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ia Flame D with the non-adiabatic
chemistry tabulation approach: the effects of
different laminar flames on NOX prediction†

Chuanfeng Yue, ab Jingbo Wang *ab and Xiangyuan Li ab

The effects of different one-dimensional laminar flames on the prediction of nitrogen oxide (NOX) emission

in Sandia Flame D are numerically investigated using a flamelet method in the present work. In addition to

the basic control variables of themixture fraction and the reaction progress variable for chemistry tabulation

in this combustion model, two additional variables of mixture fraction variance and enthalpy loss are added

to the control variable space to improve prediction accuracy of the NOX pollutant. The former variable of

mixture fraction variance is used for the presumed probability density function integration, and the latter

takes into account the non-adiabatic effect. Two flamelet libraries are generated based on the one-

dimensional unstretched premixed flame and the one-dimensional counterflow diffusion flame,

respectively. An additional transport equation for the mass fraction of nitrogen oxide (NO) is solved for

improving prediction accuracy. The unsteady Reynolds-averaged Navier–Stokes (URANS) simulation

results are compared and analyzed with experimental data. The simulation results show dependence on

the type of laminar flame. In the four-dimensional control variable space, the results with steady

unstretched premixed flame indicate great agreement on the predictions of temperature and NO field.

The computational method proposed in the present work sheds light on the high-precision combustion

numerical simulation of NOX emission.
1. Introduction

With the increasing attention of pollution issues, the emission
reduction of pollutants such as nitrogen oxides (NOX) has
become one of the important indicators in the development of
gas turbines and internal combustion engines. While compu-
tational uid dynamics (CFD) is utilized as a powerful design
approach in the motivation to design high performance and
clean burners,1 one-step or global reaction mechanisms are
widely used in engineering simulation applications due to
limited computational resources. However, NOX emission
predictions given in these conditions are inaccurate due to the
oversimplied chemical mechanism leading to incomplete
related reactions.2–8 High-precision chemical mechanisms
frequently containing thousands of species for hydrocarbons3

bring unacceptable computational cost. Therefore, the appli-
cation of the high-precision chemical kinetic models in
combustion simulations has become an important research
topic.4–13
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00
Recent advances in combustion modeling to reduce the
computational cost of application of detailed chemical kinetics
are the development of amelet-like models,14–16 such as ame
prolongation of intrinsic low-dimensional manifolds (FPI),17

steady laminar amelet model (SLFM),18 amelet/progress
variable (FPV)19 and amelet generated manifold (FGM).20

These combustion models share the same basic assumption
that the high-dimensional real ame consists of a series of low-
dimensional amelets. It means that the species distribution in
turbulent combustion (high-dimensional) can be estimated by
the low-dimensional manifolds (LDM). The FGM model devel-
oped by Oijen et al.21 have two basic control variables of mixture
fraction ðZÞ and progress variable ðYÞ. The FGM library is built
by mapping thermophysical parameters such as species mass
fractions in different states to the control variable space.
However, the errors are inevitable for the operation of directly
look-up NOX mass fraction in the library due to the different
characteristic time scales of Y and NOX.6,22,23

Many works on NOX modeling with amelet-like approaches
have been reported in literature. Ihme et al.24 performed LES/
FPV simulations of turbulent non-premixed ames. They
found that NO emission (themain component of NOX emission)
prediction could be improved by adding additional NO trans-
port equation and modeling the consumption component in
the NO source term separately. Considering the larger time
scale of NO, Godel et al.22 proposed a novel Y denition by
© 2023 The Author(s). Published by the Royal Society of Chemistry
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additional including NOX species that could captures better NO
evolution. Similarly, Akargun et al.25 built the extended FGM
table by optimizing the denition of PV for key parameters such
as soot and NOX for non-premixed combustion. Various tests of
different ways to modeling NOX formation with FGM method
are performed by Tang et al.,26 which indicated that the
prediction of NO can be improved effectively by considering
radiation. Due to some key parameters of the steady diffusion
amelet will affect the accuracy of simulation results, such as
temperature and NO concentration, Yao et al.27 proposed
a procedure to optimize amelet parameters by using the
surrogate assisted evolutionary algorithm. The LES/FGM
simulation of CH4/NH3/air swirl ames28 demonstrated that
the NH3 concentration, residence time and temperature are
important factors to effect the concentration distribution of NO.
Recently, Zhang et al.29 investigated the effect of transport
properties on near-wall temperature by using uniform and non-
uniform Lewis number (Le) in LES/FGM simulation.

According to the literature, the amelet library can be con-
structed with one-dimensional laminar premixed ame or with
one-dimensional laminar counterow diffusion ame. The
former is used to study ame propagation problems, and the
latter is applicable to diffusion ames, auto-ignition and
extinction (scalar dissipation rate plays a very important role).
Generally, the rst step is to determine which one-dimensional
laminar ame is more similar to the ame structure in the CFD
simulation when using a amelet-like model for chemistry
tabulation. However, there is no clear answer to this question,
especially for the prediction of NOX emission. In present work,
the effects of two one-dimensional laminar ames, unstretched
premixed (UP) ame and counterow diffusion (CD) ame, on
the prediction of NOX emission in Sandia Flame D are investi-
gated by unsteady Reynolds-averaged Navier–Stokes (URANS)
method with a customized solver developed on the platform of
OpenFOAM.30,31 Since the amelet library generated with the
basic variables of Z and Y cannot predict NOX emission well,
present study takes into account the turbulence-chemical-
radiation-interaction (TCRI) by adding additional control vari-
ables of mixture fraction variance and enthalpy loss. The rest of
present work consists of three parts. Section 2 briey introduces
the mathematical methods of turbulent combustion, case
conguration and numerical setup. The effect of the two
amelet libraries on ame structure and NOX emission are
discussed in Section 3. The main ndings are summarized in
Section 4.
2. Methodology
2.1. Governing equations

The solution strategy of using the URANS model and the
chemistry tabulation approach to simulate the Sandia Flame D
in current study is summarized as following steps:

(i) With the denition of the variables of Z, Y and enthalpy
loss, a series of two kinds of laminar ames, UP ame and CD
ame, are solved and transformed to obtain the corresponding
laminar amelets, respectively.
© 2023 The Author(s). Published by the Royal Society of Chemistry
(ii) The variance of the mixture fraction is dened and add to
the control variables space for the b probability density function
(b-PDF) integration. And the turbulent amelets library is ob-
tained by presumed PDF integration.

(iii) Solving the governing equations including control vari-
ables in CFD solver and thermo-chemistry variables are updated
by the amelet library.

The governing equations for mass, momentum, control
variables are expressed as follows:
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¼ 0 (1)
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where r, ui, dh, Z;Z002;Y are density, velocity, enthalpy loss,
mixture fraction, variance of mixture fraction and progress
variable, respectively. The superscript –, ∼ means unweighted
average and density weighted average. Tensor sij dened as

sij = 2m(Sij − Skkdij/3) − pdij (7)

where Sij is strain rates,

Sij ¼ 1

2

�
vui

vxj

þ vuj

vxi

�
(8)

According to Boussinesq's hypothesis, Reynolds stress Rij is
given by

Rij ¼ �rgu0iu0 j ¼ 1

3
Rkkdij þ 2mt

�fSij � 1

3
gSkkdij

�
(9)

Ddh is the effective thermal conductivity of the mixture, Ddh =

a + mt/Prt. a is laminar diffusion coefficient, Prt is turbulent
Prandtl number. Dz;Dz002 and Dy are effective dynamic viscosity
of mixture fraction, variance of mixture fraction, and process
variables, respectively. According to the unity Lewis number
assumption, they can be expressed as
RSC Adv., 2023, 13, 4590–4600 | 4591
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DZ ¼ DZ002 ¼ DY ¼ m=Scþ mt=Sct with r = 1.0, Sct = Prt = 0.7. m
and mt are molecular and turbulent viscosity, m = l/Cp, mt =
rCmk

2/3. k is the turbulent kinetic energy, 3 is the turbulent
dissipation rate for the standard k–3 turbulence model.32

Compared with the predictions of the k–u-SST model that is
commonly used in engineering simulation, the standard k–3
model gives more accurate temperature peaks and corre-
sponding reasonable NO peaks on the central axis. The results
are shown in Fig. S1 of the ESI.† So turbulent scalar dissipation
rate of mixture fraction fSc is dened as fSc ¼ 3=kgZ 002 . For
constant numbers in eqn (5), C1 = C2 = 2.0. The radiation effect
is considered in present work and the radiationmodel of optical
thin model (OTM) is adopted.33,34 S�h is source term of radiation.

Sh(T, species) = 4s(T4 − Tb
4)
P

(piap,i) (10)

where Steffan-Boltzmann constant s equals to 5.669 × 10−8 W
(m2 K4)−1. pi is the partial pressure of species i in atmosphere.
ap,i is the Planck mean absorption coefficient of species. T is the
local ame temperature and Tb is the background temperature.
Species considered for radiation include CO2, CO, H2O and
CH4. Finally, governing equations are closed by the equation of
state of ideal gas.
2.2. Flamelet library generation and TCRI

The two one-dimensional laminar ames are calculated using
FlameMaster.35 A series of mixture fractionZ are used to change
the equivalent ratio of inlet boundary for building UP library.
Mixture fraction Z is dened by Bilger's formulation.36

Z ¼ 0:5
�
YH � YH

2
�	

WH þ 2
�
YC � YC

2
�	

WC

0:5
�
YH

1 � YH
2
�	

WH þ 2
�
YC

1 � YC
2
�	

WC

(11)

where Y and W are mass fraction and molecular weight.
Subscripts C and H refer to the carbon and hydrogen elements.
Superscripts 1 and 2 refer the fuel and oxidizer, respectively. For
making up the CD library, a series of stoichiometric ratio scalar
dissipation rate are given for considering the effects of stretch
on ames in the Z space. Then amelets are obtained by
transforming all the one-dimensional ame solutions into the
Z � Y space, where Y is dened by the linear combination of
steady state products of CO2 and CO.

Y ¼ YCO2

MCO2

þ YCO

MCO

(12)

To incorporate non-adiabatic effects, a third parameter dh

related to enthalpy loss is introduced. The enthalpy defect is
dened by the difference between the enthalpy of the initial
mixture for adiabatic and non-adiabatic conditions,

dh ¼ h� 
hoxid þ Z
�
hfuel � hoxid

��
(13)

where h, hfuel, and hoxid are enthalpy boundary, enthalpy of fuel
and enthalpy of oxidizer, respectively. The latter two are dened
in terms of absolute enthalpy. Enthalpy loss dh take ve points
of 0, -5, -20, −50, −75 kJ kg−1 for the consideration of the
adiabatic to extreme non-adiabatic conditions.37 To build a CD
4592 | RSC Adv., 2023, 13, 4590–4600
library, the conditions imposed on the fuel side ðZ ¼ 1Þ and the
oxidation side ðZ ¼ 0Þ are,(

Yi ¼ Y fuel
i ; h ¼ hfuel þ dh when Z ¼ 0

Yi ¼ Y oxid
i ; h ¼ hoxid þ dh when Z ¼ 1

(14)

The same strategy applies to the enthalpy conditions of the
UP ame, but different mixture fractions imply a range of
equivalence ratios, where fuel and oxidant get mixed side,(

Yi ¼ ZYfuel þ ð1� ZÞYoxid

h ¼ Zhfuel þ ð1� ZÞhoxid þ dh
(15)

Finally, the TCRI is accounted through the joint PDF of the
independent variables. By applying b-PDF to mixture fraction
and d-PDF to other control variables, the Favre-averaged/ltered
scalars f is expressed as

~f ¼
ð0
dhmin

ð1
0

ð1
0

fðdh;Z;CÞ ~PðdhÞ ~PðZÞ ~PðCÞddhdZdC

¼
ð0
d
h0
min

ð1
0

ð1
0

fðdh;Z;CÞd
� edh � dh

�
b

�
Z; ~Z;fZ00

�
d
�
~C � C

�
ddhdZdC (16)

Where C denotes normalized progress variable.
Based on the above methods, the pressure-based compress-

ible solver is developed on the platform of OpenFOAM.38 The
pressure-velocity-density is solved through the PIMPLE algo-
rithm.38 The spatial accuracy is formally second-order.

2.3. Solution of NOX

In the composition of NOX emission, the amount of NO is one
order of magnitude higher than that of the other components.16

Therefore, the content of NO generally represents the NOX

emission. Aer trying various methods, an additional transport
equation of NO mass fraction, as suggested by Ihme et al.24 in
their turbulent premixed ame simulation, gets solved in
present work in order to improve the prediction accuracy.

v
�
r ~YNO

�
vt

þ
v
�
r~ui ~YNO

�
vxi

¼ v

vxi

 
DNO

v ~YNO

vxi

!
þ r

~
u
�

NO

(17)

where DNO is effective dynamic viscosity of mixture. The
chemical reaction source term of NO, u

�
NO, is obtained by

interpolation in amelet library. See Section 3.1 for details on
establishment of the u

�
NO database. When the enthalpy loss is

0 kJ kg−1, the distribution of u
�
NO in the Z � C space is shown in

Fig. 4. The detailed CH4/air mechanism adopted in present
work is GRI-2.11 (ref. 39) that shows more accurate results on
NOX emission40 compared to GRI-3.0.41

2.4. Computational domain and numerical setup

Present investigation case is Sandia Flame D42 and the burner
schematic is shown in Fig. 1. The axisymmetric piloted burner
has a main jet inner diameter (D) of 7.2 mm. The pilot annulus
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 The burner schematic in cross section view (a) and axis view (b) of the Sandia Flame D.

Fig. 2 The distributions of Tmax in CD flamelets (a) and in UP flamelets (b).

Fig. 3 Temperature profiles for CD flamelet with cst = 4.5 (a), and for UP flamelet with Z ¼ 0:35 (b).
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View Article Online
inner diameter and outer diameter is 7.7 mm and 18.2 mm,
respectively. The burner outer wall diameter is 18.9 mm.
Computational domain is a wedge with 5° and its axial and
radial length is 80D × 20D. Grid cells around the axis and has
a resolution of 162 × 1 × 500. The mesh has a minimum grid of
0.125 mm and a total cell number of 81 000. Based on Reynolds
numbers of 22 400, air-coow, piloted jet and main fuel jet have
bulk inow velocity of 0.9 m s−1, 11.4 m s−1 and 49.6 m s−1, and
© 2023 The Author(s). Published by the Royal Society of Chemistry
have inow temperature of 291 K, 1880 K and 294 K, respec-
tively. The velocities of coow and main fuel jet are under the
standard state of 294 K, 0.993 atm. The pilot bulk velocity is
estimated from the specied conditions, the ow area of the
pilot annulus and the measured mass ow rates. The ambient
pressure is 0.996 atm. Fuel is CH4/air mixtures with a volume
ratio of 1 : 3 ðZ ¼ 1Þ. The piloted jet is burned mixtures con-
taining C2H2, H2, air, CO2 and N2 ðZ ¼ 0:271Þ. The pressure
RSC Adv., 2023, 13, 4590–4600 | 4593
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Fig. 4 Scatter point representation in Z � C space.
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inlet boundary condition adopts the Neumann condition, and
the pressure outlet boundary condition adopts the Dirichlet
condition. The inlet boundary condition of other solution
variables adopts Dirichlet condition, the outlet boundary
condition adopts Neumann condition, and the wall adopts no-
slip wall condition. Specically, the k and 3 use the wall func-
tion. Periodic boundary conditions are used on the le and
right sides.

On the discretization of amelet library, the mixture frac-
tion and normalized progress variables have 101 uniform
levels, and 11 points are used for the discretization of the
variance of mixture fraction, which is further rened around
the 0. Finally, the amelet library resolution is set to
dh � Z � z� C ¼ 5� 101� 11� 101 points and a 4-order
linear-interpolation is used when this library get coupled with
the CFD solver.
3. Results and discussion
3.1. Pre-processing for non-adiabatic amelet library

Flamelet-like methods share a basic idea that the local turbu-
lent ame can be identied as a set of one-dimensional ames.
In other words, the multi-dimensional turbulent ame can be
viewed as a series of one-dimensional laminar ames
embedded in turbulent ow. Based on this assumption, two
one-dimensional laminar ame are solved by FlameMaster34

with the unity Lewis number assumption (equal diffusivities for
4594 | RSC Adv., 2023, 13, 4590–4600
temperature and all species). The CD ame depends on the
stoichiometric scalar dissipation rate cst. Therefore, a series of
CD ame are solved to generate the CD amelet library. Fig. 2a
shows the maximum temperature (Tmax) in the one-
dimensional ame solution as a function of the cst. Here, the
upper half of the curve represents the steady-state amelet
solutions and the lower half of the curve represents the
unsteady amelet solutions. The stoichiometric scalar dissipa-
tion rate cst in each amelet calculation is given manually. The
UP ame solution depends on the composition of the initial
mixture, and then it is generated by solving the laminar steady
UP ames under different ratios of fuel and oxidizer. Fig. 2b
gives the Tmax in the UP ame solution as a function of the
mixture fraction. The thermochemical solutions beyond the
ammability limit of laminar UP ames are obtained by
extrapolation. These methods of generating amelet library has
received good feedback in many studies.37

In Section 2.3, we propose a method to reduce the absolute
enthalpy of the boundary to get the non-adiabatic amelet
solutions. Since the predicted temperature is closely related to
NOx emissions, a maximum temperature analysis is performed
rstly for two libraries. Fig. 2 shows the maximum temperature
of each amelet for a set of boundary conditions with enthalpy
loss of 0 kJ kg−1 and −75 kJ kg−1. As shown in Fig. 2a, the
temperature loss of CD amelets increases with the cst growing
up. However, a uniform drop of the maximum temperature in
the UP amelet solutions is observed in Fig. 2b. Based on the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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denition of absolute enthalpy and the given boundary condi-
tions, an enthalpy loss of −75 kJ kg−1 is expected to reduce the
temperature in Flame D simulation by about 50 K. This indi-
cates that the CD ame solutions overestimate heat losses in the
non-adiabatic amelets generation.

As shown in Fig. 3, the inlet temperature of the laminar
ame does not conform to the physical reality with the enthalpy
loss treatment at the boundary. Fig. 3a shows the temperature
of the CD amelets as a function of the mixture fraction, the
stoichiometric scalar dissipation rate is taken as 4.5. It can be
seen that the temperature of the fuel side ðZ ¼ 1Þ and the
oxidant side ðZ ¼ 0Þ has a local temperature drop with the
enthalpy loss −75 kJ kg−1, the fuel side is lower than 294 K and
the oxidant side is lower than 291 K. In Fig. 3b, the initial
mixture of the UP ame is taken as the mixture fraction 0.35
and the temperature as a function of the normalized reaction
progress variable. Similarly, the temperature at the initial side
ðC ¼ 0Þ is lower than 291 K with the enthalpy loss −75 kJ kg−1.
Many thermochemical parameters are temperature dependent,
such as species mass fractions, chemical reaction source term,
and especially for NOx emission. Thus, this part of the solution
that does not conform to physical reality requires special
treatment. In the following, two steps are taken to generate the
corrected non-adiabatic CD amelet prole:37

(i) Delete the parts of solution that has non-physical
temperature;

(ii) Correct the mixture fraction range from [0–1] to
½Zoxid � Zfuel� for presumed PDF integration.

Similarly, correct the normalized process variables range
from [0–1] to ½Cmin � 1� for non-adiabatic UP library. This
treatment has a very negligible effect on simulation results.37

Two libraries applied in simulations are obtained with above
mentioned special processing method. As shown in Fig. 4, the
reaction progress variable source and the NO source that are
used for CFD calculation are compared in the Z � C space,
where the enthalpy loss is 0 kJ kg−1. Compared with the UP
ame, the NO sources in the CD library are more widely
distributed and closer to the steady state reaction region
ðC ¼ 1Þ. The explanation for this is that the CD ame with
stretching effect underestimates the progress variable source
and overestimates the NO source.
Fig. 5 (a) The temperature distribution obtained from numerical simulati
lower part is from CD library. (b) The temperature profiles on the centra

© 2023 The Author(s). Published by the Royal Society of Chemistry
3.2. Effects of amelet library on ame structure

In this section, the mean temperature and mean mass fraction
of CO2, H2O and NO measured at the axis and at various axial
positions are compared with the steady state numerical results
to evaluate the effect of different laminar amelet libraries on
combustion simulations. The screenshots of steady tempera-
ture and themass fraction of NO at themid-plane of the domain
give clear ame structure. Unlike the mass fraction of NO that is
updated by an additional transport equation, steady state
products such as CO2 and H2O are look-up directly from the
libraries.

3.2.1. Flame structure. Fig. 5a shows the numerical mean
temperature distribution of the ow at the mid-plane of the
domain. The upper half simulation results is obtained from the
UP library and the lower half is obtained from the CD library.
The comparison shows that the mean temperature distribu-
tions in upstream (z/D < 30) obtained by two libraries are very
close. The temperatures are over-predicted by CD library from
the end of injection jet (z/D > 30), which is about 100 K higher
than the UP library. Fig. 5b shows the temperature proles on
the central axis. The temperature predicted by the UP library
shows good agreement with the upstream and downstream
experimental data, except for a slight overestimation around z/D
= 30. Further efforts can be made to improve the simulated ow
eld. However, present study mainly discusses the dependence
of NO simulation results on the amelet library. Therefore, on
the premise that the global temperature predicted by the UP
library is acceptable, we pay more attention to the deviation of
the temperature eld predictions of the CD and UP library.
Obviously, there is a generally over-prediction in the numerical
solution for the CD library (20 < z/D < 40).

The radial mean temperature plots at the z/D locations of 3,
15, 30, 45, 60 and 75 are shown in Fig. 6. These locations include
the entire ow eld, especially the last four points are where the
main ame structure exists, which can better indicate the
performance of the combustion model. Simulation results are
compared with experimental data. At the location of z/D = 3,
both the amelet libraries predict well. They also give temper-
ature distributions in agreement with experimental values at
the locations of z/D = 15 and z/D = 45. However, the simulation
temperature is higher than the experimental data at the loca-
tions of z/D= 30 for 0# r/D# 2, especially the overestimation of
on based on the two libraries. The upper part is from UP library and the
l axis. Red line marks UP library, green line marks CD library.
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Fig. 6 Radial profiles of temperature at six different locations along the axis.

Fig. 7 Radial profiles of mass fraction of H2O at six different locations along the axis.
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Fig. 8 Radial profiles of mass fraction of CO2 at six different locations along the axis.

Fig. 9 (a) The distribution of the mass fraction of NO, the upper part is from UP library and the lower part is from CD library. (b) The distributions
of the NO source. (c) The NO profiles on the central axis, red line marks UP library, green line marks CD library.
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the CD library is more serious. Errors can be reduced by
choosing other turbulence and combustion models, but this is
beyond the purpose of the present work. At positions of z/D= 60
and z/D = 75, the CD-based simulation results are higher than
the UP-based results in the entire radial direction. Overall, these
radial data support the conclusion that the UP library predict
better temperature proles.

The radial mean mass fractions of CO2, H2O are compared
with the experiments in Fig. 7 and 8, respectively. The numer-
ical results of steady state products obtained from the UP library
matched the experimental values well at all locations except at
location of z/D = 30, where the mass fraction of H2O is over-
estimated, especially around r/D = 2. The larger errors in radial
proles of temperature and H2O are mainly manifested at
location of z/D = 30 close to the central axis. The reasons for
these errors are different. The overestimated temperature can
be explained that the turbulence model underestimates the
penetration distance of the scalar eld, causing the high
temperature zone to be closer to the upstream. But the global
temperature prole trend is consistent with the experimental
data. However, for the H2O prole at the same location in Fig. 7,
the trend is inconsistent with the experimental data.

Fig. 7 shows that it is difficult to capture the peak of H2O
concentration distribution near the central axis at z/D= 30. This
phenomenon should be analyzed together with Fig. 8 (the
distribution of CO2 concentration) and the denition of prog-
ress variable (eqn (12)) that includes CO2 and not includes H2O.
Therefore, the progress variable eld obtained by the transport
Fig. 10 Radial profiles of mass fraction of NO at six different locations a

4598 | RSC Adv., 2023, 13, 4590–4600
equation can well reproduce the distribution of CO2, such as the
good agreement between UP predicted CO2 and experimental
data, as shown in Fig. 8. In contrast, the mass fractions of
species interpolated by the library, such as H2O, cannot repro-
duce the experimental peaks in some local ow elds, which is
the reason for the additional transport equation of NO mass
fraction.

With the CD library, the simulation results underestimate
the mass fraction of H2O at the peak, while systematically
overestimating the mass fraction of CO2 in the radical direction.
In general, URANS coupled with the UP library are feasible
method for pilot jet combustion modeling.

3.2.2. NOx emission. An additional transport equation is
expected to accurately predict the mass fraction of NO, YNO, as
discussed in Section 2.3. Fig. 9a and b gives visualization of the
NOx distribution with snapshot of YNO and the NO source (u

�
NO),

respectively. The mean YNO obtained from the two libraries are
very close in the upstream of the fuel jet (z/D < 15). The distri-
bution of u

�
NO shows a large difference in shear layer, where

represent regions of high scalar dissipation rates. The notice-
able difference starts at the end of jet (z/D > 30), where the
maximum value of YNO in the CD library is overestimated and
has a wider distribution. Notably, the maximum value of u

�
NO in

the CD library (Fig. 9b) is only 10% larger than that in the UP
library, but four times larger in YNO (Fig. 9a). The distributions
of YNO on the central axis are shown in Fig. 9c. The two distri-
butions of YNO on the centerline are close to each other at the
beginning of the jet (z/D < 25). However, the prediction of YNO of
long the axis.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the UP library are much better where NOx emissions start to rise
(z/D > 30).

The experimental data of YNO are available at the axial
locations of z/D = 3, 15, 30, 45, 60 and 75, they are compared
with the numerical proles of YNO in Fig. 10. The simulated YNO
with the CD library signicantly overestimated NO emissions at
locations of z/D $ 30. Overall, the contours and centerline
sampling of the mean YNO with UP library are consistent with
experimental results. Compared with the 4.2 times over-
estimation of the maximum error in CD prediction of NO mass
fraction, the UP prediction accuracy improved to 0.5 times
overestimation referring to the experimental data. Details are
shown in Table S1 and Fig. S2† in the ESI.†

The differences in YNO predictions are mainly attributed to
the differences in u

�
NO predictions. The RANS simulation results

coupled CD library overestimate the temperature when z/D =

20–40. Considering the thermal NO mechanism, high temper-
ature causes the NO source term increase, as shown in Fig. 5
and 9. Moreover, the actual combustion of the Sandia Flame D
is complicated. As a pilot ame, there are both diffusion
combustion and partial premixed combustion, as well as pre-
mixed combustion mode. In the high temperature region of
Flame D, the actual NOX chemistry mainly dominated by the
premixed combustion mode, so UP library gives a better esti-
mation of NOX.

Analysis of the distribution of YNO shows that the library that
is generated by the method of converting laminar CD amelets
with different stoichiometric scalar dissipation rates into Z � Y
space has drawback on the prediction of NOx emissions. The UP
library is a better modeling choice for accurate prediction of
slow reaction product which are dominated by chemistry.

4. Conclusions

The numerical investigation of a turbulent pilot jet ame
(Sandia Flame D) is carried out by developing a custom URANS
solver in present study. The turbulence model adopts the
standard k–3 model, and the combustion model adopts the
amelet chemistry tabulation method to avoid expensive
chemical reaction integration costs. The absolute enthalpy and
the mass fraction of species are obtained by interpolation from
the library. To improve the prediction accuracy, the mass frac-
tion of NO is solved by an additional transport equation. Two 4D
non-adiabatic amelet libraries are generated from the 1D
laminar UP ame and the 1D laminar CD ame, respectively.
Compared with the experimental data, the inuence of the
amelet databases generated by different types of amelets on
the simulation results are discussed.

The simulation results show that the NO eld depends on
the laminar amelet type. Two 4D ame libraries provided
almost the same range of values in terms of temperature and
major species elds. The NO source term u

�
NO in UP library

introduces a reasonable agreement with measurement data by
solving an additional NO transport equation. However, the 1D
laminar CD amelet solutions with detailed chemical mecha-
nism introduces a larger value of u

�
NO and over-predicted YNO in

simulations. Overall, URANS simulations based on the non-
© 2023 The Author(s). Published by the Royal Society of Chemistry
adiabatic 4D library of UP amelet and the standard k–3
turbulence model can provide a high-precision prediction of
NOx emission. The current study clearly demonstrates the
feasibility of predicting NOx emissions using tabulated chem-
istry methods, and the unpredictable NOx emissions are
numerically reproduced through a non-adiabatic library based
on UP ames. The proposed method can be applied to high-
precision numerical simulation of NOx emission for other
engineering combustors.
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