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The	
  Problem	
  

	
  
Calcium	
  Aluminate	
  Cements	
  (CAC)	
  are	
  very	
  white,	
  high	
  purity	
  hydraulic	
  bonding	
  agents	
  
providing	
  controlled	
  se;ng	
  <mes	
  and	
  strength	
  development	
  for	
  today's	
  high	
  performance	
  
refractory	
  products.	
  
	
  
Used	
  with	
  appropriate	
  refractory	
  aggregates,	
  CAC	
  may	
  be	
  used	
  to	
  make	
  refractory	
  
castables	
  having	
  applica<ons	
  in	
  the	
  steel	
  and	
  other	
  heat-­‐using	
  industries.	
  
	
  
	
  	
  



The	
  cement	
  is	
  made	
  by	
  fusing	
  together	
  a	
  mixture	
  of	
  a	
  calcium-­‐bearing	
  material	
  
(limestone)	
  and	
  an	
  aluminium-­‐bearing	
  material.	
  	
  
	
  
A	
  typical	
  kiln	
  arrangement:	
  
Reverberatory	
  furnace	
  in	
  which	
  the	
  hot	
  exhaust	
  gases	
  pass	
  upward	
  as	
  the	
  lump	
  raw	
  
material	
  mix	
  passes	
  downward.	
  	
  
	
  
	
  In	
  the	
  case	
  of	
  high-­‐alumina	
  refractory	
  cements,	
  where	
  the	
  mix	
  only	
  sinters,	
  a	
  rotary	
  
kiln	
  must	
  be	
  used.	
  



Rotary	
  Kiln	
  Philosophy	
  

Fundamentally,	
  rotary	
  kilns	
  are	
  heat	
  excangers	
  in	
  which	
  energy	
  from	
  hot	
  gas	
  phase	
  is	
  
extracted	
  by	
  the	
  bed	
  material.	
  
	
  
GAS	
  
MATERIAL	
  
	
  
Cylindrical	
  vessel,	
  inclined	
  slightly	
  to	
  the	
  horizontal,	
  which	
  is	
  rotated	
  slowly	
  about	
  its	
  axis.	
  	
  
	
  
The	
  material	
  is	
  fed	
  into	
  the	
  upper	
  end	
  of	
  the	
  cylinder.	
  	
  As	
  the	
  kiln	
  rotates,	
  material	
  gradually	
  
moves	
  down	
  towards	
  the	
  lower	
  end,	
  and	
  may	
  undergo	
  a	
  certain	
  amount	
  of	
  s<rring	
  and	
  
mixing.	
  	
  
	
  
	
  
Hot	
  gases	
  generated	
  by	
  a	
  flame	
  projected	
  from	
  a	
  burner-­‐pipe	
  inside	
  the	
  kiln.	
  	
  

chem	
  reac+ons	
  	
   	
   	
  hea+ng	
   	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  drying	
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• 	
  In	
  1979	
  the	
  Alma0s	
  cement	
  plant	
  (RoSerdam)	
  was	
  built.	
  	
  
• 	
  The	
  kiln	
  was	
  designed	
  to	
  produce	
  Calcium	
  Aluminate	
  Cement	
  (CAC).	
  

	
  -­‐	
  design	
  based	
  only	
  on	
  a	
  downscaling	
  of	
  typical	
  Portland	
  cement	
  plants.	
  	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
	
  
The	
  model	
  is	
  used	
  to:	
  
ü 	
  understand	
  in	
  details	
  what	
  happen	
  inside	
  such	
  a	
  ‘black-­‐box’	
  	
  
ü 	
  help	
  to	
  control	
  the	
  standard	
  produc<on	
  procedure	
  	
  
ü 	
  underline	
  cri<cal	
  aspects.	
  	
  

	
  
q 	
  Increasing	
  market	
  demand	
  
q 	
  Unscheduled	
  shutdown	
  due	
  to	
  ring	
  forma+on	
  
q 	
  Restric+ve	
  emission	
  regula+ons	
  (NOx)	
  
q 	
  Future:	
  expand	
  the	
  plant	
  by	
  building	
  a	
  new	
  kiln	
  

Triggered	
  Alma<s'	
  management	
  to	
  increase	
  
knowledge.	
  	
  



TURBULENT	
  NON-­‐PREMIXED	
  COMBUSTION	
  IN	
  A	
  ROTARY	
  KILN	
  

BURNER	
  

AIR	
  INLET	
  

ROTATING	
  WALL	
  
(REFRACTORY)	
  

• 	
  CONVECTION/CONDUCTION/RADIATION	
  

• 	
  NON	
  PREMIXED	
  COMBUSTION	
  

• 	
  POLLUTANT	
  EMISSION	
  

• TURBULENCE	
  

• MIXING	
  AND	
  TRANSPORT	
  OF	
  CHEMICAL	
  
SPECIES	
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Difficul<es	
  in	
  meshing:	
  defining	
  a	
  reasonable	
  distribu<on	
  of	
  elements	
  	
  
kiln	
  length	
  is	
  few	
  thousands	
  order	
  of	
  magnitude	
  longer	
  than	
  the	
  injectors.	
  
Not	
  burden	
  too	
  much	
  the	
  computa<on	
  with	
  an	
  	
  high	
  number	
  of	
  elements.	
  	
  
	
  
	
  
	
  
	
  
Tetrahedra	
  (4	
  neighbors)	
  are	
  the	
  simplest	
  volume	
  elements:	
  
•  faces	
  are	
  plane	
  segment:	
  face	
  and	
  centroid	
  loca<ons	
  are	
  well	
  defined	
  
•  cannot	
  be	
  stretched	
  too	
  much	
  
For	
  a	
  reasonable	
  accuracy	
  a	
  much	
  larger	
  number	
  of	
  control	
  volumes	
  is	
  needed.	
  
	
  
Polyhedra	
  :	
  
•  Same	
  automa<c	
  meshing	
  benefits	
  as	
  tetrahedra	
  	
  
•  More	
  storage	
  and	
  compu<ng	
  opera<ons	
  per	
  cell,	
  compensated	
  by	
  a	
  higher	
  accuracy.	
  	
  
•  Less	
  sensi<ve	
  to	
  stretching	
  
•  12	
  faces,	
  6	
  op<mal	
  direc<ons.	
  
More	
  accurate	
  solu+on	
  with	
  a	
  lower	
  cell	
  count.	
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The	
  grid	
  was	
  done	
  using	
  
polyhedral	
  elements:	
  	
  
2.8	
  Millions	
  of	
  elements	
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THE	
  MODEL	
  

4

polyhedral meshes, one needs about four times fewer cells, half
the memory and a tenth to fifth of computing time compared to
tetrahedral meshes to reach solutions of the same accuracy. In
addition, convergence properties are much better in computa-
tions on polyhedral meshes, where the default solver parameters
usually do not need to be adjusted.

C. Governing Equations

In this section we present the conservation equation for
reacting flows needed to derive the approximations used in our
calculations. The equations are basically derived from Navier
Stokes (NS) but with additional terms needed to take into
account particular features of reacting flows: the reacting gas
is a non-isothermal mixture of multiple species which must be
tracked individually, heat capacities change significantly with
temperature and composition, transport coefficients require
specific attention. The derivation of these equations can be
found in [13] [5].

Species are defined through their mass fraction:

Y` =
m`

m
for ` = 1 : N (1)

Where N is the number of species in the reacting mixture,
m` is the mass of species ` in a volume V and m is the mass of
gas in the volume.

NS: Conservation of mass

@⇢

@t
+

@⇢ui

@xi
= 0 (2)

NS: Conservation of species

@⇢Y`

@t
+

@

@xi
(⇢(ui + V`,i)Y`) = !̇` for ` = 1 : N (3)

Where ⇢ = m/V is the density, ui is the three dimensional
velocity field, V`,i is the i-component of the diffusion velocity
V` of species ` and !̇` is the reaction rate of species `.

NS: Conservation of momentum

@

@t
(⇢uj) +

@

@xi
(⇢uiuj) = � @p

@xj
+

@⌧ij
@xi

+ ⇢
NX

`=1

Y`f`,j

=
@�ij

@x
+ ⇢

NX

`=1

Y`f`,j

(4)

where f`,j is the volume force acting on species ` in directionj.

NS: Conservation of energy

The energy flux qi can be expressed as:

qi = ��
@T

@xi
+ ⇢

NX

`=1

h`Y`V`,i (5)

This flux include a heat diffusion term (Fourier’s Law, � is the
heat diffusion coefficient) and a second term associated with the

diffusion of species with different enthalpies.
The formulation of conservation of energy in term of e (sensible
+ chemical energy):

⇢
De

Dt
= � @qi

@xi
+ �ij

@ui

@xj
+ Q̇+ ⇢

NX

`=1

Y`f`,jV`,i (6)

Q̇ is the heat source term (due to radiative flux, electric spark,
etc) not produced by combustion.
The formulation of conservation of energy in term of h (sensible
+ chemical entalpy):

⇢
Dh

Dt
=

Dp

Dt
� @qi

@xi
+ �+ Q̇+ ⇢

NX

`=1

Y`f`,jV`,i (7)

where � = ⌧ij
@ui

@xj
is the viscous heating source term.

The formulation of conservation of energy in terms of sensible
entalpy hs = h �

PN
`=1 �h0

f,`Y` is preferred in CFD formula-
tion:

⇢
Dhs

Dt
= !̇T +

Dp

Dt
� @

@xi

✓
�
@T

@xi

◆
+ �+ Q̇

� @

@xi

 
⇢

NX

`=1

hs,`Y`V`,i

!
+ ⇢

NX

`=1

Y`f`,jV`,i

(8)

!̇T = �
PN

`=1 �h0
f,`!̇` is the heat release due to combustion

and hs,` =
R T

T0
Cp,`dT are the sensible entalpies of species `.

Turbulent combustion results from the two-way interaction
of chemistry and turbulence. When a fame interacts with a
turbulent flow, turbulence is modifed by combustion because of
the strong flow accelerations through the flame front induced
by heat release, and because of the large changes in kinematic
viscosity associated with temperature changes. This mechanism
may generate turbulence, called flame-generated turbulence or
damp it (relaminarization due to combustion). On the other
hand, turbulence alters the flame structure, which may enhance
the chemical reaction but also, in extreme cases, completely
inhibit it, leading to flame quenching.Compared to premixed
flames, turbulent non-premixed flames exhibit some specic
features that have to be taken into account. First, non-premixed
flames do not propagate: they are located where fuel and
oxidizer meet. This property is useful for safety purposes but it
also has consequences on the chemistry/turbulence interaction:
without propagation speed, a non-premixed flame is unable to
impose its own dynamics on the flow field and is more sensitive
to turbulence.

The description of the turbulent flows in non-premixed com-
bustion processes using Computational Fluid Dynamics (CFD)
may be achieved using three levels of computations: Reynolds
Averaged Navier Stokes (RANS), Large Eddy Simulations
(LES) or Direct Numerical Simulations (DNS). In current
engineering practice, RANS is extensively used because it is
less demanding in terms of resources but its validity is limited
by the closure models describing turbulence and combustion.

4
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Cp,`dT are the sensible entalpies of species `.

Turbulent combustion results from the two-way interaction
of chemistry and turbulence. When a fame interacts with a
turbulent flow, turbulence is modifed by combustion because of
the strong flow accelerations through the flame front induced
by heat release, and because of the large changes in kinematic
viscosity associated with temperature changes. This mechanism
may generate turbulence, called flame-generated turbulence or
damp it (relaminarization due to combustion). On the other
hand, turbulence alters the flame structure, which may enhance
the chemical reaction but also, in extreme cases, completely
inhibit it, leading to flame quenching.Compared to premixed
flames, turbulent non-premixed flames exhibit some specic
features that have to be taken into account. First, non-premixed
flames do not propagate: they are located where fuel and
oxidizer meet. This property is useful for safety purposes but it
also has consequences on the chemistry/turbulence interaction:
without propagation speed, a non-premixed flame is unable to
impose its own dynamics on the flow field and is more sensitive
to turbulence.

The description of the turbulent flows in non-premixed com-
bustion processes using Computational Fluid Dynamics (CFD)
may be achieved using three levels of computations: Reynolds
Averaged Navier Stokes (RANS), Large Eddy Simulations
(LES) or Direct Numerical Simulations (DNS). In current
engineering practice, RANS is extensively used because it is
less demanding in terms of resources but its validity is limited
by the closure models describing turbulence and combustion.
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where f`,j is the volume force acting on species ` in directionj.

NS: Conservation of energy

The energy flux qi can be expressed as:

qi = ��
@T

@xi
+ ⇢

NX

`=1

h`Y`V`,i (5)

This flux include a heat diffusion term (Fourier’s Law, � is the
heat diffusion coefficient) and a second term associated with the

diffusion of species with different enthalpies.
The formulation of conservation of energy in term of e (sensible
+ chemical energy):

⇢
De

Dt
= � @qi

@xi
+ �ij

@ui

@xj
+ Q̇+ ⇢

NX

`=1

Y`f`,jV`,i (6)

Q̇ is the heat source term (due to radiative flux, electric spark,
etc) not produced by combustion.
The formulation of conservation of energy in term of h (sensible
+ chemical entalpy):

⇢
Dh

Dt
=

Dp

Dt
� @qi

@xi
+ �+ Q̇+ ⇢

NX

`=1

Y`f`,jV`,i (7)

where � = ⌧ij
@ui

@xj
is the viscous heating source term.

The formulation of conservation of energy in terms of sensible
entalpy hs = h �

PN
`=1 �h0

f,`Y` is preferred in CFD formula-
tion:

⇢
Dhs

Dt
= !̇T +

Dp

Dt
� @

@xi

✓
�
@T

@xi

◆
+ �+ Q̇

� @

@xi

 
⇢

NX

`=1

hs,`Y`V`,i

!
+ ⇢

NX

`=1

Y`f`,jV`,i

(8)

!̇T = �
PN

`=1 �h0
f,`!̇` is the heat release due to combustion

and hs,` =
R T

T0
Cp,`dT are the sensible entalpies of species `.

Turbulent combustion results from the two-way interaction
of chemistry and turbulence. When a fame interacts with a
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the strong flow accelerations through the flame front induced
by heat release, and because of the large changes in kinematic
viscosity associated with temperature changes. This mechanism
may generate turbulence, called flame-generated turbulence or
damp it (relaminarization due to combustion). On the other
hand, turbulence alters the flame structure, which may enhance
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inhibit it, leading to flame quenching.Compared to premixed
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features that have to be taken into account. First, non-premixed
flames do not propagate: they are located where fuel and
oxidizer meet. This property is useful for safety purposes but it
also has consequences on the chemistry/turbulence interaction:
without propagation speed, a non-premixed flame is unable to
impose its own dynamics on the flow field and is more sensitive
to turbulence.

The description of the turbulent flows in non-premixed com-
bustion processes using Computational Fluid Dynamics (CFD)
may be achieved using three levels of computations: Reynolds
Averaged Navier Stokes (RANS), Large Eddy Simulations
(LES) or Direct Numerical Simulations (DNS). In current
engineering practice, RANS is extensively used because it is
less demanding in terms of resources but its validity is limited
by the closure models describing turbulence and combustion.
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The advantage of RANS is its applicability to any configuration
and operating conditions. Considering the complexities and the
dimensions of our kiln, the only feasible choice was RANS.

In constant density flow, Reynolds averaging consist in split-
ting any quantity x in mean and fluctuating component (x =
x+ x0). In variable density flow Favre [3] mass-weighted aver-
ages are usually preferred ( ef = ⇢f

⇢ ), hence any quantity f can
be split in:

f = ef + f 00 ff 00 = 0.

The RANS equations derived from the reacting Navier Stokes
equation presented above are:

RANS: Conservation of mass

@⇢

@t
+

@⇢ eui

@xi
= 0 (9)

RANS: Conservation of species

@

@t
(⇢ eY`) +

@

@xi
(⇢ eui

eY`) = � @

@xi

⇣
V`,iY` + ⇢û00
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The averaging procedure introduces unclosed quantities that
have to be modeled. Without entering in the details we list here
the two main unclosed terms that will be described in the next
sections:

• Reynolds stresses:

]u00
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• Species chemical reaction rates: !̇`

C.1 Turbulence Model

Using the turbulence viscosity assumption by Boussinesq [4],
the Reynolds stresses can be represented as:
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where µt = ⇢⌫t is the turbulent dynamic viscosity, �ij is the
Kronecker delta and k is the turnulent kilnetic energy:
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In turbulence calculations the main problem is how to model
the turbulent viscosity µt. There are many approach to close
the problem, in this work we use a classical turbulence model
developed for non-reacting flows: the Realizable K-Epsilon

model. Heat release effects on the Reynolds stresses are not
explicitly taken into account.

In this approach the turbulent viscosity is modeled as:

µt = ⇢Cµ
k2
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(15)

The main difference between the realizable and the standard K-
Epsilon model is that Cµ is no longer constant, it is a function
of the mean strain and rotation rates, the angular velocity of the
system rotation, and the turbulence fields. It can be computed
as:
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e⌦ij = ⌦ij � 2"ijm�m and ⌦ij = ⌦ij � "ijm�m (18)

⌦ij is the mean rate of rotation tensor viewed in a rotating ref-
erence frame with the angular velocity �m.
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The turbulent kinetic energy k and its dissipation rate " in (15)
are described by closure of two balance equations:
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for dissipation ".
Where Pk is the production term of turbulent kinetic energy due
to the mean velocity gradients, Pb is the production of turbulent
kinetic energy due to buoyancy, YM is the dilatation dissipation
term that represents the contribution of the fluctuating dilatation
in compressible turbulence to the overall dissipation rate, Sk

and S" are respectively user defined source terms for turbulent
kinetic energy and dissipation, �k and �" are the turbulent
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The advantage of RANS is its applicability to any configuration
and operating conditions. Considering the complexities and the
dimensions of our kiln, the only feasible choice was RANS.

In constant density flow, Reynolds averaging consist in split-
ting any quantity x in mean and fluctuating component (x =
x+ x0). In variable density flow Favre [3] mass-weighted aver-
ages are usually preferred ( ef = ⇢f

⇢ ), hence any quantity f can
be split in:

f = ef + f 00 ff 00 = 0.

The RANS equations derived from the reacting Navier Stokes
equation presented above are:
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have to be modeled. Without entering in the details we list here
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sections:
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where µt = ⇢⌫t is the turbulent dynamic viscosity, �ij is the
Kronecker delta and k is the turnulent kilnetic energy:
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In turbulence calculations the main problem is how to model
the turbulent viscosity µt. There are many approach to close
the problem, in this work we use a classical turbulence model
developed for non-reacting flows: the Realizable K-Epsilon

model. Heat release effects on the Reynolds stresses are not
explicitly taken into account.

In this approach the turbulent viscosity is modeled as:
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The main difference between the realizable and the standard K-
Epsilon model is that Cµ is no longer constant, it is a function
of the mean strain and rotation rates, the angular velocity of the
system rotation, and the turbulence fields. It can be computed
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The turbulent kinetic energy k and its dissipation rate " in (15)
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Where Pk is the production term of turbulent kinetic energy due
to the mean velocity gradients, Pb is the production of turbulent
kinetic energy due to buoyancy, YM is the dilatation dissipation
term that represents the contribution of the fluctuating dilatation
in compressible turbulence to the overall dissipation rate, Sk

and S" are respectively user defined source terms for turbulent
kinetic energy and dissipation, �k and �" are the turbulent
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The advantage of RANS is its applicability to any configuration
and operating conditions. Considering the complexities and the
dimensions of our kiln, the only feasible choice was RANS.

In constant density flow, Reynolds averaging consist in split-
ting any quantity x in mean and fluctuating component (x =
x+ x0). In variable density flow Favre [3] mass-weighted aver-
ages are usually preferred ( ef = ⇢f

⇢ ), hence any quantity f can
be split in:

f = ef + f 00 ff 00 = 0.

The RANS equations derived from the reacting Navier Stokes
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The averaging procedure introduces unclosed quantities that
have to be modeled. Without entering in the details we list here
the two main unclosed terms that will be described in the next
sections:

• Reynolds stresses:
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where µt = ⇢⌫t is the turbulent dynamic viscosity, �ij is the
Kronecker delta and k is the turnulent kilnetic energy:
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In turbulence calculations the main problem is how to model
the turbulent viscosity µt. There are many approach to close
the problem, in this work we use a classical turbulence model
developed for non-reacting flows: the Realizable K-Epsilon

model. Heat release effects on the Reynolds stresses are not
explicitly taken into account.

In this approach the turbulent viscosity is modeled as:

µt = ⇢Cµ
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The main difference between the realizable and the standard K-
Epsilon model is that Cµ is no longer constant, it is a function
of the mean strain and rotation rates, the angular velocity of the
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The turbulent kinetic energy k and its dissipation rate " in (15)
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for dissipation ".
Where Pk is the production term of turbulent kinetic energy due
to the mean velocity gradients, Pb is the production of turbulent
kinetic energy due to buoyancy, YM is the dilatation dissipation
term that represents the contribution of the fluctuating dilatation
in compressible turbulence to the overall dissipation rate, Sk

and S" are respectively user defined source terms for turbulent
kinetic energy and dissipation, �k and �" are the turbulent
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and operating conditions. Considering the complexities and the
dimensions of our kiln, the only feasible choice was RANS.
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where µt = ⇢⌫t is the turbulent dynamic viscosity, �ij is the
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In turbulence calculations the main problem is how to model
the turbulent viscosity µt. There are many approach to close
the problem, in this work we use a classical turbulence model
developed for non-reacting flows: the Realizable K-Epsilon

model. Heat release effects on the Reynolds stresses are not
explicitly taken into account.

In this approach the turbulent viscosity is modeled as:
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are described by closure of two balance equations:

@

@t
(⇢k) +

@

@xi
(⇢kui) =

@

@xj

✓
µ+

µt

�k

◆
@k

@xj

�

+Pk + Pb � ⇢"� YM + Sk

(23)

for turbulent kinetic energy k

@

@t
(⇢") +

@

@xi
(⇢"ui) =

@

@xj

✓
µ+

µt

�"

◆
@"

@xj

�

+C1"
"

k
(Pk + C3"Pb)� C2"⇢

"2

k
+ S"

(24)

for dissipation ".
Where Pk is the production term of turbulent kinetic energy due
to the mean velocity gradients, Pb is the production of turbulent
kinetic energy due to buoyancy, YM is the dilatation dissipation
term that represents the contribution of the fluctuating dilatation
in compressible turbulence to the overall dissipation rate, Sk

and S" are respectively user defined source terms for turbulent
kinetic energy and dissipation, �k and �" are the turbulent
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THE	
  MODEL	
  

§ 	
  Track	
  individual	
  mean	
  species	
  concentra+ons	
  on	
  the	
  grid	
  through	
  transport	
  equa+ons.	
  
§ 	
  The	
  reac+on	
  rates	
  are	
  calculated	
  as	
  func<ons	
  of	
  :	
  

o 	
  mean	
  species	
  concentra<ons,	
  	
  
o 	
  turbulence	
  characteris<cs	
  	
  
o 	
  temperature.	
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THE	
  MODEL	
  

+	
  Radia+on:	
  Par+cipa+ng	
  Media	
  Radia+on	
  Model	
  (DOF)	
  
+	
  NOx:	
  Zeldovich	
  Model	
  
	
  



THE	
  COMBUSTION	
  	
  (STD_CONFIG)	
  
Combustion*Air Natural*Gas Cooling*Air A/G*ratio*:**9

TEMP 500'('600'°C 50'('100'°C 50'('100'°C

COMPOSITION 23'%'O2' 90'('88.7'%'CH4 23'%'O2
5.6'%'C2H6
1.6'('1.5'%'C3H8
0.9'%'C4H10
1.4'%'CO2
0.4'('1.9'%'N2
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RESULTS:	
  STD_CONFIG	
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THE	
  FLAME	
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PROBLEM:	
  RING	
  FORMATION	
  
• 	
  Thin	
  layer	
  of	
  dust	
  forms	
  in	
  the	
  surface	
  of	
  the	
  refractory	
  lining.	
  	
  

§ 	
  Some	
  zones	
  par<cularly	
  prone	
  to	
  par+cle	
  accumula+on.	
  
v 	
  Summa<on	
  of	
  par<cular	
  thermal	
  and	
  flow	
  condi+ons	
  result	
  in	
  the	
  forma<on	
  
of	
  cylindrical	
  deposits,	
  or	
  ‘rings’.	
  	
  

• 	
  In	
  our	
  CAC	
  kiln	
  in	
  RoSerdam:	
  Front-­‐end	
  /	
  Mid-­‐kiln	
  rings	
  (located	
  close	
  to	
  the	
  burner).	
  	
  
§ 	
  Presumably	
  caused	
  by	
  the	
  high	
  temperature	
  in	
  this	
  area,	
  par<cularly	
  when	
  the	
  
refractory	
  surface	
  is	
  overheated	
  by	
  direct	
  impingement	
  of	
  the	
  burner	
  flame.	
  	
  

v 	
  Most	
  troublesome	
  type	
  of	
  ring.	
  Cannot	
  be	
  reached	
  from	
  outside	
  the	
  kiln	
  and	
  is	
  
therefore	
  impossible	
  to	
  remove	
  while	
  the	
  kiln	
  is	
  in	
  opera+on.	
  	
  

	
  
	
  
	
  	
  

q Cause	
  unscheduled	
  shutdown	
  of	
  the	
  kiln	
  in	
  less	
  than	
  a	
  month.	
  Depending	
  on	
  the	
  severity	
  
of	
  the	
  problem,	
  maintenance	
  labour,	
  make-­‐up	
  lime	
  purchease,	
  and	
  lime	
  mud	
  disposal	
  can	
  
bring	
  the	
  cost	
  of	
  a	
  ring	
  outage	
  to	
  150,000	
  €	
  per	
  shout	
  down.	
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PROBLEM:	
  RING	
  FORMATION	
  
• 	
  Thin	
  layer	
  of	
  dust	
  forms	
  in	
  the	
  surface	
  of	
  the	
  refractory	
  lining.	
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  Some	
  zones	
  par<cularly	
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  to	
  par+cle	
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  flow	
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  result	
  in	
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of	
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§ 	
  Presumably	
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  when	
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  by	
  direct	
  impingement	
  of	
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v 	
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  troublesome	
  type	
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  Cannot	
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  reached	
  from	
  outside	
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therefore	
  impossible	
  to	
  remove	
  while	
  the	
  kiln	
  is	
  in	
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q Cause	
  unscheduled	
  shutdown	
  of	
  the	
  kiln	
  in	
  less	
  than	
  a	
  month.	
  Depending	
  on	
  the	
  severity	
  
of	
  the	
  problem,	
  maintenance	
  labour,	
  make-­‐up	
  lime	
  purchease,	
  and	
  lime	
  mud	
  disposal	
  can	
  
bring	
  the	
  cost	
  of	
  a	
  ring	
  outage	
  to	
  150,000	
  €	
  per	
  shout	
  down.	
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PROBLEM	
  1:	
  RING	
  FORMATION	
  
Gas-­‐Solid	
  interface	
  Temperature	
  (top)	
  and	
  Incident	
  radia<on	
  (boSom)	
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Phase	
  diagram	
  

CO
N
FI
DE

N
TI
AL
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PROBLEM	
  1:	
  RING	
  FORMATION	
  
Higher	
  Air/Gas	
  ra<o:	
  12	
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Higher	
  Air/Gas	
  ra<o:	
  12	
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PROBLEM	
  1:	
  RING	
  FORMATION,	
  MODEL	
  PREDICTION	
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PROBLEM	
  1:	
  RING	
  FORMATION,	
  MODEL	
  PREDICTION	
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PROBLEM	
  1:	
  RING	
  FORMATION,	
  EXP	
  VALIDATION	
  
• 	
  On	
  August	
  the	
  28th	
  2011,	
  a	
  severe	
  ring	
  forma+on	
  was	
  reported.	
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PROBLEM	
  1:	
  RING	
  FORMATION,	
  EXP	
  VALIDATION	
  
• 	
  On	
  August	
  the	
  28th	
  2011,	
  a	
  severe	
  ring	
  forma+on	
  was	
  reported.	
  	
  
• 	
  It	
  was	
  decided	
  to	
  increase	
  the	
  A/G	
  ra+o	
  substan<ally	
  (from	
  9,	
  to	
  12).	
  Reducing	
  the	
  flame	
  
temperature	
  and	
  heat-­‐transfer	
  via	
  radia<on.	
  That	
  will	
  stop	
  the	
  growing	
  of	
  the	
  ring	
  dam.	
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PROBLEM	
  1:	
  RING	
  FORMATION,	
  EXP	
  VALIDATION	
  
• 	
  On	
  August	
  the	
  28th	
  2011,	
  a	
  severe	
  ring	
  forma+on	
  was	
  reported.	
  	
  
• 	
  It	
  was	
  decided	
  to	
  increase	
  the	
  A/G	
  ra+o	
  substan<ally	
  (from	
  9,	
  to	
  12).	
  Reducing	
  the	
  flame	
  
temperature	
  and	
  heat-­‐transfer	
  via	
  radia<on.	
  That	
  will	
  stop	
  the	
  growing	
  of	
  the	
  ring	
  dam.	
  
• 	
  4	
  hours	
  later	
  the	
  ring	
  stops	
  growing.	
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PROBLEM	
  1:	
  RING	
  FORMATION,	
  EXP	
  VALIDATION	
  
• 	
  On	
  August	
  the	
  28th	
  2011,	
  a	
  severe	
  ring	
  forma+on	
  was	
  reported.	
  	
  
• 	
  It	
  was	
  decided	
  to	
  increase	
  the	
  A/G	
  ra+o	
  substan<ally	
  (from	
  9,	
  to	
  12).	
  Reducing	
  the	
  flame	
  
temperature	
  and	
  heat-­‐transfer	
  via	
  radia<on.	
  That	
  will	
  stop	
  the	
  growing	
  of	
  the	
  ring	
  dam.	
  
• 	
  4	
  hours	
  later	
  the	
  ring	
  stops	
  growing.	
  	
  
• 	
  40	
  hours	
  later	
  the	
  kiln	
  remain	
  stable	
  in	
  opera<on.	
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PROBLEM	
  1:	
  RING	
  FORMATION,	
  EXP	
  VALIDATION	
  
• 	
  On	
  August	
  the	
  28th	
  2011,	
  a	
  severe	
  ring	
  forma+on	
  was	
  reported.	
  	
  
• 	
  It	
  was	
  decided	
  to	
  increase	
  the	
  A/G	
  ra+o	
  substan<ally	
  (from	
  9,	
  to	
  12).	
  Reducing	
  the	
  flame	
  
temperature	
  and	
  heat-­‐transfer	
  via	
  radia<on.	
  That	
  will	
  stop	
  the	
  growing	
  of	
  the	
  ring	
  dam.	
  
• 	
  4	
  hours	
  later	
  the	
  ring	
  stops	
  growing.	
  	
  
• 	
  40	
  hours	
  later	
  the	
  kiln	
  remain	
  stable	
  in	
  opera<on.	
  	
  	
  
• 	
  Several	
  days	
  later,	
  the	
  kiln	
  ring	
  deminish	
  slowly	
  un<l	
  it	
  was	
  almost	
  destroyed.	
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PROBLEM	
  1:	
  RING	
  FORMATION,	
  EXP	
  VALIDATION	
  
• 	
  On	
  August	
  the	
  28th	
  2011,	
  a	
  severe	
  ring	
  forma+on	
  was	
  reported.	
  	
  
• 	
  It	
  was	
  decided	
  to	
  increase	
  the	
  A/G	
  ra+o	
  substan<ally	
  (from	
  9,	
  to	
  12).	
  Reducing	
  the	
  flame	
  
temperature	
  and	
  heat-­‐transfer	
  via	
  radia<on.	
  That	
  will	
  stop	
  the	
  growing	
  of	
  the	
  ring	
  dam.	
  
• 	
  4	
  hours	
  later	
  the	
  ring	
  stops	
  growing.	
  	
  
• 	
  40	
  hours	
  later	
  the	
  kiln	
  remain	
  stable	
  in	
  opera<on.	
  	
  	
  
• 	
  Several	
  days	
  later,	
  the	
  kiln	
  ring	
  deminish	
  slowly	
  un<l	
  it	
  was	
  almost	
  destroyed.	
  

ü 	
  CONCLUSION:	
  	
  
When	
  the	
  growing	
  of	
  the	
  ring	
  is	
  stopped	
  and	
  we	
  reach	
  a	
  temperature	
  at	
  which	
  the	
  liquid	
  
phase	
  is	
  very	
  low,	
  the	
  vibra+on	
  due	
  to	
  the	
  drive	
  gears	
  of	
  the	
  kiln	
  and	
  the	
  rota+on	
  gradually	
  
breaks	
  lumps	
  from	
  the	
  ring	
  and	
  afer	
  40	
  hours	
  the	
  ring	
  is	
  almost	
  destroyed.	
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ACTIVE	
  RESEARCH	
  THEMES:	
  
	
  
•  COMBUSTION	
  OPTIMIZATION	
  	
  à	
  	
  COAXIAL	
  INJECTION	
  

•  DETAILED	
  MULTICOMPONENT	
  FUEL	
  MECHANISM	
  	
  
	
  
•  LOW-­‐NOX	
  BURNERS	
  

•  DEM/EULER-­‐EULER	
  GRANULAR	
  BED	
  SIMULATIONS	
  (M.	
  ROMERO)	
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CO-­‐AXIAL	
  (SECONDARY)	
  AIR	
  INJECTION	
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CO-­‐AXIAL	
  (SECONDARY)	
  AIR	
  INJECTION	
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CO-­‐AXIAL	
  (SECONDARY)	
  AIR	
  INJECTION:	
  TEMPERATURE	
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CO-­‐AXIAL	
  (SECONDARY)	
  AIR	
  INJECTION:	
  TEMPERATURE	
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CO-­‐AXIAL	
  (SECONDARY)	
  AIR	
  INJECTION:	
  O2	
  CONCENTRATION	
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CO-­‐AXIAL	
  (SECONDARY)	
  AIR	
  INJECTION:	
  O2	
  CONCENTRATION	
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CO-­‐AXIAL	
  (SECONDARY)	
  AIR	
  INJECTION:	
  WALL	
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CO-­‐AXIAL	
  (SECONDARY)	
  AIR	
  INJECTION:	
  WALL	
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ACTIVE	
  RESEARCH	
  THEMES:	
  
	
  
•  COMBUSTION	
  OPTIMIZATION	
  	
  à	
  	
  COAXIAL	
  INJECTION	
  

•  DETAILED	
  MULTICOMPONENT	
  FUEL	
  MECHANISM	
  	
  
	
  
•  LOW-­‐NOX	
  BURNERS	
  

•  DEM/EULER-­‐EULER	
  GRANULAR	
  BED	
  SIMULATIONS	
  (M.	
  ROMERO)	
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1D-­‐GRANULAR	
  BED	
  MODEL	
  

RESULTS	
  OBTAINED	
  
BY	
  MIGEL	
  ROMERO	
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THANK	
  YOU	
  FOR	
  YOUR	
  ATTENTION	
  
	
  

QUESTIONS?	
  
	
  

THE	
  ONLY	
  DIFFERENCE	
  BETWEEN	
  A	
  PROBLEM	
  AND	
  A	
  
SOLUTION	
  IS	
  THAT	
  PEOPLE	
  UNDERSTAND	
  THE	
  SOLUTION.	
  	
  

[CHARLES	
  KETTERING]	
  	
  
	
  


