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Abstract —The combustion process inside rotary kilns plays a crucial role in determining flame
stability, heat transfer, and temperature distribution. This study investigates the effect of the dp/ds
ratio, defined as the ratio between the diameters of the primary and secondary air nozzles, on jet
flame flow characteristics and temperature distribution in a rotary kiln using methane (CH.) as fuel.
Numerical simulations were conducted using Computational Fluid Dynamics (CFD) in ANSYS
Fluent. The Realizable k—e turbulence model, non-premixed combustion model with steady diffusion
flamelet, and P-1 radiation model were employed to simulate turbulent combustion and radiative
heat transfer. A two-dimensional axisymmetric domain was used with three dp/ds ratios of 0.044,
0.070, and 0.096. Model verification against reference data resulted in a Mean Absolute Percentage
Error (MAPE) of 1.01%, indicating excellent agreement and reliability of the numerical approach.
The results show that increasing the dp/ds ratio enhances fuel-air mixing, shifts the combustion zone
closer to the burner inlet, and shortens the flame development region. The highest temperature of
approximately 2600 K was obtained at dp/ds = 0.044, while increasing the dp/ds ratio to 0.096
reduced the peak temperature to approximately 2000 K due to enhanced air entrainment and lean

combustion conditions.
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I. Introduction

Rotary kilns are widely used in industrial processes
such as cement production, waste incineration, and
metallurgical treatment because they can sustain
continuous high-temperature operations. Their design and
operating conditions influence heat transfer, product
quality, and combustion performance [1], [2], [3].
Computational studies have also investigated heat transfer
and radiative energy transport in systems involving
granular materials, highlighting the importance of
appropriate thermal modeling approaches [4]. Among the
parameters affecting combustion behavior, burner
geometry plays an important role in determining flame
structure, flow distribution, and heat transfer within the
kiln [2], [5].

One important geometric parameter is the ratio between
the primary nozzle diameter dp and the secondary air
diameter ds, expressed as dp/ds. Changes in burner
geometry can affect the interaction between the fuel jet

and surrounding air, thereby influencing the flow field,
mixing behavior, recirculation zone, and flame length [6],
[5], [7]. Studies of non-premixed, swirl-stabilized flames
have also examined the relationship between flow-field
characteristics and flame structure [8]. In addition,
research on biomass pyrolysis in rotary kilns has shown
that kiln geometry and particle-flow behavior can affect
process conditions, although the mechanisms differ from
gaseous-fuel combustion [9]. The air-to-fuel ratio is
another important parameter affecting combustion
behavior and numerical flow stability in rotary kilns [10].

Computational fluid dynamics (CFD) has been widely
applied to investigate flow, combustion, and heat transfer
phenomena in industrial kilns. CFD simulations provide
detailed information on velocity fields, temperature
distributions, and flame structures that are difficult to
measure directly under high-temperature operating
conditions. Previous studies have employed CFD to
investigate rotary kiln burner performance [2],
combustion dynamics in swirl-stabilized combustors [11],
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and flame characteristics under non-premixed combustion
conditions [12], [6], [7]. Other investigations have
examined soot formation in turbulent non-premixed jet
flames [13] and the flow and flame mechanisms
associated with swirl-stabilized combustors [14]. CFD has
also been used to analyze calcination and thermal behavior
in rotary lime kilns [15]. In addition, studies on radiative
heat transfer have highlighted the importance of selecting
appropriate radiation models in numerical simulations [4],
[16], [17]. Collectively, these studies provide a foundation
for investigating the relationships between flow behavior,
combustion characteristics, and heat transfer in industrial
thermal systems.

Despite these investigations, the effects associated with
varying the primary-to-secondary diameter ratio dp/ds
require further examination for the burner configurations
considered in this study. In particular, the relationship
between changes in primary nozzle diameter, flow
development, combustion-zone location, temperature
distribution, and flame length needs to be assessed
together. This study therefore investigates three dp/ds
ratios, namely 0.044, 0.070, and 0.096, using a two-
dimensional axisymmetric CFD model. The analysis
focuses on velocity distribution, recirculation-zone
development, temperature distribution, flame length, and
combustion-species distribution. The simulations employ
the Realizable k-epsilon turbulence model, the non-
premixed probability density function (PDF) combustion
model, and the P-1 radiation model [5], [17]. The results
are used to compare the flow and combustion
characteristics associated with the investigated burner
configurations

II. Geometry and Methods
A. Geometrical Model

In In this study, a two-dimensional axisymmetric rotary
kiln model was developed to investigate the effects of
different burner diameter ratios dp/ds on flow and
combustion characteristics. The computational domain
represents an industrial rotary kiln comprising a burner
inlet section, a cylindrical combustion chamber, and an
outlet section [2], [3], [5]-

The burner assembly consists of a central primary
nozzle supplying methane (CH4) and an annular passage
for secondary air. Three dp/ds ratios (0.044, 0.070, and
0.096) were investigated by varying the primary nozzle
diameter while maintaining the secondary diameter and
the overall burner configuration as specified in the model.
Changes in the primary nozzle diameter alter the inlet
cross-sectional area and may consequently affect the
primary-stream mass flow rate and momentum flux under
the prescribed inlet conditions. The resulting flow-field
and flame characteristics were therefore evaluated across
the three geometric configurations [5], [10].

TABLEL
GRID INDEPENDENCE STUDY
Mesh Cells Lf/do
A 1400 200
B 8866 169
C 16000 162
D 20000 156
E 25810 166

A structured quadrilateral mesh was generated
throughout the computational domain. Local mesh
refinement was applied near the burner exit and in regions
expected to exhibit steep gradients in velocity,
temperature, and species concentration. A  grid-
independence assessment was conducted using five
meshes containing 1,400, 8,866, 16,000, 20,000, and
25,810 cells. The normalized flame length Lf/d0 was
selected as the monitored parameter, where Lf is the flame
length and dO is the fuel nozzle diameter. The
corresponding values were 200, 169, 162, 156, and 166,
respectively, as summarized in Table I.

The relative changes in normalized flame length
between successive meshes were 15.50%, 4.14%, 3.70%,
and 6.41%, respectively. Although the change between
Mesh B and Mesh C was relatively small, the increase
from 156 for Mesh D to 166 for Mesh E indicates that the
monitored parameter did not exhibit a consistent
convergence trend. Therefore, the available results do not
conclusively establish grid independence. Further mesh
refinement and comparison of additional solution
variables are required before the selected mesh can be
considered independent of grid resolution.
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Fig. 1. Schematic of a 2D axisymmetric simulation domain
representing the geometry of a rotary kiln
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TABLEIL

SIMULATION PARAMETERS USED IN THE CFD MODEL
Parameters Value Description
Fuel CH4 Methane (gas)
Turbulence Model | Realizable k-& RANS
Combustion Non-premixed Species transport
Model PDF
Radiation Model P-1 Radiation Heat transfer
Domain 2D axisymmetric | Kiln burner
Dimension
Air Temperature 20 °C Primary &

secondary

Fuel Velocity 30 m/s Reference journal
Fuel Temperature | 20 °C CHa Inlet

The three simulation cases were configured by varying
the primary nozzle diameter dp while maintaining the
secondary diameter ds at the value reported in Table III.
The resulting dp/ds ratios were 0.044, 0.070, and 0.096.
Since the primary inlet velocity was specified as 30 m/s in
Table II changing the primary nozzle diameter also
changes its inlet cross-sectional area. Consequently, the
primary-stream mass flow rate and axial momentum flux
may vary between cases, depending on the inlet density
and the applied boundary conditions. Therefore, the
observed differences in temperature distribution, flame
length, and velocity field are interpreted as the combined
effects associated with the change in primary nozzle
geometry and its resulting flow conditions, rather than
being attributed exclusively to the diameter ratio.

TABLEIII.
SIMULATION CASES
Simulation dp (m) ds (m) Ratio dp/ds
Var 1 0.115 2.6 0.044
Var 2 0.1825 2.6 0.070
Var 3 0.25 2.6 0.096

B. Numerical Methods

The numerical simulation was performed using
ANSYS Fluent. A pressure-based solver with steady-state
formulation was selected. The main numerical procedures
are as follows:

e Turbulence model: Realizable k—e with enhanced
near-wall treatment

e Combustion model: Non-premixed model using
mixture fraction—PDF approach

e Radiation model: P-1 radiation

e Discretization scheme: Second-order upwind for
momentum, energy, turbulence, and species
equations

e Pressure—velocity coupling: SIMPLE algorithm

e Convergence criteria: Residuals < 10 and
stabilization of monitored variables (e.g., axial
temperature, centerline velocity).

C. Boundary Condition

The boundary conditions were defined according to the
burner configuration and operating conditions of the
combustion system. The primary inlet supplied methane
(CH4), while the secondary inlet supplied air. The
primary fuel inlet velocity was set to 30 m/s, and the fuel
and air inlet temperatures were maintained at 20 °C. The
secondary-air inlet velocity was specified according to
the operating conditions of each simulation case.

The outlet was defined as a pressure outlet. The kiln
walls were treated as no-slip, adiabatic surfaces, while
the centerline was assigned an axisymmetric boundary
condition. The Realizable k-epsilon turbulence model
was employed to represent turbulent flow in the
computational domain. The non-premixed probability
density function (PDF) combustion model was used to
simulate fuel-air mixing and combustion, following
approaches applied in previous numerical studies of
gaseous-fuel flames and rotary kilns [5], [7]. Radiative
heat transfer was modeled using the P-1 radiation model
[17].

The fuel and oxidizer streams were defined according
to the non-premixed combustion model implemented in
ANSYS Fluent. The inlet mixture-fraction boundary
conditions and turbulence parameters were specified
according to the numerical setup. These settings were
applied consistently across the three investigated dp/ds
ratios to compare the resulting flow and combustion
characteristics.

e Primary inlet: Methane—air mixture, velocity inlet

e Secondary air inlet: Air at specified velocity,
dependent on dp/ds configuration

e OQutlet: Pressure outlet at kiln exhaust

e Walls: No-slip and adiabatic assumptions

e Axis: Axisymmetric constraint

D. Model Validation

The The CFD model was evaluated by comparing the
simulated centerline temperature profile with reference
data from the literature [5]. Elattar et al. [5] investigated
methane combustion in a rotary kiln using ANSY'S Fluent
and a non-premixed PDF combustion model, and
compared their numerical results with experimental data
to assess the model performance [5]. Temperature was
selected as the validation parameter in the present study
because it reflects the combined effects of fluid mixing,
combustion reactions, and heat transfer. The comparison
was performed along the axial direction using the
normalized coordinate x/do. The simulated and reference
temperature profiles showed similar trends, particularly in
the main combustion region.

The agreement between the two temperature profiles
was quantified using the Mean Absolute Percentage Error
(MAPE), yielding a value of 1.005524%. This result
indicates a small average percentage difference between
the temperature data included in the comparison.
However, the MAPE value alone does not establish the
accuracy of all predicted flow and combustion
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characteristics. The exact number and locations of the
comparison points, as well as the degree of equivalence
between the reference geometry and operating conditions,
could not be established from the available validation
records. Therefore, the validation result should be
interpreted as evidence of agreement for the selected
centerline temperature profile, rather than conclusive
validation of the entire CFD model.
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Fig. 3. Centerline temperature comparison

III. Result and Discussion

A. Effect of dp/ds Ratio on Temperature Characteristics

Figure 4 presents the temperature distribution contours
for different dp/ds ratios. In general, all cases exhibit three
main combustion regions, namely the initial mixing zone,
the main combustion zone, and the downstream region.
However, significant differences can be observed in the
location of the high-temperature zone and flame
development as the dp/ds ratio increases.
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Fig. 4. Temperature distribution contours

For dp/ds = 0.044, the temperature increases gradually
along the kiln axis, indicating a slower mixing process
between methane and air. Consequently, the combustion
zone develops farther downstream and produces a longer
flame structure. The delayed heat release suggests that
combustion is primarily controlled by the diffusion
process between fuel and oxidizer.

Increasing the dp/ds ratio to 0.070 shifts the high-
temperature region closer to the burner inlet. The flame
becomes more compact, and the temperature rises more
rapidly than in the previous case. This behavior indicates
enhanced mixing intensity due to the increased
momentum interaction between primary and secondary air
streams.

At dp/ds = 0.096, the combustion zone forms closest to

the inlet, indicating the fastest fuel-air mixing process.
However, the peak temperature decreases compared with
the other variations. This phenomenon suggests that
although mixing is intensified, the larger amount of
entrained air promotes lean combustion conditions,
leading to thermal dilution and a reduction in maximum
flame temperature.
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Fig. 5. Centerline temperature profiles for different dp/ds ratios

Figure 5 shows the centerline temperature profiles for
different dp/ds ratios. All cases exhibit a similar trend in
the near-burner region, where the temperature increases
rapidly due to the initiation of fuel-air mixing and
combustion. However, significant differences can be
observed in the location and magnitude of the peak
temperature as the dp/ds ratio increases.

For the dp/ds ratio of 0.044, the temperature increases
gradually and reaches the highest peak temperature of
approximately 2600 K at a relatively longer axial distance.
The delayed temperature peak indicates a slower mixing
process between methane and air, resulting in a longer
combustion development region. As a consequence, heat
release occurs over a larger portion of the kiln domain.

When the dp/ds ratio is increased to 0.070, the
temperature rises more rapidly and reaches its peak closer
to the burner inlet. The maximum temperature decreases
slightly to approximately 2400 K, while the combustion
zone becomes more compact. This behavior suggests that
the higher momentum interaction between the primary
and secondary air streams enhances fuel-air mixing and
accelerates the combustion process.

A further increase in the dp/ds ratio to 0.096 causes the
temperature peak to occur at the shortest axial distance.
However, the maximum temperature decreases
significantly to approximately 2000 K and subsequently
declines along the downstream region. This phenomenon
indicates that although the mixing process becomes more
intensive, the larger amount of entrained air promotes lean
combustion conditions, resulting in thermal dilution and a
reduction in flame temperature.

Overall, increasing the dp/ds ratio shifts the
combustion zone closer to the burner inlet and accelerates
the combustion process. However, excessive increases in
dp/ds reduce the peak temperature due to enhanced air
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entrainment and leaner combustion conditions. Therefore,
the dp/ds ratio influences not only the combustion location
but also the thermal intensity and temperature distribution
within the rotary kiln.

B. Effect of dp/ds Ratio on Flame Characteristics

Flame length was determined based on the centerline
CH4 mass fraction distribution. The flame termination
point was defined as the location where the methane mass
fraction approached zero, indicating nearly complete fuel
consumption.
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Fig. 6. Comparison of normalized flame length (Lf/do) for different
dp/ds ratios

Figure 6 shows the CH. mass fraction profiles for
different dp/ds ratios. In all cases, the methane mass
fraction remains nearly constant near the burner inlet and
then decreases rapidly as combustion progresses. The
decrease in CHa concentration indicates fuel consumption
through mixing and chemical reactions with the
surrounding oxidizer.

The results show that increasing the dp/ds ratio
accelerates methane consumption. For dp/ds = 0.096, the
CHa4 mass fraction decreases more rapidly than the other
variations, indicating that fuel-air mixing occurs more
intensively. Consequently, the flame length becomes
shorter because the fuel is consumed within a shorter axial
distance. Conversely, the dp/ds ratio of 0.044 exhibits a
slower reduction in methane concentration, resulting in a
longer flame development region.

TABLEIV.
COMPARISON OF NORMALIZED FLAME LENGTH (LF/Do) FOR DIFFERENT
DP/DS RATIOS
Variation Lf (m) Lf/do
dp/ds 0.044 8.22952 164.590
dp/ds 0.070 8.01818 160.364
dp/ds 0.096 7.96587 159.317

Table IV confirms that increasing the dp/ds ratio
reduces the normalized flame length. The shortest flame
was obtained at dp/ds = 0.096, whereas the longest flame
occurred at dp/ds = 0.044. This result indicates that
stronger fuel-air mixing promotes faster fuel consumption

and earlier completion of the combustion process.

C. Effect of dp/ds Ratio on Flow Characteristics
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Fig. 7. Velocity magnitude contours

Figure 7 presents the velocity magnitude contours for
different dp/ds ratios. In general, the high-velocity region
is concentrated near the burner outlet and gradually
decreases along the axial direction due to momentum
dissipation and interaction with the surrounding fluid.
However, noticeable differences can be observed in the
penetration and distribution of the velocity field as the
dp/ds ratio increases.

For dp/ds = 0.044, the high-velocity core is relatively
narrow and decays rapidly downstream. The limited
momentum interaction between the primary and
secondary air streams results in a weaker entrainment
process, causing the flow to spread gradually over a longer
distance. Consequently, fuel-air mixing occurs more
slowly, which is consistent with the longer flame structure
and delayed temperature peak observed in Sections 4.1
and 4.2.

Increasing the dp/ds ratio to 0.070 enhances the
momentum exchange between the air streams, resulting in
a broader high-velocity region near the burner exit. The
stronger entrainment promotes more intensive mixing and
accelerates the combustion process. As a result, the
combustion zone shifts closer to the inlet and the flame
becomes more compact.

At dp/ds = 0.096, the velocity field extends further
downstream and exhibits the widest momentum
distribution among all cases. The stronger jet momentum
increases the entrainment rate of surrounding air, leading
to faster fuel-air mixing and earlier combustion initiation.
This behavior explains the shorter flame length and
upstream movement of the high-temperature zone
observed in the previous sections.

Overall, increasing the dp/ds ratio enhances jet
momentum and entrainment intensity, which improves
mixing between fuel and oxidizer. The improved mixing
accelerates combustion and shortens the flame
development distance. Therefore, the flow characteristics
play a significant role in determining flame behavior and
temperature distribution within the rotary kiln.

Figure 8 presents the velocity vector and streamline
distributions for different dp/ds ratios. The vector field
illustrates the interaction between the primary jet and
surrounding air within the rotary kiln, while the streamline
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patterns reveal the formation of recirculation zones near
the burner region. As the dp/ds ratio increases, the flow
becomes more concentrated near the burner exit and
exhibits stronger transfer toward the
downstream region.
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Fig. 8. Velocity vectors and streamline distributions for different dp/ds
ratios

More pronounced recirculation structures can also be
observed at higher dp/ds ratios, indicating enhanced
entrainment and mixing between fuel and oxidizer. These
recirculation zones contribute to flame stabilization by
increasing the residence time of hot combustion products
and promoting continuous ignition of incoming reactants.
Consequently, the stronger mixing process accelerates
combustion, shortens the flame length, and shifts the
combustion zone closer to the burner inlet.

D. Effect of dp/ds Ratio on Combustion Species
Distribution
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Fig. 9. CH4 and CO: mass fraction distributions for different dp/ds
ratios

Figure 9 presents the CHs and CO: mass fraction
distributions for different dp/ds ratios. The CHa contours
represent fuel consumption during the combustion
process, whereas the CO: contours indicate the formation
of combustion products. Together, these species
distributions  provide insight into the mixing

characteristics and combustion completeness within the
rotary kiln.

For all cases, the CH4 concentration decreases along the
axial direction as methane is consumed through oxidation
reactions. However, the rate of methane depletion varies
with the dp/ds ratio. At dp/ds = 0.044, the methane-rich
region extends further downstream, indicating slower
fuel-air mixing and a longer combustion development
region. As the dp/ds ratio increases to 0.070 and 0.096, the
CHa concentration decreases more rapidly near the burner
outlet, suggesting enhanced entrainment of surrounding
air and faster fuel consumption. This behavior is
consistent with the shorter flame lengths and upstream
movement of the combustion zone discussed in Sections
4.1 and 4.2.

In contrast, the CO- distributions exhibit an opposite
trend. Since CO: is the primary product of methane
combustion, its formation can be used as an indicator of
combustion progress. For dp/ds = 0.044, significant CO:
formation occurs further downstream, corresponding to
the delayed combustion process observed in the
temperature and flame analyses. As the dp/ds ratio
increases, the CO: formation region shifts closer to the
burner inlet, indicating earlier combustion initiation and
more rapid oxidation of methane.

The species distributions confirm that increasing the
dp/ds ratio enhances fuel-air mixing and accelerates the
overall combustion process. Faster CH4 depletion and
earlier CO: formation demonstrate that higher dp/ds ratios
promote more efficient reactant interaction. However,
despite the accelerated combustion, the peak flame
temperature decreases at higher dp/ds ratios due to
increased air entrainment and lean combustion conditions.
Overall, the species distributions support the trends
observed in the temperature, flame, and flow analyses,
confirming that the dp/ds ratio plays a significant role in
controlling combustion behavior within the rotary kiln

TABLE V.
AIR MASS FLOW RATE AND AIR-TO-FUEL RATIO FOR EACH SIMULATION
CASE

Variation Variation Variatio
Parameter
1 2 n3
dp/ds, based on AFR 0.047 0.077 0.109
calculation
Primary air mass flow 0.15248 0.31795 0.53962
rate (kg/s)
Secondary airmass flow | ¢5113 | (50874 | 059553
rate (kg/s)
Totalairmass flowrate | 75357 | 91669 | 1.13515
(kg/s)
Methane mass flow rate | 530300 | (038388 | 0.038388
(kg/s)
AFR 19.63 23.88 29.57

The calculated air-to-fuel ratio (AFR) increased from
19.63 in Variation 1 to 23.88 in Variation 2 and 29.57 in
Variation 3. This increase resulted from the higher total
air mass flow rate while the methane mass flow rate
remained constant at approximately 0.038388 kg/s. All
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three AFR values exceeded the stoichiometric AFR of
methane, approximately 17.2, indicating overall lean-
mixture conditions. Variation 3 exhibited the highest
AFR, corresponding to the largest air supply relative to the
fuel flow rate. This condition may contribute to the lower
maximum temperature observed in that case. However,
the AFR represents the overall inlet mixture condition and
does not independently describe the local mixture
distribution inside the combustion chamber.

The relationship between AFR and flame
characteristics should be considered together with the
simulated temperature and species distributions. The
increase in AFR across the three cases coincided with a
decrease in maximum temperature. A higher overall air-
to-fuel ratio can increase the dilution of the combustion
products and influence the local heat-release distribution.
Nevertheless, the temperature trend cannot be attributed to
AFR alone because changing the primary nozzle diameter
may also affect the inlet flow rate, jet momentum, and
mixing behavior. Therefore, the results indicate an
association between the changing air supply, burner
geometry, and flame characteristics rather than an isolated
effect of the dp/ds ratio.

IV. Conclusion

The effect of the dp/ds ratio on flow characteristics and
jet flame performance in a rotary kiln has been
numerically investigated using CFD. Based on the
obtained results, the following conclusions can be drawn:
e The simulated centerline temperature profile showed

good agreement with the reference data, yielding a
Mean Absolute Percentage Error (MAPE) of 1.01%.
This result indicates good agreement for the selected
temperature profile but does not independently
establish the accuracy of all predicted flow and
combustion characteristics.

e Increasing the dp/ds ratio from 0.044 to 0.096 shifted
the combustion zone closer to the burner inlet and
accelerated the combustion process. However, the
peak temperature decreased from approximately 2519
K to 1940 K due to enhanced air entrainment and lean
combustion conditions.

e The velocity and species distributions showed changes
in jet spreading and combustion development across
the three cases. Increasing the dp/ds ratio was
associated with broader radial flow distribution, earlier
CHa consumption, and CO: formation closer to the
burner inlet. These findings indicate changes in mixing
and combustion behavior under the investigated
geometric configurations.

e This study was limited to a two-dimensional
axisymmetric, steady-state model, and the mechanical
rotation of the rotary kiln was not explicitly
represented. Future research should consider three-
dimensional and transient simulations, including an
appropriate representation of kiln rotation, to
investigate flow and combustion phenomena beyond
the scope of the present model.
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