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Among others, the maximum power consumption in a fermentation broth is one of the most decisive
engineering parameters to characterize culture conditions and to scale-up bioprocesses, especially with
filamentous microorganisms. Based on the fact that maximum drop diameter in coalescence inhibited
two-phase dispersing processes is solely dependent on maximum power consumption, no matter which
dispersing machine is used, drop sizes were measured in shaking bioreactors and the ratios between
maximum and specific power consumption were calculated. In agreement with two different simplifying
theoretical considerations relatively small ratios are obtained. It is concluded that the power consump-
tion in shaking bioreactors is much more evenly distributed than in stirred tank fermentors. As the
specific power consumptions in both types of bioreactors are of the same order of magnitude, shaking
bioreactors create much lower levels of hydromechanical stress to microorganisms and dispersed phases.

Introduction 10,000 up to several 100,000 experiments are carried
out using shaking flasks annually. Since very decisive
Shaking flasks with a total nominal volume of 50 selecting and directing is undertaken using shaking
ml to 5 | are widely used for screening projects or for flasks, it must be ensured that this does not take place
small scale production of valuable products in under unsuitable, non-consistent experimental condi-
bioindustry. The flasks are filled with liquid culture tions. Screening under unknown limitations can lead
medium with a volume of about 1/50 to 1/5 of the nomi- to failure or at least to a development in completely
nal flask volume, and are most frequently operated onunwanted directions. An accurate definition of the fac-
orbital shaking machines at specific shaking frequen-tors influencing the performance of shaking bioreactors
cies. Through driving centrifugal acceleration, the lig- is therefore indispensable.
uid circulates inside the flasks, resulting in character- Nowadays, the design of bioprocesses in stirred
istic degrees of liquid mixing and mass transfer, for tank fermentors with a standard geometry is no longer
example. The liquid distribution (for an example, a big problem. In contrast, shaking flasks in which the
please refer to Bicheat al., 2000b) and the flow re- major part of biotechnological development takes place
gime inside the flasks is dependent on the differentare only insufficiently described. One of the important
operating parameters. Usually turbulent conditions areparameters in fermentation of aerobic microbes in shak-
predominant. In some cases, when small flasks, el-ing bioreactors and stirred tank fermentors is the aver-
evated viscosity and/or low shaking frequencies areage or specific power consumption (per unit volume)
used, the transition regime is reached (Buehsl., (P/V),. We have developed a new method, which ena-
2000b). bles accurate determination of the specific power con-
The major advantage of shaking flasks is their easesumption in a shaking flask down to a nominal size of
of handling. A large number of experiments can be 100 ml (Blchset al.,, 2000a). From these measure-
carried out simultaneously with a minimum material ments it is noticeable that in shaking flasks relatively
expense and practically no supervision. In larger com-high levels of the specific power consumption are
panies working in the field of biotechnology several achieved, which are at least of the same order of mag-
nitude as the usual values for stirred tank fermentors.
Some bioprocesses, however, are predominantly
Received on May 9, 2000. Correspondence concerning this ar-cONntrolled by the level of hydromechanical stress.
ticle should be addressed to J. Biichs (E-mail address: These are processes with plant or animal cells or mi-
buechs@biovt.rwth-aachen.de). croorganisms showing filamentous morphology. Oth-
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ers are processes containing a second liquid phase a2. Material and Methods
an organic carbon source like plant oil, alkanes, or
water insoluble chemicals introduced for bioconver-

sion. In all these cases, the distribution of the power . .
consumption or at least its maximum valuR/\( lenmeyer flasks without baffles according to the Ger-
has to be known to sufficiently characteris“:néX the Man standard DIN 12380 were used. Add|t|or_1ally a
bioprocess. The knowledge of the ratio of the maxi- 300-ml baffled Erlenmeyer flask from B. Braun Biotech
mum to specific power consumptioR/Y)__ /(P/V), (prgduct ”“”.‘be“ 886 100/5, .Melsunger_\, Germ"?‘”y)’
will also help to estimate the mixing conditions in shak- which contained three machine-made indentations,
ing bioreactors separated from each other by 220.4 cm deep and

' 6.5 cm high was included in our measurement program.

Hydrophobic glass walls were produced by boiling the

1. Concept of Measurement shaking flasks in 10% nitric acid, rinsing with water,

Bauer (1985) and Davies (1987) have independ_and shaking a solution of 5% dichlorodimethylsilane
ently shown that the drop diameter in a coalescence(Sigma’ Germany) !n toluene in the shaking flasks fo.r
inhibited two-phase liquid system under conditions of 10 minutes and drying the flasks for 24 hours at ambi-

free isotropic turbulence is dependent on the maximumﬁnt‘;[emperawr?' All gxpenn:)e_tntls \;]V'T. ErIenmﬁ_yer
value of the power consumption or energy dissipation atsh Sr:'vire pg_r ormte onf 02r5| al s g n:g m?cRmss
rate, respectively, no matter which dispersing machine'V/'! Shaking diameters ot 2.5 cm (Certomat R, B.

is used. These authors could show that a universal corBraun Biotech, Melsungen, Germany) or of 5 cm (TR-

relation ofd __ = f((P/V),_,) exists for stirred tank re- iiol Itr?forz,tBoLtrpmgen,t Swngerllznc(i:)r.]Afully tS)aff![ed
actors, static mixers, colloid mills, liquid whistles, -l stirred tank fermentor ( , ~Nemap, switzer-

valve homogenizers and ultrasonics, demonstrating théand) W'th an inner (_j|ameter and afilling height of 0.22
ey P m, resulting in a filling volume of 8.4 | was used. The
general validity of this finding. | ) d with a standard Rushton turbi
Based on this we attempted to: vessel was equipped with a standard Rushton turbine

1) develop a stable and well defined coalescenceOf 0.07-m diameter mounted at half the filling height.

inhibited two-phase liquid system with balanced den- The stirrer was driven b_y an electric drive, equipped
sity, suitable for dispersing and measuring of drop di- with a torque meter (.IkaV|c MR D1, Jahnl§e and Kuqkel
ameters, GmbH, Staufen/Breisgau, Germany) with a sensitiv-

2) measure the specific power consumptibh ( ity of 0-1 N m. The stirring speed and torque meter

V), in shaking bioreactors for different operating con- signals were connected o a data acquisition system.
ditions For this experimental set-up, a power numbec.of

3) measure drop size distributions for different 3'95 was evaluated. The stirring _speed could only be
operating conditions in shaking bioreactors and stirredva”ed between 160 and 500. 1/min. The lower bound-
tank fermentors with a Fraunhofer laser diffraction &Y mus.t pe exceedeq to fulf_|l Eq. (6) (see below) as a
spectrometer and convert this information into the cor- prerequisite for free Isotropic turbulence. The upper
responding maximum stable drop diametes, _bo_undary repr.esents the ;twrmg speed above which air

4) calibrate the function = f((PV)..) in & is introduced into the liquid by turbulent vortexes.

well defined stirred tank fermentor, for which the maxi- 2.2 Model liquid

mum power consumptiorP(V) _ for different oper- -:_0 etr)surfa thﬁt tkhe dg_ferenttlevels %f ctgntr:jfutgalk
ating conditions is known, acceleration in shaking bioreactors and stirred tan

5) calculate the maximum power consumption fermentors do not influence the level of drop disper-
(P/V)__ in shaking bioreactors with the aid of this sion, an aqueolus/organic two-phase liquid systgm with
calibrn;‘txion function from the corresponding maximum balanced density was developed. The organic dispersed
stable drop diameted , measured for different op- phase consisted of a mixture of four volumetric parts

ax

erating conditions. As a result the/Y),_/(PIV), ra- tquer?edarr:d one p:(:ljrt ca_lrbo? tEtracIIIirl;jle. T?\'S mix-
tios can be calculated. ture had the same density of about 1 kg/l as the aque-

A somehow similar approach has already beenOUS phase. It is shown, though, that for small devia-

: tions from the density balanced situation (dispersed
applied by Takebet al. (1971). They evaluated drop " .
sizes as indicators for what they termed “agitation in- phase densities of 0.93 and 1.2 kg/l respectively) the

tensity.” The authors scaled-up fermentations with adrop diameters_do not differ significantly. The relative
filamentous fungi from shaking flasks to stirred tank amount of the dispersed ph{:\se was 3%. As the pH value
fermentors by keeping the “agitation intensity” con- of the aqueous phase may influence the surface charge
stant. No attempts were made, however, to derive in_of the droplets and therefore the dispersion intensity,
formation about maximum power consumption from the aqueous §o|ut|on was buffered with 40 mM Tris
the drop sizes. buffer (analytical grade, E. Merck, Darmstadt, Ger-
many). The pH was adjusted to a value of 7.5 by add-
ing concentrated hydrochloric acid. To obtain a well

2.1 Bioreactors
Narrow necked 100-, 250-, 500- and 1000-ml Er-

max
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defined coalescence inhibited liquid system 0.5% (w/ 25
v) of a fast surfactant (LEO 30: lauryl ethylene oxide
with 30 repeating ethylene oxide units, BASF AG,
Ludwigshafen, Germany) was added to the continu-
ous aqueous phase. Some experiments were also co
ducted with 0.05% (w/v) LEO 30. The kinematic vis-
cosity of the aqueous phase was 09206 m?/s. The
surface tension between aqueous and organic phase w
0.0047 N/m.
2.3 Measuring devices and data evaluation | , , , , o o
The device for measuring the specific power con- 0 50 100 150 200 250 300 350 400
sumption in shaking flasks is described elsewhere drop diameter [um)
(Blchset al., 2000a). The drop size distributions were _
measured with a Fraunhofer laser diffraction ©'9
spectrometer (Particle Sizer 2600, Miutek-Malvern,
Herrenberg, Germany) with a beam length of 12 mm shaking machine with shaking diameter of 2.5 cm.
and a lens with a focal length of 300 mm (drop size Log-normal distribution (Eq. (2)) was fitted through

measurement range: 5.8-58#). The measuring cell measuring points specifying parametgy , and
was filled with aqueous phase and the measuring back- maximum stable drop diametdr

ground was evaluated. After the shaking bioreactors i
or the stirred tank fermentor were operated for at least

20 minutes to ensure complete dispersion, samples . . .
; X o ! d,. represents the drop size at the turning point of the
were taken with a pipette. A specific amount of sam- _Mod P P gp

ple liquid was added to the measuring cell in order to cumulative volume frequencyi() or at the maximum
. . . . f the volume fr n . As illustr in Fig. 1
obtain a suitable concentration (obscuration of 0.2—0 the volume frequencyh(). As illustrated g- -

0.4), according to the instructions of the manufacturerthe quimum stable drop diameter is defined as .the
01.c tHe Particle Sizer. At least 1200 drops were evalu-drOp diameter at the 99.85% level of the cumulative
ated for one drop size distribution (lasting about 9 Sec_volume frequency (Schubest al, 1977):

onds). It was shown by comparative measurements that

the dispersions were absolutely stable for at least 24 d,, = 10109 e +39) (3)
hours. The cumulative volume frequency was calcu-

lated from:

duoa

+30{c=0122) ——»

me frequehcy [%

B

>

dmax

303.6 ym

1 Example of volume frequency of drop dispersion
generated in 250-ml shaking flask with 25-ml fill-
ing volume at shaking frequency of 300 1/min on

3. Theory of Power Consumption

Several literature sources deal with the ratio of
V. the maximum to specific power consumptidi\() /

i max

(P/V), in stirred tanks (Cutter, 1966; Okamabal.,

j

— 1=1
Ha(d) = -5 ) 1981; Laufhitte and Mersmann, 1985; Wu and
V, Patterson, 1989; Stahl Wernersson and Tragardh, 1998).
=1 The published ratios for standard Rushton turbines vary

between about 30 and 200. In this work tR&Vf _/

The measured drop size distributions always show a(P_/V)Q ratios are calculated according to the relation
bimodal pattern with a high maximum at large drop (Liepeetal, 1988):

sizes and a low maximum at small drop siZg@gure

1 shows an example. The drop size distribution curves  (P/V) ¢, G, _V
for dispersions from shaking bioreactors and stirred (P/V) TG by E'd_g (4)
tank fermentors have a very similar shape in all cases, 2 P 2
indicating a similar dispersion mechanism in both types ) ] ]
of bioreactors. For our purposes, only the high maxi- For our experimental set-up with = 0.1 (according
mum portion of the drop size distribution is evaluated. t0 Liepeetal, 1988),d,=0.07 mV =8.4 ¢, = 3.95,
As this part of the drop size distribution shows a skewedh; = 0-0136 m a ratio oF{V), _/(P/V), = 100 results.
or log-normal distribution, the following equation is A universal equation for the calculation of the

used to describe the volume frequency (Bauer, 1985):”:axig‘gg)‘ power consumption is given by (Liepe
al., :

o d o
_ By
@ 20° (2)

_% ffrehd,)’

P/V

1 [P, (5)
hg(d) = P T
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Fig. 3 Maximum drop diameters in unbaffled 250-ml

Erlenmayer flasks with different filling volumes and

The validity of the assumption of free isotropic
turbulence can be determined from (Liegieal, 1988):

A 5 150..-200 (6)
b
with
A; =040 (7)
3
5 :i/"— (8)
(P/V)ma ! Pc

Where/\, is the macro-scale of turbulence dgds the
Kolmogoroff or micro-scale of turbulence.

The thickness of the turbulent liquid boundary
layer around a rotating disk is given by (Schlichting,
1982):

| v
% =050 s o

(9)

4. Results and Discussion

To examine the specific power consumption in 250
ml Erlenmayer flasks, measurements were performed
at different filling volumes and shaking frequencies.
Figure 2 shows the results of the examinations. It is
noticeable that in shaking flasks a relatively high power
consumption is obtained, which is at least of the same
order of magnitude as the usual values in stirred tanks.
The power consumption increases with higher shak-

shaking frequencies, 2.5-cm shaking diameter, 0.5% iNg frequencies, as expected. With increasing filling

(w/v) LEO 30

500
450
400 -
350 1
300
250 A
200 A
150 A
100 1 g

50

0
230

o 100 mi flask
o 250 ml flask
A 500 mi flask
< 1000 mi flask

a
a

maximum drop diameter (dmax) [pm]

250 270 290 310 330 350 370

shaking frequency (n) [1/min]

Fig. 4 Maximum drop diameters in different unbaffled
Erlenmayer flask sizes with filling volume of one-
tenth of nominal volume, and 2.5-cm shaking di-
ameter

650

volume the power consumption decreases since the
friction surface between glass wall and liquid does not
rise directly proportional with respect to the filling
volume.

Figure 3 shows the maximum drop diameters in
unbaffled 250-ml shaking flasks at various filling vol-
umes and shaking frequencies. The drop diameters
decrease with increasing shaking frequency. The fill-
ing volume obviously has no significant influence on
the dispersion intensity. Experiments with a surfactant
(LEO 30) concentration of 0.05% (w/v) (results not
shown) revealed exactly the same tendency as Fig. 3.
The somewhat larger slope of the curve representing a
shaking frequency of 300 1/min in Fig. 3 is probably
due to measuring inaccuracies. For 300 1/min with a
surfactant concentration of 0.05% (w/v) no decreasing
tendency is observed. The drop break-up occurs in the
boundary layer near the glass wall of the flask. The
speed of the liquid relative to the glass wall is inde-
pendent of the filling volume. Consequently, the fill-
ing volume has no influence on the drop dispersion. In
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Fig. 5 Maximum drop diameters in different types of bioreactors as function of specific power consumption. Filling vol-
ume is always one-tenth of nominal volume. Shaking diameter is 2.5 cm

Fig. 4 the maximum drop diameter is compared for mlflask and the baffled 300-ml flask, and are not shown
different sizes of unbaffled flasks. At the same shak- in Fig. 5, to preserve clearness. The comparison of the
ing frequency, the drops become smaller in larger maximum stable drop diameters measured for the shak-
flasks. The reason for this is again assumed to be theng bioreactors and for a stirred tank fermentor dem-
higher relative speed between liquid and flask wall at onstrates that the organic liquid phase is much better
larger flask diameters. This also agrees with the factdispersed in the last mentioned type of bioreactor. At
that at equal shaking frequencies and relative filling equal specific power consumption, the drops in the
volume ratios the specific power consumption in larger shaking bioreactors are about four to six times larger
flasks is higher than in smaller flasks (Buadtsal, than in a stirred tank fermentor.
2000a). For unbaffled 100-, 250-, 500- and 1000-ml Since the ratioR/V) __/(P/V), is known for our
Erlenmayer flasks, no differences in maximum drop stirred tank fermentor=L00) from Eq. (4), it is now
diameter are found whether the dispersion is producedpossible to establish a calibration functin = f((P/
on a shaking machine with 2.5 or 5 cm shaking diam-V)__) for our specific two-phase liquid system. Accord-
eter (results not shown). This corresponds to the find-ing to our concept, the maximum power consumption
ing that the specific power consumption in these flasksin shaking flasks is derived from the measured maxi-
does not differ significantly at both shaking diameters mum drop diameters with this calibration function. We
mentioned (Bichgt al, 2000a). Also no differences then evaluate the ratios between the maximum and
in maximum drop diameter (results not shown) nor specific power consumption in shaking bioreactors by
specific power consumption (Bucks al, 2000a) are  using the measured specific power consumptiog-
observed for flasks with hydrophilic and hydrophobic ure 6 shows the results of these calculations. T#e (
surface properties of the inner glass walls. The maxi-V) __/(P/V), ratios obtained are generally very small
mum drop diameters for the baffled 300 ml flask (not (the ratios <1 will be discussed below). This general
shown in Fig. 4) lie in a region close to the results of finding is supported by two simplifying theoretical
the unbaffled 1000-ml flask. This indicates that baf- considerations:
fling increases the dispersion intensity relative to The ratio P/V) __/(PIV), can also be regarded as
unbaffled flasks. the ratio between the portion of the liquid volume, into
In Fig. 5, the maximum drop diameters obtained which the power is actually introduced, and the total
from two types of shaking flasks and from the 14-l liquid volume. In case of a stirred tank fermentor the
stirred tank fermentor are depicted as a function of thepower introducing element is the stirrer. In case of a
specific power consumption. In the double logarith- shaking bioreactor, the wetted glass wall has to be re-
mic plot, linear correlations are observed. In the casegarded as the “stirring element.” The first mentioned
of the stirred tank fermentor, an exponent of —0.32 re-volume can roughly be estimated by calculating the
sults. This value agrees very well with the value of thickness of the turbulent liquid boundary layer close
—0.33 given by Liepet al (1988) for the dispersing to the wetted glass wall using Eq. (9). The maximum
conditions used in this examination. The exponents forinner radius of the flasks was used foiThis bound-
the shaking flasks are —0.55 to —0.61. The results forary layer thickness is then multiplied by the contact
the other unbaffled flasks (100, 500 and 1000 ml) arearea between rotating liquid and glass wall. This con-
positioned between the results of the unbaffled 250-tact area can be estimated from photographs or theo-
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Fig. 6 Ratios between maximum and specific power consumption in different shaking bioreactors as function of shaking
frequency. Filling volume is always one-tenth of nominal volume. Shaking diameter is 2.5 cm

retically calculated (Maier and Biichs, 2001). From sumption in shaking bioreactors is much more evenly
these calculationsP(V)__/(P/V), ratios between 1.4 distributed than in stirred tanks. These general results
and 2 result for the unbaffled flasks and the operatingare not really surprising. A comparison of the relative
conditions shown in Fig. 6. size of the power introducing devices of the two
Using Eq. (5), P/V),,,, is calculated and divided bioreactors considered is very helpful. In case of the
by the specific power consumption measured in shak-stirred tank fermentor a relatively small stirrer agitates
ing flasks. The maximum inner flask diameter was usedin a relatively bulky tank, leading to high power con-
for d, and the maximum height of the rotating liquid sumption in the region adjacent to the stirrer and only
(from photographs or theoretical calculations, Maier low levels of power consumption in areas distant to
and Bichs, 2001), which actually has to be regardedthe stirrer. In case of shaking bioreactors a rather large

as the “stirrer height”, foh . With ¢, = 0.1, P/V),__/ flask wall area relative to the total filling volume in-
(P/V), ratios between 3 and 7 are obtained. troduces the energy, leading to the homogeneous dis-

It is interesting to note that under some specific tribution of power consumption which we have actu-
operating conditions of shaking bioreactoRR\()__/ ally found.

(P/V),ratios < 1 are also obtained in our measurements Our findings also correspond with the general
(Fig. 6). This result is physically not reasonable, of well-established experience of microbiologists that
course. These conflicting findings are probably due tofilamentous microorganisms tend to form significantly
non-isotropic turbulent conditions in shaking bioreac- larger pellets in shaking flasks than in stirred tank
tors, which were the basis of our concept of measure-fermentors. As we have shown, this is not due to dif-
ment. According to Eq. (6) a prerequisite for isotropic ferent levels of specific power consumption but a re-
turbulence is a ratio of the macro-scalg)(to the sult of significantly different levels of maximum power
micro-scale k) of turbulence of >200. This is not al- consumption, i.e. hydromechanical stress. We regard
ways fulfilled especially in small shaking bioreactors this difference as being too large to scale-up a
(smallh,), questioning the applicability of our concept bioprocess from shaking bioreactors to stirred tank
of measurement for these cases. But as a consequencirmentors by using the criteria of a constant level of
non fully isotropic turbulent conditions will lead to maximum power consumption. Takebéal (1971),
even lower levels of hydromechanical stress, which is neither with baffled nor with unbaffled shaking flasks,
the finally decisive parameter for a bioprocess. were able to raise the “agitation intensity” to the opti-

mum level of their specific process. This is a very im-
Conclusion portant general conclusion for future bioprocess de-
velopment.

Generally, the values of th@/V)__/(P/V) ratios
in shaking flasks of 1 to 7, measured by evaluating Nomenclature
drop sizes, agree reasonably well with the results ofC%
two different theoretical considerations. The ratios in ¢ ,

. . .d drop diameter [m]
shaking bioreactors are at least one order of magm'd2 stirrer diameter or maximum inner flask diameter
tude smaller than in standard stirred tank fermentors. [m]
The only possible conclusion is that the power con-d_,, maximum stable drop diameter [m]

dissipation parameter [—]
power number [—]
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o
1

drop size at the turning point of the cumulative
volume frequency, [m]
cumulative volume frequency [—]

Mod

T
1

hl3 = stirrer height or maximum liquid height [m]
h, = volume frequency [—]
Iy = micro-scale of turbulence [m]
n = shaking frequency [1/min]
(PIV) = maximum power consumption [Whn
(PIV), = specific power consumption [WAN

r = disk radius or inner flask radius [m]
Y, = filling volume [m]

Vv, = drop volume [

9, = thickness of turbulent liquid boundary layer [m]
v = kinematic viscosity [rA's]

oA = density of the continuous phase [ka/l]
g = standard deviation [—]
A = macro-scale of turbulence [m]

f

Literature Cited

Bauer, R.; Untersuchungen zur Dispergierung in Flussig-Flussig

Davies, J. T.; “A Physical Interpretation of Drop Sizes in
Homogenizers and Agitated Tanks, Including the Dispersion of
Viscous Qils,”"Chem. Eng. Sgi42, 1671-1676 (1987)

Laufhitte, H. D. and A. Mersmann; “Dissipation of Power in Stirred
Vessels,” 5th Europ. Conf. on Mixing, p. 331-340, Wirzburg,
Germany (1985)

Liepe, F., W. Meusel, H. O. Mdckel, B. Platzer and N. Wei3gréaber;
Verfahrenstechnische Berechlnungsmethoden, Teil 4:
Stoffvereinigen in Fluiden Phasen, VCH Publishers, Weinheim,
Germany (1988)

Maier, U. and J. Buchs; “Characterisation of the Gas-Liquid Mass
Transfer in Shaking BioreactorsBiochem. Eng..J7, 99-106
(2001)

Okamoto, Y., M. Nishikawa and K. Hashimoto; “Energy Dissipa-
tion Rate Distribution in Mixing Vessels and Its Effects on Lig-
uid-Liquid Dispersion and Solid-Liquid Mass Transfent.
Chem. Engng 21, 88-94 (1981)

Schlichting, H.; Grenzschicht-Theorie, Verlag G. Braun, Karlsruhe,
Germany (1982)

Schubert, H., E. Heidenreich, F. Liepe and T. NeeRe; Mechanische
Verfahrenstechnik, VEB-Verlag, Germany (1977)

Systemen, Ph.D. Thesis, Engineering School of Kothen, Ger- Stahl Wernersson, E. and C. Tragardh; “Scaling of Turbulence Char-

many (1985)
Blchs, J., U. Maier, C. Milbradt and B. Zoels; “Power Consump-

acteristics in a Turbine-Agitated Tank in Relation to Agitation
Rate,”Chem. Eng. .J 70, 37—45 (1998)

tion in Shaking Flasks on Rotary Shaking Machines, I: Power Takebe, H., J. Takahashi and K. Ueda; “Enlargement of the Culture

Consumption Measurement in Unbaffled Flasks at Low Liquid
Viscosity,” Biotechnol. Bioeng 68, 589-593 (2000a)

Bichs J., U. Maier, C. Milbradt and B. Zoels; “Power Consump-
tion in Shaking Flasks on Rotary Shaking Machines, II: Non-
Dimensional Description of the Specific Power Consumption
and Flow-Regimes in Unbaffled Flasks at Elevated Liquid Vis-
cosity,” Biotechnol. Bioeng 68, 594-601 (2000b)

Cutter, L. A.; “Flow and Turbulence in a Stirred TanRJChE. J,

12, 35-45 (1966)

VOL. 34 NO. 5 2001

Scale from Flask to Jar Fermenter in the Production of Ribonu-
clease N by Neurospora crassaEffect of Agitation Intensity
on Enzyme Production,J. Ferment. Techngl47, 989-996
(1971)

Wu, H. and G. K. Patterson; “Laser-Doppler Measurements of Tur-
bulent-Flow Parameters in a Stirred Mixe€hem. Eng. Sci
44, 2207-2221 (1989)

653



