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TA-53-24-204,LosAlamos,NewMexico87545

ABSTRACT

Hydrodynamics are normally described with Navier-Stokes equations. However, for
complex flow such as multiphase and reacting flow, this approach may not be suitable. As an
alternative approach, we have focused on Lattice Gas Automata (LGA), which simulates the
fluid with mesoscopic particles by assuming that space and time are discrete and physical
quantities take only a finite set of values. In this paper, we have simulated the reactive flow
with LGA. We have focused on the mixture in counter flow to investigate flame structure in
turbulent combustion for verification of Klimov-Williams criterion. To confirm this method,
we have compared these results with that obtained by solving the incompressible Navier-
Stokes equations with finite difference method. It was found that the flow field by LGA is
quite in agreement with that by solving Navier-Stokes equations. In the simulation of reactive
flow, when the reaction probability is relatively high (high Domkohler number), the reaction
front is continuous, which corresponds to the wrinkled or corrugated flamelets regime. When
the reaction probability is further decreased with reduced Domkohler number, the reaction
structure is largely changed and reaction region is distributed with thickened fronts. Although
this simulation is not for the real flame, these results yield useful information for modeling
turbulent combustion.



INTRODUCTION

Turbulent premixed flames are widely used in practical combustion system, and it is useful to

model turbulent combustion for controlling reaction and improving combustion devices. SO far,

numerous studies have been made [1- 13], and several different flame regimes have been

proposed to classify the flame structure with phase diagram [5,6]. It is considered that if the

smallest turbulent eddies have a size below the reaction z,one thickness, these eddies might

penetrate into the reaction zone to form thickened flame with distributed reaction zone [1-6]. As a

limit between so called flamelet regime with thin wrinkled flame fronts and distributed

combustion regime, the Klimov-Williams criterion has been proposed. However, in the work of

Buschrnann et al. [14], it has been observed that thermal flame-front structure is significantly

thinned compared with that of the larninar flame, which is contrary to the expectation of

thickened flames. Mansour et al. [15] have observed thin reaction zone with relatively thick

turbulent preheat zones by simultaneous two-dimensional CH-LIF/Rayleigh measurements. Thus,

the turbulent flame structure has not been clearly understood, and recently, many experimental

researches have been conducted with laser diagnostics to construct turbulent combustion

diagrams.

On the other hand, the numerical simulation has been also powerful means to investigate the

turbulent combustion, because the computer performance has drastically increased in the last

decade. Especially, direct numerical simulations (DNS) have been focused on [16,17], because it

is possible to take both turbulence and detailed chemistry into account, and we can select flame

characteristics and turbulence freely, which is difficult in experimental studies. However, when

we simulate turbulent flames with detailed chemistry in two or three-dimensional geometry, the

computational costs of such a treatment would be too much. Until now, it is difllcult to simulate

highly turbulent combustion especially to verify the Klimov-Williams criterion, and an



alternative approach may be needed.

LNormal]y,hydrodynamics are described by partial differential equations with Navier-Stokes

equation. Recently, the methods have been proposed to describe the fluid by assuming that it is

composed by mesoscopic particles. one of them is called Lattice Gas Automata (LGA) [18,19].

In this study, we have focused on this method, and have applied it to simulation of reactive flow

with simplified chemistry. We have investigated the interaction

formed in counter flow, especially focused on the reaction

number.

between flow and reaction region

structure in reduced Domkohler

Lattice Gas Automata (LGA)

Hydrodynamics are normally described with Navier-Stokes equation. However, this method

may not be suitable for complex flows such as porous media, erosion, multiphase, and reacting

flows [19,20], and an alternative approach may be needed. Lattice Gas Automata (LGA) is the

method to describe the fluid at a more microscopic level by assuming that it is composed by

mesoscopic particles. It is constructed as a simplified, fictitious molecular dyn&nic in which

space, time, and particle velocities are all discrete. From this perspective, the lattice gas method is

often called lattice gas cellular automata.

In the late 1940s, Cellular automata (CA) have been proposed by Neumann [21] to model the

mechanisms of self-reproduction in living organisms. CA are an idealization of a physical system

in which space and time are discreate and the physical quantities (i.e. the states of automaton)

takes only a finite set of values. Formally, it can be defined as:

(1) A regular lattice of cells (or cites) covering a portion of a d-dimensional space.

(2) A set of Boolean variables attached to each site of the lattice and giving the current state of



automata.

. ,

(3) A rule which specifies the time evolution of the cells ,according to the current state of (he

nearest neighbor cells. To obtain the state of the automaton at the next iteration, the same rule

(homogeneous CA) is applied synchronously to all the cells. The neighborhood (i.e. the range of

the rule) is a parameter which is adjusted according to the problem at hand.

It should be noted that sufficiently large cellular automata often show seemingly continuous

macroscopic behavior. Thus, they can potentially serve as models for continuum systems such as

fluids. In 1986, by Frisch et al. [18], the FHP model has been proposed to model a fluid as a fully

discreate moiecuhr dynamics. He has used a hexagonal lattice for symmetry of the lattice and has

succeeded in obtaining the correct Navier-Stokes equation by starting from the lattice gas

automata. So far, this method has been applied to a large range of scientific problems including

diffusion processes, wave propagation, and multi-component fluids. Also, it has been recognized

as a powerful way to solve problems with a high degree of data-parallelism because of its simple

numerical approach.

LNUMERICALAPPROACH

In this study, we have adopted FHP model [18]. It consists of a regular lattice with particles

residing on the node (see Fig. 1). A set of Boolean variables, ni(~, t) (i= 1 to 6), describing the

particle occupation is defined. The hexagonal lattice with six directions at each node is shown,

( )Z,= .COS((’-l)Z), sin((’-l)Z) , (i=l, ., 6),



where ei is the local velocity vector, and each particle has the same veiocity of unity. As shown in

Fig. 1, the local averaging is conducted in the sub-domain to obtain quantities such as velocity

and density.

Starting from the initial state, the configuration of particles at each time step evolves in two

sequential sub-steps. The first step is streaming, in which each particle moves to the nearest node

in the direction of its velocity. Next step is collision, which occurs when particles arriving at a

node interact and change their directions according to scattering rules, which preserves mass and

momentum. The collision rule is shown in Fig. 2. The evolution equation of LGA is as follows:

}?,(. F+E,J+ I)= n,(.7,f) +S2r(n(.t, f)), (i=l, ..”,6),

where ni is the Boolean occupation number describing the presence or absence, and G?iis the

collision term. At the wall, the bounce-back rule is adopted to obtain zero velocity, by which the

particle bounce back when it reaches at wall boundary. The total particle density, p. and

momentum, pu, are given by

p=~ni,
i

p-i=~zf?l.
1

For this model, the transport coefficients and Reynolds number are given by

c, =1/45,



. ,

1 1

‘= 12d(l-d)3 ‘i

where d is given by d=p/6, v is kinematic viscosity, and CSis sound speed, D is the grid number of

the characteristic length.

solving N-S equation.

These formulas are useful when we compare the results with those by

Here, we focused on the counter flow, which has been widely examined in studies of turbulent

combustion to investigate the interaction between flame and flow [17,22]. Figure 3 shows the

schematic of counter flow twin flames. We modeled this flame and simulated it with LGA. Two-

dimensional rectangular coordinates are used. Reactants flow inward from a porous wall at y = L

and -L, are transformed chemically to products by reaction, and then flow outward along the axis

of x-direction. Here, we did not adopt symmetric assumption at y = O.

As a reaction model, we only considered reactant, A, and product, B, which have equal mass.

Therefore, the total mass is conserved when the reaction occurs. Normally, combustion reaction

occurs in the region of high temperature due to the exothermic reaction, where the product forms,

Therefore, for simplicity, the reaction only occurs in the presence of product B.

A+ B+B+B

Here, we simply changed reaction probability for reducing Domkohler number. The reactant

reacts into the product with probability of p. The total computational domain is composed by

257,121 nodes (801x32 1), and quantities including the velocities and density are obtained by



. .

averaging the discrete values of the p~icles in sub-domain (16x8). Thus, there are 50X40 points

to determine the physical quantities.

RESULTS AND DISCUSSIONS

Non-reactive Flow

First, we investigated the flow field in a non-reactive mixture. To confirm the validity of the

discrete model, we also simulated the counter flow with so-called Navier-Stokes equation, which

is solved by finite difference method. Results are shown in Figs. 4 and 5. The inlet velocity, U, is

0.108 at the wall, so that the Mach number, Ma (=U/c,), is 0.15, and its Reynolds number is about

50, which is due to the high viscosity of LGA fluid. In this figure, the number density is defined

as the number of particles per node. This is the instantaneous profile obtained at 5000 time steps,

which is almost steady state. The fine counter flow structure is observed in Fig. 4(b), and there is

a good agreement between two results of flow field. As seen this figure, the number density near

the exit is small. The particle did not come back once it exited the domain. There are no particles

which has the velocity vector of i =3, 4, and 5. Therefore, there are less particles around the exit.

Next, we compared these results quantitatively. Fig. 5 shows the profiles of axial velocity at

different location. These velocities are non-dimensionalized with inlet velocity, U. Itis found that

the velocity obtained by LGA is almost safne as that by N-S equation, except that the velocity by

LGA is higher at XL = 4 due to the less particles of i =3, 4, and 5. Therefore, the counter flow can

be also described by this discrete model, as well as other flow configurations including a

Poiseuille flow and the flow after a backward facing step etc. [19].
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I Next, we simulate the reactive flow. We changed the reaction parameter with fixed velocity to

investigate the behavior of reactive flow. As already mentioned, we varied the reaction

probability to reduce the Domkohler number, which is shown in Table 1. Results are shown in

I Figs. 6 and 7, Here, to distinguish the reaction region, we focused on the region where the

reaction often occurs, which was determined by reaction frequency.

Figure 6 shows the results of highly reactive flow. Here, the profiles of density, mass fraction

of product, and reaction frequency are shown. Normally, in combustion field, there is flow

expansion due to increased temperature. However, in this calculation, we did not take the

temperature change into account, and the velocity profile is the same as that obtained in non-

reactive flow in Fig. 4(b).

Fig. 6(b) shows the mass fraction of products, which is obtained by pB/(pA + p8), where p, is

the locally averaged number density. Reactants flow inward from both walls at y = L and -L, and

are transformed chemically to products in the reaction region. Then, both reactants and products

flow outward along the x-direction. This configuration is very similar to the counter flow tw[n

flames. As seen in Fig. 6(c), the reaction frequency is high only at the boundary of reactants and

products. .Reaction region is almost continuous. This behavior is observed in the Iaminar flame or

the wrinkled larninar flame, which has one continuous flame front.

However, the reaction probability is decreased to reduce Domkohler number, these profiles

were changed. Figure 7 shows the profile of the mass fraction of product, which may have useful

information. tn general, when the turbulence is high, the transport of heat and mass is controlled

by turbulence, and it could be considered that profiles of temperature and product is almost same.

Therefore, we could obtain some information about temperature field which is strongly related



. .

with combustion characteristics. Recently, due to the recent progress in laser diagnostics. the

instantaneous two-dimensional temperature profile of turbulent flame has been obtained.

Mansour et al. [15] have pointed out that only preheat zone of the turbuient flame is thickened

with thin reaction zone in relatively high turbulent conditions. Chen et al. [13, 23] have observed

the persistence of Iaminar-like flame structure of turbulent flames instead of thickened flame with

distributed reaction zone, by which the new phase diagram may be constructed. This structure

was observed in case 2. As seen in Figs. 7(b) and 8(b), the boundary of reaction and product is

slightly thickened with relatively continuous reaction front.

However, as seen in case 3 where the reaction probability is further decreased, the structure of

reaction region is largely changed. Reactant and product exist at the same time. The reaction

region is distributed, and there is no thin reaction zone. According to Summerlleld et al. [3], it is

considered that when the turbulence conveys the reaction regions by convection, a distributed

reaction zone is formed, which consists of many locally reacting eddies, resulting in a thick flame

structure. This idea was theoretical y proposed, but this flame structure has not observed. This is

because we need highly turbulent condition, which is too difficult to obtain.

In this study, although we adopted simple reaction model, and it is impossible to compare our

results with those of the real flame, it seems that this reaction profile in case 3 is similar to the

theoretically proposed flame with the distributed reaction zone, which has been never observed.

At least, we could find the structure change of reaction region with reducing Domkohler number.

These results yield useful information for modeling turbulent combustion.

CONCLUSIONS

We have simulated the reactive counter flow with LGA for verification of Klimov-Williami



criterion. To confirm this discrete model, we have also obtained non-reactive. It was found that

the flow field by LGA is quite in agreement with that by solving Navier-Stokes equations. In the

simulation of reactive flow, when the reaction probability is relatively high (high Domkohler

number), the reaction front is continuous, which corresponds to the wrinkled or corrugated

flamelets regime. When the reaction probability is further decreased with reduced Domkohler

number, the reaction structure is largely changed and reaction region is distributed with thickened

fronts. Although this simulation is not for the real flame, these results yield useful information for

modeling turbulent combustion.
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(Figure Caption)

Figure 1. Calculation region and FHP lattice.

Figure 2. Schematics of counter flow twin flames and rectangular coordinate.

Figure 3. Collision rule of six-bit FHP model.

Figure 4. ~elocity field, (a) by solving N-S equation, (b) by LGA.

Figure 5. Distribution of non-dimensional axial velocity.

Figure 6. Profiles of Case 1, (a) number density and velocity vector, (b) mass fraction of
product, (c) reaction frequency.

Figure 7. Profiles of mass fraction of product, (a) Case 1, (b) Case 2, (c) Case 3.

Figure 8. Profiles of reaction frequency, (a) Case 1, (b) Case 2, (c) Case 3.

Table 1. Reaction probability, p, in cases 1,2, and 3.



Table 1. Reaction probability, p, in cases 1,2, and 3.

Number Density Case 1 Case 2 Case 3
of product, N2 (High Da) (Intermediate Da) (Low Da)

o p = 0/2 P = 0/8 p=o/lo
1 p = 1/2 P = 1/8 p= 1/10
2 p = 2/2 p = 218 p = 2/10
3 D= 212 D = 318 D = 3/10
4 p=2/2 P = 4/8 p=4/lo
5 D = 2/2 D = 5/8 D = 5/10
6 no reactant no reactant no reactant J
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(a) Velocity vector and contour of stream function by
solving N-S equation.
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(b) Velocity vector and number density of particles
obtained by LGA.

Fig. 4. Velocity field, (a) by solving N-S equation, (b) by LGA.
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Fig. 6. Profiles of Case 1, (a) number density and velocity
vector, (b) mass fraction of product, (c) reaction fiequenc y.
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Fig. 7. Profiles of mass fraction of product, (a) Case 1, (b) Case 2,
(c) Case 3.
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Fig. 8. Profiles of reaction frequency, (a) Case 1, (b) Case 2,
(c) Case 3.


