TURBULENT FRICTION AND HEAT EXCHANGE IN STREAM SWIRLING IN A PIPE
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Much interest is devoted to the investigation of processes of turbulent transfer of heat
and momentum in swirled streams in pipes. A number of experimental [1-12] and theoretical
[12-19] papers can be named where these phenomena were analyzed. A detailed comparison of the
available calculated and experimental data, however, indicates their considerable disagree-
ment.

Swirled streams are distinguished by great variety even in the qualitative flow pattern,
which is determined primarily by the geometrical and flow-rate characteristics. The diversity
of ways of swirling a stream — by vane swirlers at the channel entrance, a tangential supply
of gas, ribbon and screw swirlers, etc. — considerably complicates the analysis and generaliza-
tion of experiments. The method of generalizing test data as a function of the geometrical
and flow-rate conditions at the entrance of the specific device being studied has become very
popular. A detailed elucidation of questions connected with heat exchange in channels with
different methods of stream swirling is given in [18].

A common result of all the research is the conclusion that the various methods of stream
swirling have an intensifying action on heat and mass transfer and surface friction. But
there is still no single point of view on the factors causing the intensification of transfer
processes in stream swirling. Thus, in a number of papers {13, 16, 17, 19] the increase in
heat transfer and friction is explained by ''geometrical" factors alone, i.e., through an in-
crease in the total velocity and the length of a streamline. At the same time, according to
the data of [12, 14, 15, 18, 20], the influence of the mass forces due to the curvature of the
streamlines on the structure of the turbulence and the transfer processes may be considerable.
In the present paper we solve the problem of heat and mass exchange and friction in the ini-
tial section of a pipe with stream swirling with allowance for the above-indicated phenomena.

1. Heat and Mass Exchange and Friction in a Swirled Stream
Without Allowance for the Action of Mass Forces on Turbulence

The integral equations for the longitudinal component of the momentum and the heat of a
swirled stream can be obtained from the corresponding system of differential equations of
motion, energy, and continuity of the boundary layer in a cylindrical coordinate system [21].
For axisymmetric flow in the initial section of an impermeable round pipe with a sufficiently
thin boundary layer, §/R « 1, when the flow can be considered as zero-gradient (3ug,/dx = 0),
the integral equations have the form
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where Rey** = Polygo8x” ¥/ 1, and Rep™™ = piuy 87%*/u, are the Reynolds numbers constructed from
the momentum thickness in the longitudinal direction and the energy thickness, respectively,
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® = x/D; Rep = pougeD/u; AT = Ty, — T,3 R, §, and Uy, are the radius of the channel, the thick-
ness of the boundary layer, and the longitudinal velocity at its outer boundary.

The integral equations of momentum (1.1) and energy (1.2) have the same form as for un-
swirled flow [22], while the influence of stream swirling on the characteristics of the
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transfer processes is felt through the relative coefficients of friction ¥ = (cgy/cfy)Res* and
heat exchange ¥p = (St/St, )ReT""' Here cfy/2 = t4/poug,? and St = qw/pouXOcPAT are the coef-

ficients of friction and heat exchange in the swirled stream while cg,/2 and St, are the anal-
ogous parameters but in the absence of swirling.

To solve the integral equations (1.1) and (1.2), we must obtain expressions for the laws
of friction and heat exchange in a swirled stream. For this purpose we use the Prandtl hypoth-
esis for a turbulent three-dimensional boundary layer; the connection between the shear stres-
ses and the averaged parameters of the flow is written in the form

g = pl*(dus/or)?, (1.4)

where Ty = Vig? + 1¢°, uy = VYux® + up’ are the total shear stresses and the total velocity.
Using the condition of constancy of the angle of stream swirling over the thickness of the
boundary layer,¢ = arctan(ug,/uy,) = const [18], we write the longitudinal component of the
shear stress as

x = Tg 008 @ == pl¥(Jus/dr)%/cos @. (1.5)
For the turbulent heat flux we can obtain an expression similar in structure,
‘ dug oT du, oI 1
7= epplly 5t 5 = ol 57 5o oy (1.6)

In accordance with the asymptotic theory of a turbulent boundary layer [22], we obtain the
limiting relative law of friction from (1.5)

W=(.ZJP_‘.) - [1/__—403,;]. (1.7)
. fo :e

For the boundary layer of a swirled stream we can assume [18] that the distribution of the
relative values of the shear stress has the same character as in the absence of swirling,
/1, = (t/ty)(7/ty)s = 1. The density distribution will also coincide with the dependence
for flow at a plate [22],

plpe =P + (1 — P)a,.

Here p and p, are the density at the point under consideration and in the core of the flow;
Y = T,/ T, is the nonisothermicity factor; w, = ug/uygg.

In Eq. (1.7) the influence of the curvature of the streamlines on the turbulent charac-
teristics (see, e.g., [20]) is taken into account through the ratio of the mixing lengths
for swirled and unswirled flows, L .

First let us analyze the influence of stream swirling only through the average character-
istics of the flow, without allowance for the action of mass forces on the turbulence (& = 2().
And for simplicity, we consider the case of quasi-isothermal flow (p = p,)}. Under these con-
ditions, Eq. (1.7) takes the form
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V=",= (c,x/c,x,,)m;,, = (St/Sto)Re;; = (1.8)
The comparison of the exchange coefficients in the swirled stream under consideration

and in a channel without swirling in (1.8) is made for the Reynolds number calculated from

the total velocity at the outer limit of the boundary layer: Rey *% = poug, Zﬁhlp The quantity

112
0% = ;;2 ( ——;—)*—-dr is the momentum thickness in the direction of the total velocity
0“Zo p]

. vector; with similarity of the velocity profiles in the boundary layer, uy/uyg = u@/u¢0 =
uZ/uZD, its value equals the momentum thickness in the longitudinal direction, 62 o= SR,
Then, using the friction law cg,/2 = (B/Z)Re %%~M ypnder standard conditions [22] and con51der-
ing that uy = uy/cos ¢, from (1.8) we obtain expressions for the coefficient of friction in
the longitudinal direction '
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and the coefficient of heat exchange

&k —m
St = -éi (ﬂ)“_;(f_r) Pr™ 1 (cos ¢)™ %, (1.10)
For Re*® < 10% B/2 = 0.0128 we have m = 0.25. If we assume that the turbulent boundary layer
is formed right from the entrance cross section (8*% = §p*% = 0 at x = 0), then the solution
of the integral equations (1.1) and (1.2) for the boundary layer, together with (1.9) and
(1.10), yields:

for the dynamic layer

§** — 0.0366 Rez%% (cos )%, 2% = 0.029 Rez ** (cos )" (1.11)

for the thermal layer with q = const

87" = 0.0306 Re; "2z Pr™"% (cos )~ *°,

(1.12)
St = 0.0306 Rez *2 Pr~"%(cos ¢) ™" .

As © > 0 these equations change into the well-known equations for unswirled flow [22].

Thus, the friction in the axial direction and the coefficient of heat and mass transfer
in a swirled stream are higher than in an unswirled stream by a factor of (cos ¢)7 %% at the
same distance from the entrance and for the same longitudinal velocity component at the outer
limit of the boundary layer, if the additional action of mass forces on turbulent transfer
is not taken into account.

The so-called method of straightening of streamlines [13, 16], which essentially consists
in solving the boundary-layer equations constructed for the direction along a streamline, has
gained wide popularity in the analysis of boundary layers in swirled streams. A certain ar-
bitrariness in the treatment of this method, however, leads to a difference in the final cal-
culating equations obtained by different investigators.

Let us dwell in somewhat more detail on an analysis of the principle of the straightening
of streamlines. We represent the equations of momentum and energy in an orthogonal coordinate
system connected with a streamline at the surface of a thin boundary layer (§/R « 1) for zero-
gradient flow as [21]

by ey dOpRAT

i~ Ara =St (1.13)

where L is the coordinate measured along the streamline (dL = dx/cos®). The integral param-
eters in (1.13) have the form
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while the coefficients of friction and heat exchange are, respectively,
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As can be seen, Eqs. (1.13) are similar to the integral equations for flow without swirling
[22]. Consequently, the solutions of these equations will also be similar if the criteria

appearing in them are determined from the total velocity and the length of the streamline,

neglecting the influence of centrifugal forces on transfer:

23 1M
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If Eqs. (1.14) are transformed, using the longitudinal velocity component uy, and the x
coordinate as the scales, they change into Eqs. (1.9)-(1.12). This means that the method of
straightening streamlines yields results similar to those obtained using the hypothesis of a
three-dimensional boundary layer.

2. Influence of Mass Forces on Turbulent Transfer
of Momentum and Heat in a Swirled Stream

In the analysis of the influence of mass forces on turbulent heat and mass transfer and
friction in flow over curved surfaces, the method of [20], based on the analogy between the
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action of repulsive forces in a stratified stream and centrifugal forces at a surface with
longitudinal curvature, has gained wide popularity. It is proposed to allow for the influence
of curvature quantitatively in the form of empirical dependences of the linear scale of the
turbulence on the Richardson number

U/ly=1—pRi (2.1)

Here B is an empirical constant; Ri is the Richardson number. The problem of choosing the
empirical coefficient B, which varies within wide limits according to the data of different
authors, complicates the use of the method.

Following [15], we analyze the influence of centrifugal forces on the turbulent charac-
teristics in the boundary layer of a swirled stream. For this we assume that the influence
of centrifugal forces in a swirled stream is manifested through a change in the radial pulsa-
tion velocity. The turbulent shear stresses in the longitudinal direction and the turbulent
heat flux in the boundary layer, with similarity of the fields of circulation and longitudinal
velocities, can be represented in the form [14, 15]

ou, [ [Ou,\2 { Ou,r\2]i/2
w52 (52) + (255" (2.2)
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The function f, allowing for the influence of the curvature of streamlines, is described by
the relations

J =Ly = VI—({hLyPRi (2.4)
for flow at a concave surface and
= W) = UV T+ YR | (2.5)

for flow at a convex surface. The Richardson number in (2.4) and (2.5), characterizing the
ratio of the production turbulent energy by mass forces to the production of shear stresses

f20], is
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As can be seen, in the general case the mass forces can be due not only to the gradient
of circulation but also to the gradient of density in the boundary layer. For a constant
swirling angle over the thickness of the boundary layer and similarity of the profiles of
circulation and of longitudinal and total velocity,

Uylibry = UglfugeR = Uglusy = ®

Eq. (2.6) can be reduced to the form

[0}

. 2

where £ = y/8; R is the radius of the channel; a minus sign corresponds to flow over a con-
cave surface and a plus sign to flow over a convex surface. With allowance for the equation
of state for an ideal gas, p/p, = T,/T, and the similarity of the velocity and temperature
fields, w = @ = g0, after simple transformations we obtain from (2.7)

. —_ + 9 2 —1
Rl=+%sm‘¢[,—§+%@/—@%m]- (2.8)
Since the influence of mass forces is felt predominantly through the outer part of the bound-
ary layer, we can average the quantity © on the right side of (2.8) over the thickness of

the layer without introducing a significant error. We write the final expression for the
Richardson number in a nonisothermal boundary layer as

. ,__265 2.9 "-p'—l 2-
Ri = F 77 sin cp[l+———2(¢n+1)]. (2.9)
For isothermal flow (y = 1) Eq. (2.9) is simplified:
. =208 .o 26%%E (1 4-n) (1 4+ 2n) (2_10)
Ri=F Fsin ¢ =F i .
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Here we must keep in mind that in the general case the exponent n in the power-law velocity
profile depends on the curvature of the flow and the nonisothermicity. In a first approxima-
tion, however, we can take n = 1/7. Thus, the integral parameter characterizing the action of
curvature on friction and heat exchange, as has been pointed out in a number of papers [20,
23], is the ratio of the thickness of the boundary layer (or its integral scale 8%%) to the
radius of curvature. The expressions (2.2)-(2.5) and (2.9) consist of a system of equations
describing the distribution of turbulent shear stresses and heat fluxes, which can be used for
calculations of surface friction and heat transfer. Here one need not use additional empirical
constants allowing for the influence of mass forces on turbulent exchange.

From a joint solution of the above-indicated system of equations and the limiting inte-
gral of the asymptotic theory of a boundary layer [22] one can calculate, by the method of suc-
cessive approximations, the influence of the curvature of streamlines on friction and heat and
mass exchange. The results of a numerical calculation are approximated well by the relations
for a concave wall (flow in a pipe)

§** sin® ¢ b1 ]}“‘“2 for §%%/R < 0.025 2.11
‘I’c={1 + 1.8-103 - {1+2(\pn+1) or / ( )
and for a convex wall (flow over a cylinder)
s 2 . —0.115 .
‘I’c={1+2.2~1035*—'*-5—};5‘—q’[1+2—$—n::—ﬁ]} for §%%/R < 0.01. (2.12)

These equations are valid for calculations of turbulent heat and mass transfer with Pr =
I. 1In the case of Pr > 1 (Sc > 1) the factor Pr™**® (Sc™!'®) appears in (2.11) and (2.12) for
§¥%% [14].

3. Discussion of Results

A comparison of experimental and calculated data of different authors on heat exchange
and friction of a fully swirled stream in a pipe is given in Fig. 1. The papers from which
these data were taken, as well as the calculating equations andthe experimental conditions,
are given in Table 1; the light points correspond to tests on heat and mass exchange and the
dark points correspond to those on friction. The calculated relations and experimental re-
sults on friction are reduced to the longitudinal component of the shear stress. The data of
Fig. 1 are treated in the form of the dependence of the relative coefficient of heat and mass
exchange and friction ¥ = (CfX/Cfo)Re %% = (St/Sty)Rer** on the swirling angle for equal Re**
(Rey ™ = puy 8*%/u and Rep¥* = pouxodT““/u) for swirled and unswirled flows. We note that for
stabilized section of flow in a pipe, the relative coefficients of friction for Re™* = idem
and Rep = idem coincide with each other; the analysis was made using the latter condition.

Curve 7 is a calculation from Egs.(1.9) and (1.10), describing the intensification of
friction and heat exchange (Pr = 1) in the absence of the influence of centrifugal forces on
turbulent transfer. Line 1 reflects the combined action of an increase in the total velocity
and in the mass forces in a swirled stream on transfer processes. The calculation was made
for §/R = 1. Naturally, such a flow regime with stream swirling does not occur in practice.
This calculated estimate characterizes the limiting influence of mass forces on friction and
heat exchange, however.

As can be seen from Fig. 1, none of the existing theories describes the experimental ma-
terial in full measure. All the test data lie in the interval between the lines of maximum
(7) and minimum (1) action of centrifugal forces. The scatter of the experimental results
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TABLE 1

Liges, Calculated or mea- | Calculating equation or experi-
gg;ﬂti of Source sured parameters mental.conditions
P t Friction and heat ex- .,
1 res;n change with allowance Y= IP‘Q)‘}? c
wor. for mass f_o_rce; .
2 [13] Friction ¥ = (cosq)~ 1P
3 [17] Heat exchange ¥ = 14(tg o)~ 17
4 [16] » ¥ = (cos )15 f(z)
5 {18} Friction and heat ¥ = 1/cos ¢ )
and mass exchange
6 131 Heat and mass exchangd W= (cosq)™ %% -
7 Present Frictionandheat ex- ¥ = (cosq) 73
work change without allow- -
ance for mass .forces
8 61 Friction Twisted wire or ribbon
9 181 » Vane swirlers
10 [10} » Spiral insert
11 i1 » Ribbon swirler
12 [4] » Twisted ribbon or helix
13 191 » Ribbon swirler
14 [21 » . »
15 [51 Heat exchange » »
16 81 » Vane »
17 A ] » : ‘Ribbon . »
18 31 Mass exchange -Tangential entry
{9 [4] Heat exchange Twisted ribbon or helix
20 191 N ‘Ribbon swirler
21 [11} » » »
22 (18] » - Vane »

gives reason to think that the swirling angle does not uniquely reflect the intensification of
friction and heat exchange.

In the general case, because of the different conditions of entry, as well as the specific

features of the formation of the swirled stream by different means (helix, twisted ribbon,
etc.), the thickness of the boundary layer in the stabilized section does not equal the radius
of the channel, as occurs in an unswirled stream. Consequently, the diameter of the channel
and the average flow-rate velocity in it are not determining quantities in calculations of
transfer processes in swirled streams. In the comparisons available in the literature [13,
17, 18] these factors were not all taken fully into account, while the correspondence between
theory and experiment noted in the papers is probably explained by mutual influences of these
factors on the total coefficient of friction and heat and mass transfer. Nor was the action
of mass forces on the intensification of transfer processes taken into account.

The size of the contribution of mass forces to the total coefficient of heat and mass
transfer can be judged from Fig. 2, where the influence of the increase in velocity at the
outer limit of the boundary layer and of centrifugal forces is isclated. The calculated and
experimental functions reflecting the intensification of heat and mass transfer due to mass
forces are represented by solid lines and points, respectively. The experimental data are
taken from [12]; 1 and 3 reflect the intensification of mass exchange under strongly noniso-
thermal conditions with heating of the wall (graphite burning, % = 7, Sc = 0.7) for a practi-
cally constant swirling angle @ = 32° along the channel length, 4 is for quasi-isothermal
conditions (¢ =z 1), while 2 and 5 correspond to mass exchange during the sublimation of naph-
thalene (¢ = 1, Sc = 2.6) for the same swirling angle. The calculated curves were determined
from Eq. (2.11) (using Sc > 1). Line 6 is the relative coefficient of heat and mass exchange
with allowance for the increase in the absolute velocity at the outer limit of the boundary
layer, Yo = 1/(cos ¢)°7% for ¢ = 32°. As can be seen, for the conditions under consideration,
the contribution of mass forces is comparable with the intensification of heat and mass trans-
fer due to the increase in total velocity only for Sc = 2.6 (points 2 and line 5); for iso-
thermal flow (line 4) and especially for heating of the wall (points 1, line 3) the influence
of mass forces prevails; this fact must be taken into account in the analysis of friction and
heat exchange for swirled streams.
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The absence of detailed information in the literature on the aerodynamics of swirled
streams, e.g., the distributions along the channel length of the swirling angle, the thickness
of the boundary layer, and the longitudinal velocity at its limit, prevented us from making a
detailed comparison of the experimental data of various investigators with calculation. For
a comparison with the results of the theory, we used the data of [12] on:a study of mass ex-
change in the initial section of a burning graphite pipe (¥ = 7). The results of the tests
for @ = 0, 32, and 45° (points 1-3) are compared with calculation in Fig. 3. The calculation
was made from the equation

_ #5—0.25 [Py \028 4 o5 —0.75 2 2
St = St, ¥ ¥, ¥e — 0,0128 Re’ (uo) (cos @) (mV$+1) X

o -1 062 ]
% [1 + 1.8-103—1.!;'51112‘?[1 + 2(1pn+ 1)]} :

In this case the heat- and mass-exchange function allows for the nonisothermicity of the
flow (WT), the increase in total ve1001ty (W¢), and the intensification due to mass forces
(¥.). The values of §%* and Rer” “* were found from the solution of the integral equations of
motlon, energy, or mass exchange; these solutions can be obtained in the same way as the func-
tions (1.11) and (1.12):

§** — 0.0306 Rey®? z (Wr¥o¥c)"?,
0.2
Be?‘==a036633280FfT¢T%f$I*—W6(%?) '
) ]

As can be seen, the calculation gives good agreement with experiment for such complicated
conditions, with mass forces making the largest contribution to the intensification of mass
exchange for this nonisothermal flow.

LITERATURE CITED

1. 8. I. Evans and R. I. Sarjant, "Heat transfer and turbulence in gases flowing inside
tubes," J. Inst. Fuel., No. 139 (1951).

2. M. Kh. Ibragimov, E. V. Nomofilov, and V. I. Subbotin, "Heat transfer and hydrodynamic
drag in vortical motion of liquid in a pipe," Teploenergetika, No. 7 (1961).

3. R. Z. Alimov, "Convective mass transfer in the evaporative cooling of a strongly heated
surface by a swirled two-phase stream," Inzh.-Fiz. Zh., 12, No. 5 (1967).

4. V. K. Ermolin, "Intensification of convective heat exchange in a pipe under the conditions
of a swirled stream with a constant pitch along the length," Inzh.-Fiz. Zh., 11, No. 3
(1960).

5. G. N. Delyagin, "Convective heat exchange in a swirled stream under pressure,'" in: Heat
and Mass Exchange [in Russian], Vol. 3, Minsk (1963).

6. F. Kreith and D. Margolis, "Heat transfer and friction in turbulent vortex flow," Appl.
Sci. Res., Sect. A, 8, No. 6 (1959).

7. Yu. A. Gostintsev, M. V. Zaitsev, et al., "Heat transfer in a pipe with disintegrating
walls during flow of a rotating gas,'" Izv. Akad. Nauk SSSR, Mekh. Zhidk. Gaza, No. 5
(1967).

8. V. K. Migai, "Friction and heat exchange in a swirled stream in a pipe,'" Izv. Akad. Nauk
SSSR, Energ. Transp., No. 5 (1966).

9. E. Smithberg and F. Landis, "Friction and forced convection heat transfer characteristics
in tubes with twisted tape swirl generators,' Trans. ASME, J. Heat Transfer, 86, No. 1 (1964).

235



10. N. V. Zozulya and N. Ya. Shkuratov, "Influence of spiral inserts on heat transfer in the
motion of a viscous liquid in a pipe," in: Thermophysics and Heat Engineering [in Rus-
sian], Naukova Dumka, Kiev (1964).

11. R. Koch, "Druckverlust und Warmeiibergang Stromung,' VDI-Forshungsh., 469, Ser. B, 24 (1958).

12. E. P. Volchkov, §. Yu. Spotar', and V. I. Terekhov, "Turbulent heat and mass exchange in
the initial section of a pipe with stream swirling," in: Materials of the 6th All-Union
Conference on Heat and Mass Exchange [in Russian], Vol. 1, Part 3, Inst. Teplo-Massoob-
mena, Akad. Nauk BSSR, Minsk (1980).

13. Yu. A. Gostintsev, '"Heat and mass exchange and hydraulic drag in the flow of a rotating
liquid through a pipe," Izv. Akad. Nauk SSSR, Mekh. Zhidk. Gaza, No. 5 (1968).

14, E. P. Volchkov, N. A. Dvornikov, and V. I. Terekhov, "Heat and mass exchange and friction
in the turbulent boundary layer of a swirled stream,' Preprint No. 107-83, Inst. Teplofiz.,
Sib. Otd. Akad. Nauk SSSR, Novosibirsk (1983).

15. N. A. Dvornikov and V. I. Terekhov, "Transfer of momentum and heat in a turbulent bound-
ary layer at a curved surface,” Zh. Prikl. Mekh. Tekh. Fiz., No. 3 (1984).

16. V. K. Migai and L. K. Golubev, "Friction and heat exchange in a turbulent swirled stream
with a variable pitch in a pipe,” Izv. Akad. Nauk SSSR, Energ. Transp., No. 6 (1979).

17. 0. Yu. Kholodkova and A. V. Fafurin, "Experimental investigation of heat transfer in a
cylindrical channel in the presence of initial swirling and the injection of different
gases," Tr. Kuibyshev. Aviats. Inst., No. 178 (1974).

18. V. K. Shchukin and A. A. Khalatov, Heat Exchange, Mass Exchange, and Hydrodynamics of

. Swirled Streams in Axisymmetric Channels [in Russian], Mashinostroenie, Moscow (1982).

19. R. A. Seban and A. Hunsbedt, "Friction and heat transfer in the swirl flow of water in an
annulus,"” Int. J. Heat Mass Transfer, 16, No. 2, (1973).

20. P. Bradshaw, "The analogy between streamline curvature and buoyancy in turbulent shear
flow," J. Fluid Mech., 36, Part 1 (1969).

21. I. P. Ginzburg, Theory of Drag and Heat Transfer [in Russian], Izd. Leningr. Gos. Univ.,
Leningrad (1970).

22. S. S. Kutateladze and A. I. Leont'ev, Heat and Mass Exchange and Friction in a Turbulent

' Layer [in Russian], Energiya, Moscow (1972).

23. J. P. Jonston and S. A. Eide, "Turbulent boundary layer on centrifugal compressor blades:
prediction of the effects of surface curvature and rotation, Trans. ASME, Ser. B, 98,

No. 3 (1976).

HYDRODYNAMICS AND HEAT TRANSFER IN THE VOLUME OF A UNIFORM LIQUID
WITH INDUCED TURBULENCE

V. D. Zhak, M. S. Iskakov, UDC 532.517.4+536.,242
0. N. Kashinskii, and V. E. Nakoryakov

Many processes in chemical engineering are based on mass transfer between solid particles
and a fluid. Mass transfer can be intensified by producing an organized average motion of the
fluid or by agitating the latter. An increase in the level of turbulence in the fluid is an
effective means of increasing the mass-transfer coefficient. The problem of determining the
flow of a highly turbulent flow about a particle is extremely complex, and the literature
presently contains very little information on the mechanism of turbulent transport and, in
general, the effect of turbulence on transport processes.

One of the simplest methods of developing a high turbulence intensity is agitating the
£luid in a vessel with an oscillating grid. Several studies have examined the fluid dynamics
of such a flow. In these investigations, the frequency of oscillation of the grid ranged with-
in £ = 1-6 Hz. It was shown in [1] that after the grid is induced to move in the measurement
volume — located a certain distance from the grid — the RMS fluctuations of fluid velocity
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