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Metode prepoznave poplavnega stanja pri

aeraciji v posodi s turbinskim mesalom

Flooding-Recognition Methods in a Turbine-Stirred Vessel

Andrej Bombaé - Iztok Zun

V prispevku so obravnavane nekatere metode, s katerimi lahko na razlicne nacine zaznamo poplavno
stanje pri dispergiranju plina v kapljevino v posodi z enojnim Rushtonovim mesalom. To so metode merjenja
splosnih velicin, npr. najmanjsa moc¢ mesala in najvecji prirastek plinaste faze ter metoda zaznave lokalnih
karakteristik faznega stika. Preskus je potekal pri dispergiranju zraka v vodo ter delno pri dispergiranju
zraka v vodno raztopino karboksi-metil-celuloze (KMC) razlicnih koncentracij. Prikazani sta medsebojna
primerjava rezultatov ter primerjava z rezultati kriterijev drugih avtorjev.
© 2002 Strojniski vestnik. Vse pravice pridrzane.

(Kljucne besede: mesala turbinska, stanja poplavna, metode prepoznavanja, dispergiranje zraka)

This article paper presents some appropriate methods for flooding detection by the dispersion of
gases into liquids in a stirred vessel equipped with a single Rushton turbine. These methods are based on
measurements of global properties, such as mixing-power minimum and gas-holdup maximum, and a method
based on the local interfacial characteristics of two-phase systems. The experiments were performed by
dispersing air into water and air partly into water-carboxy-methyl cellulose (CMC) solutions of different
concentrations. A comparison of the results of the different methods is shown, as well as a comparison with

the results from criteria found in the literature.

© 2002 Journal of Mechanical Engineering. All rights reserved.
(Keywords: turbine-stirred vessel, flooding, recognition methods, air dispersion)

0UVOD

Pri dispergiranju plina v kapljevino v posodi z
mesSalom nastajajo na lopaticah mesala plinske votline,
ki so osnovni mehanizem dispergiranja. V odvisnosti
od koli¢ine dovedenega plina (g) in vrtilne frekvence
mesala (n) ter od prenosnih lastnosti kapljevine
nastajajo na lopaticah mesala razli¢ne strukture plinskih
votlin. Z vecanjem pretoka zraka pri stalni vrtilni
frekvenci mesala lahko nastanejo naslednje strukture
plinskih votlin [4]: struktura vrtincno oprijemajocih se
plinskih votlin (VC), struktura z eno veliko plinsko
votlino (/L), struktura z dvema velikima plinskima
votlinama (2L), struktura s tremi velikimi plinskimi
votlinami (S33), struktura s tremi majhnimi in tremi
velikimi plinskimi votlinami (L33) ter struktura raztrganih
plinskih votlin (RC). Po viru [9] poteka dispergiranje na
industrijskih napravah vecinoma v rezimu velikih
plinskih votlin, tako da je pomembno poznavanje
hidrodinami¢nega rezima, pri katerem lahko napovemo
poplavno stanje. Po splosni definiciji poplavnega stanja,
ki jo zasledimo v literaturi, je poplavno stanje
predstavljeno kot prehod v neucinkovito delovanje
mesala pri dispergiranju plina. Tako se z vidika struktur
plinskih voltin pojavi poplavno stanje takrat, ko je na

O0INTRODUCTION

In the dispersing of air into water using
stirrers in a mixing vessel, gas-filled cavities are
formed behind each blade of the impeller, which
represents the basic mechanism of dispersal.
Depending on the air flow rate (¢) and impeller
rotational frequency (n), as well as liquid transport
properties, various different gas-filled cavity
structures are formed. By increasing the air flow
rate at a constant impeller speed the following
structures [4] can be formed: a vortex-clinging (VC)
structure, a structure with one large cavity (/L), a
structure with two large cavities (2L), a small ‘3-3’
(833) structure, a large ‘3-3° (L33) structure and
ragged cavities (RC). According to Smith [9],
dispersal with industrial-scale reactors mostly takes
place in the large cavity regime, so the prediction of
hydrodynamic regimes at which flooding occurs is
of great importance. The general definition of
flooding is often described in the literature as a
transition to the unsatisfactory operation of an
impeller in a gas-liquid system. Flooding occurred
when an RC structure was detected in a particular
location. Otherwise, flooding corresponded to the
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opazovanem mestu zabelezena struktura raztrganih
plinskih votlin, poplavno stanje pa je oznaceno z
ustreznim hidrodinami¢nim rezimom (7., q,).

Prispevek obravnava tri razli¢ne najpogosteje
uporabljene cksperimentalne metode zaznave
poplavnega stanja mesSala pri dispergiranju zraka v
posodi z Rushtonovim meSalom v vodi in v
navidezplasti¢ni tekocini (karakteristike faznega stika).
To so: metoda najvecjega prirastka deleza plinaste faze
([8]in[12]), metoda najmanjse moci mesala [ 7] in metoda
zaznave karakteristik faznega stika ([6], [2], [4] in [5]). Iz
medsebojne primerjave rezultatov teh metod je
ugotovljeno, da je pri enostopenjskem mesalu poplavno
stanje mo¢ prepoznati z vsemi tremi metodami, rezultati
se dobro ujemajo tudi z napovedanimi vrednostmi
kriterijev drugih avtorjev.

1 POSKUS
1.1 Poskusna naprava

Poskus je bil izveden v pokoncni valjasti posodi
notranjega premera 7' =450 mm z zaobljenimi robovi in
ravnim dnom. V posodi, narejeni iz pleksi stekla, so bili
osno simetricno namesceni Stirje motilniki toka,
uporabljeno je bilo Rushtonovo mesalo s Sestimi
lopaticami. Shematski prikaz je podan nasliki 1. Uporabljeni
so bili: demineralizirana voda, vodna raztopina KMC ter
stisnjen zrak iz pnevmatskega voda pri sobni temperaturi.
Podrobnejsi opis geometrijskih parametrov mesalne
posode in mesala je prikazan v delih [3] in [4].
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hydrodynamic regimes marked with n_ and ¢, where
the impeller was no longer capable of dispersing all
of the introduced air.

The purpose of this article is to present three
different experimental methods of impeller-flooding
recognition by air dispersing into water and air
dispersing into a pseudoplastic fluid (interfacial
characteristics) in a stirred vessel with a single
Rushton turbine. These methods are: maximal gas
holdup ([8] and [12]), minimal mixing power [7] and
local detection of interfacial characteristics ([6], [2],
[4] and [5]). Based on a comparison of the results of
the given methods with single-impeller stirring it was
found that the flooding state was easily recognized
with all three methods. The results were in good
agreement with the predicted data from the literature.

1 EXPERIMENT
1.1 Experimental setup

An experiment was performed in a
cylindrical flat-bottomed Perspex vessel of
diameter 450 mm with rounded edges and four
baffles mounted perpendicularly to the vessel
wall. A Rushton disk impeller with six blades was
used. Demineralized water, a water solution of
CMC and compressed air at room temperature
were used in all experiments. The geometric
details of the vessel and the impeller can be found
elsewhere [3] and [4].

1 frekvencéni krmilnik, frequency controller

2 izmenicni elektromotor, AC power drive

3 merilnik vrtljajev, tachometer

4 dinamometer, torque transducer

5 uporovna sonda, resistivity probe

6 ojacevalnik, amplifier

7 rotameter

8 tla¢no zaznavalo, pressure sensor

9 PC + National 12bit AD pretvomik/ converter
10 viristosmeme napetosti, DC supply

@ merjene veliCine, measured quantities

,,,,,, T‘ 9
| | .
\ 7 =
; !
| /— N
@ \ komprimiran zrak
AT | <
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Sl. 1. Merilna proga
Fig. 1. Experimental setup
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1.2 Merilna proga

Merilna proga je prikazana na sliki 1. Pogonski
elektromotor je bil krmiljen s frekvenénim krmilnikom,
vrtilna frekvenca mesala je bila merjena s Stevnikom
impulzov, ki deluje na nacelu odboja lastnega signala
z razredom toc¢nosti 0,1. Vrtilni moment gredi je bil
merjen z dinamometrom razreda toc¢nosti I,
prostorninski pretok zraka z rotametrom razreda
tocnosti 2, z uposStevanjem poprave tlaka. Za
omogocanje meritev vecjih pretokov zraka sta bila
vzporedno vezana dva rotametra. Celotni prirastek
plinaste faze () je bil merjen po nacelu, opisanem v
delu [8], prikazano na sliki 1. Zaznavalo gladine je bil
namescen na 2/3 radija posode.

Za obratovalne pogoje preskusne naprave so
pri danih omejitvenih pogojih in to¢nosti merilne
opreme izracunane tudi relativne napake naslednjih
Veliéin [10]: najveéja merilna napaka momenta 16, 1 %
frekvence 0,5%, relatlvna napaka merjenja tempera-
ture 0,5 %, relativna napaka merjenja tlaka s tlacnim
zaznavalom 2%, relativna napaka Froudovega Stevila
1%, relativna napaka pretocnega Stevila 1,1% in
relativna napaka globalnega deleza plinaste faze,
manjsa od 5%.

1.3 Metode zaznave poplavnega stanja

Zavse v nadaljevanju opisane metode je veljal
enoten kriterij izvajanja meritev, po katerem so bile
iskane veli¢ine izmerjene pri nespremenljivi vrtilni
frekvenci meSala (n, = konst) in postopnim majhnim
povecevanjem pretoka zraka (q,, q,, q,---q,_,» 4,)- Pri
vsaki nastavitvi (7, qj), potem ko se je popolnoma
razvil tok, so bile izmerjene visina gladine v posodi
(H ), mo¢ mesala pri dispergiranju (P ) ter strukturna
funkcua (M). Pri nastavitvi na visjo vitilno frekvenco
meSala n, , je bil postopek ponovljen.

1.3.1 Metoda zmanjsanja moci

Moc¢ je bila izraCunana iz izmerkov vrtilne
frekvence in zaviralnega momenta mesalne osi. Na
splo$no se z veCanjem pretoka plina pri dispergiranju
mo¢ mesala zmanjsuje in doseZe najnizjo vrednost tik
pred nastankom poplavnega stanja. Pri nastanku
poplavnega stanja se mo¢ mesala poveca, (sl. 2), kar
so vsvojih delih opisali ([ 7] ter [6]). Tako lahko poplavno
stanje prepoznamo iz odvisnosti razmerja moci 1
(P/P), ki se ob nastanku poplavnega stanja izrazito
poveca. Tedaj plin mesalo obteka, mesSalo pa zajema
skoraj v celoti kapljevino, ki rotira znotraj dvigajocega
se obrocnega dvofaznega toka. Posledi¢no se to kaze
s povecanjem mo¢i mesSala. TakSen hidrodinamicen
rezim, pri katerem je zaznano poplavno stanje
»oznaimo« kot (g,, n,), doloCeno posredno pri tisti
vrednosti (1), ko je bilo zadoS¢eno pogoju:

1.2 Measurements

The experimental setup is shown in Figure 1.
The AC motor drive was controlled by a frequency
controller, the impeller speed was measured with an
infrared reflection counter of accuracy class 0.1. The
impeller torque was measured using an in-line, pre-
cisely calibrated, HBM torque transducer of accuracy
class 1. The volumetric air flow rates were measured
by calibrated rotameters of accuracy class 2 , corrected
for actual pressure. To enable measurements of larger
air flow rates two rotameters were connected in paral-
lel. The measurements of gas holdup () were based
on the change of the liquid height in the vessel using
the method described in work of [8], see Figure 1. A
level sensor was located at 2/3 of the tank radius.

The relative errors of the measured quantities
were calculated for the working conditions of the
experimental setup as follows [10]: maximum relative
error of the torque at the lowest impeller speed was
16.1%, the relative error of the rotational speed was
0.5%, the relative error of temperature was 0.5%, the
relative error of pressure was 2%, the relative error of
the Froude number was 1%, the relative error of the
Flow number was 1.1% and the relative error of the
global gas holdup was less than 5%.

1.3 Flooding-recognition methods

For all the experimental methods described be-
low the properties being investigated were always meas-
ured using the same principle. At a constant rotational
impeller speed (n, = const) the surface level (Hg’i), the
gassing mixing power (Pg‘i) and the structural function
(Mp ) with successive small increases in air flow rate (¢,
4y G5---4, > 4,) Were taken. At each setting of (7, q)
after a fully-developed regime was achieved, H, and
P were measured or M, recorded. After increasing
the impeller speed to 7,, the procedure was repeated.

1.3.1 Minimum mixing power

The mixing power was calculated based on
the rotational impeller speed and the mixing torque.
In general, increasing the gas flow rate during
dispersion reduces the mixing power and achieves
the lowest value just before flooding occurs. When
the impeller is flooded the mixing power increases, as
shown in Figure 2, and described elsewhere [7], [6].
With this principle the power ratio curve described
as = P /P can be used for flooding recognition. In
such a regime the gas remains undistributed, the
impeller is filled with liquid rotating inside an annular
two-phase flow, which rises around the mixing shaft
towards the free surface. Consequently, an increase
in the mixing power takes place. The flooding regime
(¢;» ) was determined indirectly by such a value of
(m,), that fits the given condition:
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Sl. 2. Odvisnost razmerja moci od vrtilne frekvence mesala pri nastanku poplavnega stanja
Fig. 2. Power ratio vs. impeller rotational frequency
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kjer so bile predhodno izmerjene vrednosti razmerij
moCi (1, T, T,,... T, ... T, |, ), pri Cemer je ¢, = 2.

1.3.2 Celotni delez plinaste faze

Celotni delez plinaste faze je bil podan z razmerjem
med prirastkom prostornine zaradi vnesene plinaste faze
in celotno prostornino dvofaznega sistema, kar je lahko
za posodo nespremenljivega prereza prevedeno v
razmerje visin:

a =

g

kjer pomenijo: H— vi§ino gladine dvofaznega sistema pri
dispergiranju in H—visino gladine vode pri meSanju brez
dovajanja zraka. S povecevanjem vnosa plina v posodo
se visa tudi gladina dvofaznega sistema do neke mejne
vrednosti, ki je povzrocena z nastankom poplavnega
stanja. Pri prehodu iz dispergirnega v poplavno stanje se
pojavi opazno znizanje gladine, kakor je prikazano na sliki
3. Do te spremembe pride zaradi izrazito nehomogene
porazdelitve plinaste faze po prostornini kapljevine, tako
v kapljevini pod mesalom ni obtekanja dvofaznega toka.
Za dolocitev hidrodinami¢nega rezima poplavnega stanja
(¢, 1) je bil uporabljen kriterij, ko je bilo pri vrednosti
(), zadosSceno pogoju:

o, —q,
Fl,—Fl,

vrednosti celotnih delezev plinaste faze ( a,, a,,,
a,...a, ,a ) sobile predhodno izmerjene.
i gk-1 gk

1.3.3 Metoda karakteristik faznega stika

Mehanizem dispergiranja je tesno povezan
s strukturami plinskih votlin na lopaticah mesala
[4]. S povecevanjem pretoka zraka se povprecna
gostota izstopajocega dvofaznega toka iz mesala
manjs$a, kakor tudi mo¢ mesala, vse dokler se ne
pojavi poplavno stanje [13]. Za lokalno zaznavo
plinskih votlin za lopaticami mesala je bila ze
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where (,, 7, Ty s T ) were previously meas-
ured power ratios, and ¢, = 2.

1.3.2 Maximum gas holdup

Global gas holdup was defined by the ratio
between the gas phase and the liquid phase volume
that can be transformed into a ratio of heights as
follows:

@),
4

where H_ means the height of the two-phase free
surface during dispersion and / is the liquid height
in single-phase mixing. Increasing the air flow rate
during dispersion increases the gas holdup
correspondingly, until flooding occurs. In the
flooding transition a remarkable reduction of gas
holdup can be seen, as depicted in Figure 3. This
change can be explained by the extremely non-uniform
distribution of gas in the liquid bulk, where, especially
below the impeller, there was no two-phase
circulation. The flooding regime (gq.,n.) was
determined indirectly by such a value of (), that fits
the given condition:

> e, 3,

where the values (ag,l, Oy oon Oy o Qs

previously measured.

ag’k) were

1.3.3 Interfacial characteristic method

The dispersing mechanism is closely connected
with the different structures of gas-filled cavities that are
present at the impeller blades, as described in [4]. With
increasing the air flow rate the average density of the
discharge two-phase flow decreases (as well as the impeller
power) until flooding occurs [ 13]. For local detection of the
gas-filled cavity behind the impeller blade a previously
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Sl. 3. Odvisnost celotnega deleza plinaste faze od vrtilne frekvence mesala
Fig. 3. Global gas holdup vs. impeller rotational frequency

poprej razvita preskusna metoda karakteristik
faznega stika. Velika razlika v elektri¢ni upornosti
vode in zraka je osnovna lastnost, ki jo z uporovno
sondo zaznamo in pomeni odziv sonde v obliki
elektri¢ne napetosti, oziroma ustrezno strukturno
funkcijo:

M ,(x,t) ={

kjer so v podrocju dvofaznega toka na mestu x ter v
Casu ¢ mogoca tri stanja p: L kapljevita faza , G plinasta
faza in S sti¢na povrsina.

Frekvencna analiza strukturne funkcije M z
diskretno Fourierjevo preslikavo omogoca prikaz
znacilnih frekvenc pojavljajoce se plinaste faze.
Fourierjevi koeficienti so bili doloc¢eni iz:

N-1
Xe=at Y M, (1 )e ¥
k=0

kjer pomeni A Casovni korak med vzorcema diskretne
funkcije. Med Fourierjevimi koeficienti X, ki se ujemajo
s frekvenco k/(N A1), so veljavni le koeficienti med k=0
to k= N/2—1. Kiiterij prepoznave struktur plinskih
votlin je podrobneje opisan v delu [4], ter omogoca pri
mesanju z Rushtonovim meSalom prepoznavo
naslednjih struktur: vrtinéno oprijemajoca struktura
plinskih votlin (VC), struktura z eno veliko plinsko
votlino (/L), struktura z dvema velikima plinskima
votlinama (2L), struktura s tremi velikimi plinskimi
votlinami ($33), struktura s tremi majhnimi in tremi
velikimi plinskimi votlinami (Z33) ter struktura raztrganih
plinskih votlin (RC). Znacilni vzorci struktur v
frekvenénem prostoru so prikazani na sliki 4. Kakor je
videti iz razvoja struktur, je zadnja znacilna struktura,
struktura raztrganih plinskih votlin, ki pripada
poplavnemu stanju. Po viru [11] se stabilna struktura
L33 vrne v strukturo Sestih simetricnih oprijemajocih se
plinskih voltin, pri vi§jih vrtilnih frekvencah mesala pa
se prehod naredi prek strukture s Sestimi velikimi
plinskimi votlinami enake velikosti, ki so opisane kot
silovito vibrirajoce votline oziroma raztrgane votline [7].

1, x je v fazi/isinphase p

developed experimental method based on local interfacial
characteristics was used. A remarkable difference in the
electrical resistance of the water and the air is a basic
property, which can be detected using a resistivity probe
and presented as a probe voltage response or
corresponding structural function M, defined as:

p=1{L G S} @

0, x ni v fazi/isnotin phase p

where in a two-phase flow field three states p are
possible at a particular point.x at any time #: the liquid
phase L, the gas phase G or the phase interface S.
A frequency analysis of the structural function M
with a discrete Fourier transformation enabled the
presentation of the significant frequencies of an appearing
gas phase. The Fourier coefficients X, were obtained from:

_J2nik

©),

where At denotes the time interval between
successive instants 7. Among the Fourier
coefficients X, that correspond to the frequency
k/(NAt), only the coefficients from k=0 to k=
N/2 — 1 are meaningful. The criterion for gas-filled
cavity-structure recognition was described in detail
in [4], as were the recognized structures: a vortex-
clinging (VC) structure, a structure with one large
cavity (/L), a structure with two large cavities (2L),
a small ‘3-3” (§33) structure, a large ‘3-3° (L33)
structure and ragged cavities (RC). A significant
pattern of the structures in a frequency domain is
depicted in Figure 4. The last evident structure, as
can be seen from the evolution of the frequency
domain, is the ragged cavities structure, and
corresponds to the flooding state. According to
the literature [11] the stable L33 structure reverts
to six symmetrical clinging cavities; at higher
impeller speeds the transition occurs through a
regime with six large cavities of identical size, which
are described as violently vibrating, i.e. ragged
cavities [7].
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Sl. 4. Razvoj struktur plinskih votlin ob postopnem vecanju pretoka zraka. Poplavno stanje je
doloceno s pojavom strukture raztrganih plinskih votlin.
Fig. 4. Gas-filled cavity structure development with incremental increase of gas flow. Flooding is
determined with the appearance of ragged cavity structure.

2 ANALIZA REZULTATOV IN PRIMERJAVA

2.1 Nastanek poplavnega stanja pri dispergiranju
zraka v vodi

2.1.1 Metoda celotnega deleza plinaste faze

Nastanek poplavnega staja je opazen pri tisti
vrednosti preto¢nega Stevila, pri kateri se pojavi
opazno znizanje gladine dvofaznega sistema, oziroma
celotnega deleza plinaste faze. Na podlagi spremembe
gladine lahko prepoznamo poplavna stanja le za
vrednosti Fr od 0,05 do 0,6. Na sliki 5 so prikazane
vrednosti a, pri £=0,05do 0,13 v odvisnosti od FI.
Vidno je enakomerno zvecanje deleza plina pri
povecevanju vnosa zraka, sledi mo¢no zmanjsanje
vrednosti v tocki poplavnega stanja. Pri nadaljnjem
vecanju pretoka zraka se zaradi vecjih mehurckov in
vecje koli¢ine plina v stebru plina okoli meSalne osi
gladina lahko znova rahlo zvisa, kar pa je z vidika
ucinkovitosti zaradi zrazito nehomogene porazdelitve
plinaste faze neuéinkovita operacija. Na sliki 6 so
prikazane vrednosti a, pri Fr=0,2 do 0,6 v odvisnosti
od FI. Tudi tu so lepo vidna zmanjSanja vrednosti v
to¢kah poplavnega stanja. Pri veéjih vrednostih
Fr>0,7 je vnesena koli¢ina zraka Ze tako velika, da se
pojavlja mo¢no nihanje gladine s ‘pljuskanjem’ vode,
kar je za odbiranje viSine gladine nezanesljivo. Tudi
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2 RESULTS ANALYSIS AND COMPARISON

2.1 Flooding in air dispersing into water

2.1.1 Maximum gas holdup method

In this method the flooding is detected by the
particular flow number, where there is a rapid decrease
of surface level or gas holdup. Based on the free-
surface level change only flooding states at Froude
numbers between 0.05 and 0.6 can be recognized. In
Figure 5 the dependence of a, on Fl at given Fr =
0.05 to 0.13 is depicted. A reasonable increase of a,
can be seen, with its dependence on the increasing
flow number, followed by a rapid reduction of a, in
the flooding regime. With further enlargement of the
air input the surface level can be a little higher than
that in the flooding state, probably due to large air
bubbles that rise upwards to the surface around the
mixing shaft like a slug flow. Such an extreme non-
homogeneous distribution can be described from the
efficiency aspect as an unsatisfactory operation.
Depicted in Figure 6 is the dependence of a, on Fi ] at

=0.05t0 0.13. Again a decrease of a, can be seen
in the flooding state. At higher values, at Fr>0, 7, a
waving of the free surface occurred so the relevant
readings were no longer possible. Otherwise,
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Sl. 5. Prirastek celotnega deleza plinaste faze v odvisnosti od Froudovega in pretocnega Stevila
Fig. 5. Global gas holdup vs. Froude and Flow number
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Sl. 6. Prirastek celotnega deleza plinaste faze v odvisnosti od Froudovega in pretocnega stevila
Fig. 6. Global gas holdup vs. Froude and Flow number

sicer pri nastanku poplavnega stanja v mesalniku
tezko zaznamo gladino dvofaznega sistema, kar se
kaze tudi z vecjo napako izmerka.

V literaturi [11] in [7] so razmejitvene Crte
razli¢nih struktur dvofaznih tokov obi¢ajno prikazane
v tokovni mapi, diagramu, izraZenem z brezizmernimi
Stevili Frin FI. V diagramu 7 so vnesene vrednosti, ki
ustrezajo prepoznavnim poplavnim stanjem.
Razmejitvena ¢rta poplavnega stanja je podana z
ustrezno poenostavitveno premico, katere koeficienti
so prikazani v preglednici 1.

Preglednica 1. Pripadajoci koeficienti k enacbi [6]
Table 1: Corresponding coefficients to Eq. [6]

readings of 7, in all flooding states were difficult to
detect precisely, which was reflected in a higher
relative error of a,

Usually the delineation line between the
dispersing and flooding regimes is depicted in a flow
regime map expressed with dimensionless Fr and FI/
numbers, such as the one found in the literature [11]
and [7]. In Figure 7 all the recognized flooding regimes
(n., ;) given by this method are indirectly shown
through Fr an FI numbers. Based on this data the
flooding line is approximated by Equation 6,
coefficients k, and k,, and the regression coefficient
r; all are given in Table 1.

metoda

method ki ka "
celotni prirastek plinaste faze

global gas holdup -0,54 21 0,96
najmanjsi porast moci

minimal mixing power 0,05 1> 0,97
znacilnica faznega stika 0.33 1.4 0.96

interfacial characteristics
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2.1.2 Metoda zmanjsanja moci

S to metodo so potekale meritve poplavnega
stanja pri vrednostih F70d 0,05 do 1,13. Naslikah 8 in 9
so podane tipi¢ne krivulje razmerja moci /P, pri katerem
je v poplavnem stanju opazno zvecanje razmerja moci.
Pri manjsih vrednostih £ (0,05, 0,06, 0,07 in 0,09 na sliki

1,00

2.1.2 Minimum mixing power

According to this method the measurements
were taken at F7 numbers from 0.05 to 1.13. Typical
curves of the power ratio P/P, are depicted in Figures
8 and 9, where a steep increase of the power ratio
during the flooding state can be seen. On the other

0,80 -

0,60
Fr
0,40

dispergiranje
dispersing

0,20 A

poplavno stanje
flooding

0,00 : :
0,00 0,10 0,20

0,30 0,40 0,50

Fl

Sl. 7. Tocke poplavnega stanja dolocene z metodo celotnega deleza plinaste faze v tokovnem diagramu z
mejo poplavnega stanja
Fig. 7. Flooding points determined by global gas holdup method on a flow chart with approximated
flooding limit
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Sl. 8. Odvisnost razmerja moci od pretocnega Stevila pri razlicnih vrednosti Froudovega Stevila
Fig. 8. Power ratio vs. Flow number at different Froude number values

10 0,13
—>—Fr 0,
0.9 1 -8-Fr0,2
0.8 1 ——Fr0,3
P./P 0>7 ] X\N@( —a—Fr 0,4
g
0,6 EIEFHE% —+—Fr0,5
0> A’A‘ﬂﬁ&fﬂ_ﬂ
04 - wrrid
0,3 T T T T T |
0,00 0,05 0,10 0,15 0,20 0,25 0,30
Fi

S1. 9. Odvisnost razmerja moci od pretocnega Stevila pri razlicnih vrednosti Froudovega Stevila
Fig. 9. Power ratio vs. Flow number at different Froude number values
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8) metoda ni dala pomembnih rezultatov. Razlog je lahko
v premajhni moc¢i mesala, saj so izmerki vrtilnega
momenta meSala enakega velikostnega razreda kakor
odstopki merilnika vrtilnega momenta. V diagramu,
prikazanem na sliki 11, so podane vse z metodo
zmanjs$anja moci prepoznane tocke poplavnega stanja.
Podana je tudi ustrezna razmejitvena premica, katere
koeficienta k, in k, in poenostavitveni koeficient 7 so
prikazani v preglednici 1.

2.1.3 Metoda karakteristik faznega stika

Iz postopnega razvoja znacilnih vzorcev
struktur plinskih votlin v frekvenénem prostoru (sl. 4)
za vsako nastavitev parametrov hidrodinamicnega
rezima (n=konst, qj), je lepo razviden nastanek strukture
raztrganih plinskih votlin, ki ustreza poplavnemu stanju.
Rezimi (n,, ¢,), prepoznani kot poplavno stanje, so bili
v obliki brezizmernih Stevil 7 in Fr vneseni v diagram
na sliki 12. Izmerjene vrednosti so predstavljene z
ustrezno razmejitveno premico, katere koeficienti so
prikazani v preglednici 1.

2.1.4 Medsebojna primerjava rezultatov razlicnih metod

Pri meritvah so se glede na uporabljeno
metodo in merilna oprema pojavile nekatere omejitve.
Tako z metodo prirastka deleza plinaste faze ni bilo
mogoce dolociti poplavnega stanja predvsem pri
vecjih pretokih zraka, medtem ko z metodo zmanjSanja
moci predvsem pri nizjih pretocnih Stevilih. Z metodo
karakteristik faznega stika je bilo mogoce prepoznati
poplavno stanje v celotnem obmocju merjenih
rezimov. Za prepoznavna poplavna stanja, dolocena
z vsemi tremi metodami, so bile izdelane ustrezne
razmejitvene premice, podane z enacbo:

Fr,=k + kyFl,

Vrednosti posameznih koeficientov so
prikazane v preglednici 1.

0,50

hand, this method did not give any relevant results for
smaller Fr numbers (0.05, 0.06,0.07 and 0.09 in Figure
8), which can be explained with the very small values
of the impeller power and are of the same scale as the
dynamometer’s accuracy class. All the recognized
flooding regimes are depicted in Figure 11, together
with the corresponding correlated delineation line; the
appropriate coefficients &, and k, and the regression
coefficient rare given in Table 1.

2.1.3 Interfacial characteristic method

From the coherent development of the
structure patterns in a frequency domain, as shown
in Figure 4, the appearance of the ragged cavities
structure can be found for each hydrodynamic regime
set (n=const, qj). The corresponding flooding regimes
(n,, gq,) were collected and are shown in the form of
dimensionless Fr and FI numbers in a flow regime
map, see Figure 12, as well as a flooding line
approximated in the form of eq. 2. The corresponding
coefficients are given in Table 1.

2.1.4 Comparison of results of different methods

According to the methods used and the
measuring instrumentation, some restrictions
appeared. Flooding could not be recognized at higher
air flow rates with the global-gas-holdup method and
at lower gas flow rates with the minimum-mixing-
power method. Using the interfacial characteristics
method gave relevant recognition of the flooding in
all the measured regimes. For all the recognized
flooding states with the given methods, the
corresponding regression lines were approximated
by the equation:

(6).

Individual values of the coefficients are given in Table
1.

0,45
0,40
0,35 A
0,30 A
0,25 A

P,/P

0,20 \ \ \
0,00 0,10 0,20 0,30

0,40

0,50 0,60 0,70 0,80

Fl

S1. 10. Odvisnost razmerja moci od pretocnega Stevila pri razlicnih vrednosti Froudovega Stevila
Fig. 10. Power ratio vs. Flow number at different Froude number values
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1,20
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dispergiranje
dispersing
Fr 0,60 1
poplavno stanje
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Sl. 11. Tocke poplavnega stanja dolocene z metodo razmerja moci v tokovnem diagramu z mejo
poplavnega stanja
Fig. 11. Flooding points determined by power ratio method on a flow chart with approximated flooding
limit
1,20
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Sl. 12. Tocke poplavnega stanja dolocene z metodo karakteristik struktur faznega stika v tokovnem
diagramu z mejo poplavnega stanja
Fig. 12. Flooding points determined by local characteristics method on a flow chart with approximated
flooding limit

Primerjava rezultatov kaze, da so vse tri metode
primerne za doloc€itev poplavnega stanja mesala. Pri
nizjih vrednosti Fr in FI je medsebojno razhajanje
manjSe med metodami celotnega prirastka deleza
plinaste faze in karakteristikami faznega stika. Glede
na strmino pripadajocih poenostavitvenih premic je
boljSe ujemanje med metodama karakteristik faznega
stika in najmanj$e moc¢i mesanja.

Pri dispergiranju plina z enim mesalom se
lokalne spremembe na lopaticah mesala in v
neposredni okolici mesala kazejo enoznac¢no tudi na
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A comparison of the results showed that all
three methods are suitable for flooding detection.
The smallest differences can be seen at the smaller
values of Fr and FI between the global-gas-holdup
method and the interfacial characteristics method.
According to the trend, better agreement can be
found between the minimum mixing-power and the
interfacial characteristics methods.

In gas dispersing with one impeller, the local
changes at the impeller blades and in the close vicinity
of the impeller affect the global level directly. In
impeller flooding the global change is expressed
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celotna sprememba izraza kot zmanjSanje celotnega
deleza plina oziroma kot povecanje moci mesala. Poraja
se vprasanje, ali je mogoce zaznati poplavno stanje
pri dispergiranju z dvema meSaloma ali tremi mesali s
katerokoli celotno metodo, kar ostaja odprto vprasanje
zanadaljnje raziskave.

2.1.5 Primerjava rezultatov z napovedanimi po virih
iz literature

Rezultati nasih raziskav so bili primerjani
tudi z rezultati kriterijev drugih avtorjev, kar je
prikazano na sliki 13. Primerjani so le kriteriji, ki
obsegajo tudi geometrijska razmerja in velikostni
razred reaktorja kakor v nasi raziskavi pri
dispergiranju z enim Rushtonovim mesalom. Po [12],
kriterij izhaja iz meritev prirastka deleza plinaste
faze, je meja poplavnega stanja v reaktorju pri D/T
= 1/3 definirana z vrtilno frekvneco mesala ter
pretokom plina v obliki:

n.= 2’694_qF 0283, 1,207

Nienow [7] je postavil povezavo, ki zajema tudi
razli¢na geometrijska razmerja med mesalom in posodo (1/
3<DIT<2/3)ter velikostni razred posode (0,29<7<1,2 vm):

Fl,=30(D/T)* Fr,

S slike 13 je razvidno dobro ujemanje
vrednosti napovedi nasih meritev po metodi
najmanjSe moc¢i mesnja in metodi karakteristik
faznega stika z napovedjo po [7]. Glede na to, da so
njihove vrednosti v pasu znotraj nasih, to potrjuje
Nienowo kombinacijo kriterijev porasta moci
mesanja ter opazovanja tokovnih struktur, ko je bil
postavljen omenjeni kriterij (en. 8). Iz primerjave
metod na temelju celotnega prirastka plinaste faze
se teznja naSih vrednosti v izmerjenem podrocju
dobro ujema z vrednostmi po [12], sicer pa je
poplavno stanje v nasem primeru dosezeno pri
nekoliko visjih vrednostih pretocnega Stevila.

2.2 Nastanek poplavnega stanja pri dispergiranju
zraka v raztopini KMC

Dispergiranje zraka v vodni raztopini KMC je
potekalo z Rushtonovim mesalom. Ta preskus je bil
izveden na isti merilni progi, izsledki obravnavani v
tem prispevku pa izhajajo iz Studije struktur plinskih
votlin objavljene v delu [3].

Strukture plinskih votlin so bile
predstavljene v diagramu struktur, izrazenem z
brezrazseznimi Stevili Fr-FI. Plinske votline so v
navidezplasti¢ni kapljevini veéje od teh v vodi in
imajo drugacno obliko, opazen je bil tudi pojav, pri
katerem ostanejo plinske votline na lopaticah
mesala Se po zaprtju dovoda zraka. Pri navidezno

through a reduction of the gas holdup or an increase
of the minimum mixing power. The question appears,
whether it is possible to detect flooding by dispersing
with dual or triple impellers using any of the
mentioned global methods? This remains open for
further research.

2.1.5 Comparison of the results with those quoted
from the literature

The results of our experiments were compared with
those based on the correlations of other researchers, as
can be seen in Figure 13. Only the criteria including the
geometrical ratios between the impeller and the tank
diameter and reactor-size scale were taken for a comparison
with the experimental results during dispersion with a single
Rushton turbine. According to [12], these criteria are
derived from global-gas-holdup measurements, a flooding
regime at a D/T ratio equal to 1/3 is defined with impeller
speed and gas flow rate in the form:

).

Nienow [7] postulated a correlation including
different geometrical ratios (1/3<D/T<2/3) as well as
reactor scale size (0,29<7<1,2 [m]):

@®).

In Figure 13, good agreement can be seen
between our predicted values, based on the minimum-
mixing-power method and the interfacial
characteristics method with those predicted by
Nienow. Regarding the fact that the values given with
Eq. 8. appear in between ours, the assumption of
their criterion postulated on the combination of the
minimum-mixing-power and flow-structure methods
can be confirmed. From the comparison of the results
based on the global-gas-holdup method, the trend of
our values is in a good agreement with those of [12]
in the measured range, otherwise the flooding was
achieved at slightly higher values of F/ number.

2.2 Flooding in air dispersing into pseudoplastic
fluid CMC

Dispersing of air into a pseudoplastic fluid of
water-diluted CMC was performed with a single
Rushton impeller using the same experimental setup.
The results discussed here are derived from a gas-
filled-cavity-structure study published elsewhere [3].

The structures were classified in a flow-re-
gime map given with Fr-FI dependency. The gas-
filled cavities in a CMC solution are larger than those
in water, and have a rather different shape. A phe-
nomenon was also found whereby gas-filled cavities
were present at the impeller blades for a longer time
of observation, even after the air inflow was closed.
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Sl. 13. Primerjava meja poplavnega stanja z rezultati drugih avtorjev
Fig. 13. Comparision between our results and calculated values by other authors
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Sl. 14. Nastanek poplavnega stanja pri dispergiranju zraka v vodo in 0,5% in 1,0% raztopino KMC
Fig. 14. Flooding transition in air dispersing into water and into CMC of 0.5 and 1.0 % mass

concentration of CMC

plasti¢ni teko€ini poteka prehod iz dispergirnega v
poplavno stanje prek strukture L6, kar se kaze z
nastankom poplavnega stanja pri precej vecjih
vrednostih pretoénega Stevila (sl. 14). Primerjave z
vrednostmi po virih iz literature zaradi ocitnega
pomanjkanja tovrstnih podatkov ni bilo mogoce
izvesti. Pomembna je ugotovitev, da je porazdelitev
plinaste faze po prostornini kapljevine pri 0,5%
raztopini KMC Se dokaj zadovoljivo, medtem ko
dispergiranje v 1% raztopini verjetno Ze meji na
neucinkovito delovanje.

3 SKLEP

Obravnavana je bila zaznava poplavnega
stanja v posodi z enojnim Rushtonovim mesalom pri
dispergiranju zraka v vodi s tremi razli¢énimi metodami,
to so: metoda celotnega prirastka plinaste faze,
metoda najmanjSe moc¢i mesSanja in metoda
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Transition from the dispersing to the flooding state was
performed via a structure of six identical large cavities,
which was reflected in much higher values of flow
number, shown in Figure 14. A comparison with values
from literature sources could not be made due to the
obvious lack of such data. Another significant finding
was that the impeller was capable of dispersing air into
fluid at 0.5% of the mass concentration, whereas at 1%
of the mass concentration dispersing was seen to be an
unsatisfactory operation, in other words, any other
impeller suitable for higher viscosities should be used.

3 CONCLUSION

In a mixing vessel equipped with a Rushton
turbine, the recognition of the flooding state during
the dispersion of air into water was detected with
three different methods: the global-gas-holdup
method, minimum-mixing-power method and the
interfacial characteristics method, while for the
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v vodni raztopini karboksi — metil celuloze z metodo
karakteristik faznega stika.

Narejena je bila primerjava rezultatov
posameznih metod in ocena primernosti uporabe
posamezne metode za dolocitev poplavnega stanja.
Poplavno stanje mesala je bilo zaznano z vsemi tremi
metodami. Glede na to, da je na gredi le eno mesalo,
se krajevne spremembe na meSalu kazejo neposredno
tudi na celotni ravni. Rezultati vseh treh metod se
med seboj dokaj dobro ujemajo, za industrijsko
uporabo lahko uporabimo katerokoli od omenjenih
metod.
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dispersing of air into a CMC solution the interfacial
characteristics method was used.

Anestimation of the individual method’s adequacy,
as well as a comparison of the results of the given methods
was performed. Impeller flooding was detected by using all
three methods. The results of the discussed methods were
in good agreement among themselves, as well as with the
given criteria and results of other researchers. Any of the
mentioned methods can be applied to industrial use. Given
the fact that air-dispersing was performed with a single
Rushton impeller, all the changes at the local level are
reflected directly in the global one.
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3 0OZNAKE
3SYMBOLS
premer mesSala D m impeller diameter
zemeljski pospesek g m/s? gravity
vrtilna frekvenca mesala n s! impeller rotational frequency
mo¢ pri meSanju kapljevine P W impeller power
prostorninski pretok zraka q m?/s volumetric air flow
premer posode T m tank diameter
pretocno Stevilo Fl q/(n-D?)  flow number
Froudeovo $tevilo Fr D-n’/g  Froude number
celotni delez plinaste faze a % global gas holdup
razmerje moci T P.i/P power ratio
Indeksi: Indexes:
tekocCi indeks i,] current index
poplavno stanje F flooding state
dispergiranje plina v kapljevino g dispersing state
4LITERATURA
4REFERENCES

Bombac, A. (1998) Vpliv geometrijskih parametrov na Newtonovo Stevilo pri aeraciji v posodi z mesali,
Strojniski vestnik (44) 3-4.

Bomba¢, A. and I. Zun (1992) Detection of loading-flooding transition in an aerated stirred vessel, in Proc.
Kuhljevi dnevi, (in Slovene), Portoroz, Slovene Society of Mechanics, 123.

Bombaé, A., I. Zun, M. Zumer, J. Turk (1996) Strukture plinskih votlin pri dispergiranju zraka v
psevdoplasticno tekocino s turbinskim mesalom, Kuhljevi dnevi, Gozd-Martuljek, Slovensko drustvo za
mehaniko.

Bombag, A., 1. Zun, B. Filipi¢, M. Zumer (1997) Gas-filled cavity structures and local void fraction distribution
in aerated stirred vessel, AIChE J.

Bombag, A., I. Zun (2000) Gas-filled cavity structures and local void fraction distribution in vessel with
dual-impellers. ChemEngSci, (55), 15.

Lu, W., H. Chen (1986) Flooding and critical impeller speed for gas dispersion in aerated turbine-agitated
vessels, Chem. Eng. Jour., 33.

Nienow, A. W., M. M .C. G. Warmoskerken, J. M. Smith, M. Konno ((1985) On flooding/loading transition
and the complete dispersal condition in aerated vessels agitated by a Rushton-turbine, Proc 5" European
Conference on Mixing, Wuerzburk, BHRA Fluid Enginireeng Cranfield, 143-154.

stran 875

EhEeYNa] O2-12

VESTNI



Bombad A. - Zun |.: Metode prepoznave poplavnega stanja - Flooding-Recognition Methods

[8] Rushton, J. H., J.J. Bimbinet (1964) Hold-up and flooding in air-water mixing, Can J. Chem. Eng., 46.

[9] Smith, J. M. (1991) Simple performance correlations for agitated vessels, in fluid mechanics of mixing, ed.
R. King, Kluwer Academic Publisher, Dordrecht, 55.

[10] Turk,J.(1999) Poplavno stanje pri vecstopenjskem turbinskem mesalu, Diplomsko delo, Univerza v Ljubljani,
FS, Ljubljana.

[11] Warmoeskerken, M. M. C. G. and J. M. Smith (1985) Flooding of disk turbines in gas-liquid dispersions: A
new description of the phenomenon, Chem. Eng. Sci., 40, No. 11, 2063.

[12] Wiedmann, J.A. (1983) Zum Uberflutungsverhalten zwei- und dreiphasig betriebener Riihrreaktoren.
Chem.Ing.Tech., 55, 9.

[13] Zun, I, A. Bombag (1997) An application of local void fraction measurements in discharge flow of single
and dual Rushton turbine, Proc. 9th European Conference on Mixing/Mixing 97/Mutiphase systems,
Paris, 153.

Naslov avtorjev: doc.dr. Andrej Bombac Authors’ Address: Doc.Dr. Andrej Bombac

prof.dr. Iztok Zun
Fakulteta za strojni§tvo

Prof Dr. Iztok Zun
Faculty of Mechanical Eng.

Univerza v Ljubljani University of Ljubljana
Askerceva 6 Askerceva 6
1000 Ljubljana 1000 Ljubljana, Slovenia

andrej.bombac@fs.uni-lj.si
iztok.zun@fs.uni-1j.si

andrej.bombac@fs.uni-lj.si
iztok.zun@fs.uni-lj.si

Prejeto:
Received:

Sprejeto:

20.12.2002 Accepted:

31.1.2003

o 02-12 [SHREYNISE
VESTNIK stran 876
|



