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Abstract: This paper presents a study on the ring formation phenomenon in lime kilns using
simulation. The research focuses on the chemical recovery cycle integrated into the pulp
production process at a pulp mill, with particular emphasis on the calcium cycle within
the lime kilns. Lime kilns are critical components, as their unavailability can significantly
impact the overall cost-effectiveness of the facility. The calcination of lime sludge occurs in
a rotary kiln, where calcium carbonate in the lime sludge is converted into calcium oxide
(lime). Under certain conditions, material can progressively accumulate, leading to ring
formation and eventual kiln clogging, resulting in operational downtime. To investigate
this issue, the authors developed a physics-based model using a finite-dimensional, one-
dimensional approach that considers only longitudinal variation. Several approximations
were made to maintain a reasonable simulation time without compromising accuracy.
Simulations based on real operational data identified fluctuations in fuel flow rate and sulfur
content from non-condensable gases as key contributors to ring formation. The results
showed that these fluctuations caused instability in the temperature profiles of the solids
and gas beds, leading to periods of cooling before the lime sludge reaches the outlet to the
coolers. This cooling promotes the recarbonation of lime and, consequently, the formation
of rings. The findings highlight that stabilizing fuel flow and managing sulfur content
could mitigate ring formation and improve kiln efficiency. The developed model provides
a valuable tool for predictive analysis and process optimization, potentially supporting the
development of a digital twin to enhance real-time monitoring and operational control.

Keywords: ring formation; lime kiln; physics-based modelling; finite-dimensional
modelling; simulation of industrial plants

1. Introduction

This paper presents a modeling study aimed at enhancing the understanding of ring
formation in lime kilns through simulation. This study was developed based on data from
a plant owned by The Navigator Company, located in Settbal, Portugal. The research
focuses on the chemical recovery cycle integrated into the pulp production process at a
pulp mill, with particular emphasis on the calcium cycle involving two parallel lime kilns
operating continuously. These kilns are critical to the process, and their unavailability can
significantly affect the overall cost-effectiveness of the facility [1].

The calcination of lime sludge takes place in a rotary kiln, where combustion energy
and lime sludge circulate in a countercurrent flow. This process converts the calcium
carbonate in the lime sludge into calcium oxide (lime), releasing carbon dioxide in the
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process. Under certain conditions, material progressively accumulates at specific points
in the kiln, leading to the gradual formation of rings. If unchecked, this buildup can
eventually clog the kiln, requiring intervention and resulting in operational downtime.
This is one of the main causes of the equipment’s unavailability.

Several types of rings can form in lime kilns, but it is widely agreed that the most
problematic are those that develop in the middle zone of the furnace, equidistant from both
ends [2].

The causes of ring formation have been extensively studied by various research groups
from the late 1980s to the present [3-5]. However, it is not possible to identify a single cause
for ring formation. The variety of ring geometries and the different operating modes of
these processes contribute to the diversity of explanations. This implies that studying these
phenomena at a specific plant requires considering the unique characteristics of that plant.

The sticking of the particles to the kiln walls is partially attributed to the fusion of
sodium carbonate Na,COs3 and sodium sulphate Nay;SO, present in the sludge.

Once the sludge adheres to the kiln walls, hardening is primarily caused by recarbona-
tion. In this process, CaO (calcium oxide or lime) is converted back into CaCOj3 (calcium
carbonate), which strengthens the ring structure. Recarbonation is favored by low tempera-
tures and high CO; concentrations [6,7]. In kilns that burn fuels with high sulfur content,
the hardening of existing rings can also be caused by sulfation.

Sodium tends to accumulate inside lime kilns due to an internal cycle in which sodium
vaporizes in the high-temperature zone and is subsequently transported to the sludge feed
zone, where it condenses again [8]. Sodium also tends to concentrate in the dust fraction,
as evidenced by the fact that the sodium content in lime sludge dust is approximately two
to three times higher than in the feed sludge [7].

The link between non-stationary operation and ring formation is established through
fluctuations in the temperature profile along the length of the kiln, particularly in the
calcination zone, which promotes the recarbonation of lime. An analysis of three furnaces
reported in the literature [9] showed that the temperature profile is closely tied to furnace
operation and the potential formation of rings. Moreover, temperature fluctuations within
the kiln significantly contribute to this issue. The results of this study confirm that minimiz-
ing process variability can be an effective strategy to reduce the frequency of ring formation
in lime kilns.

Burning a single, high-quality fuel with stable parameters is naturally easier to control.
However, the need to burn strong gases extracted from other production areas—resulting
in energy recovery and a positive environmental impact—introduces variability into the
process operation [10,11].

Process operation and control are also sources of variability [12]. Manually operating
a lime kiln is challenging, and automating its control is a complex task. The calcination
dynamics are complicated by nonlinear chemical kinetics, long delay times, and variable
feed characteristics [13].

Another factor linked to ring formation due to process variability is the appearance and
behavior of the flame inside the furnace and its impact on the temperature profile [14,15].
An unstable flame causes significant variations in gas temperatures, which can lead to the
recarbonation of lime, as previously mentioned [16].

The combustion of non-condensable gases (NCG)—including strong gases and gases
from the stripper—as fuel has been identified by several sources [14,16-19] as a contributing
factor to ring formation due to their high sulfur content. Sulfur not only promotes ring
formation but also contributes to their hardening, making natural removal more difficult.

Regarding the modeling of lime kilns and ring formation, the authors of [20] developed
both static and dynamic models for the calcination process and lime kilns. However, the
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level of detail provided in their work is insufficient. The model appears to be empirical,
resembling a black-box approach. Moreover, the industrial data used to validate the models
or assess their applicability are not available. According to the authors, the dynamic models
were successfully implemented in a new control system for the causticizing and lime kiln
process [21].

Furthermore, the authors of [22] present simulation results of a lime kiln process
based on a one-dimensional CFD model, but no details are provided about the model’s
development. More recently, some studies have developed higher dimensional models (2D
gas and 1D model) [23] for steady-state analysis. Reference [24] recently conducted a survey
study on the modeling, control, and instrumentation of lime kiln processes, describing the
process as a lumped system.

Therefore, the authors developed a physics-based model to simulate the internal
behavior of the kiln using real plant data, including lime sludge and fuel flows, among
other inputs. Significant partial support for this development was obtained from refer-
ences [25,26].

This paper describes all the chemical reactions and thermodynamic processes involved.
The developed model follows a finite-dimensional approach and is one-dimensional, mod-
eling only the longitudinal variation. Several judicious approximations were made to keep
the simulation time within a reasonable limit. The adoption of a one-dimensional approach
was a deliberate choice to strike a balance between model complexity and computational ef-
ficiency. A fully three-dimensional model would require significantly more computational
resources and detailed input data, which were not available from the plant instrumentation.
Moreover, the primary objective of this study was to capture the key longitudinal dynamics
of the calcination process and ring formation, which are predominantly influenced by
variations along the kiln’s length. While radial and cross-sectional variations can provide
additional insights, the longitudinal profile remains the dominant factor in the overall
process behavior.

The main result of this work is the consolidation of all necessary information to develop
a comprehensive kiln model, addressing the gaps in existing literature, which often lacks
the detailed data and insights required for accurately modeling lime kiln dynamics.

2. Process Description

This study focuses on the chemical recovery cycle integrated into the pulp production
process (Figure 1), with particular emphasis on the calcium cycle involving two lime kilns
in continuous operation. These kilns are critical to the process, and their unavailability can
significantly impact on the overall profitability of the facility [27].
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Figure 1. Position of the chemical recovery cycle in the pulp production process.
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The chemical recovery cycle is linked with the cooking of wood chips in the kraft
process. In the kraft process, wood is transformed into pulp through a chemical reaction
involving the so-called white liquor, which consists of sodium hydroxide (NaOH) and
sodium sulfide (Na,S). This process produces raw pulp and black liquor. Black liquor,
which results from the dissolution of lignin during digestion, is primarily composed of
sodium sulfate (Nap;SO,4) and sodium carbonate (NapyCOj3).

The chemical recovery cycle regenerates white liquor from black liquor, preventing the
environmental issue of effluent disposal and reducing the need to purchase fresh reagents
for the process. It also enables energy recovery from the combustion of dissolved lignin,
which is used for electrical energy production.

The recovery process consists of two integrated cycles: the sodium cycle and the
calcium cycle, as shown in the diagram in Figure 2.

black digester

sodium
evaporator cycle causticizer lime kiln

heavy
black green
liquor liquor lime sludge
Na,CO CaCoO
Eazi% recovery N; 53 3
o 2.
e boiler

Figure 2. Sodium and calcium cycles in the chemical recovery process.

The weak black liquor, produced from cooking and washing, undergoes an evapora-
tion process to remove water, resulting in strong black liquor. This by-product is fed into
the recovery boiler, where energy recovery takes place, producing a solution of sodium
salts known as green liquor. In the next step, during the causticizing process, sodium
carbonate is converted into sodium hydroxide, completing the sodium cycle and producing
white liquor, which is ready for cooking new wood chips.

In the causticizing step, which requires fresh lime, lime mud is produced as a by-
product. The calcium cycle regenerates fresh lime from the lime mud.

The calcium cycle consists of three key steps relevant to the problem under study:

e  Washing lime mud;
e  Thickening lime mud;
e  Calcination in the lime kiln.

Washing the lime mud is essential for reducing sodium content, which helps lower
subsequent sulfite emissions. Thickening reduces the water content before calcination in
the kilns.

Ring Formation Phenomenon in Lime Kilns

The calcination process takes place in a rotary kiln (Figure 3), where combustion
energy and lime mud circulate in a countercurrent flow. This process transforms the
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calcium carbonate present in the lime mud into calcium oxide (lime), releasing carbon
dioxide as a by-product.

Figure 3. Picture of the rotary lime kiln object of this study (courtesy of The Navigator Company).

The calcination reaction is represented by the following chemical equation:
CaCOs(s) +heat — CaO(s) + COz(g) 1)

where CaCOj is calcium carbonate, CaO is calcium oxide and CO, is carbon dioxide,
released in gaseous form.

The mud progressively passes through the drying, heating, and calcination zones
before the lime is discharged in the cooling satellites, as depicted in Figure 4.

lime
mud
ring

fuel i i
+ primary ai S Icinati heating ' drying )
P y air satelites calcination ‘ zone combustion
lime mud
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~ 3%
Figure 4. Schematic of the calcination process in the lime kiln.

The operability of the calcination process and the quality of the final product depend
on several factors, including the moisture content of the sludge, its sodium content, the
temperature distribution in the furnace, and the oxygen content during combustion.

Under certain conditions, material progressively accumulates at specific points in
the furnace, leading to the gradual formation of rings. If unchecked, this buildup can
eventually clog the furnace, requiring intervention and causing operational downtime.
This is one of the primary causes of equipment unavailability.
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The location of ring formation within the kiln provides insight into the physicochemi-
cal phenomenon responsible for its formation, and extensive knowledge about this problem
already exists in the literature.

The question of ring formation is not if it will happen—it is inevitable—but rather
when the next occurrence will be. However, the exact operating conditions that promote
ring formation are not yet fully understood, which highlights the importance of this study.

3. Lime Kiln Modelling Process

This section describes the dynamic modeling process based on the spatial distribution
characteristics of the installation. The modeling process is inherently an approximation
exercise, and any model has its specific operating range and limits of validity.

A well-executed modeling process should strike the best balance between computa-
tional effort and the relevance of the results. In this specific modeling process, the following
approximations were made:

e  The variation in the spatial domain, for both the bed and the gases, was considered
only in one dimension. In other words, only variations along the longitudinal axis of
the kiln are modeled. The two-dimensional distribution of physical variables across
different cross-sections of the furnace is not considered. The complexity of three-
dimensional modeling (in the domain of CFD) exceeds the scope of this study and the
availability of data from plant instrumentation.

o All gases were aggregated into a single gaseous mass. The main implication of this
approximation is the averaging of the specific heat and molar mass values of individual
constituent gases. However, this simplification does not affect the dynamics of mass,
energy, or momentum conservation. Aggregating all gases into a single mass is a
reasonable approximation because the primary focus of the model is on capturing
the longitudinal variations along the kiln rather than the detailed local gas—solid
interactions. In lime kilns, the overall mass and energy balance are often dominated
by the bulk flow and heat transfer dynamics rather than species-specific variations.
Moreover, since the major gas components (CO, and H,O) have similar thermal
properties within the typical operating range, treating them as a single mass introduces
minimal error in the overall energy and mass balance calculations.

o  The specific heat values of the various species were assumed to be constant, i.e.,
independent of temperature. This simplification, which has a minimal impact on the
species under consideration, was adopted to accelerate the simulation.

e  The latent heat of evaporation and the enthalpy of the calcination reaction were also
assumed to be constant to accelerate numerical integration during the simulation.

e  The linear velocity of the bed was assumed to be independent of the longitudinal posi-
tion, meaning that while the velocity varies over time, it remains uniform throughout
the entire furnace. It should be noted that since the mass changes during the drying
and calcination processes, the mass flow rate depends on the process zone, even when
the velocity is constant over time.

The appropriate way to develop a dynamic model of a distributed process is to
simultaneously account for both time and space. This requires the process simulation to
numerically integrate these two variables, which appear in the mathematical model as
equations involving multiple partial derivatives.

The classic approach to solving this problem is to divide the spatial domain into a grid
of finite elements. In this study, since spatial variation is considered only in one dimension,
the kiln is discretized into N finite elements, representing N sections of the kiln, each with
a length of Ax. Figure 5 provides a supporting diagram for the model, showing the main
variables considered, which include the following;:
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x—longitudinal position, increasing in the direction of the gas flow;

t—time variable;

Ty, (x, t)—bed temperature, as a function of time and space;

Ty (x,t)—gas temperature, as a function of time and space;

T]i t)—bed temperature at element i, as a function of time, i.e., T{;(t) = Ty(x;,1);

TZ

(
g
(
(

t)—gas temperature at element i, as a function of time, i.e., Té(t) = Tg(xi, £);

vy, (t)—bed velocity, as a function of time;

¢ (x, t)—gas velocity, as a function of time and space.
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Figure 5. Schematic of the calcination process in the lime kiln with the main modelling variables.

The dynamic model is based on the mass and energy conservation equations (also
known as continuity equations) for both the bed and the gases.

3.1. Bed Equations

The first set of equations is developed for the bed, considering the lime sludge feed.
The sludge consists of water, which evaporates along the length of the kiln, increasing the
gas flow, and calcium carbonate (CaCOj3), which is converted into calcium oxide (CaO)
during the calcination process.

3.1.1. Bed Continuity Equations—One Dimensional

The following equations represent the conservation of mass and energy in the bed,
respectively:

JA : JdA ,
% - Ub(t)% = Mys(x,t) @)
aAhb(xratt)Pb(x/ t) _ (1) aAhb(x’ainb(x’ H = Qps(x, t) 3)

where

pp(x,t)—bed density [kg/m3];

hy, (x, t)—Dbed specific enthalpy [J/kg];

vy, (t)—bed velocity [m/s] (opposite to the positive direction of the x-axis);
A—transversal area [m?];

My (x, t)—source/drain mass balance [kg/s/m];

Qps (¥, t)—source/drain energy balance [W/m].

The left side of each equation represents the transport effect of the moving fluid’s
properties over time and space, while the right side accounts for the gains (if positive)
or losses (if negative) from mass and energy exchange with the surroundings. Here, the
surroundings include the gases in contact with the bed (for mass and energy exchange)
and the kiln walls (for energy exchange).
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When simulating the system, it is also necessary to define the boundary conditions
for the mass and energy inputs at the ends of the kiln, at x = 0 and x = L, where L is the
length of the rotary kiln.

It should be noted that the density represented by the variable py,, like the densities
that will appear later in the model, does not correspond to the specific density of the
material. For modeling purposes, the total volume of each finite element is given by A - A.

The mass flow, in kg/s, is related to the previous variables as follows:

qp(x,t) = A~ pp(x,t) - vp(t) (4)

and this variable has a straightforward interpretation consistent with its conventional meaning.

In the bed, the lime sludge undergoes a drying process (evaporation of water) and a
calcination process, which converts calcium carbonate into calcium oxide, governed by the
following chemical reaction:

CaCOj3; — CaO + CO(g) (5)

with the corresponding release of carbon dioxide (CO,) and retention of energy. There-
fore, four species are involved in bed modeling: CaCO3, CaO, CO, and H,O. The mass
conservation equation can be written as follows:

dApe _ 9Ap

o5 b5y My (6)

where the variable k indicates the species involved. Since carbon dioxide is released
immediately in gaseous form, there is no need to apply a mass conservation equation on
the solid side.

The calcination and evaporation processes were modeled using the Arrhenius equa-
tion [25,26], which describes the reaction rates as a function of the bed temperature. Thus,
the rates of mass variation for each species are given by the following equations:

calc

k = CaCO3 Mcacos = —pcacos - A - Acace Flo (7)
MMcao

k = CaO M =M 8

Ca0 MMecos | Vicacos (8)

_ Eevap

k =Hy0O M0 = —pH20 * A - Aevape b )
MMco

k=CO M = . M, 10

2 co2 MMeacos | Vicacos (10)

where

e  MMc.0, MMcoy and MMc,cos are molar masses;

e  Aglc and Aeyap are the pre-exponential factors for the calcination and evaporation
reactions;

®  E.c and Eevap are the energetic activation factors for calcination and vaporization
reactions;

e  Ris the universal constant of perfect gases in J/mol/K.

Regarding energy conservation, the balance of energy sources/sinks is given by the
following equation:

Qps = ng — Qaale — Qevap — Qbw (11)
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where Qg is the energy transferred from the gases to the bed; Qcac and Qevap are the
energy values consumed by the calcination and evaporation reactions, respectively, and are
defined as follows:

Qcale = —Heale - MCaCO3 (12)
Qevap = _Hevap - M0 (13)

where Hy1c and Hevap are the enthalpy of the calcination reaction and the latent heat of
water evaporation, respectively, in ] /kg.
The total density of the bed (since all densities are relative to the total volume of the
element) is given by
Pb = PCaC0O3 + PCa0 + PH20 (14)

3.1.2. Bed Continuity Equations—Discretization

As previously mentioned, preparing the model equations for numerical integration
requires spatial discretization. Thus, the mass conservation equation for each species k is

as follows:
IApr  OAp _

ot b ox

Since the cross-sectional area A is assumed to be constant, the discrete-space version

M (15)

of the ordinary differential equation (ODE) becomes the following:

i+1

doi o —pk 1
Gt % Ay~ ak
or )
doy vy 441 vy ;1
@t Ak T axPe T g M (16)

Similarly, the energy conservation equation is as follows:

ohy,pp ohyop, 1
— = = 17
at Ub ax A QbS ( )
which results in the discrete-space version of the ODE shown below:
dipy,  hley™ ke 1
a0 Ax B ZQbs
or } }
- dh! o Ui, 1
i gi*Pb o Y i+l i+l Yb i i b
Po gy = Mgy A b AP T Qos
and finally,
d]’li 1 ; dpl Oy, i Oy ,i i 1
= i{hﬁdtb + e = ek + Qb (18)

3.2. Gas Equations

As previously mentioned, the dynamic modeling of a spatially distributed system is
performed using partial differential equations.

3.2.1. Gas Continuity Equations—One Dimensional

The equations for mass and energy continuity are, at their core, identical to those used
for the bed solids, as shown below:

dApg(x,t) ; 0Apg(x,t)

o vg(x, 1) o = Mgs(x,t) (19)
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dAhg (x,t Jt dAhg(x,t i
GG BN LG B (20)

where

pg(x, t)—is the gas density [kg/m?];
hg(x,t)—gas specific enthalpy [J/kg];
vg (x,t)—gas velocity [m/s] (concurrent to the positive direction on the x-axis);

Mgs (x,t)—source/drain mass balance [kg/s/m];

Qgs(x, t)—source/drain energy balance [W/m],

The sources of mass are related to the evaporated water, represented by (—Mip0)
and the carbon dioxide resulting from calcination, given by Mcpp, which are both posi-
tive. Therefore,

Mgs = Mcoz + (—Mm20) (21)

The energy sources and sinks are related to the following:

e  Qcps—heat input from the combustion of fuel;
e  Qg,—gas-bed heat transfer;
e  Qgw—heat losses to the kiln wall.

The total energy balance is given by

Qgs = Qch4 — ng - ng (22)
Next, we introduce the gas expansion effect. The equation of state for an ideal gas is
as follows:
P-V=n-R-Ty (23)
where
e  P—pressure [N/ m?2];
e V—volume [m3];
e n—number of moles [mol];
e T—gas temperature [K].
By definition,
pgV
= 24
=, (24)
where M Mj is the molar mass of the gas in [kg/mol]. Substituting this into Equation (23),
we obtain
_ P-MMg 25)
Ps = "R.T,

Assuming constant pressure and taking the time derivative of Equation (25) gives the

following equation:
dog P dMMg P-MMgdTg

dt  R-T dt R-TZ dt (26)

This equation, together with Equations (19) and (20), allows us to determine not only
the enthalpy and density profiles but also the spatial profile of the gas velocity, vg(x, t).

3.2.2. Gas Continuity Equations—Discretization

The equations related to the gases are also discretized in space to enable numerical

integration, resulting in
dApg dApg

ar Ty~ Me 27)
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for the mass conservation. Assuming a constant cross-sectional area A, the equation be-
comes
i 'Ui i -1 i—1
dpg N gfs ~ U5 P, 1
dt Ax A
which will be used to calculate the velocity in element i as follows:

Mgs (28)

;1 i dp;
vl = o (f’fg 1pg — Ax dtg Mgs> (29)
&

From Equation (26), assuming an approximately constant molar mass of the gases,

we obtain { , )

1 1 1
dog _ P MMy Ty _ _ P MMy Ty dhg (30)

dt \? dt dt

R- (1) cpg - R- (Tg)

which shows the direct relationship between the gas density and its energy content,
as expected.
Regarding energy conservation of energy, we obtain

d0Ah J0Ah
afpg + Vg o gPg Qgs (31)

Assuming a constant cross-sectional area A, this results in the following equation:

T e UG S 1o (32)
dt Ax TATE
o i—1pi—1 i1
dhl dol, vl lhi- pl’ (0 ' i o
g _ Y s Pg g8 1
Pg dt hg dt Ax Ax Qgs (33)
resulting in the following equation:
dhi 1 ) dpi Z)iflhiflpifl 1hz P
g i "8 g g8 I"g g
dt oL ( g dt + Ax Ax Qgs (34)
Using Equation (29) in Equation (34), after some manipulation, we obtain
dhl 1 hi-1— hl hi
g __ 1 1 g g
W - ng< ig pfg Ax AMgs+ Qgs> (35)

The temperature is derived from the specific enthalpy using the relationship as follows:
dhg = cpg - dTg (36)

Tables 1-3 present the list of the main variables, the list of parameters for the specific
unit and the list of constants used in the model, respectively.

The model described above was implemented in Simulink, part of the MATLAB pack-
age (MathWorks, version 2016b). The number of elements was chosen based on the process
time constant and the length of each section, and was rounded up to n = 100 elements,
as shown in Figure 6. Figure 7 provides a more detailed view of the model’s structure,
illustrating the internal blocks within each element.
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Table 1. List of main variables used in the model.

Description of the Variable Symbol Unit
Bed density op(x,1) kg/m?
Density of species k ox(x, 1) kg/m3
Gas density pg(x,t) kg/m?
Enthalpy of solids in the bed hy(x,t) J/kg
Enthalpy of gases hg(x,t) J/kg
Mass source Ms(x, t) kg/s/m
Mass source of species k My (x,t) kg/s/m
Power supply Qs(x,t) W/m
Bed temperature Ty (x, t) K
Gas temperature Ty(x,t) K
Bed velocity vy (F) m/s
Gas velocity vg(x,t) m/s
Table 2. List of parameters used in the model (unique for the specific kiln unit).
Parameter Symbol Value Unit
Cross-sectional area A 7.06 m?
Bed-specific heat b 1.088 x 10° J/kg/K
Internal diameter D 3.0 m
Kiln length L 90.0 m
Number of sections n 100 -
Ambient temperature To 298.15 K
Section length Ax 0.90 m
Flame length X¢ 20.0 m

Table 3. List of constants used in the model (independent of the specific kiln unit).

Symbol in the Model Value Unit
Acalc 1.0 x 108 sf1
Aevap 2.55 x 107 5_1

b 1.088 x 10° J/kg/K
Cpg 1.550 x 10° J/kg/K
Ecalc 220.728 x 10° J/mol
Eevap 40.664 x 10° J/mol
Heale 1.9850 x 10° J/kg

Hevap 2.2572 x 100 J/kg

Hepy 55.21 x 10° J/kg
MMc.0 56.07 x 1073 kg/mol
MMcon 44.01 x 1073 kg/mol
MMcacos 100.08 x 103 kg/mol
MMcpa 16.04 x 1073 kg/mol
MMino 18.02 x 1073 kg/mol
MMo, 32.00 x 1073 kg/mol
MM, 27.70 x 1073 kg/mol

Py 101,325.0 N/m?
R 8.3145 J/mol/K

To 298.0 K




Processes 2025, 13, 1022 13 of 20

u()+
sectionindex
P index vg
»vg L
oL e
1) qfuel_L
qfuel_R
L2Rin =
ho L L2Rout
’—b Qagb s
MCO2
—————————»{MH20 Tg
gasModel [
QgbModel
» Tg
4’“
—
Caco3 index
Ca0 vb
(@D H20 CaCo3_R
R2Lout b Ca0_R
MCOo2 H20_R —(2)
MH20 bR ReLin
b hb.R

bedModel

Figure 7. Realization in SimuLink-MATLAB of the model in each element.

4. Results and Discussion

With the implementation of the model in the simulation environment, the authors
developed a set of simulations to explore its use towards a better understanding of the
dynamic behavior of the plant.

4.1. Steady-State Simulation Results

The initial simulations were conducted with constant inputs, i.e., stationary boundary
conditions, over periods equivalent to ten hours of kiln operation. The objective was to
establish a steady-state equilibrium profile to be used as the initial state for subsequent
simulations. Figures 8-11 show the steady-state profiles for temperatures, gas-bed heat
transfer, bed mass flows, and gas velocity and density.
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Figure 8. Steady-state temperature profile (after 10 h).
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Figure 9. Steady-state gas-bed heat transfer (after 10 h).
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Figure 10. Steady-state mass flows (after 10 h).
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Figure 11. Steady-state gas velocity and density (after 10 h).

4.2. Simulation Results with Real Plant Data

After developing and calibrating the model—including the parameterization of initial

conditions and boundary values—simulation tests were conducted to identify conditions

conducive to ring formation, which is the overall objective of this work.

The test presented below is representative of the model’s analytical potential.

One of the primary causes of mid-kiln ring formation is variability in kiln operation,

particularly fluctuations in fuel flow rates (including NCG).

For this representative test, real plant data were used over a 10 h period. During this

period, the sludge flow rate and rotation speed were kept constant at steady values of
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111/s, and 1.4 rpm, respectively. Figure 12 shows the sum of fuel and NCG flow rates
during this period, with the NCG containing approximately 80% methanol. This signal,
referred to as gy, and directly linked to the model variable Qcyy4, was used as a boundary
condition in the simulation test.

Fuel & NCG flow

04 T T T

0.39 1 .

0.38 T

0.37 1 .

0.36 [

gy [KO/S]

0.32 [ T

0.31 .

03 1 L 1 L 1 L 1 1 1

t[h]

Figure 12. Real input data for fuel flow (including NCG)—10 h period.

Figures 13 and 14 illustrate the impact of energy flow fluctuations on the stationarity
of the temperature profiles of both the solid bed and the gases.
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Figure 13. Superposition of bed and gas temperature profiles over a 10 h period.
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Figure 14. Details of the bed temperature profiles across the calcination temperature.

Note that the estimated linear velocity of the sludge used in the simulation is 0.01 m/s,
which corresponds to a residence time of 9000 s (or 2.5 h). In other words, the residence
time of the calcium pathway inside the kiln is on the same order of magnitude as the 10 h
simulation period.

4.3. Discussion of the Observed Simulation Results

According to several studies on the subject, one of the causes of ring formation is
variability in kiln operation, particularly fluctuations in fuel flow rates and the presence
of sulfur from the addition of NCG to the fuel for incineration. Simulations based on real
operational data confirmed fluctuations in energy flows, which affected the stability of the
temperature profiles of both the solid and gas beds. These fluctuations are particularly
critical in the calcination zone, where the thermal balance is delicate, and even minor
deviations can lead to uneven heating and cooling of the lime sludge.

The simulation tests presented above indicate that masses of lime sludge experience
periods of cooling before reaching the outlet for the coolers, which promotes the recar-
bonation of lime and, consequently, the formation of rings. Recarbonation occurs when
calcium oxide (CaO) reacts with carbon dioxide (CO,) to form calcium carbonate (CaCO3),
which hardens and adheres to the kiln walls. Similar adhesion and hardening phenomena
due to recarbonation have been observed in other particulate processes, where material
buildup and solidification are influenced by thermal and chemical interactions [28]. The
localized cooling effect creates favorable conditions for this reaction, particularly when
combined with the presence of sulfur, which can further harden the formed rings through
sulfation. Additionally, the variability in fuel flow introduces dynamic changes in gas
composition and temperature, leading to uneven heat distribution along the kiln’s length.
This, in turn, creates temperature gradients that enhance the tendency for localized cooling
and recarbonation, increasing the likelihood of ring formation.

The interplay between fuel variability, sulfur content, and temperature fluctuations
highlights the complex nature of ring formation and underscores the importance of stable
process control. Reducing fuel flow variability and optimizing gas composition could
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minimize these effects, thereby improving temperature stability and reducing ring for-
mation incidents. Further refinement of the model to account for localized thermal and
chemical interactions could enhance the predictive capability and provide more targeted
recommendations for process adjustments.

5. Conclusions

To gain a deeper understanding of ring formation inside lime kilns, the authors devel-
oped a physics-based model to simulate the plant using real operational data, including
lime sludge and fuel flows, among other inputs. This paper provides a comprehensive
description of the chemical reactions and thermodynamic processes involved in the calcina-
tion process.

The developed model follows a finite-dimensional, one-dimensional approach, focus-
ing on longitudinal variation along the kiln. This simplification was necessary to balance
accuracy with computational efficiency and to keep simulation times within a reasonable
limit. Despite this simplification, the model effectively captures the key dynamics govern-
ing ring formation, including the impact of fuel flow fluctuations and sulfur content from
NCG. A more detailed thermodynamic analysis of NCG composition, including the varying
contributions of individual components (e.g., methanol, sulfur compounds), could improve
the model’s accuracy in predicting energy fluctuations. However, NCGs originate from var-
ious stages of the chemical recovery process, with varying and non-stationary proportions.

The availability of this model creates significant opportunities for conducting multiple
simulation tests using input data directly from the plant’s instrumentation, either retro-
spectively or in real-time. In particular, the ability to monitor kiln wall temperatures from
the outside could support the development of a digital twin operating in parallel with the
real plant. This digital twin would integrate real-time data from sensors (e.g., temperature,
pressure, gas composition) with the developed physics-based model, acting as a continuous
observer of the system’s state.

The digital twin would enable predictive analysis by continuously updating based on
plant conditions and identifying patterns linked to ring formation, such as fluctuations in
fuel flow and temperature profiles. By providing early warnings and actionable insights,
the twin could automate process adjustments (e.g., fuel rate, kiln rotation speed) to stabilize
the temperature profile and minimize ring formation. This would support predictive
maintenance, reducing unplanned downtime, improving fuel efficiency, and enhancing the
overall quality of the lime produced.

Furthermore, the model’s adaptability allows it to be refined over time as more data
become available, improving its predictive accuracy and operational relevance. Future work
could explore extending the model to two or three dimensions to capture radial variations
and localized thermal and chemical gradients, further enhancing the understanding and
control of ring formation in lime kilns.
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