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Abstract: A 2D axisymmetric computational fluid dynamics (CFD) model, coupled to a 1D bed
model, has been developed to capture the key processes that occur within rotary lime kilns. The
model simulates the calcination reaction using a shrinking core model, and predicts the start of
calcination and the degree of calcination at the end of the kiln. The model simulates heat transfer
due to radiation, convection and conduction between the gas, wall, chains, and bed. The 2D gas and
1D bed models are coupled by mass and heat sinks to simulate heat transfer, evaporation, and the
calcination reaction. The model is used to simulate two industrial kilns, one wet and one dry. The
steady-state simulation results are compared to mill data, and good agreement is found. A sensitivity
analysis is also presented, to obtain insight on how operating conditions and model variables impact
the calcination location and degree of calcination.
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1. Introduction

Rotary kilns are a type of industrial heat exchanger and are widely used in the pulp
and paper and chemical industries for processing of granular materials [1]. The majority of
rotary kilns are straight, cylindrical vessels that typically operate at 2–5° from the horizontal
and rotate at 1–5 rpm [2,3]. Typically, kilns utilize direct contact heat transfer between the
gas phase and the bed material in a counter-current flow configuration (see Figure 1) [2].
Raw granular material enters on the elevated side of the kiln and travels through the vessel
due to gravity as well as tumbling due to rotation. The main function of a lime kiln is to
calcine lime mud (CaCO3) to lime (CaO) by driving off CO2 through the transfer of heat
from the hot combustion gases to the solid bed material. Rotary lime kilns can either be wet
kilns, where the bed material enters with moisture, or dry kilns, where an external mud
dryer is used to dry and preheat the bed material before entering the kiln.

Figure 1. Rotary kiln with counter flow of the gas and bed.

While rotary kilns allow for long residence time of the material (greater than one
hour) to assist in achieving good product quality, operators still face problems in trying
to obtain a uniform product [2]. These issues include: ringing which impedes bed flow,
flame stability for maintaining a steady temperature profile, poor nodule formation which
impacts product quality, and dusting, which impacts both the heat transfer and product
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quality [2,4–7]. The focus of this paper is on mid-kiln ringing, which is thought to be
due to fluctuations of the start of the calcination zone, which in turn is a function of the
axial temperature profile of the bed. If mid-kiln rings grow too large, production can be
halted and an unscheduled shutdown of the kiln can occur. Depending on the severity
of the problem, ringing can also cause damage to the kiln, such as warping and shell
cracking [7]. Therefore, there is clear importance in being able to maintain a steady axial
bed temperature profile in the kiln to avoid ring growth. Due to the harsh environment,
obtaining direct temperature measurements within a kiln is difficult and makes the control
of product quality complicated [8]. In general, the industrial data that kilns collect include:
output residual carbonates, input and output bed and gas temperatures, percent excess
O2 in the flue gas, fuel and primary air flow rates, rotation speed, shell temperature data,
and occasionally, additional gas temperature measurements from within the kiln [3,9–11].

While a kiln operator will strive to maintain steady-state conditions in the kiln, changes
in production are inevitable. Due to the high gas temperatures and moving bed present
within kilns, direct measurement of internal conditions is impractical, making control
dependent on inlet and outlet measurements. This motivates the study of the transient
behaviour of lime kilns, to better understand how to control the product material.

Different types of models have been developed to study the various processes that
occur within rotary kilns [1,3,10–33]. However, only a few of these models consider wet
lime kilns [27], or study the dynamics of a kiln [30,34]. Due to the large difference between
the residence time of the gas and bed, being able to model dynamic changes in the bed
is vital for trying to keep temperature profiles, and therefore internal processes, constant.
Therefore, the objective of this work is to develop a detailed heat transfer model of both dry
and wet rotary lime kilns, including the modelling of the calcination reaction, to determine
where calcination starts in the kiln, as well as the degree of calcination of the output lime.
The model is used to simulate both steady-state and quasi-steady-state conditions, to look
at the impact of changing operating conditions on the calcination reaction. The results
of the model are compared to industrial data, to validate the model. This paper will also
present a sensitivity analysis of the model, to determine which operating conditions have
the largest impact on calcination in the kiln.

While previous models have been developed for rotary lime kilns, the difference
between those and the current work is that this model focuses on the start of calcination
in the kiln to correlate that location with mid-kiln ringing, includes a unique combination
of equations to describe the decomposition reaction, a new treatment of the heat transfer
in the chain section, and, finally, compares the simulation output to measured data from
two operating kilns, one wet and one dry. That data includes: dry loading, fuel flow
rate, primary air flow rate, secondary air flow rate, percent excess O2, rotation speed,
residual carbonates, moisture content, outlet gas temperature, and outer shell temperature
measurements; and for the wet kiln only, the outlet bed temperature. The model then
predicts values that the mill does not measure, such as: the temperature profiles within the
gas, wall and bed throughout the kiln, the location of calcination in the kiln, and the lime
availability throughout the kiln.

2. Material and Methods
2.1. Gas Model

The gas model is based on the following assumptions:

• The kiln is 2D axisymmetric around the kiln centerline, and so the effects of gravity
and buoyancy are neglected;

• There is no physical bed in the model; instead mass and heat sinks are implemented
to account for the effects of the bed;

• The burner is symmetric and concentric with the kiln;
• Rotational velocity components of the fuel and air flow are negligible.

The computational fluid dynamics (CFD) model is generated in ANSYS Fluent version
19.2, and consists of a 2D CFD axisymmetric gas model combined with a 1D mathematical
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bed model. The CFD mesh and model is taken from the work conducted by Gareau [35]
and dimensions of the geometry are modified to meet the dimensions of the dry and wet
kiln. A mesh independence study was performed by Gareau [35], where increasing the
mesh size beyond 50,000 cells was not required to obtain a more accurate solution within
range of the study. In this study, 55,000 cells are used for both the dry and wet kiln using
a 2D quadrilateral mesh. As stated by Gareau [35], care was taken to increase the mesh
density near the burner and the walls to capture the higher velocity flow and boundary
effects of the wall, respectively. An enlarged view of the mesh near the burner can be
observed in Figure 2.

Figure 2. Mesh near the burner and dam of the kiln.

The full model solves partial differential equations for continuity, axial momentum,
radial momentum, turbulence kinetic energy, rate of dissipation of turbulence kinetic
energy, enthalpy, species transport, and discrete ordinates intensities. The realizable k− ε
turbulence model is implemented over the standard k − ε model due to its improved
capability for simulating round jets as well as flows with recirculation [36], both of which
are important in the burner section of the kiln. The standard wall functions are utilized, as
they have often been used for industrial flows and work well for a variety of wall-bounded
flows [36]. A pressure-based, steady-state solver is used, and the Coupled pressure-velocity
coupling scheme is implemented. The PRESTO! spatial discretization scheme is used for
the pressure and the second-order upwind spatial discretization scheme is used for each
governing equation. The default values for the momentum, k, and ε are used; however,
the values for energy, species, discrete ordinates, and density are lowered to 0.9, 0.9, 0.8,
and 0.5, respectively, to ensure a stable solution. The convergence criteria in this study
ensured that all residuals have dropped below 10−6.

While the industrial lime kilns being modelled use natural gas as a fuel source, methane
gas is modelled for simplicity. A mixture of methane-air is specified in ANSYS Fluent. While
non-premixed combustion is the ideal choice for combustion modelling due to fast compu-
tation time, it does not allow for modelling a mass source for individual species. This is
an issue, as CO2 from the bed is released to the gas phase during the calcination reaction.
Therefore, combustion is modelled using finite rate chemistry. Radiation is modelled using
the Discrete Ordinates (DO) model, which is more computationally expensive than the P1
radiation model, but the P1 model may overpredict radiation in localized heat sources [36].
Since this CFD model includes the combustion of methane, the DO model was determined to
be the best choice.

Since the gas mixture contains both H2O and CO2, and these real gases absorb radiation
in distinct bands, the use of a gray-gas approximation will not be accurate. Therefore, the
weighted-sum-of-gray-gases model (WSGGM) is used in ANSYS Fluent. Since the height
of the bed is small compared to the kiln diameter, the path length chosen for the WSGGM
is the diameter of the kiln.

The burner consists of fuel, primary air and secondary air inlets on the hot end of
the kiln. The fuel inlet is centred in the middle of the kiln, with the primary air inlet
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surrounding the fuel inlet; the secondary air inlet spans from the outer edge of the burner
to the refractory wall (see Figure 3).

Figure 3. Burner geometry.

The fuel and primary air flow rates are often measured by kiln operators. Secondary air
flow rate can then be calculated considering the measured excess O2 in the flue gas, as well
as the fuel rate, primary air flow rate, and CO2 resulting from calcination. The temperature
of the fuel is assumed constant at 25 °C. The temperature of the primary air is assumed to be
equal to the measured ambient air temperature. In lime kilns, the outlet lime is often used
to preheat the secondary air coming into the kiln, and so the temperature of the secondary
air coming in can be determined from the predicted outlet bed temperature, as well as an
assumed final cooled temperature Tb,cooled of 370 °C (Manning, personal communication,
2020), and by assuming 80% efficiency in the heat transfer from the bed to the air to output
a secondary air temperature between 200–400 °C [37]:

Tsa = 0.8
ṁb,outCp,b,out(Tb,out − Tb,cooled)

ṁsaCp,sa
+ Ta (1)

A 2D axisymmetric model around the kiln centerline was chosen over a full 3D model
for computational efficiency. However, a comparison between a 2D axisymmetric model
with a 3D model determined that there is excellent agreement in the centerline temperature
profiles down the kiln [26]. For the heat flux comparison, there is some deviation near the
burner, due to the effects of buoyancy and gravity; however, downstream of the burner
and for the rest of the length of the kiln, there is less radial variation in the heat flux and
the two models agree well. Therefore, it was determined that a 2D axisymmetric model
is able to provide reasonable accuracy in temperature profiles, while being much more
computationally efficient than a 3D model.

2.2. Bed Model

The bed model is based on the following assumptions:

• The inlet bed material is 100% calcium carbonate (CaCO3);
• Calcination occurs as a shrinking core reaction;
• Bed particles are assumed to be mono-sized and spherical.
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2.2.1. Mass Balance

The mass balance of the bed at an axial position of (z + ∆z) is:

ṁb,z+∆z = ṁb,z − ṁH2O,z − ṁCO2,z (2)

where ṁH2O,z and ṁCO2,z are the amounts of H2O and CO2 that are released at an axial
position z.

The height and volumetric flow rate of the bed is determined using Kramer’s equa-
tion [38]. The volumetric flow rate through a cross-section is determined as follows [39]:

Q =
R3

i sin3 φ

CA

(
Ri sin φ

dφ

dz
+ CB

)
(3)

Rearranging the equation gives a non-linear first order ordinary differential equation
(ODE) with constant coefficients for the half angle of the bed:

dφ

dz
=

CAQ
R4

i sin4 φ
− CB

Ri sin φ
(4)

In Equation (4), CA and CB are constant coefficients given as:

CA =
3 tan γ

4πn
(5)

CB =
tan β

tan γ
(6)

The single boundary condition required for the solution is obtained from the assump-
tion that the bed height at the discharge end is equal to the discharge dam height, given as
0.14 m for both the dry and wet kiln.

2.2.2. Energy Balance

An energy balance for the bed at an axial position of (z + ∆z) is given by:

ṁb,z+∆zCp,bTb,z+∆z = Tb,z
(
ṁbCp,b − ṁH2O,zCp,H2O

− ṁCO2,zCp,CO2

)
+ Q̇bed,z − Q̇lat,z − Q̇dec,z (7)

Q̇bed,z is the total amount of heat that is transferred to the bed at axial position z and
can be calculated as:

Q̇bed,z = Q̇r
g→eb,z + Q̇r

ew→eb,z + Q̇cv
g→eb,z + Q̇cd

cw→cb,z + Q̇cd
ch→b,z (8)

2.2.3. Feed Temperature

In wet kilns, the bed often enters the kiln near ambient temperature; for the wet kiln
simulations, the bed is assumed to enter at 25 °C. In dry kilns however, the bed is dried
and preheated through direct contact with the combustion gas in external dryers and thus
enters at an elevated temperature. Since this bed feed temperature is not usually measured,
the following formula is used to estimate the dry kiln feed temperature:

Tf eed =
{

φLṁgCp,g(Tg,out − Tg,esp)− ṁH2O
[
Cp,H2O(100− 25)

+ LH2O + Cp,H2O(Tg,esp − 100)
]}

/(ṁbCp,b) + 25 (9)

In Equation (9), φL is an estimated heat loss coefficient chosen to be 0.9. This equation
performs an energy balance over the external dryer, accounting for heat and evaporation
of the water, as well as heat loss, to determine the bed temperature entering the kiln.



Processes 2022, 10, 1516 6 of 24

The electrostatic precipitator and gas outlet temperature, as well as the mass of the bed and
water, must be obtained from the industrial data in order to determine the feed temperature.

2.3. Heat Transfer
2.3.1. Radiation

Radiation from the gas to the bed is calculated using the equation developed by Hottel
and Sarofim [40]:

Q̇r
g→eb,z = Aeb,zσ

(εeb + 1)
2

(εgT4
g,z − αgT4

b,z) (10)

This equation is derived from an expression for radiative heat transfer from the gas to
a black surface, which is then multiplied by a correction factor to account for the emissivity
of the surface. Hottel and Sarofim [40] determined that using this equation to account for
radiative heat transfer from the gas to the surrounding surfaces results in a maximum error
of 10%, as long as the emissivity of the bed and wall are above 0.8. However, in the hot end
of the kiln, both the bed and wall emissivity are estimated to drop below 0.8. Nevertheless,
due to the lack of further equations to estimate the radiative heat transfer, the equation
developed by Hottel and Sarofim [40] is used in the simulation.

The emissivity of the wall is estimated as [41]:

εw = 6.3841× 10−10T3 − 1.1651× 10−6T2

+ 1.5562× 10−4T + 8.9917× 10−1 (11)

for 200 °C < T < 1200 °C and 0.5 < εw < 0.9. When the wall is above 1200 °C, the emissivity
is estimated as:

εw = −1.4835× 10−4T + 6.7712× 10−1 (12)

The emissivity of the bed is estimated using the logarithmic equation below, where T
is in Celsius [42]:

εb = −0.271 ln(T) + 2.2396 (13)

for 0.35 <εb < 0.9.
While the gas phase implements the WSGGM, ANSYS Fluent does not allow the user

to access the emissivity and absorptivity values. Therefore, a different model was used to
estimate the emissivity and absorptivity for heat transfer in the bed model. Barr et al. [16]
develops equations to estimate the emissivity and absorptivity of the gas in lime kilns.
The emissivity of the gas is calculated as:

εg =
N

∑
n=0

en
{

1− exp(−Kn pLp)
}

(14)

In the equation above, N denotes the number of hypothetical gray gas components
being used. Barr [17] then used the equation below to calculate the absorptivity of the gas:

αg =
N

∑
n=0

an
{

1− exp(−Kn pLp)
}

=

(
Tg

Tb

)0.55
εg

(15)

Dusting often occurs in rotary kilns where bed material becomes entrained in the gas
phase, which impacts the emissivity and absorptivity. Mujumdar and Ranade [10] allowed
the percent of solid entrainment in the gas phase to be an adjustable parameter in their
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simulation. The effective emissivity and thermal conductivity of the gas is determined by
the following, respectively:

εe f f = εbΦb + (1−Φb)εg (16)

ke f f = kbΦb + (1−Φb)kg (17)

The dust loss out of the feed end can range between 5% to 20% of the dry lime mud
feed rate [6]. The solid entrainment percent was chosen to be 5% for the modelled kilns.
The impact of the solid entrainment is investigated in the Sensitivity Analysis section.

Finally, radiation between the exposed wall and exposed bed is determined by the
following equation [6]:

Q̇r
ew→eb,z = σAeb,zεwεbΩ

(
T4

w,z − T4
b,z

)
(18)

Ω is the form factor for radiation, which is calculated as:

Ω =
Leb,z

(2π − φ0)Ri
(19)

2.3.2. Conduction

The conductive heat transfer from the covered wall to the covered bed is calculated
as follows:

Q̇cd
cw→cb,z = Acb,zhcw→cb,z(Tw,z − Tb,z) (20)

where the heat transfer coefficient is that of Tscheng and Watkinson [32]:

hcw→cb = 11.6
kb

Acw

(
ωRi

2φ0

αth,b

)
(21)

2.3.3. Convection

The convective heat transfer to the bed is calculated as follows:

Q̇cv
g→eb,z = Aeb,zhcv

g→eb,z
(
Tg,z − Tb,z

)
(22)

where from Tscheng and Watkinson [32]:

hcv
g→eb =

kg

De
0.46Re0.535

g Re0.104
ω f−0.341 (23)

and Reg and Reω are defined as:

Reg =
VgDe

ν
(24)

Reω =
D2

e ω

ν
(25)

for 1600 < Reg < 7800 and 20 < Reω < 800. However, in large kilns, Reg can easily be
greater than 7800. Nevertheless, due to the lack of other equations to estimate the convective
heat transfer, the equation from Tscheng and Watkinson [32] is used in the simulation.

2.3.4. Chains

The heat transfer from the gas to the chains (or chains to the bed) is determined with
the following formula:

Q̇cv
g→ch,z = φchhcv

g→ew,z Ach,z
(
Tg,z − Tw,z

)
(26)
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It is very difficult to estimate the heat transfer coefficient from chains to the solids
without modelling the physical chains. Therefore, the heat transfer coefficient for gas to the
wall is used instead, where from Tscheng and Watkinson [32]:

hcv
g→ew =

kg

De
1.54Re0.575

g Re−0.292
ω (27)

Since there are no physical chains and therefore no chain temperature available,
the wall temperature is used for the calculation for heat transfer from the gas to the chains.
Since the wall will not be the same temperature as the chains due to the different material
used, an adjustable parameter φch is used to account for this difference. This parameter
is adjusted to ensure most of the evaporation occurs within the chain section, as kilns
often strive for around 85% to 90% of all evaporation to occur in the chain section. For the
parameters chosen in this model, a chain value (φch) of 25 is found to give reasonable
results in the drying section of the kiln. It is also assumed that all the heat that is transferred
from the gas to the chains at an axial position z is equal to the heat transfer from the chains
to the bed.

2.3.5. Evaporation

Q̇lat,z is the heat that goes towards evaporating any moisture in the bed as it enters
the kiln. This only occurs when the bed reaches 100 °C, when all the heat is then used to
evaporate the water rather than raise the bed temperature. Therefore, the amount of H2O
released at an axial position z can be calculated as:

ṁH2O,z =
Q̇lat,z

LH2O
=

Q̇bed,z

LH2O
(28)

2.3.6. Decomposition

The decomposition or calcination reaction is simulated using a shrinking core model.
Unlike evaporation, the bed temperature is free to increase while decomposition is occur-
ring, as the reaction rate is proportional to the area of the reaction front, the difference
between the CO2 concentration at the reaction front and in the gas, the diffusion resistance,
and the boundary layer resistance. The rate of reaction is given by [43]:

ṁCaCO3,z = 4πr2
p,zNp,z MCaCO3

CCO2,s1,z − CCO2,∞,z

R1,c + R2,c
(29)

The following paragraphs will go into detail on the equations and values used in
Equation (29).

In Equation (29), the CO2 concentration at the reaction front is determined by the
equilibrium partial pressure as well as the temperature of the bed [43]:

CCO2,s1,z =
PCO2,eq,z

RTb,z
(30)

and equilibrium pressure is estimated as [44]:

PCO2,eq,z = 4.137× 1012 exp
(
−20474

Tb,z

)
(31)

The reaction starts when the equilibrium concentration of CO2 in the bed exceeds the
CO2 concentration in the gas phase, which begins around 800 °C depending on the amount
of CO2 in the gas phase.
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Returning to Equation (29), R1,c is the diffusion resistance, which becomes larger as
the reaction front moves into the particle, and heat must then penetrate an outer CaO layer.
The equation for the diffusion resistance is [43]:

R1,c =
rp,0
(
rp,0 − rp,z

)
rp,zDe f f

CO2

(32)

where the Knudsen diffusivity De f f
CO2

is determined by:

De f f
CO2

=
εCaO
τ2

(
1

Dbin
+

1
Dkn,CO2

)−1
(33)

and the Knudsen diffusion coefficient Dkn,CO2 is defined as:

Dkn,CO2 =
2
3

r̄pore

√
8RTb

πMCO2

(34)

The mean pore radius r̄pore is a function of the specific surface area of CaO, SCaO, and is
determined by:

r̄pore = 2
εCaO

SCaOρCaO
(35)

where SCaO is estimated as, assuming zero heat treatment [42]:

SCaO = 1.6751× 105 exp
(
−4.5225× 10−3Tb

)
(36)

The binary diffusion coefficient Dbin is determined by [45]:

Dbin =
0.00266T1.5

b,z

PM0.5
ab σ2

abΩD
(37)

Mab is the molecular weight of components a and b in a binary mixture. Since N2 is
the highest concentration in the flue gas, CO2 and N2 are chosen as the binary mixture.
Mab is therefore calculated as [45]:

Mab = 2
(

1
MCO2

+
1

MN2

)−1
(38)

where σab is the characteristic length, estimated to be 3.8695 m for a binary mixture of CO2
and N2. Finally, ΩD is the dimensionless diffusion collision integral, which is calculated
using the following formula [45]:

ΩD =
1.06036
(T∗)0.1561 +

0.193
exp(0.47635T∗)

+
1.03587

exp(1.52996T∗)
+

1.76474
exp(3.89411T∗)

(39)

where:
T∗ =

Tb,z

118
(40)

Again returning to Equation (29), R2,c is the resistance due to the boundary layer
between the particle and the gas phase, and is determined by [43]:

R2,c =
(2rp,0)

2

Sh 2rp,zDCO2,g
(41)
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where the Sherwood number Sh is estimated from relations for a sphere within laminar
and turbulent flow:

Sh = 2 +
(

Sh2
lam + Sh2

turb

)0.5
(42)

where:

Shlam = 0.644Re0.5
p Sc1/3 (43)

Shturb =
0.037Re0.8

p Sc

1 + 2.443Re−0.1
p

(
Sc2/3 − 1

) (44)

Rep is the Reynolds number for the particle and the Schmidt number Sc is defined as:

Sc =
ν

DCO2,g
(45)

where the mass diffusivity DCO2,g is determined by [45]:

DCO2,g = 0.000161
(

Tb,z

1100

)1.75
(46)

At the start of calcination, a partial pressure distribution through the height of the bed
is imposed to account for the concentration of CO2 in the bed, following Georgallis [18].
The variable φa(z) is chosen to represent the fraction of the area of the bed in which
the calcination temperature has been reached due to the partial pressure distribution,
and ranges between 0 and 1 between the calcination start temperature and 900 °C. After
900 °C, φa is set to 1 and the whole bed is assumed to be undergoing the calcination reaction.

The amount of CO2 released at an axial position z is thus calculated as:

ṁCO2,z = φaṁCaCO3,z
MCO2

MCaCO3

(47)

and the heat required for decomposition Q̇dec can be determined as:

Q̇dec,z = ṁCaCO3,z∆h (48)

where the reaction enthalpy ∆h is specified as 1630 kJ/kg CaCO3 [42].
The percent calcination (or lime availability) at the end of the kiln can be calculated

based on the remaining CaCO3 in the bed with the following formula:

PC = 1−
r3

p,z

r3
p,0

(49)

where the radius of the CaCO3 remaining in the particle at axial position z can be deter-
mined as:

rp,z = r3
p,0

1−
ṁCO2,total

MCO2
MCaCO3

ṁCaCO3,0


1/3

(50)

While the model can predict the final percent calcination, industrial mills only measure
residual carbonates (or unreacted CaCO3) in the output product. Since a kiln will have
impurities in the bed product, a direct comparison between the percent calcination and
residual carbonates is difficult. However, it is expected that percent calcination will be
higher for smaller residual carbonates, where kilns often strive for between 1.5% to 2.5%
residual carbonates, which often correlates to 95% to 85% lime availability, respectively [6].
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2.3.7. Heat Loss from the Shell

Heat loss from the outer shell to the ambient environment can occur by both convection
and radiation. The total heat loss from the shell to the ambient environment can then be
determined as:

Q̇loss,z = Ash,zhcv
sh→a,z(Tsh,z − Ta) + Ash,zσεsh

(
T4

sh,z − T4
a

)
(51)

The following equation is used to calculate the convective heat transfer coefficient [24]:

hcv
sh→a = 0.11

kaPr0.36

Dsh

(
0.5Re2

w + Re2
a + Gr

)0.35
(52)

where Rew, Rea and Gr are the Reynolds number of rotation, gas Reynolds number and
Grashof number for the ambient environment, respectively. The emissivity of the steel
outer shell is assumed to be constant at 0.79, which is true for aluminized steel between
50 °C to 500 °C [46].

2.3.8. Coupling of the Bed and Gas Models

Finally, in order to simulate the bed in the CFD model, the mass and energy equations
must be coupled. Therefore, the CFD model includes two mass sources as well as one
energy source. The H2O and CO2 mass sources at an axial position z are given as:

Sm,H2O,z =
ṁH2O,z

πR2
i ∆z

(53)

Sm,CO2,z =
ṁCO2,z

πR2
i ∆z

(54)

and the energy source:

Se,z =
Q̇bed,z + Q̇H2O,z + Q̇CO2,z

πR2
i ∆z

(55)

Q̇H2O,z and Q̇CO2,z represent the energy added to the gas phase by the addition of
mass. In Fluent, mass sources enter the domain with no momentum or thermal heat,
and so these energy sources are required in order to add the mass to the gas domain at
the proper temperature. It is assumed that when H2O and CO2 enter the gas phase, they
are simultaneously transferred to the total area at an axial position z. The energy source
equations for Q̇H2O,z, and Q̇CO2,z are:

Q̇H2O,z = ṁH2O,z

(
HH2O,Tbed,z − HH2O,Tre f

)
(56)

Q̇CO2,z = ṁCO2,z

(
HCO2,Tbed,z − HCO2,Tre f

)
(57)

where the reference temperature Tre f is defined in Fluent as 298.15 K. The mass and energy
source terms are volumetric, so they are divided by the internal volume of the kiln at an
axial position z. During each iteration, the 1D model is solved and the heat and mass sinks
are updated accordingly.

3. Results and Discussion
3.1. Input Parameters

Dimensions and input parameters for the dry and wet kiln are provided by two
separate mills, where the dimensions of the two mills can be observed in Table 1.
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Table 1. Dry and wet kiln dimensions.

Dry Kiln Wet Kiln

Variable Value Units Value Units

Total Length 85 m 85 m
Outer Diameter 3.75 m 3.2 m

Refractory
Thickness 0.2286 m 0.2159 m

Shell Thickness 0.0254 m 0.0191 m

The thermal conductivity of the refractory and shell is assumed to be temperature
dependent and modelled using second-order equations [47,48]. Both the dry and wet kilns
have a double layer refractory wall, but implement different refractory material down the
axial length of the kiln. To account for the different refractory materials, the thermal con-
ductivity of the wall is dependent on the location in the kiln to reflect the different materials
used. Boundary conditions are set on the outer shell, assuming that both convection and
radiation occur to the ambient environment.

3.2. Steady-State Simulations

Table 2 displays the input values that are specified for the steady-state simulation
of the dry and wet kilns. The lime mud flow rate, fuel flow rate, primary air flow rate,
excess O2, and rotation speed are provided by the mills. The secondary air temperature
is estimated using Equation (1). The ambient temperature and wind speed is determined
based on weather conditions, taken from Weather Underground [49]. The lime mud feed
temperature is estimated using Equation (9). Finally, the particle radius is estimated based
on the average output lime size provided by the mills.

Table 2. Dry and wet kiln steady-state simulation values.

Dry Kiln Wet Kiln

Variable Value Units Value Units

Dry Loading 9.9 kg/s 7.2 kg/s
Fuel Flow 0.68 kg/s 0.44 kg/s

Primary Air
Flow 2.9 kg/s 0.54 kg/s

Secondary Air
Flow 9.0 kg/s 7.5 kg/s

Excess O2 0.6 % 1.0 %
Rotation Speed 1.4 RPM 1.0 RPM

Feed
Temperature 328.5 °C 25 °C

Moisture
Content - - 20 %

Secondary Air
Temperature 286.2 °C 282.8 °C

Ambient
Temperature −11.1 °C 34.2 °C

Particle Radius 10 mm 10 mm

Table 3 presents simulation results as well as measured values from the industrial data
for both the dry and wet kiln. For the dry kiln, the simulation exactly predicts the outlet
gas temperature of 750 °C. The measured residual carbonates from the dry kiln is 1.0%,
while the simulation estimates the lime availability to be about 90.9%, which is consistent.
For example, if the kiln has 5% impurities in the lime mud and the measured residual
carbonates from the kiln is 1.0%, this would result in 91.4% lime availability. For the wet
kiln, the simulated and measured outlet gas temperatures of 252 °C and 250 °C, respectively,
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also agree very well. The simulated outlet bed temperature of 932°C agrees well with the
measured value of 905 °C, especially since the outlet bed temperature is measured using a
thermal camera, which is sensitive to dusting and other factors. The measured residual
carbonates from the wet kiln is 3.0%, while the simulation estimates the lime availability to
be about 85.0%, which is again consistent.

Table 3. Dry and wet kiln steady-state simulated vs measured values.

Simulated Measured Units

Variable Dry Kiln

Outlet Gas
Temperature 750 750 °C

Residual Carbonates - 1.0 %
Lime Availability 90.9 - %

Wet Kiln

Outlet Gas
Temperature 252 250 °C

Outlet Bed
Temperature 932 905 °C

Residual Carbonates - 3.0 %
Lime Availability 85.0 - %

Figure 4 shows the bed and average axial gas temperatures along the dry kiln. A vol-
ume average at each cross-section is used to determine the axial gas temperature. The sim-
ulated peak average gas temperature is slightly above 1800 °C, which agrees well with
previous literature on gas temperatures in rotary lime kilns [50,51]. In addition, since the
adiabatic flame temperature of methane is around 2000 °C [52], a peak average gas temper-
ature slightly above 1800 °C is reasonable. Going from left to right, the gas temperature
first rises when combustion occurs, reaches a peak 16 m into the kiln (or 10 m from the tip
of the burner), then slowly decreases during the rest of the length of the kiln, as heat is
transferred from the hot gas to the bed. Going from right to left, the bed enters at 328.5 °C
and the temperature increases almost linearly until calcination begins at 57.2 m, where
the slope changes due to the calcination reaction, as heat is now absorbed by the reaction
instead of heating the bed. The product bed temperature is around 1000 °C, which agrees
with other model outputs ranging between 900 °C to 1100 °C [12,17,19,53], which depend
on the kiln, the calcination model used, and whether calcination is assumed to be fully
complete or not.

Figure 4. Simulated bed and average axial gas temperature for a dry kiln.
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Figure 5 shows the measured and simulated outer shell temperatures along the length
of the dry kiln. The shell temperature was measured using a thermal camera and data points
were taken at the top of the outer shell. Overall, there is good agreement, which serves to
validate the heat loss calculation in the dry kiln model. There is some variability in the
measured outer shell temperature, which is due to bearings and other components on the
kiln, since the temperature is measured by thermal cameras. In addition, the measured data
is also rough and the accuracy of the data is difficult to determine. However, without access
to more accurate data, conclusions are drawn with the data available.

Figure 5. Measured and simulated dry kiln outer shell temperature.

Figure 6 shows the bed and average axial gas temperatures along the wet kiln. Com-
paring Figure 6 to Figure 4, there are some clear differences between the dry and wet kiln.
First, the outlet gas temperature for the wet kiln is much lower, 252 °C compared to 750 °C
for the dry kiln. There is also a large difference in bed temperature profile, as the wet bed in
Figure 6 enters at 25 °C and stays constant at 100 °C while evaporation occurs. In addition,
the calcination start location is much closer to the burner in the wet kiln: 43.9 m from the
burner instead of 57.2 m in the dry kiln.

Figure 6. Simulated bed and average axial gas temperatures for a wet kiln.

Figure 7 shows the measured and simulated outer shell temperature along the length
of the wet kiln. The shell temperature was measured using a thermal camera and data
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points were taken at the top of the outer shell. The chain section in the kiln is on the far
right where the outer shell temperature has a steeper slope. In addition, a slight change in
refractory brick can be seen in the simulated data at 23 m from the burner, with a slight drop
in temperature in the shell. Otherwise, the good agreement between the simulated and
measured outer shell temperature profiles confirm the heat loss calculation in the model.

Figure 7. Measured and simulated wet kiln outer shell temperature.

Figure 8 shows the CO2 mass fraction in the dry kiln as well as the degree of calcination
along the length of the kiln. The start of calcination occurs at 57.2 m from the burner and
continues until the burner. Therefore, the mass fraction of CO2 is at the maximum from
the cold end until the start of calcination, and then begins to slowly decrease as the degree
of calcination increases. As observed in Equation (29), the difference between the CO2
concentration at the reaction front and in the gas is the driving force in the calcination
reaction. Therefore, the mass source of CO2 into the gas from the bed during the calcination
reaction, as well as the CO2 gas resulting from combustion, is vital for determining where
calcination begins in the kiln.

Figure 8. CO2 mass fraction and degree of calcination for a dry kiln.

Figure 9 shows the corresponding figure for the wet kiln. The start of calcination in
the wet kiln occurs much later, at 43.9 m from the burner, and continues until the burner.
However, unlike in the dry kiln, evaporation also occurs in the wet kiln and therefore,
the CO2 mass fraction is at the maximum before calcination occurs but decreases in the
cold end due to the evaporation of water.
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Figure 9. CO2 mass fraction and degree of calcination for a wet kiln.

Comparing the dry and wet kiln CO2 mass fractions, both the dry and wet kilns have
a maximum CO2 mass fraction of around 0.35. As observed in Figures 8 and 9, CO2 mass
and energy transfer from the bed to the gas start at the hot end of the kiln, and this gas is
then carried all the way back to the cold end. The amount of CO2 in the gas phase impacts
both the properties and temperature of the gas, as well as the heat transfer occurring from
the gas to the bed. Therefore, it is clear that proper coupling between the bed and gas
for CO2 mass and energy transfer is vital in determining the temperature profiles down
the kiln.

3.3. Sensitivity Analysis

A sensitivity analysis was performed to determine the impact that different variables
have on the calcination degree and calcination location. From the dry kiln industrial data,
Table 4 shows the baseline values that are used for both a regular loading of around 423 t/d
of lime and low loading of around 342 t/d of lime. The regular loading had only 0.73%
excess O2 in the outlet flue gas, while the low loading had a larger excess O2 of 1.79%, due
to the fact that excess air is often increased during lower loading operation to maintain
a certain flame shape in the kiln. The other operating conditions or baseline values are
roughly the same between the regular and low loading cases.

Table 5 shows the baseline values, which are used for both a regular loading of around
640 t/d of lime mud and low loading of around 377 t/d of lime mud in the wet kiln.
The regular loading had a moisture content of 22% whereas the low loading had a moisture
content of 19%. The other operating conditions or baseline values are roughly the same
between the regular and low loading cases.

Table 4. Dry kiln baseline values.

Dry Kiln

Variable Regular Loading
Value

Low Loading
Value Unit

Dry Loading 423 342 t/d Lime
Fuel Flow 0.68 0.55 kg/s
Excess O2 0.73 1.8 %

Rotation Speed 1.5 1.5 RPM
Feed Temperature 327 327 °C

Ambient Temperature 12.2 13.9 °C
Particle Radius 10 10 mm
Dusting Factor 0.05 0.05 -

Reaction Enthalpy 1630 1630 kJ/kg
Bed Emissivity Equation (13) Equation (13) -
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Table 5. Wet kiln baseline values.

Wet Kiln

Variable Regular Loading
Value

Low Loading
Value Unit

Dry Loading 640 500 t/d Lime Mud
Fuel Flow 0.46 0.39 kg/s
Excess O2 1.0 1.0 %

Rotation Speed 1.0 1.0 RPM
Moisture Content 0.22 0.19 %
Feed Temperature 25 25 °C

Ambient Temperature 10 10 °C
Particle Radius 10 10 mm
Dusting Factor 0.05 0.05 -
Chain Factor 25 25 -

Reaction Enthalpy 1630 1630 kJ/kg
Bed Emissivity Equation (13) Equation (13) -

Tables 6 and 7 demonstrate how different variables impact the calcination location
and degree for both regular and low loading cases for the dry and wet kilns, respectively.
A baseline simulation is first run, and then variables are changed independently by a fixed
increment while keeping other variables constant, to determine how the calcination location
and degree change compared to the baseline case. The step value of the increment/value
column is decided based on a couple of factors. The fuel, excess O2, rotation speed, moisture
content, ambient temperature, and particle radius are all based on ranges that are common
during operation of the industrial kilns. Feed temperature increment for the dry kiln is
estimated based on Equation (9), where−50 °C to−100 °C is chosen. For the wet kiln, since
the feed temperature is often around or slightly above room temperature, values around
these temperatures are chosen. For the dusting factor, as indicated earlier, dust loss can
range between 5% to 20% of the dry lime mud feed rate [6], and so 10% and 20% are chosen
to determine the impact of the extent of dusting on the heat transfer results. The chain
factor value of 25 is chosen based on the drying length, so an arbitrary increment of ±10 is
chosen. The reaction enthalpy for calcination has been reported to range anywhere between
1570 to 1690 kJ/kg [42], while multiple models utilize 1794 kJ/kg [3,10,27,28]. Therefore,
the minimum and maximum reported values are chosen as the increment values. Finally,
values for the bed emissivity in the literature and previous models have ranged from
0.35 [42,54] to 0.9 [3,10,12,23,28]. In the model, Equation (13) is used to estimate the bed
emissivity that depends on temperature, whereas for the increment values, the minimum
and maximum values of 0.35 and 0.9 are chosen for comparison.

We define a positive increase in the calcination location to mean that the calcination
zone is lengthening and moving towards the cold end of the kiln, and vice versa. Moving
forward, any change in calcination location by 1 m or more will be deemed a large impact.
A positive percentage increase in the degree of calcination means there is more lime
available in the outlet product. The percentage change in degree of calcination is absolute,
rather than relative to the baseline value. Moving forward, any change in degree of
calcination of 2% or more will be considered a large impact. A positive correlation will
refer to an increase in a variable that results in an increase in the length of the calcination
zone and degree of calcination, and vice versa.
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Table 6. Regular and low loading comparison for dry kiln.

Dry Kiln

Regular Loading Low Loading

Variable Increment/Value Calcination
Location (m)

Calcination Degree
(%)

Calcination
Location (m)

Calcination Degree
(%)

Baseline Baseline 56.5 92.1 56.1 90.3

Fuel +10% +1.5 +5.7 +1.6 +6.3
−10% −1.8 −6.8 −1.9 −6.9

Excess O2
+50% +0.085 −1.4 +0.29 −3.6
−50% −0.12 +1.1 −0.24 +2.7

Rotation +20% +0.19 −1.2 +0.22 −0.98
Speed −20% −0.26 +1.3 −0.27 +1.2

Feed −50 °C −1.1 −0.79 −0.90 −0.60
Temperature −100 °C −1.1 −1.3 −0.95 −1.0

Ambient +20 °C +0.073 +0.73 +0.12 +0.87
Temperature −20 °C −0.12 −0.91 −0.11 −0.92

Particle +20% +0.18 −1.1 +0.25 −0.93
Radius −20% −0.25 +0.96 −0.29 +1.0

Dusting 0.1 +0.29 +1.1 +0.30 +1.1
Factor 0.2 +0.85 +3.2 +0.79 +3.0

Reaction 1794 kJ/kg −0.39 −6.7 −0.37 −6.7
Enthalpy 1570 kJ/kg +0.12 +2.5 +0.19 +2.6

Bed 0.9 −0.68 +2.5 −0.62 +2.3
Emissivity 0.35 +0.35 −3.3 +0.40 −2.9

Table 7. Regular and low loading comparison for wet kiln.

Wet Kiln

Regular Loading Low Loading

Variable Increment/Value Calcination
Location (m)

Calcination Degree
(%)

Calcination
Location (m)

Calcination Degree
(%)

Baseline Baseline 42.7 88.4 42.4 89.5

Fuel +10% +3.4 +7.9 +3.9 +8.2
−10% −4.1 −9.1 −4.2 −9.1

Excess O2
+50% +0.32 −1.6 +0.59 −1.3
−50% −0.56 +1.3 −0.33 +1.4

Rotation +20% +0.17 -1.1 +0.23 −0.99
Speed −20% −0.13 +1.5 −0.31 +1.3

Moisture +40% −4.6 −4.9 −4.0 −3.7
Content −40% +4.1 +3.5 +3.9 +2.7

Feed +15 °C +0.31 +0.22 +0.51 +0.39
Temperature +30 °C +0.90 +0.79 +0.72 +0.60

Ambient +20 °C −0.021 +0.081 +0.024 +0.13
Temperature −20 °C +0.021 −0.081 −0.019 −0.13

Particle +20% +0.32 −0.75 +0.33 −0.76
Radius −20% −0.40 +0.79 −0.39 +0.88

Dusting 0.1 +0.47 +1.5 +0.39 +1.2
Factor 0.2 +1.5 +4.2 +1.2 +3.4

Chain 15 −1.8 −1.9 −1.6 −-1.3
Factor 35 +2.2 +2.0 +1.6 +1.3

Reaction 1794 kJ/kg −0.39 −7.0 −0.51 −6.9
Enthalpy 1570 kJ/kg +0.18 +2.7 +0.18 +2.7

Bed 0.9 −0.98 +2.0 −0.84 +1.9
Emissivity 0.35 +0.51 −2.9 +0.93 −2.2
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Of the variables examined in the sensitivity analysis, excess O2, rotation speed, am-
bient temperature, particle radius, and reaction enthalpy had the smallest impact on the
calcination location. Regarding the degree of calcination, excess O2, rotation speed, ambient
temperature, and particle radius had the smallest impact. Unlike the calcination location,
the reaction enthalpy had a much larger impact on the degree of calcination. It is clearly
important to choose the proper reaction enthalpy value for the calcination reaction model.
Surprisingly, particle radius has little impact on both the calcination location and degree of
calcination. However, the incremental value for the particle radius of ±20% may be lower
than what occurs in real kilns during operation, so care should be taken when choosing a
proper particle size for calcination.

Of the controllable operating conditions (fuel, excess O2, rotation speed, and moisture
content/feed temperature), the fuel rate and the moisture content in the wet kiln, or feed
temperature in the dry kiln, have the largest impact on both the calcination location and
degree of calcination in the kiln. The increase of 10% in the fuel for the wet kiln results in a
larger change to both the calcination location and degree of calcination than the dry kiln;
however, this is presumably due to the difference in wall material and heat loss in the two
kilns. Feed temperature for the dry kiln and moisture content for the wet kiln also have a
large impact on the calcination location and degree of calcination, where the calcination
location is impacted more than the degree of calcination. While the feed temperature
increment for the wet kiln is small, there is still a relatively large impact on both calcination
location and degree, with values ranging from 0.73% to 2.1% change in the length of the
calcination zone and 0.22% to 0.79% change in the degree of calcination.

Regarding variables that are not easily controlled by the kiln operator, the dusting
factor, chain factor, and bed emissivity also have a large impact on both the calcination
location and degree of calcination in the kiln. The values chosen for dusting are based on
the possible range of dust loss in the kiln, so 10% and 20% dusting is examined. The dusting
factor correlates positively with both the calcination location and degree, as the increase
in dusting ultimately increases the thermal conductivity and emissivity of the gas and
increases heat transfer to the bed. The dusting factor in the wet kiln has a larger impact on
both the calcination location and degree compared to the dry kiln; however, this is likely
due to the fact that the dry kiln utilizes more air flow per unit of bed material. Therefore,
an increase in dusting in the wet kiln will be a larger total percentage in the gas phase,
ultimately having a larger impact on the conductivity and emissivity and increasing the heat
transfer to the bed. This model assumes dusting occurs evenly throughout the kiln at a fixed
rate; however, in real kilns dusting is a much more complex process, dependent on: particle
size, gas velocity, loading rate, and degree of agglomeration [4]. More sophisticated dusting
models may be required to determine the impact on the calcination location and degree.

The values chosen for the chain factor are arbitrary, since the chain factor is chosen to
obtain a reasonable drying length in the kiln. The chain factor has a positive correlation
with both the calcination location and degree, as the chain factor is directly involved with
heat transfer to the bed. The chain factor has a slightly larger impact on the regular loading
case, likely due to the fact that the gas flow rate in regular loading is higher, which means
there is more heat that can be taken from the gas to the bed. The chain factor has a small
impact on the degree of calcination, but has a large impact on the calcination location.
A more sophisticated model for the chain section may be required to accurately determine
the impact of the chain section on the calcination location.

Finally, the values chosen for the bed emissivity are also the minimum and maximum
values observed in the literature, as stated earlier. A constant bed emissivity of 0.9 increased
the degree of calcination but decreased the calcination location, and vice versa with a
constant emissivity of 0.35. This is due to the fact that an increase in emissivity will increase
heat transfer by radiation in the hot end of the kiln, increasing the degree of calcination,
but ultimately reducing the gas temperature, thereby reducing the calcination location
down the kiln. The bed emissivity has a large impact on both the calcination location and
degree of calcination. While Equation (13) is used to estimate the bed emissivity, future



Processes 2022, 10, 1516 20 of 24

work may be required to have more confidence in estimating the bed emissivity over a
wide range of temperatures.

4. Conclusions

A 2D axisymmetric CFD model is combined with a 1D bed model to simulate heat
transfer and calcination within a dry and wet rotary lime kiln. The gas phase is modelled
in ANSYS Fluent, where mass and heat sinks are implemented to account for the effects
of the bed. The 1D bed model utilizes Kramer’s equation [38] to determine the height
and flow rate of the bed material down the kiln. Radiation is modelled using equations
developed by Hottel and Sarofim [40]. Conduction and convection is modelled using
equations developed by Tscheng and Watkinson [32]. Decomposition is simulated using
a shrinking core model and is dependent on the difference in CO2 concentration at the
reaction front. The gas and bed models are coupled with two volumetric mass sources,
for H2O and CO2, and one volumetric energy source.

Steady-state results for both a dry and wet kiln are in good agreement with mill data,
indicating that the model is quite satisfactory. Based on a sensitivity analysis, the location
at which calcination begins can shift by multiple meters towards or away from the burner,
particularly with fluctuations in fuel to the kiln and moisture content. Interestingly, par-
ticle size has a relatively modest effect on the location of calcination in the kiln, and so
particle size and particle size distribution may not be too important when modelling calci-
nation. Bed movement likely has a larger impact on heat transfer and therefore calcination,
though this is not captured in a 1D bed model. Increased dusting will move the start
of calcination further back in the kiln. However, this assumes dusting rises up evenly
along the kiln, which is not the case in a real kiln. While a focus has been on the start
location of calcination due to the belief that this affects mid-kiln ring formation, the extent
of calcination does not necessarily follow directly from the calcination start location. This
evaluation is useful for helping to understand the fluctuations in temperature distribution
in the kiln and the shift in the starting location of calcination. Further work will involve
utilizing the model to study the transient behaviour in rotary lime kilns.
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Abbreviations
The following abbreviations are used in this manuscript:

Q̇ Net heat transfer rate [W]
r Radiative heat transfer
cv Convective heat transfer
cd Conductive heat transfer
sh Kiln outer shell
a Ambient environment
g Gas phase
w Inner kiln wall
ew Wall exposed to gas phase
cw Wall covered by bed
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eb Bed exposed to gas phase
cb Bed covered by wall
ch Chains within the kiln
Sh Sherwood number
Sc Schmidt number
h Heat transfer coefficient [W/m2/K]
k Thermal conductivity coefficient [W/m/K]
b Bed material
ρ Density [kg/m3]
Cp Specific heat capacity [J/kg/K]
αth Thermal diffusivity [m2/s]
dp Average particle diameter [m]
rp Average particle radius [m]
De Equivalent diameter of the gas phase [m]
Reg Flow Reynolds number for the gas phase
Reω Rotational Reynolds number for the gas phase
A Heat transfer area per unit kiln length [m2]
T Absolute temperature [K]
ε Emissivity
αg Absorptivity of the gas phase
en Emissivity weighting coefficient
an Absorptivity weighting coefficient
Kn Extinction coefficient [1/m]
p Partial pressure of emitting gas species [Pa]
P Pressure [Pa]
D Diameter [m]
Pr Prandtl number
Gr Grasholf number
ν Kinematic viscosity [m2/s]
σ Black body radiation constant [W/m2/K4]
M Molar mass [kg/mol]
R Gas constant [J/K/mol]
Ri Radius of inner wall [m]
φ0 Central angle of the bed [rad]
ω Kiln rotational velocity [rad/s]
V Velocity [m/s]
f Fuel
pa Primary air
sa Secondary air
esp Electrostatic precipitator
LH2O Latent heat vaporization [J/kg]
Np Number of particles
C Concentration [mol/m3]
ṁ Mass flow rate [kg/s]
out Outlet
lat Latent heat
in Inner
dec Decomposition
z Axial position in kiln
Lp Path length of a beam through gas [m]
ε Porosity
Sm Mass source [kg/s/m3]
Se Energy source [W/m3]
H Enthalpy [J]
f Filling degree
e f f Effective
Φb Solid volume fraction



Processes 2022, 10, 1516 22 of 24

Ω Form factor
Q Volumetric flow rate [m3/s]
n Rotation speed [rev/s]
β Inclination angle from horizontal [rad]
γ Static angle of repose of bed material [rad]
φ Central half angle of the bed [rad]
Leb Length of exposed bed [m]
φch Adjustable chain parameter
R1,c Diffusion resistance [s/m]
R2,c Boundary layer resistance [s/m]
De f f Knudsen diffusivity [m2/s]
Dkn Knudsen diffusion coefficient [m2/s]
Dbin Binary diffusion coefficient [m2/s]
r̄pore Mean pore radius [m]
σab Characteristic length [m]
ΩD Diffusion collision integral
lam Laminar
turb Turbulent
φa Calcination temperature fraction
φL Heat loss coefficient
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