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1 Introduction

Energy production systems involving flames in narrow chenoffer many advantages in terms of
combustion and thermodynamic properties. The enhancdtflwielheat transfer taking place in small
ducts provides a way to harvest and promote the heat relbgseflame. When the flame thickness is of
the same order as the tube diameteér [1], the flame structsigrigicantly influenced by hydrodynamic
effects which are in turn tightly coupled to thermo-diffussieffects. Hence, the flame profile not only
varies axially along the tube length, but also varies radiarhis radial dependence is typically not
considered in the investigation of flames inside tubes, asdimensional models are generally used.
These models are considered to provide an effective meapsedicting qualitative flame behaviors.
However, the relative importance of two-dimensional é8emn these predictions is yet to be assessed.
The aim of this study is to include the two-dimensional afen the modeling of a flame stabilized in a
narrow duct with a wall temperature gradient. The variabbmixture composition is used to evaluate
the leading order effects influencing the flame behavioruResare compared to those obtained from a
one-dimensional model to further evaluate the relativeartgmce of two-dimensional effects.

2 Model and Case Description

In this work, the axisymmetric case of a premixed methanedlstabilized in a 2 mm diameter tube sub-
jected to a linearly increasing wall temperature is ingggd. The wall temperature distribution allows
the flame to stabilize at a location where the temperaturerdgnt burning rate matches the specified
incoming mass flow rate. The two-dimensional Navier-Staggsations with detailed chemistry are

solved for different mixture compositions.

In order to solve the Navier-Stokes equations for compbéssseacting flow, a finite volume formulation
is employed. Itis based on the mathematical formulationdiwrMach number reacting flows. Neglect-
ing the Soret and Dufour effects, the governing consematiguations for mass, species, momentum,
and energy at steady state can be written in the cartesiamdsifollows:

V- (pU) =0 (1)
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In Equation (2),D; is the mixture averaged diffusion coefficient axidis the net production rate of
specieg. Equation (3) shows the conservation of momentum irxttli#ection. They-direction equation

is not shown as its formulation is similar. The momentum &quas approprietly formulated in order
to use a SIMPLE (Semi-Implicit Method for Pressure Linkedi&tipns) algorithm([7] that iteratively
marches towards the steady-state solution. In Equatioth@heat generated by the chemical reactions
is included in theh term as it comprises the enthalpies of formation as showmjiraion (5). The inter-
species diffusion term in the energy equation is not induaeits effect is assumed to be negligible.

Detailed chemistry is handled using an operator-split o@tl§] that calculates a reaction rate based
upon an Arrhenius kinetics integration over the residemoe in each cell. The reaction mechanism
is chosen to be DRM19, a reduced version of GRI-Mech 1.2 ti@tides 19 species and 84 chemical
reactions|[8].

The main test case comprises a 2.85cm long tube of 2 mm dianféte wall temperature increases
linearly from 800K to 1800K over a distance of 2.25cm as shiwiig. 1 by a black solid line.
Uniform wall temperature sections are specified at the aneloutlet to minimize the influence of their
respective boundary conditions. The fluid inlet conditiane specified as fixed values and Neumann
boundary conditions are set at the outlet. In addition gleno slip at the wall and the wall temperature
is specified.

Different mixture compositions are chosen for this studyshown in Table 1. Mixtures, B, C are
methane-air mixtures at equivalence ratios of 1, 0.7, aAddspectively. Adiabatic flame speeds of
these mixtures for an inlet temperature of 300 K are compuséth the reaction mechanism mentioned
above. Adiabatic flame speed is considered to have a leadiieg effect on the flame position. Indeed,
this flame property provides a mean of inter-relating charnigdeat release, reaction rates, diffusivity,
etc. that depend on mixture composition. However, thigiaiahip is provided in the absence of heat
loss and curvature/stretch effects which are significarihéncase of a flame stabilized inside a tube.
In order to assess the relative importance of these effetiguresD, E, F, G are tuned to match the
adiabatic flame speeds of the methane-air mixtukeB,(C) by varying the level of nitrogen dilution. All
simulations are performed using the same inlet velocity.@2 m/s at 800 K which allows a comparison
of the results based on flame position.

To obtain accurate two-dimensional results, special jptémas are taken to ensure sufficient grid re-
finement in the flame. A special grid refinement procedure ifopaed that progressively refines the
grid in the flame region up to a level where a grid independemél location is obtained. This level is
reached for cell sizes of the order of . Sufficient computational power was provided by the Com-
pute Canada cluster resources that allow the use of papatiebssing capabilities. Each simulation
required the use of 16 processors for around 200 hours im tydteach the refined converged solution.
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Mixtures ¢ No%air T,q(K) Sp(m/s) §;(mm)

1 79 2224 0.393 0.412
0.7 79 1843 0.206 0.601
1.4 79 2001 0.142 0.943

1 83.2 1977 0.206 0.655
1 84.9 1860 0.142 0.866
0.7 74.2 2087 0.393 0.379
1.4 72.6 2274 0.393 0.422

OmmoOO m>

Table 1: Composition of different mixtures is shown withittrespective adiabatic temperatures, flame
speeds, and flame thicknesses calculatdd at 300 K. Level of nitrogen dilution is used to match the
adiabatic flame speeds over different equivalence ratios.

3 Results and Discussion

Two-dimensional results were obtained with an inlet valoof 2.667 m/s for all the different mixture
cases. Figure 1 shows the temperature profiles along the@udial direction obtained with the stoi-
chiometric mixtureA, at different values of radial distance. The trends in terpee profiles are similar
for all mixtures. A first section is located upstream of thengawhere the wall temperature is higher
than the fluid temperature. It is followed by the flame sectidwere the fluid temperature, due to reac-
tion, becomes higher than the wall temperature and thes cdown. Heat is thus drawned from the fluid
to the wall. Close to the outlet, a second wall heating sedt&es place. In Fig.1, the two-dimensional
nature of temperature profiles is observed, as shown by tiegatice between fluid temperatures at the
wall and at the center-line. It can be seen that wall therrffates are of reduced importance at the
center-line, which explains that the peak flame temperatuobserved in the middle of the channel,
away from the heat loss interface. Note that hydrodynanifests also play a role in this radial temper-
ature dependence, as larger mass flux of reactants is cehivetfee middle due to the no-slip condition
at the wall, which intensifies the heat production at theerlirte. Hence, two-dimensional effects are
shown to have a strong effect on the radial temperaturdhuistn.

It is of interest to compare the flame structure for differequivalence ratios. Heat release profiles
provide a relevant assessment of flame structure as is itl lmawsthe net contribution from all individual
species. Figure 2 shows different heat release profilesavadial cross-section of the duct. Equiva-
lence ratios of 0.7 (mixtur®), 1 (mixtureA), and 1.4 (mixtureC) are considered. It can be seen that
flame axial positions are ordered in the same way as the aspiminar flame speeds. Yet, the lean
and stoichiometric mixtures lie very close to one anothdrergas the rich mixture lies much further
downstream. In order to explain these trends, it is of irsiei@consider flame parameters such as thick-
ness and flame surface area. It can be qualitatively obséneagdhe rich flame has a thicker structure
than the two other ones, which agrees with the adiabatic flasidts shown in Table 1. This increased
thickness broadens the section over which wall heat logstafthe flame, which hinders the burning
rate, which in turn pushes the flame downstream. For thismixtture, a stronger wall heat loss might
explain why the peak heat release distribution is more aurated in the middle of the channel, away
from the wall. On the other hand, lean and stoichiometric damshow similar thicknesses; however,
the lean mixture demonstrates a larger curvature which sndeeflame area larger. This promotes the
burning rate, which might explain why the lean flame sits sselto the stoichiometric flame, even if
their laminar flame speeds differ significantly. Hence, #&pective contributions of two-dimensional
effects to flame position related to wall heat loss and to flaomeature/stretch are shown to vary based
on the mixture composition. This explains why the respectiifferences in laminar flame speeds are
not proportionally reflected in the flame position results.

23" |CDERS - July 24-29, 2011 — Irvine 3



Gauthier, G.P. Premixed flame stabilization in narrow channels

2300

1800

T(K)

1300

800

3 8 13 18 23 28
z (mm)

Figure 1: Distribution of temperature over the tube lengttefstochiometric methane-air flame (mixture
A) at different radial positions:=0 (solid blue line)r=0.42 mm (dashed green lingx0.68 mm (dash-
dot red line),r=0.84 mm (dotted purple line)=0.94 mm (dashed cyan line)=1.0 mm (solid black
line).
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Figure 2: Heat release profiles for methane-air flames ardift equivalence ratios. A lean cage=£
0.7) is shown on the left (mixtur®), a stoichiometric case is shown in the middle (mixt&)ea rich
case ¢ = 1.4) is shown on the right (mixtur€). Color mapping ranges between 0 and20//m? and
is the same for each case.
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Figure 3: Results for flame position as a function of equivederatio for the two-dimensional model
(left), and the constant Nu model (right). Mixtures with wéy air dilution (filled markers), and tuned
dilution levels (empty markers), correspond to those ind4b Sets of points having the same laminar
flame speed have the same shape.

To obtain of fundamental understanding of flames stabilimsitle narrow channels, it is of interest to
identify the leading order effects influencing flame positid he flame stabilizes at a location where the
flame propagation velocity matches the incoming flow vejoditence, laminar flame speed is consid-
ered to be of leading importance when predicting this pmsitAs mentioned above, other effects should
be included to capture the important physics of the systempicdlly, one-dimensional models not only
take into account laminar flame properties of a mixture, thlsyp take into account, in a simplified
manner, the effect of heat loss on these flames. In these s)dldelradial heat transfer with the wall is
accounted for by specifying the convective heat transfeffimient or Nusselt number inside the energy
equation[[2] [3] [4] [5]. Nonetheless, the flame is still calesed as uniform in the radial direction,
which neglects curvature effects. For this analysis, tineesanixtures subjected to the same conditions
are modeled using a one-dimensional model that uses a nbh&iaselt number approximation [4].

Figure 3 shows the respective flame positions for all mixufer both the two-dimensional model and
the constant Nu model. By looking first at the two-dimensiaeaults for flame positions, it can be
seen that respective positions follow the same ordering@énbr flame speeds. This suggests that
laminar flame speed is of primary importance in predictingniaposition. When comparing results
from two different models, flame positions are shown to beewestimated by a significant amount,
which underlines the limited quantitative accuracy of tbaestant Nusselt number model predictions.
Trends in relative positions are similar, except for thé meethane-air flames. This suggests that the
inclusion of heat loss in the modeling effort is of importann capturing the dominant physics of the
system. However, the qualitative predictions of the camsiu model present flaws in the case of
the rich methane-air mixture€(and G) as their relative flame positions are under-predicted. d$ w
previously discussed that rich flames demonstrate a signifiadial variation in heat release. This
suggests that the two-dimensional effects that are notidersl in the one-dimensional model can
significantly influence the system at certain conditionshsas in the rich methane-air case.
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4 Conclusion

In this work, two-dimensional simulations of premixed naeth flames stabilized in a 2 mm diameter
duct subjected to a specified wall temperature distributicperformed. The two-dimensional nature
of these flames is investigated. The variation of mixture position is used to evaluate the leading
order effects influencing the flame behavior. Different migtcompaositions having equal laminar flame
speeds are compared to determine the relative importarleenafar flame speed on flame position. To
evaluate the relative importance of two-dimensional é$fepesults obtained from a one-dimensional
model that includes a constant Nusselt number assumpiotoanpared to the two-dimensional results.

It is found that flames in tubes exhibit a structure that is-tiraensional. Structure properties such as
flame curvature and flame thickness are qualitatively oleskty vary based on mixture composition.
Laminar flame speed is shown to be of leading importance idigiieg the flame position. The consid-
eration of heat transfer with the wall further improved tlediction of trends in flame position as it is
demonstrated with the one-dimensional model results. Mewether two-dimensional effects can sig-
nificantly influence the physics of the system, as demorstiay the relative inaccuracy of the constant
Nusselt Number model in the case of the rich methane-airurggt It was also shown that the one-
dimensional model does not provide quantitatively aceurasults, as flame positions are significantly
underpredicted.
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