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DERIVATION AND NUMERICAL SOLUTION

OF A CLOSED EQUATION FOR THE SPECIFIC
ISOSCALAR-SURFACE AREA IN A TURBULENT
REACTIVE FLOW

V. A. Sosinovich, V. A. Babenko, and UDC 532.5174
Yu. V. Zhukova

Based on the equation obtained earlier for the joint probability density function of the fluctuations of
an isotropic turbulent scalar field of a reagent and its gradiemt [Inzh.-Fiz. Zh., 71, No. 5, 827-849
(1998)] the authors derived and numericallv solved an equation for the specific isoscalar-surface area
2{T) in a turbulent reactive flow. The equation for X(I') contains the single-point probability density
function for pulsations of a reactive scalar and the time function that depend on the distribution of
the energy of turbulent velocity pulsations and the intensity of scalar reagent pulsations by different
length scales. The corresponding equations are written for all these functions.

Introduction. The most significant approach to the modeling of combustion that allows for a deviation
from the position of chemical equilibrium is based on the assumption which considers a turbulent flame as an
ensemble of thin one-dimensional reaction zones (flamelets). Each zone is found in a locally laminar mixing
environment. This description of the turbulent flame was named the laminar diffusion flamelet model. This
concept was proposed for the first time in [2] and was extended in a number of papers (see, for example, [3]).

The instantaneous flame consists of localized reactive leafs that are transferred by a flow and are bent
and stretched by turbulent vortices but remain identified structures.

The field of application of flamelet models has been the subject of discussion thus far. It is agreed that
this concept is applicable in the region of large Damkohler numbers; in this case, the characteristic turbulence
scales are much larger than the typical flame thickness. These conditions are satisfied in many practical situ-
ations, and the flamelet regime exists in spark-ignition engines, in continuous flows of aircraft engines, in
rocket engines, and in industrial burners.

The most important class of flamelet models is associated with a balance equation for the density of
the flame surface. This equation describes the transfer of the average reactive surface by a turbulent flow and
also the mechanisms of production and destruction of the flame area. The notion of the flame area was already
used in the previous combustion models. However, an equation for this quantity was proposed for the first time
in [4], where the combustion of unmixed reactants at the early stage is controlled by the competition between
the deformation of the elements of the flame and mutual annihilation of the flame area because of the destruc-
tion of its adjacent elements. The advantage of the flame model that is based on the equation for the surface
area consists of using it to relate the analysis of an individual flamelet to that of the global turbulent field.

Having the calculated area of the flame surface Xy, we can easily calculate the average rate of heat
release per unit volume or the flow rate of the reagent by the formulas

W =05, mbﬁzf. (1)
f

Here Q is the rate of heat release per unit area of the flame; A#; is the enthalpy.
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In writing an equation for X; based on intuitive arguments as was done in [4], we have to artificially
introduce into the equation all the effects associated with the interaction of the rate of deformation and the
combustion surface. At the same time, there is a possibility of deriving the equation for the flame surface on
the basis of rigorous relations for the joint probability density function of a scalar and its gradient. Precisely
this is the objective of the present investigation. In [5-7], the following formula that relates the specific isosca-
lar surface to the probability density function of a scalar and its gradient was proposed:

5, (D)= WP, (W,1)dW . @

0

The equation for P, (I") is proposed in the work of Sosinovich et al. [1]. A solution for it remains to be found.
However, it can be used as the reference point when an equation for the density function of the flame surface
2. AT is derived.

A Closed Equation for the Joint Probability Density Function (JPDF) of the Fluctuations of a
Reactive Scalar and Its Gradient. The equation for the JPDF P/(W, ") was obtained in [1] for the case of an
isotropic turbulent field (formula (117)). The function P(W, I') that describes the JPDF of the absolute value
of the fluctuations of the scalar gradient and the fluctuations of the scalar I' is related to P,(W), I') as follows:

P, (W,T)=47W’P,(W,T) . 3)

We substitute the expression for P,(W), I from (3) into Eq. (117) from [1] and, having carried out simple ma-
nipulations, obtain the equation for P(W, I'):

P (W.T , P, (W, T
WD) P WD)
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with the initial
P, W,D)| =P, W,T) 5)
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oP,(W,T)

P.W,D)|yee=0, PL(W,T)|y=0, ar

=0

PI (W,r)llrl:l—max=0. (6)
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Here Po(W,T) is the initial form of the JPDF; I,,, is the maximum value of the scalar fluctuation that is
determined by the initial condition.

The first term on the right-hand side of the equation for JPDE (4) describes the effect of the process
of diffusion in the space of scalar values, while the second term describes the effect of the structure of turbu-
lent velocity and scalar fields. Here Syc(r) denotes the asymmetry of the joint probability density function of
the velocity and scalar fields. This function can be expressed in terms of other moments by the following for-
mula:

1
gDLCC ()] . 7
(x (1/3D) (e (/15v)"*

Syc (1) =

Here DZCC(O, 1) is the third derivative of a double-point structural third-order function of the velocity field and
the scalar field with respect to the distance at r = 0; €(¢) is the average dissipation rate of turbulent energy; x(1)
is the average dissipation rate of the intensity of scalar fluctuations.
The third term on the right-hand side of (4) describes the effect of dissipation in the scalar-gradient
space on the joint statistics of the scalar reactive field and its gradient. The function N(I") has the form
A
)

av)

A
N, () =- % DR (0, 1) {5 - 3T (1) [1 ~ %ﬂ exp[-a (DT, ®)

where

V2% @ . ©)

T ()=

0/ (- 0ol 0.0)

Here ¢(¢) is the root-mean-square intensity of the scalar fluctuations; D{Y(O0, 1) is the fourth derivative of a
double-point structural function of the scalar turbulent field with respect to the space variable r at the zero
value of this variable.

The fourth term on the right-hand side of the equation for the JPDF describes the effect of cross dif-
fusion in the space of values of the scalar and velocity gradient on the joint statistics of the reactive scalar and
its gradient. The function X(I") is determined by the expression

X, =K O expl-amT?}. (10)

Here we use the following notation:

am-—2T _ p_ T ()
8[5—-9T"] \/(C )
K, D=y () x (f)/(sD vV (?)) (12)
A A 2n-1 A 2
k(=N @) n+ 1) (T/N @) 27— @n+ 1) T/N (n))2"+1] , (13)
VT (@2nr+2)
NOW=Tonr32) (14)
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The quantity # can take on values larger than or equal to zero.

The fifth term on the right-hand side of (4) describes the effect of the chemical-reaction rate on the
JPDF.

In principle, we can try to solve Eq. (4) numerically. In this case, we need to complete it with a sys-
tem of moment equations, from which we could obtain information about the functions &(r), %(#), Syc(), and
DO, ).

A Closed Equation for the Specific Isoscalar-Surface Area in a Turbulent Reactive Flow. As is
seen from formula (2) the specific area of the isoscalar surface Zp(W, I') is the first moment of the JPDE
P33 (W, I). For this function, Eq. (4) is written. Using (4), we derive an equation for the function Zmy(W, I).

We multiply the left-hand and right-hand sides of Eq. (4) by W and integrate it from O to oo:

9 [we, w1y aw =
at (] [(]

SUC(r) e(r) K DW i _
\/[ J [[ W8WJ_x(r) [3+W8WﬂP,(W,F)dW

_DN, (r)f [——li J }P W,T) dW ~

0 W OWow oW
a d
DX (r)jw(uwa ]P,(W,I“)dW -
_°° a 20D ) (15)
(J;W[ (D) 55+ =51 (2 W ﬂp,(w, ) dw.
We write Eq. (15) in symbolic form:
9 (0) = (D) + () + A1) + (IV) + (V) . (16)

or

Let us transform each term of (16). Using determination (2) for the specific isoscalar-surface area, on the left-
hand side we obtain

©) = [ WP, (W,T)aw =%, () . (17
0

The subscrlpts t in the notation X(I") are replaced by the subscript ¢, since we restrict ourselves to the deri-
vation of an equation for X(I') in the approximation of isotropic turbulence.
We transform term (I):

az
__D—._z-

(I)——DJW arzP(W I) dw = . (18)

0 0

Here the notation
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=¥ (M) = [WP P, (W, 1) aw
0

is used for the average conventional value of the cube of the gradient of the reactive scalar field.

For (II) we obtain

SUC o _|fe (r) 2) bW Kl _
() = \/ [ ] H +W aw]_ ) [3 +W awﬂ P(W,T)dW =
__SUC (n e _ (3)
T2 \/[wvj[z( ) ()2 (F)}

We carry out the transformation of (III):

(I) =- DN, (nj{——z—a—+w J JP(W I) W =
W oW ow

=-20N, (D" (M)

In expression (21), we used the notation

@ =fw P w,naw.
0

(19)

(20)

2D

(22)

From (22) it is seen that Zﬁ‘”(l‘) denotes the conventional average value of the reciprocal of the gradient. For
it, as for Z((I"), we will obtain an approximate expression in terms of traditional statistics of the scalar and its

gradient.
For (IV), we have

el d
(IV)=-2D == X(r)jw[uwmjp (W,T) W} =

=-2D aar X, (D) [£,(0) - 2%, (D)} =2D % [X, (D)%, (r)] :

For (V), we obtain

V) =|:—-(i) iy éaF‘ 2 a";l(_n +2 a“;g)

]z,<r>=—<b<na%z,m.

We substitute the results of the calculation of expressions (0)-(V) into equality (16):

3z, () & SUC 0 _ (e D _a
——=_Dp—3(r T, (M) -—3 T
or o (O \/ O-o= O

-1 9
~2DN, (N 5 (0)+2D = [X )z, (r)] m(F) 2 (@T).

(23)

(24)

(25
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To close Eq. (25) for the specific isoscalar surface it is necessary to propose a method for expressing the func-

tions TP and Z{"(T) in terms of the known statistical quantities. It is also necessary to prescribe a particu-

lar form of the function ox(T") that describes the reaction rate as a function of the concentration field.
Expressions for the functions (") and X{~'(T") can be represented in the form

=@ =[wp, WD) aw s, @, 0
0
=" (0 = [ WP, W|T) aw £, (). )

0

Here P(W|T) is the conventional probability density function of the scalar gradient calculated with a pre-
scribed scalar field (31 = T f(T) is the single-point probability density function for the scalar field. We
rewrite formulas (26) and (27) in the form

T Pm=w"ms5mo, (28)

9 @) =w® O£, (29)

where

oo

WD (F)=JW_1 P,(W|D) W, (30)
0
w? @ = [w P, WD) aw. Gh
0
The conventional function P(W|T') in equalities (30) and (31) is determined as
AUAY (32)

PI(W|F)= f(F)

To evaluate the integrals on the right-hand side of equalities (30) and (31) we can resort to the distribution law
of the modulus of a three-dimensional vector (see [8], p. 435):

0, —o<W<0,
P, (W)= (33)

o}

\/(g]-%wzexp{—ﬂ%}, O0<W<4oo,
n|o 2c

Calculating by formulas (30) and (31) with account for (28) and (29) yields

172
2y =—2 (i—(’i—)] £, (34)

578



372
s® =16 (X0 0. (35)
, (D) Srl 3D ;@)

With this approximation of the function Z{¥(I") the first term on the right-hand side of the equation for TT")
will involve the second derivative of the function f(I"), which presents significant difficulties in numerical so-
lution of this equation. Since the form of the first term resulted from an approximation of the function {*X(T),
we can propose, for the first term in (25), another expression for Z*X(T") that will present no numerical diffi-
culties in solving the equation for Z(T").

We write formula (19) for Z3(T) in the form

(3) r 3)
=2 Dy M Dy oy (36)

z, (D) w1

Here W{3(T') is determined by formula (31), while W{IX(T') is determined by the following expression:

I 37
W @) = [wp,(w|T) aw . 37
0]
Using (33) for P(W|T') we find (38)
12
W (D)= f cexpl-—_L gy £ [0
y (t)/3D] 2% (/3D \2r | 3D
By employing (31) and (33) we obtain
W 0] _ (39)
= \f‘ 3D
With account for (38) and (39)
) X () 40
()= 4(3Dj>:,(r). (40)
Substituting (34) for Z{"(T) and (40) for =3I, we obtain the final form of the equation for (")
3%, (D)
a
> ez @M 8 [y
-y (t ): -5 - M-
X() Uc()'\/[ ]|: 5 3@(30] £ @)
4 (3D J R
- DN, (I @(x ({)] f,(D)+2D ar[X’ (D, (r)]—w(r)a—rz, @M. @1

Derivation of the Equation for f,(I'). An equation for the single-point probability density function of
a reactive scalar can be obtained from the equation for the JPDF P/(W, I') using the formula
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fo=[p,w,0yaw, (42)
0

whence it is seen that f(I') is the zero-order moment of the JPDF P(W, I'). Integrating the left-hand sides of
(4) with respect to W from O to oo and taking (42) into account, we obtain the equation for f(I') in the follow-
ing form:

d J .
2 rM =L i, OO -2 0@ D). (43)
S50 ==~ 11, (D, (O] -— [0 O£, 0]

It contains the unknown function y(I"), i.e., the conventional rate of scalar dissipation (CRSD). For this func-
tion, we can derive an equation from (4) if we resort to the formula

D [w* P, (W, 1) dw

0 (44)

M=
x (D) 7

It is seen from (44) that the conventional dissipation rate is the second-order moment of the JPDF P(W, T"). A
closed equation for %(I') in the case of a nonreactive scalar field was derived in [9].
Supplementing the equation derived in [9] for y,(I") with a source chemical term, we obtain (see Eq.

! lf I X() o

—6D'N(F)f,(1")+4D r X (D% 0 f, @] - w(r)—[X,(F)ﬁ(F)H

L, (MfM] _ & x, M, (D)
ot or’

8(0 (F)

x, M fM]. (45)

The equation for x«T) involves the unknown function %7(I'), i.e., the mean square of the conventional rate of
scalar dissipation. We take the following function as a hypothesis for modeling the unknown function %#(I):

% @) =k, (D x @) (46)

In writing formula (46) for x7(I"), we assume that the effect of the pulsations of the conventional rate of scalar
dissipation on the evolution of this function is insignificant. The coefficient £, will be determined below.

The equations for Z(I") and y«(I") contain a number of functions that must be calculated from supple-
mentary equations. These are the functions Sy(t), i.e., the asymmetry of the joint probability density function
of the fields of the velocity gradient and the scalar, DE(0, 1), i.e., the fourth derivative of the structural dou-
ble-point function of the difference of concentrations at two points of an isotropic turbulent flow with respect
to the distance when this distance is zero; £(), i.e., the average dissipation rate of the energy of the turbulent
velocity field; (#), i.e., the average dissipation rate of scalar-fluctuation intensity, and c’(¢), i.e., the square of
the variance of the scalar field.

The evolution of the above functions can be found from solution of a coupled system of equations for
the functions that describe the distribution of the energy and intensity of scalar reagent pulsations by different
length scales. The system of equations for these functions is given in [1] (see formulas (122)-(126)) and [10].
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Numerical Solution of the System of Equations for the Specific Isoscalar-Surface Area. We deter-
mine dimensionless variables by the formula

where Ac is the characteristic variable A. We select the characteristic quantities: C¢ = ICp,, is the concentra-
tion; it is taken to be equal to the maximum value of the concentration; Lc = L(0) is the length scale equal
to the initial scale of the scalar field length; X~ = 1/L¢ is the specific isoscalar-surface area; fo = 1/C¢ is the
single-point probability density function; gc = Vg2(0) is the square of the velocity pulsation; it is selected to
be equal to the initial square of the velocity pulsation; 7¢ = L¢/gc is time; it is selected to be equal to the time
of one rotation of an energy-containing vortex; X¢ = Cz/tc is the scalar dissipation; &c = ¢/t is the dissipa-
tion rate of the turbulent velocity field; P&’ = Cz/L¢ is the magnitude of the function P¥(r); (Dico)e =
qCC%/L% is the magnitude of the function DZ(;C(O, t); Pe = gcL¢/D is the Peclet number; Re = gcLe/V is the
Reynolds number; Sc¢ = v/D is the Schmidt number; Da = /1, is the Damkohler number; ¢, is the chemical-
reaction time.

We write the system of equations for Z«(I'), f(I'), and %«T") in dimensionless form. In what follows, we
omit the overbar in the corresponding dimensionless functions and variables.

The equation for X(I') in dimensionless form appears as

2

o, M 4 o

or _;xm?&F

Ree (1) 5 8VPe . 0F, (D]
—\/— Sye (| =—- e ——

Z, (M-

+
or * Tor |

OF ()

2D(1V) 0,1) ~
e 0.0 5 & o KOO ey expl-am5,m)] -

Jer pe¥? ! X 0" + ; \/(m ) or

. d
—-Dan() I (). (48)
Here we used the notation
A o)
K/, (I/l) ={5— 37 ) [1 _%H exp {—OL(T)I/'\‘Z}_ 49)

In the equation for (I"), instead of f(I'), we introduced the function F(I'), which is related to the former by
r

FD=[f,DOdr. 0
0

Its behavior is smoother than the behavior of the differential function f(I"). The equation for the function
F«T') has the form

oF, @) 51)
ar

O OLFm|-paor
5 T or X,()ar ,I)|-Dao @)
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We need only to write the equation for %(I") in dimensionless form:

. JF, (T
WO __ o Iu® (% @Y _anmr®" o
AR T ar ar
_ \/ [Re e (I)JSUC ) [1 K E ))} % (O) +
A

4 2 n J

SR @)+ X0 X D (D
Vew)
+Da|222@ _ (r)— r
e % (D). (52)

The solved system of dimensionless partial differential equations consists of Eq. (48) for the density of
the flame surface, Eq. (51) for the single-point probability density function, and Eq. (52) for the conventional
rate of scalar dissipation. To allow for a particular type of chemical reaction in (48), (51), and (52), we must
determine the function d)(F) and the parameter, i.e., the Damkohler number Da. For simplicity we assume that
an expression for o) is prescribed as the first-order reaction rate o) = T. This formula can describe a
binary chemical reaction in the situation where one reactant is in very short supply [6]. In this case, the system
solved can be written as

3%, (T — o'z I 8P 2]
Jz_zu(z)\/(a(r)) ’F(D—A(r)[ﬁ—?’\/é—exﬂ)”'ﬁr
n

ot
3F, (1)
2C (1) Ve - or
+———ND)——+
Vo 0
bwor ¢ { 5, M]-par
) E)I‘[K( Jexp = oD 2( )]_ o &)
F @) oF, () oF, (1)
o) _ 9 AN , (54)
o ar[ D r } Pl
¥, (D % . 9%, (T)
A kAWM |1 -k, D =CON,[I) -y, (T -
Y 1 (f)[ X()]X() (ON, @)=y, () g

—2f7 (D)~

x,( ) o oF, () N
ar 31" or

12 ,
+D () ——=={Texp [~ o () T, (D f, (D} - Da (ZX, (0)-T (55)

oy, (N
f,(n) or ]

ar
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where

(V)
Re DY (0,1) 2 % 56
A(r)=\/—s(r) Suc®; CH=-—5=5—: D@)== : ©0)
V@)
The coefficient k; results from the fact that a simplifying assumption of the equality of several similar mo-
ments to one is made in deriving Eq. (4) in [1]. In physical meaning, k; must be of the order of unity. Having
appropriately selected the coefficients k; and &, we can approximately satisfy the normalization conditions
[ DA = %) and [THOMT = ).

Taking into account the symmetry of the functions X(I") and x(I') and the antisymmetry of the func-
tion F(I") relative to the origin of coordinates, we will consider half of their domain of definition, 0<T" <1.
The boundary conditions have the form

dz, (T)
oI

I, (D)
-3, ()= H
=0 =0

1
=) e =Filr=0=0, Fr|r=1=§- (57)

The numerical solution of the boundary-value problem (53)-(57) is strongly complicated by the presence of
P’z (T 5
terms with "negative” viscosity —D(rVc2 —a—li(z—), —9/9T [y, 0F /oT'], and —x,[0*y,/9T?] that characterize antidif-

fusion in the phase space of the values of the scalar T.

The presence of the "antidiffusion” terms makes problem (53)-(57) similar to classical inverse prob-
lems. An extensive literature is available on the theory of solution of inverse problems [11-43] using different
variants of the regularization method. However, there are few appropriate examples of numerical solution of
the so-called retrospective problems on rather large time intervals without a critical dependence on the regulari-
zation parameter that fails to be selected so small as to prevent a substantial dependence of the solution itself
on it.

To avoid numerical instability, we solved problem (53)-(57) in the opposite direction with respect to
time, beginning with the "starting” time 7, and advancing to smaller values of r. We employed the method of
solving the system of partial equations (the method of straight lines in the form of the MOLCH standard nu-
merical procedure from the IMSL package [15]).

There is good reason to indicate the "starting” functions Z«(I'), x«(I"), and F(I') at the end of a mixing
process. The selection of the analytical form for "starting" values of the functions Y{I") and FAI') was based
on the fact that at the end of the mixing process the single-point distribution function f(I") has a Gaussian
form. As is known, the single-point probability density function (PDF) tending to a Gaussian form is due to
the fact that the CRSD becomes independent of the scalar [16]. Using this fact, we can select, as the "starting"
functions for calculating, the Gaussian form for the single-point PDF and the form of the CRSD independent
of the scalar field.

The "starting" distributions of the functions F(I') and f(I') in this state were prescribed according to
model analytical expressions (see formulas (42) in [9]). The "starting” value for the function Z(I') is prescribed
by the formula Z,(T") = f, (I)y, (I that expresses the statistical independence of the scalar-field gradient and
the scalar at the final step of rriixing [61:

B 2x.
T (D)=f x, =——=—arctan (1 -T)/y). (58)
s s o+ @

Usually, the process of integration of equations in the opposite direction began from the instant 7, = 25-30,
which corresponds almost totally to the mixed state. This corresponds to a sharp maximum of the function f; at
I' = 0 and to nearly zero values of f; when I'> 0.
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Fig. 1. Individual terms of the right-hand side of Eq. (53) for the condi-
tions of the specific isoscalar-surface area at Da = O [a) at the instant r =
0; b) 0.5; ¢) 1; d) 2.5; e) 5; ) 10]: 1) "source"; 2) "dissipation”; 3) "an-
tidiffusion”; 4) "transfer” in the space I'; 5) sum of all the terms on the
right-hand side.

In test calculations, we checked the sensitivity of the numerical solution to the setting of starting con-
ditions. Thus, the same conditions were set at different starting instants in the interval ¢, € (15, 30) or two
more sets of model analytical dependences for the "starting” distributions were used. These calculations showed
that the features of setting the starting conditions are smoothed on the time interval Ar~ 1.5, and further in
calculating we obtain a behavior of the functions of system (53)-(57) that is close to a universal behavior in-
dependent of the starting conditions.

Results of the Numerical Solution of the System of Equations for 21, F(I'), and y(TI'). Since the
equation obtained above for Z(I") is new and has not been described earlier in the literature, it is appropriate
to study its individual terms that are responsible for different effects. Figures 1 and 2 give a change in the
magnitude of individual effects on the right-hand side of Eq. (53) and ZI") at different evolution times and
Damkohler numbers. Here the "source” is used to refer to the term that is proportional to Sy(r) and describes
the influence of the turbulent velocity field on the distribution of the isoscalar surface. This is the only term in
Eq. (53) for Z(T") in which the characteristics of the turbulent velocity field appear directly. The influence of
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Fig. 2. Individual terms of the right-hand side of Eq. (53} for the conven-
tional specific area of the isoscalar surface at Da = 0.25: a-f) 1-5) notation
is the same as in Fig. 1; 6) "chemical reacting.”
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the velocity field on the density of the isoscalar surface is realized in terms of the "source." As the figures
show, the source term is positive at almost all T, its small magnitude being attained with small fluctuations.
This behavior of the "source” is due to the fact that the correlation of the pulsations of the scalar and the
specific surface area is larger with small pulsations and accordingly smaller with large ones. This term can
change its sign at the initial steps of mixing in the vicinity of the point I' = 1, which is associated with the
d-like character of the distribution of the function f(I') at this point. Therefore, the source term characterizes
not only the increase in the flame surface density function (FSDF) due to the mixing by the turbulent velocity
field but also such a redistribution of the FSDF for which this function increases in the region of moderate
concentrations (I = 0) and decreases at limiting concentrations.

Comparing the "source” at the same evolution times but different Damkohler numbers, we can note
that the maximum of this term at small I" increases with chemical action. At large evolution times and in the
presence of the chemical action, the "source" has a minimum at small I'. It is not improbable that this phe-
nomenon is associated with the peaking of characteristic realizations of the scalar-gradient field at small I'.

Figures 1 and 2 show the behavior of dissipation in Eq. (53) at different evolution times and
Damkohler numbers. The dissipation term in Eq. (53) is proportional to the derivative of the structural function
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Fig. 3. Variation in the form of the profile of the conventional density of
the reacting surface with time [a) Da = 0; b) 0.25]: 1) t = 0; 2) 0.5; 3)
14; 4)2.5; 5) 5; 6) 15; 7) 20.

DEYO, 1). 1t describes the action of molecular dissipation on the isoscalar surface. As is seen from Fig. 1, the
dissipation at all the evolution times is negative, which agrees with its physical meaning. At small times, ex-
cluding the region in the vicinity of I' = 1, the value of the dissipation is independent of I". When 721 the
dissipation term has a negative maximum at small T" that increases with further evolution. This behavior of the
dissipation is associated with the structure of the function N(I'), to be more precise — with the presence of the
exponential factor in the expression for N(I"). The form of the function N(I') is determined by the conven-
tional statistics of the second derivatives of the scalar field. Comparison of Figs. 1 and 2 shows that the noted
features of the behavior of dissipation remain basically the same even when the chemical reaction is taken into
account. We can only note a somewhat larger peaking of the maximum of the curve with small fluctuations.
Starting with the instant ¢+ = 1, the source and disstpation terms are the largest effects in Eq. (53); however,
since their signs are opposite, the remaining effects also exert a pronounced influence on the evolution of the
function X/(I).

o’z

or:

tion of £(I') to the center of the phase space I' in the process of evolution. Its function is governed by the

The "antidiffusion” term —2D\c2(r) is called such because it describes a shift of the distribu-

physics of the process of mixing. As the scalar field is mixed, the probability of small fluctuations must in-
crease. In the phase space T, this means a shift of the distribution function to the center of the space, i.e.,
antidiffusion.

As Fig. 1 shows, in the equation for X(I') this term first is positive with a maximum at larger fluctua-
tions. When > 2.5, the maximum shifts toward smaller I'. This behavior of "antidiffusion” is associated with
the evolution of the distribution function in the process of turbulent mixing. First the influence of "antidiffu-
sion" shows up with large fluctuations, and as they decrease the zone of this influence shifts to the center of
the phase space. Comparison of Figs. 1 and 2 indicates that taking into account the chemical action introduces
no substantial change into the character of the behavior of the "antidiffusion” term.

The term that is called transfer — the fourth on the right-hand side of Eq. (53} for (") — is associated
with taking into account the correlation between the scalar and its second derivative. Unlike the dissipation that
is proportional to the square of the second derivative of the scalar field, the "transfer” in the space I is asso-
ciated with the first degree of the second derivative. As is seen from Fig. 1, this term is always negative in the
process of evolution. Its form remains practically constant in evolution. Taking into account the chemical ac-
tion on the scalar field does not substantially change the transfer and the character of its influence on X(I")
(see Figs. 1 and 2) either.

As is seen from Figs. 1 and 2, the sum of the actions of these effects on the right-hand side of Eq.
(53) on the evolution of Z(I") undergoes a rather complex evolution. First, this sum changes the sign in the
phase space I'. The right-hand side of Eq. (53) is negative at small I" and positive at large I, which governs
the change in the form of the profile of the function Z(I") to a flatter one when 7~ 1. After this instant, the
right-hand side again becomes alternating for a time (see Figs. 1c and 2c at + = 1) but now, conversely, with
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Fig. 4. Evolution of the specific density of the reacting surface X(r) at dif-
ferent Damkohler numbers Da: 1) Da = 0; 2) 0.1; 3) 0.25.

a minimum at large I', which indicates a new rearrangement of the form of the X(I") profile. With evolution,
the right-hand side of the equation for Z«(I') levels off, and at larger times the basic processes of change in the
function £(T’) are concentrated in the region of small I' with a maximum at small [" and a minimum at inter-
mediate ones.

This change in the right-hand side of Eq. (53) causes a rather complex evolution of the form of the
specific isoscalar-surface area (see Fig. 3). As the presented graphs show, the evolution of the function Z/(I)
lies in the peaking of its form from a nearly flat form first to a parabolic one, and subsequently when ¢ > 6 its
form resembles a & function narrowing with mixing time.

Taking into account the chemical interaction does not substantially change the character of evolution of
the specific isoscalar-surface area. Figure 4 shows a change in the function Z(f) = JZ,(F)dF that is integral

0
over all values at different Damkohler numbers. It is seen that the general tendency is for a gradual decrease
in the value of this function. The increase in Z(r) at the initial step of evolution is associated with the turbulent
splitting of the scalar field. The influence of the chemical reacting is rather complex in character. At the be-
ginning of the evolution, the total reacting surface with allowance for the chemical reaction is larger than in
the inert scalar field. However, subsequently the chemical action leads to a more rapid decrease in the reacting
surface.

As is seen from formulas (53) and (55), the structure of the equations for Z(I') is similar. This is
associated with the fact that the functions X(I") and x,(I") are, respectively, the first and second statistical mo-
ments of the joint probability density function of the scalar and its gradient. The similarity of the equations for
xA) and Z«(T") is expressed in the fact that the equation for y,(I") contains the terms of the same meaning as
the equation for X(I") does, i.e., the source term 1, the dissipation term 2, the antidiffusion term 3, and the
term of transfer in the space I" 4. The evolution of the function y,(I") without allowance for the chemical reac-
tion is presented in [9].

Conclusions. The evoiution of Z,(I") resulting from the solution of the system of equations is in agree-
ment with the results of direct numerical modeling of the turbulent velocity and scalar fields.

The closed system of equations developed can be employed in calculating chemical reactions in turbu-
lent flows and the processes of turbulent combustion within the framework of the flamelet approach. The re-
sults obtained can be used in the development of practical devices for dispersion and homogenization of fuel
emulsions with the aim of improving the efficiency of their combustion.

This work was carried out with financial support from the Republic Fund for Fundamental Research.
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