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INTRODUCTION

Many flamelet models for turbulent non-premixed combustion assume that a turbulent diffusion flame behaves locally as a steady, one-dimensional, laminar, strained flame.  While this assumption works well in many practical applications, it fails to take into account unsteady chemical kinetic effects that occur at low Damköhler numbers.  Commonly used methods to account for unsteady effects are the RIF formulation [1] and conditional moment closure models [2].  These models are computationally expensive, as equations for detailed chemistry must be solved.

A new model presented here called the Flamelet Time Scale (FTS) model attempts to account for unsteady effects with relatively low computational overhead.  The FTS model [3] combines the laminar flamelet idea [4] and the characteristic time-scale concept [5].  The model is formulated such that the solution approaches a steady flamelet solution when chemistry is fast and attempts to capture chemical kinetic effects at low Damköhler numbers.

MODEL DEVELOPMENT

The FTS model is developed using the equations that govern the conservation of species mass fractions in laminar flow.  Under certain assumptions, the species conservation equation can be transformed into the flamelet equation, which is given as [4]: 



[image: image1.wmf]2

2

0

2

ii

i

i

YY

tLe

c

rrw

x

¶¶

--=

¶¶

&

.
 MACROBUTTON MTPlaceRef \* MERGEFORMAT (1)

Here, 
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 is the density, 
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 the Lewis number of species 
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 the chemical source term for species 
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 the mixture fraction.  The term 
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 is a parameter, referred to as the stretch rate, and defined as:
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This term accounts for both convection and diffusion normal to the surface of stoichiometric mixture fraction [4]. 

The steady form of equation (1)

 may be solved to obtain steady-state species mass fractions, which may be tabulated as a function of the mixture fraction and the stretch rate,
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The mass fractions obtained from equation 6(3)

 are not appropriate where the chemical time-scale is large (low Damköhler number).  Unsteady effects due to slow chemical kinetics are important in these regimes as the steady flamelet solution tends to over-predict product concentrations [ GOTOBUTTON ZEqnNum752635  \* MERGEFORMAT ].

To account for low Damköhler number effects, a modified form of the time-scale approach [5] is used.  Equation (1)

 is written as:
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where
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The right hand side of equation (4)

 is expanded to first order in time about the steady flamelet solution resulting in:
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where 
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 is the number of species and 
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 indicates the steady flamelet solution.  The leading order term, 
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, equals zero since it is the stationary flamelet solution.  The Jacobian matrix contains the elements 
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 evaluated for the flamelet solution.  Note that the elements of this Jacobian matrix are reciprocal time-scales of species 
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 with respect to terms in flamelet equation 
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In the current approach a single time-scale of reaction, 
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, for all species is determined from the Jacobian matrix.  This time-scale is either the oxygen time scale, 
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, in locally fuel – lean regions or the fuel time scale, 
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, in locally fuel-rich regions.  The time-scale is determined from an unsteady laminar flamelet calculation using the FlameMaster code [10] and tabulated as a function of mixture fraction.  The FlameMaster calculation takes into account chemical kinetic effects by integrating equation 3(1)

 using a detailed chemical mechanism to evaluate the reaction source term.  The behavior of this time-scale for one particular flamelet configuration is shown in figure 1.  This indicates that chemistry will be fastest where the mixture fraction is close to stoichiometric and will be slower away from this point owing to the lack of either fuel or oxygen for reaction. Similar methods of determining species time-scales have been used by other authors [ GOTOBUTTON ZEqnNum725256  \* MERGEFORMAT ,7].  The species time-scale in the FTS model takes into account effects due to chemical kinetics and fluid mechanics.
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	Figure 1: Behavior of time-scale as a function of mixture fraction for a methane – air flamelet at 10 bar and stoichiometric scalar dissipation rate of 16.5 s-1.  Fuel and oxidizer boundary temperatures are 1500 K.


With the assumptions above, the time rate of change of species 
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 in equation (6)

 can be written as:
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Integration of equation 
(7)

 yields an expression for the species mass fraction at time  GOTOBUTTON ZEqnNum372893  \* MERGEFORMAT  as
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The nature of the exponential term ensures that the solution transitions smoothly between the value of the mass fraction at the old time-step and the steady flamelet mass fraction.  This feature of the FTS model offers an advantage over algebraic models that lack this smooth behavior such as ones suggested by Bilger [8] or Pires et al. [9]. 

MODEL VALIDATION

Results from the FTS model (equation 
(1)

 for a methane-air system using the FlameMaster code.  The FlameMaster calculation uses an unburned mixture as initial conditions and describes the time evolution of a laminar flamelet subject to a prescribed stretch rate.  Fuel and oxidizer boundary temperature conditions were specified as 1500 K and the stretch rate, (8)

) were compared to results obtained by numerically integrating equation  GOTOBUTTON ZEqnNum551929  \* MERGEFORMAT , at stoichiometric conditions was specified to be 16.5 
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Comparisons between the FlameMaster solution and the FTS model solution for 
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 mass fractions are shown in figure 2. 
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	Figure 2 a and b: Model and Unsteady Flamelet Calculation comparison


Product mass fractions predicted using the FTS model agree better with the FlameMaster solution than the steady flamelet solutions do.  The error in the 
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 mass fraction, calculated as the difference between the FTS solution and the FlameMaster solution and normalized by the FlameMaster solution, is 4.14% and that in the 
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 mass fraction is 3.35%.  This error is acceptable, considering that the FlameMaster solution requires about 400 times more CPU time for the computation.  The error that would have resulted if the steady flamelet solution was used is 631.03 % and 657.63% for the 
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 mass fractions respectively.

CONCLUSIONS

A flamelet time scale model for non-premixed combustion has been formulated based on flamelet and time-scale ideas.  The FTS model is able to predict unsteady chemical kinetic effects in laminar diffusion flames at low Damköhler numbers and approaches the steady flamelet solution for high Damköhler numbers.  Comparisons with full unsteady flamelet calculations using detailed kinetics are encouraging.  The errors in the computed mass fractions using this model are modest, especially considering the savings in computational time.
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