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Large eddy simulation (LES) and detailed chemical kinetic mechanisms are employed to obtain a high-resolution
and accurate prediction of temperature and chemical species mass fraction inside the turbulent diffusion flame
of a model burner. Open-source software OpenFOAM® with embedded solver reactingFoam is used to
discretize and solve Favre-filtered governing equations consisting of mass, momentum, species, and energy
transport equations. Partially-stirred reactor (PaSR) model is used to provide subgrid scale (SGS) closure of
turbulence-chemistry interaction (TCIl) on mass and energy transport equations. Temperature and species
measurement data of combustion case H3 taken from a model burner developed by the German Aerospace
Center (DLR) and TU Darmstadt are used to validate simulation results. LES turbulence submodel of dynamic
k-equation is employed to provide SGS closure for unresolved eddies through the eddy viscosity model. Detailed
chemical kinetic mechanisms used include GRI-Mech 3.0 and Mevel mechanisms. A dynamic load balancing
(DLB) technique is implemented to accelerate the parallel calculation of chemical source terms. The prediction
accuracy of minor species, including radical OH and pollutant NO, depends on the chemical kinetic mechanism.
More elaborated nitrogen reactions in GRI-Mech 3.0 result in better NO prediction than Mevel mechanism.
Finally, the potential of applying an optimized numerical setup with the least deviation from experimental
measurement is highlighted.

1. Introduction

An international agreement to limit global temperature increase has prompted countries to reduce carbon
emissions in the energy sector. One strategy to facilitate this energy transition involves fuel substitution on the
established mode of energy utilization, such as combustion. Among proposed fuel alternatives, hydrogen
appears promising due to the possibility of attaining zero carbon emission throughout the hydrogen life cycle.
Consequently, a significant increase in hydrogen-based energy demand is attributed to energy transformation,
which includes a gradual process of fuel substitution on existing power generation infrastructure, such as
hydrogen cofiring with hydrocarbon fuel or the development of combustion devices dedicated to pure hydrogen
fuel (Funke et al., 2019).

However, incompatibilities between hydrogen and existing hydrocarbon engines might result in emission and
safety concerns. In the absence of carbon, the main pollutant of hydrogen-based renewable fuels is the
generated NO which originates from nitrogen air or fuel. Experimental characterization of NOx emission was
attempted with observed low NO emission at a slightly rich equivalence ratio (Mashruk et al., 2021). The issue
of NO emission has become important since NO is a key precursor of N20, a greenhouse gas with a global
warming potential 273 times the CO2. Consequently, the design and optimization of combustion devices to
reduce dangerous emissions are necessary to facilitate hydrogen adoption as a key strategy in larger energy
transition schemes.Optimization of combustion devices requires an accurate description of flame during
combustion. However, a complex interaction between turbulence and chemical reactions inside the combustion
chamber makes a straightforward analytical solution of governing equations unlikely to be achieved.
To overcome this problem, researchers employ a numerical approach to approximate combustion phenomena.

Paper Received: 19 March 2023; Revised: 27 June 2023; Accepted: 28 July 2023
Please cite this article as: Waluyo R., Kunihara K., Aziz M., 2023, Effects of Chemical Kinetic Mechanism on Pollutant NO Prediction of
Turbulent Diffusion Flame Using Large Eddy Simulation, Chemical Engineering Transactions, 103, 493-498 DOI:10.3303/CET23103083



494

However, the wide range of time and length scales related to turbulent eddies make the computational cost of
direct numerical simulation (DNS) prohibitively expensive. Attempts to reduce computational cost have been
made by solving filtered or averaged governing equations that correspond to large eddy simulation (LES) and
Reynolds-averaged Navier-Stokes (RANS) simulation. These approaches lead to the evaluation of subgrid-
scale or fluctuating quantities in terms of filtered or mean value, which is the essence of the turbulence model.
Comparison between LES and RANS in combustion modeling shows the advantages of LES to resolving
instantaneous behavior on flame stabilization.

Similarly, the interaction between turbulence and chemical reactions must also be modeled as a function of
filtered/averaged quantities to achieve affordable flame simulation. Several approaches have been attempted
to model turbulence-chemistry interaction. The flamelet model approximates flame as a thin geometric surface
whose area is proportional to the reaction rate. The validity of this model is traditionally attributed to flames with
low turbulence intensity, where turbulent eddies wrinkle flame below their stretching limit (Borghi, 1985). On the
other hand, the turbulent mixing model accommodates higher turbulence intensity by taking into account the
mixing due to turbulent eddies passing through the flame front. Several flame models from this category include
the popular eddy-break-up model (Spalding, 1977) and the partially-stirred reactor model (Li et al., 2018).
Along with DNS data for verification, experimental data is also needed to validate the numerical model employed
in the flame simulation. The International Workshop on Measurement and Computation of Turbulent Flames is
a global cooperation framework providing experimental data for several model burners. Among these, the model
burner developed by German Aerospace Center (DLR) Stuttgart exhibits strong turbulence-chemistry interaction
with a relatively simple configuration. The experimental measurement of this burner has been frequently used
as a validation dataset for hydrogen diffusion flame simulation by the previous authors (Zhou et al., 2016).
Apart from the accuracy aspect, the computational cost of performing a numerical simulation of combustion also
needs to be considered. The current method for solving discretized governing equations of reacting flows
involves splitting between chemistry and transport calculation, enabling each calculation to be performed in
parallel. Recent improvement in parallel computing introduces dynamic load balancing (DLB) (Tekgul et al.,
2021) to improve the parallelization performance of reacting flow simulation. This development offers significant
computational cost reduction and opens the possibility of more demanding turbulent flame simulation.
Considering the absence of carbon in hydrogen fuel, the control and reduction of NO emissions as the main
pollutant of hydrogen combustion need to be achieved through the optimized design of the combustion chamber.
Accurate prediction of NO through LES of hydrogen/air model burner is required to gain an understanding of
the parameter that influences NO prediction. To the best of the authors’ knowledge, an accurate simulation of
NO emission has not been achieved for the case of hydrogen/air turbulent diffusion/non-premixed flame (TNF).
This research aims to accurately predict NO emission and elaborate the effects of chemical kinetics mechanism
on NO prediction of hydrogen/air TNF LES enhanced with parallel computing.

2. Methods

2.1 Governing equations, and simulation model

Reacting gas flow is governed by compressible Navier-Stokes equations, which consist of continuity,
momentum, species, and energy transport equations. Favre-filtered LES formulations of these equations for N
chemical species are given as:

ap  (pty)
9 - 1
ot o, 0 A
a(pi;) o(puty) 9 , _ I
Tor tTay " am | POyt P~ T + VS, @
] J
a(p%) o(pmty) 9 > —~ ]
= —\|pil; — D ) [—— L = ) 3
e + 3%, 3%, pi;Y — pu, Yy, + pDy 3%, +awr, k=1,..,N (3)
a(ph) o(pu;h) Dp o ah]
AP il A PO Ga—| 4z 4
ot T Tax, Dt T |PHM T Puh T PaG |t on “

where plkg.m=3],@i;[m.s™ ], plkg.m~ts 2], S;;[s 711, Y [-], and h[m?. s72] represents density, velocity, pressure,
strain rate, mass fraction of species k, and specific enthalpy of the mixture. The overbar (_) indicates
unweighted filtered quantities, while the tilde (~) denotes density-weighted filtered quantities. Mixture-averaged
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values of kinematic viscosity and thermal diffusivity are denoted by v[m?.s7] and a[m?.s~*]. The production
rate of species k due to chemical reactions is represented by the source term @, [s~], while heat release rate
(HRR) in Eq(4) is related to chemical source term by @y, = XY Ah?, @, where Ah?, [m?.s7?] indicate species
standard enthalpy of formation. The mixture's sensible enthalpy (h) is given by the following expression.

Ry = fTTM cp dT (5)

where cp[m?2.s72. K~1] represents mixture-averaged constant-pressure specific heat. Assumption of unity Lewis
number is taken for all species implying D = a. The set of governing equations is complemented by the ideal
gas law.

The finite volume method (FVM) embedded in open-source software OpenFOAM-8® with solver reactingFoam
is utilized to solve Eqs(1)—(4) with 2nd order implicit time discretization scheme. Combinations of pressure
implicit with the splitting of operators (PISO) and the semi-implicit method for pressure-linked equations
(SIMPLE) form the PIMPLE algorithm that is used to achieve pressure-velocity coupling. Central differencing
schemes are used to discretize the diffusion terms, while the non-linear dissipative Gamma scheme is utilized
to discretize the convective terms.

The effects of sub-grid scale (SGS) eddies are approximated by an eddy viscosity model whose turbulent
viscosity is modeled further by a dynamic k-equation submodel (Kim and Menon, 1995). In dynamic k-equation,
turbulent viscosity is calculated from algebraic expression vy = C, AvVk where A[m] and k[m?.s~2] are LES grid
length and SGS kinetic energy. Simulation parameter Ck is calculated and determined dynamically through
filtering operation. Large timescale differences between flow and chemistry lead to the use of a partially stirred
reactors (PaSR) combustion model, which employs an operator-splitting technique to divide the calculation of
species mixing and chemical reaction inside each computational cell. The assumption in this model is
manifested in an approximation of filtered chemical source term .

2.2 Studied burner and simulation setup

The flame considered in the current research is based on a TNF burner developed by DLR, having a jet nozzle
diameter (D) of 8 mm. Combustion case H3 which uses nitrogen-diluted hydrogen fuel with a volume fraction of
50 % H2 and 50 % N2 and has jet exit velocity (ujer) of 34.8 m/s corresponding to Reynolds number (Re) of
10,000, is adopted as the base case in this study. The flame is supplied with co-flow air through a 140 mm outer
cylinder at a velocity of 0.3 m/s, which acts as an oxidiser.

The computational domain consists of a three-dimensional cylinder along interval (0, 50D) in the axial (x)
direction and (0, 8.75D) in the radial direction (r), as shown in Figure 1a. The domain is discretized into
hexahedral mesh elements with a detailed view shown in Figure 1b. The area near the axis has a square shape

with a slightly curved side.
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Figure 1: (a) Schematic of the burner and (b) details of the computational domain.
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Combustion is initiated by setting a high temperature (2,200 K) in a small region near the fuel inlet. In this
simulation, the velocity profile of fuel flow is defined by fully developed pipe flow where the bulk velocity equals
ujet. Dirichlet-type boundary conditions with fixed values are imposed on the velocity and temperature of an air
inlet. Both fuel and air temperature at the inlet are set at 292 K. Neumann-type boundary condition with zero
gradients for species, and temperature is used at the azimuthal boundary plane. The wave-transmissive
boundary condition is used on pressure at the outlet and azimuthal plane to prevent pressure wave reflection
back to the computational domain. Similarly, the mixed boundary condition of gradient and fixed value is
imposed on the velocity at the outlet and azimuthal plane to prevent backflow. Figure 2 illustrates the location
of boundary conditions discussed in previous passage.

d

Azimuthal plﬁnc

Fuel inlet Air inlet Outlet~

Figure 2: Boundary conditions of computational domain.

2.3 Chemical mechanism and computational load balancing

The widely known mechanism developed by Gas Research Institute (GRI), GRI-Mech, has been designed to
model chemistry source terms of hydrocarbon combustion. In this work, the current version of the GRI-Mech
3.0 mechanism (referred to as GRI-3) is adopted, which consists of 53 species and 325 reactions, including 28
reversible reactions for the Hz2/Oz kinetic subset. In addition, the chemical mechanism developed by Mevel et al.
(2009) (hereafter referred to as the Mevel mechanism) was designed to model the chemical reactions of a
hydrogen-nitrous oxide mixture. Part of Mevel mechanism which consists of 14 species and 42 reactions,
including NO formation, was extracted from the detailed Mevel mechanism to model hydrogen-air LES TNF in
the current work. A partial mechanism is available online and can be loaded using Cantera.

Highly non-linear characteristics of chemical kinetic often lead to a large variation of convergence rates of ODE
solver, causing high load imbalance across multiprocessor systems. This issue was addressed by implementing
DLBFoam (Tekgll et al., 2021), a DLB library for OpenFOAM that facilitates chemistry load balancing between
processors that can effectively reduce the processor waiting time. Table 1 summarizes the numerical setups
used in each simulation case.

Table 1: Summary of numerical setups used in each simulation case

Case DLB  Chemical mechanism Mesh size
A ON Mevel 601,600

B ON Mevel 1,203,200
C ON Mevel 2,406,400
D ON GRI-3 1,203,200

3. Results and discussion
3.1 Verification and validation

Verification of combustion simulation is carried out by grid independence test, which compares the simulated
temperature and species mass fraction between the coarse and refined mesh. In addition, a comparison
between quantities measured by the experiment and simulated quantities is needed to validate the combustion
simulation. Figure 3 shows a comparison between simulation results and experimental measurement using
Raman spectroscopy by DLR (Cheng et al., 1995) and combined Raman-laser induced fluorescence (LIF)
method conducted in TU Darmstadt (Tacke et al., 1998).

Prediction of temperature and major species mass fractions (Hz, Oz, and H20) shows satisfactory convergent
trend to experimental measurement. However, simulated NO fails to approximate measured values albeit the
increase of number of cells mesh. This observation is due to lack of nitrogen chemistry in the employed partial
Mevel mechanism which motivates adoption of detailed GRI-3 mechanism in the next section.
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Figure 3: Radial plot of mean simulated (lines) and measured (scatter) thermochemical scalar for combustion
case H3. Coarse (case A), intermediate (case B) refined (case C) mesh is used to predict (a) temperature, (b)-
(d) major species (Hz, Oz, and H20), and (e) minor species (NO) at different stream-wise positions.

Most simulated quantities obtained using finer mesh (~2.4 million cells) coincide with experimental data more
than the coarse mesh (~0.6 million cells) since the increase in spatial resolution leads to more resolved eddies.
The use of intermediate mesh exhibits a grid independence point where additional mesh refinement would not
lead to a significant increase in simulation result convergence to experimental data. Further simulation to

address the low accuracy of NO prediction will be conducted with different chemical mechanisms on the
intermediate mesh.

3.2 Chemical mechanism comparison

Figure 4 shows the simulated temperature and species mass fraction distribution using Mevel and GRI-3
mechanisms. Both mechanisms give a similar prediction of temperature and major species mass fractions.
However, the profile of simulated minor species depends on the employed mechanism. The GRI-3 mechanism
predicts pollutant NO better than the Mevel mechanism, which underpredicts NO measurement. This fact can
be attributed to more elaborate nitrogen reactions included in the GRI-3 mechanism.

T H, 0, 0 NO
x=40D x=40D x=40D x=40D %10-3 z=40D
2000 | —— CaseB -
X 0.06 ——= CaseD 1 02 0.15 A
1500 F 20f A0\
ama N
004l ® Raman ] ook P
1000 F 4 Raman-LIF ] o) N
L5 Y
500 F 0.02 0.05 F A\\
- B
. y \
0 s s s L 0.00 0.0 C s s s L 0.00 Lo N
A
x=20D x=20D x=20D RS
T T r T T r T 0.5 A
0008 4 0 L e [T EOL Taae
v o 006f 1 02 0.15 -
g 1500 | ke \ 00 i
] 3 004 \ .
g 1000 | £ \ 0.10 w10 z=20D
g = K 0.1 P L .
o 7 n L ] 40
£ 500 f g 0.02 005
2 R
0 0.00 Lt - 0.0 0.00 2.0 B
x=10D x=10D K
T T 15 R
2000 006 Y
s 02 0.15 al)
1500 F L ; wf M
0.04 N
1000 £ ) 0.10 F
0.1 0.5 ! N\
500 F - 002 0.05 : H A
N
0 b : : 0.00 Lt - v 00 0.00 0.0 -
0.0 25 5.0 15 0.0 25 5.0 75 0.0 25 5.0 75 0 2 1 6 8
r/D r/D r/D r/D
(a) (b) [©)) (e)

Figure 4: Radial plot of mean simulated (lines) and measured (scatter) thermochemical scalar for combustion
case H3. Mevel (case B) and GRI-3 (case D) mechanism is used to predict (a) temperature, (b)-(d) major species
(H2, Oz, and H20), and (e) minor species (NO) at different stream-wise positions.

It is noted that the detailed mechanism GRI-3 deviates from both experimental measurements of temperature
and major species near the burner axis. This observation becomes more apparent at a downstream location
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where the Mevel mechanism agrees to experiment values better than GRI-3. Another interesting point is the
significant increase in prediction accuracy of pollutant NO by employing detailed mechanisms. More elaborate
nitrogen chemistry embedded in the GRI-3 mechanism evidently leads to better agreement with measured NO
mass fraction. A previous attempt to achieve an accurate simulation of NO emission was made on a partially
premixed Hz/air diffusion flame (Capurso et al., 2023). To the best of the author's knowledge, recent results
show the first accurate NO prediction with significant accuracy for the case of Hz/air turbulent non-premixed
flame LES.

4. Conclusions

LES of hydrogen/air TNF from DLR case H3 has been conducted in this research. Obtained scalar field from

simulation with grid-independent simulation setup converges with experimental measurement, which indicates

simulation has been verified and validated. A comparison of simulated NO emission between LES with different

chemical mechanisms was made. Important points from this research are summarized by the following points:

1. The proposed simulation setup using an intermediate mesh with 1,203,200 cells exhibits grid-independent
results, which adequately converge to the experimental measurement of temperature and mass fraction.

2. The more elaborate nitrogen chemistry in the detailed mechanism GRI-3 mechanism yields a more accurate
prediction of pollutant NO in LES relative to the partial Mevel mechanism.
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