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I n t r o d u c t i o n 

Research under the AFOSR Focussed Research Initiative program began in Georgia Tech only 
in June 1996 due to delays in contract negotiations. The contract was officially established at 
Georgia Tech in September 1996. Due to these delays, the pertinent results obtained so far under 
this program for the June - December 1996 period is summarized in this report More details of 
the results obtained are given in the papers attached as Appendices. It is worth pointing out that 
some of the earlier development work that led to the following results was funded by other 
sponsoring organizations such as the Office of Naval Research and NASA Lewis Research 
Center. 

The AFOSR FRI program mandates the development of low emission advanced jet engine 
without sacrificing fuel economy. A critical feature in this research plan is the development of a 
new computational methodology that can be utilized to study UNSTEADY mixing and chemical 
processes at the small scales. Such a computational scheme is critically needed since 
conventional models do not account for these small scale processes and experimental non-
intrusive diagnostics are unable to properly characterize the features at the small scale due to 
practical limitations of the experimental devices. Furthermore, ad hoc and parametric studies to 
optimize the mixing process using laboratory engines have become too expensive. A validated 
computational methodology can play an unique role in not only simulating the realistic physics 
of the mixing process but also in providing data for the development of semi-analytical models 
that can be utilized for design studies. 

O b j e c t i v e s 

The goals of the study at Georgia Tech are two fold: 

(1) to develop and validate the unsteady small-scale mixing/combustion model within the 
context of a large-eddy simulation formulation and then to use this methodology to simulate 
REALISTIC fuel-air mixing/combustion (including two-phase effect: e.g., liquid-gas) in the 
vicinity of REALISTIC fuel injectors. The configurations and test conditions planned for this 
study are also being simulated experimentally, alheit in a simplified configuration so that the 
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data obtained can be used for the validation purpose. 

(2) to employ the subgrid combustion simulations to create a data base that can used to develop 
the analytical models crucially needed for the design studies. 

Results to date 

We have made significant breakthrough in recent months in the development of the simulation 
methodology. In the last few months, we have demonstrated that the subgrid combustion 
modeling capability can be used to simulate high Reynolds number non-premixed reacting shear 
flows. Furthermore, it was shown that this model can quantitatively predict accurately the 
features of such flows. The Reynolds number of the experiments (carried out at Cal. Tech using 
spatially developing reacting shear layers) was in the range 40000-100000 (a range so far 
infeasible with past unsteady numerical models). In addition, the validation demonstrated so far 
has never been achieved by any other conventional or current state-of-the-art methods. In fact, 
as shown in this study, conventional methods results in completely erroneous predictions of the 
mixed fluid variation in the shear layer. The results of these studies were reported recently in 
Menon and Calhoon, 1996 (Appendix A) and Calhoon and Menon, 1997 (Appendix B). 

Since both premixed and non-premixed flows are of interest in this study, a series of 
investigations were also carried out to evaluate the subgrid combustion modeling approach for 
application to premixed combustion. In premixed combustion in the high turbulence regime, the 
flame can be substantially thinner than the smallest turbulence scale (i.e., Kolmogorov scale). 
As a result, the computational requirement to resolve such thin flames in the wrinkled flamelet 
regime can become considerable. Therefore, the focus of this study was to investigate the 
applicability of the so-called G-equation model for flame propagation for premixed combustion. 
Studies using the subgrid mixing and flame propagation formulation of the G-equation was 
compared with the results for a finite-rate kinetic (i.e., a conventional approach) using a stand­
alone model. These results (reported in Smith and Menon, 1996a and 1996b - Appendices C and 
D) showed that in the flamelet regime, the G-equation model can capture quite accurately, the 
flame propagation characteristics and the turbulence flame speed variation with turbulence 
intensity as predicted by conventional finite-rate model but at a considerable reduction in 
computational cost. Furthermore, comparison with high Reynolds number fan-stirred bomb 
experiments showed that the subgrid mixing approach can reproduce quantitative variation of 
the salient properties. An interesting result of these studies was the observation that the subgrid 
model approach can be used to simulate flame structures both in the flamelet and distributed 
combustion regimes without any changes in the model formulation. This is of particular interest 
here since so far, no single model has been able to capture flames in both regimes. Further 
development of this model as a subgrid combustion model was recently carried out using a 
turbulent stagnation point high Reynolds number flows (Smith and Menon, 1997 - Appendix E). 

We have also developed a methodology whereby a version of this subgrid mixing and 
combustion approach can be utilized for simulation of steady-state reacting flows (Goldin and 
Menon, 1996 - Appendix F; Goldin and Menon, 1997 - Appendix G ) . Again, direct comparison 
with existing experimental data has clearly demonstrated the superiority of the present approach. 
This methodology has significant impact on the future research since steady-state RANS 
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approach is currently the state-of-the-art for design studies and improvement in its predicitive 
capability has important implications for future engine development programs in both civilian 
and military sectors. 

Planned Studies for the Rest of the First Year 

The past studies (noted above) employed well known (and older) experimental data base from 
studies at Cal. Tech., Sandia National Lab. and Univ. of Sydney. These data bases were 
developed for generic jet flames and therefore, were not focussed on the specific problems 
related to jet engine combustors. However, the current experimental program at UC Berkeley 
and UC Irvine have been specifically focussed on obtaining data on realistic fuel injector 
configurations. The next phase of the current research at Georgia Tech will focus on simulating 
test conditions and configurations for which more up-to-date data is being acquired under the 
FRI program. 

It is worthwhile reemphasizing that the results obtained so far using this methodology have 
demonstrated a new and innovative predictive capability that can be tested/verified directly 
against experiments (at high Reynolds numbers). Furthermore, the present approach can account 
for local unsteady effects associated with mixing and combustion process (a well-known and 
poorly modeled feature in steady-state models). 

Such a methodology has never existed so far and therefore, this approach has set the stage for a 
potential breakthrough in prediction of combustion flow fields in realistic engines. 

Publications (that resulted from partial funding from this FRI) 
(Some of these papers are included as appendices to this report) 

1. Calhoon, W. and Menon, S., "Subgrid Modeling for Reacting Large-Eddy Simulations", AIAA 
Paper No. 96-0516, 34th Aerospace Sciences Meeting, Reno, NV, January 15-18, 1996. 

2. Menon, S and Calhoon, W., "Subgrid Mixing and Molecular Transport Modeling for Large-
Eddy Simulations of Turbulent Reacting Flows", Symposium (International) on Combustion. 26, 
1996 (to appear). 

3. Smith, T. and Menon, S., "Model Simulations of Freely Propagating Turbulent Premixed 
Flames", Symposium ^International) on Combustion. 26, 1996 (to appear). 

4. Goldin, G. and Menon, S., "A Linear-Eddy Model for Steady State Combustion", AIAA Paper 
No. 96-0519, 34th Aerospace Sciences Meeting, Reno, NV, January 15-18,1996. 

5. Smith, T. M. and Menon, S., "Subgrid Combustion Modeling of Premixed Flames" AIAA Paper 
No. 96-3031,32nd AIAA/ASME/SAE/ASEE Joint Propulsion Meeting, Orlando, FL, July 1-3, 
1996. 

6. Smith, T. and Menon, S., "Simulations of Freely Propagating Turbulent Premixed Flames", 
submitted to Combustion Science and Technology. 1996. 
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7. Goldin, G. and Menon, S., "A Scalar PDF Construction Method for Steady State Turbulent 
Combustion", under revision, submitted to Combustion Science and Technology. 1996. 

8. Calhoon, W. H. and Menon, S., "Linear Eddy Subgrid Modeling for Reacting Large-Eddy 
Simulations: Heat Release Effects", AIAA-97-0368, 35th Aerospace Sci., Reno, NV, 1997. 

9. Smith, T. and Menon, S., "Large-Eddy Simulations of Turbulent Reacting Stagnation Point 
Flows", AIAA-97-0372,35th Aerospace Sciences Meeting, Reno, NV, January 6-9, 1997. 

10. Goldin, G. M. and Menon, S., "Analysis of Scalar PDF Models in Turbulent Non-Premixed 
Combustion", AIAA-97-0253, 35th Aerospace Sciences Meeting, Reno, NV, January 6-9,1997 
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Paper No. 26-376 

Subgrid Mixing and Molecular Transport Modeling in a Reacting Shear Layer 

Suresh Menon, William H. Calhoon Jr., Georgia Institute of Technology, Atlanta, 
Georgia, USA 

The importance of molecular transport in high Reynolds number reacting flows is now 
well accepted due to incontrovertible experimental evidence. However, most mixing 
models neglect this small scale process and, as a result, fail to predict the observed 
variation of the mean mixed composition and the Reynolds number, Schmidt number, 
and Damkohler number dependence observed in the experiments. A mixing model that 
explicitly accounts for the small scale mixing, molecular transport and chemical kinetics 
processes was developed earlier as a stand-alone method by Kerstein. Here, this linear 
eddy model (LEM) is implemented as a subgrid model within a configuration-
independent simulation methodology based on large-eddy simulation (LES) and used to 
study scalar mixing in a low heat release mixing layer. The ability of the present method 
to capture correctly the small scales mixing and molecular transport effects is 
demonstrated by carrying out both qualitative and quantitative comparisons with 
experimental data obtained in high Reynolds number flows. The present method provides 
a unique modeling capability to handle the small scale processes within the context of a 
general LES approach without any ad hoc closure of the scalar equations. 



Introduction 

Although the importance of large-scale structures in scalar mixing and chemical reactions have 

been known for quite some lime, it is only recently that experiments [1-5] have proven that 

molecular transport effects cannot be neglected even for high Reynolds number flows. This 

observation explains why models that neglect molecular transport fail to predict the observed 

features in turbulent shear layers such as the variation of mean mixed composition and the 

Reynolds number (Re), the Schmidt number (Sc) and the Damkohler number (Da) dependence. 

A model that incorporates both large-scale and molecular diffusion effects into scalar mixing was 

developed by Kerstein (called the linear eddy model) and was applied in a stand-alone mode to 

scalar mixing and chemical reactions in shear layers and jets [6-9]. In this implementation, the 

formulation incorporates the entrainmem of air parcels into the mixing region, their breakdown 

by turbulent eddies, molecular mixing of fuel and air and chemical kinetics using a stochastic 

simulation in one dimensional domain that may represent the jet centerline [8, 10, 11] or an 

axially advancing radial line in the shear layer [6, 7] . Studies have shown that this model deals 

explicitly with the Re, Sc and Da effects and can predict correctly the experimental trends in both 

gaseous and liquid shear layers. 

A limitation of the stand-alone approach is that the flow-specific processes such as air 

entrainment, shear layer spreading, etc., must be incorporated using inputs based on 

experimental or empirical data. This precludes application of this approach to more complex 

flows where the large-scale processes are configuration dependent. An approach that combines 

the advantage of this linear-eddy model (LEM) with a deterministic simulation of the large-scale 

processes was recently developed [12, 13] for large-eddy simulations (LES). In LES, all scales 

of motion larger than the grid resolution are explicitly computed and the unresolved small-scales 

are modeled using an eddy viscosity model. Recent advances include the development of 
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dynamic subgrid models [ 14, 15] (in which ihe "constants" of the model are determined as a part 

of the simulation). Eddy viscosity models are reasonable for momentum/energy closure since the 

small-scales are known to provide a mechanism for energy dissipation and transfer. However, 

due to the subtle interaction between turbulent stirring, molecular diffusion and chemical 

reactions at the smallest scales, a similar (i.e., eddy diffusivity) model for the scalar field would 

be seriously flawed. Here, a subgrid combustion model (based on LEM) is implemented within 

the LES cell to simulate locally, the small-scale mixing and molecular transport processes. 

Preliminary evaluation of this method was done earlier for both diffusion and premixed flames 

[12, 13] .In this study, both qualitative and quantitative comparison with data obtained in a low 

heat release turbulent shear layer is carried out to demonstrate the viability of this approach. 

Model Formulation 

The formulation of the simulation model is briefly summarized here. More details are available 

elsewhere [12, 14,16] and, therefore, omitted here for brevity. 

The Subgrid Closure for Large-Scale Transport: 

The LES equations are obtained by applying a spatial filter (top-hat) to the compressible Navier-

Stokes equations. These equations contain unresolved terms such as the subgrid stresses in the 

momentum equation: r ? s = p[uiuJ -« ;«;• ]» the subgrid energy flux and the viscous work terms in 

the energy equation: Hf = p [ £ ^ - £ 6 , ] - [ ; ? « , - £ « , ] and of - ^ ? f ] » a n d s c a l a r 

correlation: y'f -TYk-fYk in the state and the energy equations. Here, tilde indicates Favre-

filtering and bar indicates conventional filtering. Also, iilfp,%j and E are respectively, the 

resolved velocity, density, viscous stresses and total energy per unit volume. To close t j r . H * 

and o**s, a modeled equation for the subgrid kinetic energy k"s = ŵw, - uju, is solved along with 

the LES equations [16]. The subgrid eddy viscosity is then determined as: v, = Cvkn' At , 
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where A ( is ihe characteristic grid size. The coefficients appearing in this closure are determined 

using a dynamic procedure, whereby, they are computed locally (in space and time) during the 

simulation. The details of the dynamic procedure have been reported elsewhere [14] and, 

therefore, omitted. 

With ksgs known, the unknown subgrid terms are closed using the following relations: 

^ = - 2 p v , ( 5 ( J - 5 u < 5 ( J / 3 ) , / / ; ^ = - ( p v ; / c T i ) ( ^ / ^ 1 ) and of .fyrf.. Here, Pr,= 1 is the 

turbulent Prandtl number, Stj = [dul/dxj + dBj/$*,)•/2 is the resolved rate-of-strain tensor, and 

H = Cpf+ 0.511,11, + kSfs is the total enthalpy. It should be noted that all third-order correlations 

are neglected in the above formulation. 

The Subgrid Closure for Scalar Transport: 

To model reacting flows conventionally, the filtered species conservation equations of the form 

must be solved. Here, Yk, V a and cok are the A--th species mass fraction, the i-th component of 

the diffusion velocity and the production term, respectively. Assuming Fickian diffusion, the 

diffusion velocity can be approximated as: V* --{DkJXk)dXkfdxi, where Xk and Dk, are 

respectively, the k-ih species mole fraction and diffusion coefficient. The closure for 

S'JS = p(u,Yk -&i?k\ ri>t< V* and y?' is problematic because to estimate these terms, the small-

scale turbulent stirring and molecular transport must be modeled accurately. The new subgrid 

model was developed to primarily address the closure of these terms. 

In the subgrid combustion model, the species equations (Eq. 1) are not solved with the LES 

equations . Rather, between each LES lime-step, A/,, J ( four processes occur within each grid cell: 



small-scale lurbulcm stirring, molecular diffusion, chemical kinetics, and thermal expansion. 

These processes are governed by their respective time scales and are simulated on a one-

dimensional domain within each grid cell. This ID domain is an instantaneous slice through the 

local (3D) scalar field and is a space curve aligned with the local scalar gradients [6-8]. Here, the 

length of this domain is approximated as Ag, although it can be larger. The resolution within this 

domain is chosen to resolve the smallest scale (for gases, Sc = 0.7 and so the Batchelor scale is 

larger than the Kolmogorov scale, r/J. A minimum resolution of 6 subgrid cells is used to 

resolve r\k (determined using the scaling: A , / r j t = R e f = ( V ^ A ^ / v ) ^ ) which was found 

sufficieni. Molecular transport (and chemical production) is incorporated by die finite-difference 

solution (using zero-gradient boundary conditions) of the reaction-diffusion equations within the 

ID domain: dYt/dr = [6)i -dipY^^/ds]/p, where s is the subgrid spatial coordinate. For 

finite-rate kinetics, a I D thermal diffusion equation is also solved in the subgrid [11, 16]. The 

diffusion and chemical lime scales, AtdlJ1 and Atchm for this integration are chosen to satisfy the 

local stability criieria. 

Turbulent stirring by eddies ranging from the smallest (r/J to the largest (aJ is implemented as 

randomly occurring (at a local time interval Atmt) events that interrupt the ongoing reaction-

diffusion processes. These events represent the effect of turbulent eddies on the scalar field and 

are implemented using the "triplet" mapping [8-11]. Three parameters are needed for this 

mapping: the eddy size / (determined randomly from a length scale pdf, f{l\r]k £ / ^ A , ) , the 

mapping frequency A m (== l / A r ^ A , ) and the mapping location (also determined randomly on 

the ID domain). The details of how these parameters are determined have been reported in many 

cited references and are therefore, omitted. However, note that, earlier, all constants in the 

scaling relations used to determine these parameters were set to unity. Earlier, to compare with 

DNS results, the slirring lime Ar J I i r was rescaled by relating the LEM diffusivity to the large-

eddy turn over time in the DNS [17]. In the present case, the time scales At4iff and Ar„ i r are 



rescaied using a single constant to reproduce the experimentally observed [1 ,2] Re-variation of 

the product thickness (see below). 

Within the subgrid, volumetric expansion is also included [12] to account for heat release. This is 

implemented as an expansion of the LEM elements to account for temperature rise and results in 

a decrease in the local scalar gradients near the flame zone. Although this feature is implemented 

for the present study of shear layers with negligible heat release, no thermal expansion is 

required. 

From the temporal evolution of the local subgrid field the joint scalar pdf P(T,Yk) can be 

computed and can be used to calculate the local 6)k and y[gs. The subgrid approach also 

obviates the need for a closure of V a and S'J'% since the former is exactly included in the 

diffusion equation and the latter is implicit in the local stirring process. However, to couple the 

subgrid processes and the large-scale evolution (computed by the LES equations), two 

additional processes must be incorporated . These processes are the large-scale convection of the 

scalar fields (due to the resolved velocity field) and the effect of subgrid evolution on the large-

scale resolved fields. The large-scale convection of the scalar fields from one LES cell to another 

is accomplished by the "splicing" algorithm [12, 13] which is implemented at a convecuve time 

scale Ar„ n v (based on the local resolved velocity). The splicing algorithm essentially models the 

convective terms in the scalar conservation equations and involves (1) calculating the volume 

transfer across the LES cell faces due to both the resolved velocity (u,) and the fluctuating 

velocity field ( « ' - V ^ ) . (2) choosing the subgrid elements to be spliced, and (3) splicing the 

chosen elements across LES cell boundaries into the neighboring subgrid domains. 

Although details are given elsewhere [12, 16], some comments are worth noting. In step (1), the 

volume transfer is computed so that no mass conservation errors and no nonphysical upstream 

propagation of the species occurs. In step (2), the subgrid elements are chosen to ensure that the 
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splicing algorithm recovers laminar convection when A'*1 is zero. This is because the convective 

transport of scalars across LES cell surfaces is only modified by turbulent fluctuations. Finally, 

in step (3), to avoid spurious diffusion, the "age" of the spliced elements is tracked using an 

"inflow-outflow" process, whereby, only the older elements (in the LES cell) are either spliced 

out or truncated (since the splicing process can locally increase the elements in the LES cell). 

Detailed discussion regarding spurious diffusion and methods used to avoid this phenomenon is 

given elsewhere [ 12, 13, 16] and therefore, avoided for brevity. 

The splicing algorithm is key to the LEM implementation as a subgrid model in LES since it 

ensures proper convective transport of the scalar fields. It depends only on the local velocity field 

and not on the magnitude or gradient of species which are being transported. Thus, this allows 

scalar transport without false numerical diffusion typically associated with conventional finite-

differencing of the convective terms in Eq. (2). In addition, since gradient diffusion 

approximation is completely avoided, the effects of small scale molecular transport and turbulent 

stirring effects are implicitly included in the convected scalar fields. 

The splicing algorithm incorporates the large-scale effects on the subgrid fields. The effects of 

the subgrid evolution on the large-scale (LES) motion are included by using Yk and y?' 

computed by filtering the subgrid field in the LES equations. Note that, the resolved temperature 

T can be obtained from the LES energy equation and, also, by filtering the subgrid temperature 

field. However, since all the terms in the energy equation (such as viscous work) are not 

included in the subgrid simulation, f is determined from the energy equation and compared to 

the subgrid prediction. Significant disagreement between these two predictions would indicate 

that the assumptions used in the subgrid thermal equation (e.g., no viscous work and constant 

pressure) are being violated and serves as a measure of the applicability of the current 

implementation. 
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Results and Discussions 

The LES equations are solved using a high-order finite volume scheme. The inviscid fluxes are 

obtained using a fifth-order scheme [16]. The viscous stresses, heat flux and all other derivatives 

are approximated using a fourth order scheme and the time integration is carried out using a 

second-order Rungc Kutta scheme. The reaction-diffusion equations in the subgrid field are 

solved using a second-order scheme on equal spaced grid. The finite-volume scheme was 

validated by carrying out several DNS simulations and the LES implementation (with the 

dynamic subgrid model) was validated by comparing with DNS results of decaying isotropic 

turbulence. The subgrid implementation was verified by comparing with an exact solution of the 

diffusion equation, and the subgrid accuracy was checked by comparing with results obtained 

using a more expensive sixth-order compact scheme. The splicing algorithm was used to 

reproduce accurately a pure convection problem, thereby, validating this implementation. Due to 

space limitations, these results are not shown here. 

The experimental results [1-5], obtained in a low-heat release shear layer, are used for both 

qualitative and quantitative evaluation. In the near field of the shear layers studied in these 

experiments, the 3D effects were primarily confined to the small scales, and the large-scales 

were primarily 2D. This near field evolution is studied here using LES of a temporally evolving 

2D mixing layer with the new subgrid model. Since the scalings used in the LEM are known to 

capture 3D mixing effects 16-9], this approach should properly characterize (if the model is 

correct) the near field of a spatially developing shear layer. In contrast, 2D DNS has been shown 

unable to properly capture the 3D small-scale effects [18]. To simulate the breakdown of the 

shear layer in the far field, a full 3D LES-LEM approach is needed; however, the farfield is not 

the focus of this study. 

7 



Since the simulated mixing layer contains only dilute species, several simplifying assumptions 

are possible. Assuming equal diffusivity of all species allows the mixing process to be 

completely described in terms of the mixture fraction £ which is the normalized mass fraction of 

the atomic species in the fuel stream and is, therefore, unity in the fuel stream and zero in the 

oxidizer stream. The LEM subgrid diffusion equation for 4 becomes : 

I p , where the diffusion coefficient D= v/Sc. The unity Lewis 

number assumption is also invoked to simplify the closure of the energy equation. 

An irreversible reaction F + 0 - » P is studied (as in [1]) with negligible heat release. This 

eliminates the temperature equation from the LEM formulation and the subgrid temperature is 

specified as the LES predicted temperature f. As a result, the subgrid correlation y/̂ *' is zero. 

The capability of the present approach is demonstrated here using infinite rate chemistry. For 

infinite rate chemistry, the product formation can be calculated from £ by assuming complete 

conversion of all reactani species. Finite-rate kinetics (Da effects) has also been studied [16] but 

is not reported here due to space limitations. 

The computational domain is In x 2n + ys with periodic boundary conditions in the 

streamwise direction and slip walls in the normal direction. Uniform grid spacing is employed in 

both directions in the {2nf domain and then the grid is stretched to the walls (located at 

±(2n + yi)/2) to minimize the wall effects. The resolution in the uniform grid region is 

128x128 with an additional 20 points used in each stretched region. A subgrid resolution of 300¬ 

600 cells, depending upon the problem, was found to provide adequate resolution of rj t . 

The resolved mean velocity field is initialized by a hyperbolic tangent profile 

[ ( « ) = 0.5t/ 0 tanh(y/a),(v) = 0 ] and an isotropic velocity field perturbation which decays as k'2 

energy spectrum in wavenumber (k) space. Here, < > indicates the mean value and a = 0.55^^, 

where <5ffl0 = t/0[d(w)/<?y]~^ is the initial vorticity thickness. A value of a = 0.1496 is chosen 
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which causes the third mode (from linear stability) to be the most unstable. For a characteristic 

velocity of U0 = 71 m/sec and an initial temperature of 300 K, R e u 0 = U0$a0/v = 7000 which 

is sufficiently high to be beyond the mixing transition (characterized by the appearance of small-

scale 3D motion that significantly increases mixing and product formation) [5] , Thus, the 

capability of the LEM subgrid model to capture the essence of 3D small-scales can be evaluated. 

The subgrid kinetic energy is initialized as: = Ctk"\ where k"' is the test filter ( = 2 A , ) 

energy and Ck =0 .45 (obtained from scale similarity analysis in stationary isotropic turbulence 

[14]). Since heat release is neglected, the subgrid density is set to the LES filtered value and the 

subgrid B, is initialized constant in each LES cell and equal to a mean value: 

( | ) = 0 . 5 ( l + tanh(y/a)). 

Large-Scale Velocity Field Evolution: 

As noted in [1], for negligible heat release and dilute reactants, the fluid dynamics becomes de 

coupled from the scalar evolution. The velocity field evolves as expected from the initial state 

with the most unstable mode initially growing linearly and then finally saturating at 

around T = r ^ o / ^ . o « 20. Subsequently, the primary vortices begin to pair as the second mode 

becomes more energetic. The stream wise velocity field evolves self-similarly as expected for 

unconfined mixing layer (note that the slip walls are located a considerable distance from the 

shear layer). Figurel shows the plot of (u) across the layer in terms of the similarity coordinate 

y/<5m. Here, 5 m is the momentum thickness. The predicted mean velocity is shown averaged for 

r £ 5 and compares very well with the experimental data [18] obtained in a spatial mixing layer. 
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Small-Scale Scalar Field Evolution: 

Simulations were performed for different concentrations of the reactants in the fuel and oxidizer 

streams specified here in terms of the equivalence ratio 0 = YOQ/YF0 [1]. Figure 2 shows the 

normalized mean product mass fraction (Yp)/Ypil across the layer at T = 19. Here, st indicates 

stoichiometric conditions. The computed profiles exhibit several observed trends: the asymmetry 

for 0*1 , the skewness towards the lean reactant side, and the tendency to become symmetric 

as 0 - » 1 . The asymmetry results from the vertical shift of the flame towards the lean reactant 

side and was also observed in the contour plots of (Yp} (not shown). Experimental data showed a 

higher peak for 0 = 8 than for 0 = 1/8 due to an entrainment ratio of 1.3 [1]. This feature is not 

captured since the entrainment ratio is unity in the temporal simulation and is not due to any 

limitation of the model. The mean product is maximum for 0 = 1 and drops off for 0*1 

consistent with data [1]. The peak values are in the range: 0.57 S ^ y ^ / y , , , ] < 0 . 6 5 , in good 

agreement with the measured range: 0.54 < f(y ) / y < 0.67. 

Quantitative comparison of the mean product at 0 = 1 is also shown in Fig. 2. The experimental 

data has been calculated from the measured mean temperature (as noted in [1]). The agreement is 

quite good for both the peak value and the shape of the profile even though the Reynolds 

numbers (based on mean mixed probability [1]) are slightly different: Re,, = 6.5*10* [1] and 

= 4.1x10* (present). However, the product formation is known [1] to be a slow function of Re 

(6% decrease for a factor of 2 increase in Re). 

The importance of molecular transport can be seen in the filtered mean product field shown in 

Fig. 3a (for 0 = 1/8) and Fig. 4a (for 0 = 8). For comparison, the experimental mean temperature 

data are shown in Figs. 3b and 4b, respectively. These figures show that at nearly all transverse 

locations, a significant amount of product is formed in the large structures that are separated by 

entrained free stream fluid (regions with negligible product). The experimentally observed ramp-
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like structures in the streamwise direction (due to the formation of streamwise gradients in the 

mixed fluid composition) have been captured in the simulation. Furthermore, the change in the 

sign of the gradient (i.e., the product shifts from the trailing-edge to the leading edge of the 

primary vortices) when# = 1/8 is changed to 8 is also captured. These results suggest that the 

subgrid LEM accurately reproduces the role of small scales which is to mix the free-stream fluid 

entrained by the large-scale vortices. This 3D mixing capability is absent in 2D DNS [18] (and 

in 3D LES with gradient diffusion closure) resulting in wrong transverse gradients in the mean 

mixed composition 

The variation of across the shear layer is shown in Fig. 5. The predicted magnitude and 

variation of (% m ) are in good agreement with experimental data in the central portion of the shear 

layer. The experimental data at the extremities is not considered reliable due to intermittency 

effects [5]. This figure gives the clear evidence of the importance of correctly modeling the 

molecular transport effects since conventional models (that ignore molecular effects) fail to 

predict the experimental trends [4]. 

Fig. 6 shows the variation of product thickness with Reynolds number. As noted above, the 

subgrid time scales were rescaied using a coefficient (constant for all simulations) to reproduce 

this Re-dependence of product decay. It is worth noting thai a linear variation (in the log plot) of 

product thickness with Re (as seen in the experiments) was obtained even when this coefficient 

was set to unity. The observed Re-dependence has yet to be properly explained and is still under 

study. Regardless, the present computations appear to capture this trend quite well in spite of the 

slight overprediction of the product thickness which is due to the dependence of the mean 

product profile on the entrainmeni ratio (noted earlier to be different from the experimental 

value). 
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Conclusions 

A formulation that employs the LEM as a subgrid model in a LES has been used to study 

turbulent non-premixed combustion in a shear layer. It has been shown that it is possible to 

properly couple the large-scale (LES computed) processes and the small-scale (LEM computed) 

processes. The ability of the present approach to capture correctly the small-scale 3D effects has 

been demonstrated using a mixing layer in which the large scales are primarily 2D, and the 3D 

effects are confined to the small-scales. Finite-rate kinetics and heat release can be incorporated 

into the present formulation without any major modifications. Extension to full 3D LES can also 

be easily accomplished but at an added computational cost. However, this model is optimal for 

parallel processing and therefore, full 3D LES-LEM may become practically feasible in the near 

future (an issues currently being addressed). Both qualitative and quantitative experimental 

trends in high Reynolds number shear layers (that are known to be partly due to molecular 

transport effects) have been reproduced. This approach provides a new modeling capability to 

handle small-scale turbulent mixing, molecular transport and chemical kinetics within the context 

of a general LES approach. 
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LIST OF FIGURES 

Figure 1. Mean streamwise velocity profile plotted in a similarity coordinate, y/8m, 
where 8m is the momentum thickness. Experimental data is from [19] for a tripped spatial 
shear layer measured at three different locations. 

Figure 2. The normalized mean product mass fraction (Yp)/Ypsl as a function of y/8Pm 

' at T = tUB/8w0 = 19. The mixed probability thickness, 8Fm is defined as the width of the 

region (Pm)>0.99 where ( P m ) is the mean mixed fluid probability defined [5] as 

{Pm) = \{pn'{t]y^ • Here £ ~ 0.033 and (p'"{$)) is the mean subgrid mixture fraction t 
pdf calculated from all the subgrid fields at a particular transverse station. The pure 
mixed fluid outside the range £ < £ < 1 - e is excluded from this integration. 

Figure 3. Trace plots of filtered product thickness (normalized by its maximum) at eight 
transverse locations in the mixing layer. Arrows indicate the ramp like structures, 
(a) LEM predicted product thickness for 0 = 1/8. (b) experimental data for normalized 
temperature for 0 = 1/8 [ 1]. 

Figure 4. Trace plots of filtered product thickness (normalized by its maximum) at eight 
transverse locations in the mixing layer. Arrows indicate the ramp like structures, 
(a) LEM predicted product thickness for 0 = 8. (b) experimental data for normalized 
temperature for 0 = 8 [1]. 

Figure 5. Mean mixed mean mixture fraction across the layer. Predicted results at 
T = 19 and experimental data for gases from [5] and [20]. The ( | m ) data from [5] was 
calculated from the mean temperature data using an approximate technique [1] . The 
reliability of this technique at the extremities of the layer, where £,„ is intermittent, is not 
known. 

Figure 6. Normalized product thickness 8pj82 dependence on Reynolds number, 
Re 2 =J70<52/v at t = 1 9 . Here, 82 is the 1% thickness of (Yp)/Ypsr The experimental 
data of Mungal et al. [2], which has a slope of 0.05 was used to determine the calibration 
coefficient used to rcscale the subgrid stirring and diffusion time scales. 


