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ABSTRACT

The effect on the dynamic stability of combustors with and without flame holders were investigated
experimentally and computationally with thermal loads of 3, 5, and 9 kW. Three different cases were studied, large
flame holder (LFH), small flame holder (SFH) and no flame holder (NO_ FH). Flame topology was investigated in
these three cases. Moreover, lean propane—air premixed combustion were also considered for two models, turbulent
flame speed closure (TFC) and coherent flame (CFM). These models were investigated using different turbulent
kinetic energies and turbulence dissipation rates. Experiments were performed with mean inlet velocities of 16.5, 17,
29.2, 30.8, and 52.6 cm/s, excess air ratios (A) of 1.6, 1.65, 1.7, and 1.8. The results showed that the flame topology
and location are more sensitive to the increase in the excess air ratios and thermal loads in the large flame holder than
in the small flame holder. Heat transfers and species distributions caused by combustion are also investigated for the
large and small flame holders; in both cases, flame stability was sustained, and the flame front position moved upward
regarding to the flame holder region.

Keywords: Premixed Combustion, Flame Stability, Flame Holder, Thermal Loads

INTRODUCTION

A basic understanding of combustion processes, including mixing is vital. Simultaneously, major issues on
flame stabilization [1] should be resolved. In premixed combustion, mixing process quickly occurs because fuel and
air can easily be mixed even before they flow into the combustor [2]. Lean premixed combustion is a potential
technology for preventing pollutant emissions. Perfect mixing process with controlled excess air ratios can reduce
flame temperature and prevent the production of pollutants [3]. The flame holder is a crucial parameter in designing
combustion tools, especially when used in turbulent conditions. In jet engines, flame holders are designed to preserve
continuous combustion and enhance flame stability [4-7]. Flame holders are also preferred for jet engines with
continuous premixed combustion [8]. Moreover, flame holders are used to prevent flames from being blown out and
to cover flames in their receptacles, thereby improving fuel mixing [7, 9]. Figure 1 clearly showed how the flames
could be stabilized using recirculation process, which used a solid body for high-velocity reactant stream flows [11].
S. Hong et al. [12] explored the effect of heat transfer that occurs between flames and their holders on the dynamic
stability of combustors. They used the flame chemiluminescence and dynamic pressure measurements to inspect the
combustor response with different material types of the flame holder. They also used stainless and ceramic flame
holders to stabilize the flame. Consequently, the flames were more stable in the ceramic flame holder than in the
stainless-steel counterpart at the same operating conditions of inlet velocity and adiabatic temperature. In addition,
they mentioned that, the instability of the flame is sensitive to a range of time that the combustor operates in the
transition mode, which can be prevented by using low thermal conductivity materials.

Kheirkhah and Gulder [13] used rod flame holders to stabilize flames with equivalence ratios of 0.7, 0.8, and
0.9. They showed that, when the equivalence ratios were increased the mean and root-mean-square values of the
distances between flame fronts and vertical axes increased. The root mean squares depended on turbulence intensity,
vertical distance from the flame holder, and equivalence ratio.
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Figure 1. Flame stabilization by recirculation types [10]

In this paper, the effect of thermal characteristics of the flame holder on the dynamics of turbulent premixed
flames was studied using the turbulent flame speed closure (TFC) and coherent flame models (CFM). The paper is
organized as follows; the mathematical modeling and main computational parameters are described in Section 2; the
experimental setup is mentioned in section 3; the results are discussed in Section 4; and finally the conclusions are
drawn in Section 5.

MATHEMATICAL AND COMPUTATIONAL MODELING

The dynamic stability of flames is a key indicator of combustion processes and depends on several
parameters, such as turbulence, inlet temperature, mixing, and geometry of combustors. In this study, the 100 mm
circle plate stainless steel flame holder was used as the small flame holder (SFH), whereas the 200 mm square ceramic
was used as the large flame holder (LFH). Figure 2 depicts the cross section of the combustor with LFH mesh used
for model simulations. The dimensions of the combustion domain were used in computational setup are the same
dimensions used in the experiment. The boundary conditions of combustor parts were set to the velocity inlet (inlet
region) and pressure outlet (outlet region), while the adiabatic wall conditions were assumed to the other parts of the
combustor. The grid was composed of an unstructured polyhedral mesh with 301,594 cells. Cell size measurement
was performed within the combustion chamber domain. Cell refinement was 0.013 m, whereas the size of the coarse
mesh region near the wall was 0.016 m.

Outlet
region

Inlet region

Figure 2. Cross section of the combustor with mesh for large flame holder case (LFH), all dimensions in mm

Figure 3 shows the result of the grid independency study based on flame front position. Flame front position
is monitored from the maximum heat release value on the centerline of the combustor against the numbers of mesh.
Therefore, various grid numbers, from coarse mesh = 175 000 to fine mesh= 1000 000, were tested in the jet flow
combustor domain to check the optimal mesh density. The flame location is decreased gradually with the increase in
the mesh number. The convergence of the flame location was achieved and the solution has become independent of
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the mesh size after 340 000, therefore, all numerical simulations were performed in this grid numbers. In addition,
the deviations in the flame locations are 2 mm between coarse and fine meshes.

Y[m]

Number of cells in Mesh

Figure 3. Flame front position with different number of the mesh

3-D simulations of the lean premixed combustion were conducted for the TFC and CFM models [14, 15]. In
the CFM model, the reaction rate is depended on the flame consumption rate of fuel per unit area and flame surface
density [16-18]. Propane—air reactions with steady-state solutions were used in both models. Moreover, Gulder
correlation for propane was used for laminar flame speed S, correlation. Second-order upwind convection schemes
and segregated flows for viscous regimes were used in both models [16].Flame topologies were visualized by
calculating the amount of heat released and temperatures of propane burning inside the combustor domain.

All numerical simulations were conducted using the STAR CCM+ v10.02 software [16]. The k — & two-layer
mode was used for turbulence modeling [19]. This mode is widely used with combustion models for example, Barlow
et al. [20] and Helal et al. [21]. Turbulent kinetic energies (k) were set to 0.00924, 0.0878, and 0.0207, and the
dissipation rates of turbulence (&) were selected as 1.4935, 0.89, and 2.1077 for 3, 5 and 9 kW respectively and for
three cases of flame holders. In addition, turbulence levels and entrance excess air ratios (A) were set to 1.6, 1.65, 1.7,
and 1.8. The temperature of the stagnation inlet was 300 K. The inlet flow conditions are listed in Table 1.

Table 1. Inlet flow conditions at different thermal loads.

Ther Mass Flow Flow Flow Flow Inlet
Equiv | Excess fraction rate of Fuel Mass Mass Velo
mal . . rate of rate rate . . . .
alence | air ratio premix | mass fraction | fraction | city
loads . . fuel of O2 of N2 .
(KW) ratio ratio propane (o/s) /s) ) ed gas fraction | of O2 of N2 (cm/
to 02 (a/s) S)
3 0.6250 [1.6 0.1723 0.064 0.375 [1.15 1.5997 0.0405 0.2349 0.7246 16.5
3 0.6061 |1.65 0.1670 0.064 0.387 [1.19 1.6476 0.0393 0.2352 0.7255 17
5 0.5882 [1.7 0.1621 0.107 0.665 [2.05 2.8260 0.0382 0.2355 0.7264 29.2
5 0.5556 [1.8 0.1531 0.107 0.704 2.17 2.9859 0.0361 0.2360 0.7279 30.8
9 0.5882 |1.7 0.1621 0.194 1.197 [3.69 5.0868 0.0382 0.2355 0.7264 52.6

In the TFC and CFM maodels, reactions occurred by splitting the combustion region into unburnt and fully
burnt mixtures. Flame front propagation was solved with a transport equation for the reacting progress variable using
Reynolds-averaged Navier-Stokes (RANS), as reported by previous works [9, 16, and 22].

dpYs
=+ 7. (puty) = V. (1,7%) + w. (1)

where p, Y, w, correspond to density, fuel mass fraction, and source term.
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Product creation and heat releases were results of chemical processes. The phenomenon could be described
by a single progress variable represented as a normalized mass fraction of reactants and products. The chemical source
term in the propane reaction was expressed by the mass of species (i) produced per unit time and volume [16, 17].

we. = pyS,2Yy (CFM Model) (2)
we = puUe|VY;| (TFC Model) 3)

where p_ is the density of the unburned mixture, while S, is the laminar flame speed, U, is the turbulent flame speed,
and X is the flame surface density, as described in [17, 23].

T =1vcls(c —cf) (4)

where &(c—c;) is the site of the instantaneous flame front, and § is the Kronecker delta. Simulations were

implemented in two general cases, namely, presence and absence of flame holder. Flames were stabilized in the SFH
and LFH cases. The blown-out flame representing the absence-of-flame-holder case (NO_FH) was investigated with
thermal loads of 3, 5, and 9 kW. The expressions for thermal load (Q) and excess air ratio (4) are presented in formulas
5 and 6, respectively.

where Q is the thermal load of combustion, 7, is the mass flow rate of fuel flowing into the combustor, and LHV} is
the low heat value of fuel and for propane is 46.39 kJ/g.

1= (6)

where Y and Y represent the air and fuel mass fractions in the premixed mixture, respectively. Then the general
form of Reynolds averaging and Favre averaging of reacting flow conservation of mass, momentum and energy
equations can be written as [9].

dp Jdpii;
ot o, 0 @

dpil; N Opttl;,  dpwu, N dt;j 0P

ot TTax, T ax ' ox ox  PY ®)

+ HR 9)

ot T Tox

opE opwE  OpE"w’ 0 0E

P, 1 . .
where E=h — > + Uiy and HR is the heat release from the combustion. In the turbulent model, the

relationship between the dissipation rates of turbulence, turbulent kinetic energy and turbulent length scale (I;) can be
written as [18, 24].
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k1.5
€ =— (10)
e
In addition, from equations 2 and 3 for TFC and CFM models the heat release formula can be written as:
HR = wCLHVf (11)

COMBUSTION EXPERIMENTS
The experiments were performed to generate a premixed propane flame at excess air ratios 1.6, 1.65, 1.7 and

1.8 for thermal loads 3, 5 and 9 kW respectively [25- 27]. The schematic diagram of the complete experimental test
rig with arrangement is shown in Figure 4. Experiments were performed with mean inlet velocities of 16.5, 17, 29.2,
30.8, and 52.6 cm/s. Air and fuel were mixed before being sent into the chamber. After mixing, the flow is sent through
a pipe that encompasses the active rotating grid to generate turbulent conditions. In the experiment, the flame topology
was depicted depending on thermal loads and excess air ratios. Thus, the increasing in the turbulent conditions
enhances the heat transfer in the reaction zone for the small eddies of the premixed mixture [22]. The experiments
were performed under the room temperature and atmospheric pressure for three cases of flame holder as stainless steel
(SFH) and ceramic (LFH) in the flame anchoring region and with the absence of flame holder (NO_FH) case. Images
extracted from videos were used to capture the flame phenomena. The flame images and their averages can only be
used to compare with the numerical simulations due to the limited data of experiments. The images represented an
average of (174-654) instantaneous snapshots of the flame performed by ImageJ techniques with one frame at first
time of the reaction and the second frame for second time. The images were captured using a colored digital camera.
Each image is 576 x 720 pixels, representing the flame topology at a specific turbulent kinetic energy (k) and the
dissipation rates of turbulence (g). Table (1) lists the flow conditions specified in the experiment.

Flame Holder

Camera

Flamg .-
(]

1?"i[n.'I I

Turbulence Gomerator
(el

Set of Motors
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111 Fuel
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Figure 4. Schematic diagram of the experimental rig

RESULTS AND DISCUSSION
Simulation results were validated by referring to the predicted heat releases caused by combustion,

temperatures, species mass fraction profiles, and averaged instantaneous snapshots of experimental results (i.e., flame
front positions with different thermal loads). Figure 5 displays the axial profiles of heat releases for the TFC model
(i.e., reactions in the LFH, SFH, and NO_FH cases) with low thermal loads of 3 kW. Heat release was high in the
LFH case because this holder was covered, thereby preventing flames from scattering outside the reaction region. In
addition, the flame holder was served as a continuous heat source, thus adding heat to the reaction. In the NO_FH
case, flames were blown out of the reaction region at y > 0.05 m position. The same phenomenon was observed for
the CFM model (Figure 6), although the reaction region was located y> 0.1 m.
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Figure 5. Predicted heat releases due to combustion in the SFH, LFH, and NO_FH cases for the TFC
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Figure 6. Predicted heat releases due to combustion in the SFH, LFH, and NO_FH cases for the CFM

model with 3 kW

The effects of thermal load on the combustor are depicted in Figure 7. The predicted heat releases caused by
combustion in the LFH case were obtained for the TFC model with 3, 5, and 9 kW thermal loads. The flame locations
were moved upward to the flame holder when thermal loads increased from 3, 5 and 9 kW.
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Figure 7. Predicted heat releases due to combustion in the LFH case for the TFC model with 3, 5, and 9 kW

The flame species distribution in the reaction region is shown in Figure 8, in which the axial location inside
the burner above the jet pipe flow is applied with 3 kW. Distributions were conducted in all cases for the TFC model

374



Journal of Thermal Engineering, Research Article, Vol. 6, No. 6, Special Issue 12, pp. 369-378,
December, 2020

with inlet velocity of 17 cm/s and excess air ratio of 1.65. The LFH case was strongly affected by axial distributions
of O, and CO,, species at high reaction temperatures. Moreover, a high temperature in combustion obtained higher O,
and lower CO; contents in the LFH case than in the SFH case. Meanwhile, the concentrated diffusion caused by the
decreased temperatures outside the flame reaction region could change species distribution, as verified by the NO_FH
case. Thus, for the same combustion condition, the distributions of O, and CO, species in LFH is above position in
SFH along the axial distance of the combustor which indicated that the flame topology is more stable compared to
SFH case due to larger area of the flame holder.
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Figure 8. Mass fraction of O, and CO; in the SFH, LFH, and NO_FH cases for the TFC model with 3 kW

Flame location refers to the flame front positions as illustrated in Figure 9. The figure also displays the main
experimental results for the averaged instantaneous snapshots of the flame front positions with thermal loads of 3, 5,
and 9 kW. Pictures 1 and 2 show the flame front positions in the SFH reaction region at the same thermal load of 3
kW, but different excess air ratios (1) of 1.6 and 1.65 with inlet velocity as 16.5 and 17 cm/s, respectively. From
pictures 1 and 2 it can be noticed that the flame is positioned in the area between flame holder and the exit of the
burner. Moreover, pictures 3 and 4 represent flame topologies for the same excess air ratio of 1.7 in the SFH case with
5 and 9 kW thermal loads and inlet velocity of 29.2 and 52.6 cm/s, respectively. The flame locations have been moved
upward to the flame holder, i.e. the position of the flame in 9 kW is near the flame holder than 5 kW. Finally, pictures
5 and 6 denote flame topologies for the same excess air ratio of 1.8 and thermal load of 5 kW in the ceramic LFH and
NO_FH cases, respectively which reflect the effects without flame holder case. All test conditions are taken from
Table 1.

Figure 9. Averaged of instantaneous snapshots of the experimental results for flame front positions with different
thermal loads: (1) and (2) SFHs: Q =3 kW, A = 1.6 and 1.65; (3) SFH: Q =5 kW, 1 =1.7; (4) SFH: Q =9 kW, A =
1.7; (5) LFH: Q =5 kW, 1 =1.8; and (6) NO_FH: Q =5 kW, A1 =1.8.
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CONCLUSION

In this study, the cases corresponding with and without flame holders were compared. Then, flame topologies
were observed for lean premixed propane—air during combustion. The results showed that the flame topology and
location are more sensitive to increases in the excess air ratios and thermal loads in the large flame holder than in the
small flame holder.

e The flame topologies located below the stabilization region were affected by thermal loads.

e The experimental results showed that the NO_FH setup delayed or prevented the development of instability.
By contrast, the combustor displayed robust stability in the LFH case for various operating conditions.
However, low stability was observed in the SFH case, although the combustor still operated within the stable
regime.

e Predicted results of heat releases showed that the flame front position (i.e., a flame topology that moved upward
to the flame holder region by increasing thermal load that mean increasing inlet velocity resulted in relatively
stable flames.

The results presented in this paper suggested a number of insights. Initially, the dynamic instability properties
of lean premixed flames in turbulent operating conditions depend on the geometries in the flame anchoring region.
Consequently, the geometries of the ceramic LFH and stainless steel SFH materials should be ascertained.
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NOMENCLATURE
c progress variable
unburnt thermal diffusivity of the

b unburned mixture [m?/s]
HR Heat release
k turbulent kinetic energy [J/kg]
LHVf lower heating value of fuel [kJ/g]
n mass flow rate of fuel [g/s]
Q thermal load [kW]
T temperature [K]
t time (sec)
S, laminar flame speed [m/s]
Ur Turbulent flame speed [m/s]
u rms of turbulent intensity
u axial velocity[m/s]
U the local mean velocity of the flow
= [m/s]
Y, air mass fraction
Y fuel mass fraction
Greek symbols
A excess air ratio
unburned density of the mixture
Py [kg/m?]
p the density [kg/mq]
v turbulent viscosity[m?/s]

6( ) The site of the instantaneous flame
€=%%)  front

o the Kronecker delta
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) Equivalence ratio
) source term
€ The dissipation rates of turbulence
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