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Individual impeller flooding in aerated vessel stirred by
multiple-Rushton impellers
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Abstract

The paper presents flooding detection in the dispersion of air into water in a stirred vessel equipped with a multiple-turbine impeller. All
experiments were performed in a pilot-size mixing vessel using single, dual and triple Rushton turbine impellers. Deionized water and compressed
air were used as a working fluid. The flooding recognition method based on resistivity probe response was applied, defining impeller flooding as
the appearance of ragged cavities behind the blades of the individual impellers. Classifying the flooding regimes into a simple generalized flow
map gave the sequence of impeller flooding: spreading from the lowest impeller flooding subsequently to the upper impellers. A comparison of
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ur individual impeller-flooding data with the results found in the literature is shown for single impeller and partially for dual- and triplee
mpeller, where due to the lack of published data only a comparison for the lowest turbine was possible.
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. Introduction

Nowadays vessels with a high liquid aspect ratio are usually
sed in fermentation processes. Such fermenters are basically
quipped with multiple impellers to improve hydrodynamic
haracteristics and consequently mass and heat transfer. In broth
ermentation the rheological properties change from the begin-
ing to end of the process. A change from a Newtonian to a
seudo-plastic fluid causes a change in viscosity of up to four
rders of magnitude, which strongly affects the bulk flow field

n a vessel. The question arises of how this transformation exerts
n influence on flooding. This phenomenon is dependent on the

nput rates of gas flow and power dissipated into the broth via
wo-phase impeller flow discharge. A low gas input flow rate
auses insufficient dissolved oxygen in the liquid bulk, while an
xcessively high gas flow rate may lead to the appearance of dead
ones and flooding. If it still occurs, in some special occasions
t does not have any influence on, e.g. micromixing effects in an
erated tank[15] nor does the aeration always affect the mixing
umber in the same way; it can either decrease or increase it

[11]. In the work of Alves and Vasconcelos[2] it is shown tha
even in a flooding regime their mixing model and correlatio
mixing time can be used for multiple impeller stirring. The fi
ings of Sardeing et al.[30] studying the aeration in the vicinity
the liquid surface with a specially composed multistage imp
showed a compromise choice between a high gas floodin
(partial flooding) and a long bubble plume length in a vess

Among the first researchers studying the flooding p
nomenon, Mikulcova et al.[20] and Rushton and Bimbinet[29]
described the term ‘flooding’. Since then several authors
researched this phenomenon. In the literature, the term fl
ing has often been used to describe a transition to unsatisfa
operation of a stirrer in a tank, while the definition of flood
is still not well established. In addition, many different exp
imental methods have been reported for the measureme
hydrodynamic regimes once flooding appears. As derived
single impeller studies, these methods can be divided into
groups: (i) techniques based on global measurements (su
gas holdup, power drawn) combined with visual observatio
two-phase flow circulation through the vessel wall and (ii) te
niques based on local two-phase characteristics such as
∗ Corresponding author. Tel.: +386 1 4771 406; fax: +386 1 4771 447.
E-mail address: andrej.bombac@fs.uni-lj.si (A. Bombač).

velocity and local void fraction of the impeller discharge flow,
measured with a constant temperature anemometer, resistiv-
ity probe, micro-propeller or vibrating vane. Furthermore, the
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Nomenclature

b impeller blade length (m)
c impeller clearance above the base (m)
d impeller disk diameter (m)
D stirrer diameter (m)
f baffle width (m)
fb impeller blade frequency (s−1)
Fl Flow number,q/(nD3)
Fr Froude number,Dn2/g
FrT tank Froude number,Tn2/g
g gravity (m/s2)
h distance between the impellers (m)
H liquid height (m)
ib number of impeller blades
k1, k2 correlation coefficients
M torque (Nm)
Mo Morton number,gη4/(σ3)
n impeller frequency (s−1)
nb impeller blade frequency (s−1)
P ungassed power (W)
q volumetric gas flow rate (m3/s)
R regression coefficient
s sparger clearance above the base (m)
T tank diameter (m)
w impeller blade width (m)
We Weber number,ρn2D3/σ
z number of turbines

List of symbols
α local void fraction (%)
η viscosity (Pa s)
ρ liquid density (m3/kg)
σ surface tension (N/m)

manner of achieving flooding should be described more pre-
cisely according to the flow regime transition. Changing of
the flow regime from loading to flooding (LFT) or flooding
to loading (FLT) corresponds to regimes which constitute hys-
teresis. Another question arises if the hysteresis is of negligible
effect, as found by Warmoeskerken and Smith[33] or not, e.g.
[1,14,17,20,22,27]. Such significant confusion found in the lit-
erature regarding the term flooding can be best seen in the flow
regime map, seeFig. 1, which takes into consideration data for
a vessel of diameter 0.45 m andD/T equal to 0.33. It can be seen
that the FLT of devices at pilot or industrial scale atFr = const is
achieved at markedly higherFl values than those at laboratory
scale regardless of whether the prediction includes theD/T ratio
or not.

1.1. Single-turbine impeller

Using global measurements of gas holdup and power draw
in air liquid mixing, flooding was defined as a state (varying
the impeller speed at constant gas flow rate) when there wa

Fig. 1. Comparison of literature data regarding the term ‘flooding’.

no more horizontal flow of gas starting from the impeller and
reaching the wall[29]. The flooding point was defined with a
sharp decrease of the holdup for a given total power, which
corresponds with visual observations of the flow patterns on
the vessel wall. Mikulcova et al.[20] postulated the criterion
for impeller flooding considering the hysteresis range, i.e. LFT
and FLT in the dispersing of air into water with a single disk
turbine. The method was based on the minimal impeller speed
technique combined with conductivity measurements of the liq-
uid near the impeller. Wiedmann[35] and Nienow et al.[21]
detected the onset of flooding from changes of the gassed power
drawn; the flooding point was defined by step change in the
gassed power curve under constant impeller speed and vary-
ing gas rate. According to Warmoeskerken and Smith[34] the
flooding transition reflects the unique states of the two-phase
flow around the stirrer. Based on the qualitative determination
of the liquid radial outflow vector near the stirrer with a micro-
propeller, a new definition of impeller flooding was introduced.
In this regime there is an axial flush of gas through the impeller
plane up to the free liquid surface with no radial discharge two-
phase flow. Lu and Chen[16] studied the flooding phenomenon
by using a conical hot-film anemometer. The onset of flooding
was postulated with sharp transition of r.m.s. turbulent fluctu-
ation velocity of the impeller-discharge liquid flow. Later Lu
and Ju[17] examined the gas-filled cavity formation, flooding
transition and pumping capacity of an aerated disk turbine. The
fl arge
fl
e ere
s . Only
t hile
n

s

ooding was determined on the basis of the impeller-disch
uid velocity change. According to Hudcova et al.[13,14] the
ffect of liquid height and impeller clearance on the FLT w
tudied based on changes of the gassed power curves
he change of liquid height itself had no effect on FLT, w
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increasing the impeller clearance had a similar effect to the gas
dispersion process with a ring sparger of diameter greater than
the impeller. Tatterson and Morrison[32], based on a retrofitting
of Zweitering’s experimental data, analyzed the effect of tank
to impeller diameter ratio on LFT. Their model is an extension
of the previous work of Warmoeskerken and Smith[33] and
Biesecker (as cited by Tatterson and Morrison[32]). Paglianti
et al. [24] presented a simple method based on non-intrusive
detection of conductance fluctuations for the detection of FLT
in a stirred tank. A later work[25] provided a mechanistic model
for predicting the LFT in an aerated vessel stirred by Rushton
turbine. The model neglects the influence of sparger size, as well
as impeller clearance and liquid height.

1.2. Multiple-turbine impellers

A survey of the literature shows that only few studies have
been published concerning flooding in multiple-turbine driven
tanks. Henzler[12] presented the criterion based on dimension-
less numbers of the LFT for single impeller stirring and for the
lower impeller in multiple impeller stirring. The criterion was
extrapolated from the measured data of other researchers on
standard Rushton turbine stirring. In a study[31] the impeller
gas-filled cavity structures were presented for a triple impeller.
Detection of cavities was performed with a vibrating vane
mounted on the vessel wall; findings were obtained on the basis
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The purpose of this paper is to enable the simple estimation of
individual impeller flooding for single-, dual- and triple-turbine
impellers in the dispersion of air into water. The experimen-
tal method using resistivity probe response has been described
in detail in [6–8]. The method enabled the recognition of the
following cavity structures: vortex-clinging structure VC, the
appearance of the first large cavity 1L, two large cavities 2L,
small ′3-3′ structure S33, large′3-3′ structure L33 and ragged
cavities RC, respectively. The RC structure corresponded to the
flooding regime while the loading regime could form the L33 or
S33 structure.

In multiple-turbine stirring the lower turbine became flooded
first, followed by the middle impeller and finally the upper
impeller successively by increasing the gas flow rate. The LFT of
the lower turbine in the dual- and triple-turbine systems occurred
at noticeably lower gas flow rates than that in single-turbine stir-
ring, while the upper impeller became flooded at higher gas flow
rates. Good agreement with flooding prediction data from the lit-
erature was found for single-turbine stirring and for the lowest
impeller in dual- and triple-turbine stirring. Otherwise a compar-
ison of our results with those from the literature was not possible
for the middle and upper impellers due to a lack of data in the
literature.

2. Experimental
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f frequency analysis of pressure pulses of the vane. Struc
ere classified into a flow regime map where a clear deline
etween loading and flooding regimes was given for the
st impeller while for the middle and uppermost impeller
as only indicated. Nocentini et al.[23] reported qualitativ
bservations of two-phase flow field in a vessel with a f
tage impeller. Only at a very low impeller speeds and at
as flow rates were all the turbines flooded; with an increa

mpeller speed the turbines became loaded sequentially. A
ransition of power drawn was found for the lowest impe
hereas the transition was gradual and rather undefined f
ther turbines. In their study of air–water dispersion with d

mpellers, Hudcova et al.[14] used a special shaft with two stra
auges, enabling individual impeller torque measurement

his basis the flooding was detected for each impeller sepa
nd was defined either from the step change in the gassed
urve or visually. LFT appeared differently for each impe
nd was strongly dependent on their clearance (�h). Com-
ared to a single impeller the lower impeller required a hig
peed to achieve a FLT (by�h/D ≤ 1.5) otherwise when the fu
ndependent flow patterns are present the lower FLT can be

ated reasonably well by the equation of Nienow et al.[21].
brardi et al.[1] examined dissipated power and mixing time
sparged vessel driven with a dual turbine for different hydr
amic regimes including the flooding of the lower impeller.
ndings of Alves and Vasconcelos[2] are interesting, presen

ng some new aspects of mixing in gas–liquid contactors
riple impeller stirring. Some properties, e.g. mixing time,
e still evaluated even in the flooding regime; otherwise m
ata on flooding could not be obtained even in recent rev
.g.[10,18,26].
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A cylindrical flat-bottomed Perspex vessel of 450 mm
ith four baffles mounted perpendicularly to the vessel
as used. The geometrical details for the stirred vesse
e found inFig. 2. Deionized water and compressed ai
oom temperature were used as working fluids in all exp
ents. In multiple-turbine stirring the liquid height in the ves
as increased by the distance between turbines. Impeller
as measured by IR-pulse transmitter with an absolute
f ±1 rpm. An HBM transducer enabled torque measurem
ith error of±0.02 Nm, while the gas flow rate was measu
ith calibrated rotameters with the following errors:±0.4 m3/h

or measuring tubes from 5 to 25 m3/h, and±0.14 m3/h for mea-
uring tubes from 1 to 8 m3/h, respectively. At the highest flo
ates two rotameters were connected in parallel. The ex
ental setup is depicted inFig. 3 with the indicated optica
indow located on the vessel wall at the lower impeller heig
nable visualization of the impeller discharge flow. A high-sp
onochromatic video camera, a Weinberger VISARIO wi
ikon 50/2 focus lens and a CMOS image sensor and optim
oise reduction was used in the case of dispersing with s

mpeller. A high recording rate was needed at 4000 image
lectronic shutter speed 200�s. The image size format at su
speed was set to 768× 512 pixels, with a pixel size of 10�m.
ecording time span was up to 4 s which produced up to 1
f data in a single experimental run

In order to obtain local information on gas filled cavity str
ures, a microresistivity probe of 11�m tip size was used, locat
n the close vicinity of the outer edge of the impeller blade
he lowest impeller speed at least 600 cavities were det
or further statistical treatment. Measurements were always
ormed in the same manner starting from low to high impe
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Fig. 2. Geometrical parameters of the vessel and stirrers.

speeds, with stepwise increasing of the gas flow rate at constant
impeller speed. The reproducibility and directional sensibility
was assumed to be equal to those evaluated in[6].

The LFT can be detected by rapid reduction of void fraction
in a turbine discharge two-phase flow, as well by gas-filled cavity
structures change. Some experimental studies of gas-filled cavity
structures and local void fraction distribution in water–air dis-
persion have been presented[6,7,8,16,17]. While Lu an Ju[17]
studied gas-filled cavity configuration, flooding and pumping
capacity using a constant temperature anemometer in single-
turbine stirring, in[7,8,37]gas-filled cavity structures and local
void fraction based on resistivity probe response in an aerated
vessel stirred with single and dual Rushton disk impellers were
investigated. Furthermore, in[5], attention was paid to gas-filled
cavity structures in aerating in a pseudo-plastic fluid such as
a CMC-water dilution. Full details of the experimental work
outlined here and the criterion for gas-filled cavity structure

recognition have been described in detail in[6]. Local detection
of the phases was performed by the resistivity probe producing
voltage response as a corresponding structural function[38]:

Mp(x, t) =
{

1, x is occupied byp

0, x is occupied byp
p = {L, G, S} (1)

In a two-phase flow field at a particular pointx three phase states
p are possible at any timet: the liquid phase L, gas phase G or
phase interface S, respectively. Using a discrete fourier trans-
formation of the structural functionMp enabled the presentation
of the significant frequencies of an appearing gas phase. The
fourier coefficientsXk were obtained from:

Xk = �t

N−1∑
k=0

Mp(tk) e− j2πik
N (2)
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Fig. 3. Experimental setup.

where�t denotes the time interval between successive instants
ti . Among fourier coefficientsXk that correspond to the fre-
quencyk/(N�t) only coefficients fromk = 0 to (N/2)− 1 are
meaningful. From the given criterion the following gas-filled
cavity structures were recognized: vortex-clinging structure
(VC), structure with one large cavity (1L), structure with two
large cavities (2L), small′3-3′ structure (S33), large′3-3′ struc-
ture (L33) and ragged cavity structure (RC). InFig. 4the resis-
tivity probe responses and their fast fourier transformations are
shown for the above mentioned structures. The development of
the cavity structures follows from the top to bottom, i.e. from
the VC to RC structure, respectively. From the probe response
over longer periods of observation it was evident that large cav-
ities were present on the same blades. The beginning of the S33
structure in the frequency-domain can be seen from the appear-
ance of a significant fourier coefficient at frequencyfb/2, which
increases in accordance with increasing of the gas flow rate. This
pattern was taken as a criterion of S33 structure recognition. The
L33 structure is a combination of three smaller and three larger
large cavities that is a combination of large cavities exclusively.
The alternating sequence of smaller and larger large cavities

was also quite evident in the L33 structure. From the evolution
of fourier coefficients in the frequency domain (with increasing
gas flow rate) the increase of the coefficient atfb/2 is obvious.
At the point when both coefficientsfb/2 andfb are nearly equal,
the L33 structure was recognized, as depicted inFig. 4.

The method used here was recently compared with two other
experimental methods, i.e. the global gas holdup method and
power drawn method in a standard mixing vessel equipped with
a single Rushton turbine[9] where the results were in good
agreement among themselves. Given the fact that air-dispersing
was performed with a single Rushton impeller, all the changes
at the local level (impeller) are reflected at the global one (gas
holdup, power drawn) which actually enables the application of
the global methods.

3. Results and discussion

3.1. Single-turbine impeller

Ragged cavities are in good agreement with the findings in
[21,31,33,34]where the delimitation between “loading” and
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Fig. 4. Cavity structures and corresponding probe response (a) and frequency transformation (b).
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Fig. 5. Photos of discharge two-phase flow in (a and b) loading and (c) flooding
regime, respectively.

“flooding” corresponding to′3-3′ or large clinging cavity struc-
ture and RC was shown. Using a high speed camera in ou
experimental work some distinctiveness in the form of discharge
two-phase flows can be seen from the side view as shown i
Fig. 5. Photos of the discharge two-phase flow were taken a
constant impeller frequency 4.45 s−1 and three different gas flow
rates; 6 m3/h (a), 7 m3/h (b) and 8 m3/h (c), respectively. In case
(a) a radially oriented discharge flow was observed with typi-
cal L33 structures. Despite being under the same L33 structure
increasing of the gas flow rate led to the change of the dis
charge flow direction, i.e. from radial to upward, respectively,
as depicted in case (b). This state was found as the last possib
loading regime, while a further increment of gas caused impelle

flooding, case (c). Here clouds of bubbles moved from the gas
sparger past the impeller upward to the free surface. Flooding
was recognized with the presence of the RC structure. Such a
hydrodynamic regime was marked (with the increasing of the gas
flow rate at constant impeller speed) with an adequate set of (nF
andqF) as “impeller flooding” and the transition to flooding as
LFT, respectively. The corresponding correlation of the exper-
imental data was preferred in the same type as in[2,3,19,21]
to predict impeller flooding in single- and multiple- turbine
impellers:

FlF = k1 · Frk2
F (3)

where k1, k2 and regression coefficientR are given in
Table 2. The experimental results are depicted inFig. 6
as separate marks. At lower impeller speeds correspond-
ing to Fr < 0.08 the LFT occurred at the appearance of
RC structure deriving from VC structure while at higher
impeller speeds RC structure derived from′3-3′ struc-
ture, which is in good agreement with previous results
[6].

To enable a comparison between experimental results and
the data from the literature, only correlations of LFT transition
are taken and depicted inFig. 6. The geometrical configurations
with respect toD/T ratio, impeller spacing, sparger, etc. of the
e
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xperimental setups are shown inTable 1.
Regarding the vessel scale, as can be seen inFig. 6, the fol-

owing conclusions can be drawn: the predicted LFT appe
n larger vessels than ours[12,35]at somewhat higherFl values
nd in smaller vessels the predicted LFT appeared at lowFl
alues[17,20]. The experiment in[1] in which LFT appeare
t lowerFl values was also carried out in a smaller vessel
urs.

ig. 6. Comparison of our experimental LFT results in single-turbine sti
ith those from the literature.
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Table 1
Summary of the geometrical conditions in impeller flooding detection

Author Prediction Flow regime T (m) D/T c/T h/T Sparger Detection

Mikulcova et al.
[20]

FlF = 100
6.11±1.24Fr

(
T
D

)−3.43
Fr ≤ 0.9 0.19,

0.31
0.2
–0.39

1/3 – Tube LFT, FLT

Zlokarnik [36] FlF = 0.19Fr0.75
F 0.1≤ Fr ≤ 2 0.2,

0.45
0.2
–0.45

1/3 – Tube LFT

Henzler[12] FlF = 0.21FrF
2.1(D/T )

(T/D−2.04)1.3 +
0.14FrF

7.54(D/T )

(T/D−2.25)1.5 , (�h/T ) > 0.75

Re > 1× 104,
Fr ≤ 5

Ind.
scale

0.3
–0.4

– – Ring, tube LFT

Wiedman[35] FlF =
0.973

(
−0.15+ 4

√
Mo + 0.05 lnWe

Fr

)
Fra +

0.2Fr1.6, wherea = 0.605+
(

ln We
Fr

)−1

0.1≤ Fr ≤ 1.5 0.45
–1.5

1/3 1/6 – Ring LFT

Nienow et al.[21] FlF = 30(D/T )3.5FrF FrF ≤ 0.85 0.29
–1.2

0.33
–0.5

0.25,0.4 – Ring FLT

Wamoeskerken
and Smith[34]

FlF = 1.2FrF Fl ≤ 0.36 0.44
–1.2

0.4 0.4 – Ring FLT

Hudcova et al.
[14]

Exper. data Fl ≤ 0.16 0.56 1/3 1/3 0–1 Ring FLT

Smith et al.[31] Exper. data Fr ≤ 1, Fl ≤ 1 0.64 0.4 – 0.08–1 Two rings LFT
Tatterson and

Mor-rison[32]
(FlF − 0.6FrF) = −0.031FrT,F(T/D) +
0.046, 2 ≤ FrT,F(T/D) ≤ 64, retrofitted
literature data

FLT

Lu and Ju[17] nF = A(T/D)1.167(gq/D4)
0.333

(4.07+
1.21ib − 0.147ib2) A =
0.064(FLT) or 0.072(LFT)

Fr ≤ 1.3, 0.28 0.25
–0.5

1/3 – – Ring LFT, FLT

Nocentini et al.
[22]

Exper. data Fr ≤ 0.2 0.23,
0.39,
0.57

0.2
–0.5

1/3–3/5 – Ring LFT, FLT

Nocentini et al.
[23]

Exper. data Fr ≤ 0.2 0.23 0.52 0.5 1 Ring LFT, FLT

Abrardi et al.[1] Exper. data Fr ≤ 2.5,
Fl ≤ 0.2

0.39,
0.65

1/3 1/3 2/3 8× 2 mm h LFT, FLT

Alves and
Vasconcelos[2]

FlF = 0.33Fr0.69
F Fl < 0.25 0.292 1/3 1/2 1 Ring LFT

Paglianti et al.
[24]

Comp. code Fr ≤ 0.3,
Fl ≤ 0.15

0.2,
0.72

0.33 1/3 – Ring, p.plate FLT

3.1.1. Multiple-turbine impeller
Defining the hydrodynamic regimes in multiple-turbine stir-

ring is more complex. Treating of the bulk liquid flow with one
circulation loop per impeller is admissible only withh/D = 1.5
as proposed in[4,13,31], otherwise the impellers generate a
common interactive discharge flow. The LFT of the lower and
upper turbines occurred similarly as in single-turbine stirring via
different cavity structure development. In dual-turbine stirring,
the transition corresponded to the appearance of the RC struc-
ture developed from VC, 1L, 2L atFr < 0.08, and from′3-3′
structures at higherFr, respectively. But quite a big difference
between the lower and upper turbine arises with respect to the
gas dispersing ability. As can be seen inFig. 7, the upper turbine
remained in a loading regime at markedly higherFl values (when
it became flooded) than the lower one. This is in good agreement
with our previous findings in[8]. Otherwise in dual-turbine stir-
ring with impeller spacingh/D = 1.5 a common interactive flow
was produced where the flooding transition of the lower tur-

bine occurs at higher gas flow rates than that of single-impeller
stirring.

As the impellers separate, fully independent flow patterns
occur, and from the literature survey it seems that such cases
were mainly studied and oriented toward the flooding of the
lower turbine only. In such manner as proposed in[12], the LFT
of the lower turbine can be estimated reasonably well by using
the same prediction as for single impeller stirring. The conclu-
sions of Hudcova et al.[14] and Smith et al.[31] were similar,
both used the prediction of Nienow et al.[21] for single impeller
stirring. Thus the given estimations can be explained comparing
the individual impeller flooding conditions of multiple-turbine
and single-turbine stirring as depicted inFig. 7. The LFT of the
lower turbine (Du1) occurred at much lower gas flow rates than
in single-turbine stirring. As can be seen from visual observation
through the vessel wall, two-phase circulation in the liquid bulk
ceased due to reduced liquid pumping capacity of the lower tur-
bine, so the liquid bulk in the close vicinity and especially below
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Fig. 7. Experimental results: individual impeller flooding in dual-turbine stirring
compared with those from the literature.

the lower turbine remained undispersed. Below the lower turbine
and between the turbines no circulation was seen. Passing the
lower turbine, the sparged air rose close around the impeller
shaft toward the upper turbine and entered it. Major two-phase
circulation appeared in the horizontal plane of the turbine and
above it. With further increasing of the gas flow rate the upper
turbine (Du2) also became flooded. As depicted inFig. 7, the
upper turbine achieved flooding transition at somewhat higher
gas flow rates compared to single turbine stirring. On that basis,
taking the single-impeller criterion as a guide for the prediction
of lower impeller flooding in dual-turbine stirring seemed to be a
satisfactory estimation for practical use, which is also indicated
in [3,19].

When three equal turbines are mounted on the same shaft,
spaced by at least 1.5D, the lowest impeller will become flooded
long before the upper ones have ceased to function properly.
Based on visual observation it was clearly seen that the turbines
became flooded in correspondence with the increasing of the gas
flow rate. When the lower one was flooded the two-phase circu-
lation in the liquid bulk was very similar to that in dual turbine
stirring. Major two-phase circulation was found in the horizon-
tal planes of the middle and upper turbine. Further increasing of
the gas flow rate led to the flooding of the middle turbine. When
these two turbines were flooded no circulation was seen below
the middle turbine and the liquid bulk remained undispersed. In
this situation the sparged air entered the upper turbine actuall
u pre
s ow
r
t wn.
A 2L
t
w ging

Fig. 8. Experimental results: individual impeller flooding in triple-turbine stir-
ring compared with those from the literature.

from VC to RC atFr < 0.2 and from′3-3′ to RC structure at
higher Fr, respectively. For a comparison of our results with
data from the literature, only the work of Alves and Vascon-
celos[2] studying the mixing in gas–liquid contactors agitated
by triple Ruston turbines in the flooding regime was available.
Comparing both results it was found that their suggested cor-
relation actually represented the LFT for the lower turbine as
can be seen inFig. 8. Their results are in very good agreement
with ours. Such a basis can support the evaluation of why mod-
elling of mixing and dimensionless correlation of mixing time
can be possible even in a flooding regime (the lowest impeller) –
since the middle and upper impellers are still operating under a
loading regime. In[23] a qualitative observation of a two-phase
flow field in a lab scale vessel with a four-stage turbine impeller
is presented. Only at very low impeller speeds and high gas
flow rates were all the turbines flooded; with the increasing of
the impeller speed the turbines became correspondingly loaded,
which is in good agreement with our findings.

All experimental data of individual impeller LFT were cor-
related using Eq.(3) with adequate parameters shown inTable 2
the corresponding curves are depicted inFig. 9. In general,
major differences concerning gas dispersing ability can be found
between the lower, middle and upper turbines. Comparing the
results of individual impeller LFTs of triple-, dual- and single-

Table 2
C

I

S 74
D 89
D 80
T 89
T 86
T 65
ndispersed. Discharging two-phase flow was still able to
erve its own circulation. Finally, with the increasing of gas fl
ates the upper turbine became flooded. InFig. 8 the LFT for
he lower (Tr1), middle (Tr2) and upper turbine (Tr3) is sho
t the lower turbine LFT occurred changing from VC, 1L,

o RC atFr < 0.09 and from′3-3′ to RC structure at higherFr,
hile the middle and upper impeller became flooded chan
y
-

orresponding coefficients to Eq.(3)

mpeller configuration k1 k2 R

ingle turbine (Single) 0.5007 0.7710 0.9
ual: upper turbine (Du2) 0.5387 0.6133 0.9
ual: lower turbine (Du1) 0.3337 0.7962 0.9
riple: upper turbine (Tr3) 0.5829 0.4371 0.9
riple: middle turbine (Tr2) 0.4901 0.6003 0.9
riple: lower turbine (Tr1) 0.2990 0.6437 0.9



94 A. Bombač, I. Žun / Chemical Engineering Journal 116 (2006) 85–95

Fig. 9. Individual impeller flooding conditions; comparison of single, dual and
triple-impeller stirring.

turbine stirring, the following conclusions can be drawn: the
upper turbine of the triple turbines achieved the highestFl val-
ues when it became flooded. From this point of view a triple
impeller as a unit is capable of dispersing the largest amount o
air, followed by dual impeller and single impeller, respectively.
Furthermore, the LFT of the lower turbine in dual turbines coin-
cides with the LFT of the lower turbine in triple turbines, as well
as the coincidence of the LFT of the middle turbine in triple tur-
bines with the LFT of the upper turbine in dual turbines. Our
experimental data are consistent with the flooding relationship
suggested in[28] as well as with the expectations in[31] by
which the LFT of the upper impellers would occur at aFl num-
ber about twice that which floods the lowest.

To avoid dead zones at the bottom part of the vessel it is
important to know the flooding timing. By increasing the gas
flow rate, the bottom impeller became flooded first, followed by
the middle one and finally the upper. Therefore, the lowest tur-
bine was found to be the most critical for ensuring good overall
performance of a reactor which becomes flooded at remark
ably lowerFl values compared to that of single turbine stirring.
Knowing the flooding point of the upper impellers could be use-
ful in some special occasions when the lower impeller is already
flooded, such as micromixing effects in an aerated tank[15],
the effect of aeration on the mixing number[11], use of mixing
time correlation in multiple impeller stirring[2] or the use of a
specially composed multistage impeller working at a high gas
fl

ents
w sul
c tica
a n th
f er, th
p a
p thor

believe that the data could be valuable as a benchmark test for
CFD analysis that could be applicable to industrial size vessels.

4. Conclusions

The paper presents the individual impeller flooding condi-
tions in air dispersing into water stirred with a multiple-turbine
impeller. Based on local detection of the gas phase in a turbine-
discharge two-phase flow and appropriate procedure, it was
shown that the loading to flooding transition occurred via the
development of different gas filled cavity-structures irrespective
of single- or multiple-turbine stirring. This is the first time that
individual impeller flooding conditions with dual- and triple-
turbine impellers in a pilot-size aerated stirred vessel have been
detected and classified in a flow regime map.

The experimental results of flooding recognition in single-
turbine stirring were in good agreement with comparable ones
found in the literature. Comparing our experimental data with
data from the literature it can be seen that the loading to flooding
transition appears at somewhat higherFl values in stirring in
larger vessels than ours and at lowerFl values in smaller ones.

Flooding transition of the lower turbine in dual-turbine stir-
ring occurred at lower gas flow rates than that of single-turbine
stirring, while the upper impeller remained in a loading regime
in spite of marked increasing until it become flooded.
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ooding rate[30].
At this point it should be emphasized that all experim

ere carried out in an air/water system. The presented re
ould therefore serve only as an orientation for the prac
nalysis of fermenters at the beginning of the process whe

ermentation broth behaves in an aqueous manner. Moreov
ilot-size vessel had a fixedD/T ratio which can not be taken
riori when subjected to scaled up design. However, the au
f

-

ts
l
e
e

s

In triple-impeller stirring the turbines became flooded in
espondence with the increasing of the gas flow rate. The
mpeller became flooded first, followed by the flooding of

iddle turbine and finally the upper turbine, respectively. C
idering the composite impeller as a unit, the triple tur
mpeller was capable of dispersing the largest amount o
nd the single impeller the smallest amount.

Experimental data on the loading to flooding transition
he lower turbine with dual turbines coincide with those of
ower turbine in triple turbines, as well as the data of the u
urbine in dual-turbine stirring with those of the middle turb
n triple-turbine stirring. These findings can be explained
table independent flow circulations of each individual impe
ur results were consistent in all cases with those for w
xperimental data or correlations can be found in the litera
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