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Since natural gas fuel boilers are environmentally friendly and efficient, they are widely used in heating systems
today. Improvements are continuing in the combustion efficiency and emissions of these boilers. Due to the high
costs and long manufacturing times, experimental studies are progressing slowly. For this reason, studies with
CFD simulations are also preferred. For realistic CFD results, it is important to correctly choose the turbulence
and combustion models. This study conducted an experimental study to obtain temperature and emission
measurements from a low-swirl natural gas boiler. Then, CFD simulations were made under the same conditions
using the 3D model prepared for the same boiler. In simulation studies, different turbulence and combustion
models were investigated. The turbulence models used in the simulations are Standard k-¢, Realizable k-¢, RNG k-
¢, and Reynolds Stress Model (RSM), respectively. Combustion models are Eddy Dissipation (ED), Finite Rate/
Eddy Dissipation (FR/ED), Eddy Dissipation Concept (EDC), Non-Premix Combustion (NPC) and Partial-Premix
Combustion (PPC). When the results obtained by numerical simulations are compared with the experimental
data, it is understood that the Realizable k-¢ turbulence model provides better convergence than other turbulence
models, while PPC and ED provide better convergence in combustion models. Since the two-step chemical
mechanism for natural gas used in EDC and FR/ED models neglects the formation of many intermediate products,
higher NOx values were obtained than the experimental for these combustion models. Different results were
obtained from the standard k — € in terms of temperature and CO,, H,O, Oz, CO, NOy results than other tur-
bulence models.

1. Introduction consumed fuel in today’s world [4] because of its abundance in the

world, and it is commonly used in many areas [5]. Natural gas is used in

Although renewable energy and nuclear energy are one of two
fastest-growing energy sources and the consumptions are expected to
increase by an average 2.6%/year and 2.3%/year between 2012 and
2040 respectively, fossil fuels will fulfill 78% of energy use in 2040. As
for fossil fuel, global natural gas consumption will grow in the long term
by 1.9%/year, liquid fuels consumed for transportation will increase by
an average of 1.1%/year, and the coal that is the world’s slowest-
growing energy source will rise by an average of 0.6%/year, from
2012 to 2040 [1].

Advantage of the gaseous fuel than solid and liquid fuels is that it is
easier to control combustion emissions, and has lower costs to set-up and
operates with higher efficient devices [2,3]. Natural gas is the most

a wider range than other flammable gases due to its properties such as
the amount of presence in nature, the possibility of being in different
geographical regions, and less harmful to nature. For these reasons,
natural gas boilers are frequently preferred for heating systems in resi-
dences and industries [6,7]. In order to increase the efficiency and
reduce the emissions of natural gas boilers, studies are carried out with
experimental and simulation methods [8-10]. At high temperatures
regions experimental measurements with thermocouples may occur
some problems [11-15]. Simulation studies are preferred because
experimental studies are costly and require long-term manufacturing
processes. However, it is known that the results obtained from the
combustion simulations with CFD differ according to the mesh number,
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Fig. 1. ECO 45 G C 3B burner and boiler used for experimental study.

Table 1

Experimental devices and the uncertainty values.
Measured parameter Measured devices Range Accuracy
Q s Sensyflow iG Maks. 6500 Nm*/h  +% 0.3
Qcooling water ProcessMaster300 Maks. 600 m®/h +% 0.4
(o2 NOVA plus % 0-21 +% 0.2
Cco NOVA plus 0-300 ppm + 2 ppm
CcOo NOVA plus 0-4000 ppm + 100 ppm
CO, NOVA plus % 0-3 +% 0.5
NO NOVA plus 0-300 ppm + 2 ppm
NO NOVA plus 0-1000 ppm + 5 ppm
NO, NOVA plus 0-200 ppm + 5 ppm
CH4 NOVA plus % 0-3 +% 0.03
Tair NOVA plus 0-100 °C +1°C
Teas NOVA plus 0-650 °C £2°C
Calculations Uncertainty
Q = mH, +9% 0.3
NOx + 5.38 ppm

selected turbulence, and combustion models. In this respect, there are
studies in the literature to obtain accurate results for different com-
bustion applications [16].

In recent times, some of objectives of researchers related to area of
combustion are to introduce the fuel characteristics and combustion
behavior [17,18] chemical kinetic mechanism (detailed, skeletal and
reduced) and its modelling [19,20] computational fluid dynamics (CFD)
modelling and validation [21,22], low emission eco-friendly alternative
fuels [23,24], control the combustion flame [25,26,27] and noise [28]
so that improve the design of environment friendly burner [29,30],
furnaces, boilers, gas turbine combustor and combustion chamber by
taking into consideration less energy consumption, reduce the com-
bustion generated pollutants, and control the combustion noise. Besides
intensive experimental studies maintained by many researchers for
much more specific cases, on the other hand, recent development in
computer technology on high-performance computing clusters,
Computer-Aided Design (CAD) and Computational Fluid Dynamics
(CFD) lead to specific important facilities to design of any machines or
investigate the complex and the high turbulence internal flows. CAD and
CFD allow not only interpreting design procedure and the internal flow
but also enable optimizing the product components with less cost and
waste of time before the manufacturing stage.

Silva et al. [17,31] performed CFD simulation by accepting natural
gas as methane in a 2D axisymmetric cylindrical combustion chamber.
They used the Eddy Breakup — Arrhenius model with a two-step reaction
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mechanism. In this study, they simulated the natural gas combustion
using the Eddy Breakup — Arrhenius model with a two-step methane-air
chemical mechanism. In this approach, the wavelength depends on the
gas properties in that region. These gas properties are analyzed with the
Weighted-Sum-of-Gray-Gases-Model (WSGGM). Combustion chamber
differential equations are solved by the volumetric control approach. In
the study, they simulated experimental data obtained from the litera-
ture. The results of CHy, T, O, CO and CO, in the combustion chamber
were compared for two cases in the axial and radial directions. They
noted that differences were observed between the two states throughout
the combustion chamber, and there were significant differences, espe-
cially for CO2. However, it was stated that the numerical and experi-
mental results were in good agreement with each other at a distance of
1.1 m from the point where the reactants were injected. Ren et al. [32]
simulated a non-premixed methane-air flame with EDC and PDF com-
bustion models. They used detailed and reduced mechanisms to
compare mechanisms and combustion models. From this study, the re-
sults show that each combustion model agreed well with the full and
reduced mechanisms. Furthermore, they found that EDC predicted a
thinner flame with a higher flame temperature than PDF. When they
compared to experimental data, EDC significantly over-predicted the
temperature and OH fields. Also, this study showed that PDF model
yields predicted more accurately in the upstream locations than EDC.
In addition to the effects of combustion models, there are various
studies dealing with the effect of different turbulence models on the CFD
solution for non-premixed flames. Frassoldati et al. [33] compared the
effect of Reynolds Stress Model (RSM), standard k-¢ and modified k-¢
turbulent models on methane/hydrogen flame in slow combustion
regime. According to the results they obtained, the RSM and modified k-
e models showed good agreement with the experimental results, while
the standard k-¢ model under predicts the jet penetration. Because the
RSM model increases the computational time, they continue simulations
using the modified k-¢ turbulent model. Ziani et al. [34] numerically
modeled the non-premixed turbulent combustion of CH4-Hj; fuel mixture
using the Probability Density Function (PDF) approach. CFD simulations
were done with three different turbulence models k-¢, modified k-¢ and
RSM. As a result, they concluded that the modified k-e turbulence model
is suitable for simulating such flames. Pfeiler and Raupenstrauch [35]
investigated the performance of realizable k-e and RSM turbulence
models. They applied different turbulence models on 2D axisymmetric
and 3D CFD simulations of a non-premixed methane flame surrounded
by co-flowing air. They obtained similar results between realizable k-¢
2D flame simulation and 3D RSM simulation. However, their results had
some differences in turbulence and temperature field with experimental
data. Therefore they modified turbulence model constants to get a better
approximation. Khaldi et al. [36] carried out a numerical study to
investigate the flow field, combustion, and temperature characteristics
of a tangentially fired pulverized-coal furnace. Different turbulence
models were used to validate the simulation results with experimental
data. Their study determined that the RNG k-e model is more suitable for
estimating velocity and temperature fields. The literature research
shows that each turbulence model can give good results in different
applications. It is concluded that it is difficult to reveal the best turbu-
lence model by generalizing. For this reason, more studies need to find
the proper turbulence and combustion model for different combustion
processes CFD simulation. This study aims to determine the most suit-
able turbulence and combustion models for low-swirl burner simula-
tions. Simulation results obtained with different turbulence and
combustion models were compared with experimental data.

2. Experimental procedure

The experimental study was carried out using a circular-shaped
natural gas boiler with ECO 45 G C 3B burner, shown in Fig. 1 [37].
In the experimental study, the thermal load of the burner was deter-
mined by measuring the natural gas flow rate and the airflow rate
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entering the burner. The thermal load is fixed to be 1085 kW with
natural gas and airflow in a steady regime. During the experimental
study, the excess air coefficient was fixed at A = 1.20. During the com-
bustion process, emissions and temperature values were measured. CO»,
O, and NOx emissions, temperature, and excess air values were
measured with a NOVA measuring device.

The devices used in the experimental setup and the uncertainty
values in the operating range are given in Table 1. In addition, the
burner thermal load and NOx emission results calculated with the
measurements are indicated in the same table.

3. Numerical model
3.1. Modeling of turbulent flow

Turbulent flows have attracted the attention of many researchers
because of their complexity. In reality, it is very difficult to model these
flows because turbulent flow is complex, random and changes instan-
taneously. However, today, turbulent flows can be modeled and pre-
dicted approximately in applications with CFD. Therefore various
turbulence models have been developed for CFD calculations. One of the
well known turbulence models is k-e. Some of the turbulance models
developed from k- are Standard k-e model, Realizable k-¢ model and
RNG k-¢. In k-¢ model, k represents turbulent kinetic energy and ¢ rep-
resents the dissipation rate. The main differences between the standard
k-¢ model, the Realizable k-¢ model and the RNG k-¢ models are the
method of calculating the turbulent viscosity, the Prandtl numbers
related to the k-e turbulence propagation, and the production and con-
sumption terms in the € equation [38].

The standard k-¢ model is the simplest and most basic model in
which two equations define turbulence. In this model, turbulence ve-
locity and length scale can be determined independently by solving two
separate transport equations. This model, proposed by Launder and
Spalding [39], has been using to solve many turbulent flow problems
due to its accuracy and short solution time. Although it is a semi-
empirical model, it is preferred for modeling jet and channel flows.
Over time, the deficiencies in the k-¢ model were identified, and by
making corrections and additions, two separate k-¢ models were
developed as Realizable k-¢ and RNG k-¢ models.

The Standard k-e model is not a good choice for modeling high eddy
and swirl turbulent flows as like burners and burners of turbomachinery.
Using the Realizable k-e model is more appropriate, which can better
converge to such turbulent flows. This model is recommended to be used
for low swirling flow (S < 0.5) [40].

Like the Realizable k-¢, the other model derived from the Standard k-
¢ is the RNG k-¢ model [41]. It is recommended to use this model instead
of Standard k-¢ in swirl and cyclone burners. In this model, the analytical
derivative gives results using different constants than in the Standard k-e
model. It also includes different and additional terms for k and ¢ in the
transport equation [42].

Unlike the realizable k-¢ and RNG k-¢ turbulence models, the RSM is
recommended for high swirl number flows (S > 0.5) [43]. It is stated
that the RSM is more successful than the other two methods in detecting
the reverse flow gradients. In addition, it is stated that because of the
stress terms in RSM equations, velocity profiles can predict more real-
istically in low-velocity counterflow regions where the flow behaves
anisotropically. The handicaps of this model are difficulties in conver-
gence and longer solution time than other models [40].

3.2. Combustion modelling

The solution of the conservation equations for chemical species is
estimated by solving the local mass fraction of each species, the con-
vection—diffusion equation for each species with the Fluent. The general
form of the conservation equation is expressed as [43];
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g(pY,-HV-(p?Yi): ~VeTi+R+S, M

The first term on the left side of the equation represents the rate of
the change, and the second term is the species’ net rate of flow (con-
vection). The first term on the right side represents the rate of change
due to diffusion, here R; is representing the net production rate of pro-
duction of species i, by chemical reaction and expresses the rate of
change due to other sources [43].

In the conservation equation of chemical species, the reaction rate R;
is calculated in three ways: laminar finite-rate model, eddy dissipation
model, and eddy dissipation concept [43].

Gaseous fuels tend to burn quickly and the turbulent mixture con-
trols the overall reaction rate. In non-premixed flames, turbulence mixes
the fuel and oxidizer within the reaction zone. In premixed flames,
turbulence slowly mixes cold reactants and hot products in the reaction
zone. In some applications, the mixing is limited, complex, and some-
times unknown, so the chemical kinetic rate can be safely neglected. In
the Fluent, the turbulence-chemistry interaction model is based on the
work of Magnussen and Hjertager [14], known as the eddy dissipation
model. This model assumes that the chemical reaction occurs much
faster than reactants mixing, which mainly depends on the turbulence.
In this approach, the net rate of production of species i due to reaction r,
R;, is given by the smaller of the two expressions below [43]:

Based on mass fraction of reactants:

Rir = U My iAp = min [ % @
ir =V, Mg iAp - min| —
» ir AP k VR,er,R
Based on mass fraction of products:
' € PY,
Ri, = U;,M,;ABp— # 3)
k Zj Di,rMm-j

K turbulence kinetic energy, € turbulence dissipation rate, Yp and Yz
mass fraction of species, A Magnussen constant for reactants (default
4.0), B Magnussen constant for products (default 0.5), M,,;, molecular
weight, (R), reactants and (P), products [38]. In Equations 5 and 6, the
chemical reaction rate is controlled by the large-eddy mixing time scale
k/e, as in the Spaldings’ Eddy Break-up combustion model [44]. Com-
bustion develops with turbulence (k/¢ > 0) and there is no need for an
igniter to start the combustion. This situation is valid for non-premixed
flames. But in premixed flames, the combustion reactions begin at the
inlet of the calculation zone. To prevent this situation, the software
provides Finite-Rate Eddy Dissipation model. Here, both Arrhenius and
eddy dissipation reaction rates are calculated, and the net reaction rate
is taken as the minimum of these two rates [43]. This model can be used
for various systems, but model constants A and B must be empirically
adjusted for each reaction. The default values of 4 and 0.5 are set for
one- and two-step reactions, respectively [45].

The Eddy Dissipation Concept model is an enhanced version of the
Eddy Dissipation model and includes chemical mechanisms in turbulent
flows. This model assumes that the reaction takes place in a fine-scale
turbulence. The Eddy Dissipation Concept model includes chemical
mechanisms in turbulent reaction flows [38]. However, the solution of
multi-reaction chemical mechanisms is always difficult and needs longer
solution times. For this reason, it usually needs to use reduced mecha-
nisms in CFD simulations to shorten the solution time.

The non-premixed combustion model covers the solutions of the
transport equations for the mixture fractions. This model does not solve
one equation for each species. Instead, the mixed fractions for which the
concentrations of the species are estimated are pre-calculated. The
interaction of combustion chemistry and turbulence is considered with
the Probability Density Function (PDF) [43].

The Partially Premixed Combustion model is based on non-premixed
and premixed combustion models. Therefore, in this model, thermo-
chemistry is reduced to a single parameter, which is the mixture fraction
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Fig. 2. 3D model of the boiler (al), burner and swirl generator (a2, a3). The mesh structure of the complete volume with boiler (b1), the burner (b2) and the 1/4

(periodic) of the complete geometry (b3).
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Fig. 3. NOx emission and temperature values on the boiler axis plane for different mesh numbers.

expression. In the case of a secondary fuel entering the reaction zone or a
different component that may undergo a chemical reaction, the sum of
the mixture fractions of the reactants must be equal to one [43].

3.3. 3D model and mesh structure

3D model of the boiler, burner and swirl generator are given in the
Fig. 2a. Since the boiler and burner geometries are not suitable for 2D
simulations, 3D simulations were carried out. In order to solve turbulent
and complex flows, 3D simulations are more suitable. However, long
simulation times and difficulties in convergence are some of the hand-
icaps that need to be overcome. The mesh structure of the boiler and
burner are given in Fig. 2b. The periodic model (1/4 model) was used to
reduce the total number of meshes (Fig. 2b3).

Five models with different mesh structures (668655, 695374,
725406, 114642, and 2674862) were simulated for solution’s

independence of mesh size. From the simulation done with different
mesh numbers, the results of NOx emission obtained from the boiler
outlet are compared on the boiler axis line in Fig. 3.

It is seen that NOx emissions over the axial distance given in Fig. 3(a)
vary significantly with the mesh number. It is thought that the reason for
this difference is that NOx emissions are very sensitive to the tempera-
ture level and a small difference between temperatures causes signifi-
cant differences in NOx. Despite this sensitivity, NOx levels are close to
each other in the node numbers of 725406, 114,642 and 2674862. Ac-
cording to the results of the variation of the temperature given in Fig. 4
(b) with the axial distance, it is understood that the flame temperature
tends to increase up to approximately 0.7 m from the exit of the burner.
The temperature remained constant between 0.7 and 1.1 m and
continued to decrease until the opposite wall of the hearth. The effect of
the number of nodes on the boiler axis temperature is partially evident in
the first section of the boiler. However, it is seen that it is not effective in
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Fig. 4. Comparison of emissions (02, CO,, NOy) and temperature of CFD simulations using different turbulence models and experimental data.

the part where the axis temperature begin to decrease. Especially in the
mesh numbers of 725406, 114,642 and 2674862, the temperature dif-
ference is almost negligible. Since the low mesh number significantly
reduces the simulation time 725,406 number of mesh was preferred for
all simulations.

3.4. Pysical properties, boundary conditions and solution method

ANSYS Fluent [43] commercial software was used for CFD simula-
tions in this study. Since the fuel and air velocities at the burner inlet are
less than Mach 0.2, the incompressible ideal gas was assumed for the
CFD simulations [46]. For natural gas, the absorption and scattering
coefficients was used as 0.5 [47] and 1e-09 [48] respectively. Mass flow
was used as the burner inlet boundary conditions, while pressure output
boundary conditions were defined for the boiler outlet. The realizable k-
¢ turbulence model was used to compare the combustion models due to
the low eddy number that appeared (S < 0.5) in the burner. Optical
thickness al is a good tip for defining to use the appropriate radiation
model between P1, Rosseland, Discrete Ordinates (DO) and Discrete
Transfer (DTRM). Here a is the absorption coefficient and L is the length
scale. In burner-boiler applications, L is equal to the combustion
chamber’s diameter. While it is recommended to use the Rosseland
model for al>>1 condition, P1 model for aL > 1 condition and DTRM
and DO models for the aL. < 1 condition [49]. Although the use of the DO
model requires high computational cost, it can be preferred because of
the many advantages, such as accounting for scattering, particulate ef-
fect, semi-transparent walls, specular walls, non-gray radiation, and
localized heat sources [40]. In addition to all these advantages, the DO
model was used for radiation calculations because al < 1 condition at
the current model.

The high degree of rotational flow resulting from swirl or rotation in
the flow field causes large radial pressure gradients in the axial and
radial directions. Such flows can cause instability in the solution process
and cause the flow not to be fully modeled or the solution not to
converge. PRESTO! scheme which is well-suited for detecting pressure
gradients involved in swirling flows, may offer a solution strategy for
swirling and swirling flows [40]. In this study, to discretize the three-
dimensional flow field, PRESTO! is preferred, while COUPLED is used

as pressure-velocity coupling. To describe the physics of the flow field,
the Reynolds Avarage Navier-Stokes (RANS) equations for mass, mo-
mentum, energy and scalar transport are used under steady-state
conditions.

4. Results and discussion

CFD simulation results from four different turbulence models were
compared with the experimental results given in the first part of each
section. The convergence of these models to experimental results for
temperature and emissions has been investigated. Afterward, the results
of simulations related to different combustion models are given together
with the experimental results. According to all results, the most suitable
turbulence and combustion models were suggested for natural gas fuel
combustion CFD simulation in industrial low-swirl burners.

4.1. Investigation of the turbulence models

One of the critical factors for simulation combustion in CFD is
defining the correct turbulence model. This choice is essential for the
accuracy and reliability of the results. The effects of different turbulence
models on temperature, NOy, CO5 and O emissions at the boiler exhaust
outlet are given in Fig. 4 by comparing with the experimental results.
Here, %CO2 and %03 levels from the experimental study obtained lower
values than the CFD simulations. This difference is approximately 8% for
CO2 and 10.5% for O,. (Fig. 4(a) ve (b)). In addition, it is seen that the
turbulence models used do not make a significant difference in CO, and
O, emission levels. The NOy level measured in the experimental study
and the NOy levels calculated using different turbulence models are
shown in Fig. 4(c). According to the CFD results, the Standard k-¢ model
predicts the NOy level higher than the experimental and all other
models. The error rate of the calculated value was 78.6% with experi-
mental data. The realizable k-¢ model result agrees well with the
experimental data, while the error rate is 5.2%. The RSM model result is
the second best result after the Realizable k-¢ model, and the error rate is
5.6%. On the other hand, the RNG k-¢ model results in NOy emission
lower than Realizable and RSM models, and the error rate of this model
is calculated as 21%. As can be seen from these results, the Realizable k-¢
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Fig. 5. Effect of turbulence models on emissions (CO,, H>0, O,, CO, NOy) and temperature along the boiler axis.

model gives better emission results than RNG k-e and Standard k-e
models at low swirl number S < 0.5. Although the RSM model is rec-
ommended to be used at high swirl numbers (S > 0.5), it is seen to give
good results at low swirl numbers. Therefore Realizable k-¢ model is a
good option for all simulations due to the better convergence with the
experimental results. It is understood from the results that the experi-
mental temperature results are lower than the CFD results. Temperature
differences were calculated at approximately 13.5-15% between
different turbulence models. In the experimental study, there are 26
curved turbulator and flue gas temperature-reducing sheet metal pro-
files in the chimney pipes. These structures couldn’t include to CFD
simulations due to the high mesh element requirement; therefore, there
was a difference between the experimental and simulation temperature
values.

The turbulent flow conditions in which each model is used are
described in detail in the turbulence methods section. These methods are
Standard k-e, Realizable k-¢, RNG k-¢, and RSM models. Effect of
different turbulence models in the solution of CO5, HyO, Oy, CO, tem-
perature (T), and NOy along the boiler axis distance are given in Fig. 5.

The CO5 and H50 results in the direction of the boiler axis are shown
in Fig. 5 (a) and (b). Results shows that the increase of CO, and H,0O
begins at the beginning of the burner, where the combustion reactions
begin.

CO5 and H,0 have constant trends between 0.8 m and 2.3 m and
increasing trends between 0 m — 0.8 m. According to these results, the
combustion process started with natural gas injection, and the amount of
fuel reacted increased between 0 m — 0.8 m. After 0.8 m, the

hydrocarbon value remained approximately constant throughout the
axial distance. When the figures are examined, the turbulence models
show the same trends for CO5 and H5O. The reason is the simultaneous
formation of CO; and H20 due to the combustion of hydrocarbons in a
particular region.

CO, and H50 emissions show a different trend for the RNG k-¢ tur-
bulence model in the burner inlet region (0-0.3 m) than other models.
Besides the standard k-e turbulence model in the 0.5-2.3 m range and
the Realizable k-¢ model has a different trend in the 0.3-0.7 m range. In
addition, RNG k-¢ and RSM models show the same trend between 0.3 m
— 2.3 m, and RNG k-¢, Realizable k-¢ and RSM models have very close
values between 0.75 m and 2.3 m and maintain the same trend.

When the turbulence model trends for the O3 mass fraction along the
boiler axis distance in Fig. 5(c) are examined, a continuous decrease in
the amount of Oy entering the boiler is observed due to the reaction
occurring from the boiler inlet. At the end of the flame around 0.8 m axis
distance the amount of O, is almost exhausted for all turbulence models
except Standard k-e. Afterward, a slight increase is observed in the
amount of Os. This situation occurred similarly in the three turbulence
models except Standard k-¢. In addition, the behavior of the turbulence
models examined is just like the mass fractions of CO5 and H50, and the
same trends are exhibited at the same distances.

Fig. 5(d) shows the changes in the CO emissions along the axis dis-
tance of the boiler. From the figure, CO emissions increases with the
initiation of combustion from the boiler entrance. Later CO emissions
begins to decrease at 0.5 m distance for Standard k-¢ after, 0.6 m dis-
tance for Realizable k-¢ after, 0.7 m distance for RSM after, and 0.75 m
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Fig. 7. NOy emissions in the boiler axis plane using (a) Standard k — &, (b) Realizable k — ¢, (¢c) RNG k — ¢ and (d) RSM turbulence models.
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distance for RNG k-¢ model. There was a small increase in the CO
emissions around the 1.2 m axial distance (except for the standard k-¢)
and then decreased again.

Fig. 5(e) shows the temperature results along the axis distance from
different turbulence models. According to the results obtained, it is seen
that there is an increase in the boiler axis temperatures with the initia-
tion of combustion from the inlet and the RNG k-¢ model shows a
different trend in this section (0-0.3 m). After z = 0.4 m, Realizable k-¢
shows a different temperature profile. In the other three turbulence
models, the temperature (standard k-e, RNG k-¢ and RSM) increases to
an axial distance of approximately 0-0.8 m. After this interval, the
temperature obtained from the turbulence models decreases paraboli-
cally and decreases to a certain temperature value (800-850 K)
throughout the boiler. However, in the Realizable k-¢ model, while the
temperature increased between 0.4 m and 0.65 m, the temperature
reached the highest (peak) value at 0.65 m, and immediately after that,
the temperature slightly decreased linearly between 0.65 m-1.15 m.
After a distance of 1.15 m, it decreases non-linearly to 800 K. In addi-
tion, the Realizable k-¢ model calculated the axis temperature of the
boiler after the flame at lower values than the other models. The
maximum temperature values of the boiler axis were calculated closer
each other and higher about 120 K than Standard k-e model.

In Fig. 5(f), NOy emission values are given for different turbulence
models along the axis distance. NOx levels, which are sensitive to high-
temperature values, can be significantly affected by small temperature
changes. Therefore, in Fig. 5(e), besides the temperature changes along
the distance of the axis, the local temperature values in the boiler affect
NOy emissions. In the standard k-e turbulence model results, the NOy
emission was higher than the other models despite the low boiler tem-
perature. The reason for this situation is that the maximum temperature
in the boiler reached the highest value (2196.28 K) in the Standard k-¢
model. In addition, NOy emissions along the axis distance of the boiler
with Standard k-e show a different trend than other models and begin to
increase from the boiler inlet. NOy emission has the highest value (=190
ppm) at z = 1 m, decreases slightly after this distance, and continues at a

constant value (=165 ppm) after z = 1.2 m distance. The other three
models show similar trends but have different emission values. In all
three models, the NOy emissions increases from entry. In the realizable
k-¢ model, it is between 0.6 < z < 0.9 m. In RNG k-¢ and RSM models, it
decreases slightly in the range of 0.75 < z < 1 m and then increases
again. After a distance of 1.2 m, NOx emissions continue at a constant
value. Realizable k- (100 ppm) and RSM turbulence models (95 ppm)
are close to each other for NOx emission along the boiler axial distance
from the end of the flame zone. The results obtained from these models
differ from the RNG k-e turbulence model (80 ppm).

Fig. 6 shows the temperature distributions in the boiler by using four
different turbulence models. As seen in the figure, flame forms are very
similar in turbulence models other than the Realizable k — ¢ model, and
the flames spread inside the boiler. The flame takes a more circular
shape at the end of the flame in the realizable k — ¢ model. During
combustion, the highest temperature value occurs in the Standard k — ¢
model (2196.28 K), while the lowest maximum temperature value oc-
curs in the RSM model (2163.77 K). Approximately the same maximum
temperature values (2173 K) were obtained in the Realizable and RNG k
— e models. While the longest flame form is created with the RSM model,
the shortest form is formed by using the Realizable k — € model. Flame
diameters are close to each other. It is seen that the temperatures
decrease towards the boiler outlet in each model.

NOy emission formations were compared on the same scale using
four different turbulence models in Fig. 7. When the figures are exam-
ined, it is seen that the highest NOy level is obtained by using the
Standard k — € model, and the lowest value is formed by the RNG k — ¢
model. According to these data, it can be said that the turbulence models
used and the maximum flame temperatures formed in the boiler are
effective on NOy but are not the only factors. Because while the
maximum flame temperatures are the same in Realizable and RNG k — ¢
models, there is a 17 ppm difference between the NOy values of these
models.

Fig. 8 shows the changes in the CO emissions in the boiler from the
inlet to the outlet. According to obtained data, it is seen that CO
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emissions occur in the flame regions when there is oxygen deficiency,
and these emissions are consumed outside the flame region by reacting
to form COs in the presence of oxygen atoms. In the case of using the
standard k-e model, it is seen that the amount of CO produced transforms
in a shorter distance than the other models.

Fig. 9 shows the distribution of CO2 emissions in the boiler when
natural gas is modeled with four different turbulence models. According
to the data obtained, while the CO5 levels are similar to each other in
models other than the Standard k-¢ model, the CO; level formed in the
flame region is lower in this model.

4.2. Investigation of combustion models

There are multiple combustion models available in the software and
their selection depends on the fuel-oxidizer mixture type, laminar and
turbulent flames, fast burning tendency of the fuel, whether the reaction
can develop rapidly and the chemical kinetic mechanism used. For
natural gas combustion EDC, FR/ED, ED, PPC and NPC combustion
models were used with Realizable k — ¢ turbulence model.

Fig. 10(a) shows the % O, amount, and Fig. 10(b) shows the % CO,
amount in the combustion end gases. CFD showed that all emission re-
sults were higher than the experimental results. Error rates are up to
1.76% for CO4 emissions with the EDC model and for O, emissions up to
7.44% with the NPC model. The emission levels of NOx, one of the most
important combustion emissions, are shown in Fig. 10(c). As can be seen
from the figure, the EDC and FR/ED models estimated the NOx level
much higher than the experimental data. The error rates of these two
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models are 611% and 342.73%, respectively. On the other hand, the
NPC combustion model provided the lowest NOx estimation, including
the experimental result. According to the experimental result, the error
rate of this model is 39%. The ED and PPC models are the most
compatible with the experimental results regarding NOx emission in the
analyses made with different combustion models according to the
experimental operating conditions. The error rates in these two models
are 3.66% and 4%, respectively. Fig. 10(d) gives the boiler gas outlet
temperatures that ED model is closest to the experimental study. In the
EDC and FR/ED models, on the other hand, despite the very high flame
temperatures, the gas outlet temperatures are close to the gas outlet
temperature calculated in the ED model. On the other hand, gas outlet
temperature values in PPC and NPC models were close. According to
these results, all models predict high gas outlet temperatures. One
reason is that turbulence-increasing plates in the curved structure of
smoke pipes required high mesh elements and weren’t included in the
simulation.

The temperature distributions along the axis of the boiler for five
different combustion model results are shown in Fig. 11(a). ED and NPC
combustion models exhibit similar temperature curves from the boiler
inlet. It is seen that the temperatures gradually increase in the range of 0
< z < 0.6 m and follow a curve close to linear. In addition, the higher
temperature was obtained for the ED model in this region of the NPC
combustion model. EDC and FR/ED combustion models other than these
two models show similar temperature changes along the axis distance of
the boiler. For these two models, it is seen that the combustion begins at
the boiler inlet (at the burner end) and reaches high-temperature values.
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Fig. 12. Temperature distributions in the boiler axial plane by using different combustion models ((a) EDC, (b) FR/ED, (c) ED, (d) PPC and (e) NP).

After the flame temperatures reach their peak values in a very short
distance, there is a gradual decrease towards the end of the flame (z =
1.2 m). It is observed that the axis temperatures decrease sharply,
especially after z > 1.2 m distance. In the PPC model, like the EDC and
FR/ED models, the combustion starts at the boiler inlet (at the burner
end), but in the PPC model, the boiler axis temperature is lower than
these two models. In addition, the temperature increase in this model
showed a slower and decreasing increase compared to the ED and NPC
models from the boiler inlet. In all models, temperatures drop sharply to
approximately 1.1 m < z < 1.2 m. This is because this range is where the
flames formed end. It can be explained by the gradual decrease in
temperature in the axis of the boiler due to the end of the combustion in
this region. Especially after a distance of z = 1.18 m, the temperature
remains constant in the PPC and NPC models, while the temperatures
continue to decrease until the opposite wall of the boiler in the other
three models. After the gap where the flame form ends, ED and FR/ED
showed the same trend in the region up to the opposite wall of the boiler.
PPC and NPC show a similar trend. Although the EDC model is similar to
the ED and FR/ED models, it is quite different in terms of the values it
receives.

NOy emission on the boiler axis of different combustion models is
directly proportional to the boiler axis temperature levels. The reason
for this is, as mentioned before, high-temperature regions and the resi-
dence time in these regions have an increasing effect on NOy formation.
Fig. 11(b) shows the NOy variation along the boiler axis distance for each
combustion model. In the examination, ED and NPC combustion models
show similar tendencies with other combustion models. From the boiler
inlet, NOy levels increase gradually with the development of combustion
for both models. It continues at a constant value of 0.5 < z < 1.2 m. NOy
levels continue at a constant value for z > 1.2 m. However, using the ED
combustion model, the NOy emission is estimated to be higher than in
the NPC combustion model. The difference between the PPC combustion
model from these two models is that since the combustion process is
more advanced from the burner end, higher NOy emission occurs from
these two models from the inlet. By quarry axis distance, it usually
makes higher estimates than either model. Although the PPC combus-
tion model shows a similar trend along the boiler axis to the two models,
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it offers a different behavior from both models in the 0.5 <z < 1.2m. On
the other hand, when using EDC and FR/ED models, NOy values are
higher than all other combustion models due to high flame tempera-
tures. Although the tendencies of these two combustion models are
similar, NOy values remain lower in the flame region with the EDC
model but remain at higher levels after the flame than in the FR/ED
model.

The analysis results of the CO5 and H,0 emissions resulting from the
combustion of natural gas on the boiler axis line are given in Fig. 11(c)
and (d) for different combustion models. The tendencies of the CO5 and
H»0 products formed during the combustion of natural gas are very
similar along the boiler axis line. The most obvious difference is the mass
fraction values. CO, emission decreases between 0.5 < z < 1 m, while
H0 emission increases in this range in the NPC combustion model. The
effects of different combustion models on the CO; and H,O formation
processes are very similar to temperature changes in the 0 < z < 0.5 m.
While the temperatures drop sharply after the endpoint of the flame in
the axial temperature change (Fig. 11 (a)), the CO, and H30 formation
curves continue at a constant value after this point. On the other hand,
CO; and H,0 emissions of the quarry in the range of 1.2 m <z < 2.3 m
are highest in NPC and ED models and lowest in EDC and FR/ED models.
On the other hand, CO, and H20O emissions of the quarry in the range of
1.2m < z < 2.3 m are highest in NPC and ED models and lowest in EDC
and FR/ED models.

Fig. 11(e) and (f) show the mass fraction of Oy and CO emissions
results. Oy was consumed at a shorter distance in EDC and FR/ED
combustion models with the development of combustion at the inlet of
the burner. And then it started to rise again suddenly afterward. The Oy
emission gradually decreases with the gradual development of com-
bustion along the boiler axis from the boiler inlet in OED and NPC
combustion models. The PPC model of the combustion process shows
behavior between these four models. O5 emissions have a similar trend
among these models and are average. EDC combustion model exhibits a
different situation from other combustion models in terms of CO emis-
sion. There wasn’t any CO formation on the boiler axis line in the EDC
combustion model. This model performs natural gas combustion as a
complete combustion process. CO emission on the boiler axis line is very
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Fig. 13. NOy distributions in the boiler axial plane by using different combustion models ((a) EDC, (b) FR/ED, (c) ED, (d) PPC and (e) NP).

low in the ED combustion model. The CO emission in the PPC com-
bustion model is approximately two times higher than in the ED com-
bustion model. Similarly, it disappears after the flame. On the other
hand, according to the FR/ED model, in the region close to the boiler
entrance, the CO level reaches its maximum value in the 0 < z < 0.37 m.
Subsequently, it gradually decreases towards the end of the flame and is
consumed. Finally, in the NPC combustion model, the CO level increases
logarithmically from the boiler inlet. At a distance of z = 1 m, the CO
value takes its maximum value and then decreases sharply, and the
flame is finally exhausted.

The 2D visual temperature distributions obtained in the boiler are
shown in Fig. 12. It is seen that the temperatures formed in the flame
zone by using the EDC and FR/ED models are higher than the ED, PPC,
and NPC models. This is because the natural gas mechanism has two-
step reaction in EDC and FR/ED models. Since the formation of many
intermediates expected to occur under normal conditions was neglected,
the specific heats are higher than the actual heat. However, the tem-
peratures formed by using PPC and NP models at the end of the boiler
outlet area are higher than EDC, FR/ED, and ED models.

Fig. 13 shows the variation of NOy emissions. Since the NOy level
formed by using the EDC and FR/ED combustion models is much higher
than the other models, two different colour scales were used. NOyx
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emissions obtained by using the EDC (a) and FR/ED (b) models were
compared with first scale. NOy emissions obtained in the ED, PPC and
NPC models were compared with the second scale. When the figures are
examined, NOy formations can be seen in the flame core region in EDC,
FR/ED and partially PPC models. This is not seen in ED and NPC models.
It is observed that NOy levels outside the core region remain at constant
values due to the lower temperatures in these regions and the comple-
tion of NOy formation mechanisms. In the examination, it is seen that
while the highest NOy emission is obtained with the EDC model, the
lowest NOy emission is obtained by using the NPC model.

Another reason for obtaining the highest temperature and NO levels
in the EDC model can be seen as the presence of sufficient oxygen in the
flame zone due to excess air. This situation is also evident from the low
CO level in the EDC model in Fig. 14. When the figure is examined, it is
seen that EDC Model CO emission remains at very low levels compared
to other models due to the excess amount of oxygen. CO levels vary with
the use of other models, and the highest CO level is obtained with the NP
model. The least formation NOx is seen in the NP model, and it cannot
predict the combustion better than other combustion models. For this
reason, it has been the model with the highest CO emission. Almost
4000 ppm of CO emissions are seen in the flame region.

Fig. 15 shows the CO, emissions from natural gas combustion for
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Fig. 14. CO distributions in the boiler axial plane by using different combustion models ((a) EDC, (b) FR/ED, (c) ED, (d) PPC and (e) NP).

different models. In EDC and FR/ED models, intense CO5 formation is
observed from the burner inlet, while CO, formation is observed in the
further distances of the boiler in the other three models. It is also seen
that the output CO,, levels are close to each other.

5. Conclusion

In this study, emissions and temperature values were obtained from a
low swirl natural gas burner for A = 1.2 at a 1085 kW thermal load using
experimental and CFD simulation methods. It was aimed to determine
the most suitable turbulence and combustion model between Standard k
— ¢, Realizable k — &, RNG k — &, RSM turbulence models and Eddy
Dissipation Model (ED), Finite Rate/Eddy Dissipation (FR/ED), Eddy
Dissipation Concept (EDC), Partial-Premix Combustion (PPC), Non-
Premix Combustion (NPC) combustion models.

The results obtained from simulations can be listed as follows:

e As a result of simulations using different turbulence models, the
Realizable k — ¢ was the most suitable for NOy estimation in
modeling the low swirl natural gas burner. The realizable k — &
model was developed for rotation, recirculation, and swirl flow
modeling. And it is an enhanced version of the Standard k — € model.
Therefore, the Realizable k — € model can predict the eddy flow in
the burner relatively better than others. For this reason, it can
calculate the temperature distribution along with the flow more
accurately; therefore, the thermal NOy mechanism can also make a
more accurate NOy solution. Since other models cannot model these

backflows, they can predict higher temperature values in these re-
gions and, therefore, high NOy values.

o Asaresult of CFD analyses using different combustion models, it was
understood that Partial-Premix Combustion (PPC) model best fits the
NOy experimental data.

e Since the two-step chemical mechanism for natural gas used in EDC
and FR/ED models neglects the formation of many intermediate
products that are expected to occur under normal conditions. Since
the specific heats are higher than the standard value, the simulations
made with these models have reached a higher combustion tem-
perature in the core region of the flame. For this reason, CFD results
of NOy values are much higher than the experimental results for EDC
and FR/ED combustion models.

e At the temperature distributions results in the boiler axial plane, the
highest temperature was obtained from the Standard k — € model
(2196.28 K), at the same time, the lowest (120 K lower than the other
turbulence models) temperature value obtained along the boiler axis
from Standard k — &€ model. Therefore, the Standard k — ¢ model
shows differences for CO5, Hy0, Oy, CO, and NOy results than other
turbulence models.
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