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A direct numerical simulation (DNS)  code has been modified to investigate 
chemically reacting flo ws in a stationary, homogeneous turbulence. Single and mul- 
tispecies reactions as well as complicated reaction schemes such as parallel/consec- 
utive reactions are studied. The effects of some parameters are discussed. The 
numerical data are used to test a simple first-order closure model, proposed by 
Dutta and Tarbell (1989), for  turbulent reacting flows. It is shown that the DNS 
technique provides us with an effective tool to isolate the effects of different pa- 
rameters and is likely to be useful for  proposing and testing closure models. 

Introduction 
Investigation of turbulent reacting flows has been an im- 

portant area in turbulence research and has many applications 
in practical fields such as chemical engineering and combus- 
tion. Because of the chaotic nature of the problem, statistical 
descriptions of the turbulent fields are adopted. A major dif- 
ficulty accompanying the statistical theory of turbulence is that 
when the governing equations are averaged to obtain the means, 
the equations become unclosed due to strongly nonlinear re- 
actions and complicated velocity-scalar interactions. Tradi- 
tionally, closure models are proposed that relate these unclosed 
terms to the resolved quantities (Dutta and Tarbell, 1989; Heeb 
and Brodkey, 1990). 

Because of the difficulties encountered in conducting tur- 
bulent reacting flow experiments under controlled conditions, 
our knowledge about this area has been very limited, which 
therefore restricts the scope of proper closure proposals. In 
this situation, the recently developed direct numerical simu- 
lation (DNS) techniques provide an important alternative for 
the turbulent reacting flow research (for example, Riley et al., 
1986). Advances in computer technology in the past two dec- 
ades have made it possible to numerically simulate turbulent 
flows of moderate Reynolds numbers. Using this approach, 
all the significant scales in the turbulence fields are resolved 
explicitly so that no ad hoc assumptions are needed. Provided 
that the physical processes are accurately described by the 
Navier-Stokes equations and the scalar evolutions equations, 
this method provides a way to conduct experiments numeri- 
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cally, which has certain advantages over the traditional ex- 
perimental approach. First, it provides information that is 
difficult to obtain experimentally, and second, the parameters, 
such as Schmidt number and Damkohler number, can be easily 
varied. The disadvantages of this method, however, are also 
obvious. The major one is the limitations on spatial and time 
scales that can be resolved. 

Other authors have also employed DNS to investigate tur- 
bulent reacting flow problems (Givi and McMurtry, 1988; 
Leonard and Hill, 1989, 1990). In this article, a code, originally 
developed by Rogallo (1981) and later modified by Eswaran 
and Pope (1988a) to simulate stationary turbulence, has been 
extended to accommodate chemically reacting flows. Single- 
and multispecies reactions as well as single-step and multistep 
reactions are considered. The effects of some parameters, such 
as Damkohler number and initial length scale, are studied. 
Numerical experiments have been conducted to test the 
3E/4E pure mixing asymptote closure models that were re- 
cently proposed by Dutta and Tarbell (1989). 

Numerical Method 
The program used in this study is the well established pseu- 

dospectral scheme and solves, for statistically homogeneous 
fields in the three-dimensional space, the incompressible Na- 
vier-Stokes equations as well as the scalar transport equations. 
It was developed originally by Rogallo (1981) for decaying 
turbulence and later modified by Eswaran and Pope (1988a) 
by forcing the large-scale velocity components (energy is added 
to the velocity components in 0 5 k 5 KF in the wave number 
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space) by Uhlenbeck-Ornstein processes to yield a statistically 
stationary flow field. It has been used to investigate the be- 
havior of a nonreacting scalar in homogeneous stationary tur- 
bulence (Eswaran and Pope, 1988b). 

In this research, the chemical reaction source terms are in- 
cluded in the scalar transport equations to deal with finite 
reaction rate reacting flow problems. It has been shown that 
the inclusion of these source terms does not impose additional 
numerical stability conditions (Gao, 1990), as will be described 
in the following. More detailed discussions can be found else- 
where (Rogallo, 1981; Eswaran and Pope, 1988a; Ciao, 1990). 

Pseudospectral scheme 
The equations to be solved are: 

(1) 
a ;  
- + ;;. v v= v V G -  vp + f 
at 

(2) 
-. vv=o 

where uecu = ( u l ,  u2, u,) = (u, u, w )  is the velocity field; v 
is the fluid viscosity; f = Cf,, f 2 ,  f,) is the external force to 
maintain the turbulence energy; 4, is the concentration of spe- 
cies i ;  and S, is the reaction source term for species i. 

The concerned field f (fields like u,  u, wand 4,) is represented 
byf(j l ,  j 2 ,  j 3 )  on N 3  node points (x,,, yI2, 213) = [ ( j ,  - 
( j ,  - l)Ax, ( j ,  - l)Ax] in the domain (0, 27r; 0, 2 ~ ;  0, 27r), 
where Ax = 27r/(N - 1). To employ efficient Fourier trans- 
form techniques, N is chosen to be 2". The time integration is 
carried out in the wave number space (k l ,  k2, k , ) ,  which spans 
the integer grids in [l - (N/2) ,  ( N / 2 ) ;  1 - (N/2) ,  (N/2);  1 
- (N /2 ) ,  ( N / 2 ) ] ,  by a second-order Runge-Kutta scheme for 
the field components at each wave number (for each Fourier 
component) (Rogallo, 1981; Eswaran and Pope, 1988a). Field 
components in the wave number space _7'(kl, k2, k , )  can be 
related to those in the real physical space by: 

I - N / 2  I - N / 2  1 - N / 2  

Substituting Eq. 4 into Eqs. 1 and 3, the evolution equations 
for the Fourier components can be written as: 

= - v k 2 6 1 + ~ - i k l ~ ,  ( 5 )  

for a velocity component and 

for the concentration of species j ,  where 3 [ 01 indicates a 
Fourier transform of the bracketed quantities. 

To evaluate the Fourier transform of terms z . Vq5 effi- 

ciently, both and Vq5 are transformed back to the real space 
and the products are then transformed to the wave number 
space (Patterson and Orszag, 197 1). Whenever multiplications 
in real space are performed, however, an error known as the 
aliasing error arises because of the finite periodicity of e'kx~ in 
wave number space. Both phase shifting and truncation meth- 
ods have been introduced to remove the aliasing errors for 
bilinear multiplication terms (Patterson and Orszag, 197 1; Ro- 
gallo, 1981). To use this method for the solution of chemical 
reaction problems, the reaction terms should be no greater 
than power 2 to avoid more aliasing errors than those caused 
by the bilinear products (Gao, 1990). 

More details about the pseudospectral method can be found 
in other references (such as Gottlieb and Orszag, 1977; Hus- 
saini and Zang, 1987). 

Data extraction 
To extract useful data from the computation, the assumption 

of homogeneity is used. With this assumption, the ensemble 
average can be replaced by the space average. 

In the spatial average, each grid point is considered as a 
sample in the ensemble. For example, if 

N / 2  .2'/2 

f ( j )  = ?(k)eikXj  and g ( j )  = c S (k)e'k*l, 
k = l - N / 2  k = I - NI2 

where j = 1, 2, . . . , N. The statistics o f f  and g are then 
evaluated by: 

where angle bracket represents the mean of a quantity. 
Noting that ( e l k X )  = hk0, and f and g are real, one obtains: 

where g* is the conjugate of g. Hence, all the moments up to 
the second order can be calculated directly from the wave space 
quantities. 

If the desired moment is of the third or higher orders, it is 
more efficient to transform all the related quantities back to 
real space to perform space average. 

Besides the numerical scheme error, the major source of 
sampling error is the finite size of the sample space. As is well 
known, if 

and 

l N  
zN=z c A,,  

I =  I 

AN forms a near Gaussian random variable with mean ( A )  
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and standard deviation proportional to 1/N, if N i s  large, that 
is. 

Here E ( 0 ) denotes the mean expected value of random 
variable 0 .  

Initial conditions 
The initial fields are generated according to their spectrum. 

The randomness of the fields was imposed by introducing 
random phase. 

For the velocity field, if the large-scale structures are en- 
forced by artificial energy to yield a stationary turbulence field, 
the initial velocity field is not important because after a tran- 
sient period, the field will lose its memory of the initial state. 
The final stationary state is determined by the forcing energy. 

For scalar fields, the initial values can be generated by: 

where 

E , ( k )  = i $(k)$*(k)dA(k). 
The integration is over a sphere surface I k‘l = k in the wave 
number space, and O4 is a random number uniformly distrib- 
uted on (0, 2 4 .  

To introduce the length scale information for the initial 
scaiar field (narrow wave-length band), Eswaran and Pope 
(1988b) used a spike-shaped initial spectrum, 

1 1 
(7) 

where k, corresponds to the length scale I ,  of the initial scalar 
field. The standard deviation of this scalar is normalized since 

This method is used in this research. A procedure is devel- 
oped for using such spectra to generate two initial scalar fields 
with a prescribed correlation coefficient. Suppose 

it can be shown that 

First, if O1 and O2 are independently generated random numbers, 
the correlation is zero, indicating + I  and 42 are not related to 
each other. Second, if 61 and O2 are generated equal to each 
other, but E(k,k, ,)  and E(k,ks2) are not overlapping (lk,, - 
kS2l > l), the correlation is also zero, meaning scalars with 
totally different length scales are not related either. Finally, i f  
O1 = O2 and lk,, - k,,l = 01 I 1, Eq. 8 leads to $’& = 1 - 
01, which provides a way to generate initial scalar fields with 
a prescribed correlation coefficient. 

In this article sisj and sicjrepresent different two scalar initial 
fields. The former indicates that O1 and O2 are independently 
generated random numbers, hence the correlation between the 
initial two scalar fields is zero, and the latter represents 8, = 
O2 (correlated) cases. The first scalar is generated by si(/c5 = 
i) and the second one by sj or cj, as shown in Table 1. The 
s lc l  case is for two identical initial scalar fields (ksl = kS2) 
with 8, = 02, hence the correlation is one. In all two scalar 
initializations, both species are identically distributed at t = 
0, therefore the stoichiometry is unity. 

Results and Discussions 
The turbulent velocity field is calculated first. Since the 

velocity fields are forced by adding energy to the large scale, 
they reach the stationary states after a transient period (Es- 
waran and Pope, 1988a). The turbulence fields are character- 
ized by three length scales (Hinze, 1975; Eswaran and Pope, 
1988a). 

Average integral scale: 

Kolmogorov scale: 

Taylor microscale: 

These scales, along with the eddy-turnover time scale, l / u ,  and 
the Reynolds number based on the Taylor scale, Rex, are listed 
in Table 2. 

The scalar fields are generated on the interval [0, 11 in com- 
position space with various initial length scales and pdfshapes. 
Thepdfs considered are of two types, the first is the “double- 
delta” type that has peaks at 0 and 1 (represented by “pd”),  
the other is bell-shaped centered at 0.5 (represented by “pb”). 
The initial scalar spectra are assumed spike-shaped centered 
at k,. The initial scalar fields are characterized by two length 
scales. 

Integral length scale: 
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Table 1. Specifications of Initial Scalar Fields 
PDF Cases Mesh Size ks / , / I  h,/X 

vlpd pdsl 64’ 1 1.019 1.016 
vds2 643 2 0.536 0.749 
pds4 

vlpb pbs2 
v2pd pds2 
v2pb pbs2 
v3pb pbs2 

pbs3 
pbc2 
pbc3 

v4pd pds2 
pds3 

v5pb pbsl 
pbs2 

64’ 
643 
64’ 
64’ 
32’ 
323 
32’ 
32’ 
323 
32’ 
323 
32’ 

4 
2 
2 
2 
2 
3 

2.5 
2.8 
2 
3 
1 
2 

0.280 
0.646 
0.373 
0.442 
0.577 
0.385 
0.503 
0.444 
0.429 
0.293 

0.538 
1.859 
0.519 
1.267 
1.367 
0.977 
1.188 
1.068 
0.668 
0.545 
0.862 
0.605 

‘The quantity has not been calculated in the original simulation 

Scalar dissipation scale: 

where +J is the fluctuation of scalar concentration 9. In Table 
1, the column “PDF” indicates the initial shape of the scalar 
PDF combined with the associated velocity field; the initial 
scalar fields are further specified by the initial length scale 
(represented by k,) and coded in the column “Cases.” 

The numerical data are tested first against some known 
results. Then, they are used to investigate the effects of several 
parameters such as the initial length scale. Finally, they are 
employed to examine a simple closure model proposed by Dutta 
and Tarbell (1989). It is shown that this code is capable of 
handling different types of chemical schemes as long as the 
reactions involved are second order or lower. The data shown 
are selected from a broader set that is available (Gao, 1990). 

Test of the numerical code 

step reactions of the following type: 
Here we consider simple reactions, by which we mean one- 

C, 

A + B - Products. (9) 

The reaction source term can be written as - clqba&. 
If B = 0 or B = A ,  it becomes a single scalar reaction, 

C )  

nA - Products, (10) 

where n equals 1 or 2 and is referred to as the order of reaction 
hereafter. 

Table 2. Specifications of Velocity Fields 

Vel. Field Mesh Points TJ I x I/u Rek 
Vl 64’ 0.0429 1.2156 0.5754 0.6012 46.54 
v2 64’ 0.0607 1.7773 0.8841 1.1457 54.86 
v3 32’ 0.0874 1.3585 0.8006 2.0057 21.69 
v4 323 0.0818 1.5802 0.9250 1.7728 32.98 
v5 323 0.1248 2.0134 1.2988 3.7358 28.00 

In the following discussions, we will use the Damkohler 
number Da, which is the ratio of the turbulence time scale 
I/u to the chemical reaction time scale 7, representing reaction 
rate (= l / c ,  4- in the case of reaction 9, where 
(&,) and (&,) are the initial means of scalars a and b).  For 
large Damkohler numbers, the turbulent mixing time scale is 
much greater than the scalar reaction time scale, and the sit- 
uation becomes diffusion-limited because reactions simply can- 
not happen between unmixed species. Hence, the time scale 
of the whole process is determined largely by the mixing time 
scale. On the other hand, for low Damkohler numbers, the 
time scale is more likely to be determined by the reaction rate. 

There are several cases where the performance of the nu- 
merical method can be tested. One of these cases is the first- 
order reactions for which some analytical results have been 
derived (Corrsin, 1958; O’Brien, 1960). Another test is per- 
formed on one-step, two-species reactions, where some qual- 
itative features can be deduced readily. 

It has been shown that the ev- 
olution of a scalar field under first-order chemical reaction is 
equivalent to that of its corresponding nonreacting value in 
the same flow field multiplied by an exponential decaying 
factor, e-‘’‘. This is an ideal case for testing the performance 
of the numerical code. It has been shown that the numerical 
results for scalar mean, variance, and Taylor microscale are 
almost identical to those predicted by the theory (Gao, 1990). 

For second-order reactions, the reaction rate becomes very 
slow after a certain transient period, hence the go\erning equa- 
tion for the evolution of the scalar can be linearized (Gao, 
1990). It is, therefore, concluded that after the initial period, 
linear behavior will be exhibited, similar to that shown in the 
first-order reaction case. The numerical results agree with this 
(Gao, 1990). 

We define the correlation coefficient 
y as: 

Single-Scalar Reactions. 

Two-Species Cases. 

where the subscript f denotes the fluctuation of the scalar 
concentration (for example, 4uf = 6, - (G,)). It is a measure 
of the degree of engagement between two species 

If c1 = 0, two species evolve independently; therefore, there 
should be little change in the correlation coefficient and the 
scalar means are constant. The numerical results (not shown) 
reproduce this behavior. When the chemical reaction is turned 
on, these two species interact more and more at a rate de- 
pending on the Damkohler number Da. The correlation coef- 
ficient eventually tends to - 1, an indication of perfect 
correlation. The numerical results show such a trend (Figure 
1). 

and $I,,. 

Effects of some parameters 
The effects of initial length scale, Damkohler number and 

initial correlation have been considered. Some of the results 
are summarized below. 

For both second-order, single-scalar and one step, two-spe- 
cies reaction cases, it has been observed that the evolution of 
the scalar means is affected little by the initial length scale 
(Figures 2 and 3). At Da = 1, the variances of both scalars 
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I 0.3 0.1 0.9 1.2 1.5 

T=tU/l 

I 0.3 0.1 0,s 1.2 1.5 

%tub 

Figure 1. Evolution of y for various initial scalar fields. 
Da = 0.0 (upper); Du = 1.0 (lower); Run u3pd. 

decay more rapidly when the initial length scales are smaller 
(Figure 4). This is not surprising considering that large eddies 
must break into smaller ones before molecular diffusion takes 
effect. This effect is also evident in the s2s3 case when the 
initial length scale of B is smaller than that of A .  

The initial correlation is shown to have little effect on the 
evolution of the scalar means (Figure 5 ) .  It, however, does 
affect the evolution of scalar variances. The variance decays 
more slowly for poorly correlated initial scalar fields (Figure 
6). 

The Damkohler number is a measure of the chemical reaction 
rate, and higher Da definitely results in faster decay of the 
scalar means. It, however, appears that the chemical reaction 
has negligible effect on the evolution of the scalar Taylor 
microscale, which represents the mixing length scale (Figures 
7 and 8). 

Consider parallel/consecutive reactions: 

c 

c 

e 
c a 

% 
9 
V. 

c 

N 
0 

e 
0 

0.0 0.3 0.6 6.9 i.2 1.5 
i=tu/l 

n 

Figure 2. Evolution of means for scalar fields with dif- 
ferent initial length scales in moderate (Da = 
0.3) second-order reactions. 
Runs vlpd-$1, s2 and 34. 

C, 

C* 

A + B  - D 

A + D  - P .  

The source term for each species can be written as: 

By substituting Eqs. 1 1  and 12 into Eq. 3 and utilizing the 
homogeneous conditions, it can be easily shown that 

In our simulations, (4d) = (&,) = 0.5, hence, we should 
have: 

and 

All of our simulation results agree excellently with these re- 
lations. 

A parallel/consecutive reaction is determined by three pro- 
cesses: the turbulent mixing, an original reaction producing 
an intermediate reactant, and a final reaction. Since the 
Damko hler numbers (chemical time scales based on 
l/c,J (&,) ( 4 w ) )  used in this research are in the range of (0.1, 
10.0), a mostly low and moderate range, most reactions are 
controlled by the reaction rates except, perhaps, in the cases 
where Da, - 10. Da, is defined by C ~ J ( + ~ ) ( ~ ~ ) ~ / U  in our 
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-2 

*2 -I '2 0 . 0  0.3 0.8 0.9 1.2 1.5 

r=tu/l 
0.0 0 .3  0.8 0.9 1.2 1.5 

-2 

A 

9 < 
9 

'0, I 0.3  0.1 0.0 I .2 1.5 
r=tu/l 

Figure 3. Evolution of scalar means (&) (upper) and 
( b d  (lower). 

Da = 1.0. Runs u3pb: s22 ,  ~ 2 . ~ 3 ,  s3s3. 

simulation because ( = 0. Therefore, the chemical reaction 
rate for the second reaction is still slow even for a fairly large 
Da,. In the following, we will briefly discuss the Damkohler 
number effects and compare them with the numerical results. 

For the two reactions involved in a parallel/consecutive re- 
action, c, functions as an input threshold since it determines 
the production rate of +,,, whose presence is necessary for the 
second reaction, while c, serves as an output threshold because, 
no matter how fast the first reaction is, the final production 
rate is determined by the second reaction. The reaction output 
is determined largely by the relative magnitudes of c, and c2, 
which are represented by the corresponding Damkohler num- 
bers Da, and Da,. It is, therefore, convenient to  interpret our 
numerical results in terms of Da, and Da,/Da,. 

For the Da, >> Da, case, Figure 9 shows a similar trend 
for the evolution of scalar means for four groups of data (Da, ,  
Da,) = (10, 1; 1, 0.1; 1, 0.2; 5 ,  1) if time is scaled by Da,. In 
fact, if the ratio Da,/Da, is the same, the evolution of the 

-2 

0 \. 
.$ 

Figure 4. Evolution of scalar variances (4; ) (upper) and 
(4; ) (lower). 
Da = 1.0. Runs v3pb: ~ 2 . ~ 2 ,  s2s3, s3s3. 

scalar means is almost identical for each pair of simulations 
after the rescaling of time. There are, however, differences 
between cases with the same Da, but different Da,/Da, of 0.1 
and 0.2 (lower and upper figure, respectively). It can be ex- 
pected that if Da,/Da, is small enough, the scalar evolutions 
will be determined entirely by Da,. 

The Da, << Da, case also exhibits dependency on Da, and 
Da,/Da, (Figure 10) as in the Da, >> Da2 case. Time again 
scales with Da,. 

In fact, for reaction-limited reactions, we can discuss the 
qualitative behavior of the scalar evolution merely by using 
the following chemical kinetics: 

1464 October 1991 Vol. 37, No. 10 AlChE Journal 



'2 

I 
0.3 0 .8  0.0 1.2 1.5 1.8 

T=tU/I 

0.0 0.3 0.6 0 .0  1.2 1.5 

Figure 5. Evolution of scalar means for species A (upper) 
and B(lower) under various initial correlations. 
Da = 1.0. Runs u3pb: ~ 2 . ~ 2 ,  s2c2, s2c3. 

When t = 0,  +;/(q5,) and + : / ( & )  are less than 25% in 

our simulations, where 4; = &,, and & and are both 
zero. Hence, to a good approximation, we can treat +u and & 
as constants in the initial period and obtain the following 
relations ( t  << 1). 

and 

-2 

4 
9'- 

'0, 

'0 - 0.0 0.3 0.6 0 .0  1.2 1.5 
r=tuA 

1 
9 

=1 '0 - 0.0 0.3  0.8 0.0 1.2 1.5 

?=tub 

Figure 6. Evolution of scalar variances for species A 
(upper) and B (lower) under various initial cor- 
relations. 
Da = 1.0. Runs v3pb: s2s2, s2c2, s2c3. 

Our results are consistent with this initial behavior (Figures 9 
and 10). 

and & decay very slowly; hence, 
the above approximation is valid for a long period of time. 
Under this circumstance, if c, (DaJ is large, +d quickly ap- 
proaches to a saturated state. In other words, if the first re- 
action is slow but the second one is rapid, the intermediate 
species +d produced by the first reaction is quickly consumed 
by the second reaction and an equilibrium state for species & 
is expected to be reached. This is indeed the case as can be 
seen in Figure 11. The asymptotic analysis suggests that: 

If Da, is small, both 

However, we do not expect this asymptotic relation to be totally 
satisfied by the numerical results, since our simplified ap- 
proximations (such as using (&,,) to replace do) are not valid 
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A = DazO.0 
x = Da=0.03 
s = Da=0.3 
* = D a 3 . 0  

I 

in the later period of the scalar evolution. Nevertheless, the 
above simplified analysis does provide a good qualitative view. 

Test of 3E closure model 
Dutta and Tarbell (1989) recently proposed a three-envi- 

ronment (3E) and a four-environment (4E) pure-mixing asymp- 
tote models to treat parallel consecutive reactions, in which 
two primary reactants are from two separate feed streams, 
therefore they are initially segregated (Dutta and Tarbell, 1989). 
These models originate from the one-step, two-species reac- 
tions and were shown to produce results that agree with the 
experimental data. 

The formulation of the 3E pure-mixing asymptote model is: 

where I, is identified as the segregation coefficient for the pure- 
mixing case (that is, there is no reaction between A and B), 
and &, and qrn are the initial means. Again, do, and dbJ rep- 
resent the fluctuations of scalar fields and &. This is a direct 
generalization of the Toor hypothesis, which states that the 
covariance may depend only on the hydrodynamics and not 
on the reaction rate (Toor, 1975; Dutta and Tarbell, 1989). If 
there is no reaction, it can be easily shown that Eq. 15 recovers 
the definition of segregation coefficient: 

by noting that 

I,  is determined merely by turbulent mixing and therefore 
should not be affected by different reaction rates. To numer- 
ically test this model, we plot I, calculated from numerical data 
for single-step reactions under different reaction rates accord- 
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a. 
x 

x 
'. 

A = Da=O.O 
x = Da=O. l  
v = D a = l . O  

'0 

?-=tub 

A = DazO.0 
x = Da=O.l 
0 = D a z l . 0  

0 0.3 0.8 0,s 1.2 1.0 
-tub 

Figure 8. Evolution of Taylor scales for species A(upper) 
and B(lower) under various initial correlations. 
Da = 1.0. Runs v3pd ~ 2 . ~ 2 .  

ing to Eq. 15 (Figure 12). Since it is impossible to generate 
homogeneous initial fields with two feed streams, we instead 
use two totally segregated homogeneous fields as our initial 
scalars. The results show that the effects of reaction on I, are 
indeed negligible for moderate reaction rates, thus confirming 
the assumption in the 3E model. 

However, careful examination of the results shows that as 
the reaction rate increases, the effect of reaction starts to ap- 
pear, as indicated in the case of Da = 10. This can be under- 
stood rather easily. By starting from a totally segregated state, 
the initial evolutions of the scalar fields are dominated by the 
turbulent diffusion effect because the reaction can only happen 
between mixed species. After the initial period, part of the 
scalars become mixed, but under moderate reaction rates only 
a fraction of the mixed species is reacted and the diffusion 
effect continues to dominate the scalar cross-correlation ev- 
olution. Along this line of reasoning, it is obvious that as the 
reaction rate increases further, the effect of reaction on the 
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Figure 9. Evolution of scalar means in Da, >> Da, case. 
Upper, Do, = 1 ,  Do2 = 0.1 (line)andDo, = 10, Do2 = 1 (symbol); 
lower, Do, = 1 ,  Do2 = 0.2 (line) and Do, = 5, Do, = 1 (symbol). 
Run v3pb-s2c3. 

01 

scalar correlations becomes much more important. In fact, the 
situation becomes diffusion-limited. But, whereas turbulent 
diffusion determines the time scale as in pure mixing, the fast 
reaction rate may strongly influence the values of scalar cross- 
correlations in such a way as t o  negate Eq. 8. This seems to  
have occurred somewhat by Da = 10. It may never be a large 

. = -  - 

,-#--C-:t--- /-r e 
f 1 .  , 

0.5 +, 1 

Figure 10. Evolution of scalar means in Da, << Da2 case. 
Do, = 0.2, Do2 = 1 (line); Do, = 1, Do, = 5 (symbol). Run 
v3pb-s2c3. 
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Figure 11. Evolution of scalar means in Da, << Da, case 

0 025 0 50 0'15 1 125 1 5 0  I75 2 

Da1.1 (7=1*u/L) 

(for asymptotic behavior). 
Do, = 1.0, Do, = 5 (upper); Do, = I ,  Do2 = 10 (lower). Run 
v3pb-s2c3. 

effect since the time scale remains the turbulent diffusion time 
when Da is large. 

As a matter of fact, it can be shown that Eq. 15 does not 
recover the limiting form 

0 ... 
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A = D a  = 1.0 
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Figure 12. Evolution of I, for one-step simple reaction 
under different reaction rates. 
Run v3pb-s2s2. 
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Figure 13. Evolution of /, for the first reaction in the 
parallellconsecutive reaction scheme under 
different reaction rates. 
Run v3pb-sb3. 

for infinitely fast reactions. This can be demonstrated in the 
following. According to Dutta and Tarbell (1989), 

for infinitely fast reactions, where Z, is the segregation coef- 
ficient for the pure-mixing case and is a function of time 
varying from 1 (totally segregated initial state) to 0 (totally 
mixed final state). Substituting Eq. 16 into Eq. 15, it is clear 
that the form for the infinitely fast reaction limit is not satisfied 
unless Z, = 1, which is true only at the initial stage. Therefore, 
the 3E pure-mixing asymptote model may not be valid for fast 
reactions. 

0 = Dal=l.O, Da2=0.1 
A = Dal=l.O, Da2=1.0 
0 = Dal=5.0. DaZ=l.O 

1 0 5  1 0  1 5  

“tU/L,ntegral 

Figure 14. Evolution of /, for the second reaction. 
Same run as in Figure 13. 

The effect of chemical reaction can be demonstrated by ap- 
plying the 3E pure-mixing asymptote model to parallel/consecu- 
tive reactions. The model equations suggested by Dutta and 
Tarbell (1989) are: 

where the model equation for the second reaction is obtained 
by noting that $a = 0. The DNS results are employed to 
calculate I, according to Eq. 17. 

Figure 13 shows the values of Z, obtained from Eq. 17a while 
Figure 14 displays those calculated from Eq. 17b. Reaction 
rates for both reactions are moderate. It is clear that Figure 
13 reproduces Figure 12, indicating that only a very small 
amount of $, is involved in the reactions and the dominant 
effect remains diffusion for and &. However, from Figure 
14, strong dependence of I, on the reaction rate is observed. 
This is not very surprising since +d is generated by the first 
reaction; therefore, the amount & available for the second 
reaction depends on the reaction rate of the first one. Also $d 

is produced by a reaction between & and +b so that & and 
are not segregated. The dominant effect in the second reaction 
is, therefore, not diffusive mixing, but instead it is the direct 
reaction between 4, and &. 

Dutta and Tarbell also suggested a 4E model that slightly 
modifies the 3E model. In the 4E model, 

It is easily seen that the difference between 4E and 3E is a 
term with a coefficient Z;(Z, - 1). It has been shown that the 
3E and 4E models produce almost identical results (Dutta and 
Tarbell, 1989). No attempt has been made to test this model 
against DNS data in the current work. However, a simple 
observation can be made about the model equations. In the 
limit of no reaction, the model equation should recover the 
definition for the segregation coefficient as was shown for the 
case of the 3E model. This is not true for the 4E pure-mixing 
asymptote model. 

Selectivity 
One of the interesting features of the parallel-consecutive 

reaction scheme is selectivity, which we define, following 
Bourne (Bourne et al., 1981; Bourne, 1990), by 

GJp X =- 
@d+2&p ’ 

where 3, is the mean concentration of the desired product D 
while qP is that of the by-product P. X, is zero for perfect 
selectivity and unity when only P is obtained. The computa- 
tions we have carried out for selectivity are for a single set of 
turbulence parameters (run v3) with several nonzero 
Damkohler numbers for each of the two reactions. 

The results are plotted in Figure 15. As the ratio of 
Damkohler numbers, Da,/Da,, increases from 0.1 to 10.0, the 
selectivity of D improves monotonically as expected. Similar 
results have also been obtained by other researchers (Chak- 
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Figure 15. Evolution of X, under different Damkohler 
numbers. 
Same run as in Figure 13.  

rabarti and Hill, 1990). For a range of Dul from 0.1 to 5.0, 
with Du, = 1.0, the selectivity is not dramatically affected. 
On the other hand, when Da, is fixed at 1 .O, there is a significant 
decrease in X,  when Duz is reduced from 1.0 to 0.1. Various 
turbulence parameters, such as length scales and energy and 
vorticity intensity, can be investigated for their influence on 
selectivity. Some results have been reported by Chakrabarti 
and Hill (1990). This aspect of the DNS computations will be 
explored next, whose results are expected to be a valuable data 
set. Reactive flow models can deal with higher Reynolds and 
Schmidt numbers than DNS. 

Conclusion 
A numerical experiment has been conducted on chemically 

reactive flows involving multispecies reactions as well as mul- 
tistep reaction schemes. The DNS technique provides an ef- 
fective tool to investigate complicated reaction problems by 
isolating the effects of different parameters. As was pointed 
out earlier, the power of the DNS is highly restricted by the 
capabilities of available computers. For this reason, it cannot, 
in the foreseeable future (Reynolds, 1989), be directly applied 
to calculate practical problems, such as those of high Reynolds 
numbers and/or with complicated flow geometry. 

The DNS method is recommended to be used to test empirical 
models that can be applied to more practical situations. Ex- 
amples of doing this are demonstrated in this article. The three- 
environment pure-mixing asymptote model, recently suggested 
by Dutta and Tarbell (1989), can be applied to one-step simple 
reactions between two initially segregated species under mod- 
erate chemical reactions, but it may not apply to all reaction 
cases. Selectivity can also be examined in depth as discussed 
previously. More simulations with a wider set of turbulence 
parameters should be performed to better assess the available 
empirical models, such as those suggested by Heeb and Brod- 
key (1990). 
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Notation 
A, B, D, P = chemical species 

Da = Damkohler number 
D,, = diffusivity for scalar i 

I, = segregation coefficient 

S, = reaction source term for species A 
X,  = selectivity 
c, = reaction rate 

J, g = functions of space and time 
f = space Fourier transform off  

f (j) = value off  at grid point j 
7, f , ,  4,  f ,  = forcing terms in the Navier-Stokes equations 

f ( k )  = kth Fourier mode off  
k, k, = wave numbers 

I, I ,  = integral length scales of velocity and scalar fields 
u, v, w = velocity components 

v, = same as u,  u ,  w f o r j  = 1, 2, 3 
v = (4, 0 2 ,  v,) 

E, Em = velocity and scalar spectrum 

L, i, = operator and its projection in N-dimensional subspace 

- 
x, t = space and time coordinates 

E ,  tQ = velocity and scalar dissipation rates 
$, = concentration of species j 

$,, = concentration fluctuation of species i 
$ rO = ‘ ”  initial concentration of 6, 

A, A, = Taylor microscales of velocity and scalar fields 
TJ = Kolmogorov microscale 
0 = random angle 
Y = fluid viscosity 

(a),  = mean expected value of a 
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