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Abstract

The flame dynamics in a novel, ultra-lean non-premixed model GT burner flame was numerically studied
using LES (Large Eddy Simulation) coupled with PDF (Probability Density Function) based on the ESF
(Euler stochastic field) method. One non-reacting case and three reacting cases with global equivalence
ratio ¢g0p = 1.0,0.6,0.3 were simulated. Comparison of mean flow fields and OH distributions between
numerical and experimental results was conducted. Flame dynamics including flame stabilization, structures
and transitions of combustion modes were investigated. The simulation results were in close agreement
with the experimental measurements showing the PDF-ESF LES model capable of predicting the flame
behaviors. At higher ¢g4.p, the fuel jet velocity was higher, which yielded higher scalar dissipation rate, ,
near the burner exit, leading to local extinction and flame lifted-off. In the extinction region, a series of low
to medium temperature reactions were active, providing favorable conditions for re-ignition downstream
where x < X¢r¢. In addition, with ¢, decreasing, the flame height decreased due to a smaller jet velocity
and x, and thus the mechanism of flame stabilization changed from the swirl-stabilized to the bluff-body
stabilized.

1 Introduction

Combustion takes place in highly turbulent flows in most industrial combustion system, both aero and
terrestrial, which makes the stabilization of flames problematic. To mitigate this situation, swirl and bluff-
body are generally utilized for the generation of a reversed flow region in real industrial burners [1}[2].
This region, also called re-circulation zone, not only enhances the mixing of fresh fuel with air in a longer
residence time, but also provides hot products for the flame stabilization. These burners, running with
non-premixed combustion, are widely used attributing to their simpler geometries and better stability. The
flames are usually lifted under real conditions as less heat to the burners would prolong their lifetimes.
Consequently, flame stabilization of a lifted non-premixed flame is of practical importance to be studied.

Pitts 3] proposed that the lifted flame is stabilized by the balance of flow velocity and turbulent flame speed
at a early research. Kelman et al. [4] further clarified that large scale structure entrains ambient air into
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the flame base, causing local extinction. This extinction extends the mixing time of fuel and air, which
results into a partially premixed combustion, further verified by Janus et al. [5]. Lyons [[6] reviewed a series
of experiments on the lifted jet flame, discussing the effects of partial premixing [7]], local extinction [8]],
large-scale structures [9] and edge flame [[10] on the flame stabilization. Despite the great amount work of
the turbulent lifted flame, a definitive explanation is not accomplished yet. Additionally, in the presence
of re-circulation zones generated by both swirl and bluff-body, the interactions between flow and flame
would be extremely complex. Kashir et al. [[11] found that a secondary re-circulation zone downstream
of the bluff-body induced re-circulation zone would exhibit when swirl number is large enough. Tong et
al. [12], in a similar way, claimed that when the bluff-body size is small, the flame would be dominant by
the swirl. Recently, Sadanandan et al. [13]] described the flame dynamics and stabilization mechanisms.
They believed that the flame stabilizes in regions with low velocity and turbulence, though these regions
would change under different global equivalence ratio. More studies, however, are still needed to deeply
understand the flame dynamics in the presence of bluff-body and swirl.

This paper is a continuation of the previous experimental work [13]]. Overall, the objectives of this paper
are to 1) validate the combustion model in a non-premixed turbulent flame in the presence of reversed flows
induced by swirl and bluff-body; 2) further understand the flame dynamics including the flame stabilization,
structures and transitions of combustion modes.

2 Numerical method and setup

Detailed measurement using laser diagnostics on a model GT burner was conducted in a previous study [[13].
To further investigate the local extinction and re-ignition phenomena, numerical simulation on the same
burner was performed. Large eddy simulation (LES) is a tool more accurate than RANS (Reynolds averaged
Navier-Stokes) and more efficient than DNS (Direct numerical simulation), which makes it more suitable
for this case with relatively large domain. Smagorinsky model was employed to closure the sub-grid scale
motions using .
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where 1155 = prsas, vsas = (CsA)?y/ 2§ij§ij, with S’ij being the filtered strain rate tensor, and Y,
denoting the mass fraction of species a. Cj is set to be 0.2 [[14] and og¢ys is the turbulent Schmidt/Prandtl
number assigned the value of 0.7 [[15]. The most challenging term, however, is the source term for the
reaction. A transport PDF approach [16] was employed in this paper. Due to the difficulty in solving the
PDF equations directly, an ESF method [|17,/18]] was adopted. The governing equation of n — th stochastic
field (£]}) can be derived as:
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Iy = p/o + psgs/0sgs denotes the total diffusion coefficient. dWi(n) denotes a Wiener process which is
spatially uniform but varying at each field. Cy is a constant representing micro-mixing, chosen to be 2 [15]].
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The sub-grid mixing time scale is 7,4, = ﬁz2 /(1 + pusgs) [18]], and the mean scalar is obtained via

I
%:anlsa. 4)

By using more stochastic fields, we can obtain more accurate results but with more expensive computation
costs. Consequently, 8 stochastic fields [[19] were chosen as it is believed that a good balance can be achieved
between costs and accuracy. An open source code, OpenFOAM [20] was utilized here solving the equations
above. Gauss linear scheme and backward Euler scheme were adopted for the spatial discretization and
temporal integration, separately. PISO (pressure implicit with splitting of operator) algorithm was used for
solving the pressure-velocity coupling.

In this work, several flames investigated by Sadanandan et al. [13]] were simulated. The GT model burner is
shown schematically in Fig. [Th. In this burner, a radial swirl consisting of 12 vanes and a broad bluff-body
with a height approximately 11mm co-exist in the burner to impose swirling motion. At room temperature
(303K) and pressure (1bar), main air flow goes through the radial swirl and issue out through an annular
nozzle. The inner and outer diameter are 36mm and 42mm, respectively, leading to a hydraulic diameter of
6mm at the nozzle exit. The fuel passes through a non-swirling annular tube with a gap of 0.5mm between
the wall and bluff-body to issue out. A conical computation domain (cf. Fig. [Ib) extending 140mm in
the downstream direction, 100mm in the nozzle exit plane, and 140mm in the outlet plane, is adopted for
this simulation. Two sets of grid with 3 and 5 million hexahedrons mesh cells are carried out for the mesh
insensitivity analyses. For the discussion, the results based on the 5 million grid are employed. As the
experiments were conducted in a unconfined environment, free boundary condition is utilized to allow the
entrainment of air. Smooke’s mechanism with 14 species and 42 reactions was adopted for the chemical
reactions, and the critical x for extinction is 35571 as calculated in Ref. [21].
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Figure 1: Experimental setup (a) and computation domain.

Four run cases were simulated, including a non-reacting (F1-0), swirl stabilized (F1-1), transition (F1-5)
and bluff-body case (F1-8), which are listed in Table E In the table ()4 and Q) sy represent the air and
fuel flow rates, ¢ g0 and Z g, represent the global equivalence ratio and mixture fraction, respectively.

3 Results and discussion

Fig. 2] presents the comparison of time-averaged axial velocity from measurement and simulation for non-
reacting and reacting case (¢ g0 = 1.0). The results from the coarse grid (3 million) and the refined grid
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Table 1: Case setup and operation conditions

Cases Qair (SIPm) quel (Slpm) ¢glob Zglob

F1-0 100 0 - -
F1-1 100 10.5 1 0.055
F1-5 100 6.3 0.6 0.034
F1-8 100 3.1 0.3 0.017
Exp. @ ! __ x=60mm (b) x=60mm

30 0 30 30 0 30
r/mm r/mm

Figure 2: Time-averaged axial velocity comparisons for (a), non-reacting case (F1-0) and (b), swirl stabi-
lized case (F1-1) at varying heights above the burner exit.

(5 million) were compared with each other and it can be inferred that the results are insensitive to the grid
as they are quite close. The results from refined grid are chosen for the later analyses and discussions. For
F1-0, the simulation matches well with the experimental data, except it shifting a bit compared with the
asymmetric data at further downstream. For the reacting case F1-1, the computation results agree well with
the measurement except at t = 20mm. At this height, it is observed that the simulation over-predicts the two
isolated re-circulation zones while these two zones are combined as an intact structure in the measurements.
Overall, the trends and shapes are reasonably well captured by the LES-PDF method implying that this
method is suitable for this case.

Fig. 3] illustrates the instantaneous distributions of CHoO, OH, temperature, heat release rate (HRR), scalar
dissipation rate x and axial velocity U,. In this figure, white line denotes the stoichiometric mixture fraction
Zg = 0.055, green line denotes the iso-line of COy with the value of 0.06 (mass fraction). For F1-1, the OH
region is lifted-off above £ = 40mm and has a divergent shape. Note that OH mostly distributes along the
Zg line, but at the base, OH occurs at both rich and lean side, implying an edge flame. CH2O is abundant
upstream of OH with relatively lower temperature, which indicates that low temperature reactions take
place there giving rise to the formation of radicals for the flame stabilization downstream. HRR coincides
well with the iso-line of Yoo, = 0.06. High x is found near the burner exit and the shear layer, which
prohibits the flame and leads to the local extinction. It is also noted from its axial velocity that, a convergent
re-circulation zone is induced by the bluff-body and a divergent zone is induced by the swirl. With the
decreasing fuel jet velocity, the flame height of F1-5 reduces and the flame stabilization position is moved
from the swirl stabilized re-circulation zone to the transition zone. The flame shape keeps slim under the
combined effects of swirl and bluff-body. Furthermore, for F1-8, the flame shrinks within the re-circulation
zone induced by the bluff-body and stabilizes at the low y region. It is conclusively seen that with decreasing
fuel jet velocity, the mechanism of flame stabilization is changed from the swirl stabilized to the bluff-body
stabilized one, with the leading flame front moving closer to the burner exit.
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Figure 3: Instantaneous scalar fields of CH2O, OH, T', HRR, x and U,. White line represents the stoichio-
metric mixture fraction Zg; = 0.055, green line represents the iso-line of CO2 with the value of 0.06 (mass

fraction)
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Figure 4: Temperature distributions in the mixture fraction space at three heights for different combustion

modes. Red line denotes the stoichiometric mixture fraction
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Fig. {4 demonstrates the temperature distributions in the mixture fraction space for three cases at varying
heights. For all the cases, with the growing height, Z decreases rapidly as more air is mixed with the
fuel. For F1-1, the temperature scatters in a wide range around 1000K at z = 20mm under fuel-rich
condition (Z > Zg) implying an ignition mode of combustion in these mixtures. At further downstream,
x = 50mm, T peaks around Zg, but the temperature scatters in both the lean and the rich mixtures,
implying the ongoing ignition process in these mixtures. At 80mm the temperature falls into a manifolds
implying the establishment of diffusion flame front. For F1-8, on the contrary, a diffusion flame front is
already formed at x = 20mm, close to the burner exit and stabilizes in the bluff-body re-circulation zone.
With the further increases of height, e.g. at 80mm, the entire mixture is fuel-lean (Z < Zg), owing to
the ambient air mixing to the flame. Thereafter 7' decreases because the entrained ambient air cools the
hot gas formed upstream. For F1-5, T" shows a similar trend with F1-1 in rich mixture ignition mode
at x = 20mm though a higher temperature manifolds appears here. Further downstream, at x = 50 and
80mm, temperature keeps high around Z,; indicating a diffusion flame front, which is similar to the case F1-
8. The flame stabilization of F1-5 is highly affected by both the swirl and bluff-body induced recirculating
flows.

0 3030 0 0 0 30
r/mm r/mm r/mm r/mm

Figure 5: The dynamic process of case F1-5 in a transition mode. White lines denote the stoichiometric
mixture fraction and 3D contours correspond to Yoz = 0.02 (mass fraction)

Fig. [5]illustrates the dynamic process of flame kernels using OH to denote the flame front for case F1-5.
The flame front as marked by OH distributes in both rich and lean side, which implies the characteristics of
edge flame. In this case, the flame is controlled by both the swirl and bluff-body, stabilizing in a transition
region. After a time interval of At = 0.5ms, an isolated flame kernel occurs upstream the flame front.
This is also confirmed in 3D iso-contour (shown in the inset of Fig. [5)) to take into account of the out-of-
plane effects. After At = 0.75ms, this flame kernel combines with the main flame, causing the flame front
propagating upstream into the bluff-body induced re-circulation region. Afterwards, due to the existence
of high scalar dissipation rate there, it is gradually quenched (OH intensity weakens), which leads to the
flame front propagating downstream again. It is thus believed that the quenching and re-ignition occurs
repeatedly, which means that the flame in this transition region will move between swirl-stabilized and bluft-
body stabilized region dynamically. Additionally, the OH flame front propagates along the stoichiometric
lines, indicating an edge flame propagation mode.
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4 Conclusion

LES coupled with PDF-ESF method was employed to simulate the flame dynamics (including flame sta-
bilization, structures and transitions of combustion modes) in a novel, ultra-lean non-premixed model GT
burner. Several findings were concluded as follows:

e The PDF-ESF combustion model in the framework of LES can capture the multiple combustion
modes in a complex flow field, with the mean flow structures in satisfactory agreement with ex-
perimental results.

e A higher ¢, produces higher scalar dissipation rate near the burner exit, leading to the local extinc-
tion and thus flame lifted-off. The mixture upstream the flame front is shown to undergoing ignition
reaction that gives rise to a wide scattering of temperature with relatively heat release rate, first in the
fuel-rich side of the mixture and later in both the lean and rich mixtures. These ignition reactions
trigger the onset of high temperature ignition and the establishment of diffusion flame downstream in
the swirl-induced recirculation zone.

e With decreasing ¢y, the flame is transferred from the swirl-stabilized to the bluff-body stabilized
mode, with decreasing flame height. Specifically, the ¢4, = 1.0 flame is mostly governed by the
swirl stabilization mechanism, while the ¢4, = 0.3 flame is mostly controlled by the bluff-body
stabilization mechanism, whereas the ¢, = 0.6 is a transition case which is dominant by both the
swirl and bluff-body.
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