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Turbulent mixing of an inhomogeneous passive scalar field is studied in the context of a
nonpremixed reacting flow. Direct numerical simulations of an initial steplike scalar field
subjected to homogeneous sheared turbulence have been performed and the results compared
with those of the case of decaying isotropic turbulence. For both flow conditions, the gradient
of the conserved scalar tends to align itself with the axis of the most compressive strain rate
and orthogonal to the local vorticity. The magnitude of the scalar gradient is directly
influenced by the local strain rate while its orientation is controlled by the local vorticity.
Because of the directional features of sheared turbulence, the orientation of the scalar gradient
is more ordered than in isotropic turbulence. In addition, the magnitude of vorticity indirectly
affects that of the scalar gradient through strain-rate amplification by vortex stretching. In
both flows, regions of high scalar-gradient magnitude or scalar dissipation (and therefore high
reaction rates) tend to exist as sheets in the vicinity of sheetlike vortex structures of moderate
to high vorticity. The probability density function (pdf) of the the scalar dissipation rate €,
exhibits a nearly lognormal distribution with a slight negative skewness for both isotropic and

sheared turbulence.

I. INTRODUCTION

Turbulent nonpremixed (or diffusion) flames are those
in which initially separate fuel and oxidant streams react
upon mixing. The reaction is predominantly mixing con-
trolled since the time scale of chemical reaction is usually
orders of magnitude smaller than the smallest time scale of
turbulence. In the limit of an infinite reaction rate, the reac-
tion is confined to an isoscalar surface of zero thickness at
stoichiometric conditions. The reactants are transported to-
ward the surface from opposite sides and instantly vanish at
the surface where only product exists. In this case, the solu-
tion of a single conserved scalar is sufficient to describe the
temporal and spatial distributions of the species concentra-
tion.*? With negligible heat release (exothermic energy),
the problem becomes that of passive scalar mixing in which
the initial step profile evolves into an inhomogeneous scalar
field. The turbulent motion generates small-scale fluctu-
ations in the scalar field (scalar variance) by advection and
distortion of the material elements of fluid. There is a contin-
val reduction in the scales of the scalar fluctuations by turbu-
lence. At the smallest scales, the scalar variance is ultimately
destroyed by molecular diffusion. Mixing is then completed
at the molecular level and chemical reaction can occur. The
rate of molecular mixing is governed by the rate of scalar
dissipation and thus, for the above conditions, controls the
reaction rate. Understanding the details of turbulent scalar
mixing is a prerequisite to understanding and predicting the
physical processes occuring in nonpremixed flames.

Early descriptions of turbulent scalar mixing were es-
tablished by the work of Obukhov? and Corrsin.* The scalar
transport equation in Fourier space shows that the advective
term is responsible for the transfer of scalar variance across
the spectrum, hence the generation of the high wave-number
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components (small scales) in the scalar field. The physical
mechanism by which the rate of strain field influences the
scalar mixing field was first studied by Batchelor.® For the
case of weakly diffusive scalars (v> D), for which the Kol-
mogorov microscale exceeds the scalar microscale, a locally
uniform strain field is “seen” by the small-scale scalar fluctu-
ations. The effect of convection on the scalar field is nearly
that of a pure straining motion. The local scalar gradient
aligns with the principal axis of the least strain rate (com-
pressive) and is amplified under the compressive action. The
effect of diffusion is to counteract this amplification and
erase the inhomogeneities in the scalar field.

The significance of the local strain rate in generating
small-scale scalar fluctuations was further elucidated by
Gibson.*” Gibson proposed two mixing mechanisms involv-
ing the interaction of the local strain with minimal and maxi-
mal scalar-gradient lines. In the first mechanism,® extrema
in the scalar field are generated by turbulent eddies with
secondary generation by pinching and splitting in the direc-
tion of the local stretching strain. These regions are connect-
ed by lines of minimal scalar gradient that tend to move with
the fluid and thus have time to be influenced by the local rate
of strain. The second mechanism’ involves the creation of
maximal gradient lines due to the alignment of the local sca-
lar gradient with the compressive strain axes. This results in
the amplification of the local scalar gradient, which tends to
decrease the diffusion velocity and causes further amplifica-
tion through a positive feedback process. Since the strain
axes are orthogonal, the two mechanisms tend to act orthog-
onal to each other. The influence of the local strain rate is
assumed to occur over distances much greater than the Kol-
mogorov microscale 7, in contrast to the earlier description
given by Batchelor.’

Recently, results from direct numerical simulations
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(DNS) have provided much insight into the small-scale
structure of turbulence and mechanisms of scalar mixing.
Kerr® performed direct simulations of stationary (forced)
isotropic turbulence with a forced isotropic scalar field and,
from graphical display, found distinct alignment character-
istics between the vorticity, strain rate, and scalar-gradient
fields. Vorticity appears to be concentrated in tubes with the
scalar gradient and most compressive strain aligned perpen-
dicular to the tubes. High-magnitude scalar gradient occurs
as sheets that wrap around the vortex tubes, however, the
magnitude of the scalar gradient was found to be uncorrelat-
ed with that of the vorticity. Ashurst et al.’ obtained addi-
tional statistics from the direct simulation results of Kerr®
and from those of Rogers and Moin'® for a homogeneous
shear flow with a uniform scalar gradient. Alignment proba-
bilities of the vorticity and scalar gradient with the principal
strain-rate directions were presented. Their results were con-
sistent with those of Kerr’s and suggested that turbulence is
characterized by the presence of stretching vortex structures
that exhibit distinct alignment with the strain axes. Align-
ment characteristics of the scalar showed that the scalar gra-
dient tends to align with the most compressive strain axes
and normal to the vorticity suggesting amplification of the
scalar gradient by both rotation and compressive straining.
More recently, She ez al.'? and Ruetsch and Maxey'? found,
based on simulations of homogeneous isotropic turbulence,
that regions of intense vorticity exist as tubelike structures
and regions of moderate vorticity exist as sheetlike struc-
tures. Regions of moderate to high scalar gradient were
found to wrap around the tubelike vortex structures, how-
ever, regions of the highest scalar gradient exist as sheets and
occur near the vortex sheets rather than the tubes.'?

The above studies considered homogeneous velocity
and scalar fields. As mentioned earlier, a nonpremixed reac-
tion involves an inhomogeneous scalar field as a result of the
initially separate reactant streams. Direct simulations of a
nonpremixed reaction in decaying isotropic turbulence were
performed by Leonard and Hill."* Direct simulations of a
nonpremixed reaction in both decaying isotropic turbulence
and homogeneous shear flow have been performed by No-
mura and Elghobashi,’* Elghobashi and Nomura,'® and
Leonard and Hill.'® The studies by Leonard and Hill**!®
included the effects of both finite and infinite chemical reac-
tion rate. As in the inert case, the reactant concentration
gradients were found to align with the direction of the most
compressive strain. Results indicate that high reaction rates
occur in regions where the alignment is strong and the local
strain rate is high. Although the case of shear flow was inves-
tigated, the emphasis of their study was on the unsheared
condition.

The objective of the present work is to further study the
basic mechanisms of turbulent mixing in an inhomogeneous
scalar field characteristic of a two-stream nonpremixed reac-
tion using direct numerical simulation. Since no modeling is
used in direct simulations, the small-scale structure of the
flow is captured, thus revealing the underlying physics of the
turbulent mixing processes. The limiting case of an infinitely
fast reaction rate is assumed so that the reaction is controlled
entirely by mixing. The scalar is passive and thus does not
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affect the velocity field. Two basic flow conditions are con-
sidered: decaying isotropic turbulence, in which strain rates
decrease in time, and homogeneous shear flow, in which
strain rates tend to increase in time. The influence of the
strain rate and vorticity fields and the presence of mean
shear on the scalar mixing process are investigated.

iIl. MATHEMATICAL DESCRIPTION
A. Flow description and computational domain

The chemical reaction considered in this study is an iso-
thermal reaction between two species diluted in an inert gas,
such that the density of the fluid remains constant through-
out the flow. The scalar and velocity fields are therefore un-
coupled, i.e., the scalar is passive. Both fuel and oxidant have
equal Schmidt numbers (Sc = v/D = 0.7), and the binary
chemical reaction proceeds to completion in a single step
with a fixed stoichiometric ratio to form the product. These
assumptions allow a linear combination of the equations de-
scribing the conservation of the two nonpremixed reactants
(fuel and oxidant) to yield an equation for a conserved sca-
lar,* denoted here by the mixture fraction. The mixture
fraction Fis defined by F= (8 — 3,)/(B; — 3,), where Bis
a Shvab—Zeldovich variable and S=m;, — m,,/r, where
my, and m,, are the mass fractions of fuel and oxidant. The
quantity # is the mass of oxidant per unit mass of fuel re-
quired for complete reaction. The subscripts 1 and 2 denote
the two initial homogeneous reactant streams. In the limit of
an infinite reaction rate, the reaction will be confined to a
surface at which stoichiometric conditions exist (F = F,,) at
any irstant of time. Knowledge of the conserved scalar ¥
determines the entire composition of the fluid.

Both homogeneous shear flow and decaying isotropic
grid turbulence are considered. Figure 1 shows the mean
velocity profile U(z) associated with a uniform mean shear
in the z direction and the initial step profile of the mixture
fraction F(z,,) representing the two-reactant stream sys-
tem. Our computational domain is a finite cube with sides of
length L, containing 128° grid points. Initially, fuel (F = 1)
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FIG. 1. Flow representation: (a) initial profile of the mixture fraction
F(z,,), (b) mean velocity U(z).
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is admitted into the upper half of the domain and oxidant
(F = 0) into the lower half.

B. Governing equations

The governing equations are the instantaneous, three-
dimensional Navier-Stokes, scalar (mixture fraction) con-
servation and continuity equations, which can be written as

du; b du;
(.. Y d Su.5.
ge g (W) TSN o Sl
1 3%, 8
1 2% 9 (1)
Re Jx} 8x,. :
af af 1 3%

9 S = 97 2
8t+c7xj (uf)+ s 9%, s Re Sc dx} @
Au; ' . '
—1 =09, 3
ax ‘ )

in which Cartesian tensor notation is employed and / = 1,2,3
corresponds to the x,p,z directions (Fig. 1). In the above
equations, u;, f, and p are the deviations of the instantaneous
velocity, mixture fraction, and pressure from their respective
reference profiles. For example,

ﬂxy,z,t) = F(x,y,z,t) F(2), (4)

where F ¢ (z) = z(dF /dz) s and (dF /dz) . is a fixed refer-
ence gradient for the mixture fraction.'” By subtracting a
fixed reference or mean value from the computed field vari-
ables, widely disparate values are avoided thus improving
the accuracy of the computation. The nondimensional
shear § and the nondimensional mixture fraction
gradient s are defined as §=(L/AU)(dU/dz),,, and
s = (L/AF)(dF /dz),, where AU and AF are the differ-
ences in the mean velocity and mixture fraction at the top
and bottom of the computational domain. Reference values
are defined such that S=1 and s = 1. The characteristic
quantities used in the nondimensionalization of Eqgs. (1)~
(3) are L, AU, AF, and a reference density p, . Time is there-
fore nondimensionalized by L /AU. In the case of isotropic
(nonsheared) turbulence, S = 0, and time is scaled by L /U,
where U is the reference uniform free-Stream velocity.

In the case of homogeneous shear, the reference profile
U(z) coincides with the mean velocity profile, thus the com-
puted deviations u;(x,p,z,t) are the velocity fluctuations.
However, since the scalar reference profile F,.;(z) does not
coincide with the mean scalar profile F(z,¢) that develops in
time, local instantaneous fluctuations of the mixture fraction
are evaluated from

f’(x3y’Z9t) = F(X,.V,Z,f) —?(Z,f), (5)

where F(z,t) = (F(x,p,z,t)), , is-the ensemble-averaged
mixture fraction over a horizontal (x-y) plane.

C. Initial and boundary conditions

The simulations are initialized with velocity fields that
are divergence free and have random fluctuations prescribed
by an appropriate three-dimensional energy spectrum E(%,
0). For the isotropic flows, the following spectrum function
is used:
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E(k0) = (304/2) (k /k2)e™ /", (6)

where &, is the wave number of the spectrum peak and v, is
the initial rms velocity [v, = ({x;1,)/3)"*]. This spec-
trum function is associated with the initial period of decay
for isotropic turbulence,'® which is characterized by a rela-
tively higher energy content at the lower wave numbers. The
initial value of k,, is set equal to 6(27r) for the present simula-
tions, where the highest wave number equals 64(27). The
suitability of the initial flow field was tested for isotfopic
flows by monitorihg the decay rate of E(k,t) and the time
development of the skewness of the velocity derivative and
the anisotropy tensor (b, = (u,u;)/{usu, ) — 1/38;), for
which the diagonal components b; should remain rclatlvely
equal and small in magnitude under conditions of isotropy.
For shear flows, an alternative spectrum function is used:

p 2 2 4 .

E(k,()) — 16 (_2_)1/ (EU_O) (_k_) e;.z<k/kp)2’ (7

' T 2 k;
where the selected initial value of &, is 8(27). This furiction
produces a narrower spectrum than that of (6) with most of
the energy content confined i in wave numbers surrounding
k,, i.e., not the lowest wave numbers. This serves to reduce
the size of the initial integral Iength scale, thus extending the
duration of the shear flow simulations without violating the
assumption of periodic boundary condxtlons in the stream-
wise direction.

The characteristic length scales of the flow are the inte-

gral length scale

1 E(k)
= | 2 g, 3
22 k (8)

the Taylor microscale

= J150v/e, | [
and the Kolmogorov microscale
7= (v/e)'", (10)
where v is the rms velocity, € is the energy dissipation rate,
and v is the kinematic viscosity. The shape of the spectrum
E(k,0) determines the initial integral length scale ¢,. The
value of the initial rms velocity v, is chosen to prescribe the
initial strain number St, defined as

Sty = (06/4)/5, (11)

which is the ratio of the strain rate of the energy-contaifiing
eddies (large-scale strain rate) to that of the mean flow. The
spectrum of the dissipation rate of turbulence energy is cal-
culated from e(k,t) = 2vk*E(k,t). The computed initial
dissipation spectrum €(%,0) has a peak at a wave number
k, =19(27) in the isotropic flow and k, = 9(27) in the
shear flow. The initial turbulent Reynolds number based on
the Taylor microscale (Re, = v,4,/v) is 25 in both flow
conditions. Values for Re, are limited by grid resolution. A
fairly low initial value is required for the case of sheared
turbulence since Re; increases in time. Further points con-
ceérning resolution are discussed below.
The skewness of the velocity derivative, given by
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FIG. 2. Time development of the velocity derivative skewness — S, for the
isotropic cases IH (— —) and IL (- - - -) and shear cases H ( ) and
L(---).
30 H(3u,/9x,)%) “
S, = 3t u/ox: (12)

& {4 /ax ) P? ,

is a measure of the nonlinear energy transfer from low to
high wave numbers. Computed skewness from the simula-
tions is plotted as a function of nondimensional time in Fig.
2. The initial zero (Gaussian) value of the skewness indi-
cates no transfer of energy. After a short period of time, it
increases to its asymptotic value (=~ — 0.45) in the isotropic
flow case. At this time, the turbulence field is regarded as
fully developed and the initial scalar (step) profile F(z,z,) is
imposed.'” The skewness takes approximately 1 unit of di-
mensionless time to reach a value of approximately — 0.45.
For the shear flow, an asymptotic state is not reached during
the executed simulation time. For this case, the scalar profile
is imposed after the initial rise of the total skewness (¢ = 1),
which indicates that the energy transfer process has been
established.

The resolution in the physical space is determined by the
cubical domain box size L and the number of grid points &V 3.
This corresponds to a minimum wave number &k, = 27/L
( = 2w for L = 1 in our case) and a maximum wave number
konx = N/2:ky = 7N /L. The smallest scale captured by
the simulation is therefore on the order of 1/k,,,,, . The smali-
est scale of turbulence is on the order of the Kolmogorov
scale 7. A criterion for adequate grid resolution is there-
fore'® :

Thinax > 1. (13)
The initial Kolmogorov scale, normalized by L, has a value
0f 0.0024 for the isotropic flow and 0.0039 for the shear flow.
For a resolution of N = 128, 1/k,,, = 0.0025. This gives a
value of 7k, = 1.0 and 1.6 for the isotropic and shear
cases, respectively. Since 7 increases with time for decaying
turbulence, the resolution is sufficient throughout the devel-
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oped isotropic flow. In shear flows, € tends to increase and
thus # ultimately decreases in time. For the shear flow simu-
lations presented here, the criterion (13) is met throughout
the simulation. The minimum value of 7k, at the end of
the simulation is 1.2.

The boundary conditions for the dependent variables #;,
J, and p are periodic in the streamwise (x) and spanwise (y)
directions. The boundary condition in the direction of the
imposed mean velocity gradient (z) is shear-periodic in the
case of homogeneous shear and periodic for the nonsheared
flow. Stated mathematically, for the variable ¢,

¢E{d1,u2:u3’ﬁp},
S(6x, + my,x, + my,x; + my)
= ¢[t’x1 - S(x3 + m3 )t:x2:x3 ],

(14)

where m; are arbitrary integers (integer multiples of L). In
order to justify the use of periodic boundary conditions in
turbulence simulations, the integral length scales must re-
main sufficiently small relative to the computational domain
L. In our simulations, the integral length scale does not ex-
ceed 0.15L. A further check was made by evaluating the two-
point velocity correlation

Ry (1) = (g ()t (%, + 1)) G ) I )Y,

which measures the enhanced spatial correlation in the
streamwise direction due to shear. The simulations were ter-
minated at a nondimernsional time of # = 8 beyond which
R,, (r,) in the shear flows begins to attain nonzero values at
the half~box width r, = L /2.

Complete details of the numerical solution procedure
are given elsewhere.'”2° It suffices here to state that the gov-
erning equations are discretized in an Eulerian framework
using a second-order finite-difference method on a staggered
grid for all the terms except those corresponding to the mean
advection, where pseudospectral approximation is used. In-
tegration in time is performed via the Adams-Bashforth
scheme. Pressure is treated implicitly and obtained using a
Poisson solver, which includes the shear-periodic boundary
conditions. The 128° grid simulations were performed on a
Cray Y-MP 8/864 and required approximately 32
megawords of core memory. Execution time for the shear
flow computations is approximately 7.0 sec per time step.
Typical runs involve 2048 time steps.

IH. RESULTS
A. General flow characteristics

Results are presented for four flow conditions. Two ho-
mogeneous shear flows are considered, differing only in the
initial value of the strain number, St,. In one case, St, = 1.0,
referred to hereinafter as case H (high initial strain), and in
the other, St,=10.33, referred to as case L (low initial

‘strain). The other two flows are those of decaying grid tur-

bulence (cases IH and IL) having the same initial large-scale
straify rate (v,/l,) as cases H and L, respectively. A sum-
mary of initial- and final-run parameters is given in Table L.
It should be noted throughout the results presented that the
time ¢ is dimensionless and equals the real time normalized
by L/U. : '
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TABLE I. Summary of flow parameters.

Time Parameter IH 1L H L
Re 2% 25.0 25.0 25.0 25.0
Sty orv,/4, 1.0 0.32 1.0 0.33
v/ 7.76 2.60 471 1.57
0. ' 0.0515 0.0515 0.0469 0.0469
Ay 0.0236 0.0236 0.0380 0.0380
Mo 0.0024 0.0024 0.0039 0.0039
v 0.000047 0.000016 0.000071 0.000024
N onax 1.0 1.0 1.6 1.6
Re, 17.5 18.7 28.5 37.5
Storu/¢ 0.10 0.09 0.34 0.34
v/ 0.91 0.85 2.24 2.49
8. ' 0.1333 0.0876 0.1007 0.0716
A 0.0589 0.0363 0.0590 0.0367
n 0.0072 0.0043 0.0056 0.0030
Nhonax 29 1.7 2.3 1.2

Figure 3 shows the time development of the characteris-
tic strain rates associated with the large scale (v/¢) and
small scale (v/7?) for the four cases. The time development
of the normalized integral and Kolmogorov length scales is
shown in Fig. 4. As expected, the small-scale strain domi-
nates over the large-scale strain although the difference in
magnitudes is limited by the moderate value of Reynolds
number used. The decrease in strain rates for grid turbulence
(IH and IL) is evident. In the shear case H, the effects of
turbulence initially dominate over those of the mean flow
causing the strain rates to decrease until a time of =6 at
which the small-scale strain begins to increase. The Kolmo-
gorov scale correspondingly increases initially then de-
creases after ¢ = 6 (Fig. 4). For the shear case L, a steady
increase in the small-scale strain rate occurs because of the
decreasing Kolmogorov length scale as shown in Fig. 4.
Note that the time development of the large-scale strain
(v/¢) in Fig. 3 for the shear cases is also that of the strain
number St, since S'=11in Eq. (11).

A measure of the smallest scales in the scalar field is the
scalar microscale L = (D 3/€)'/*, often referred to as the
Obukhov—Corrsin scale. Since the molecular viscosity and
diffusivity are constant in our flows (and Sc = v/D = 0.7),
the development of L. follows that of . In an inhomogen-
eous scalar field, length scales associated with the scalar will
exhibit spatial dependence. A scalar length scale reflecting
this inhomogeneity is the dissipation scale A, defined by

Ay = (6D {f"*)/{e))'?, (15)
or in terms of its directional components,
) 12
. =(—6<,—f>—2—) , =123 (16)

The time development of the A, and 44 profilesin the x; orz
direction was determined. In the isotropic flow, the compo-
nent scales remain approximately equal within the mixing
zone, i.e., Ay = A = Asy. In shear flow, the component
scales exhibit differences, with the time rate of increase being
largest for the streamwise component A, and the smallest
for the transverse (z) component As;. This is due to the
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FIG. 3. Time development of characteristic strain rates, large-scale,
v/ ¢ (——y) and small-scale, v/7° (—~~). (a) Cases IH and H (St, = 1.0),
(b) cases IL and L (St, = 0.33).

directional alignment of the rate of strain axes and their in-
teraction with the scalar gradient, as will be discussed later.
In both isotropic and shear cases, the time development of 4,
tends to follow that of A, indicating the strong influence of
the flow field.

B. Strain rate and vorticity statistics

Turbulence generates the largest strain rates at the
smallest scales. Thus the small-scale strain rate v/7%* is a
measure of the dominating strain rates in turbulent flows.
However, the variation of the components of the strain-rate
tensor throughout the flow field affects the scalar mixing and
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FIG. 4. Time development of normalized integral length scale, 74, ( )
and Kolmogorov length scale, /7, (- - -). (a) Cases IH and H
(Sty = 1.0), (b) cases IL and L (St, = 0.33).

the dynamics of the reactive interface. The strain-rate tensor
ey = 1/2{3u,/9x; + Ju;/9x;} at each computational grid
point can be evaluated from the computed velocity field.
Since it is the instantaneous values of e, that are of interest
for the statistics, the mean velocity gradient is included in
the shear flow cases. The eigenvalues and eigenvectors of the
principal strain rates are determined following the general
method described by Timoshenko and Goodier.?! The
eigenvalues are ordered by a»/3>¥, where « is always posi-
tive (most extensional), y is always negative (most com-
pressive), and 3 is either positive or negative (intermediate)
depending on the magnitudes of a and y. This follows from
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the continuity equation for incompressible flows, i.e., that
the sum of these diagonal components is zero
(a+pB +y=0).

Statistics of the flow field are obtained by sampling over
the entire computational domain. The intermediate strain
rate 3 is found to be extensional (positive) at approximately
75% of the points in both the isotropic and homogeneous
shear flows, which is consistent with the results of Ashurst et
al® and Leonard and Hill."® This gives, on the average, two
positive and one negative strain-rate eigenvalues. Betchov??
showed that the product of the strain rate eigenvalues is re-
lated to the velocity derivative skewness in isotropic turbu-
lence:

(aBy) ~S,, (17)
where
Au, /dx, y?
o (@ /3% (18)
((Bu, /0x,)*)*?

The velocity derivative skewness can be related to vorticity
production and appears in the enstrophy transport equation
derived for isotropic flow:*?

dw®

2
= S (- 10w (i“i> .9
dr 35 dx,

The second term on the right side of (19) is always negative
and represents the destruction of mean square vorticity by
viscous dissipation. In order to maintain vorticity fluctu-
ations and hence turbulence, there must be a production
term. Thus the first term must be positive, hence S; <0. As
concluded by Betchov,** there must be a predominance of
two positive principal strains in order to have vorticity pro-
duction; the mechanism involved being vortex stretching.
Figure 2 shows the total skewness remaining negative
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FIG. 5. Time development of the velocity derivative skewness components,
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( — 8, >0) for all four cases. As mentioned, the skewness is
a measure of spectral energy transfer. The expected increase
of energy transfer in shear flow is evident from the time de-
velopment of the streamwise component of the skewness S, .
Figure 5 shows the three directional components of the
skewness for the shear case L. Note that the growth of — S,
is accompanied by a reduction in the other two components.
More generally, the equation for enstrophy transport is writ-

ten as
. 2
D (_1_. wf) = w,w;e; + Vv 9 (i a)f)
2 Ix;0x; \ 2
—v——, (20)
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where w,;w;e; is the general form of the vorticity production
term, the components of which are shown in Fig. 6. It is seen
that, in both the isotropic and homogeneous shear flows, the
time development of w,,e; follows the general behavior of
the product of the strain-rate eigenvalues — {ay), which
in turn, follows that of the small-scale strain v/7* (Fig. 3).

Probability distributions of the principal rates of
strain normalized by the total strain magnitude
le] = (&* + B? + ¥*)'/? are given in Fig. 7. The number of
bins used in the sampling is 40 giving a bin width of 0.05.
Initially, at £ = 0 [Fig. 7(a) ], the distributions are symmet-
ric and the peak for the intermediate strain probability oc-
curs at § = 0. This is a consequence of the random initial
velocity fields used in the simulations. The development to

(b)

FIG. 6. Time development of vortex production term {w,w;e;) compo-
nents: X; (=-~-), %, (——~),%; (—-—), and — {aBy) (—st—); for (a)
case IH (isotropic) and (b) case H (St, = 1.0).
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an asymmetric form [Fig. 7(b)] occurs fairly rapidly, with-
i1 the first time unit, which corresponds to one initial eddy
turnover time <5 /v, for cases H and IH and one-third initial
eddy turnover for cases L and IL. Beyond this time, the
profiles remain approximately invariant. The shape of the
distributions is similar for all four flow conditions suggesting
a universal strain structure.” The most probable value of the
normalized /3 strain tends toward 0.2 causing the compres-
sive strain pdf to steepen at a higher (negative) value, since
the sum of the strain components must be zero. As indicated
in the figures, the most probable ratio of the strain rates is
3:1: — 4 (a: B: ¥), which agrees with the results of Ashurst
et al.’ and Kerr.* The overall shape of the B distribution
agrees closely with that given by Kerr, with a peak occurring
at the same normalized value. Note that the slight overlap of
the curves and the offset in peak values are due to the finite
bin width and not from the data. The analyses of Ashurst ef
al. and Kerr were performed on stationary (forced) isotrop-
ic turbulence. We show here that similar results are obtained
for decaying turbulence. This may be expected because of
the self-preserving nature of the flow, where Re, remains
constant.>> The results of our isotropic turbulence simula-
tions do exhibit a relatively constant Re; after the flow de-
velops (£>2).

The orientation of vorticity relative to the principal
strain-rate directions is determined by evaluating the cosine
of the angle between the vorticity vector and each of the
strain-rate axes at each grid point in the domain. Figure 8
displays typical probability distributions of the direction co-
sines for the isotropic and shear flows. The distributions are
generally similar in the two flows with an increased probabil-
ity for the vorticity to align (cos 8 = 1) with the intermedi-
ate [3 strain direction and normal (cos 8 = 0) to the com-
pressive ¥ strain direction. However, the probability for the
alignment of vorticity and S is significantly higher in the
shear case H than in the isotropic case IH. In both cases,
alignment-conditioned values of vorticity are the highest
when vorticity is aligned with the /3 strain. The expected
value is approximately 1.5 to 2 times the value associated
when the vorticity is orthogonal to 5. Alignment-condition-
ed values of the vorticity production term w,w;e; were also
evaluated. We find early in the flow development (7<2) in
cases IH and H that higher vorticity production occurs when
vorticity is aligned with the @ and f3 strains rather than or-
thogonal to them. In the isotropic flow IH, the conditioned
vortex stretching term is highest when vorticity is aligned
with ¢, the magnitude being approximately 2.5 to 3 times the
value associated with the orthogonal orientation. Through-
out the development of the isotropic flow IH, the expected
magnitude of w,®;e; remains slightly higher when align-
ment is in the  rather than £ direction. The same result is
obtained when sampling is limited to those points where
B> 0. This disagrees with Ashurst ez al.,” who found that
vorticity production is independent of the orientation with
a. This may be due to the decreasing strain rates and vorti-
city fluctuations in our decaying isotropic flow. In sheared
turbulence, vorticity production is highest when vorticity is
alignedin the 3 direction. The alignment-conditioned values
of w;w;e; are two to seven times higher when vorticity is
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FIG. 8. Probability distributions of alignment of the vorticity vector and
principal strain rate axes at time ¢ = 6 for: (a) case IH (isotropic) and (b)
case H (St, = 1.0); p: (—), B: (- —=), a: (----).

aligned with /3 rather than orthogonal to 3; the relative dif-
ference increasing as the flow develops in time. The trend
with respect to the « strain is opposite to that in the isotropic
flow; higher production exists when vorticity is orthogonal
to a.

As Betchov?? showed, the process of vortex stretching,
and therefore vorticity production, occurs when the inter-
mediate strain rate is positive. DNS results presented here
and those of Ashurst e al.’ and Kerr®* have further shown
that the intermediate strain rate axis tends to align with the
vorticity vector. Based on the conservation of angular mo-
mentum, we expect the vorticity to be amplified in the direc-
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tion of positive strain and attenuated in the direction of nega-
tive strain. In the absence of viscosity, the product of
vorticity and radius squared is conserved. Thus an increase
in vorticity leads to a decrease in the scales of motion in the
normal direction. The increase in the kinetic energy of rota-
tion occurs at the expense of the velocity component in the
direction of stretching, hence an increase in the velocity fluc-

tuation components in the other two directions thus generat--

ing a new strain field. The sampled statistics indicate that the
two strain components normal to the /3 strain tend to be
significantly larger than 3 and comparable in magnitude to
each other. Further evidence of the vorticity-induced strain
field is given by the following correlation coefficient:

C oz = (@72 / (0P (e, 1)

which correlates the magnitude of vorticity with that of the
total strain rate and has an uncorrelated value of 1.0. The
time development of C , , is shown in Fig. 9. Note the higher
values of C , . in shear cases H and L, where significant
production is occurring and the strength of the generated
strain field increases in time. She ez al.'! have suggested that
the probable alignment of @ with the /3 strain axes may be
caused by the controlling influence of the vorticity on the
strain field. This is further supported here by comparing the
characteristics of decaying turbulence with those of shear-
generated turbulence.

It has been argued that the predominance of two posi-
tive and one negative principal strain rates would lead to the
formation of sheetlike structures in the flow.?>?* She et al.!!
point out that the strain field typically varies over the life-
time and spatial extent of the structures, and therefore sheet-
like formation will not necesarily take place. Furthermore,
the structure itself modifies the surrounding strain field. Re-
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FIG. 10. Probability distributions of the inclination angle of the projected
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sults of DNS have shown that the dominant structure for
high-magnitude vorticity regions is tubelike.>*!"!? Sheet-
like structures also exist but at moderate values of vorti-
city.!!"*? High-magnitude tubelike structures exist in our de-
caying isotropic flow; however, they represent only a very
small fraction of the entire volume. More prevalent are the
moderate vorticity (2 [w] <|o| <3 [w[) shegtlike struc-
tures and low-level “background” activity.'? In sheared tur-
bulence, the flow field is characterized by the presence of
organized large-scale structures, as will be discussed below.
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The orientation of the strain-rate axes in space is ran-
dom for the isotropic cases, however, for the shear cases, a
directional preference exists because of the presence of the
mean strain component. This is examined by projecting the
strain-rate axes onto the x-y (horizontal) and the x-z (verti-
cal) planes (see Fig. 1 for coordinate axes). Figure 10 shows
probabilities of the inclination angle of the projected princi-
pal strain axes onto the x-z plane for case H. Similar results
are obtained for case L. The inclination angle is measured
from the positive x axis. Initially (not shown), the strain
field is basically two dimensional and follows the mean
strain field; thus the a and ¥ strain components most prob-
ably align at 45° and 135° from the positive x axis, respective-
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ly. The B strain is small in magnitude and the inclination

profile is relatively flat, i.e., no preferred direction. After the
flow develops (beyond the initial growth of the velocity de-
rivative skewness), the peaks in the inclination of the strain
rates in the x-z plane become more pronounced and, in addi-
tion, a directional preference develops for the 3 strain [Fig.

10(a)]. The peak in the inclination angle profile of the £
strain occurs first near the region of the most extensional
strain peak. As the flow develops, the peak shifts toward
smaller angles [Fig. 10(b)]. At ¢ =38, the peak in the S
strain occurs at approximately 20°. The locations of the a
and y strain peaks remain fairly invariant in time because of
the presence of the mean strain.

As expected, the vorticity field also exhibits distinct di-
rectional features in the presence of mean shear. The orienta-
tion of the vorticity vector in space is examined by projecting
it onto the x-y (horizontal) and the x-z (vertical) planes.
Figures 11 and 12 show the time development of the proba-
bility distribution of the inclination angle of the projected
vorticity vector onto the x-y and x-z planes, respectively, for
case H. In the x-y plane, the inclination angle is measured
from the positive y axis, and, in the x-z plane, the angle is
measured from the positive x axis. Initially, the spanwise
component of vorticity (w, ) of the mean flow dominates as
expected (indicated by a peak in probability at 0° in the x-p
projection profiles; Fig. 11). The peak is more pronounced
in case L (not shown), where the effect of mean strain is
relatively higher. In time, the distribution develops “shoul-
ders” around @ = + 90° indicating a modification of direc-
tion for a portion of the vorticity toward the x-z plane. The
weighted distribution [Fig. 11(b)] shows that the relative
magnitude of the vorticity near 8 = 4 90° (x-z plane) in-
creases and becomes comparable to that at =0 (y-z
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plane). Probability distributions in the x-z plane (Fig. 12)
show that, initially, there is no directional preference due to
the isotropic initial condition. As the flow develops, a pre-
ferred inclination appears near an angle of 45° (or — 135°)
from the positive x axis, in agreement with Rogers and
Moin'® and Moin and Kim.?® The magnitude-weighted dis-
tribution (pot shown) exhibits a similar profile indicating
that vorticity is augmented when oriented in that direction.
Further development causes the predominant angle of incli-
nation to decrease, i.e., move toward the x axis. At time
t = 8, this angle is approximately 30° for both cases H and L.
-This generally follows the unweighted inclination angle dis-
tribution of the S strain (Fig. 10), as expected because of the
high probability of alignment between the vorticity and in-
termediate strain. The shift toward smaller angles is caused
by the rotation component of the applied shear.

The vorticity field of a flow with mean shear is charac-
terized by the presence of organized large-scale structures.
Hairpin-shaped vortex structures in an inclined plane at
0<45° (from the x axis), similar to those found by Rogers
and Moin,'® are observed in our shear flow simulations.
These structures are formed because of the deformation of
transverse vorticity (w, ) by the mean strain.?® Sheetlike re-
gions of moderate to high wvalues of vorticity
(2 [w] < |@| <3 [w]) also exist and occur in the inclined
planes. Further discussion of these structures will be given in
the next section.

In general, our analys1s of the strain rate and VOI‘thlty
characteristics supports the conclusions given by Ashurst et
al® and Kerr.>** Turbulent flows consist of stretching vor-
tex structures. These structures are tubelike at high values of
vorticity and sheetlike at moderate vorticity.!»'? Vorticity is
amplified by axial stretching along the intermediate strain
direction, thus generating larger strains in the plane perpen-
dicular to the elongated vortex structures. The distinct di-
rectional preference of the strain rate and vorticity fields and
their associated structure in homogeneous sheared turbu-
lence have significant effects on the characteristics of the
scalar mixing field as discussed below.

C. Scalar mixing characteristics

Since chemical reaction in our flow is assumed to occur
instantaneously, the reaction is controlled by turbulent mix-
ing. The flame sheet is represented by the stoichiometric iso-
scalar surface. The normal vector to this surface coincides
with the local scalar-gradient vector VF. Orientation of an
isoscalar surface with respect to the principal strain axes is
determined from the direction cosines between the scalar
gradient and the strain-rate axes. Alignment probability dis-
tributions are obtained by sampling the mixed scalar field,
which we have arbitrarily defined as those points with a mix-
ture fraction value in the range 0.1<F<0.9. The initial ho-
mogeneous unmixed scalar regions are thereby eliminated
from the statistics. Results are given in Fig. 13 for # = 6. For
the isotropic flow [Fig. 13(a) ], there is an increased proba-
bility for VF to align in the direction of the most compressive

y strain and to align perpendicular to the extensional @ and 8

strains. Isoscalar (orisoconcentration) surfaces thus tend to
be stretched in isotropic flows. The compressive strain

616 Phys. Fluids A, Vol. 4, No. 3, March 1992

brings these surfaces closer together amplifying the scalar-
gradient fluctuations. This results in the generation of scalar
fluctuation at the high wave-number end of the spectrum.
The effect of molecular diffusion is to smear out the fluctu-
ation gradients. Since the rate of diffusion is directly propor-
tional to the scalar gradient, high wave-number components
are favored in this process. This is the general mechanism for
the production of fine structure in scalar fields in isotropic
turbulence.

In shear flow [Fig. 13 (b) ], alignment between VF and
the « and y strains differs from that of the isotropic flow case
although the alignment between the scalar gradient and 8
strain is similar and tends to occur at 90° (cos 8 = 0). Align-

PROBABILITY

PROBABILITY

(b) ‘
FIG. 13. Probability distributions of alignment of the scalar gradient vector

and principal strain rate axes at time ¢ = 6 for (a) case IH (isotropic) and

(b) case H (Sty =1.0). y: (—), B: (~—-), a: (----).
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ment of the scalar gradient and y strain tends to occur at
8=30° (cos @ =0.86). Alignment with the « strain direc-
tion occurs at approximately &~ 55° (cos 8 = 0.58). Similar
results were reported by Ashurst ef al.’ and Leonard and
Hill'® although explanations for the observations were not
given. The skewed alignment of the scalar gradient with both
the most compressive and most extensional strains in the
shear flows is a result of the interaction of the imposed mean
scalar gradient and mean strain rates with the turbulent fluc-
tuations. Examination of the time development of the com-
pressive and extensional strain alignment probability distri-
butions for case H (Fig. 14) clarifies this. At early time
(¢ =2), the scalar gradient tends to align with the compres-
sive strain [ Fig. 14(a) ] and, correspondingly, aligns normal
to the extensional strain [Fig. 14(b) ], and is therefore simi-
lar in behavior to isotropic turbulence. This is due to the high
turbulent strain rates existing initially in the flow, which are
much greater than the mean strain (St, =1 and /77
= 4.7). If the mean gradients of the velocity and scalar were
dominating, the alignment peak would be expected to occur
at 45° (cos 6 = 0.7) for both curves. Later in time, the peaks
do tend to shift toward cos § = 0.7. Case L at early times
(not shown) already shows the shifts due to the greater ef-
fect of the mean strains. There is a competing effect between
the turbulence and mean gradients and as the flow field de-
velops, the effects of the mean flow appear to dominate, thus
causing the alignment probability peaks to shift away from
those of isotropic turbulence. Strain alignment characteris-
tics of a passive scalar will therefore depend on the orienta-
tion of imposed mean gradients and the relative magnitude
of the turbulent strain to mean strain.

A visual display of the strain rate-scalar gradient inter-
action is provided in Fig. 15, which shows contours of in-
stantaneous isoscalars superimposed on vectors indicating
the inclination of the axis of the local most compressive
strain ¢ in the center x-z (vertical) plane for cases IH and H.
Note the predominance of a preferred direction for the y
strain in the shear flow case (135°or — 45° from the positive
x axis, disregarding arrowheads) and the resulting direc-
tionality of the isoscalar contours; in contrast with the ran-
dom orientation of the isotropic strain field of case IH. The
isoscalar contours in both cases are plotted using the same
contour interval. In case H, we see that the contours are
much closer together than in case IH, indicating a locally
higher scalar gradient due to the higher magnitudes of y.

Since the isoscalar surfaces tend to align parallel to the 3
strain, it is expected that these surfaces will also lie parallel to
the local vorticity vectors. Alignment statistics of VF and w
(not shown) confirm that the most probable relative orien-
tation is orthogonal. Figure 16 shows contours of the instan-
taneous spanwise vorticity @, in a vertical (x-z) plane for
cases ITH and H (same plane as Fig. 15). Superimposed on
these contours is the stoichiometric isoscalar surface of
F=F,. It is seen that the reactive interface (thickened for
clarity) follows the vortex structures in both flows. In gen-
eral, the observed isoscalar contours in the x-z plane [Figs.
15(b) and 16(b)] are more ordered in the shear flow be-
cause of the directional preference of the vorticity and strain-
rate axes. Contours of streamwise vorticity in the p-z plane
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FIG. 14. Time development of the probability distributions of alignment of
the scalar gradient vector and principal strain rate axes. (a) Case H: ¥ strain
and (b) case H: @ strain; ¢t = 2 (——-), t =4 (——), t =6 (—-—), and
t=8 (——).

for the shear flow (not shown) are similar in nature to those
in the x-z plane for isotropic flow [ Fig. 16(a) |. Examination
of a series of these cross-sectional views at later times indi-
cate the existence of tubelike vortex structures. At time
t = 6, the streamwise extent of some of these structures is
roughly L /4 to L /3 long. The isoscalar surfaces are seen to
wrap around these tubes and, in some cases, the scalar sur-
face closes on itself and subsequently breaks away. The sur-
faces appear to be rotated by the local vorticity or stretched
between two counter-rotating regions.

It has been suggested?’ that the small-scale scalar field
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may tend to develop sheetlike structures because of the influ-
ence of the long-lived large-scale motion, particularly in the
case of flows with mean shear. Three-dimensional isoscalar
surfaces of a high scalar-gradient magnitude (approximate-
ly ten times the total volume average) are shown in Fig. 17.
We see that regions of high |VF | tend to be sheetlike in both
isotropic and shear flow. In the former case, the structures
are more intermittent while, in the latter, the sheets are con-
tinuous over a greater spatial extent. A close-up of a repre-
sentative structure in each case is given in Fig. 18. Vortex
lines in the vicinity of the structures are also displayed. In
both cases, the vortex lines indicate a sheetlike structure that
correspondingly forms a sheetlike structure for high scalar-
gradient magnitudes. Note that the primary structure and
associated vortex lines shown for the shear case [ Fig. 18(b) ]

(b)

FIG. 17. Instantaneous isoscalar surfaces of a high scalar-gradient magni-
tude (|VF|=10 [VF[) at time ¢t = 6 for (a) case IH (isotropic) and (b)
case H (St, = 1.0).

620 Phys. Fluids A, Vol. 4, No. 3, March 1892

correspond to the inclined high-gradient region appearing
on the left-hand side of Fig. 15(b) and the corresponding
inclined high-vorticity region in Fig. 16(b). The sheetlike
vortex structure in Fig. 18(b) is composed mainly of span-
wise vorticity, which extends out for a distance of roughly
L /6 or 1.5¢in the spanwise direction and L /3 in the stream-
wise direction. The local magnitude of vorticity prevailing
throughout most of this region is in the range
2 Jw] < |@| <3 |@|. As shown by Fig. 15(b), the compres-
sive strain field associated with the structure acts in the or-
thogonal direction. The sheetlike nature of the vortex struc-
ture appears to provide a relatively unidirectional strain field

(b)

FIG. 18. Close-up views of instantaneous isoscalar surfaces of high scalar-
gradient magnitude ([VF|) along with neighboring vortex lines at time
t=6 for (a) case IH (isotropic): |VF|=15|VF[, and (b) case H
(St, = 1.0): |[VF| =10 [VFT.
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that effectively produces sheetlike structures in the |VF|
field.

The correlation between the magnitudes of the strain
rate and scalar gradient and between the vorticity and scalar
gradient can be measured by the following correlation coeffi-
cients:®

Coarpa = ((VFY)/((VF))(e?),

- (22)
Coyrpnr = (V) /((VF)?) (@),

26 v T L T T T T T T T T T T
24 r— B
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FIG. 19. Time development of scalar gradient-strain rate magnitude and
scalar gradient-vorticity magnitude correlation coefficients. (a) C o,

and (b) C for cases IH (----), H(—),and L (---).
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which are defined such that their uncorrelated value is 1.0.
The time development of C ... and C ;. . is shown in
Fig. 19. As expected, the magnitude of VF is clearly correlat-
ed with the strain rate in both flows, as shown by C(w.,z 2
[Fig. 19(a)}. In Fig. 19(b), C(v ? remains at the uncorre-
lated value of unity for the isotropic flow, which agrees with
the results of Kerr® for stationary isotropic flow. However,
in the shear cases H and L, values of C .. . greater than
unity are exhibited, indicating that the magnitude of VF is
correlated with that of vorticity in these flows.

Mechanisms influencing the scalar gradient are mdlcat-
ed by the scalar-gradient transport equation, which is ob-
tained by taking the gradient of the scalar-transport equa-
tion

JavF

. + uwV(VF) = —eVF+ a)x——— + DV*(VF). (23)

The first term on the right-hand side represents production
of scalar gradient due to compressive strain alignment. Note
that, as VFincreases, further amplification increases indicat-
ing a positive feedback mechanism as described in Gibson’s
second mixing mechanism.” The second term, a cross prod-
uct between the vorticity and scalar-gradient vectors, is a
vector orthogonal to both VF and w and, consequently,
changes the direction of VF. This term is eliminated in the
derivation of the transport equation for the square of the
scalar gradient (proportional to the scalar dissipation rate),
which is given by

2
D (1 Fz) —F,Fe; +D 9 (’LF%)
Dt Ox; Ix; \ 2

JdF, JF,

s
ox; Jx;
where F, = dF /0x,. The fact that & does not explicitly ap-
pear in the equation does not, however, imply that vorticity
has no influence on the magnitude of VF. The contribution of
@ can exist via its influence on the strain rate e (as indicated
by C .. in Fig. 9). This becomes apparent in sheared turbu-
lence, where strain rates are amplified by vortex stretching
as discussed earlier.

The overall form of Eq. (24) is similar to that of Eq.
(20) for the transport of enstrophy, as noted by Corrsin.?®
The corresponding production term in the (VF)? equation is
— F,F ,e;. This term represents gradient amplification by
compressive straining (note the difference in sign of this
term from that of enstrophy production) and thus reflects
the influence of the strain rate on the scalar dissipation rate.
A related quantity that various investigators have reported is
the strain rate-scalar dissipation rate correlation coefficient
given by

3 = {VFeVF)/{ee) " (VFVF), (25)

where e is the strain-rate tensor. Direct simulation results of
Kerr?® for forced isotropic turbulence give a value for 2 of
— 0.5. Leonard and Hill'® report values in the range — 0.5
to — 0.4 for their isotropic runs.

Since our scalar field is inhomogeneous, we first deter-
mine the value of 3 conditioned on the value of the scalar F.
The results indicate that X is independent of F. A representa-

(24)
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FIG. 20. Time development of strain rate-scalar dissipation correlation co-
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tive value of = can therefore be obtained by averaging over
the range of F values 0.1<#<0.9. Time development of the
averaged = for cases IH, H, and L is given in Fig. 20. The
value of ¥ for the isotropic flow is about — 0.5 and remains
relatively constant in time. In shear flows, the magnitude of
T is slighlty less and values range from — 0.3to — 0.4. The
negative value of ¥ reflects the enhancement of the scalar
gradient in the direction of the compressive strain. Based on
the above results, the value of the correlation coefficient does
not appear to be sensitive to the characteristics of the scalar
field and is only slightly indicative of the presence of mean
shear in the flow field.

D. Scalar dissipation rate

Chemical reaction is a molecular process and can only
occur when mixing is complete at the molecular level. As
stated earlier, the rate of molecular mixing, which is limited
by the rate of breakup of “scalar eddies” containing the reac-
tive species, is proportional to the rate of scalar dissipation.
The rate of scalar dissipation, though it is a high-wave-num-
ber process, is determined by the interaction of the low-
wave-number components of the velocity and scalar fields
and is proportional to the mean rate of transfer of scalar
variance from the low to high wave numbers. Regions of
intense reaction have been found to correspond with local
maxima of the scalar dissipation.'>?

The instantaneous scalar dissipation rate €, is defined as

2
EF ::::D (ﬁ) =S_Vc (VF‘)Z.

Ix; (26)

The distribution of the local instantaneous €, in the center x-
z plane is shown in Fig. 21 (same plane as Figs. 15 and 16).
Here, ¢ is graphically represented as vectors with magni-
tudes proportional to (VF)? and in the direction of VF. Di-
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rect simulations of stationary isotropic turbulence by Kerr,®
in which both the velocity and scalar fields are forced, have
shown that scalar dissipation exists in intermittent patches
with high magnitude. For our two-stream mixing flow, the
locations of high scalar dissipation are confined to a narrow
zone around the interface near F = 0.5. Within this zone,
regions of peak €, do exist in sheets, as indicated by the
structure of |VF |. The intermittency of these sheets is less in
sheared flow than in the unsheared flow because of the pres-
ence of the strong large-scale structures. This is of particular
importance in reactive flows since, as stated above, intense
reaction will occur in regions of high (VF)?, and therefore
will occur in sheets.

From Fig. 21, we see that, in the isotropic flow (a), the
magnitudes of ¢ are not significantly different from those in
the shear case (b), even though the turbulence decays in the
former withi the associated increase in all length scales. This
is explained as follows. Since € is an instantaneous quantity,
it depends on the mean scalar gradient and its fluctuations.
The initially imposed scalar step function causes steep gradi-
ents of the mean scalar. The lower mixing rates in the iso-
tropic flow allow significant scalar variance and mean gradi-
ents (VF) to persist. In addition, the contribution of the
small-scale motion to € is limited because of the continuous
growth of these scales, and therefore the corresponding fluc-
tuating component of VF is small. In shear flows, the pro-
duction of turbulent energy and increasing strain rates of the
small scales augment the fluctuating component of €. Local
instantaneous scalar gradients can be quite large because of
the increasing compressive strains. An indicator of the ex-
tent of scalar mixing is the probability density function
(pdf) of the mixture fraction. Computed pdf’s for a thin
horizontal slab centered in the mixing zone indicate that the
sheared cases exhibit the greatest extent of mixing. These
profiles tend toward a Gaussian in time whereas those of the
isotropic case retain a portion of the initial delta function
peaks, indicating the presence of unmixed fluid.

It is of interest, from both physical and modeling stand-
points, to examine the statistical distribution of €,. Gurvich
and Yaglom® proposed a lognormal distribution of the sca-
lar dissipation through an extension of Kolmogorov’s third
hypothesis. Experimental observations®** suggest a log-
normal distribution. The numerical simulations of Ashurst
et al. show a lognormal distribution of the scalar dissipation
rate,”® and statistical independence of the scalar and scalar
dissipation. Eswaran and Pope** have also performed direct
simulations of forced isotropic turbulence with passive sca-
lar “blobs.” They showed that the probability density func-
tion (pdf) of the logarithm of scalar dissipation reaches an
approximately Gaussian self-similar state. However, at the
early stages of mixing, they find a strongly changing interde-
pendence between the two variables.

The time development of the pdf of in(e,) for cases H
and IH is shown in Fig. 22. The pdf’s were obtained by sam-
pling over the mixed fluid volume defined by 0.1<F<0.9.
The results show that the pdf of In(e,) approaches a nearly
normal distribution with slight negative skewness. For the
shear flow case H at later times, the skewness and kurtosis of
the distributions are approximately — 0.1 and 2.9, as com-
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pared with values for a normal distribution which are 0. and
3., respectively. The peak of the pdf’s for both H and IH
cases shift toward lower values of In(€r) as time increases,
indicating a drop in (&) due to mixing. Figure 23 shows the
conditional expectation of the scalar dissipation rate (condi-
tioned on the value of F) & normalized by the ensemble
average of €5 in the sample volume (¢ ), for cases IH and
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HA nearly barabblif: shape remains throughout the devel-

opment of the scalar mixing layer. This is characteristic of

~. the mixing zone between two homogeneous regions of flu-

id.»

IV. CONCLUSIONS

Direct numerical simulation of an initial steplike scalar
field subjected to homogeneous sheared turbulence has been
performed and the results compared with those of the case of
decaying isotropic turbulence. Statistics on the strain rate,
vorticity, scalar gradient, and scalar dissipation rate were
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obtained. Analysis of the flow field is consistent with pre-
vious studies®>?* and suggests that turbulent flow consists
of stretching vortex structures that generate higher strain
rates in the normal plane. The structure of the vorticity field
in isotropic turbulence tends to be sheetlike for moderate-
valued vorticity and tubelike at high-valued vorticity.''2 In
sheared turbulence, large-scale organized structures are
present in the form of sheets and hairpins.

The strain rate and vorticity fields dominate the behav-
ior of the scalar field and thus the reactive interface. The
gradient of the conserved scalar tends to align itself with the
axis of the most compressive strain rate and orthogonal to
the local vorticity. The magnitude of the scalar gradient is
directly influenced by the local strain rate while its orienta-
tion is controlled by the local vorticity. Because of the direc-
tional features of sheared turbulence, the orientation of the
scalar gradient is more ordered than in isotropic turbulence.
In addition, the magnitude of vorticity indirectly affects that
of the scalar gradient through strain-rate amplification by
vortex stretching. In both flows, regions of high scalar-gradi-
ent magnitude exist as sheets in the vicinity of sheetlike vor-
tex structures of moderate to high vorticity. The sheetlike
nature of the vortex structures appears to provide a locally
unidirectional strain field that is capable of producing ex-
tended regions of high scalar gradient. This is of particular
importance in reactive flows, where the most intense reac-
tions will tend to occur where (VF)? is high. Regions of
intense reaction will therefore most likely exist as sheets,
particularly in flows with mean shear where the well-corre-
lated large-scale motion produces high (VF)?sheets that are
continuous over a greater spatial extent.

Influence of the fluid strain rate on (VF)?, and therefore
€, is indicated by the strain rate—scalar dissipation correla-
tion coefficient 3, which is independent of the scalar value
and remains relatively constant in time. The statistical distri-
bution of the scalar dissipation rate ¢ for an inhomogeneous
scalar field exhibits a nearly lognormal distribution with a
slight negative skewness for both isotropic and shear cases.
The conditional expectation of the scalar dissipation &, re-
mains parabolic for both decaying isotropic turbulence and
shear flow.
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