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Abstract

High temperature combustion processes produce NOx
emissions (mainly NO and NOz), which cause various health
and environmental effects. Emission of NOx results in the
formation of acid rain, ozone depletion and reacts with
chemicals in the air to form particulate matter thereby
resulting in air pollution [1]. To predict the formation of NOx
in turbulent combustion, several models such as fluid
dynamics, heat transfer and chemical kinetics need to be
modelled. In recent years various research work have been
done to reduce the NOx emissions. CFD has been proved
to be an important tool in predicting the NOx emissions. But
using CFD with a detailed chemistry model for modelling
combustion in industrial burners requires a lot of
computational effort and hence, the present study
concentrates on further reduction in the computational time
of the existing NOx postprocessor [2]. In this study, two
optimisation approaches were investigated to further
increase the performance. The existing postprocessor uses
a constant temperature field, so that an optimisation
approach was implemented to modify the reaction rate
constant calculation method in OpenFOAM. Another
optimisation approach was investigated by predicting the
initial values for the postprocessor with Zeldovich
mechanism [3]. Both optimisation approaches were
analysed with the benchmark test case of Sandia Flame D
[4]. The approaches are currently being investigated and the
achieved results indicate that, even though a minimum
increase in performance was achieved, further optimisation
needs to be done for increasing the performance of the
postprocessor.

Introduction

CFD is a valuable tool to determine NOx emissions more
precisely which requires immense computational effort. The
decrease in computational effort causes less accurate
prediction of emissions. For determining realistic NOx
emissions from combustion processes in a rapid approach,
a postprocessor was developed by W. R. Pollhammer [2].
As a preliminary step, a flamelet model was used to describe
the flame and then the data from this flamelet model was
transformed to the postprocessor to estimate the NO mass
fraction.

The existing NOx postprocessor revolves around the idea
that a detailed chemistry approach could be used only at the
final stage of simulation and a computationally cheap
approach could be used to model the flame. The discrete
ordinate radiation model was implemented along with the
flamelet model in OpenFOAM [5] [6] and was used to
describe the flame temperature, pressure, flow field,
turbulence and radiation.

Subsequently the data from the flamelet model was
transferred to the postprocessor in which only the species
transport equations are solved, with chemical reaction rate
as the source term, to estimate the NOx using PaSR
(Partially Stirred Reactor) combustion model. The chemical

kinetics were solved using the GRI 3.0 mechanism. The
chemical reaction rate calculation was further optimized, so
that the chemistry is solved only when the species
concentration in a cell changes more than 5% and for other
cells, where the change is less than 5%, values from the
previous iterations are used. To avoid nonphysical values,
i.e. if a concentration of certain species falls below zero, then
the entire chemistry is computed again. As a final step, to
avoid divergence, the entire chemistry is computed every
200 lterations.

This paper presents further optimisation strategies to
reduce the calculation time of the existing postprocessor and
evaluates the performance and accuracy of the proposed
approaches. The first approach modifies the reaction rate
constant calculation method in OpenFOAM, and the second
approach starts the postprocessor by generating initial
values using the Zeldovich mechanism.

Performance optimisation approach

The current implementation of the reaction rate constants
calculation in OpenFOAM is based on the concept that the
temperature field is changing every iteration in the chemistry
calculation.

Based on the implemented chemistry model in
OpenFOAM, the reaction progress rate Qi as in equation
(1), is calculated for every iteration, for every cell, for every
chemical time step and for every reaction.

N

2 =k ﬁ[[Mk]w’c — ke | [ W)

K=1 K=1

where, [Mk] is the concentration of the species k and vy, is
the stoichiometric coefficient of the species k. The forward
rate constant ki is calculated based on the Arrhenius
equation as in Eq. (2), which is mainly dependent on the
temperature field. Whereas the reverse rate constant k: is
calculated from the forward rate constant ki and the
equilibrium constant kp.

-T, k
=ATP i =
ke=AT exp( T ) k, k)

o= e (T (-2 o

where, A is the pre-exponential constant, T is the
temperature and f is the temperature exponent and Tais the
ratio of the activation energy Ea and the gas constant R. Hk
and Sk are the molar enthalpy and entropy of the species k.
The above shows an example calculation of reaction
progress rate in reversible Arrhenius reaction. A similar
procedure is followed for irreversible Arrhenius reaction,
third-body reaction, and other reactions as in the standard
OpenFOAM code.
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For a single calculation of ks, approximately 30 floating
point operations per second, would be used. This calculation
is repeated N number of times (number of iterations times
number of reactions times number of cells times number of
chemical time steps) which is unnecessary in case of the
existing postprocessor, where the temperature field remains
constant. Hence calculating the rate constants only once
would tremendously reduce the simulation time.

Accordingly, the chemistry model in OpenFOAM was
adapted to reduce the calculation time as the first
optimisation approach. The rate constants are different for
every reaction and every cell but remain constant throughout
the simulation. Therefore, volScalarFields are created for ks
and kr for every reaction and the rate constants are
calculated and stored in the first iteration, thereby instead of
calculating the rate constant N number of times, they are
calculated only once for each cell and each reaction. In
further iterations, the rate constants are looked up from the
stored data.

To analyse the computational effort of this approach
initially the forward reaction rate calculation was modified
(hereafter called ‘code 1), and the efficiency of the code was
compared with the existing postprocessor and then both
forward and reverse reaction rate constant calculations were
modified (hereafter called ‘code 2’) and compared.

As a second optimisation approach, initializing the NO
concentration with more proximate and realistic values to the
experimental data was analysed. According to W.R.
Pollhammer [7], the flamelet model overpredicts the NOx
mass fraction ([8] and [9]) and hence transferring the species
concentration data from the flamelet model to the
postprocessor results in increased simulation time. Instead,
starting the postprocessor by initializing some of the species,
which take part in the formation of NOx with zero
concentration results in reduced simulation time.

To initialize the postprocessor with more proximate
values, the NO mass fraction was predicted by computing
the source term, the rate of NO formation, from Zeldovich
mechanism and then solving the species transport equation.
The Zeldovich mechanism is formulated by the elementary
reactions with rate coefficients k1, k2 and ks as follows.

k

0+ N,—> NO +N
k

N+ 0, — NO+0
k

N+OH —— NO+H

The rate of NO formation [10] from the above reactions is

d[NO] _
— = 20 [0]IN,] ®)

The N2 concentration is obtained from the flamelet model
whereas the concentration of oxygen atoms is determined
by the partial equilibrium approach as in Eq. (4) of hydrogen
combustion mechanism [10], by using the concentration of
Oz, Hz2 and H20 from the flamelet model and the appropriate
rate coefficients.

(0] = ki+o, kon+u,[0,] [H,] W
kon+o ku+u,0 [H20]

Eq. (3) was further extended by using the equilibrium

oxygen atom concentration as in Eq. (5) to predict the NO

formation rate as in Eq. (6) [11]. The temperature,

concentration of O2 and N2 were used from the flamelet
model.

kp(O) [0,] 03

[0] = (RT) 0.5

)

where kp(o) is the equilibrium rate constant of the oxygen
atom.

d[NO] 6 os —69090
— =610 (T )exp(T

) (0109 ;] (6)

The NO concentration was predicted by both methods,
one by using Egs. (3) and (4) (hereafter called ‘code 3’) and
another by using Eq. (6) (hereafter called ‘code 4’). After
predicting the NO concentration by both methods, the data
was transferred to the postprocessor and the simulation was
carried out to evaluate the performance.

Performance Evaluation

To evaluate the performance of the optimisation
approaches, numerical simulations were performed, and the
results were compared with the existing postprocessor on
AMD Ryzen 7 3800x, 8 core processor. As a benchmark
test, numerical simulations were performed and compared
with experimental data [4]. The optimised postprocessor was
evaluated with a mesh size of 204,800 cells on a 2D-
axisymmetric mesh and chemical kinetics were solved using
the GRI 3.0 mechanism with 325 reactions and 53 species.
After calculating the flame properties using the flamelet
model, the data was transferred to the optimised
postprocessor and simulated.

For code 1, the postprocessor completes 0.3 s of real time
simulation in 32,459 s of computation time and the existing
postprocessor takes 49,983 s as could be seen in Fig.1.
Whereas in case of code 2, it takes 43,969 s of computation
time. This certainly proves that the optimized approach
reduces the calculation time. The discrepancies between
both codes is because of the memory consumption during
the simulation. Creating a volScalarField for every reaction
result in additional 325 data fields for the used GRI 3.0
mechanism. When both kr and k: calculation methods were
modified, it results in additional 650 data fields. Hence code
2 consumes more memory and thereby slows down the
simulation.
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Fig. 1 Comparison of performance between the existing
and optimization approaches (code 1 and 2)

By doing further studies with increased mesh size, which
increases the size of the data fields, thereby consuming
more memory and results in slower calculation time. Also,
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creating a volScalarField in OpenFOAM results in additional
fields for storing the values of previous iteration, which is
unnecessary for the proposed optimised approach. The
reaction constants do not change throughout the entire
simulation and they are only dependent on the temperature
field on each cell, which is also constant throughout the
simulation. Hence reducing the memory consumption and
optimizing the code further will reduce the simulation time.
To verify that the code did not influence the results, a
comparison with experimental data was done and the code
produces exact results as the existing post processor, which
could be seen in Fig.2. Since, only the calculation method
was modified, there is no change in the results between the
existing postprocessor and the optimisation approach.
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Fig. 2 Comparison of accuracy between the existing and
optimisation approaches (code 1 and 2) along the centreline
with experimental data

NO mass fraction
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Fig. 3 NO mass fraction computed from existing post
processor.

The computations show that the optimisation approach
using Zeldovich mechanism modifies the results, since the
NO mass fraction values are initialized. In the existing
postprocessor, the NO concentration is initialized with zero,
whereas in the optimization approach the NO concentration
is initialized as shown in Fig. 4 and Fig. 5. When using the
equilibrium concentration of the oxygen atoms with code 4,
the NO mass fraction is overpredicted throughout the flame
and when using the partial equilibrium approach with code
3, even though NO mass fraction is slightly higher, the
predictions are closer to the experimental values than the
code 4. The equilibrium approach always underestimates
the concentration of oxygen atoms and the better
approximation for estimating the concentration of oxygen
atoms is the partial equilibrium approach [12]. Due to the
data transfer from the flamelet model, which overpredicts the
NO concentration, Zeldovich mechanism also overestimates
the NO concentration. Initializing the postprocessor with NO
mass fraction values from code 3 and code 4, reduces the
accuracy of the results.

NO mass fraction
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Fig. 4 Initialized NO mass fraction values using code 3
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Fig. 5 Initialized NO mass fraction values using code 4

This optimisation approach using Zeldovich mechanism
modifies the results and requires longer time for
convergence. The convergence of the postprocessor was
evaluated by calculating the integrated reaction rate of NO.
The existing postprocessor requires around 0.004 s for
convergence while the postprocessor started with NO mass
fraction values obtained from code 3 and code 4, requires
more time for convergence as could be seen in the following
figure.
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Fig. 6 Comparison of Integrated Reaction Rates between
existing post processor and the optimised approaches.

Also, starting the postprocessor with initial values
produces a hump shaped prediction of the NO mass fraction
as shown in Fig.7 which is due to the initialization of the
values in the same pattern as in Fig. 4 and 5. Even though
both code 3 and 4 are initialized with different values, solving
the steady state transport equation with the converged data
produce almost similar results. To achieve the exact results
as the existing postprocessor, the simulation needs to be
continued for a longer time. Fig.7 shows the results obtained
at 0.01 s from the optimized code 3 and 4. The simulation
was stopped at this point, since the existing postprocessor
was able to produce better results at 0.004 s. As the
accuracy of the results is not as expected, predicting more
precise initial values will optimize the performance of the
postprocessor.
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Fig. 7 Comparison of experimental data with the optimisation
approaches along the centreline at 0.01 s — code 3 and code
4.

Conclusion

Performance optimisation approaches were implemented
on the existing NOx postprocessor and were investigated
with the benchmark case of Sandia Flame D. The reaction
rate calculation method reduces the computation time as
expected for some cases. Increasing the mesh size, number
of reactions or modifying both forward and reverse rate
constant calculation method results in increased memory
consumption which slows down the simulation and hence
the developed code needs to be further optimised.
Predicting the initial values with Zeldovich mechanism
requires more time for convergence and influences the
results of the postprocessor. Therefore, more precise
prediction of the initial values would increase the efficiency
of the postprocessor.

Outlook

The investigations from the proposed optimisation
approaches provide inputs for further optimisation. The next
step is to develop a more efficient code for the reaction rate
calculation method and as a third optimisation strategy,
dynamic mesh refinement would be used. After the flamelet
calculation, the mesh could be coarsened in far regions from
the flame and only the necessary regions near the flame
would be solved with a fine mesh. All these optimisation
strategies will be further developed, and benchmark
simulations will be performed to produce a more efficient and
accurate NOx postprocessor.
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