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A B S T R A C T   

A low-emission tower-type coaxial-staged combustor with a pilot stage, first main stage and second main stage is 
simulated in this study. The flow field, flame structure, vortex-mixing interaction, and flame instabilities are 
predicted with large eddy simulation and partially stirred reactor model. Heat radiation is not considered in the 
simulations. The results show that the maximum of the averaged length and width of the inner recirculation zone 
are approximately 249.8 and 71.3 mm, respectively. The distributions of the fuel from various stages in the 
combustor are analyzed based on the respective mixture fractions. The pressure and heat release rate (HRR) in 
the combustor fluctuate periodically with a frequency of about 373 Hz. Both HRR and pressure fluctuations 
increase and then decrease with time, and there is a phase difference of 46.1◦ between them. Due to the com
bustion instabilities, the flame structures change periodically, including attached flame and lifted V-shaped 
flame, in one HRR oscillation cycle. Moreover, the swirling flame length also varies periodically with time. As the 
pilot stage and first main stages are turned-off, the frequency of HRR fluctuations and pressure fluctuations, as 
well as the flame root dynamics, are significantly affected. It is also found that the effects of the fuel ratio of the 
first and second main stages have a significant influence on the flame root dynamics, e.g., different degrees of 
flashback observed in different cases.   

1. Introduction 

With increasingly stringent environmental regulations, low-emission 
combustion technologies are in high demand [1,2]. Lean-premixed 
combustion is an effective method to reduce nitrogen oxide (NOx) 
emissions [3,4]. Nonetheless, it is prone to thermoacoustic oscillation 
[5–7], flashback [8,9], and local quenching [10]. Therefore, under
standing the unsteady flame behaviors are critical to develop or opti
mize low-emission combustor technologies. 

There have been numerous studies on flow and flame dynamics in 
model gas turbine combustors, in terms of fuel–air mixing, flame 
structure, and combustion instability. Stöhr [11] et al., for instance, 
visualized the fuel–air mixing by acetone-PLIF, and found that the 
vortex-induced mixing facilitates flame stabilization. They also 
concluded that the fuel–air mixing by a precessing vortex core (PVC) 
plays a significant role in stabilizing the flame. Moreover, Stöhr et al. 
[12] and Litvinov et al. [13] also mentioned the effects of the PVC on 
flame structure and mixing. They observed the effects of double helical 
vortex (DHV) in the outer shear layer (OSL). The DHV causes a regular 

sequence of flame roll-up, mixing of burned and unburned gases, and 
subsequent ignition of the mixture in the OSL. Moreover, Chen et al. 
[14] found the mixing of the fuel and air are consumed in the shear layer 
between the IRZ and mainstream in a stable flame. However, in an un
stable flame, the periodic variations of air mass flow rate would result in 
a periodic radial flapping of the fuel jets. 

Combustion instability in various configuration of gas-turbine-like 
flames is also widely investigated. For instance, Zhang et al. [15] 
explored the effects of swirl number on thermoacoustic instabilities in a 
lean premixed swirl combustor. They found that the combustor is stable 
when the swirl numbers are under 0.5. A transition from stable state to 
thermoacoustic instabilities occurs when the swirler number is 0.5 – 0.6. 
Also, Meier et al. [16] found that both the flow field and flame shape are 
different between non-pulsating and pulsating flames. Based on their 
measurements, combustion instability or pulsation at a frequency of 
around 290 Hz happens in the pulsating flame, and the fluctuations of 
pressure and heat release rate are in phase. The variations of CH4 in 
these flames results in different unmixedness of fuel and air, which 
further influences the flame and the heat release rate. Fredrich et al. [17] 
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studied the combustion instability mechanism in a gas turbine model 
combustor. Periodic pressure fluctuations at a frequency of 300 Hz in the 
air plenum and combustion chamber cause the fluctuating flow rate for 
the chamber. Meanwhile, fuel accumulation inside the swirler would 
also lead to local equivalence ratio variations. These two effects increase 
the unsteadiness of heat release, which induces combustion instability. 
Also, the fluctuating heat release rate and pressure with the growth rates 
equal to zero show a thermo-acoustic limit-period oscillation in the 
combustion. Temme et al. [18] also found that the equivalence ratio 
oscillation in the partially premixed mode is the main driving mecha
nism of thermoacoustic instabilities. Wang et al. [19] studied the flame 
structures and thermoacoustic instabilities in a centrally staged swirl 
burner with varying stratification ratios and partially premixed modes. 
With increased stratification ratio, the flame structure starts to change. 
They also found that the partial premixing in the main stage excites 
stronger thermoacoustic instabilities and thus leads to different flame 
structures. Chen et al. [20] found that stagnation points of the PVC 
provide an anchoring mechanism in both stable and unstable flames, 
while the PVC is stretched and compressed by flame oscillations, and the 
pressure fluctuations is at a frequency of about 300 Hz. Agostinelli et al. 
[21] found a weak 480 Hz peak by the pressure signal spectrum in the 
simulation of the unstable flame. A frequency of 392 Hz is the dominant 
thermo-acoustic in the study by Arndt et al. [22]. 

Despite the foregoing encouraging results on the mixing of flow field, 
flame structures and combustion instability, limited studies are focused 
on the effects of fuel mass flow rate from various injection stages on 
flame dynamics and combustion stability in a multi-stage swirler. The 
present paper addresses the above said effects in a low-emission tower- 
type coaxial-staged combustor (LETCC) fueled with methane. In our 
work, the fuels from pilot stage and/or first main stage are turned-off to 
compare the impacts of each stage. Moreover, different fuel ratios of first 
main stage and the second main stage are also investigated. The rest of 
the paper is organized as follows. The mathematical models are pre
sented in Section 2, whilst section 3 introduces the experimental 
configuration. Section 4 gives detailed numerical information, including 
operating conditions and mesh resolution. In Section 5, the results are 
presented and discussed. The main conclusions are summarized in 
Section 6. 

2. Mathematical model 

2.1. LES equation 

The filtered equations of mass, momentum, energy, and species mass 
fraction read [23] 
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∂xi
= −

∂p
∂xj

+
∂
[
ρ(τij − τsgs

ij )
]

∂xi
(2)  

∂(ρh̃s)
∂t +
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t is time, xi(i=1,2,3) the i-th spatial coordinate, and ui(i=1,2,3) the velocity 
components in the i-th direction. ρ and p are the filtered density and 
pressure, respectively. τij is the filtered viscous stress tensor. h̃s is the 

filtered sensible enthalpy, ũihs − ũih̃s the enthalpy fluxes, μ the dynamic 
viscosity, and ω̇T the heat release rate. Sc and Pr are the Schmidt and 
Prandtl numbers, respectively. ̃Yk is the mass fraction of the k-th species, 
and ũjYk − ũiỸk is the k-th species mass flux. The reaction source term ω̇k 

is estimated with a sub-grid scale (SGS) combustion model, which will 
be detailed in Section 2.2. 

The SGS stress tensor τsgs
ij from Eq. (2) reads 

τsgs
ij = ũiuj − ũiũj =

1
3
δijτkk + 2νsgsSij (5)  

in which δij is the Kronecker delta function. Sij is the resolved strain rate 
tensor 

Sij =
1
2
(
∂ui

∂xj
+

∂uj

∂xi
) (6)  

νsgs is the SGS viscosity. The SGS stress tensor is modelled with the wall- 
adapting local eddy-viscosity (WALE) model [24]. 

2.2. Combustion model 

The partially stirred reactor (PaSR) model [25] is used to predict the 
resolved chemical reaction rates in LES and this model has been widely 
adopted in previous studies, e.g., [26–29]. In the PaSR model, the 
computational cell is divided into two parts, i.e., a reacting zone and a 
non-reacting zone. The reaction rate can be calculated from [30] 

ω̇k = ω̇(ρ,Yk, T) =
τc

τc + τm
• ω̇
(

ρ̃, Ỹk, T̃
)

(7)  

where τc and τm are the chemical reaction and turbulent mixing time
scales, respectively. The chemical reaction timescale τc is estimated from 
the laminar flame speed su at the laminar flame thickness δu, i.e., τc ≈

δu/su [31]. The turbulent mixing timescale τm is calculated from 

τm = 0.5
̅̅̅̅̅̅̅̅̅τΔτk

√
(8) 

(a) x

y
z

Cooling 
Holes

(b)

Fig. 1. A schematic of a tower-type coaxial-staged combustor.  
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where τΔ = Δ/
̅̅̅̅̅̅̅̅̅̅̅
2k/3

√
is the sub-grid scale timescale, τk = (ν/ε)1/2 the 

Kolmogorov time scale, k the SGS kinetic energy, ν the laminar kine
matic viscosity, and ε the dissipation rate. 

3. Experimental configuration 

A schematic of tower-type coaxial-staged combustor is shown in 
Fig. 1(a). Dry air enters a square plenum (165 mm × 165 mm) and flows 
into the combustor along two directions. Majority of the air passes the 
swirlers and enters the combustor, whilst the rest enters the combustor 
through the cooling holes, as annotated in Fig. 1(b). There are three 
stages of the swirler system, including one pilot stage and two main 
stages, as marked in Fig. 2(a). The multi-stage system is designed for 
achieving low NOx and stable combustion. The air passes the pilot stage 
and the first main stage along the axial direction. The air in the second 
main stage enters the swirler in an oblique radial manner, which is 
termed as tower swirler. The fuel is pure methane, and the injectors with 
a diameter of 1 mm, they are located on the blade sides in two main 
stages and hub in the pilot stage, as illustrated in Fig. 2(a). The total 
numbers of the fuel injectors in the pilot stage, the first main stage and 
second main stage are 6, 32 and 64, respectively. 

The details of the swirlers are demonstrated in Fig. 2(b) and their 
geometrical parameters are listed in Table 1. Di and di are the diameters 
of the inlet and outlet. In this study, the blade angle is 50◦ for the two 
main stages and 45◦ for the pilot stage. Based on the velocity profiles at 
the exit of each main stage, the swirl number, S, is calculated as the ratio 
between the tangential and axial momentum fluxes [12,32], i.e., 

S =

∫ R

0
ρuv2πr2dr/(R

∫ R

0
ρu22πrdr) (9) 

Based on Eq. (9), the swirler number are 0.65, 0.7 and 0.83 for the 
pilot stage, the first and second main stages, respectively. 

4. Numerical implementation 

4.1. Numerical method 

The LES is performed on the ASPIRE 1 Cluster from National Su
percomputer Centre in Singapore using 720 cores, and the governing 

equations are solved with OpenFOAM 6.0 [33]. The detailed mechanism 
for methane combustion, GRI 3.0 [34], is adopted, which has 53 species 
and 325 elementary reactions. The PIMPLE algorithm [35] is applied to 
solve the pressure–velocity coupling. The unsteady terms are discretized 
by a first-order Euler scheme and the time step is 10− 6 s. The linear- 
upwind stabilized transport scheme is used for the convection terms in 
the momentum equations, whilst the total variation diminishing scheme 
for the convection terms in the energy and species equations. The central 
differencing is used for the diffusion terms in Eqs. (2) - (4). 

To increase the computational efficiency (or save the computational 
time) when detailed chemistry is considered, the Tabulation of Dynamic 
Adaptive Chemistry (TDAC) method, which combined in-situ adaptive 
tabulation (ISAT) and dynamic adaptive chemistry (DAC) reduction, is 
used in this work. The IAST [36,37] is a tabulation method and aims to 
reuse the previously computed results to decrease the effect of the 
number of cells. Moreover, the DAC [38] is an on-the-fly mechanism 
reduction method to reduce the mechanism size. The search initiating 
species include CH4, CO, and HO2. These species play primary roles in 
the fuel decomposition, CO oxidation, and H2 reactions. The tolerances 
for the DAC and ISAT are 10-3 and 10-4, respectively [39]. 

4.2. Simulation case 

The operating conditions of the tower-type coaxial-staged combustor 

d0 d1D0D2 D1 d2Pilot
Stage

1st Main 
Stage

2nd Main 
Stage

(a) (b)

Fuel 
Holes

L0 L1 L2

Fig. 2. (a) Structure of the swirler and (b) the diameter and exit location of the swirler. The subscripts of 0, 1, and 2 present the pilot stage, the first main stage and 
second main stage, respectively. Li indicates the exit locations of different stages. 

Table 1 
Geometrical parameters of the swirler.  

D0[mm] D1[mm] D2[mm] d0[mm] d1[mm] d2[mm] 

16 55 116 9 35 82  

Table 2 
Fuel and air conditions. Mair and MCH4 are the total mass flow rates of air and 
CH4 respectively, Tair and Tch4 are the air temperature of air and CH4, ϕ equiv
alence ratio, and p pressure.  

Mair[kg/s] 0.17 MCH4 [kg/s] 0.0052 

Tair[K] 600 TCH4 [K] 300 
ϕ[-] 0.55 p [MPa] 0.1  

Table 3 
Information of case 0–4. MCH4 − pilot , MCH4 − 1st and MCH4 − 2nd are the fuel mass flow 
rates in the pilot, first and second main stages. Φ1st and Φ2nd are the equivalence 
ratio of the first and second main stages. RΦ = Φ1st/Φ2nd and RM =

MCH4 − 1st /MCH4 − 2nd .  

Case RΦ RM MCH4 − pilot[g/s] MCH4 − 1st [g/s] MCH4 − 2nd [g/s] 

0 1:1 1:5.7 0.0921 0.75  4.36 
1 1:1 1:5.7 0.0921 0.75  4.36 
2 1:1 1:5.7 0 0. 76  4.44 
3 0 0 0 0  5.2 
4 5.7:1 1:1 0.0921 2.55  2.55  
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are tabulated in Table 2. The total mass flow rate of the air is 0.17 kg/s, 
whereas the air through the cooling holes accounts for about 5% by 
mass, the cooling air is not considered in the estimation of the global 
equivalence ratio (ϕ) in Table 2. In this paper, we will investigate four 
cases, considering various methane mass flow rates in each stage. Their 
details are given in Table 3. Cases 0 and 1 have the same conditions, but 

they respectively consider nonreacting and reacting flows. Case 1 is 
deemed the baseline case for flame simulations, in which the methane is 
injected from all stages. As seen from Table 3, the ratio of the mass flow 
rates of two main stages is 1:1. The fuel percentages from the pilot, first, 
and second main stages are 0.0921, 0.75 and 4.36 g/s, respectively. The 
air percentages from the pilot, first, and second main stages are 0.026, 
0.238, 1.37 kg/s. To reduce the NOx, the equivalence ratio of the pilot 
stage is designed as 0.6, so the fuel of the pilot stage is 0.0921 g/s. The 
equivalence ratio of the first and second main stage is 1:1, and the fuel 
flow rates of the first and second stage are 0.75 and 4.36 g/s, respec
tively. In case 2, the pilot fuel is switched off, with the main stage 
conditions identical to those in case 1. Comparisons between case 1 and 
2 would reveal the influences of pilot fuel injection on flame dynamics. 
Moreover, in case 3, both fuels from the pilot and first main stages are 
deactivated, and comparisons between case 1–3 can illustrate the effects 
of the first main stage. Furthermore, case 1 and 4 aim to explore the 

Table 4 
Fuel initial velocity in case 0–4. Vpilot , V1st and V2nd are the velocity of pilot stage, 
the first main stage and the second main stage, respectively.  

Case Vpilot[m/s] V1st [m/s] V2nd [m/s] 

0 30.35 46.60  134.51 
1 30.35 46.60  134.51 
2 0 47.4  136.94 
3 0 0  160.66 
4 30.35 157.8  78.90  

Fig. 3. (a) CFD mesh distribution at y = 0 plane, (b) local mesh refinement area, (c) surface meshes of the swirler, and (d) the blade.  
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Fig. 4. Radial profiles of mean axial velocity at different streamwise locations in nonreacting flow, (a) z = 15 mm, (b) z = 20 mm, (c) z = 30 mm, (d) z = 40 mm, (e) 
z = 50 mm, (f) z = 60 mm. Circle: experiment data, red solid line: mesh I, blue solid line: mesh II. 
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Fig. 5. Radial profiles of mean radial velocity at different streamwise locations in nonreacting flow, (a) z = 15 mm, (b) z = 20 mm, (c) z = 30 mm, (d) z = 40 mm, (e) 
z = 50 mm, (f) z = 60 mm. Circle: experiment data, red solid line: mesh I, blue solid line: mesh II. 

Fig. 6. (a) Resolved axial velocity (ũz), (b) averaged axial velocity (uz), (c) resolved swirl velocity (ũy), and (d) averaged swirl velocity (uy) at z = 0 mm, (e) – (h) ũz, 
uz, ũy and uy at the first main stage outlet, (i) – (l) ũz , uz, ũy and uy at the second main stage outlet. White solid line: zero axial velocity. Results from case 1. 
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effects of the fuel ratio of first and second main stages and different 
ratios, RΦ, are considered in Table 3. 

For the air inlet, the temperature, pressure, and velocity are 600 K, 
100,000 Pa and 10.75 m/s, respectively. Uniform velocity with specified 
turbulent fluctuations (2%), zero-gradient pressure, and zero mixture 
fraction are enforced for the air inlet. For the fuel inlet, the CH4 mass 
fraction and temperature are 1.0 and 300 K respectively. The fuel is 
injected into the domain normal to the fuel inlet, and the velocities in 
different stages are summarized in Table 4, which are estimated based 
on Table 3. No inlet turbulence is considered for the fuel streams. Total 
pressure condition is enforced for the pressure at the outlet, whereas the 
zero-gradient condition is for the rest variables. The walls are assumed 
to be non-slip and adiabatic. 

4.3. Mesh sensitivity analysis 

Two meshes (termed as mesh I and II hereafter) are generated to 
evaluate the sensitivity of the LES results to the CFD mesh resolution. 
The cell distributions in the combustor and over the swirler surface from 
mesh I are shown in Fig. 3. Note that the minimum and maximum cell 
sizes are the same in two meshes, which are 0.08 and 5 mm, respec
tively. For the swirler and flame regions, the cells are refined to 1 and 
0.8 mm in mesh I and II respectively, to capture the detailed flow and 
flame structures. In both meshes, the cells become coarser further in the 
upstream plenum and downstream of the combustor. The total cell 
number is 6.76 and 12.29 million in mesh I and II, respectively. 

Moreover, based on our posterior examination of the simulation results, 
y + of mesh I and II is lower than 9.6 and 8.9 at the combustor walls, 
respectively. 

Here we validate our numerical method and solver based on non
reacting flow experimental data, i.e., case 0, measured in Harbin Engi
neering University. The velocity components in the non-reacting flow 
were measured by particle image velocimeter (PIV) made by TSI Inc. 
The PIV system include a double-pulsed Nd: YAG laser (New Wave Inc), 
a CCD camera (PowerView 4MP) and a synchronizer. The laser has a 
wavelength at 527 mm and frequency at 15 Hz. The pixel resolution of 
camera is 1600 × 1200. TiO2 seed particles mix the air before entering 
the combustor, which make the flow field visible. Vector fields were 
computed from particle image spatial cross correlations using the 
INSIGHT 3G software. In experiment, the straight section is used instead 
of the chamfer in the corner of the combustion chamber. Meanwhile, the 
cooling holes are also simplified. In this case, only air is injected with a 
mass flow rate of 0.15 kg/s, and the temperature and pressure are 300 K 
and 1 atm, respectively. 

Figs. 4 and 5 compare the distributions of mean axial and radial 
velocities along the x-direction. In general, the axial velocities captured 
by the LES are well consistent with the experimental data. The locations 
of the shear layers and the magnitude of the maxima and minima are 
predicted accurately at different axial locations. The peaks of the mean 
axial velocity correspond to the shear layer, which decrease from 28 m/s 
at z = 15 mm to 22 m/s at z = 60 mm. Moreover, the negative axial 
velocities indicate existence of a recirculation zone. The increase in the 

Fig. 7. (a) – (c) Resolved mixture fraction of the pilot stage (ξ̃0), the first stage (ξ̃1) and the second stage (ξ̃2), (d) – (f) averaged mixture fraction of the pilot stage 
( ξ0 ), the first stage (ξ1) and the second stage (ξ2), (g) – (i) radial profiles of averaged mixture fraction along × – direction at z = 4.5, 20 and 40 mm. White dashed 
line: z = 4.5, 20 and 40 mm. Red solid lines are the isoline of ξ = 0.02. Results from case 1. 
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x-direction size of this zone implies that the recirculation zone gradually 
expands from z = 15 to 60 mm. Likewise, Fig. 6 shows the profiles of 
mean radial velocity at the same locations. Overall, the mean axial and 
radial velocities can be accurately captured with our LES. The LES-PaSR 
model is also validated in our previous work [40]. As shown in Figs. 4 – 
5, the predicted velocities are almost the same using mesh I and II. In the 
following analysis, mesh I is used. 

5. Results and discussion 

5.1. Velocity and mixing fields in reacting flow (case 1) 

Fig. 6 shows the contours of resolved and time averaged velocities in 
case 1. Note that Fig. 6(e)-6(h) and 6(i)-6(l) are the velocities at the first 
and second stage outlet. Immediately downstream of the swirlers, highly 
rotating flows can be observed, featured by large axial and swirl ve
locities. A long inner recirculation zone (IRZ) is generated in Fig. 6(a)-6 
(b), which starts downstream of the pilot stage. The width of the IRZ 
increases gradually along the flow direction, leading to a triangular 
structure. Based on the average axial velocity distribution in Fig. 6(b), 
the maximum of the length and width of the IRZ are approximately 
249.8 and 71.3 mm, respectively. In addition, the outer recirculation 
zone (ORZ) is formed due to the confinement of the combustion cham
ber wall. The multi-stage fuel injection in this combustor is applied, and 
the swirl number of the first main stage (0.7) is lower than that of the 
second main stage (0.83), and hence the filtered and average swirl ve
locities, ũy and uy, are generally lower than those from the second stage, 
as can be found in Fig. 6(c) and 6(d). The dark red region in Fig. 6(e) and 
6(f) is due to contraction of the outlet of the first main stage, which 
pronouncedly increases the axial velocity. The distributions of ũy and uy 

are similar at the downstream of the pilot stage and the first main stage, 
as illustrated in Fig. 6(g)-6(h) and Fig. 6(k)-6(i). This implies that the 
swirling flows from the second main stage dominate the aerodynamics 
in the combustor. 

Fig. 7 shows the resolved and time averaged mixture fraction in case 
1. The distributions of mixture fraction from the pilot, first and second 
stages in the combustor is shown separately. Since the fuel mass flow 
rate of the pilot stage accounts for<2% of the total fuel mass flow rate, 
the mixture fraction of the pilot stage is<0.01 in Fig. 7(a). The fuel of the 
pilot stage is mainly located in the red box (at − 25 mm < x < 25 mm and 
z < 40 mm) in Fig. 7(a). After the fuel leaves the exit of the first stage 
swirler, it moves in the axial direction and no radial expansion is 
observed at z < 40 mm in Fig. 7(b). Moreover, at 40 mm < z < 100 mm, 
the fuel expands to the whole combustor. The first-stage fuel is mainly 
located near the IRZ, and a very small amount of them can be observed 
in the ORZ. In Fig. 7(c), the second-stage fuel rapidly transports to the 
ORZ subject to the swirling flows, and the high-concentration region is 
located at 50 mm < z < 80 mm. The red pockets in Fig. 7(c) indicate the 
localized rich area, e.g., caused by imperfect mixing. There is no 
discernable second-stage fuel in the red box (at − 25 mm < x < 25 mm 
and z < 55 mm) in Fig. 7(c). Combining the analysis of Fig. 7(a)-7(b), 
one can conclude that the fuels in the red box are from the first (mainly) 
and pilot stages. 

Fig. 7(d)-7(f) are the corresponding time-averaged mixture fraction. 
Considering that the values of the mixture fraction at three stages are 
quite different, the isoline of ξ = 0.02 is selected for clear illustrations. 
As shown in Fig. 7(d), the high-concentration pilot stage fuel is mainly 
located between the pilot stage exit (z = -21.5 mm) and the first stage 
exit (z = -10.5 mm), with V-shaped distribution in the red box. In Fig. 7 
(e), the first-stage fuel exhibits V-shaped distribution in the combustor, 
and most of the fuel is located at − 25 mm < x < 25 mm and z < 30 mm. 
Moreover, most of the second-stage fuel is beyond the isoline of ξ = 0.02 
in Fig. 7(f). 

Fig. 7(e)-7(i) are the radial profiles of averaged mixture fraction 
along × – direction at z = 4.5, 20 and 40 mm. As shown in Fig. 7(g), a 

very small amount of the pilot stage fuel exists at z = 4.5 mm (i.e., the 
exit of the second stage swirler). The peak of the first-stage fuel lies at ×
= ± 11.45 mm with maximum value of 0.0274. The peak of the second- 
stage fuel is located at × = ± 30 mm with maximum value of 0.0389. 
The mixture fraction from the second stage is zero at − 20 mm < x < 20 
mm, which is consistent with the finding in Fig. 7(g). The variations of 
the mixture fraction at each stage are generally similar in Fig. 7(h) and 7 
(i). As the fuel is transported downstream and has efficient mixing with 
the air, the mixture fraction peak value is decreased along the × - di
rection. As shown in the blue box in Fig. 7(h) and 7(i), only the second 
stage fuel exists in the ORZ, ξ2 in the ORZ at z = 20 mm is slightly lower 
than that at z = 40 mm. 

5.2. Flame instability 

Fig. 8(a) shows the time history of the resolved HRR in case 1, and 
the HRR is calculated by the volume averaging of the resolved HRR in 
the whole computational domain. The theoretical (based on the lower 
heating value) and average values of the HRR are 20.32 MJ/(m3s) and 
19.66 MJ/(m3s), respectively. The incomplete combustion in the 
combustor makes the average HRR slightly less than the theoretical 
value. One can see that the HRR fluctuates periodically with time, and 
the average period is about 2.62 ms. The time series of the pressure in 
the air plenum and combustor and the averaged HRR fluctuations are 
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shown in Fig. 8(b). The two pressures are probed from the locations, P1 
and P2, as marked in Fig. 6(a). These two probes are from the upstream 
plenum and combustion chamber. The pressure fluctuations share the 
same period as that of the HRR oscillations, but the phase difference of 
the upstream plenum and combustor pressure fluctuations is 23.3◦. The 
phase difference of the HRR fluctuations and combustor pressure fluc
tuations is 46.1◦, the phase difference is within the π/2 limit, which 
satisfies the Rayleigh criterion[41]. In addition, the constant amplitudes 
of the HRR and pressure indicate that the instability has reached the 
limit period oscillation. The signal spectra of the HRR and pressure are 
computed by fast-Fourier transform, and the results are characterized by 
a peak at approximately 373 Hz in Fig. 8(c). The maximum amplitude of 
the combustor pressure fluctuation and HRR are approximately 13.28 
kPa and 31.9 MJ/(m3s), respectively. 

These amplitudes may be much smaller at higher operating pressure. 
In the following, we will discuss the evolutions of the flame 

morphology within one HRR oscillation period as marked by the arrows 
in Fig. 8(a). Figs. 9-10 demonstrate the distributions of the resolved 
temperature and HRR at different instants within that period. The flame 
front is extracted from the isolines of T = 1,500 K. The width (W) of the 
flame envelope is the distance between the maximum and minimum 
locations in the x-direction, whilst the flame length (L) is the distance 
between the maximum location in the z-direction and the pilot stage 
exit. Fig. 11 shows the evolutions of the flame length L within one HRR 
oscillation period. 

At t0 ms, i.e., the beginning of a HRR oscillation period, the flame is 
relatively compact, attached to the burner exit. Both flame length and 
HRR are the smallest. Then both flame length and width increases, and 
the flame becomes V–shaped at t0 + 0.4 ms, which is even more 

pronounced at later instants in Fig. 9(c) and 9(d). Meanwhile, higher 
HRR can be observed along the flame front in Fig. 10(b). Due to the IRZ 
effects, more fresh gas is ignited in the region marked by the white 
arrow, and hence the central flame propagates upstream at t0 + 0.8 ms. 
Due to the significant flame expansion in both longitudinal and radial 
directions, the flame or hot gas directly interacts with the chamber wall. 
This may remarkably increase the heat exchange between the gas and 
chamber walls, leading to the pulsed thermal load variations. Moreover, 
there is increased degree of local flame extinctions in the IRZ, see the 
arrow in Fig. 9(d) at t0 + 1.2 ms. The flame length continues to increase 
from t0 to t0 + 1.6 ms, with relatively strong heat release for these 
instants. 

The HRR and flame length peak at around t0 + 1.6 ms. After t0 + 1.6 
ms, the flame length, width and HRR gradually decrease, which char
acterize the second half period. It is worth noting that there is a rapid 
decrease of flame length between t0 + 1.6 and t0 + 1.8 ms as revealed in 
Fig. 11. The flame length decreases from 0.438 Lc to 0.28 Lc. During 
these rapid transition, the flames are broken and some isolated flamelets 
can be observed, which are not connected to the whole flame. However, 
the flame length is calculated from the flame root to the whole flame 
maximum in the z - direction, and these flamelets are not included. After 
t0 + 2.4 ms, the flame becomes compact again and attached to the 
burner exit, like the results at t0 ms. A new HRR oscillation period starts. 

Fig. 12 demonstrates the oscillations of the pressure, axial velocity, 
and HRR in case 1. Specifically, Fig. 12(a)-12(b) show the pressure 
variations at the flame regime and upstream plenum, respectively. Note 
that t is one period of pressure oscillation, and t1 is the time for pressure 
oscillation in the combustor propagating upstream into the plenum. The 
pressure oscillation of the plenum in Fig. 12(b) would also lead to 

Fig. 9. Distributions of resolved temperature at different instants. Solid line: iso-line of T = 1,500 K. Image size: 165 mm × 245 mm. Results from case 1.  
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velocity oscillation in Fig. 12(c). t2 is the time delay between the velocity 
and pressure in the plenum, whilst t3 is the time for the velocity oscil
lation in the plenum spreading downstream to the flame in Fig. 12(c). 

As shown in Fig. 12(d), the velocity oscillations in the combustor are 
accompanied by secondary high-frequency fluctuations, due to wrinkled 
flames and high turbulence intensity. The response of the HRR is slightly 
delayed due to the mixing of reactant and chemical reactions. Therefore, 
t4 is deemed the reaction delay time. t, t1, t2, t3 and t4 are about 2.61, 
0.38, 0.68, 0.547 and 0.796 ms, respectively. The time between the HRR 
oscillation and pressure oscillation is sum of t1 − t4 and about 2.4 ms, 
which is consistent with the analysis in Fig. 8(b). The pressure oscilla
tion would propagate upstream and downstream and cause the velocity 
oscillation, and the velocity oscillation will further affect the HRR. The 
HRR oscillation also in turn affects the pressure oscillation. 

Fig. 10. Distributions of resolved heat release rate at different instants. Image size: 165 mm × 245 mm. Results from case 1.  
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5.3. Flame root dynamics 

Fig. 13 show the distributions of the resolved HRR at the flame root 
in one HRR oscillation period. At t0 ms, the fluid in the ORZ is entrained 
by the vortex V1 at the flame root, and then V1 moves downstream at t0 
+ 0.4 ms. Subsequently, a small amount of the fluid in the ORZ flows 
into the second stage, and therefore the small vortices at the swirler exit 
at t0 and t0 + 0.8 ms vanish, as indicated by the red frame in Fig. 13. At 
t0 + 1.2 ms, the flame root moves towards the second stage with a large 
amount of fluid in the ORZ, and its HRR near the flame root is generally 
lower than the other sections of the flame front. At t0 + 1.6 ms, the fresh 
gas pushes the flame roots downstream again, and an isolated island that 

is not connected to the whole flame appears (see the red arrow in 
Fig. 13e). After t0 + 2.4 ms, the vortex V1 appears again, and the flame 
root moves towards the ORZ as well. 

Fig. 14 shows the distributions of the resolved HRR and OH mass 
fraction at z = 10 mm plane. The radius of black reference line is 42 mm, 
equal to the radius of the second stage exit. The HRR and high OH mass 
fractions are mainly concentrated on the reference line at t0 ms. Then the 
flame root shrinks inwards at t0 + 1.6 ms. A small amount of HRR and 
OH is on the surface of the reference line, and most of the HRR and OH is 
on the outside of the reference line at t0 + 2.4 ms. 

As shown in Fig. 15, the flame root changes with time periodically. It 
should be noted that the flame root location is extracted based on the 

Fig. 13. Distributions of resolved HRR and streamlines near the flame root. Image size: 66 mm × 60 mm. Results from case 1.  

Fig. 14. Distributions of resolved HRR and OH mass fraction at z = 10 mm plane. Image size: 144 mm × 166 mm. Results from case 1.  
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three-dimensional iso-surface of T = 1500 K in the domain. The period 
marked by the red arrows is the same cycle as discussed in Figs. 9 – 11. 
Some of the flame roots are located around the exit of the second stage, 
and the data in the red box mainly exist between the exits of the pilot 
and first stages, which indicates that the flashback happens only in the 
second main stage. Due to the data obtained from the three-dimension, 
the flashback at the flame root may be not shown in y = 0 mm plane, but 
the flame at these times is similar to that in Fig. 13(d). 

The minima and maxima of the instantaneous flame root location in 
Fig. 15(a) are opposite to those of the HRR shown in Fig. 15(b). Spe
cifically, the HRR is relatively small at the beginning of a period, and the 
flame root lies at the exit of the second stage swirler. As the HRR in
creases, the chemical reactions become intense and the mixing is 
stronger, which make the flame root move upstream. Subsequently, due 

to decreased HRR, the flame root starts to move downstream and 
eventually returns to the swirler exit. In general, the fluctuations of the 
HRR affect the reaction intensity and mixing therefore the flame root 
location. 

5.4. Effects of fuel mass flow rate from each stage 

Up to this point, only case 1 has been discussed, in which the fuel is 
injected from all stages, i.e., pilot stage, first and second main stages (see 
their configuration in Fig. 2). The effects of different fuel mass flow rates 
from each stage will be studied in this section through cases 1–3 (their 
mass flow rates are shown in Table 3). To re-iterate, in case 2, the pilot 
fuel is switched off, whereas in case 3 both first main and pilot fuel is off. 
Note that the three simulations start with an identical initial field. 

Fig. 16 shows the time series of pressure fluctuations (p’), HRR, and 
flame surface area (Af ) in cases 1–3. The data is calculated from the 
probe P2 marked in Fig. 6(b). As shown in Fig. 16(a), the initial three 
cycles are very close. Nonetheless, the periods become appreciably 
different after that, indicating that different oscillations appear in the 
combustor. In Fig. 16(b), in case 3 without pilot fuel and first main fuel 
supply, the amplitudes of the HRR have no significant changes. More
over, the difference in the HRR periods is not as obvious as that in the 
pressure fluctuations. It is worth noting that the period of pressure 
fluctuation is smaller than that of HRR fluctuation, and the phase dif
ference exists between them. The phase differences are 46.1◦, 9.2◦ and 
24.2◦ in case 1–3, respectively. This is because HRR fluctuations are 
correlated to the pressure fluctuations, it needs finitely long duration to 
respond to the pressure changes, and their detailed relations will be 
discussed later. The phase differences are within the π/2 limit in all 
cases, satisfying the Rayleigh criterion [39]. 

Fig. 16(c) shows the time sequence of the flame surface area. One can 
see the periodic change of the flame surface area when combustion 
instability occurs. The oscillation frequency and magnitude in case 1 is 
close to those of case 2, indicating that there is no significant influence 
from the pilot fuel. This is because the mass flow rate of the air and fuel 
on the pilot stage is <2% of the total air and fuel flow rates. Moreover, in 
case 3, all the fuels are injected from the second stage, and less fuel 
would penetrate the upstream of the IRZ, and therefore the flame surface 
area decreases. 

Fig. 17 compiles the instantaneous locations of the central flame root 
(CFR) in cases 1–3. CFR is extracted from the isolines of T = 1,500 K in a 
cylindrical domain, defined by 

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
x2 + y2

√
< 20 mm. The data points are 

colored by the streamwise coordinate, and the value of 4.5 mm in the 
color bar is the outlet of the second stage, i.e., L2 in Fig. 2(b). The purple 
points mean that the CFR is below the burner exit (i.e., L2) and the 
flashback happens in the second stage. No purple points exist in Fig. 17 
(a)–17(b), which indicates that no instantaneous flashback happens in 
cases 1 and 2. Most of the points are green and yellow, whilst limited 
points are orange and no points are purple in Fig. 17(a). This means that 
no flashback happens in case 1 and for most of the time the CFR are 
located between 15 and 55 mm (i.e., 10.5 – 50.5 mm off the burner exit). 
The CFR of case 2 is basically similar to that of case 1, but less CFR in 
case 2 locate further downstream, i.e., blue points in Fig. 17 (b). 
Nonetheless, flashback happens, evidenced by the increased purple 
points in case 3 in Fig. 17(c). Overall, we can know from the above 
analysis that: (1) when the pilot stage is deactivated, the CFR is less 
affected; (2) when both pilot stage and first main stage are off, flame 
flashback will be more likely to happen. 

The effects of fuel ratio of the first and second main stages on the 
flame unsteadiness will be also discussed. The inputs in cases 1 and 4 are 
compared and their details are tabulated in Table 3. The fuel ratio of the 
first and second main stages are 1:5.7 and 1:1 for cases 1 and 4, 
respectively. Fig. 18 shows the time series of HRR, pressure fluctuation, 
and flame surface area. Apparently, all of them change periodically. The 
amplitudes of HRR in case 4 are higher than that in case 1. Compared to 
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case 1, change of the flame surface area in case 4 are larger, with the 
maximum and minimum being 0.61426 and 0.04272 m2, respectively. 
This is mainly caused by the different global equivalence ratios of each 
stage. Specifically, the equivalence ratio in the first and second main 
stage are 0.54 (hence globally fuel lean) in case 1. The fuel flow rate 
ratio of the first and second main stages is 1:1 in case 4, which means 
that the equivalence ratio of two stages is 1.83 and 0.31, respectively, 
indicating globally fuel-rich composition from the first main stage and 
lean-rich from the second one. Fuel-rich composition in the first main 
stage may lead to flame flashback, which would lead to strong com
bustion unsteadiness. Therefore, the amplitudes of pressure fluctuation, 
HRR and flame surface area in case 4 are all higher than those in case 1. 

The effects of fuel ratio of the first and second main stages on the 
location of central flame root are shown in Fig. 19. As discussed in 
Fig. 17, no flashback happens in case 1. However, it is different in case 4. 
The reader should be reminded that the value of − 21.5, − 10.5 and 4.5 
mm in the color bar in Fig. 19(b) correspond to the exit locations of the 

pilot, first and second stages, i.e., L0 − L2 in Fig. 2(b). The green, orange, 
and red points indicate that the CFR is higher than the second main stage 
and no flashback happens. The light blue points are located between the 
exit of the first and second main stages, which means that the flashback 
happens in the second main stage. The dark blue and purple points with 
R > I, I < R < II and R > II mean that the CFR is in the pilot stage, first 
stage and second stage. From the above analysis, we can see that the 
equivalence ratio of the first main stage plays an important role in 
occurrence of the flame flashback. 

The central flame root location and flame flashback are similar in 
cases 1–3, while they are quite different between cases 1 and 4. There
fore, the central flame root location and flame flashback in case 4 will be 
discussed. One oscillation period in case 4 is selected for analyzed, and 
the period is about 2.7 ms, and the flashback occurs at t0 + 1.2 ms and 
ends at t0 + 2.2 ms. Fig. 20 is the resolved temperature and streamlines 
in case 4, which can show the progress of flashback. There is no flash
back at t0 + 0.6 ms. As the high-temperature burned gas moves up
stream, the vortex (V1) moves downstream, and a small amount of high- 
temperature burned gas (H1) is separated from V1 att0 + 1.2 ms. 
Therefore, the flashback happens in the second stage at this moment. V1 
and V2 att0 + 1.2 ms are combined as V1 att0 + 1.2 ms, the downstream 
movement of V1 makes more hot gas into the second main stage. Fromt0 
+ 1.2 ms tot0 + 1.8 ms, H1 is gradually approaching the right side of the 
first main stage, and the flashback is more obvious. The flashback 
happens in the first and second stage fromt0 + 1.4 ms tot0 + 1.8 ms. The 
flame is pushed downstream due to the increased velocity of the 
incoming air att0 + 2.0 ms. The flashback is relatively weakened and 
disappears att0 + 2.0 andt0 + 2.2 ms, respectively. As discussed in this 
paragraph, the flashback is due to the flame propagation upstream. The 
flashback occurs when the flame propagation velocity is greater than 
that of fresh mixture, and the flame propagates upstream into the 
swirler. This can also explain why no flashback exists in case 1. Due to 
the effect of the fuel ratio of the first and second main stages, the HRR of 
case1 is smaller than that of case4 in Fig. 17(b), and the distance or 
ability of flame to propagate upstream of case 1 (as shown in Fig. 9) is 
much smaller than that of case4. Therefore, flashback only happens in 
case 4. 

6. Conclusions 

The LES/PaSR model with a GRI 3.0 mechanism is used to simulate 
the flow field, vortex-mixing interaction, and flame dynamics in low 
emission tower-type coaxial-staged combustor. The fuel, methane, is 
injected from three stages, namely, the pilot stage, the first main stage 
and the second main stage. Radiation is not considered in the LES. The 
velocities solved by LES are in good agreement with the experimental 
data in non-reacting flows. The following conclusions can be obtained: 

Fig. 17. Locations of central flame root in (a) case 1, (b) 2, and (c) 3. The black dashed lines (R = 5.65 and 17.5 mm) are the radii of the exits of the pilot and first 
stages. Case 1: the fuel injected from all stages, i.e., pilot stage, first and second main stages; case 2: the pilot fuel switched off; case 3: both first main and pilot fuel 
switched off. 
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(1) The inner recirculation zone (IRZ) and the outer recirculation 
zone (ORZ) are formed in the combustor, and the maximum of the 
average length and width of the IRZ are approximately 249.8 and 
71.3 mm. Based on the time averaged mixture fraction, the pilot- 
stage fuel exists at − 25 mm < x < 25 mm and − 21.5 mm < z < 40 
mm. The first-stage fuel exhibits a V-shaped distribution in the 
combustor. Most of the first-stage fuel is located at − 25 mm < x 
< 25 mm and z < 30 mm. The second-stage fuel mainly exists in 
the ORZ and z > 100 mm.  

(2) In case 1, the pressure and heat release rate in the combustor 
fluctuate periodically with a frequency of around 373 Hz. Both 
HHR and pressure fluctuations increase and then decrease with 

time, and there is a phase difference of 46.1◦ between them. The 
maximum amplitude of the combustor pressure fluctuations and 
HRR are approximately 13.28 kPa and 31.9 MJ/(m3s), respec
tively. The flame shape changes periodically from attached flame, 
V-shaped flame, to attached flame in one HRR cycle. Moreover, 
the flame length increases first and then decreases with time. 
Furthermore, in case 1, vortex dynamics significantly change the 
behaviors of the flame root. The flame roots move upstream and 
then downstream when the heat release rate is relatively lower.  

(3) The pilot stage and first main stages are turned-off, to examine 
the effects of the fuels from various stages. It is found that the 
combustion instabilities occur in all cases. The heat release rate 

Fig. 19. Central flame root location: (a) case 1 and (b) case 4. Black dashed lines (I and II) indicate the radii of the exits of the pilot and first stages. The fuel ratio of 
the first and second main stages are 1:5.7 and 1:1 in cases 1 and 4, respectively. 

Fig. 20. Time sequence of the resolved temperature in case 4. The streamlines are colored by temperature.  
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fluctuations and the pressure fluctuations are in phase, and the 
dominant frequencies are 373 Hz, 402 Hz and 420 Hz, respec
tively. The central flame root moves upstream in cases 1–3. One 
also find that the effects of the fuel ratio of the first and second 
main stages have a significant influence on heat release rate 
fluctuations, pressure fluctuations, and the central flame root 
behaviors. 
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