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Abstract-Experimental measurements are reported on thevelocity fields and the turbulence parameters in a 
cylindiical tank, containing water, which is being agitated by a gas bubble stream, introduced 
axisymmetrically. 

The experimental measurements were compared with theoretical predictions, based on the k--E model. It 
was found that predictions and measurements agreed very well regarding the time-smoothed velocity fields, 
but the agreement was less good (but still satisfactory) regarding the turbulence characteristics of the system. 

The measurements have shown that the turbulence was largely isotropic in the’bulk of the fluid, 
furthermore no significant damping of turbulence was observed near the free surface. 

NOMENCLATURE 

cross-section area of 2-phase region [m’] ; 
acceleration due to gravity [m/s’] ; 
height of the liquid column [ml; 
turbulent kinetic energy [(m/s)‘] ; 
pressure [kg/m?] ; 
modified pressure, P - pgz [kg/m s’] ; 
volumetric flow rate [m3/s] ; 
radial coordinate [m] ; 
radius of 2-phase region [m] ; 
radius of the bath [ml; 
mean velocity [m/s] ; 
r.m.s. velocity ; 
rising velocity of a single bubble [m/s] ; 
axial coordinate [m] : 
average void fraction of the gas in the 2-phase 
region ; 
turbulent energy dissipation [m2/s3] ; 
viscosity [kg/m.s] ; 
kinematic viscosity [m’/s] ; 
density [kg/m31 ; 
jet cone angle. 

Subscripts 

e& effective ; 

&s ‘gas; 

1, liquid ; 
0, orifice ; 
r, radial direction ; 
4 turbulent; 

2, axial direction ; 
0, tangential direction. 

I. INTRODUCTION 

THERE are numerous physical systems of industrial 
importance, where a melt or liquid phase, contained in 
a cylindrical vessel is being agitated by an ascending 
gas bubble stream. Various effluent purification sys- 
tems and a large number of pyrometallurgical oper- 

ations may be cited as examples [l-4]. While in most 
of these systems the ultimate objective is to effect a 
chemical change in the liquid phase, knowledge of the 
fluid flow phenomena has to be a key component of 
any effort aimed at providing a good quantitative 
representation of these systems. 

During the past decade a considerable effort has 
been made to develop a quantitative representation of 
these systems in terms of various models of turbulent 
recirculating flows [5-81. The experimental verifi- 
cation of these models has been somewhat more 
problematic. 

In general one may state that the overall fields 
that may be generated by agitating a fluid contained in 
a cylindrical vessel, by an axisymmetrically introduced 
gas jet or gas bubble stream may be adequately 
represented by using a variety of turbulence models 
[9]. It should be noted that the principal mechanism of 
momentum transfer in these systems is thought to be 
associated with convection, rather than with the 
diffusive transport mechanism; it follows that the 
predictions regarding the velocity fields are not expec- 
ted to be very sensitive to the particular turbulence 
model chosen. 

However, if we were to consider these systems as 
reactors, then the knowledge of the turbulence charac- 
teristics of the system (such as the Reynolds stresses, 
the turbulent energy dissipation and the like) is 
thought to be of crucial importance because of its role 
in determining the rates of various processes which 
may occur in these systems. 

As an example, the rate of turbulent energy dissi- 
pation will have a major effect in determining the mass 
transfer coefficient between the fluid and suspended 
solid particles [lo, 111; furthermore the turbulent 
energy dissipation will also play a key role in determin- 
ing the agglomeration rates of suspended solids [12, 
131. Furthermore, the turbulence levels in the system 
should have a significant effect in determining mass 
transfer rates between the fluid and the walls, and 
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hence affecting the erosion rates of the walls in case of 
high temperature melts. 

In contrast to the reasonable level of understanding 
developed regarding the gross features of the circu- 
lation, our knowledge of the turbulence characteristics 
is much less complete. A necessary prerequisite of 
developing such information is the need to generate 
careful measurements of these quantities and then to 
develop appropriate interpretation for these 
measurements. 

The purpose of the work, which will be described in 
this paper, is part of an ongoing effort aimed at 
generating such an improved understanding, with the 
ultimate objective of applying the results to the 
interpretation of certain metals processing operations. 

2. APPARATUS AND EXPERIMENTAL PROCEDURE 

2.1. Apparatus 
The apparatus was constructed so as to allow the 

convenient measurement of the velocity fields and the 
turbulence characteristics in a cylindrical tank con- 
taining water, which is being agitated by an ascending 
gas bubble stream. 

A schematic sketch of the tank is shown in Fig. 1. It is 
noted that the cylindrical inner tank was enclosed in a 
larger, rectangular container, in order to minimize the 
parallaxis effects. 

A schematic outline of the apparatus as a whole is 
shown in Fig. 2, where it is seen that the measurement 
of the velocities and of the turbulence characteristics 
was accomplished through the use of a laser anemo- 
meter. A TSI Laser anemometer was used, employing 
a Spectrophysics No. 124, He-Ne laser. The anemo- 
meter was operated in a dual beam mode, with the 
analysis of the forward scattered light. The key oper- 
ating parameters of the system are summarized in 
Table 1. 

2.2. Experimental procedure 
A typical experimental run involved filling the 

cylindrical vessel to a predetermined level with distilled 
water. Proper seeding was provided by adding approx- 
imately 40p.p.m. of powdered milk as indicated in 
[14]. Then the air was turned on to provide a 

Inside 
cylindrical 
tank 

square 
tank I 

FIG. 1. Schematic diagram of the apparatus. 

predetermined linear velocity at the nozzle. Once 
steady state conditions had been attained, measure- 
ments were made of the mean velocity (components), 
the r.m.s. velocity (components) and the Reynolds 
stresses. 

An interesting feature of the present investigation 
was that measurements were made not only of the axial 
(V,) and the radial (U,) velocity components but that 
data have also been obtained on the tangential velocity 
component (V,). Further experimental details are 
available in the thesis upon which this work is based 

[151. 
The velocity measurements involved the use of 

essentially standard procedures commonly employed 
in laser anemometry. The Reynolds stresses were 
obtained by taking measurements regarding a certain 
direction and then displacing these by 45” following 
the relation : 

where v;’ and U; are the fluctuating velocities at 
+45” and -45” from the coordinates i and j. 

The procedure for obtaining Reynolds stresses by 
such means is again well documented [16]. 

3. THE THEORETICAL MODEL 

In essence the gas bubble driven circulation system 
represents an axisymmetrical turbulent recirculating 
flow problem of the type which has been tackled by 
numerous investigators. One of the main problems 
encountered in previous investigations was to obtain a 
proper representation ofthe boundary between the gas 
bubble-rich jet cone region and the bulk of the liquid, 
both in terms of position and in terms of stating the 
proper boundary conditions for the velocity and the 
velocity gradients. 

In the present work we followed the standard 
computational procedures for such systems, but with 
the following exceptions : 

(1) The whole domain was represented in terms of a 
single set of equations. 

(2) The buoyancy forces, which drive the flow were 
represented by calculating an axially variable density 
deficit, in the plume, the dimensions of which were 
determined experimentally. Thus the governing equa- 
tions used were of the following form : 

equation of continuity : 

:$(prL’,) + E(pUJ = 0; 

momentum balance in the z-direction : 

(1) 
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FIG. 2. Sketch of the apparatus, also showing the laser anemometer assembly. 

Table 1. Key operating parameters 

System parameters for the water model 
Diameter of vessel 
Height of water 
Orifice diameter 
Velocity of air at nozzle 

Characteristics of laser and optical arrangements 
Type 
Power 15 MV 
Wavelength 6328 A 
Optical arrangement Dual-beam with forward scatter 

0.60 m 
0.60m 
0.127 m (0.5 in) 
1.62 m/s and 3.20 m/s 

Spectra-Physics Model 124-He-Ne 

momentum balance in the r-direction : 

$Jl uf, + $m,cJ’) = -g + ;$ 

+k 
where 

au; 
Peff -g 

(3) 

a 84 
+ z Aff 7 

[ 1 2UAff -___ 

r2 ’ 

P = pit r>r,, (4) 

p = OS p8 + (1 - ii) p,. r < rc. (5) 

It follows that for the purpose of modelling the 
whole domain has been treated as a homogenous 
medium, but with a spatially variable density. Using 
drift flux model which allows the slip between the 
bubbles and the fluid, the quantity o? may be expressed 
as [17]: 

@=lQD- 7w,2 oS( 1 - CT)& 

2n $LrU,dr ’ 
(6) 

where U ocI is the rising velocity of a characteristic single 
bubble, which is estimated as 40cm/s [18]. 

The boundary conditions were given as : 
at the axis 

U,=O;r=O, (71 

dU,=(yr=o 
ar ’ ’ (8) 

at the walls 

lJr = u, = 0, 

at the free surface 

U,=O;z=H, 

dU,=O.z=H 
aZ 

(9) 

(10) 

(11) 

at the orifice 

U,=U,;r=O,z=O. (12) 

The governing equations were solved numerically, 

retaining the primitive variables, and using the well 
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known k--E model for the turbulent viscosity (Appen- 
dix 1). A 12 x 20 grid was used and the computational 
procedure was similar to that described by Spalding et 
al. [19]. A selection of the computed results will be 
given in a subsequent section where these will be 
compared with the measurements. 

4. EXPERIMENTAL MEASUREMENTS AND COMPUTED 
RESULTS 

In this section we shall present a selection of the 
experimental measurements and these will be com- 
pared with the computed values of the corresponding 
parameters. The material to be presented will include 
information on the velocities, on the turbulent kinetic 
energy and on the Reynolds stresses. 

4.1. The mean oelocity field 
Figure 3(a. b) show a comparison between the 

experimentally measured and the theoretically pre- 
dicted velocity fields; Figs. 4(a, b) show a similar 
comparison but for a larger nozzle velocity. 

It is seen that the agreement between measurements 
and predictions is reasonably good. It should be noted 
that the use of k-r: model, in conjuction with appro- 
priate wall functions will give a significantly better 
agreement between the measurements and the pre- 
dictions, especially in the near wall regions than would 
the use of simpler computational procedures, employ- 
ing a single value of the effective viscosity [S]. 

A more critical test of the model is to compare the 
predictions regarding the radial dependence of the 
absolute value of the velocity vector with the 
measurements. 

This is done in Figs. 5(a-f) using a greatly expanded 
scale. It is seen that the agreement is quite reasonable 
throughout the domain, with the exception of the 
region near the bottom of the vessel and near the jet 
boundary. Regarding the latter it is not quite clear at 
this stage whether the discrepancy is attributable to 
any shortcomings of the model or to the possible errors 
in the measurements, which were quite diflicult to 
make in the vicinity of the jet boundary. 

Figure 6 shows the computed velocity distribution 
in the jet cone region, which has been normalized with 
respect to the maximum (centerline)velocity. It is seen 
that this normalized axial velocity is essentially inde- 
pendent of the axial position. The Gaussian type 
distribution found seems to be in good agreement with 
the experimental measurements of Tse-Chang et ai. 

WI. 
It is noted that measurements were also made of U, 

which were found to be close to zero in all cases. 
However, as will be shown subsequently Uf + 0. 

4.2. Turbulence characteristics of the system 
Figure 7(a, b) show the profiles of the r.m.s. velocity 

components normalized with respect to the mean 
velocity in the jet cone at the corresponding vertical 
position. A somewhat simplified analytical method 
was used for estimating the latter quantity (Ap- 
pendix 2). 

(a 

t 
0.3 -0 0.25 M/S 

(b 

( 
RO--” 

FIG. 3. A comparison of the experimentally measured and the 
computed velocity profiles for a linear gas velocity of 1.6 m/s 
at the orifice. (a) Experimental measurements, (b) theoretical 

predictions. 

Inspection of Fig. 7 allows two interesting de- 
ductions to be made: one of these is that the 
turbuience appears to be farily isotropic, except in the 
vicinity of the solid surfaces (side walls or the bottom), 
which is essentially in line with expectations. 
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FIG. 4. A comparison of the experimentally measured and the 
computed velocity profiles for a linear gas velocity of 3.2 m/s 
at the orifice. (a) Experimental measurements, (b) theoretical 

predictions. 

The other interesting feature is the similarity exhi- 
bited by the plots shown in Figs. 7(a, b). 

The point about isotropy is further illustrated in Fig. 
8 which shows the radial variation of the normalized 
values of all three velocity components. The isotropy 
exhibited by these results in the bulk of the fluid 
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FIG. 5. The radial dependence of the absolute value of the 
velocity vector-a comparison of the predictions with 
measurements at various axial positions. (a) Experimental 
measurements for an orifice velocity of 162cm/s C& and 
320 cm/s (A), (b) theoretical predictions for an orifice velocity 

of 162 cm/s (- -) and 320 cm/s (-). 

I I 
10 

t 

= 05 
3 

FIG;. 6. The predicted radial variation of the normal velocity 
in the jet cone region for various axial positions: z/H = 
0.85cm (---), z = 0.60cm (----), and z = 0.33 cm 

(---.---). 

provides a posteriori justification for the assumption 
made by many investigators in the calculation of the 
turbulent kinetic energy. 

Figures 9(a-e) show a comparison between the 
experimentally measured and the calculated values of 
the turbulent kinetic energy. The agreement seems to 
be within about a factor of two in most cases, which is 

01 / I 
0 25 050 075 IO 

r/R 

FIG. 7. The experimentally determined, normalized radial 
profile of the r.m.s. velocity components. (a) Linear orifice 
velocity 1.62 m/s,(b) linear orifice velocity 3.20 m/s. Notation : 
flandflforz/H = 0.81 (V,v);0.68(0,m);0.56(V 

V); 0.40 (0, 0); 0.30 (A,A,); 0.10 (+, #). 

FIG. 8. The radial variation of the r.m.s. velocity components 
for an orifice velocity of 1.62 m/s - V;/Uzj, Ui/Uzj u’$Uzj for 

z/H = 0.68 (A, 0, 0) and 40 (A, n , 0). 

not unreasonable; but this discrepancy indicates that 
further study, of these phenomena would be fully 
justified. This further theoretical work could involve 
either the adjustment of the parameters in the k-c 
model or perhaps the development of an alternative 
modelling approach. 

It should be noted that the turbulent kinetic energy 
has much higher value at the free surface than in the 
bulk. This behaviour underlines the fact that Levich’s 
ideas of turbulence damping by surface tension forces 
would be inappropriate for such highly turbulent fluid 
flows. Similar suggestions have been made by other 
investigators [21, 221. 

This finding does of course, have very important 
implications regarding mass transfer phenomena. 
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a comparison of the measurements with predictions at 
various axial positions. Experimental measurements for an 
orifice velocity of 162cm/s (r) and 320cm/s (A). Experimen- 
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4.3. Reynolds stresses 

The current mathematical models employed in the 
computational approaches toward turbulent recir- 

0 
0 25 0.50 075 IO culating flows all rely on suitable postulates regarding 

r/R the behavior of the Reynolds stresses. For this reason 
it is of interest to examine the Reynolds stresses 
explicitly. 

60 
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This is done in Tables 2 and 3 showing a comparison 
between the experimentally measured and the 
theoretically predicted values of the Reynolds stresses. 
It is seen that the results are in semiquantitative 
agreement, but that quite substantial discrepancies 
exist at particular locations. 
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One should remark here, as was done in case of the 
turbulent kinetic energy that a further refinement of 
the k--E model would be desirable. 

Finally Figs. lO(a, b) show the computed contours of 
the turbulent viscosity for two gas flow rates. It is seen 
that this ratio is quite high. Furthermore quite sub- 
stantial variations exist in the turbulent viscosity so 
that the use of a single, constant value is unlikely to be 
satisfactory, except as a first approximation 

5. DISCUSSION 

Extensive experimental measurements have been 
carried out to determine the velocities and the turbul- 
ence characteristics in a cylindrical vessel, containing 
water, which was being agitated by an axially in- 
troduced air bubble stream. The experimental 
measurements were compared with theoretical pre- 
dictions, which were based on the k-I: model, written 
for the entire domain. The actual buoyancy driven flow 
was represented by assigning an appropriate, axially 
variable density deficit to the jet cone, the boundaries 
of which were determined experimentally. 

In considering the results of the present investi- 
gation the following principal points may be made: 
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Table 2. Measured and calculated Reynolds stresses p Vi L& for 1.62 m/s 

ZIH rlR 
0.90 0.80 0.70 0.60 0.44 0.28 0.14 

(1) -0.9 -7.2 -6.2 -3.2 -3.4 
0.98 - 

(2) -11.1 - 16.3 -9.1 -5.2 +1.7 
(1) + 1.6 +0.8 -2.6 -2.1 f2.5 

0.93 - 

(2) - 3.4 -6.9 -5.6 -4.8 -2.1 

(1) + 5.0 + 1.3 +o.s +os +2.3 
0.77 - 

(2) + 3.0 + 3.3 + 1.7 +0.3 -0.2 

(1) f3.7 + 2.2 +0.6 +0.2 +0.9 + 10.8 
0.68 

(2) + 3.0 +4.7 -I-3.7 +2.3 +0.8 f1.4 

(1) f0.3 +0.8 + 1.1 +0.6 + 0.4 f0.6 
0.19 

(2) +os +0.7 f0.5 +0.2 +O.l f0.9 

1, measured ; 2, computed. 

Table 3. Measured and calculated Reynolds stresses p V:U; for 3.2 m/s 

ZIH 

(1) 
0.98 

(2) 
(1) 

0.93 

(2) 
(1) 

0.77 
(2) 

(1) 
0.68 

(2) 
(1) 

0.19 

(2) 

0.90 

+ 6.3 

- 12.1 
+ 2.3 

-5.1 
+ 9.9 

+4.7 
+ 1.5 

+4.9 
+ 1.0 

+0.8 

0.80 

-1.5 

-25.1 
+2.5 

- 10.7 
+ 3.0 

+ 5.4 
+4.1 

+ 7.7 

0.70 

-11.4 

-15.2 
- 7.8 

- 8.9 
+ 1.1 

+ 2.9 
+1.0 

~6.1 
+ 3.8 

+ 1.1 

rlR 
0.60 

-8.4 

-8.6 
-4.1 

-7.7 
+ 1.1 

+0.5 
+0.3 

+ 3.8 
+1.4 

+0.8 

0.44 0.28 0.14 

-3.6 

+0.9 
+8.7 

- 

-4.4 
+0.1 

-0.3 
+ 2.8 +44.4 

- 

+1.3 +1.4 
+2.2 f1.7 -0.9 

+0.3 + 0.2 +0.6 

1, measured ; 2, computed. 

f 

I 

0 FIG. 10. The computed contours of the ratio: effective 
viscosity/molecular viscosity. (a) Air flow rate 1.6m/s at the 

orifice, (b) air flow rate 3.2 m/s at the orifice. 
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(1) The theoretically determined and the experimen- 
tal measured velocity profiles were found to be in good 
agreement. It should be noted, however that since the 
principal mechanism of momentum transfer in these 
systems is due to convection, one may expect fairly 
good agreement between the measured and the pre- 
dicted velocities, even if the effectiveviscosity is not very 
well represented. 

(2) The agreement between the experimentally mea- 
sured and the theoretically predicted turbulence ener- 
gies and Reynolds stresses was rather less satisfac- 
tory, although thesevalues were usually within about a 
factor of two. This would suggest that further work 
would be desirable regarding possible refinements of 
the k-c model. 

It should be noted that the magnitude of these 
discrepancies is rather similar to those reported in an 
earlier paper [23] describing turbulent recirculating 
flow in a belt driven system. Under those conditions 
there were fewer ambiguities associated with the 
definition of the boundary conditions in the central 
portion of the vessel. It would appear therefore that 
these discrepancies may well be associated with the 
incorrect selection of the constants, or perhaps with 
the inherent shortcomings of the k--E model for 
representing systems of this type. Clearly the develop- 
ment of an additional experimental data base for the 
critical assessment of the k--E model for representing 
turbulent recirculating in liquids would be highly 
desirable. 

Other, perhaps lesser reasons for the discrepancy 
may be associated with the model proposed for the jet 
cone region, which postulated no radial variations in 
the void fraction. 

(3) The experimental measurements have shown 
that the turbulent fluctuations were largerly isotropic 
in the bulk of the fluid, a finding which provides a 
posteriori justification for the expressions used in the 
calculation of the turbulent kinetic energy. Marked 
anisotropy was, however found in the vicinity of the 
walls, which is to be expected. 

(4) Inspection of the maps of the turbulent energy of 
the system has shown that the turbulent kinetic energy 

is relatively uniform in the bulk of the fluid; however 
one has found markedly higher values of the turbulent 

kinetic energy in the vicinity of the jet cone and near 
the surface, while the turbulent kinetic energy was 
rather lower near the bottom surface. 

This behavior has interesting implications regard- 
ing the use of gas bubble stirred systems as reactors or 
contacting devices. 

It is quite possible that in many of these systems the 
various kinetic processes, such as desulfurization, 
agglomeration of fine particles, etc. occur predom- 
inately in the regions of high turbulence. Under these 

conditions the overall rate limiting step may be the rate 
at which reactants are being transported into these 
active zones, rather than the factors that govern the 
absolute levels of turbulence or turbulent energy 
dissipation rates in the regions. The consideration of 

these factors could well lead to an improved design of 
these installations [24]. 
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APPENDIX 1 

Outline of the k--E model 
The k--E model postulates that the turbulent viscosity p, is 

given by the following relationship: 

/l, = Cnpk’, 
E 

where k is the turbulent kinetic energy of the fluid and E is the 
rate of dissipation of the turbulent kinetics energy. C, is a 
constant. 

The spatial distribution of the quantities k and E is then 
obtained, through the solution of conservation equations, 
which take the following form in the cylindrical coordinate 
system. 

id kr a4 --- 
r ar ( > r-- =sqb, 

04 ar 

where S4 is the net rate of generation of turbulent properties 
per units volume. The source terms S, and S, of transport 
equation of k and E are given by: 

S, = G - D, 

S, = C, E/R G - C, p 8=/K, 

D = PE. 

It follows that ultimately the solution of the fluid flow 
problem requires the simultaneous solution of five equations, 
namely : the continuity; the two components of the equation 
of motion; the two conservation equations for k--E. In 
addition the numerical values generated will also depend 
upon the values chosen for the constants: C,, C,, Co, us, 
and or 

APPENDIX Z 

In order to calculate the mean velocity in the 2-phase 
region a homogeneous flow model was adopted. 

A momentum balance over a volume element in the axial 
direction gives 

p”$+ZpAC’,?=pag; (2.1) 

For the 2-phase region expanding at an angle E, equation 
2.1 becomes 

The void fraction 5 may be calculated from a mass balance 
on the gas phase as 

2 = Q,,Jz’(tan >.)I Li, (2.3) 

From equations 2.2 and 2.3 we obtain the following 
ordinary differential equation which describes the ascending 
velocity of the 2-phase region. 

du, LJ, dz + y = Q,g/2 (tan j.)* Ufz’. 

The boundary conditions are : 

z=o, u,= u 0 

(2.4) 

ETUDE EXPERIMENTALE ET THEORIQUE DE SYSTEMES D’ECOULEMENT PRODUIT 
PAR UN COURANT DE BULLES GAZEUSES 

Resume-On dCrit des mesures experimentales sur le champ de vitesse et les parametres de turbulence dans 
un reservoir cylindrique qui contient de I’eau agitC par un courant axisymetrique de bulles gazeuses. 

Les mesures sont cornpar& aux calculs bases sur le modble k--E. On trouve que les calculs et les mesures 
s’accordent tres bien en ce qui conceme les champs de vitesse moyens dans le temps, mais I’accord est moins 
satisfaisant (quoique acceptable) relativement aux caracteristiques de la turbulence dans le systeme. 

Les mesures montrent que la turbulence est largement isotrope dans le coeur du fluide et que la turbulence 
n’est pas amortie pres de la surface libre. 

EINE EXPERIMENTELLE UND THEORETISCHE STUDIE VON ZIRKULATIONS SYSTEMEN 
DIE VON GASBLASEN ANGETRIEBEN WERDEN 

Zusammenfassung-Es wird iiber Messungen des Geschwindigkeitsfeldes und der Turbulenzparameter in 
einem zylindrischen Tank berichtet, dessen Wasserinhalt von einem achsensymmetrisch eingefiihrten 
Gasblasenstrom aufgeriihrt wird. 

Die Mehergebnisse wurden mit theoretischen Berechnungen auf der Grundlage des k-a-Modells 
verglichen. Es zeigte sich, dal3 Rechnungen und Experimente beziiglich der zeitlich geglltteten Geschwindig- 
keitsfelder gut iibereinstimmten, w&end die Ubereinstimmung im Hinblick auf die Turbulenzparameter 
des Systems weniger gut (aber immer noch zufriedenstellend) war. Die Messungen zeigten, dal3 die Turbulenz 
im grogten Teil der Fliissigkeit praktisch isotrop war. An der freien Obertlache wurde keine nennenswerte 

D&npfung der Turbulenz beobachtet. 



Gas bubble driven circulation systems 

3KCnEPAMEHTAJIbHOE M TEOPETMYECKOE HCCJIEflOBAHkiE TEqEHMti, 
BbI3BAHHbIX ABWKEHMEM TA3OBbIX LIY3bIPbKOB 

AHIIOT~WI - npCACTaBnCHb1 pC3,‘AbTaTbI H3Me&WHBII IlOJlefi CKOPOCTH B IlapaMCTpOLI Typ6yJlCHTHOCTH 

B UAJlAHAPAYeCKOM COCYAC, JaflOAHeHHOM BOAOii, IlpkiBOAHMOfi B ABkEKCHHC OCCCHMMCTpH’IHOfi CTpyCti 

raYSa, BAyBaCMOrO B IKHAKOCTL. AaHHblC 3KCnepLiMeHTaAbHbIX H3MCpCHHh CpaBHliBaIOTCK C pC3,‘JIb- 

TaTaMA PaC’leTa II0 MOAeJlH k - E. HaiiAeHo, ST0 AJlSl OCpCAHCHHbIX n0 BPCMCHB rIOJIC.ii CKOPOCTH 

pC3yAbTaTbl PaWCTOB XOpO”IO CO,-AaC,‘IOTCK C W3MCpCHHbIMN 3HaWHWIMH. qT0 KaCaCTCIl XapaK- 

TCPHCTHK T)‘P6YJlCHTHOCTW, TO COBIlaACHHC OKa3bIBaCTCR MeHee XOPOUIHM, HO BCC XC )‘AOBJ,CTBOpH- 

TCnbHbIM. kt3Me~HHK nOKa3anW, ‘IT0 Tj’p6yJIeHTHOCTb IlB.J,RCTCIl B OCHOBHOM H3OTpOl,HOii BO BCCM 

o6aeMe xKWAKOCTB W, KPOMC TOTO, IlOqTB He3aT)‘XalOI&i y CBO6OAHOii nOBepXHOCTH. 
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