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STATISTICAL CHARACTERISTICS OF THE DIEFUSION
OF A CHEMICALLY ACTIVE ADDITIVE
IN A TURBULENT MIXING ZONE

A. F. Kurbatskii UDC 532.517.4

In the article a numerical solution of the connected system of the equations of turbulent
transfer for the fields of the velocity and concentration of a chemically active additive is
used to calculate a number of the second moments of the concentration field in a flat mix-
ing zone. The system of transfer equations is derived from the equations for a common
function of the distribution of the fields of the pulsations of the velocity and the concentra~
tion [1] and is simplified in the approximation of the boundary layer. A closed form of the
transfer equations is obtained on the level of three moments, using the hypothesis of four
moments [2] and its generalized form for mixed moments of the field of the velocity and
the field of a passive scalar., The differential operator of the closed system of the equa-~
tions of turbulent transfer for the fields of the velocity and the concentration is found by

a method of closure not of the parabolic type but of a weakly hyperbolie type [3]. An im-
plicit difference scheme proposed in [4] is used for the numerical solution. The results
of the numerical solution are compared with the experimental data of [5].

1. System of Equations for the Moments of the Field

of the Concentration

The turbulent diffusion of a dynamically passive additive in a free inhomogeneous turbulent flow of an
incompressible liquid is considered in an Euler description. The dynamic passivity of the additive postu-
lates that the field of the velocity u (x ) does not undergo any appreciable effect from the side of the process
of turbulent diffusion of the additive. The additive can react chemically with the medium of the flow. The
chemical reaction under consideration can be assumed to be passive, which can be regarded as justified
for "weak" chemical reactions in the flow {taking place relatively slowly and quietly) and small concentra-
tions of the impurity. It is assumed that the fields of the pulsations of the velocity and concentration of the
additive can be described by a common distribution function, satisfying some "kinetic" equation [1]. The
equations for the moments of the field of the concentration in a free inhomogeneous turbulent flow are de-

Novosibirsk. Translated from Zhurnal Prikladnoi Mekhaniki i Tekhnicheskoi Fiziki, No. 6, pp. 48~
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rived in a manner analogous to that used in [1, 4] to obtain equations for the moments of the field of the
velocity. It is necessary only to adopt the relationship for the value of d§/dt entering into the equation
for the common distribution function. This quantity consists of two terms, the first of which models the
rate of change of the concentration of the additive in an element of the liguid as a result of molecular dif-
fusion, and the second, the rate of the chemical reaction. The first term, whose form is determined from
semiempirical considerations, can also be interpreted as the scalar dissipation or as the rate of mixing
of the substance of the additive up to molecular scales, The expression for dg/dt has the form

@ =3l Ey e, (1.1)
where 6' is the fluctuation of the concentration in an Euler system of coordinates; b, is an empirical con-
stant; u is the "rate constant of the chemical reaction" (u=const, p & O), n is a whole positive number n= 1),
and is the "order" of the chemical reaction. (Here and in what follows, notation not specially stipulated
corresponds to the notation of [4].) An expression for the scalar dissipation [the first term in (1.1)], simi-
lar to that adopted here, was also used, for example, in [6]. Approximation of the rate of the chemical re~
action [the second term in (1.1)] in the form of a power function only of the concentration 6(x) (but not of
x) relates to the case of small concentrations of the additive in comparison with the concentrations of the
surrounding medium of the flow. The chemical reaction with n=1 takes place in accordance with a first
order. If n> 1 for example, for n=2, i.,e., "a second-order reaction"), then in the equation for the vari-
ance of the fluctuations of the field of the concentrations the term describing the rate of the chemical trans-
formation and, in the case of a reaction of arbitrary order, having the form 2u (6“’“), contains with n=2,
in addition to the second moment, also the third moment (6'3). For this term a determining equation must
be written in which fourth moments appear. They can be (approximately) expressed in terms of second
moments, using the generalized hypothesis of four moments, In a first consideration, it is expedient to
limit ourselves to a chemical reaction of the "first order,"” assuming n=1 in (1.1).

Below, equations are written for moments of the first three orders of the field of the concentration,
relating to the fully developed free turbulent flow of a completely turbulent incompressible liquid, under
steady~-state external conditions without a pressure gradient, where the additive reacts chemically with
the medium of the flow in accordance with a "first order."”

The equation of conservation of the mean concentration of the additive
a -
gz (<> <O + (] = (B; (1.2)

the equation for the components of the vector of the turbulent flow of the additive

a<u 6> 4 g 3 ua o upu > s BY2[ 3 .
Cupy 5 = — gy B8 oy X > e [ (a +8b0) + co] + e’y (1.3)
the equation for the variance of the fluctuations of the field of the concentration
a<o™> 3 ugd’™> 72 o, :
Qupy == = — 20 L2 — L 6, D @) 1 20 (07 (L.4)

k

the equations for the third mixed moments of the fields of the pulsations of the velocity and the concentration

0 {uLugf’> roe . . Py
<uk>—L = — (Uupliglip) a;f: — (urugdd _<.”‘3_> —
Y « 2 Cugh> R D P
— upugh’> < >—< Uplt o;) 6 — (upugd ;Z —upd’> w
&
: )
_ * [ao - 4bq ]E1/2< u 6’) ——%’E”R%uéﬁ’) + u(u;uée’x (1.5)
b} (%3 PXC S K u e
<uk> <” :—-(ukua> < >-——-2<16ﬂ6> <u > —_—
k h

— 2 Cun uae>a<9>__§_[@_+;i]gvz< 6’)-an L’y +
12.

2, (L.6)

879



where ay, by, ¢, are empirical constants; the angular brackets denote averaging with respect to the ensemble
of the realizations. The fourth mixed moments, appearing in the equations of the third mixed moments
(1.5), (1.6), are expressed in terms of second moments, using the hypothesis of fourth moments*

<uhuauﬂe > = /uhua> <uﬁg -+ (uku3> <uae >+ \uke > <uauﬂ>: (1.7)
CQuatta®'0") = Curad 0" + 2¢uB"> (ue').

Relationships (1.7), being exact for Gaussian distributions, in the general case can be regarded as some
approximation. The use of relationships (1.7) to close the equations for the moments in free turbulent
flows with a gradient of the mean velocity, although indirect, obviously makes it possible to form a judg~
ment with respect to the noncontradictory nature of the hypothesis of fourth moments. It is shown in [8]
that closing the equations for the moments of the field of a passive additive in a field of isotropic turbu~
lence using noncumulative approximations (the infinitesimal level of which is the hypothesis of fourth mo-
ments vgith respect to the equality to zero of the fourth cumulants of the fields of the velocity and the con-
centration) leads to nonphysical results. In a model diffusion problem of the variance of the fluctuations

of the congentration of an additive in a field of steady-state isotropic turbulence, the hypothesis of the zero
of the fourth cumulants of the fields of the velocity and the concentration was used [8] to close the equations
for the moments. It was found that, with large diffusion times, a positive quantity, i.e., the variance of the
fluctuations of a scalar field, takes on negative values, contradicting its physical meaning,

In view of this it is considered that the value of the variance of the fluctuations of the concentration
of an additive (6 '2), positive everywhere in the region of integration, obtained as the result of a numerical
solution of the closed system of equations of turbulent transfer for the fields of the velocity and concentra~
tion in a free inhomogeneous turbulent flow, can therefore argue in support of the proposition that the non-
linearity of the equations of the field of the velocity does not lead to the above-mentioned nonphysical re-
sults (numerical results relating to the function (9’2) are given below), It is possible that the postulated
absence of nonphysical results for the moments of the field of the concentration in the mixing zone can be
connected not only with the nonlinearity of the dynamically inhomogeneous turbulent flow, but also with the
fact that the principal dynamic mechanism in inhomogeneous turbulence is the interaction between the
mean flow and the turbulence, and not interaction between the fluctuational components of the turbulent
flow, which, in isotropic turbulence, determines the whole dynamics [8].

An immediate result of the use of relationships (1.7) for closing the equations for the moments (1.2)-
(1.6) is the following: the system (1.2)~(1.6) is found to be connected with the closed system of moment
equations of the field of the velocity (system (1.1)-(1.6) from [4]) through the coefficients with the deriva-
tives and source terms and through the derivatives of the second moments of the field of the velocity, due
to the appearance, in the left-hand side of (1.5), of the term marked with an asterisk. It can be noted that
this term is not small in comparison with the other terms, even in the approximation of the boundary layer,
although a reliable evaluation of it is difficult due to the lack of experimental data,

2. Turbulent Diffusion of a Chemically Inert

Additive in a Flat Mixing Zone

We consider the problem of the turbulent diffusion of a chemically inert (4=0) additive in a two-di-
mensional mixing zone, for which the system of equations (1.2)~(1.6) is simplified, in the approximation
of the boundary layer, bringing in the experimental data of [5]. A schematic picture of the flow in the mix~
ing zone and its geometric determination are given in [4]. The result of the simplification is the follow~
ing system of five quasilinear equations for five sought functions:

2®) a<e> L g
T By =

<u>5_z_+< >__]_< > 5;3) w—: _ 3 {ao—i‘Sbn]EUZS——'(CD/L)EUzS,-

7y K3

0, ‘ <6'="> ! 2 2
T2 4 @y I8 4 957® IO ep, (EV2/L) <0, 2.1

2 g 7 3 —-4b 2 , TN
<>(7<SD>+ >5(gl)>‘2<v,>%§_+30§:>=_4[00 ]E” <S[ ""%-VEUZ<SU>,

* The hypothesis of four moments in generalized form (1.7) was first used in the problem of the turbulent
diffusion of an additive in a field of isotropic turbulence.
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where

§ =00, §'=0v
From the last two equations of system (2.1), the third moments are expressed in terms of the second mo-
ments using the formulas

(SY'S A~ — (D E—i/2 [2< ’> 55 6 <1;I’ >]’ (2.2)

@S — D E*W{zs—— + <e >}. {2.3)

After substitution of (2.2), (2.3) into (2.1), we finally obtain a closed system of three quasilinear equations
for the three sought stochastic values of the field of the concentration:

<9 as
w22+ wy 2 +5J——0

() 5 7 >+ > L - 30—{2/1) HETRES g spindle) /}_ 2 {——"01850131/25—%5‘”&
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RO
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where & = L[%/, @, +4b,) +cg]” % &,= L[/ (@, +16bg) +co] ™!

A distinguishing special characteristic of Eqs. (2.4) consists in the fact that they describe a nonlinear
diffusion process, in which the diffusion coefficients themselves are the sought quantities.

The closed system of equations for the fields of the velocity and the concentration ((2.4), (1.10) from
[4]) has the same characteristic special feature as the closed system of equations of the field of the veloc~
ity; it is not a system of the diffusion type; the differential operator with respect to the spatial variable y
in the first equation of (2.4) is of the first order. As in [4], it can be demonstrated convincingly [9] that
the connected system of the equations of the fields of the velocity and the concentration, in addition o the
trivial 11-fold characteristics x=const (k;= dx:dy =0), stillhas one real characteristic, coinciding with
the flow line k,=dx :dy={u)/(v). Thus, the differential operator of the "connected" system of equations
can be related to the weakly hyperbolic type [3].

The boundary~value problem for the system of equations (2.4) demands (in addition to the boundary
conditions for the field of the velocity [4]) the assignment of boundary conditions for the field of the con~-
cenirations,

with y— —oc:(8>=1, §=¢0" =0,

with y—+oc:K0) =8 = (6”) = {, (2.5)

With respect to boundary conditions (2.5) the following remark can be made: The field of the concentration
in the mixing zone depends not only on the averaged value of the concentration of the additive, but also on
the fluctuations of 6 with respect to the external flow, moving with a velocity U,. Therefore, the conditions
(0(x, —w)) =1, (O'V'(x,~=)) =<9'2 (x,—*)) =0 mean that each element of the liquid in the external flow con-
tains exactly the same concentration of the chemical component and that, therefore, there should be no
fluctuations. The fluctuations of the concentrations in the zone of the mixing are then the result of mixing
of a flow with a constant mean concentration of an additive in a turbulent field with a gradient of the mean
velocity, In this part, the discussion can be improved in what follows by taking into consideration initial
fluctuations of the field of the concentration in the external flow, which differ from zeroc. As initial condi-
tions in the cross section x =x, there are given the stepwise function for the mean concentration {0 (X, 71,
and (6'v'(Xg, y)) = (6" o, ¥)) =0.

As for the mean characteristics of the field of the velocity [4], for the mean characteristics of the
field of the concentration, under the conditions of the problem, self-similarity is to be expected; this is
observed experimentally [5]. This permits making the spatial variables x and y in (2.4) dimensionless,
using an arbitrary linear scale, and, comparing the results of a numerical solution with the experimental
data, to use the self-similar coordinate 1 =y/x [more exactly, 7 =y(&—xp), where x; is the arbitrary start
of mixing of the homogeneous flow and the surrounding motionless liquid].

*The closed system of equations of the field of the velocity, which must be added to system (2.4}, is given
in [4] and is not written here,
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The calculating scheme for the system of equations of the field of the concentration is constructed in
the same way as the difference scheme for the system of equations of the field of the velocity in [4]. All
that has been said with respect to the difference scheme in [4] is carried over to the difference scheme for
the system (2.4). Since the system (2.4) "connected” with the system of equations of the field of the velocity
[4] is "insignificant," the field of the concentration has no effect on the moments of the field of the velocity -
(as a result of the postulated "passivity" of the additive), an approximate solution (by the method of finite
difference_s) of the system (2.4) can be constructed with a known field of the velocity (and its moments).
Under these circumstances, the quality of the difference scheme (in the sense of expenditure of machine
time) can be somewhat raised by the use of a more economical method for inversion of the matrix than the
method of inversion with selection of the principal element. The essence of the method consists in the
fact that, as soon as the matrices of the coefficients of the difference operator must be degenerate over
the whole region of integration, it is not necessary to invert the matrix, selecting its principal element
each time. The inversion of the matrix can be carried out consecutively, by columns., Thus, for example,
in the difference scheme (2.1), (2.2) from [4] (a matrix of the fourth order was inverted) this method of
inversion permitted decreasing the calculating time by approximately one and one~half times in compari-
son with the case where the inversion of the matrix was done with selection of the principal element. With
regard to the accuracy of the inversion of the matrix, numerical experiments showed that four significant
figures of the inverse matrix coincide with both methods of inversion.

For the numerical calculations, the constant a, (@)/c, where « is the coefficient of proportionality in
the expression for the scale of the turbulence L=oax [4]) is determined, as in [4], from experimental data
[10] on the dissipation of the energy of the pulsational energy @y/a =6). The ratio of the "dissipative"

3/4 {ay/a) and the "volumetric" co/ « constants was taken equal to unity. A propos of the comparison made
below between the numerical results and the experimental data, it must be noted that the experimental
devices in [5, 10, 11] differed somewhat in construction [5], which led to somewhat different mean char~
acteristics of the mixing zone in the self-similar region. This relates to the profile of the mean velocity
{(u) and to a number of second moments of the field of the velocity {10, 11}, as well as to the integral scales
of the turbulence and the so-called rate of expansion of the mixing zone [12], i.e., to some arbitrary value,
making it possible to give a definite idea of the expansion of the turbulent region with increasing distance
downstream. Inthe numerical calculations, this value was found equal to 0.17; according to the data of the
experiment of [11], to 0.16, and of the experiment of [10], to 0.20, The constant by(by/@) cannot be found a
priori, due to the lack of suitable experimental data. To determine the numerical value of this constant,

it was necessary to have recourse to its numerical optimization; as a first approximation it was possible
to use a rough evaluation, obtained from the following considerations: It can be considered experimentally
established that, in a turbulent flow with a gradient of the mean velocity, transfer of a scalar additive takes
place more rapidly than the transfer of momentum. With a gradient description of diffusion processes,
this difference in the transfer mechanism can be qualitatively characterized by a dimensionless parameter,
the turbulent Schmidt number, which must be less than unity. For a plane-parallel flow, from the system
of equations (1.10) [4] and the system of equations of the field of the concentration (2.4), neglecting con-
vective and diffusional terms {terms with third moments), we find

1 D aw
Lo e
W=y T B a4y
lL"'é 17
1 "> d O
o e ——— e NT LT NT
= © , 88y  3by|EYE dy '
AR A 2

from which the turbulent Schmidt number
(2 B\ e (3be)][ G0
e e

(taking account of the fact that the ratio %/ @/a)(co/c) is taken equal to unity). From (2.6), with the ratio
adopted %/, @@, /c) =9/2 [4], we obtain the condition {by/0)€ 3/4. The refined numerical value of by/e, found
from the condition of the agreement of the calculated profile of the variance of the fluctuations of the con~
centration (0'5 with experimental value [5], is equal to 0.232, With the numerical implementation of an
expanded difference scheme by the method of successive matrix intervals, at the outer boundary of the
mixing zone (at " +<") the sought vector must be known (the forward path of the successive intervals is
from " —w" to " + ") which, inaccordance with the boundary conditions at this boundary (2.5) and (1.14)

882



<85>/,
VO

\ .
N | : \ AN : ;
@ g4 (7 I\A L —ip,0025

P 3 j N
/? l§\§ '
/ | SN
ol L i Tt
~0,2  -0,t 0 01  p=yix ¢ (
Fig. 1 Fig. 2

from [4], is a4 null path. However, for the system of equations of the boundary-layer type, used to describe
the field of the flow in the mixing zone, the homogeneous boundary conditions at the external boundary can
obviously not be satisfied if the approximate solution is sought by the method of finite differences. In
actuality, the characteristic curve of the connected system of equations for the fields of the velocity and
the concentration, coinciding with the line of the flow, has a slope equal to arctan ({v} /(u)), which, with

(uy —0 (near the external boundary), takes on an extremal large value, At the limit, with (u) =0, it is
equal to #/2; the flow line and the characteristic curve coinciding with it are directed normal to the x axis.
The liquid is "drawn into" the turbulent zone from the surrounding quiescent liquid at a right angle and,
consequently, (v} #0. By the same foken, near the external boundary, the main premise of the approxima-
tion of the boundary layer breaks down: the transverse component of the mean velocity of the flow must
be much less than the longitudinal (at the external boundary of the mixing zone, the velocities are quan-
tities of the same order of magnitude). Thus, an attempt to satisfy the boundary condition {ufx, +o)y =0
lies beyond the limits of the validity of equations of the boundary~layer type, and cannot be correct. It has
been found that a stable (without any kind of vibrations) solution near the external boundary can be obtained
if, in the sought vector, having seven components, only one of its components {ux, +%)), equal to 0.01, is
different from zero at " + "

Numerical results for the moments of the field of the concentration of a chemically inert additive
are given in Figs. 1 and 2, where the solid line is a plot of experimental data [5], and the dashed-dot line
is a numerical solution (the "points™ of different shape in Fig, 2 correspond to the experimental points of
{5]). The number 1 in Fig. 1 denotes the profile of the mean concentration, and the number 2, the trans-
verse component of the turbulent flow of the additive {G'v*", for which there are no experimental data in
[5]. On the whole, the agreement between the numerical solution and the experimental curves can be re-
garded as fully satisfactory,

3. Effect of a Passive Chemical Reaction on the Field

of the Concentration in the Turbulent Mixing Zone

With ¢ #0, the right~hand part of the system (2.4) contains terms characterizing the rate of a chem-~
ical transformation, corresponding to the statistical characteristic curve of the field of the concentration,
which, for the kinetic model under consideration, have the form of sinks. After bringing the system {2.4)
into dimensionless form by the introduction of characteristic scales of the velocity, the concentration, and
the length, in the source terms of the right-hand parts (characterizing the rate of the chemical transforma-
tion) there appears a dimensionless parameter, depending on the linear scale 1 and equal to the ratio of
the characteristic time of the turbulent diffusion of the chemical component in the flow I/U, to the char-
acteristic time of the chemical reaction |1/uf

T=(l/Ug)/(1/p). (3.1)
The equation of conservation of the mean concentration of the additive has the form

a<e> a<e 8 ¢<0v
W 7wy g+

Since we are considering only one additive, 1mmersed in an incompressible chemically inert liquid, the
permissible chemical reaction (here of the first order) will be a reaction of the form

[%Gﬂ =—p8 (>0,

Ychem
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whose mechanism (with the imposition of the following boundary conditions at the external boundary of the
mixing zone with y ——«: (& — 1, (0'v") —0) must satisfy the condition: a "reaction-rate constant” u
equal to zero if (6)=1, and having a constant value (different from zero) in the contrary case. The chem-
ical reaction then arises in the mixing zone as the result of the turbulent mixing of the main flow of an
incompressible chemically inert liquid (with a chemically active additive immersed in it) with the surround-
ing (quiescent) medium, playing the role of some "catalyst,” inducing a reaction. Since a chemical reac~
tion in a turbulent flow depends on the real time, all of the characteristic scales must be given a priori.
The mixing of turbulent flows, with the presence of a chemical reaction in the mixing zone, is considered
in an idealized statement [4]; therefore, there is no characteristic linear scale of the problem. This is
connected with the fact that, for a description of a chemical reaction in the mixing zone under real condi-
tions, the real initial conditions must also be known, including a knowledge of the characteristic curve of
the boundary layer, coming together with the separating wall (see Fig. 1 in [4]). The idealization of the
pieture of the mixing (in the sense of the assignment of the initial conditions), with a chemical reaction
taking place in the flow, does not offer the possibility of assigning the linear scale a priori, which would
be attributed to the flow in the mixing zone proper. However, the aim of the consideration of the effect of
a chemical reaction of the first order consists in the present case only in taking a qualitative account of
the effect of this effect on the moments of the field of the concentration, and fixing the scale I in (3.1) is
not obligatory. As the scale I, there can be taken, for example, the height of the slot from which issues
the external homogeneous flow (see Fig. 1 in [4]), as this is sometimes done [13]; however, this will be a
scale not related to the flow in the mixing zone proper.

In a qualitative consideration of the effect of a chemical reaction, the indeterminacy in assignment
of the scale I will be included in the parameter I', which can assume constant values, from zero (for the
frozen flow of a chemically reacting stream) to minus infinity (the chemically equilibrium case).

With closing of the system of equations of a field of the concentration of the boundary-layer type on
the level of third moments, the functions @, and &,, appearing here in the corresponding coefficients of the

turbulent diffusion, have the form#*
{

s (@9) = L[ (ao +4bo) + ¢~ T (L1 B[

(3.3)
Dy (2,9) = L] - (a0 + 1650) + ¢ — 20 (L/ 2]
and, consequently, the corresponding coefficients of turbulent diffusion are found to be independent of the
term characterizing the rate of the chemical transformation, This conclusion was reached earlier in [14],
which considered a model problem of turbulent diffusion of a scalar additive in a chemically reacting wake,
where, in the equation of the conservation of the concentration, there remained only linear terms of the
second order and expressions describing the rate of the chemical reaction. The turbulent field of the
velocity was assumed to be given a priori, (The linearization used by the authors of [14] is equivalent to
the breaking-off of the chain of moment equations on the level of second moments, neglecting third mo-
ments.) An analysis of the problem showed that the term characterizing the turbulent transfer of scalar
quantity (G'V'} is found to depend on the term characterizing the rate of the chemical reaction. Conse-
quently, also the coefficient of turbulent diffusion, if it can be introduced in a chemically reacting flow,
will depend on the term characterizing the rate of the chemical transformation.

The numerical results on the effect of a nonequilibrium (of the first order) chemical reaction on the
mean concentration of the additive, the transverse component of the turbulent flow of the additive, and the

*The functions & and %,, determined by formulas (3.3) must stand under the signs of the derivative with
respect to y in the right-hand parts of the last two equations of the system (2.4).
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variance of the fluctuations of the concentration of the additive are shown in Figs, 3-5, In these figures,
the curves correspond to different values of the parameter I'; 1) I'=0; 2) ' =—0.08; 3) I'=—0.5; 4 T =
—-0.1°10%; 5) ' =0.2- 10 Along the axis of abscissas on Figs. 3-5 there is plotted the dimensionless
transverse coordinate y/I, while the curves given correspond, with respect to the coordinate x, to the
region where there is self-similarity of the statistical properties of the fields of the velocity and the con-
centration in the absence of a chemical reaction (with I" =0). A chemical reaction, with a rise (in absolute
value) of the parameter T, leads to a decrease in the amplitude values (0'v", (0 '2) and of the mean con-~
centration (f); the character of the decrease at the external boundary of the mixing zone (at "— ") is
found to be not smooth, but stepwise. This is a consequence of the boundary conditions imposed at this
boundary, and of the special characteristics of the course of the reaction in the mixing zone pointed out
above.

For I'#0 (see Fig. 3) the profile of the mean concentration takes on an almost "stepwise" form, and
the size of the "steps" rises with a rise inthe absolute value of the parameter I'. At the equilibrium limit
with T ——o0, (9) — 0, the distribution of {0} in a transverse direction has the form of a stepwise function.
Such a character of the decrease in the function (6) manifests itself in the profile of [(9'2) ]1/2 (see Fig.5h),
bringing about a rise in the function [(9’2) ]1/ % with an increase in the absolute value of the parameter T’
near the external boundary of the mixing zone, due to a rise in the gradient 8(8) /9y (the term 2 (6'v")

(8(6) /9y) itself characterizes the generation of (6%} as a result of the interaction between the turbulent
pulsations and the gradient of the mean concentration). Analogous behavior is observed in the decrease
in the turbulent flow of the additive (see Fig, 4) with a rise in the absolute value of the parameter I'. How-
ever, the behavior of the function {9'v") near the external boundary of the mixing zone, with conservation
of the trend in the behavior of the function (9'2») near this boundary, is less sharply expressed.

The author thanks I. G. Druker for his helpful discussion of the question of the course of a chemical
reaction in a flow,
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TURBULENT HEAT TRANSFER IN A FLOW OF LIQUID
METAL NEAR THE WALL

P. 1., Geshev UDC 532,517.4 +536.2.023

The article discusses turbulent heat transfer in media with small Prandt]l numbers (Pr«1
for liquid metals). In this case, the thermal sublayer is Pr~! times thicker than the viscous
sublayer. It is established that the coefficient of turbulent heat transfer varies in the ther-
mal sublayer proportionally to the second power of the distance to the wall; the ratio of the
coefficients of the turbulent transfer of heat and momentum in this region decreases in ac-
cordance with a linear law with approach to the wall, The conclusions of the theory are com-
pared with the experimental data of other authors.

As is well known, the Prandtl numbers for liquid metals are small: Pr =p/xy ~1072,,,1073 v is the
kinematic viscosity; x is the coefficient of thermal diffusivity), and, with x >>». the region of an influence
of the molecular effects of heat transfer ("the thermal sublayer") is far larger than the viscous sublayer,
whose dimensions are determined by the scale y;=V/vy (v =VTy/p is the parameter of the "dynamic
velocity"; Ty, is the friction stress at the wall; p is the density of the liquid). The thickness of the thermal
sublayer with Pr« 1 is determined by the scale y,= x/v* [1]. Outside the thermal sublayer, in the layer
of constant friction stress, considerations of dimensionalities give a value of x(y)=const v,y, where
XxT{) is the coefficient of turbulent thermal diffusivity; y is the distance to the wall. The behavior of the
function x-(y) in the thermal sublayer is determined in accordance with the equation for the pulsations of
the temperature.

1. Let us consider the turbulent flow of an incompressible liquid, flowing above a smooth surface in
the direction of the x axis; we direct the y axis along a normal to the wall; the z axis is perpendicular to
the x and y axes. We denote by U(y) the mean velocity of the flow, and by u, v, w the pulsational compo-
nents of the velocity in the x, y, z directions, respectively. The turbulence is assumed to be statistically
steady-state with respect to the time and homogeneous with respect to the coordinates x and z.

We limit ourselves to a consideration of the region near the wall y&< L (L is the external scale of
the flow), where the turbulence has a universal character [1, 2]. The basic premises of the theory of the
similarity of flow near the wall are formulated in the form of two hypotheses, analogous tothe Kolmogor-
skii similarity hypotheses [1]:

1. In the case of turbulence near the wall with sufficiently large Reynolds numbers Re, the statistical
conditions of turbulence of the pulsations of the velocity in a region located close to a smooth wall are
uniquely determined by two parameters: v, and v.
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