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The frequency of turbulent macroinstability occurrence was measured in liquids agitated in a
drical baffled vessel. As it has been proved by preceding experimental results of the authc
stochastic quantity with frequency of occurrence oft1® 1 s is concerned. By suitable choosin
the viscosity of liquids and frequency of impeller revolutins, the region of Reynolds mixing nun
was covered from the pure laminar up to fully developed turbulent regime. In addition to the ¢
ment making it possible to record automatically the macroinstability occurrence, also the vist
tion method and videorecording were employed. It enabled us to describe in more detail the f
entire flow field in the agitated system and its behaviour in connection with the macroinstabilit
currence. It follows from the experiments made that under turbulent regime of flow of agi
liquids the frequency of turbulent macroinstability occurrence is the same as the frequency
primary circulation of agitated liquid.
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This work takes up papéréwhich describe the phenomenon and basic propertie
macroinstabilities in agitated systems. Attention has begun to be paid to this phe
non in past several years at laboratories concerning with mixing protés$es com-
plex effect of macroinstabilities on the course of mixing process has not been, hov
hitherto evaluated and the experiment concerning with the dynamic effects of
instabilities on mechanical parts of agitating system has hitherto been describec
paper. The main aim of this work was to investigate the dependence of frequel
macroinstability occurrence on the Reynolds mixing number in as wide as po
region ofRg,. In addition to it, the connection was examined in this work betweer
macroinstability occurrence and the changes of flow pattern in the region of the
leaving the impeller. It is expected that results of these experiments will contribt
the elucidation of the origin of macroinstabilities itself.

Collect. Czech. Chem. Commun. (Vol. 61) (1996)



Experimental Study of Turbulent 857

EXPERIMENTAL

The experiments described in this work and in VWoslere carried out in the same experiment
equipment, and for the investigation of macroinstability occurrence was used the same meto
The extent of Reynolds mixing numbers at which the phenomenon was observed in the expe
described here, is, however, much wider and comprises both the transient region and the re
developed turbulence. The agitating device is schematically drawn in Fig. 1. It is a glass cylir
flat-bottom vessel of diamet& = 0.3 m filled with the examined Newtonian liquid up to the lev
heightH = D. The vessel was equipped at its wall with four radial baffles of the Widt§.1D = 0.03 m.

The impeller was a standard one, namely the pitched blade impeller with six inclined plane

with the inclination angle of 45 The impeller diameted = 0.3D = 0.1 m and the frequency o
revolutionsN = 3.33 s'to 8.33 s!were chosen. The direction of rotation was chosen to pump
liquid always towards the vessel bottom. The liquid temperature was kept at the required value by
of an electric direct-heating element immersed into liquid and controlled by a thermostatic swi

To make the flow field visible for direct observing and for video recording in the plane g
through the vessel axis symmetrically between two adjacent baffles, the examined plane was
nated with a light source emitting beam of light in the form of vertical band of width 5 mm (|
knife). In this way, the particles-tracers (fine semolina or air bubbles) in the examined plane
sufficiently illuminated. It was possible to observe their motion visually, or if need be, to record
video camera and to analyze the record obtained later exploiting the possibility of repeating, ¢
rating or stopping the picture.

For an automatic and observer-independent record of macroinstability occurrence, an ap
called tornadometer was used. This apparatus as well as the method of the record evaluation
scribed in more details in pagetn priciple, the record depicts the time course of the force ac
on a small target placed into the flow field in the region of instability occurrence. The suitable
tion for locating the target for each agitating regime was determined on the basis of criteria gi
work?. The axial off-bottom target coordinate was withinH,20 1.4H,. The radial coordinate was
for all the agitating regimes practically the same and was approximately equal to the impeller |
The effect of the off-bottom impeller clearance on the frequency of macroinstability occurrence
be generally expressed in terms of a so-called off-bottom clearance factor, as it is written an |
Therefore, in experiments we confined in this work to only one impeller off-bottom clearance

Fic. 1 H
Scheme of experimental arrangement. Parts o
tornadometerl Target,2 swinging arm,3
electric resistance senset,fixed arm. Parts
of heating system5 Electroheating element, D
6 temperature sensor, heating control box
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H, = 0.35D. This distance was considered in Wackbe an impeller reference position for it is mo
often used in practice.

The liquids used in experiments were chosen so as to cover, by a suitable choice of conce
and temperature of aqueous glycerol solutions, a wide region of Reynolds mixing nuReQers
(210; 67 000), where
Ndzp

R @

The temperature of agitated charmgavas kept with an accuracy of 0°®, the entire range of
charge temperatures was 23 to &0 The survey of liquids used and of their physical propertie:
given in Table |. For the density and viscosity of water, the tabular values were employed, for
rol and its agueous solutions, these values were measured*.

As a substance-tracer for making flows visible, fine food semolina of grain diameter to 0.
was used for liquids with lower viscosity (water, 27 and 46% aqueous glycerol solutions). Tt
molina grains after sprinkling into liquid, mildly swelled but then they were stable in shape a
time of experiment. For liquids with higher viscosity (70% aqueous glycerol solution, concent
glycerol) which are less transparent, and semolina seems to be little contrast, air bubbles of d
up to 1 mm were used, generated by an aerating device used in aquaria. The air bubbles ke
these more viscous liquids sufficiently long and were thoroughly visible.

Rev =

Reproducibility and Accuracy of Measurement

For measuring the frequency of macroinstability occurrence and for processing the results of |
rement, the method described in detail in pApers used. Such as in the experiments describec
papef, also in this work, the systematic errors of measurement were negligible compared to tt
dom errors conditioned by the statistical character of the quantity measured. By using the r
described in papérthe standard relative deviation was determined for each series; its value v
no case higher than 15%.

All the measurements were at least once repeated after one to four weeks, and the diff
between the results of the initial and repeated measurements reached the maximum value of

RESULTS AND DISCUSSION

The results of performed measurements confirmed the conclusions of gapesrning

the dependence of mean frequency of macroinstability occurrénme the Reynolds
mixing number and substantially extended the regioRegyfin which this dependence
was investigated. In a diagram in Fig. 2, which depicts the dependence of mean (
sionless frequency of macroinstability occurrence

T=TIN 2

* Densities of aqueous glycerol solutions presented in Table | ofzpmam estimated approximately on th
basis of tabular values of pure substances and therefore they differ from the measured values.
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on the Reynolds mixing numb®mg,, the points are plotted corresponding to the resi
of measurements carried out by means of tornadometer. It is apparent from the
that the above-mentioned property can be divided into three regions:

TaBLE |
Physical properties of liquids used

Liguid/Solution Temperaturg °C Viscositypy, mPa s Densitp, kg nT3

Water 23 0.94 998
27% Saccharose in water 23 2.2 1068
46% Saccharose in water 23 9.5 1117
70% Glycerol in water 50 16 1166
45 20 1169
40 26 1171
35 33 1173
32 39 1175
30 44 1176
28 49 1177
27 51 1178
25 58 1178
23 59 1179
Glycerol 50 100 1240
45 139 1243
40 195 1246
.10 Wb
I O Teent
vy, -
A
i Vw " ]
v
Fic. 2 @’%
. . & [}
Dependence of mean value of dimensionless 2 | & 2 i
frequency of macroinstability occurrene &80 A
on Reynolds mixing numbeRg, for: a g
water, ® 27% aqueous saccharose solution, 20 1
m 46% aqueous saccharose solutign70% ©
aqueous glycerol solutior] concentrated @ e ol .
glycerol 10 10 10 Rey, 10
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— ForRg, < 200 when the flow in agitated liquid is laminar, macroinstabilities do
occur. The overall pattern of flow in this region is characterized by the main (prin
flow loop brought about by impeller (see the left-hand #id#f Fig. 1 in pape).

— ForRg, O (200; 5 000), which corresponds to the transient region of flow, a un
trend of increasing values of quantfywith increasingRg, is apparent despite a cel
tain dispersion of single points. It would be possible to approximate this depenc
e.g., by a logarithmic dependence. The physical interpretation of the character of
of this dependence, however, has not hitherto been known, and its analytical expi
therefore was neither sought.

— In the region of developed turbulence Rg, > 9 000, the dimensionless frequent
of macroinstability occurrence does not nearly change (at least up to the max
examined value oRg,), and its value may be considered in this region to be cons
and lying in the interval of 0.043 to 0.048. It is in agreement with the results give
papef where the value of slope of the straight line approximating the dependen
mean frequency of macroinstability occurrence on the impeller revolutions lies il
range of 0.041 to 0.05.

Making the flow field visible by inserting particles-tracers made it possible to rec
document and additionally analyze its course during all the regimes investigate
Fig. 3, the primary loop induced by impeller is illustrated schematically. For inve:
gating changes of its geometry in dependence on the intensity of agitating proces
characteristic points were chosen denoted hera& bpdB: PointA lies on the periph-

Fic. 3
To the definition of position of pointd and
B and angle and . Primary flow loopl,
stable secondary flow loop under impellgr
originating unstable secondary lotlp
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ery of the primary flow loop at the place of its outlet of impeller. From the vis
observation follows that the radial coordinate of p@éing practically identical with the
impeller hub radius. PoirB is a point lying on the periphery of primary loop as wi
under the impeller in the distance from vessel axis equal to the impeller radius
axial distance of poinB from the lower impeller edge depends on the form of prim
loop, and its value which is determined separately for each agitating regime was
the range of 15 to 40 mm. Anglésandf are angles between the horizontal plane ¢
vectors of flow velocities (tangents to the edge streamline of primary flow looj
pointsA andB). The edge of flow loop, passing at the discharge flow from impelle
point A, is the boundary of primary flow pumped directly by impeller and the sect
ary flow Il. This originated in the lower vessel region, under impeller and does not
through the body of rotating impeller. PoiltsandB were chosen in this way becau:
their position which is bound to the impeller geometry and to the form of flow fi
can be uniquely defined for all regimes of flow. The determination of adgéesl 3
was very difficult especially in the regime of turbulent agitating. When reading
angles on the screen, a correction for optical distortion caused by the cylindrical
of the vessel was applied.

The values of anglé in dependence oRg, are illustrated in Fig. 4. Their cours
corresponds to the hitherto knowledge of the character of flow outflowing from
impeller, see, e.g., ref&C. It is apparent from the figure that andléncreases with
increasingRg, above its minimum value, which is about’2& Rg, = 200, and in the
examined region of Reynolds numbers reaches the maximum values between 60 a
It means that the pitched blade impeller behaves for sRegll(about up to 1 000)
rather as a radial impelled (s lower than 4% and only forRe, greater than 1000
approaches to an axial impelley (s greater than 4% No connection between th
changes of angld and macroinstabilities, however, was found.

70
60

50

40

30

Fc. 4
Dependence of angl@ on Rgq, for frequen- 20 1
cies of impeller revolutioN = 4.2 to 8.3 &
for concentrated glycerol and for 70% 10+
aqueous glycerol solution. Frequencies of .
impeller revolutionN: 4.2 s*(4), 5 s*(0), 1 3 5 7 N
5.8 s1(v), 6.7 §*(a), 7.5 5 (e), 8.3 s1(0) Re. . 1073
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For the study of macroinstability occurrence, the course of values of igl@ore
interesting whose magnitude exhibits a connection with the overall shape of pri
loop. This angle has unique values only for IBg, (approximately to 1 000). From :
certain value oRgq,, it is posible to determine for angbeonly limiting values3,;, and
Bmax Within whose range its value varies with time. The determination of ghglas
doubtlessly subject to a great error. Reading the angles from a TV monitor was ¢
out independently by three observers. Their data differed as much as 30% but s
the same trend of the dependence. In treating the measurements, the average
this three observations was used. Figure 5 shows the results for measuremen
concentrated glycerol, Fig. 6 the same dependence also for 70% aqueous glycer
tion and comprises in addition values from the preceding figure. The beginning
stability of primary loop signalled by a considerable dispersion of values of Bng
lies, as it is apparent from Figs 5 and 6, approximateRegt= 800. The existence o
macroinstabilities was found out alreadyRa, = 200 but despite it is possible to se
a certain connection between these two phenomena whose more detailed exper
study could ellucidate the reasons of macroinstability formation. We did not mane
quantify precisely the frequency of “jumps” of an@dérom the maximum value to the
minimum value and vice versa with the used technique but only to estimate on the
of visual observation within the range of 1@ 1@ s, therefore of the same order «
the frequency of macroinstability occurrence in the system examined.

In the preceding papérd the macroinstabilities were described as a phenome
accompanying the transition of flow regime of charge from single-loop to double-|
The analysis of video records obtained during the above-mentioned experiments
ever, shows that it is more suitable to speak on macroinstabilities as a manifesta
decay of the primary loop from which, at a certain instant of development, a part
is released in the form of unstable secondary turbulent field having its own identit

40 T T T T T <
B & P VA s
ol ?
¥ .
30 | Aongo o & o
o 023
f A
201 E}
| 1 FGc. 5
10 : Dependence of angl@ on Rg, for concen-
- trated glycerol. Frequency of impelle
revolutionN: 3.3 st (m), 4.2 st (p), 5 s?
0 L : . sl <1 &1
0 4 s 2 16 L, 24 (D),_?-S §°(v), 6.7 57 (4), 7.5 5 (),
Re,, . 10 8.3 s (0O)
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moving towards the level (Fig. 3). The beginning of separation of the unstable se
ary turbulent field from the primary loop and its further development is documente
photographs of the visualized flow field (Figs, 77b). A more detailed study of proper
ties of this unstable secondary turbulent field will form a subject of further research.

Primary loop of agitated liquid is, on the average, characterized by means of the
time of primary circulatioft

_V
=y - ©

whereV is the volume of agitated liquid. Pumping capacity of imp&lle, in a dimen-
sionless form, expressed as the impeller flow rate nuthber

\Y

Kp=7—% -
PN

@

QuantityK, does not depend, under turbulent regime of flow, on the Reynolds
ing number. Combination of Eq8)(and @) gives the dimensionless mean time
primary circulation

\Y/
Nt = ? (%)

and, finally, for the so-called “squared” mixing vesde¢l«{ D) we have for the dimen-
sionless mean frequency of primary circulation
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Dependence of angld,;, and B,,,x0n Ray A
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and for concentrated glycerdll( A)
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_ 1 4, md
FC:W‘:_T[KP%% . 6)

From the results of experiments made with a flow follower in the same agil
system described in Experimental it follows that the impeller flow rate number dey
on the impeller off-bottom clearance

K,=0.786§H,/D)*1° , d/D=1/3, Rg,>5.0.16 . @)

Then, the combination of Eg6)(and {) gives, for the geometry of the agitated syste
investigated, the relation

F.=0.03709H,/D)°%° | d/D=1/3, Rg,>5.0.16 . ®)

The mean frequency of primary circulation characterizes the mean, stable circu
loop. The mean frequency of macroinstability occurrenckearacterizes, however, a
unstable circulation loop, and under turbulent regime of flow it does not deper

FiG. 7

Photograph of visualized flow field. Agitated liquid — 70% aqueous glycerol solution, temperaf@e -
frequency of impeller revolutioN = 5.8 §%, Rq, = 1 160:a main flow loop and originating unstable
secondary vortexh developed unstable secondary vortex in upper part of vessel
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dimensionless forrft} on the Reynolds mixing number (see Fig. 2). Table Il consist
both dimensionless frequenci€s (calculated from Eq.8)) andf" (calculated from
Table 1l of the preceding pap@rfor all the investigated impeller off-bottom clea
ances over all the selected liquids and frequencies of impeller revolution:

ND
f.
fD:Z[\TI_D , H,/D=const, Rg,>5.0.16 . ©
i=1 !

Similarly, number of experimental dat of the impeller flow rate numbe<, expresses
the number of experiments for determination of this quaitityder selected geometri
conditions H,/D). It follows from results of both experimental studi€summarized
in Table 1l that within their accuracy the mean frequency of the primary circulatio
agitated liquid is the same as the mean frequency of the macroinstability occurre
means that the mean time of the secondary unstable loop occurrence is the sam
mean time of primary stable circulatien From the dependence of the quanEgyon
the simplexH,/D it is possible to expect higher values of the mean time of the secor
loop occurrence with increasing impeller off-bottom clearance.

CONCLUSIONS

The experiments proved that the macroinstability occurrence in the examined n
system has its unique laws which can be expressed by the dependence of the
sionless frequency of their occurrence on the Reynolds mixing number. The fo
this dependence is different in the region of developed turbulence than in the tra
region. In a pure laminar region, macroinstabilities do not occur. The experiment:
ther made it possible to describe the geometry of flow in the region close under i
ler, and their results suggested a possible connection between the formati
macroinstabilities and the instability of flow leaving the impeller. It follows from t
sets of the independent experimental results that the mean time of the macroins

TasLE Il
Dimensionless frequency of primary circulatiép and dimensionless frequency of the flow macr
instability occurrencé” under turbulent regime of flow of agitated liquid/® = 1/3,H = D)

H,/D K2 F. N, fr N

0.20 1.0434+ 0.104 0.0492 0.0049 16 0.0494 0.0074 15

0.35 0.938 + 0.094 0.0442- 0.0044 16 0.043& 0.0065 15

0.50 0.872 + 0.087 0.0414: 0.0041 16 0.0373% 0.0056 15
agee ref'?,
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occurrence under the turbulent regime of flow is in a close relation with the mear
of the primary circulation of agitated liquid. The studied phenomenon will appare
influence also the procedure of numerical simulation of turbulent flow of agitated liqu
the system investigated when hitherto the existence of macroinstabilities was not
into account'4

This research was financially supported by the Grant EU Copernicus CIPA-CT-93-0147 “Mac
stabilities in Viscous and Viscoelastic Flows”.

SYMBOLS
A flow field point defined in text
B flow field point defined in text
b baffle width, m
D vessel diameter, m
d impeller diameter, m
Fec mean value of dimensionless frequency of primary circulation of agitated liquid
mean value of frequency of macroinstability occurrence, s
' mean value of dimensionless frequency of macroinstability occurrence
H liquid height in vessel, m
Ha impeller off-bottom clearance, m
i summation index
Kp impeller flow rate number
N impeller frequency of revolution;s
Ne number of experimental data of impeller flow rate number
N* number of experimental data of frequency of macroinstability occurrence
Reu Reynolds mixing number
t liquid temperature;C
te mean time of primary circulation of agitated liquid, s
\Y volume of agitated liquid, P
\Y; impeller pumping capacity, fs*
B local flow velocity angle at poir, °
Brmax maximum value of local flow velocity angle at poBt°
Bmin minimum value of local flow velocity angle at poiBt °
¢) local flow velocity angle at poim, °
vl liquid viscosity, Pa s
p liquid density, kg m®
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