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Abstract: This work contributes to the understanding of mechanisms that lead to increased carbon
monoxide (CO) concentrations in gas turbine combustion systems. Large-eddy simulations (LES) of a
full scale high pressure prototype Siemens gas turbine combustor at three staged part load operating
conditions are presented, demonstrating the ability to predict carbon monoxide pollutants from a
complex technical system by investigating sources of incomplete CO oxidation. Analytically reduced
chemistry is applied for the accurate pollutant prediction together with the dynamic thickened flame
model. LES results show that carbon monoxide emissions at the probe location are predicted in good
agreement with the available test data, indicating two operating points with moderate pollutant levels
and one operating point with CO concentrations below 10 ppm. Large mixture inhomogeneities
are identified in the combustion chamber for all operating points. The investigation of mixture
formation indicates that fuel-rich mixtures mainly emerge from the pilot stage resulting in high
equivalence ratio streaks that lead to large CO levels at the combustor outlet. Flame quenching due to
flame-wall-interaction are found to be of no relevance for CO in the investigated combustion chamber.
Post-processing with Lagrangian tracer particles shows that cold air—from effusion cooling or stages
that are not being supplied with fuel—lead to significant flame quenching, as mixtures are shifted to
leaner equivalence ratios and the oxidation of CO is inhibited.

Keywords: large-eddy simulations (LES); gas turbine; fuel staging; part load; carbon monoxide; finite
rate chemistry (FRC)

1. Introduction

The operating hours of gas turbines at part load are becoming increasingly important in the
energy turnaround. Part load operation of gas turbines is limited by incomplete carbon monoxide
(CO) burnout at the lowest power settings [1]. To overcome this problem, fuel staging is applied
distributing the fuel to different stages to flexibly control combustion to achieve low emissions and
to avoid thermoacoustic oscillations [2]. Especially at part load, this can lead to the situation where
not all the stages are supplied with fuel. The interaction of flames with cold air from the adjacent
deactivated burner has a significant impact on the formation of CO. Additional effects such as short
system residence times, unfavorable interaction with cooling air or flame quenching due to wall
interaction promote high CO levels at the system outlet [3]. The formation of carbon monoxide has
been experimentally investigated in various works [4–6]. Howard et al. [7] found that the consumption
of CO is kinetically limited by the consumption of hydroxyl (OH), which presents the main oxidation
path. The quenching of the flame inhibits the CO oxidation and consequently leads to an increase of
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CO emissions, which has been addressed by Correa [8], who investigated flame quenching effects due
to flame-wall interaction and by mixing with cold gases. Mann et al. [9] investigated the flame-wall
interaction of lean premixed flames and found that leaner flames quench further away from the wall.
Nilsson and Bai [10] demonstrated that aerodynamic strain leads to a reduction and flame wrinkling
to an increase of carbon monoxide formation.

Numerical investigations using large-eddy simulations (LES) have shown promising results
for the prediction of CO pollutants [11–14]. Studies analyzing carbon monoxide at gas turbine
part load conditions have been performed by Wegner et al. [15] and Klarmann et al. [16], where
Reynolds-averaged Navier-Stokes (RANS) simulations with a flamelet approach [17] have been
performed. A progress variable was introduced to model the slow CO oxidation in the post flame
region, while considering stretch effects [16]. Menon [18] and Eggenspieler et al. [19] investigated
flames near the lean-blowout limit using LES with a flamelet approach and suggested to account for
finite rate kinetics to improve predictions.

The sources leading to incomplete CO burnout in gas turbines in staged part load operation are
not well understood and further investigations beyond the lab scale are required. In the Siemens test
facility Clean Energy Center (CEC), many staged part load operation conditions of a prototype gas
turbine combustor were tested, showing different carbon monoxide levels at the probe location. In this
work, a validated LES combustion modeling approach [20] is applied for a predictive study of a high
pressure full scale technology prototype Siemens combustion system at part load to reveal sources
leading to incomplete CO burnout observed at two of the tested operating conditions, with the focus
on the following goals: (i) to demonstrate the ability to predict CO from a very complex full scale
combustor and, (ii) to investigate the impact of mixture formation in the different fuel stages on CO
and, (iii) to analyze the effect of local flame quenching due to secondary air on CO.

2. Numerical Modeling

Favre-filtered governing equations for mass, momentum, species mass fractions and absolute
enthalpy are solved, using a commonly made unity Lewis number assumption. Viscosity is determined
from Sutherland’s law and the laminar and turbulent Prandtl and Schmidt numbers are 0.7. In order
to accurately resolve the thin flame front on the numerical grid, the dynamic thickened flame
(DTF) model [21–23] is used by introducing a thickening factor F to the species and enthalpy
transport equations. The unresolved flame wrinkling is modeled by an efficiency function E using the
modified [24] Charlette model [25], with β = 0.5. In the DTF model, a flame sensor Ω is introduced
to avoid unphysical diffusion away from the flame and to accurately predict pure mixing. The DTF
model applied to the Favre-filtered transport equations for each species mass fraction Ỹα and absolute
enthalpy h̃a results in the following Equations (1) and (2) presented in Einstein summation convention:

∂ρỸα
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Equations (1) and (2) depend on density ρ, velocity uj, viscosity µ, turbulent viscosity µsgs,
Prandtl number Pr, turbulent Prandtl number Prsgs, Schmidt number Sc, turbulent Schmidt number
Scsgs, pressure p, the net formation rate ω̇α for species α, the thickening factor F, the efficiency function
E, the flame sensor function Ω, the absolute enthalpy ha is the sum of the chemical and sensible
enthalpy, and the kinetic energy K = 1

2 ũiũi.
For the flame sensor function, a modified version of the formulation by Legier et al. [23] is used to

spatially limit thickening to a smaller region of the flame, as shown in Equation (3).
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Ω = max

[(
tanh

(
20

Q̇
Q̇max

1D

)
− 0.25

)
/0.75, 0.0

]
. (3)

In this equation, Q̇ and Q̇max
1D are the heat release rate and the maximum heat release rate from a 1D

flame. The flame thickening factor F is dynamically calculated as F = 1+ Ω (Fmax − 1). The maximum
thickening factor in each cell is determined as Fmax = max

(
(n∆mesh) /δ0

l , 1.0
)

and depends on the
number of cells n on which the flame thickness is to be resolved (here, n = 5), the mesh cell size ∆mesh
and the laminar flame thickness δ0

l .
Reaction kinetics are described by analytically reduced chemistry (ARC) by Lu and Law [26]

(denoted as Lu19 in the following). This mechanism was derived from GRI-3.0 [27] and contains
19 transported species and 11 species using quasi steady state approximations (QSSA).

Figure 1 shows the laminar flame speed sL at different equivalence ratios Φ and the dry
and corrected CO mole fraction XCO after a reference system residence time in dependency
of different flame temperatures comparing Lu19, GRI-3.0, DRM19 [28] and state of the art
AramcoMech2.0 [29] mechanism.

Figure 1. Laminar flame speed in dependency of equivalence ratio (left) and dry and corrected carbon
monoxide mole fractions over adiabatic flame temperature (right) for different reaction mechanisms at
gas turbine part load conditions.

For both laminar flame speed and CO mole fractions, a very good agreement between Lu19 and
GRI-3.0 is visible, while minor deviations are identified for sL for Φ > 0.68. DRM19 predicts the highest
flame speeds for Φ > 0.5 and AramcoMech2.0 agrees with Lu19 and GRI-30 for Φ > 0.6, but shows
lower flame speeds approaching the lean blowout limit. A parallel shift of the CO turndown curve
towards higher concentrations at lowered temperatures is indicated by AramcoMech2.0, while all other
reaction mechanisms predict similar CO levels. The good agreement with the other mechanisms and
the low computational cost justifies the choice of the applied Lu19 reaction mechanism for this work.

3. Test and Simulation Setup

3.1. Test Configuration

In the test rig of the technology prototype Siemens gas turbine combustor, pressurized air from
the compressor enters the inlet passage of the plenum through a diffusor to reproduce the inlet flow
conditions in the engine [2]. A small amount of the compressed air is used for chamber cooling,
while the majority mixes with fuel before entering the combustor. This combustor aims to achieve low
NOx emissions by ensuring very short residence times and consists of 28 jets that are separated in four
different fuel stages, namely main stages A, B and C and a pilot stage P, respectively. The jets of the
different stages are arranged in a circumferential pattern. Stage B provides the largest number of jets,
followed by stages A and P, and the lowest number of jets is featured with stage C. A sketch of the
combustor side view is indicated in Figure 2.
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Figure 2. Sketch of the combustor side view.

In each jet, fuel is injected to the cross flow of air. Additional air is added for effusion cooling to
the combustion chamber. The burnt products leave the chamber through the transition piece into the
exhaust gas passage where the emission sampling probe is located downstream of the transition exit.
Experimental data for validation is limited to emission probe data, as laser measurement techniques
can not be applied to optically closed gas turbine combustion chambers.

Three different staging concepts under similar load levels were compared, which mainly differ
in terms of fuel staging and small pressure variations. In this work, the level of stratification
of a specific staged operating point is characterized by the ratio of the nominal minimum and
maximum equivalence ratio Φmin/Φmax. Operating point 1 (7.42 bar) is characterized by a weak
stratification (Φ1,min/Φ1,max = 0.65), operating point 2 (6.86 bar) by stages A and C not being
supplied with fuel resulting in strong stratification (Φ2,min/Φ2,max = 0 ), and moderate stratification
(Φ3,min/Φ3,max = 0.39) for operating point 3 (7.23 bar). In this work, pure methane (CH4) is used as
fuel and mass flows have been corrected by the lower heating value with respect to the natural gas
utilized in the tests. The operating conditions from the test for the different cases are summarized
in Table 1.

Table 1. Operating conditions for the investigated cases. Temperatures are normalized by a reference
temperature Tref, which corresponds to the adiabatic temperature of the mass averaged equivalence
ratio of each operating point (OP).

OP Tair Tfuel ΦA ΦB ΦC ΦP

- - - - - - -

1 0.38 0.24 0.66 0.46 0.55 0.70
2 0.36 0.23 0.0 0.48 0.0 0.80
3 0.38 0.23 0.31 0.48 0.36 0.79

3.2. Simulation Setup

A compressible version of OpenFOAM-6 is applied for the large-eddy simulations with
unstructured meshes, which required robust schemes [30]. The temporal discretization blends explicit
and implicit contributions, weighted at 0.41 and 0.59. Convection is discretized by a total variation
diminishing (TVD) scheme to preserve stability. Eddy-diffusivity and eddy-viscosity approaches are
applied, the sub-grid viscosity is computed with the transported sub-grid kinetic energy model by
Yoshizawa et al. [31]. For the pressure-velocity coupling, a pressure-implicit with splitting of operators
(PISO) algorithm is used.

Dirichlet boundary conditions are applied at the inlet for the fuel and air mass flows and
temperatures, while the pressure is specified at the system outlet. Temperatures are applied to
the chamber walls to account for non-adiabatic effects on the flame due to heated wall material and
have been approximated from one-dimensional heat transfer analyses.

For a reasonable thermal boundary layer treatment at the walls, Spalding’s [32] wall functions
are applied. A coarser (C) and finer mesh with 35 and 61 million hexahedral cells resolve 2.0 mm
and 1.0 mm in the flame region. Simulations are parallelized using 3600 and 6096 CPUs, respectively.
The sampling of the flow statistics is started after quasi steady-state is reached (∼100 ms) for another
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100 ms. High velocities in small cells that are located in the fuel injector nozzles determine the
simulation time-step width resulting in a corresponding convective CFL number of 0.03 in the flame
region. The considerable computational cost for each simulated case is presented in Table 2.

Table 2. Cell numbers and computational cost.

Case Cells CPUh

- 106 106 h

1C 35 2.5
1 61 4.5
2 61 4.5
3 61 4.5

4. Results and Discussion

4.1. Flow Field and Flame Properties

Contours of instantaneous normalized temperature T/Tad, carbon monoxide mass fractions
YCO and axial velocity Ux fields for the moderate stratified case 3 are presented in Figure 3,
including iso-lines for different equivalence ratios.

Figure 3. Instantaneous contours of normalized temperature (left), carbon monoxide mass fraction
(mid) and axial velocity (right) in the combustion chamber mid-plane with equivalence ratio iso-lines
for Φ = 0.3 (white), Φ = 0.5 (gray) and Φ = 0.7 (black).

Note that for reasons of confidentiality, contours are only shown for a small but representative
section of the combustion chamber that is relevant for interpretation. Highest temperatures and Φ
values are indicated for the pilot stage, whereas leaner mixtures at lower temperatures can be observed
for the other stages. For richer mixtures, as shown in the region of the pilot stage, maximum CO mass
fractions can be detected. Interestingly, large carbon monoxide concentrations are also found close
to the chamber walls that may be attributed to quenching effects at the cold wall. Leaner mixtures at
the chamber center show large CO levels that decay towards the chamber outlet. The velocity field
presents a highly turbulent flow with strong swirling motion at the pilot stage. Jet bulk velocities of
140 m/s result in a jet Reynolds number of 6.4 × 106.

4.2. Emission Probe

Time averaged carbon monoxide mole fractions from the simulations are compared against
emission data from the probe location in Table 3. Operating points 1 (weak stratification) and
2 (strong stratification) result in measured carbon monoxide concentrations of around 30 ppm, while a
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good CO burnout is achieved for case 3 (moderate stratification), showing very low CO emissions of
2.51 ppm. Carbon monoxide emissions are predicted with very good agreement with the test data for
case 3, while CO is underestimated for operating points 1 and 2. Similar predictions are achieved for
cases 1C and 1, indicating negligible grid dependence for the prediction of CO.

Table 3. Mean dry and corrected carbon monoxide mole fractions XCO 15% O2 dry at the emission probe.

Case LES Test

- ppm ppm

1C 20.44 29.15
1 20.17 29.15
2 18.85 33.37
3 2.74 2.51

As carbon monoxide levels are in overall agreement with the test data, it can be assumed that
most relevant phenomena that have an impact on the formation and oxidation of CO are captured in
the simulations. For this reason, further analyses focus on the effects that lead to increased CO levels
for the weak and strong stratified cases 1 and 2 in comparison to the good burnout achieved in case 3
(moderate stratification).

4.3. Impact of Mixture Formation

The different staging strategies applied in the investigated cases lead to different levels of
stratification and mixture inhomogeneities. To identify whether increased CO concentrations at
the combustor outlet result from lean (large CO levels due to incomplete oxidation) or rich mixtures
(large CO levels from mixtures at equilibrium)—with respect to the nominal global equivalence
ratio Φglob—the impact of the fuel-air mixture formation on the CO formation is investigated in
the following.

Figure 4 presents carbon monoxide mass fractions in dependency of the equivalence ratio
for different system residence times τ from 1D flames. Low CO levels can be achieved for lean
mixtures at very large residence time. For shorter residence times, the lean CO rise shifts to richer
mixtures. As richer mixtures (Φ>0.5) are unaffected by the residence time (equilibrium concentrations
are reached in a very short time by sufficiently high temperatures) mixture inhomogeneities may
significantly increase carbon monoxide concentrations. Note that in 3D turbulent flows, however,
the residence time of the mixtures is determined by complex turbulent flow structures and local
recirculation zones.

Figure 4. Carbon monoxide (CO) mass fractions over equivalence ratio in dependency of the system
residence time τ =

∫ x
x|τ0

dx
u(x) from 1D flames. The CO peak value marks τ = 0 and τexit is the

volumetric combustor residence time.

Figure 5 presents carbon monoxide mass fractions over equivalence ratio colored by the CO
source term ω̇CO at the combustor exit cross-section.
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Figure 5. Carbon monoxide mass fractions over Φ in dependency of the CO reaction rate at the
combustor exit cross-section for cases 1C, 1, 2 and 3. The vertical dashed line marks the nominal global
equivalence ratio.

Case 1 (weak stratification) indicates highest CO concentrations of 100 ppm for richer mixtures
at Φ ≈ 0.6 and lower carbon monoxide mass fractions towards leaner mixtures. Cases 1 and 1C
agree overall, indicating that results are robust against changes in grid resolution. For case 2 (strong
stratification), highest CO concentrations (≈1000 ppm) are found for very lean mixtures of Φ= 0.2.
Very low CO concentrations of ≤50 ppm with a narrow range of Φ are identified for operating point 3
(moderate stratification). Carbon monoxide reaction rates are zero in all simulations, while oxidizing
mixtures with very small ω̇CO values can be detected for case 2.

The presence of high CO concentrations at the combustor outlet at richer mixtures for the weakly
stratified case 1 and at lean mixtures for the strongly stratified case 2 stresses the relevance of mixture
inhomogeneities on the formation of carbon monoxide.

The mixture distribution in the combustion chamber is presented in Figure 6, showing normalized
temperature over equivalence ratio.

Figure 6. Normalized temperature over equivalence ratio in the combustion chamber for cases 1C, 1,
2 and 3. The vertical dashed line marks the global equivalence ratio.

A wide scatter of equivalence ratios is identified for all cases ranging from pure air (Φ=0) to rich
mixtures (Φ=1.5). Mixtures with temperatures below the adiabatic flame temperature are detected
as a result of heat losses at the chamber walls and supplied cooling air. Furthermore, these mixtures
can also be associated with slow chemistry resulting from finite rate kinetics accounted for in this
work. For case 1 (weak stratification), the scatter is most dense for mixtures leaner than the global
equivalence ratio; significant numbers can also be seen for richer mixtures. The strongly stratified case
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2 is characterized by a high number of mixtures on the very lean side which correspond to stages A and
C being operated with pure air that mixes with the hot jets. This is in agreement with the observation of
large CO levels on the lean side (see Figure 5). For case 3 (moderate stratification), a sparse distribution
is shown on the very lean side and the scatter is most dense at Φ values corresponding to the global
equivalence ratio.

To further analyze the origin of mixture inhomogeneities and to potentially assign the problem
to the mixing behavior of a single stage, Favre-filtered transport equations for passive scalars
have been introduced representing the mixture fraction of the individual stages A, B, C and P
(i.e., Z̃ = Z̃A + Z̃B + Z̃C + Z̃P). The contribution of the single stages on the global mixture in the
combustion chamber is analyzed by their joint probability density functions (JPDF) by means of
equivalence ratio Φ, as shown in Figure 7a–c.

Figure 7. Joint PDF of the equivalence ratio Φ and the equivalence ratio of the individual stages ΦA,
ΦB, ΦC and ΦP for cases (a) 1, (b) 2, and (c) 3. Vertical and horizontal dashed lines mark nominal
global (Φglob) and fuel stage equivalence ratio.
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The nominal fuel stage equivalence ratio (horizontal line) indicates the ideal case, where air is
supplied by equal shares to the stages and mixes homogeneously with fuel. Deviations from the
nominal global equivalence ratio (vertical line) illustrate the unmixedness caused by the single stages.
For all cases, mixture inhomogeneities can be observed in all of the stages and a high impact of the
pilot stage on fuel-rich mixtures is presented as a linear dependency between the equivalence ratio
and ΦP is shown for Φ > 0.8.

For the weakly stratified case 1 (Figure 7a), stages A and C present a high probability on the lean
side and a linear dependency on mixtures Φ > 0.2, indicating also a significant contribution to richer
mixtures. Note that results for 1C are not shown here for brevity and can be found in Appendix A.
The B stage predominantly contributes to the global equivalence ratio; large mixture inhomogeneities
and a strong impact from cooling air can be seen, as a linear dependency for 0 < Φ < 0.7 is detected.
In the strongly stratified case 2 (Figure 7b), stages A and C are not operated with fuel. The mixture
depends on stages B and P, and a significant impact of air is identified for both stages as shown
by a high probability on lean mixtures. For case 3 (moderate stratification), stages A and C show
highest probability on the very lean side (Φ < 0.3) with a linear dependency up to Φglob,3, as shown in
Figure 7c. Interestingly, stage B presents highest density at the nominal operating point – marked by
the intersection point between the nominal global and stage equivalence ratio.

In summary, the pilot stage contributes to the formation of fuel rich mixtures in all cases. For case
1 with weak stratification, significant contributions on richer mixtures are also due to stages A and C,
and lean mixtures mostly depend on stage B. For the strongly stratified case 2, operating stages B and
P contribute to the entire range of mixtures, with larger impact from the pilot on fuel-rich mixtures.
For the moderate stratified case 3, stages A and C are only relevant for the formation of lean mixtures
and stage B for all mixtures.

The contribution of each stage to CO at the combustor outlet is shown in Figure 8a–c, presenting
carbon monoxide mass fractions over Φ colored by the contribution of the stage equivalence ratio
Φstage to the total mixture. For the weak stratified case 1 (Figure 8a), low carbon monoxide levels at
equivalence ratios Φ < 0.6 can predominantly be attributed to stage B, with increasing contribution
towards leaner mixtures. Larger CO concentrations at richer mixtures are controlled by stages A
and P, with minor impact from stage C. High carbon monoxide concentrations on the lean side
in the strongly stratified case 2 (Figure 8b) are due to both operating stages B and P, while CO at
very lean mixtures (Φ < 0.2) depend on the pilot stage. Richer mixtures with lower CO values are
due to stage B. Interestingly, a second lower branch between 0.3 < Φ < 0.5 with very low carbon
monoxide concentrations can be identified, indicating a good burnout. Stage B shows the highest
relevance on CO for almost the complete range of mixtures in the moderate stratified case 3 (Figure 8c),
followed by the pilot. At Φ = 0.4, stage C indicates highest relevance on carbon monoxide levels;
negligible contributions are observed for stage A.

To summarize, large CO concentrations are located at richer mixtures for case 1
(weak stratification) and are governed by stages A and P. For the strongly stratified case 2,
both operating stages—with greater weights by the pilot—contribute to high CO levels on the lean
side. Richer mixtures at Φ > 0.6 or large carbon monoxide mass fractions at leaner conditions are not
present for the moderate stratified case 3, which is mostly influenced by stage B.

Large carbon monoxide levels at the combustor outlet that are related to richer mixtures,
i.e., Φ > 0.5, can be attributed to poor mixing of fuel and air. However, high CO concentrations on
the lean side result from incomplete oxidation, that may be attributed to local quenching effects at the
cold wall or by mixing with air.



Energies 2020, 13, 5751 10 of 17

Figure 8. Carbon monoxide mass fraction YCO over equivalence ratio Φ in dependency of the respective
stage equivalence ratio Φstage normalized by the equivalence ratio for cases (a) 1, (b) 2 and (c) 3.

4.4. Flame Quenching at Cold Wall

Flame quenching at the cold wall leads to a significant increase of CO in this region. The oxidation
of carbon monoxide is inhibited and CO species concentrations are convected with high axial velocities
towards the system outlet. The significance of flame quenching at the cold wall on the incomplete
carbon monoxide burnout in the investigated operating points is analyzed in Figure 9.

The plot shows the radial distribution of the mean carbon monoxide concentration in terms of
cell distance towards the chamber wall dwall at the combustor exit cross section. It can be seen that
very low CO levels are present in the proximity of the cold wall (dwall/dmax

wall = 0) in any of the cases
and that concentrations increase towards the center of the cross section. Irrespective of whether flame
quenching occurs in any upstream location in the combustion chamber, it has no impact on the outlet
concentration. Hence, it can be concluded that flame quenching at the cold wall is insignificant for the
incomplete CO burnout of the investigated operating points in this configuration.
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Figure 9. Scatter of the mean carbon monoxide mass fraction over normalized wall distance
dwall/dmax

wall at the combustor exit cross section for cases 1C, 1, 2, and 3. The red solid line shows
the conditional mean.

4.5. Impact of Secondary Air

To investigate the impact of air on the formation of CO, an additional Favre-filtered transport
equation has been solved for the primary air ratio ξ̃. Air that has mixed with fuel before entering the
combustion chamber is denoted as primary air (ξ = 1), whereas secondary air (ξ = 0) is defined as
air supplied through a jet that is not being operated or by effusion cooling. Cooling air is supplied to
the chamber in the wall region in proximity to the jets from stage B. To investigate flame quenching
events by the interaction with secondary air, Lagrangian tracer particles are used. As this analysis
was not affordable during simulation run-time using the Lu19 reaction mechanism and fine grids,
the tracer particles are only added to the Reynolds averaged LES results. The is arguably not ideal
but still sheds light on the results. Potential effects of the impact of effusion cooling is investigated for
all stages. One jet from each stage is selected as a representative and the massless tracer particles are
injected at the outlet of the mixing passage. Particles evolve based on the local flow conditions and
track the history of mean carbon monoxide mass fraction YCO, equivalence ratio Φ and primary air
ratio ξ. The CO particle history in dependency of Φ and ξ for all investigated cases is presented in
Figure 10a–c.

The shown set of particle histories is representative for all particles injected. Carbon monoxide
mass fraction histories may not start at τ/τexit = 0, as Lagrangian particles have the same axial but not
radial injection position and, hence, particles injected at a small radius, with respect to the jet diameter,
cross the flame front at later times.

Incomplete CO burnout is identified by a carbon monoxide trajectory that does not decrease after
reaching its peak value within the flame front. For the weakly stratified case 1 (Figure 10a), a good
burnout can be identified for stage C with a rather uniform equivalence ratio of around Φ = 0.6
downstream of the flame front and negligible impact by secondary air. High carbon monoxide mass
fractions at the combustor outlet at richer mixtures (i.e., Φ > 0.6) result from the pilot stage but also
from stage A. Stage B and to some extent stage P indicate particles with high CO concentrations at very
lean mixtures with increased contributions of secondary air. It can be assumed that these mixtures are
affected by flame quenching, as their local equivalence ratio is shifted towards leaner values by the
interaction with secondary air and, hence, the oxidation of CO is inhibited.



Energies 2020, 13, 5751 12 of 17

Figure 10. Lagrangian particle history of carbon monoxide in dependency of the equivalence ratio Φ
(top row) and the primary air ratio ξ (bottom row) from the different stages for case (a) 1, (b) 2 and
(c) 3. Time is normalized by the combustor exit time τexit. The temporal shift is related to the injection
radius r.

Figure 10b shows CO particle histories for the strongly stratification case 2. Particles from stages
A and C, operating with air only, indicate strong interaction with stages B and P, as equivalence and
primary air ratios increase towards τexit to Φ = 0.4 and ξ = 0.7, respectively, and CO levels of almost
1000 ppm can be seen. Consistent to Figure 8b, large CO concentrations on the fuel-lean side at the
combustor outlet can be identified for particle trajectories from the pilot stage. It is likely that these
increased carbon monoxide mass fractions result from quenching events, as the equivalence ratio is
lowered from Φ = 1.0 to 0.3, while the primary air ratio at the same time indicates a reduction from
ξ = 1.0 to 0.3. In comparison to the pilot stage, a lower impact by secondary air can be observed for
stage B, which, however, shows increased CO levels for richer mixtures.

The CO particle history in dependency of Φ and ξ for case 3 (moderate stratification) is presented
in Figure 10c. A negligible impact of secondary air and homogeneous mixtures are identified for
stage A and C, indicating a good CO burnout with low concentrations at the combustor exit time.
For stage B, particles are identified where secondary air leads to a shift of the equivalence ratio to
leaner mixtures. Interestingly, mixtures are not quenched but show a slower oxidation which appears
to be complete at τ/τexit = 1. The cooling air shows strongest impact on the pilot stage, where the
burnout of CO for mixtures at around Φ = 0.5 is slowed down, leading to increased concentrations.

The Lagrangian particle post-processing reveals that increased CO levels in case 1
(weak stratification) can be attributed to richer mixtures originating mostly from the pilot stage
and, that flame quenching by the interaction with cold air affects stage B. For the strongly stratified
case 2, most significant impact by secondary air is observed, resulting in local flame quenching at lean
mixtures in stages B and P. In case of the moderate stratification (3), a negligible influence of cooling
air is found and increased CO concentrations can be attributed to richer mixtures in stage P.

In the event of local flame quenching the oxidation of CO is inhibited due to the absence of OH
species [7]. Figure 11 shows the carbon monoxide mass fraction over equivalence ratio in dependency
of the primary air ratio for quenched mixtures, that is, mixtures with ω̇CO = 0 and YOH = 0, in the
combustion chamber.
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Figure 11. Carbon monoxide mass fractions over equivalence ratio in dependency of the primary air
ratio ξ for quenched mixtures in the combustion chamber for the different cases.

Quenched mixtures are identified for very lean mixtures (Φ < 0.2) with high content of secondary
air. High carbon monoxide mass fractions resulting from quenching is not of great importance for cases
with weak (1) and moderate stratification (3), as only a spare distribution is present. A high density
of quenched pockets can be seen for the strongly stratified case 2, indicating a dense scatter with CO
concentrations up to around 5000 ppm. This is in agreement with previous findings from Lagrangian
tracer particles (see Figure 10b) revealing a significant impact of secondary air and explains the origin
of high carbon monoxide levels on the lean side at the combustor outlet for case 2 (ref. Figure 5).

Finally, the impact of secondary air on the mixture is assessed at the combustor outlet in Figure 12.

Figure 12. Equivalence ratio over primary air ratio ξ in dependency of CO for the different cases at the
combustor outlet cross-section.

A minor impact of ξ on mixtures in the weak and moderate stratified cases 1 and 3 can be observed,
as at least 80% primary air is present at the combustor outlet. The highest CO mass fractions can be
found at ξ = 1 and lower concentrations are present at leaner mixtures with higher contribution of
secondary air. For the strongly stratified case 2, however, a wide range of ξ values can be identified
with maximum carbon monoxide levels of around 1000 ppm at very lean mixtures with at least 60%
secondary air content. This is in agreement with high CO concentrations at quenched mixtures from
Figure 11 and illustrates the important role of secondary air on the mixture and the subsequent shift
towards leaner equivalence ratios, where CO oxidation rates are significantly reduced or even inhibited.

5. Conclusions

Large-eddy simulations of a high pressure full scale Siemens prototype combustor at three staged
part load conditions have been performed, demonstrating the ability to predict CO from a complex
technical combustion system and mechanisms leading to incomplete carbon monoxide burnout in
either cases were investigated. Combustion kinetics were modeled using direct reduced chemistry.
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Predictions of CO concentrations at the probe location were predicted with good agreement with the
test data. It was found, that large CO levels corresponding to operating point 1 (weak stratification)
could be related to high equivalence ratios streaks, whereas operating point 2 (strong stratification)
revealed increased CO levels on the fuel-lean side. A good CO burnout has been noted for operating
point 3 (moderate stratification). Increased CO concentrations could not be related to flame quenching
events at the cold wall. The contribution of each stage on the total mixture showed that increased CO
concentrations in the weakly stratified case 1 could be attributed to mixture inhomogeneities resulting
from poor mixing, especially of the pilot stage, while flame quenching events were identified to have
minor influence on CO in this case. Lagrangian particles revealed that cold air from effusion cooling
and from stages not operated with fuel had a significant impact on the oxidation of CO in the case with
strong stratification 2, as large numbers of mixtures could be identified where the equivalence ratio
was shifted to lean mixtures so that quenching occurred and, hence, the carbon monoxide burnout was
inhibited. Low carbon monoxide emissions in operating point 3 (moderate stratification), were found
to result from a uniform mixture distribution and no significant flame quenching effects resulting from
the interaction with secondary air.
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Appendix A. Simulation Results for the Weakly Stratified Case 1C Using the Coarse Grid

Figures A1–A3 present simulation results from case 1C being discussed in Sections 4.3 and 4.5,
respectively.

Figure A1. Joint PDF of the equivalence ratio Φ and the equivalence ratio of the individual stages ΦA,
ΦB, ΦC and ΦP for case 1C. Vertical and horizontal dashed lines mark nominal global (Φglob,1) and
fuel stage equivalence ratio.

www.gauss-centre.eu
www.lrz.de
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Figure A2. Carbon monoxide mass fraction YCO over equivalence ratio Φ in dependency of the
respective stage equivalence ratio Φstage normalized by the equivalence ratio for case 1C.

Figure A3. Lagrangian particle history of carbon monoxide in dependency of the equivalence ratio
Φ (top) and the primary air ratio ξ from the different stages for case 1C. Time is normalized by the
combustor exit time τexit. The temporal shift is related to the injection radius r.
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