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ABSTRACT

Using alternative fuels (AF) in industry high consuming energy where fossil fuels are largely consumed
may be a great solution to decrease CO2 emission and cost production. Or, when using these alternative
fuels, the combustion may be difficult to control regarding the different components of AFs compared
to fossil fuels. In this case, the use of the computational fluid dynamics CFD tools is a great solution to
predict the AFs combustion behavior. This paper represents a computational study of petcoke and olive
pomace (OP) co-combustion in a cement rotary kiln burner, established on the commercial CFD
software ANSYS FLUENT. This study presents a useful key to choose an adequate simulation model
that well predicts co-combustion problems. The performance of the K-« turbulence models varieties
(standard, Realizable, and Re-Normalization Group) combined with the hybrid finite rate/eddy dissi-
pation model and the simple eddy dissipation model for predicting the co-combustion characteristics
was investigated. The particle phase solutions are obtained using the Lagrangian approach. The per-
formance of the mentioned model was evaluated based on the mesh accuracy, convergence time,
temperature shape, and important chemical elements concentration. The predicted values of species
concentrations and temperature are compared to the results obtained from the real case study and
available literature. The standard K-« model combined with the hybrid finite rate/eddy dissipation
model gives the best results and the lower computational resources required for the 2-D model realized.
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1. INTRODUCTION

In the last few years, there has been a growing interest from the cement industries in the Co-
combustion of coal with alternative fuels (AF) for environmental and economic aims [1, 2].
Alternative fuels have different chemical and physical properties from fossil fuels [3]. Thus,
particles of alternative fuels differ from coal in shape and size, so in their aerodynamics,
heating up, and combustion mechanism. Modeling of coal/olive pomace (OP) Co-firing in
cement kiln burner is a complex process that includes gas and particle phases as well as the
effect of turbulence on combustion mechanism and heat transfer.

The computational fluid dynamics CFD plays an important role in modeling the com-
bustion of pulverized coal/AF mixture in the rotary kiln burner. In recent years, several
publications have appeared documenting the use of k-«models for co-firing coal/AF. The Re-
Normalisation Group (RNG) k-« model is widely used for its ability to account for the swirl
in the mean flow on turbulence. An interesting approach to this issue has been proposed by
[4–6]. An immediate benefit of the realizable k-« model (RKE) is that it more accurately
predicts the spreading rate of round jets [7–9]. Standard k-« (SKE) is popular in industrial
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flow and heat transfer simulation due to its robustness,
economy, and reasonable accuracy for a wide range of tur-
bulent flows and combustion [10–12]. Knaus et al. [13]
studied the influence of mixing conditions, combustion air
distribution, and kiln geometry on the combustion process
within the wood heater on complete combustion, applying
the k-«, low Reynolds-number k-«, and the Reynolds-
stress turbulence model. They reported different flow field
predictions using different turbulence models, whereas
combustion characteristics (e.g., temperature and gas con-
centration) were predicted reasonably well by all models.

One of the turbulence-chemistry interaction models
most used with the k-« models is the eddy dissipation model
(EDM) proposed by Magnussen and Hjertager [14]. Zhou,
W. [15] and Ma, L. [16] have used the eddy dissipation
model to evaluate the effect of turbulence on chemistry. But
the major drawback of this approach can be observed
especially under oxy-fuel combustion conditions. Most
likely, this model over-predicts the temperatures and largely
under-predicts the combustion products level [17]. An
alternative to the EDM model is available in fluent [18],
known as the finite rate/eddy dissipation model (FR/EDM).
Several authors [10, 19–22] have used the (FR/EDM), to
define the turbulence-chemistry interaction, for its accuracy
to describe the turbulent combustion phenomena in pul-
verized fuel (PF) case and low computational cost compared
to the eddy dissipation model.

Ariyaratne et al. [4] studied Meat and Bone Meal (MBM)
combustion in rotary cement kiln compared to the coal
combustion, using EDM with the RNG K-« model, and they
showed that the temperature profile given by the MBM is
lower from the coal one over a 300 K. Another important
conclusion is that the largest MBM particles are not subject
to devolatilization or char burning, also MBM particle’s
combustion needs more oxygen mole fraction. This obser-
vation was the subject of another paper [23], whether the
MBM particle size effect on combustion parameters was
investigated. For modeling combustion, the FR/EDM was
used for turbulence-chemistry interaction and the RNG k-«
model for turbulent flow simulation. Several publications
have appeared in recent years that prove the problem of co-
firing coal with AF, such as the large particle sizes, the ir-
regularity in shapes, or either the chemical and physical
properties [24–27]. The focus of this research has been on
AF combustion flaws, (e.g. the pollution effect, the temper-
ature needed, the combustion residues impact. . .). The high
rotary cement kiln temperature and the intrinsic ability for
clinker to absorb and lock contaminants, allow the kiln to
manage most of the AF combustion problems and also burn
a wide range of alternative fuels.

Although much work has been done on AF co-com-
bustion, the authors indicated that more investigations are
necessary to improve the accuracy of calculations. Further-
more, from the literature review, it is clear that there is a lack
of co-firing numerical investigations concerning the cement
rotary kiln. Even though the efficiency of different k-«
models with the turbulence-chemistry approach has been
improved in recent years on predicting PF combustion, most

improvements have been achieved by minimizing the
calculation cost. Nonetheless, it is possible to further
improve the efficiency by comparing these sub-models to
choose the well-predicting model for novel alternative fuel.
With this goal, this work seeks to develop a comparison
between the three k-« models combining with eddy dissi-
pation model variances, in a 2D modeling case of co-firing
coal with olive pomace, under rotary cement kiln burner
conditions. The object is to explore the possibility of having
a model that could predict well the combustion of a solid
fuels mixture behavior in the kiln environment, could also
take into account the difference in chemical and physical
properties of AF versus coal, and could be able to give an
overview of the kiln process parameters when changing the
co-firing rate. In the previous work [28], we have examined
the key issues in the flow field, mainly on how they are
affected by turbulence models and co-processing conditions.
The results obtained will be a guideline to well interpreted
results obtained in this work.

The remainder of the paper is organized as follows: 1.
The proposed mathematical models are presented in section
2. The computational methodology is discussed in section 3.
Section 4 shows the results of different cases. Finally, section
5 concludes with a summary.

2. MATHEMATICAL MODELS

The time-averaged steady-state Navier–Stokes equations, as
well as the mass and energy conservation equations are
solved. The governing equations for the conservations of
mass, momentum, energy, and species are the same as given
in the previous work [28].

2.1. Turbulence closure models

The turbulent viscosity mt can be calculated with different
methods [29]. For the k-« model and its variants the tur-
bulent viscosity is calculated as mt ¼ Cmr k2

�
« where k is the

turbulent kinetic energy and « is its dissipation rate. They
are obtained by solving two coupled transport equations,
that have different forms according to the implemented
model as detailed in the following subsections.

� Standard k-« Model

The standard k-« model is one of the most popular
economic models in terms of accuracy. It was presented first
by Jones-Launder [30], with the empirical constants given by
Launder and Sharma [31]. The k and « transport equations
are presented by Eq. (1) and (2).
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In Eq. (1) and (2), Pk is the rate of turbulent kinetic energy
production, and is calculated by Eq. (3),

Pk ≈ mt

�
vui
vxj

þ vuj
vxi

�
vui
vxj

(3)

� Re-normalization Group (RNG) k-« Model

This model is derived from the instantaneous Navier-
stokes equations, using a mathematical technique called
renormalization group methods [32]. The k equation has the
same form in Eq. (1) but « has additional constant and term
as described in Eq. (4). The additional term R« is given by
Eq. (4), where h ¼ S k=« and S is a scalar measure of the

deformation tensor [18].
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� Realizable k-« Model

This model was developed [33] using a new turbulent
viscosity formulation where Cm, in the turbulent viscosity
equation, it is no longer a constant but a function of the
turbulent fields, mean strain, and rotation rates as described
in Eq. (5). The k equation is the same as that is standard and
the RNG k-« model, contrariwise the « equation is quite
different from the other two models as specified in Eq. (7).

Cm ¼ 1

A0 þ As
kU*

«

(6)
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In Eq. (7) the constant C1 ¼ max

�
0:43; h

hþ5

�
, h is the

same as that in the RNG k-« model.
The other constant in the three k-« models are the

closure coefficients and are presented in Table 1.

2.2. Turbulence-chemistry interaction models

Pulverized fuel combustion process occurs in a highly
turbulent environment when the fluctuations have an
important effect on the source term Ri of the species
equation [28]. To this aim, the interaction between tur-
bulent flow and reaction chemistry must be modeled with
accuracy.

Generally, in co-firing coal with alternative fuels, the
volatile matter can be presented by CxHyOzNtSn, the values
of x, y, z, t and n can be obtained from the approximate and
ultimate analyses of each fuel, see Table 2. This volatile
matter is considered reacting according to the simplified
two-step mechanism with the intermediate species Carbon
Monoxide CO, as summarized in Table 3 for coal and olive
pomace. In this work, we use the eddy dissipation model
(EDM) and its modified version finite rate/eddy dissipation
model (FR/EDM), to calculate the coal-volatile and OP-
volatile combustion.

� Eddy dissipation model (EDM)

The EDM model is based on the work of Magnussen
and Hjertager [14], where Ri is directly related to the time
required to mix reactants at the molecular level k=« since

the fuel consumption rate is solely determined by the
turbulent mixing rate of reactant according to the work of
Spalding [35]. The rate of production of species i due to
the reaction, Ri;r, is given by the smaller rate of product
and reactant Eq. (8), i.e., the rate that limiting the effect of
the mixing process.

Table 1. The three turbulence model constants

Turbulence models Model constants

Standard k-« C1« ¼ 1:44; C2« ¼ 1:92; Cm ¼ 0:09; σk ¼ 1:0; σ« ¼ 1:3 [34]
RNG k-« C1« ¼ 1:42; C2« ¼ 1:68; Cm ¼ 0:0837; σk ¼ σ« ≈ 1:393h0 ¼ 4:38; b ¼ 0:012 [32]
Realizable k-« C1« ¼ 1:44; C2« ¼ 1:9; σk ¼ 1:0; σ« ¼ 1:2; A0 ¼ 4:0 [33]

Table 2. Alternative and fossil fuels properties as received basis

Fuel properties Petcock Olive pomace

Ultimate Analysis (wt. %)
Carbon 88.6 51.6
Hydrogen 3.74 6
Oxygen 1.4 33.7
Sulfur 3.98 0.35
Nitrogen 1.62 1.89

Proximate Analysis (wt. %)
Volatile 10.6 57
Fixed carbon 87.02 16.4
Ash 0.58 4.7
Moisture 1.58 21.9

Physical properties
High heat value (kJ kg�1) 34,805 15,349
Dry particle density (kg m�3) 900 657
Mean particle diameter (mm) 15 200
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Where R and P represent the reactants and the products
index respectively. M is the molecular mass, ν is the stoi-
chiometric coefficient and Y is the mass fraction. A and B are
the mixing rate and take respectively a value of 0.4 and 5.

� Finite rate/eddy dissipation model (FR/EDM)

The FR/EDM model includes the rate reaction of both
the finite rate and the EDM. The FR model gives the rate
reaction R0

i;r by the Arrhenius expression Eq. (9) excluding
the effect of turbulence mixing. FR/EDM model chooses
between the two modes based on the upcoming data from
CFD simulation and, given the net reaction rate Eq. (10) as a
minimum of the two models.

R0
i;r ¼ ArTe

−E=RT (9)

Ri ¼ min


Ri;r; R

0
i;r

�
(10)

Where Ar is the pre-exponential factor, E is the activation
energy for the reaction, and R is the universal gas constant.

2.3. Particle phase

Alternative fuels are bigger, light in density, and have not
spherical shape compared to coal, which affects the motion
of particles in the furnace. In the present work, we consider
AF as a spherical particle, also the AF and coal particles will
be modeled separately with two discrete phases following a
Rosin-Rammler size distribution [36]. The particles are
tracked in Lagrangian frame reference using a stochastic
model [37] as shown in Eq. (11).

dup
dt

¼ 3rCD

4dprp

��up � u
��
u� up

�
þ g

rp � r

rp
(11)

Where g is the gravitational force, and CD, the drag coeffi-
cient, is an empirical function of Re as described by Morsi
and Alexander [38]. Here Re is the relative Reynolds num-
ber, and it is written as,

Re ¼ rdp
��up � u

��
m

(12)

In this work, the combustion of solid particles conversion
is treated as heating, devolatilizing, and char burning

process. When migrating through the continuous phase in
the furnace, the pulverized particles incur sequences of
heterogeneous reactions, creating sources for reactions in the
gas phase. Proper modeling of this particle participation is
an important key role in CFD combustion.

For computing volatilization, the single kinetic rate
model [39] is used. It assumes that the volatilization rate is
the first-order dependent on the fraction of volatile left in
the particle as shown in Eq. (13).

−

dmp

dt
¼ k1

h
mp �



1� fv;0

�

1� fw;0

�
mp;0

i
(13)

The kinetic rate constant k1 is defined by the Arrhenius

equation as k1 ¼ A1e
−

�
E1=RTp

�
. The kinetic data and the

parameters of the single kinetic rate model are dependent on
the properties of each fuel.

Throughout the volatilization of solid particles, only heat
transfer by convection contribution (Eq. 14) is considered.

mpcp
dTp

dt
¼ h1Ap

�
T∞ � Tp

�
(14)

According to Baum [40], the solid particle starts char
burning until the devolatilization has completed, thus
limiting the oxygen diffusion in the particle surface it re-
mains, that the surface of the particle is diffusion-limited.
When the inward-diffusing oxygen reacts with CO, which is
the principal product at the char particle surface, then the
combustion process is kinetic controlled. To achieve this
aim, the kinetic-diffusion limited model (Eq. 15) is used for
char combustion modeling.

dmp

dt
¼ −Appox

D0R1

D0 þ R1
(15)

D0 ¼ C1


�
Tp þ T∞

��
2
�0;75

dp
(16)

R1 ¼ C2e
−ðE1=RTpÞ (17)

The same for devolatilization occurs in the char com-
bustion only convection and heat released by reactions are
computed.

mpcp
dTp

dt
¼ h1Ap

�
T∞ � Tp

�� fh
dmp

dt
Hreac (18)

The heat transfer coefficient h1 for Eqs. (18) and (14) is
calculated using the Nusselt number of Ranz and Marshall
[18].

Table 3. Global gas-phase reaction mechanism

N8 Gas-phase reaction

Coal-volatile oxidation
1 C0;78H7;11O0;16N0;2218S0;2380 þ 2; 32O200; 78COþ 3; 55H2Oþ 0; 1109N2 þ 0; 2380SO2

OP-volatile oxidation
2 C0;99H2;27O0;8N0;0515S0;0041 þ 0; 66O200; 99COþ 1; 13H2Oþ 0; 0257N2 þ 0; 0041SO2

CO oxidation
3 COþ 0; 5O20CO2
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Nu ¼ h1dp
k∞

¼ 2þ 0:6Re1=2Pr1=3 (19)

3. NUMERICAL COMPUTATION AND
STRATEGY

The rotary kiln used in this paper is assimilated to a real kiln
with 46 m in length and 3.8 m in diameter, and it is specially
equipped with a multichannel burner (see Fig. 1). For
calculation purposes, the multichannel burner is converted
to Fig. 1 with the applied boundary conditions cited below.
The velocity and temperature and fuels feed entry are the
same as in the real case. For boundary conditions, we apply
in all entries an inlet velocity with normal direction to
boundary except for swirl entry when both normal and
tangential velocity is expected. The walls are treated as
adiabatic and a no-slip condition is applied [28]. More de-
tails are given in Fig. 1. The I.T in Fig. 1 is the turbulence
intensity.

A mesh test independence is applied for temperature and
velocity with fore mesh size (854, 3,380, 14,040, and 31,512).
To optimize convergence time, we use non-uniform mesh
with higher density near the burner inlet and the axis di-
rection and coarse in all the rest of the domain. The simu-
lation is implemented in a 2D domain with 14,040 meshes
elements for all the cases studied.

3.1. Case study

As mentioned earlier, this paper discusses the effect of the
different K-« turbulence models and the interaction
turbulence-chemistry models on the CFD prediction of the

co-firing coal in cement rotary kiln. To this aim, six
different cases were investigated and are summarized in
Table 4.

4. RESULTS AND DISCUSSION

Coal combustion in the rotary kiln is often characterized by
very complicated turbulent flows. Co-combustion with AF
further complicates the scenario, the AF has different
physical properties from the coal. When they are trans-
ported into the kiln, they require mixing to the oxidizer, cold
reactants, and hot products. In this turbulent flow, there are
a lot of eddies of different lengths and velocities. To this aim,
a critical view in which the model can give more information
on combustion characteristics (i.e., velocity field, tempera-
ture prediction, and species distribution) is presented in this
section.

4.1. Temperature prediction

Figure 2(a) illustrates temperature distribution using the
three k-« varieties. From this figure, it can be seen that a

Table 4. Investigated cases details

Case
Turbulence

model
Turbulence chemistry
interaction model

DPM
model

1 SKE EDM ON
2 FR/ED
3 RNG EDM ON
4 FR/ED
5 RKE EDM ON
6 FR/ED

Fig. 1. Geometry and boundary conditions details

152 International Review of Applied Sciences and Engineering 13 (2022) 2, 148–163
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Fig. 2(a). Predicted temperature contour for the FR/ED model-based (SKE, RNG, and RKE respectively from the top)

Fig. 2(b). Predicted temperature contour for the EDM model-based (SKE, RNG, and SKE respectively from the top)

International Review of Applied Sciences and Engineering 13 (2022) 2, 148–163 153

Brought to you by University of Debrecen | Unauthenticated | Downloaded 06/17/22 01:46 PM UTC



Fig. 3(a). Contour plots of oxygen mol fraction using the FR/ED model current results for (SKE, RNG, and RKE respectively from the top)

Fig. 3(b). Contour plots of oxygen mol fraction using the EDM model current results for (SKE, RNG, and RKE respectively from the top)
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Fig. 4(a). CO2 mole fraction contours current results for the FR/ED model cases (RKE, RNG, and SKE respectively from the top)

Fig. 4(b). CO2 mole fraction contours current results for the EDM model (RKE, RNG, and SKE respectively from the top)
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low-temperature zone in front of the flame is present in the
three turbulence model simulations, which cannot be seen in
the real case temperature distribution as shown in Fig. 7.
This is due to the drying and devolatilization of the particle
model. Even though predicting different flow fields, the three
k-« models have similar trends of temperature profiles but
differ in the flame length.

The RKE model gives a longer flame length because it
underestimates the reverse velocity and in consequence the
mixing of the cold and hot gas. In cases that use the EDM
model, all models over predict the flame temperature (a pic
around 2500 K) and give a longer flame, around 15 m for
SKE and RNG model, as shown above in Fig. 2(b), consid-
ering the RKE model case, we remark a 25 m flame length,
this is due to its dissipative nature as discussed previously,
which directly impacts the EDM model production rate
owing to its infinitely fast chemistry assumption. However,
the simulations combined with FR/ED model perform
marginally better.

For example, at 7.5 m away from the burner, all models
achieve 2400 K as maximum temperature, which flows the
real case, while the RKE model has a large pic temperature
region as can be seen in Fig. 8.

Furthermore, along with the kiln at 12.5 m, the SKE
and RNG k-« model gives a uniform temperature 100 K
lower than the kiln performs, but the RKE model still over
predicting the temperature. Generally, it can be seen that
the temperature profile is not affected by turbulence as
much as by the turbulence-chemistry interaction models.
A similar trend has been reported by several authors
[41–43].

4.2. Oxygen and CO2 fraction distribution

All simulations show low oxygen concentration near the axis
and higher oxygen mass fraction in the outer region.
Recalling that the fuels are injected near the burner axis thus,
a low oxygen mass fraction in the axis should be expected
when combustion is occurring, this will be discussed later.
The influence of the turbulence model on O2 mole fraction
prediction is illustrated in Fig. 3(a). The results show that the
O2 distribution is independent of the turbulence model away
from the combustion zone. Although the three turbulence
models let on quite different in the low O2 concentration
zone, this is due to the variance of the predicted flow field
(see [28]). Similar to the temperature contours, RKE

Fig. 5(a1). Predicted coal volatile mole fraction contours using the FR/ED model (RKE, RNG, and SKE respectively from the top)
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provides the longer low O2 concentration region what ex-
plains the longer flame shape obtained in this case. On the
other hand, in the standard k-« model case, a difference
from the RNG model can be observed, exactly in the recir-
culation zone, and hence the O2 concentration may be
affected by the mixing process.

Figure 4(a) shows the comparison of the contour plot of
the CO2 mole fraction for the SKE, RNG, and RKE models.
Figure 4(a) and 4(b) reveals that by adopting the different
k-« models, no effect on the CO2 distribution SKE model is
observed. All models give similar trends, the difference in
the CO2 concentration, due essentially to the O2 distribu-
tion. Referring to the turbulence-chemistry interaction
models, it can be observed that the whole difference is in
the combustion region see Fig. 3(b). Away from this re-
gion, less formation of CO2 and less consumption of O2 are
predicted.

Otherwise, Fig. 4(b) shows that by comparing the
prediction of CO2 between EDM and FR/ED, EDM pre-
diction of CO2 drops away from the flame region, this is
confirming the improvement of FR/ED prediction of
slow forming species. However, in the high-temperature
region, the EDM model over-predicts the CO2 concentra-
tion, this is due to its assumption to use the same model

constant A and B (see Eq. 8) which may overestimate the
reaction rate.

In summary, the results show that the prediction of
CO2 and O2 is mostly independent of the turbulence
model.

4.3. Volatiles and char combustion

The process of kiln destabilization has been reported in co-
firing coal combustion due to the different thermodynamic
and transport properties [5]. Maintaining stability and
keeping the combustion of co-firing coal characteristics
similar to coal combustion need special attention to volatile
production near the burner, and the char combustion
downstream.

Figure 5(a1) and 5(a2) show the volatile mole fraction in
coal and OP mole fraction contours for FR/ED cases.
Because of the fine particle size, and the high density of coal,
all particles are dewatering out as soon as they are injected
compared to the OP particles where the evaporation process
takes place deep in the kiln. Summarizing all species dis-
tribution figures in Figs 5 and 6, it can be observed that the
effect of turbulence modeling on the prediction of volatiles
and CO is negligible.

Fig. 5(a2). Predicted OP volatile mole fraction contours using the FR/ED model (RKE, RNG, and SKE respectively from the top)
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The effect of the turbulence-chemistry interaction model
on volatiles and CO production is presented in Figs 5 and 6.
Figure 5(b1) and 5(b2) show that the EDM model gives
faster consumption of volatile compared to the FR/ED
model case, therefore, it is clear from Fig. 6(a) and 6(b) that
using the EDM model high concentration of CO formation
is predicted. Hence, the FR/ED model gives a longer char
reaction zone, and this fits well with real case data (see
Table 5) and with the O2 and temperature prediction given
with the same model.

5. COMPARISON WITH REAL DATA
VALIDATION

The rotary kiln in cement industries operates at a high
temperature, so the installation of equipment that can reg-
ister information into the kiln is complicated. For this
reason, only the external wall temperature is measured using
an infrared handheld pyrometer. In this chapter, we
compare the trend of the temperature simulated to the
external wall real temperature.

Compared the temperature profile on the symmetry
position presented in Fig. 8 to the real case profile presented
in Fig. 7 we remark the same trend of temperature. The
position in the real case data where the temperature is low is
due to the ventilator position; this affects the kiln envelope
temperature only but still gives an idea on how the tem-
perature changes in the kiln.

It has also been remarked that the pic temperature is in
the same position as in the real case when standard k-« is
used. The realizable k-« model gives a large pic as in the real
case but retarded pic is observed with the same model. Also
as recommended technically the temperature with the used
fuel feed the temperature must reach a range of 2100–2500
K, we remark that all the model gives approximately a
temperature in the same range.

For the environmental and technical constraints, several
chemical components are controlled. In the case of com-
bustion quality control the CO and O2 are the primordial
element that gives global information on the combustion
process into the kiln. In this study the CO and O2 are
measured with the differential optical absorption spec-
troscopy. Moreover, Table 5 summaries the CO and O2

analysis in the combustion region in the real kiln case, it is

Fig. 5(b1). Predicted coal volatile mole fraction contours using the EDM model (RKE, RNG, and SKE respectively from the top)
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Fig. 5 (b2). Predicted OP volatile mole fraction contours using the EDM model (RKE, RNG, and SKE respectively from the top)

Fig. 6(a). CO mole fraction distribution predicted for the FR/ED model cases (RKE, RNG, and SKE respectively from the top)
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Fig. 6(b). CO mole fraction distribution predicted for the FR/ED model cases (RKE, RNG, and SKE respectively from the top)

Table 5. Species average masse fraction in the combustion region

SKE FR/ED RNG FR/ED
RKE
FR/ED

SKE
EDM

RNG
EDM

RKE
EDM Real case

CO 0.00447 0.00431 0.00426 0.0068 0.0068 0.0062 0.0044
O2 0.0159 0.0145 0.0126 0.007 0.0072 0.0061 0.017

Fig. 7. Thermal profile of the real kiln wall
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clear that the EDM model falls in the prediction of this
species, due to its based assumption, otherwise, the SKE
model combined with the FR/ED model gives better
agreement with the real case. Also, we remark the model
that underestimated O2 concentration is the same model
that overestimates CO who confirms the good coordination
of the simulation used.

6. CONCLUSION

The effect of the turbulence model (i.e., SKE, RNG, and RKE
K-« models), and the turbulence-chemistry model (i.e., the
EDM model and its modification FR/ED model) on the
temperature distribution, and species (i.e., O2, CO2, CO, and
volatile) of the co-firing coal combustion gas phase of real
rotary kiln case is investigated.

Six different cases are simulated and predicted, results
are verified with real case data and available literature
study. Based on the temperature profiles it can be seen that
the temperature is not affected by turbulence as much as
by the turbulence-chemistry interaction models. The main
difference is observed in the flame zone and near the
recirculation zone where the turbulence level is high. The
same SKE model seems to fit adequately with the real kiln
temperature profiles and gives the same trend of the
temperature profile.

The different performance of the turbulence-chemistry
model leads to different species concentration predictions,
the EDM model fails to predict the O2 concentration and
over predict the CO2 concentration which improves the
good performance of the FR/ED model to predict the slow
reaction species. Accordingly, while the EDM model predicts
a fast consumption of volatile and high CO formation, the
FR/ED model gives a longer CO reaction zone this fits well
with the temperature and O2 prediction. Generally, away
from the flame zone, the level of turbulence and strain rates
decay, all parameters have the same trends and keep un-
changeable until the exit boundary.

On the other hand, OP conversion mechanisms, such
as devolatilization and burnout are also responsible for
the shift off flame from the real case, this is due to the
model of volatilization, burnout, and size distribution
model. Therefore, the influence of these models needs to
be investigated to increase the accuracy of the simula-
tions.

NOMENCLATURE

Cp Heat capacity at constant pressure, J kg�1 K�1

dp Current particle diameter, m
F
!

External body force vector per unit volume, N m�3

fh The fraction of the heat absorbed by the particle
fv;0 Mass fraction of volatiles initially present in the

particle
fw;0 Mass fraction of the evaporating/boiling material
Hreac The heat released by the surface reaction, J/Kg
h Enthalpy, J kg�1

h1 Convective heat transfer coefficient, W/m2k
Ji
!

Diffusion flux of species i, kg/m2s
mp Current mass of the particle, kg
mp;0 The initial mass of the particle, kg
pox The partial pressure of oxidant species in the gas

surrounding the combusting particle, Pa
Ri The net rate of production of species i by chemical

reaction, kg/m3s
Si Rate of creation of species i by addition from the

dispersed phase, kg/m3s
Sm Mass added to the continuous phase from the

dispersed second phase, kg/m3s
Sct Turbulent Schmidt number
Tp Particle temperature, K
T∞ The local temperature of the continuous phase, K
u Axial velocity, m s�1

up
! Particle velocity vector, m s�1

mt Turbulent viscosity, Pa s
r The density of continuous phase, kg/m3 density of

the particle, kg m�3

τ Stress tensor, Pa
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