assumed to be close to the

atmospheric pressure, and D m
s

2Ä
Ç
ÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑ represents the diffusion of

CO2. The chemical reaction rate (eq 3) is expressed as

=R k P P( ),
mol
m sch D eq CO 22

Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑ (3)

where PCO2 [kPa] is the partial pressure of CO2 surrounding
the particles, Peq [kPa] is the equilibrium pressure for the

calcination reaction, and kD
mol

m s Pa2

Ä
Ç
ÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑ represents the kinetic

limitation and is expressed as

= × ·k
T

1.22 10 exp
4026 mol

m s PaD
5

p
2

i
k
jjjjjj

y
{
zzzzzz

Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑ (4)

The equilibrium pressure is expressed as

Figure 1. Schematic overview of the lime cycle.
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The driving force for the chemical reaction rate (eq 3) is the
pressure difference, as the reaction can only initiate and
proceed if the partial pressure of CO2 near the particle surface
is less than the equilibrium pressure.14 The diffusion coefficient
in eq 2 consists of both binary and Knudsen diffusion as
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Knudsen diffusion accounts for transport of CO2 from the
reaction interface within the particle and throughout the
porous layer to the particle surface and is given by
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where dpore [m] is the average pore diameter within the
particle. In contrast, binary diffusion governs the transport of
CO2 from the particle surface layer to the bulk phase. Figure 2

shows the behavior of the total reaction rate R total
kg

m s2

Ä
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ÑÑÑÑÑÑ, in a

100% CO2 atmosphere for two different particle diameters.
Figure 2 also illustrates the effect of particle size and

temperature on the R total
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ÑÑÑÑÑÑ variable. At particle temperature

below 1100 °C, the reaction rates for both particle sizes are
almost identical, indicating that the reaction is kinetically
controlled and not limited by species transport. However,
above the 1100 °C threshold, CO2 transport limitation
becomes significant and restricts the reaction rate, especially
for larger particles. In Figure 2B, the reaction rate is negative
below a particle temperature of 900 °C in a 100% CO2
atmosphere, which may result in recarbonization if CaO is
available. However, if the continuous phase contains no CO2,
the reaction rate remains positive throughout.
Following R1, there is an increase in the specific surface area

if calcination occurs, driven by pore evolution as CO2 is
released from the particle. Conversely, the specific surface area
may decrease if carbonation or sintering occurs. Thus, the
change in the specific surface area resulting from calcination is

governed by these competing mechanisms. The change in
specific surface area due to calcination is expressed as
previously reported,19
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Sintering may occur if the particle is exposed to high
temperatures, resulting in a reduction in specific surface area.
The sintering behavior is modeled using an expression
originally proposed by Milne et al.21 and later adapted by
Shi et al.18 The change in specific surface area is expressed as
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where as
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É
Ö
ÑÑÑÑÑÑ is the sintering coefficient and PH2O [kPa] is the

partial pressure of water vapor. Sintering is influenced by
temperature, as well as by the presence of H2O vapor and CO2.
Sintering is accelerated by temperature, as well as the presence
of H2O and CO2.

14,20,21 The corresponding equations
describing sintering kinetic and calcination have been

Figure 2. Particle reaction rate in a 100% CO2 atmosphere with different particle diameters. The left panel (A) shows the reaction rate as a function
of temperature for 70 and 10 μm particles, showing kinetically controlled behavior with minor particle size effects up to ∼1100 °C. The right panel
(B) shows the net reaction rate at lower temperatures T < 1200 °C, where reduced thermodynamic driving force leads to zero or negative rates,
indicating conditions favorable for carbonation (reverse reaction).
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implemented as user-defined functions (UDFs) and compiled
within Ansys FLUENT.

■ NUMERICAL MODELING
The simulations of flash calcination were performed using
Ansys FLUENT 2022 R2. The fundamental equations for
conservation of mass, momentum, and energy were applied to
describe the motion of the continuous phase,22 in combination
with the standard two-equation k-ε turbulence model.
Standard wall functions were employed, and buoyancy effects
were included through turbulence production with a
production limiter.22 Radiative heat transfer was accounted
for using the Discrete Ordinates (DO) model to solve the
radiation transport equations.22

The particle phase was modeled using the Discrete Phase
Model (DPM), treating particles as combusting particles.22

The DPM approach is suitable for the present study since the
particles are injected at low particle load and fall freely through
the reactor, resulting in limited particle−particle interactions. A
Rosin−Rammler distribution was used to represent particle
size variation. Heat exchange between the continuous and
particle phase was calculated using the Ranz−Marshall
correlation, and momentum exchange was modeled using the
spherical drag law.22

To account for chemical reactions, the species transport
model was used with both volumetric and surface reactions to
simulate devolatilization and surface kinetics of the particle
phase.22

■ NUMERICAL DETAILS
The pressure-based solver was employed for the steady-state
simulations. The discretization scheme used first-order upwind
for momentum, turbulent kinetic energy, dissipation rate,
energy, and the discrete ordinates radiation model, while
second-order upwind was applied to the species transport
equation. The computational domain was meshed using
approximately 333.000 tetrahedral cells, with five inflation
layers applied near the wall boundaries to resolve boundary
layer effects. A mesh sensitivity analysis was conducted in a N2
atmosphere at 1200 °C, using three different mesh resolutions:
173.000, 333.000, and 971.000 cells. The predicted CaO mass
fraction varied only slightly between the meshes, from 98.96%
for the coarse mesh to 98.82% for the fine mesh. The
intermediate mesh with 333.000 cells predicted 98.92%,
corresponding to a deviation of only 0.10% compared with
the finest mesh. Therefore, the 333.000-cell mesh was selected
as a compromise between numerical accuracy and computa-
tional cost. Increasing the mesh resolution to 971.000 cells did
not significantly change the predicted conversion, while the
coarser 173.000-cell mesh offered lower spatial resolution.
The gas mixture consisted of CO2, H2O, N2, and O2.

Material properties such as viscosity, specific heat capacity, and
thermal conductivity were calculated based on a mixture-
average approach, while the gas density was modeled as
incompressible by using the ideal gas law. No gas-phase
chemical reactions were included; only surface and volumetric
reactions of the particle phase were considered.
The Rosin−Rammler distribution was used to represent the

particle size distribution, with a mean diameter of 36 μm, a
maximum diameter of 75 μm, a minimum diameter of 10 μm, a
spread of 1.814, and 20 discrete particle size classes.

The material properties of the particles were modeled as
composition-dependent, accounting for the transition from
lime mud to lime during the reaction. The material properties
of the lime mud and lime particles were assumed to be those of
CaCO3 and CaO, respectively.

■ GEOMETRY AND BOUNDARY CONDITIONS
The geometry used in the simulations represents the
laboratory-scaled DTF, consisting of a 2100 mm long vertical
ceramic tube with an inner diameter of 50 mm, as illustrated in
Figure 3. The heating zone, highlighted in green, extends from

100 mm below the inlet to 100 mm above the outlet, resulting
in an effective heating length of 1900 mm. The particles and
the gas are evenly distributed across the 50 mm inlet at the top
of the domain and exited through the 50 mm outlet.
The inlet boundary was defined as a mass flow inlet, with

flow rates varying between 5 and 25 L per minute (lpm). The
lime mud particles were injected through the same inlet as the
gas flow, at a rate of 0.77 g per minute (gpm). Key operating
conditions from the experimental campaign and the simulation
are summarized in Table 1. The outlet was modeled as a
pressure outlet. The wall boundary conditions were set as
adiabatic, except for the section within the heating zone, which
was assigned a fixed temperature. The temperature of the
heating zone varied stepwise from 700 to 1350 °C, with
increments of 50 °C. For a comprehensive description of the
experimental setup and furnace configuration, the reader is
referred to the study by Reinsdorf et al.15

Figure 3. Computational domain representing the DTF geometry and
boundary conditions.
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■ RESULTS
The presented calcination and sintering models were evaluated
under different atmospheric conditions, such as variations in
temperature and gas composition, to assess their predictive
capabilities. The average particle residence time under N2
atmospheres is presented in Figure 4. The highest residence

time is observed at the lowest gas flow rate (5 lpm) and a wall
temperature of 800 °C. As the wall temperature increases,
residence time decreases. There is a clear difference between
the various gas flow rates: the average residence time at 5 lpm
is approximately 9 s, while at 25 lpm, it decreases to 3 s. A
particularly notable drop of about 3.5 s occurs between 5 and
10 lpm. The residence time is mainly influenced by the gas
flow rate and the temperature. As the temperature increases,
the residence time decreases due to reduced gas density and
increased gas velocity.

Figure 5 presents the results from both the calcination
degree (Figure 5A) and the evolution of the specific surface
area (Figure 5B) of particles exposed to four different
atmospheres: 100% N2, 100% H2O vapor, 100% CO2, and
50/50% CO2−H2O vapor. The gas/vapor mass flow rate was
kept constant at 15 lpm, while the furnace temperature varied
from 700 to 1350 °C with increments of 50 °C.
Partial calcination begins at 700 °C in the N2 and H2O cases,

whereas no conversion occurs in pure CO2 environments at
this temperature. Initial calcination is observed at 850 °C in
the CO2/H2O mixture and at 925 °C in the pure CO2
environment. Complete conversion is achieved at 1200 °C
for N2 and at 1250 °C for the remaining cases. The sequence
of conversion, N2 and H2O first, followed by the CO2/H2O
mixture, and finally CO2, is consistent with thermodynamic
and kinetic expectations, although further resolution of the
temperature range could enhance this distinction. In addition
to thermodynamics, gas properties such as specific heat
capacity, thermal conductivity, radiative behavior, and density
influence heat and mass transfer to the particles. These factors,
together with particle residence time, are especially important
since the calcination model was designed for flash calcination
conditions, where the exposure duration to high temperature
critically impacts conversion.
Regarding sintering behavior, the specific surface area

increases initially as CO2 diffuses out of the particles, reaching
a peak as the temperature rises. However, elevated temper-
atures and the presence of CO2 and H2O enhance sintering,
leading to a subsequent decrease in the surface area. The
highest surface area is observed at 1150 °C in N2, while the
lowest is found at 1350 °C in the CO2/H2O mixture. Further
increases in temperature or residence time are expected to

Table 1. Experimental and Simulation Conditions Used in This Study

parameter experiment simulation

atmospheres CO2, N2, H2O, 50/50 CO2 + H2O CO2, N2, H2O, 50/50 CO2 + H2O
temperature range (°C) 800−1350a 750−900, 925, 950−1350
temperature interval (°C) 50 50, 25, 50
gas flow rate (lpm) 15 5−25
gas flow rate interval (lpm) 0 5
particle flow rate (gpm) 0.77 0.77

aExperimental campaign only including H2O vapor was conducted between 1000 and 1350 °C.

Figure 4. Particle residence time under a 100% N2 atmosphere.

Figure 5. Simulated comparison between four different atmospheric conditions with a gas/vapor flow rate of 15 lpm. The left panel (A) shows how
calcination varies under the different gas atmospheres, whereas the right panel (B) shows how the specific surface area evolves.
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reduce the surface area even more due to intensified sintering
effects.
The simulated effect of the particle residence time on lime

mud conversion is presented in Figure 6, which shows the
calcination behavior under four different gas atmospheres. For
each atmosphere, simulations were performed at flow rates
ranging from 5 to 25 lpm, corresponding to residence times
between approximately 9 and 2 s. As expected, higher gas flow
rates led to shorter residence times and consequently lower
conversion levels, particularly at intermediate temperatures.

The impact of the low flow rate is most pronounced in CO2-
rich environments, where diffusion limitations and thermody-
namic constraints slow down the reaction. In contrast, in N2

and H2O, the reaction is mainly kinetically controlled, and
higher conversion is observed even at shorter residence times.
These results highlight the critical role of the residence time
and ambient gas composition in high-temperature calcination,
especially under flash calcination conditions where the thermal
exposure window is limited.

Figure 6. Simulated effect of the gas flow rate on lime mud conversion under different ambient conditions: 100% N2 (A), 100% CO2 (B), 100%
H2O vapor (C), and a 50/50 CO2/H2O mixture (D).

Figure 7. Simulated effect of the gas flow rate on lime mud particles' specific surface area under different ambient conditions: 100% N2 (A), 100%
CO2 (B), 100% H2O vapor (C), and a 50/50 CO2/H2O mixture (D).
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The corresponding evolution of the particle surface area
from Figure 6 is seen in Figure 7. The specific surface area first
increases due to calcination until the sintering mechanism
overcomes, and the surface area starts to decrease. The
maximum allowed specific surface area in the code is 10 m2/g;
however, the maximum surface area obtained is 9.73 m2/g
from the 15 lpm N2 case. The lowest specific surface area
obtained, after the particles have undergone calcination, is 3.83
m2/g from the 5 lpm CO2/H2O case. Overall, the lowest
particle surface area is observed in cases with a gas flow of 5
lpm due to the higher particle residence time.
Figure 8 presents a comparison between the simulation

results and the experimental data obtained by Reinsdorf et
al.,15 for atmospheres containing 100% CO2 (Figure 8A) and
N2 (Figure 8B). In the case of CO2, the calcination model
accurately captures the temperature threshold at which
calcination begins, 900 °C. The model follows the
experimental trend up to approximately 1050 °C, where the
experimental data starts to deviate. The reason for this
deviation is unclear; however, one possible explanation is that
partial recarbonation, the reverse reaction of (R1), occurred
before the sample was collected. However, according to the
experimental setup, recarbonation is stated as unlikely.15

Kinetic variations between different limestone species are

well documented.14,23,24 However, Reinsdorf et al.15 reported
that the addition of CO2 to N2 and pure CO2 atmospheres
resulted in nearly identical particle morphologies, while the
calcination reaction was slower in the CO2 atmosphere. This
observation was also observed by Valverde and Medina.25 The
threshold temperature at which calcination begins is consistent
with other experiments where limestone particle size and
calcination atmosphere were similar,24,26 and the model aligns
with results obtained by Mohr.17,26 In the N2 atmosphere, the
calcination model predicts approximately 10% conversion at
800 °C, whereas no conversion is observed experimentally.
The model initially overpredicts the conversion up to 850 °C,
after which it begins to underpredict. The simulation and
experimental results show good agreement only above 1000
°C. According to previous calcination experiments conducted
in the absence of CO2 and temperature ranging from 790 to
900 °C, conversion is typically rapid and completed within 2
s.24,26 In contrast, in the present case with lime mud, the
conversion is neither initiated nor completed at 800 °C. It has,
however, been shown that the origin, particle size, impurities,
and limestone species significantly affect the reaction
kinetics.24,27,28

Figure 9 shows the parity plots and corresponding R2 value
for the CO2 and N2 cases observed in Figure 8. Figure 9A

Figure 8. Experimental data (Exp) obtained by Reinsdorf et al., compared to simulated data (CFD). The left panel (A) displays the difference
between experimental and simulated data of calcination degrees in a 100% CO2 environment, while the right panel (B) compares calcination
degrees in a 100% N2 atmosphere.

Figure 9. Parity plots and corresponding R2 value for the CO2 and N2 cases. Figure 9A (left) corresponds to the CO2 atmosphere shown in Figure
8A, while Figure 9B (right) corresponds to the N2 atmosphere shown in Figure 8B.
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shows good agreement for the CO2 case, with an R2 value of
0.9893, indicating that the CFD model accurately captures the
calcination behavior under CO2-rich conditions. Most data
points are located close to the parity line, although an
overprediction of the CaO mass fraction can be observed at
higher conversions. For the N2 atmosphere in Figure 9B, a
lower R2 value of 0.8106 was obtained, together with a larger
scatter around the parity line. While the overall trend is still
captured by the model, the increased deviation suggests that
additional kinetic effects or uncertainties may influence the
calcination behavior in the N2 atmosphere. The deviations are
particularly larger in the intermediate conversion ranges.
Figure 10 presents a comparison between experimental data

obtained by Reinsdorf et al.15 for atmospheres containing
100% H2O and a 50/50 mixture of CO2/H2O vapor. In the
H2O atmosphere (Figure 10A), the simulated conversion is
significantly higher than the experimental results. At 1000 °C,
the measured CaO mass fraction in the experiment was
approximately 15%, while the simulation predicted around
73%. For the CO2/H2O mixture (Figure 10B), the agreement
between the simulation and experiment is noticeably better,
particularly at temperatures below 1150 °C, where the model
accurately captures the calcination threshold. Above 1150 °C,
some deviations are observed between the predicted and
measured data. Overall, the model shows good agreement with
the experimental results, especially for the CO2/H2O mixture

case. Silakhori et al.23 stated a catalytic effect on calcination of
limestone in the presence of steam, equivalent to N2, when
calcining limestone in the temperature range of 830−900 °C.
Since including steam has proven to be beneficial for gas
diffusion and thereby reducing calcination temperature,23 this
effect is not notable here while calcinating lime mud, nor is it
accounted for in the calcination model.
Figure 11 shows parity plots comparing experimental and

simulated CaO mass fractions for the H2O (Figure 11A) and
mixed CO2/H2O atmospheres (Figure 11B). For the pure
H2O atmosphere, the model shows a clear overprediction of
the CaO mass fraction, even though the R2 value is 0.8109.
This means that the model captures the overall trend, but the
degree of calcination is generally predicted to be higher than
that in the experiments.
Better agreement was observed for the mixed CO2/H2O

atmosphere, where a R2 value of 0.9409 was obtained. Most
data points are located closer to the parity line compared to the
pure H2O case, showing that the model predicts the calcination
behavior more accurately under mixed atmosphere conditions.
Although the CFD model captures the overall calcination

trends for all investigated atmospheres, the parity plot analysis
reveals variations in predictive capability depending on the gas
composition. Good agreement was obtained for the CO2 and
CO2/H2O atmospheres, whereas larger deviations were
observed for the N2 and H2O cases. In addition, the parity

Figure 10. Experimental data (Exp) obtained by Reinsdorf et al., compared to simulated data (CFD). The left panel (A) displays the difference
between experimental and simulated data of calcination degrees in a 100% H2O vapor environment, while the right panel (B) compares calcination
degrees in a 50/50% CO2 and H2O vapor atmosphere.

Figure 11. Parity plots and corresponding R2 values for the H2O and CO2/H2O cases. Figure 11A (left) corresponds to the H2O atmosphere
shown in Figure 10A, while Figure 11B (right) corresponds to the mixed CO2/H2O atmosphere shown in Figure 10B.
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plots indicate a systematic tendency of the CFD model to
overpredict the CaO formation at intermediate conversion
levels.
These deviations suggest that the presently implemented

kinetic model may not fully capture all mechanisms governing
calcination behavior under varying gas atmospheres. Possible
contributing factors include equilibrium limitations, reverse
carbonation effects, pore diffusion limitations, and atmosphere-
dependent reaction mechanisms.
Future work should focus on implementing alternative

kinetic descriptions and conducting more fundamental kinetic
investigations under representative flash calcination conditions,
particularly for atmospheres containing elevated levels of CO2
and H2O concentrations.

■ PRACTICAL IMPLICATIONS
The simulations performed in this work show valuable insights
into the flash calcination behavior of lime mud at different
temperatures and gas atmospheres. The results show that the
flash calcination numerical model can predict the onset and
progression of lime mud calcination, especially under CO2,
CO2/H2O mixing, and N2 conditions. This means that the
developed model can be used as a tool for evaluating lime mud
calcination in alternative gas and temperature environments
without the need for an extensive experimental campaign.
However, at the highest process temperatures, there is an
indication that the calcination model will overpredict the
degree of calcination for CO2, H2O, and mixtures of these
gases.
In practical terms, the developed model could be used as a

tool for optimization of flash calciner operation conditions in
pulp and paper mills. By simulating different process
conditions, such as gas composition and temperature, it is
possible to identify conditions that minimize CO2 emissions
and energy consumption while still maintaining satisfactory
lime mud quality.
Furthermore, the model can be used to support process

scale-up, furnace design, evaluation of different fuels, and
operational decision-making.

■ CONCLUSIONS
A numerical calcination model for flash calcination was
coupled with a numerical calculation model describing the
sintering mechanism. The calcination model accounts for the
effects of CO2 partial pressure and temperature, while the
sintering model includes the influence of both H2O vapor and
CO2 partial pressure as well as temperature. The reaction
schemes were implemented as UDF functions and integrated
into a discrete phase DTF simulation. The simulation results
were then compared with experimental data obtained by
Reinsdorf et al.15

Although the calcination model was originally developed for
cement applications, it performs remarkably well when applied
to a lime mud system. The simulation results demonstrated
that the particle residence time was strongly affected by the
mass flow rate and, to a lesser extent, by gas temperature.
Residence time was found to play a key role in both the degree
of calcination and sintering. The comparison between
simulated and experimental results was done at a gas flow
rate of 15 L/min and showed generally good agreement.
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