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Abstract

Rotary kilns are used in many industrial processes ranging from cement manufacturing to waste incineration. The operating

conditions vary widely depending on the process. While there are many models available within the literature and industry, the

wide range of operating conditions justifies further modeling work to improve the understanding of the processes taking place

within the kiln. The kiln being studied in this work produces calcium aluminate cements (CAC).

In a first stage of the project, a CFD empty kiln model was successfully used to counteract ring formation in the industrial

partner’s rotary kiln. However, that work did not take into account the solids being processed in the kiln. The present work

describes the phenomena present within the granular bed of the kiln and links it to the observed productivity increase.

A validated granular bed model is developed taking into account different approaches found in the literature. Simplified sintering

reaction kinetics are proposed by considering experimental X-Ray Diffraction data handed by our Industrial Partner and information

reported in the literature.

The combined model was used to simulate two sets of operating conditions of the kiln process taking into account the unique

chemistry of the calcium aluminates. By combining the aspects of the CFD model for the gas phase and a granular bed model for

the solid phase, modeling accuracy is improved and by consequence the phenomena occurring in the kiln are better understood.

Keywords: Rotary Kilns, Computational Fluid Dynamics, MATLAB, Process Modeling

1. Introduction

1.1. Rotary Kilns

Rotary kilns are used in many industrial processes ranging

from cement manufacturing to waste incineration. The operat-

ing conditions vary widely depending on the process. While

there are many models available within the literature and in-

dustry, the wide range of operating conditions justifies further

modeling work to improve the understanding of the processes

taking place within the kiln. The kiln being studied in this work

produces calcium aluminate cements.

Rotary kilns are employed to carry out a wide range of oper-

ations such as the reduction of oxide ore, the reclamation of hy-

drated lime, the calcination of petroleum coke and the reclama-

tion of hazardous waste. However, they are much more widely

known for their place in the cement industry as the main stage

for the manufacture of cement.
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Figure 1: Cement Kiln

A rotary kiln is a pyro-processing device used to raise mate-

rials to high temperatures. It is a long horizontal cylinder with

a certain inclination with respect to its axis. Material within

the kiln is heated to high temperatures so that chemical reac-

tions can take place. A rotary kiln is therefore fundamentally

a heat exchanger from which energy from a hot gas phase is

transferred to the bed material [3].

Rotary kilns can also be considered as solids chemical re-

actor, in which one has mainly heat transfer interactions with a

gas phase. The phenomena in the solids phase will be addressed

with a certain level of detail as it will be the focus of the paper.

1.2. Residence Time and Axial Velocity

The residence time in a rotary kiln is generally dependent

on the loading and characteristics of the material in the kiln,

the inclination and diameter of the kiln, and the rotating veloc-

ity. There are many equations in the literature to predict the

residence time. In our case, the residence time is known from
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experimental data provided by the Industrial Partner. This res-

idence time and its associated velocity profile is taken as input

for the model. The velocity profile assumes a plug flow be-

haviour of the solid phase in the kiln [3].

1.3. Kiln Fill Geometry
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Figure 2: Kiln fill geometry. Note that in this work one assumes a constant fill

profile on the kiln, Ψ ≈ 0 [3]

The definition of kiln load is the percentage of cross sectional

area of the kiln which is occupied by the processed granular ma-

terial. Boateng [3] also mentions that one can make a distinc-

tion between a lightly and a heavily loaded kiln. The industrial

kiln in question is a lightly loaded kiln. This means that the

degree of fill can be assumed as constant along the length of the

kiln [3].

1.4. Heat Transfer Phenomena

Brimacombe [4, 5] explains that there are three basic paths

of heat transfer into the particle bed:

• The freeboard gas to exposed bed where there are two

mechanisms, the radiative heat transfer from the flame and

the convective heat transfer from the gases to the bed.

• The exposed wall to exposed bed where there is only one

mechanism, the radiative heat reflected from the wall to

the bed.

• The covered wall to covered bed where the mechanism is

given by conductive heat transfer from the wall to the par-

ticle bed.

From all the mechanisms, Boateng [3] mentions that the main

path is the radiative heat transfer from flame to the bed. In

Figure 3 the basic paths for the heat transfer of a kiln cross

section are presented.

(9 F r e e b o a r d  gas  to  e x p o s e d  b e d  

| F r e e b o a r d  gas  to  e x p o s e d  wa l l  

| E x p o s e d  wa l l  to  e x p o s e d  b e d  

| E x p o s e d  wa l l  to  e x p o s e d  wa l l  

| C o v e r e d  wa l l  to  c o v e r e d  b e d  

| S t e a d y - s t a t e  loss  to  s u r r o u n d i n g s  

Fig .  1 - - B a s i c  p a t h s  a n d  p roces se s  fo r  hea t  t r a n s f e r  at  a k i ln  c ross -  

sect ion.  

Part of the reflected energy is reabsorbed by the gas, and 

the residue is incident on the freeboard surfaces, where 

this cycle begins anew. Part of the energy which is ab- 

sorbed at the exposed wall surface is lost through the 

kiln wall, but some may be transferred into the bed dur- 

ing the time that the wall surface is covered by the bed. 

This regenerative action of the wall, under some circum- 

stances, can operate in reverse; i .e . ,  heat transfer can be 
from the bed to the covered wall. Although heat transfer 

within the wall is by conduction only, this is not the case 

for the bed where conduction, convection, radiation, and 

advection (due to the motion of the bed particles') operate 

simultaneously. An adequate heat-transfer model for a 

rotary kiln would account for all of  these paths and pro- 

cesses, as well as allow for their interaction. Before pro- 

ceeding with a description of the model developed in this 

study which meets these requirements, it is useful to re- 

view the accomplishments of other investigators. 

The high freeboard temperatures of most kiln opera- 

tions ensure that radiative heat transfer is significant. 

Therefore, a model for the radiative exchanges occurring 

among the exposed wall and bed surfaces is an essential 

component of any kiln model. The freeboard region of 

the kiln forms an enclosure filled with the emitting/ 
absorbing mixture of gases resulting from the combus- 

tion process and, in many instances, the chemical re- 

action within the bed material. In the absence of luminous 

flames, the calculation of radiative heat transfer within 

the freeboard involves adequately simulating the emis- 

sive/absorptive characteristics of the gas mixture and in- 

corporating the results into a realistic geometric model. 
For the solution of enclosure problems, Hottel and Cohen I41 

developed the zone method, for which the radiative char- 

acteristics of the actual gas mixture are matched closely 

by a weighted summation of  several hypothetical gray 

gases. 

<5 

e = E e. {1 - e x p ( - K . p L ) }  [11 
n=O 

In order to account for the wavelengths which are not 

absorbed by the actual gas, one of  the gray gas com- 

ponents included in Eq. [1] is radiatively clear, i . e . ,  has 

an extinction coefficient Ko = 0. Emissivity models for- 

mulated in this manner are referred to as clear-plus-N- 

gray-gas models, where N is the number of absorbing 

gray gases (K > 0) which are incorporated. Although 

developed as part of the zone method, Eq. [1 ] provides 

a convenient form for simulating gas emission and ab- 

sorption in other radiation models. In addition to gas 

emission, Eq. [1] also can be utilized to simulate emis- 

sion from luminous particles, e .g . ,  Johnson and Be6r, lSj 

and can be adapted to account for nonuniform gas com- 

position within the enclosure, e .g . ,  Pieri et al. t6J 

For the most general case, when the gas temperature 

field in the enclosure is unknown, application of the zone 

method requires a knowledge of both the flow and com- 

bustion fields in order to solve for the unknown tem- 

peratures and attendant radiative exchanges. Lacking 

abundant data for the flow and combustion fields, Jenkins 

and Moles t71 applied the zone method to the rotary kiln 

by assuming plausible values for each. Good agreement 

was obtained between predicted and measured wall tem- 

peratures in a 1.7 m I.D. by 47 m cement kiln. The re- 

generative action of the inside refractory surface was not 

included in the model, an omission which can be justi- 

fied retrospectively by the minor role of the covered wall 

to bed heat transfer in the pilot kiln. [q However, regen- 

eration has not been proven to be unimportant under all 

circumstances, and its exclusion from any kiln model 

can be regarded as a deficiency. 
Models for calculating radiative exchange within en- 

closures are constructed by subdividing the enclosure 

(including the gas contained within) into numerous zones 

and then formulating the expressions for radiative ex- 

change among the zones. When detailed knowledge of 

radiative heat transfer is required, a l~ge number of zones 

are necessary, and the model becomes computationally 

intractable. In the particular case of the rotary kiln, where 

the length of the freeboard space is long relative to the 

inside diameter, radiative exchanges occurring at one axial 

position will be influenced little by conditions far up- 

stream or downstream as a result of the combined effects 

of gas absorption and geometry. In such instances, it may 

be computationally inefficient to consider the entire en- 

closure in order to calculate local radiative exchange. In 
recognition of this fact, Gorog et al. [21 developed a model 

for radiative exchange at a transverse cross-section of 

kiln. Rather than considering the entire kiln freeboard, 

the model was extended only a short distance upstream 
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Figure 3: Kiln basic heat transfer paths: 1) Freeboard gas to exposed bed, 2)

Freeboard gas to exposed wall, 3) Exposed wall to exposed bed, 4) Exposed

wall to exposed wall, 5) Covered wall to covered bed, 6) Loss to surroundings.

[5]

1.5. Chemical Reactions

As mentioned in previous sections, the chemical reactions

occurring in the studied kiln are sintering reactions. In a sin-

tering process, particles grow and adhere to each other forming

different phases [9].

One then can note that the chemical reactions occurring in

the kiln can be described as follows:

γCaO(s) + αAl2O3(s)→ γCaO · αAl2O3(s). (1)

It is to be noted that different phases, resulting from different

ratios of eta and gamma of the compounds, occur within differ-

ent temperature windows. Many of these temperature windows

are small which increases the difficulty for operating industrial

processes to make these speciality cements.

1.6. Previous Modelling Approaches

There are various approaches in the literature for the mod-

elling of a rotary kiln. All of them make the distinction between

two particular phenomena in the kiln, the freeboard phenomena

which consists of the gas phase, and the granular bed.

Most of the approaches presented in literature present a

CFD approach for the freeboard and a model for the granular

bed which deal with chemical reactions and heat exchange

[12, 3, 6, 18, 13, 16, 19, 8]. However, there is limited informa-

tion of industrial applications of such models.

2. Methodology

A model of the kiln wall and granular bed was built using

a differential heat balance and solving it with MATLAB. This

model was combined with the CFD model developed by Pis-

aroni [17] to take into account the heat transfer between the

flame, kiln wall and kiln charge. The combined model was val-

idated with data from the experimental rotary kiln work by Barr

et al [1]. Good agreement was achieved providing confidence

in the accuracy of the model.
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2.1. Freeboard Model

The CFD Freeboard model developed [17] is a multi-physics

model that takes the following phenomena into account: the re-

active gas flow and temperature, chemical species and radiative

heat transfer distribution in the kiln, the turbulent non-premixed

combustion of hydro-carbon gasses in the burner, the insulating

properties of the lining, the rotary motion of the kiln and the

forced convection on the outside surface.

As the material bed only occupies a small fraction of the vol-

ume of the kiln and is assumed to have a negligible impact on

the gas phase temperature distribution, one does not take the

solids phase into account in the CFD model.

The most important physical phenomenon that takes place

on the Freeboard region is the turbulent non-premixed combus-

tion of the fuel injected from the burner with the secondary

air. Combustion, even without turbulence, is an intrinsically

complex process involving a large range of chemical time and

length scales. Some of the chemical phenomena controlling

flames take place in short times over thin layers and are asso-

ciated with very large mass fractions, temperature and density

gradients. The modeling of the Freeboard therefore requires re-

sorting to a set of assumptions that are described in the 2012

paper by Pisaroni [17].

2.2. Granular Bed Model

One starts with considering the following assumptions:

• the freeboard gases are perfectly mixed in the transversal

direction,

• the granular material has a uniform temperature profile in

the transversal plane,

• the granular material flows as a Plug Flow Reactor (PFR)

with a mean residence time in the Kiln,

• the granular material is in thermal equilibrium with the

freeboard.

For the freeboard gases, homogeneity is questionable due to

the fact that in the kiln from the Industrial Partner the burner

air injection is not symmetrical. However for the solids, the

assumption of homogeneity can be argued as correct due to the

low loading of the kiln. The granular flow taken as a PFR is an

assumption consequent from the homogeneity of the bed. This

is assumed as correct in similar models present in the literature

[3, 16, 11, 13].

Lastly, the granular bed is considered to be in thermal equi-

librium with the freeboard due to the low loading of the kiln.

This assumption is implicit in the approach by Li for Portland

Cement Kilns [11].

2.2.1. Governing Equations: Bulk Solids Energy Balance

We consider a differential volume in the bulk solids and do

an energy balance:

ṁscp,sdTs = qdA [W], (2)

where the left hand side denotes the heating of the bulk mate-

rial and the right hand side the heat transferred to the material.

It is to be noted that the heat transfer paths are the same as de-

scribed in earlier.

By rearranging the terms we get the following:

ṁscp,s

dTs

dz
= qLcrd =

QLcrd

A
=

Q

LK

[Js−1m−1], (3)

where ṁs is the mass flow rate, cp,s the heat capacity of the

solids, Ts the temperature of the bulk solids, q the heat flux into

the bulk solids, Q the heat transfer rate, Lcrd the chord length

for calculating the area of heat exchange, A the heat exchange

area and LK the total kiln length.

2.2.2. Radiation

We will present a model for the radiative heat fluxes in the

kiln. We use a simplified radiation model presented by Mujum-

dar [16] in his paper for a one dimensional Portland Cement

Kiln model. The following equation is valid for ε > 0.8:

Qradiation,g→k = σAg→k(εk + 1)















εgT 4
g − αgT 4

k

2















[W], (4)

where the subscript k = w, s represents the gas or the solids

phase respectively, σ is the Stefan-Boltzmann constant, A is the

area of heat transfer, ε and α are the emissivity and absorptivity

of the freeboard gas respectively and T the temperature. This

relation is valid for the radiative heat transfer from gas to solids

and walls.

We then present the radiative heat transfer from the kiln in-

ternal walls to bed given by [16]:

Qradiation,w→s = σAw→sεsεwΩ

(

T 4
w − T 4

s

)

[W], (5)

where Ω is the form factor for radiation which is calculated

as follows [16]:

Ω =
Lscl

2(π − ξ)R
[−], (6)

where Lscl is the length of the chord from the sector covered

by the bed, ξ the dynamic angle of repose and R the kiln inner

radius. This radiation model is limited to radiation heat transfer

from the uncovered wall to the solids bed and from the free-

board to the exposed solids bed.

Lastly, the radiative heat losses from the shell to the environ-

ment follows the Stefan Boltzmann Law:

Qradiation,shell→ambient = σAw→sεshell

(

T 4
shell − T 4

amb

)

[W], (7)

where εshell is the emissivity of the outer shell and Tshell the

surface shell temperature.
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2.2.3. Convection

There are various correlations for the convective heat transfer

from the gas to solids. The selected correlation appears in re-

cent publications for one dimensional models for Portland Ce-

ment Kilns by Mujumdar and Li [16, 11]:

hc
g→s = 0.46

kg

Deq

Re0.535
g Re0.104

ω η−0.341 [W · m−2K−1], (8)

where kg is the gas thermal conductivity and η the kiln load.

Reg and Reω are the gas phase and angular Reynolds numbers

given by:

Reg =
ugDeq

νg
[−], (9)

Reω =
ωDeq

2

νg
[−], (10)

where ug is the gas velocity, νg the kinematic viscosity of

gas and ω the kiln rotational speed [rad/s]. Deq represents the

equivalent diameter of the kiln given by [11]:

Deq =
0.5D(2π − θ + sin θ)

(π − (θ/2) + sin(θ/2))
[m], (11)

where D is the internal kiln diameter and θ is the cross-

sectional half angle due to the kiln fill as shown in Figure 2.

Similarly, the convective heat transfer coefficient from gas to

internal walls is calculated by:

hc
g→w = 1.54

kg

Deq

Re0.575
g Re−0.292

ω [W · m−2K−1], (12)

which has the same nomenclature as Equation 8.

The previously presented heat transfer coefficient correlation

was developed by Tscheng and Watkinson [3] experimentally

and validated with data from the available literature.

Finally, the convective heat transfer coefficient between the

outer wall and environment when Rew/
√

Gr ≥ 0.2 is calculated

from [11]:

hc
sh→a =

kaPr0.3

D

(

Re2
a + 0.5Re2

ω +Gr
)0.35

[W · m−2K−1], (13)

where ka is the thermal conductivity of the air, Pr is the

Prandtl number, D is the outer diameter of the kiln, Rea

the Reynolds number of the ambient air, Reω the rotational

Reynolds number and Gr the Grashof number given by:

Gr =
gβ(Tshell − Tamb)D3

ν2
[−], (14)

where g is the acceleration due to gravity, β the volumetric

thermal expansion coefficient from air, Tshell the shell surface

temperature, ν the kinematic viscosity of air and D the outer

diameter of the kiln.

Similarly, we have for Rew/
√

Gr < 0.2 [11]:

hc
sh→a =

kaPr0.3

D
CReN

a , (15)

where N is the revolutions per minute and C a correction

factor, which in the present model is used to adjust heat losses

to match the measured values from the plant.

2.2.4. Wall to Bed Heat Transfer

As Boateng and Li remark on their publications [3, 11] there

are a number of correlations for the wall to bed heat transfer

coefficients. The heat transfer coefficient developed by Li [11]

is selected due to the fact that it is based in physical phenomena:

hw→s =















χdp

kg

+
0.5

√

2kbρbcpbn/φ















−1

[W · m−2K−1], (16)

where dp denotes the particle diameter, kg the thermal con-

ductivity of the gas, kb the thermal conductivity of the bulk

solids, ρb the bulk density, cp,b the heat capacity of the bulk

solids, n the r.p.m. of the kiln and φ the central half angle. Ad-

ditionally, χ can take a value between 0.096 - 0.198 and denotes

the thickness of the gas layer between the solids and the walls.

This correlation has been validated with data from industrial

Portland Cement Kilns and pilot-scale kiln data from literature

[11].

2.2.5. Material Physical Properties

The physical properties for the gas and solids are calcu-

lated with existing correlations reported in literature [3, 11, 16].

However, for the bulk solids one has to take into account the

void fraction of the material by averaging the solid and gas

properties as follows:

Φe f f = eΦgas + (1 − e)Φsolid [−], (17)

where Φ corresponds to the physical property i.e., conduc-

tivity, emissivity, and so on, and e corresponds to the solid void

fraction.

For the thermal conductivity and diffusivity of the bulk solids

we use the following expressions presented by Boateng which

takes radiation into account [3]:

kb =
1 − e

1
ks
+

1
4σεdpT 3

+ e4σεdpT 3 [W · m−1K−1], (18)

αb =
kb

ρbcp,s

[m2 · s−1], (19)

where e is the void fraction, ks the thermal conductivity of

the solids, σ the Stefan Boltzmann constant, ε the emissivity of

the solids, dp the diameter of the particles, T the temperature of

the bulk solids, ρb the density of the bulk solids, cp,s the specific

heat of the bulk solids and αb the thermal diffusivity of the bulk

solids.

It is important to note that most physical properties such as

heat capacity, density, conductivity and so on, are dependent

on the temperature. The expressions for such properties can be

found in literature.
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2.2.6. Mathematical Model

Then by considering the heat transfer correlations shown

above, the heat balance of the bulk solids reads as follows:

ṁscp,s

dTs

dz
=

1

LK















σAg→s(εs + 1)















εgT 4
g − αgT 4

s

2





























+
1

LK

[

hg→sAg→s(Tg − Ts) + hw→sAw→s(Tw − Ts)
]

,

[Js−1m−1]

(20)

where in addition to the nomenclature described in the pre-

vious sections we have T denoting temperature, A area of heat

exchange and the subscripts s, g, and w denoting the bulk solids,

gas and wall respectively.

We need an additional equation due to the unknown wall

temperature. We then solve the energy balance across the kiln

walls:

Qgas→wall + Qradiation,gas→wall − Qwall→solids−

Qradiation,wall→solids = Qshell→ambient [W].
(21)

where Qshell→ambient denotes the heat losses from the shell of

the kiln to the environment. Then by using Newtonś law of

cooling we get the following:

Qshell→ambient = UAshell(Tw − Tamb) [W], (22)

where Ashell is the outer area of the steel shell of the kiln,

Tw is inner wall temperature, Tamb the ambient temperature and

Ushell is the overall heat transfer coefficient given by [2]:

Ushell =
1

log(Rlin/Rin)

klin2πL
+

log(Rout/Rlin)

ksteel2πL
+

1
hc

sh→amb

[W · m−2K−1], (23)

where R is the radius, k the thermal conductivity, L the length

of the section and hc
sh→amb

the convective heat transfer coeffi-

cient between the kiln outer wall and the environment.

2.3. Chemical Reactions

The reactions occurring in the kiln are of the following form:

γCaO(s) + ηAl2O3(s)→ γCaO · ηAl2O3(s). (24)

Given available X-Ray diffraction data for the same molar ra-

tio of CaO and Al2O3 used by the industrial partner on its indus-

trial kiln, and using data such as the activation energy present in

literature, a simplified reaction model taking only into account

the conversion of alumina is developed.

One can describe the rate of a solid-state reaction by the fol-

lowing Arrhenius type equation [10]:

dXA

dt
= Aee−(Ea/RT ) f (XA), (25)

where Ae is the pre-exponential factor, Ea the activation en-

ergy, T the absolute temperature, R the universal gas constant,

f (XA) the reaction model and XA the conversion fraction of alu-

mina.

Assuming the reaction being controlled by diffusion as de-

scribed in [7, 15], the Ginstling-Brounshtein (D4) model is se-

lected which is given for the differential form [10] as:

D4(XA) = f (XA) = 3
[

2((1 − XA)−1/3 − 1)
]−1
, (26)

where XA is the conversion fraction of alumina as in Equation

25. This reaction model was developed for diffusion controlled

reactions in three dimensions.

It is to be noted that the experimental data available is non-

isothermal, thus we make use of the heating rate which is also

available and we then have:

dα

dT
=

A

β
e−(Ea/RT ) f (XA), (27)

where β is the heating rate (dT/dt).

Using the X-Ray diffraction data from the Industrial Partner,

and information such as the activation energy present in litera-

ture, it is proceeded to adjust Equation 25 by varying the pre-

exponential factor Ae. An activation energy of Ea = 205 kJ/mol

is selected, corresponding to the primary phase of the product

manufactured by the Industrial Partner. By iterating and taking

the best fit, the exponential factor has the value Ae = 14500 s−1.
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= 0.997

Then Equation 20 is modified and one includes the heat of

reaction (∆Hrxn):

ṁscp,s

dTs

dz
= Qradiation,g→s + Qconvection,g→s

+Qconduction,w→s + ṅA∆Hrxn,

(28)

where ṅA is the moles of A consumed per unit length

(dnA/dz).

One defines the heat of reaction as ∆Hrxn
= 30 kJ/mol, an

average of the material produced by the Industrial Partner. One

then has the following:

dnA

dz
= xA,0

ṁs

MwA

dt

dz

dXA

dt
=

xA,0

ṁs

MwA

τ̄

LK

Ae−(Ea/RT )D4(XA),

(29)
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where xA,0 is the molar fraction of alumina at the feed of the

kiln, ṁs the mass flow of the solids, MwA the molecular weight

of alumina, τ̄ the residence time of the kiln and LK the length

of the kiln.

It is to be noted that the simplified model only takes into

consideration the conversion of alumina. It does not take into

account side reactions and intermediates which are known to

occur.

2.4. Solution Procedure

First, the temperature field calculated from the freeboard

CFD model is processed to have a 1-D average freeboard gas

temperature. Then one solves Equations 22, 28 and 29 with

MATLAB [14] using the ODE and DAE solver "ode15s". Note

that the system of equations to be solved is a Differential Alge-

braic System (DAE).

As parameters, one can modify the initial feed temperature

of the material bed, the outer steel shell heat transfer coefficient

and environmental temperature and gas temperature at the dis-

charge.

Due to the high process temperatures, temperature dependent

material properties were used such as the Shomate equations for

heat capacity.

2.5. Validation

To validate the model, experimental work from Barr et al.

was used [1]. The paper from Barr aims to provide pilot kiln

data for the verification of heat-transfer models. It considers

experiments with an inert bed and with calcination reactions.

Run T4 from the mentioned paper will be used due to the fact

that it is an experiment with an inert bed. The geometry and

operating conditions of the kiln used for the experimental work

from Barr are described in Table 1.

Geometry Operating Conditions Properties

LK 5.5 (m) n 1.5 (rpm) kb 0.27 (W/m k)

DK 0.406 (m) ṁs 17 (g/s) ρs 1650 (kg/m3)

η 12% (-) Ug 2 (m/s)

Table 1: Data from Barr et al. [1] used in the bed model validation
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Figure 5: Outer Shell Heat Loss [1]

In addition to the data described in the previous table, data

from other one-dimensional models was used for the freeboard

and lining [3, 11, 16]. In order to calibrate the model, the exper-

imental results of the heat flux at the outer shell were matched

with the results from the model by varying the outer shell con-

vective heat transfer coefficient of the model. We can observe

in Figure 5 the match obtained with respect to the heat flux at

the outer shell.

One then can observe in Figure 6 good matching between our

1-D model and the experimental results from Barr et al [1]. It is

to be noted that the experiment run analyzed was done without

chemical reactions.
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Figure 6: Temperature Profiles of the 1-D model and run T4 from Barr et al.

[1]

These results indicate that the model described in the pre-

vious section is valid for rotary kilns with an inert bed. Fur-

thermore, it can be inferred that for the kiln to be analyzed the

model is also valid as reaction kinetics are derived and validated

with data from the Industrial Partner.

3. Results

The combined model was used to simulate two sets of operat-

ing conditions of the kiln process taking into account the unique

chemistry of the specialty cement. To calibrate the model, tem-

perature measurements were done on the kiln outer shell. Fur-

thermore, the outer shell heat losses were matched similar to

what was done on the validation section.

With the standard operating conditions, the model showed

the hot spot as indicated by the previous CFD modeling efforts

[17]. However, the addition of the granular bed model allowed

the conversion of the bed material to be estimated as well as the

proportion of the material in the kiln that was in the liquid state.

This is shown in Figure 7 for the standard operating conditions

of the kiln. As previously reported, the kiln was subject to pro-

ducing rings and the location of the ring coincides with the high

proportion of the liquid state in the kiln.
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Figure 7: Conversion vs Kiln Length, Standard Operating Conditions

Figure 7 also shows that with standard conditions full conver-

sion of alumina is achieved with 80% of the kiln length. This

can be translated into wasted energy input at the last 20% of the

kiln length and a possibility of side reactions occurring after

full conversion. The previous assertion can be supported by ob-

servations made by the Industrial Partner in which for standard

operating conditions product quality was not optimal.

The Industrial Partner changed their operating conditions to

reduce the ring formation [17]. They reported a better quality

of product when the operating conditions were optimized for

ring removal compared to their standard operating conditions.

One can infer that the discrepancies in product quality between

the mentioned cases may be due to the possibility of side reac-

tions occurring after the raw material achieves full conversion

and higher proportion of melt, as shown in Figure 7. This con-

trasts the optimized operating configuration, which has a slower

conversion and lower melt fraction, as shown in Figure 8.
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Figure 8: Conversion vs Kiln Length, Optimized Operating Conditions

By having a better product quality, the Industrial Partner has

less off-spec material discarded from the process. Additionally

by having a lower proportion of clinker melt, the ring formation

is reduced which in turn means less down-time for the kiln and

lower maintenance costs as described previously in[17]. The

Figure 9: Productivity of Products A, B and C, before and after the optimization

of operating conditions 2

consequences of having better quality and a better operation is

translated into a productivity increase as reported by the Indus-

trial Partner in Figure 9.

The model not only provides a better understanding of the

phenomena occurring in the kiln, but also gives insight on the

reason of the observed productivity increase.

4. Conclusions

As the combined model effectively explains the observed be-

havior of the studied kiln, it may be used to evaluate further kiln

configuration changes. The model is currently used for the eval-

uation of process parameter changes in order to reduce energy

consumption and NOx emissions.

The application of CFD and granular bed modeling allows

improved model quality and better understanding of industrial

processes. It can be used to effectively solve practical problems

that industry faces daily, in turn maximizing profitability for

industry.

5. Further Work

Any modelling work always depends on a range of assump-

tions made throughout the development of the model. The fun-

damentals of this model are based on well understood CFD

models and residence time observations of the granular bed.

Additional work could be carried out to improve the complexity

of the reaction kinetics of the solids to better represent a com-

plete set of reaction kinetics. This could produce better insights

on the concentration profiles of the granular bed but also more

exact estimations of the temperature profile and the clinker melt

as the different solid phases have different liquidus and solidus

temperatures. Any modelling work could also be further im-

proved by additional calibration with data from operating kilns.
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