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A. FACTORS INFLUENCING AERATION EFFICIENCY

Aeration is essential for the growth ofmany micro-organisms of scientific
and industrial interest and for the production of certain of their metabolites.
An efficient aeration technique is therefore one of the fundamental require-
ments of fermentation technology. Although many aeration devices have
been described and are in use, they have been designed mainly on an
empirical basis and few data have been published which would allow of
the quantitative evaluation of their respective efficiencies.

Efficient aeration depends upon bringing the liquid into intimate contact
with the largest obtainable surface of air. Oxygen would obviously be
much more efficacious than air, but is too expensive for most industrial
purposes. In order to bring the liquid into intimate contact with air it is
customary to introduce the air into the liquid by means of a sparger, the
function of which is supposed to be-but is not always-a preliminary
dispersion of the air stream into fine bubbles. Concurrently, the liquid is
mechanically agitated. This causes a further division of the air-bubbles
into still finer bubbles, and mixes them efficiently with all parts of the
liquid, thus facilitating the diffusion of oxygen and prolonging the phase
during which the air and liquid are in contact. In this type of aeration
power is consumed for (a) the production of air (the larger part of which
frequently passes through the liquid without being utilized), and (b) the
mechanical agitation of the liquid.

Clearly the most efficient aeration device is that which provides maximal
aeration for the minimal power consumption. The purpose of the present
study was to compare on a quantitative basis the efficiency (i.e., oxygen
uptake per power absorbed per unit volume and time) of different aeration
systems. This investigation was of special interest in view of certain
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74 E. B. CHAIN AND OTHERS

observations made by the authors which had led to the development of a
novel aeration device, and to the necessity for comparing its efficiency
with that of standard systems.

Methods and Results

System used for oxygen absorption
For comparative aeration studies, the oxidation of sulfite ions to sulfate

ions in aqueous solution under the catalytic action of copper ions was
chosen as a means of assessing the degree of aeration. The system, first
introduced by Cooper, Fernstrom & Miller,' is convenient because

(1) the rate of reaction between dissolved oxygen and sulfite is very
rapid in the presence of copper, so that there is no appreciable back pressure

FIG. 1. APPARATUS FOR MEASUREMENT OF OXYGEN UPTAKE - I
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FIG. 2. APPARATUS FOR MEASUREMENT OF OXYGEN UPTAKE - 11

of oxygen and the limiting factor of the reaction velocity is the rate of
diffusion of oxygen from the gas phase into the liquid, i.e., one of the
factors determining the aeration efficiency, and

(2) the rate of reaction is, within wide limits (0.1-1 normal), independent
of the concentration of sulfite ions. The sulfite solution used was 0.5 N
to which copper sulfate was added to give a final concentration of
1/10,000 M CuS04,5H20.

The oxygen uptake was measured by following the disappearance of
sulfite ions by iodometric titration. During the period of one hour, after
time-intervals of 15 to 30 minutes depending on the degree of aeration,
2-ml samples of the sulfite solution were pipetted into 3 ml of 0.5 N
iodine solution and the excess iodine was titrated with 0.5 N thiosulfate.
All measurements were made in duplicate or triplicate. Reproducible
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results were obtained irrespective of whether or not the pipettes were rinsed
with nitrogen before the samples were taken. The rate of disappearance
of the sulfite ions remained constant for a period- of 1 to 1.5 hours; after
this the rate began to increase for reasons not properly understood. The
titration results for the absorption of oxygen were confirmed by manometric
measurements in Warburg flasks and good agreement was obtained. All
measurements were made in a cylindrical glass vessel (fig. 1 and 2) with
a total capacity of 10 litres and a working volume of 6 litres to give the ratio

height of liquid 1: 1
diameter of vessel

In some of the experiments baffle-plates were used. These were four
metal strips, 23 cm long and 1.5 cm wide, uniformly spaced in the reaction
vessel.

Measurement of power absorption

The power absorption for the mechanical agitation of the liquid was
measured by the conventional dynamometric methods. For power absorp-
tion of the order of magnitude of 0.6-6 watts, that is 0.1-1 watt per litre
of solution, the dynamometer illustrated in fig. 1 was used. A small motor
driving the stirrer was mounted on a ball-race allowing the motor to rotate
freely. A sector of a disc with a known diameter was rigidly fixed to the
motor-housing. It was connected by a thread to a load which could be
increased to a point just sufficient to prevent the motor from rotating. This
load was weighed on a balance and is in direct proportion to the work done
by the rotating system. A blank value for the power absorbed by the
motor rotating in air was obtained and deducted from the experimental
values. By a simple calculation the weights can be converted into any
suitable units of work. The authors have expressed the results in watt-hours
per%re of solution.

For power absorption of the order of magnitude of 5-40 watts, i.e.,
0.83-6.7 watts per litre, the dynamometer illustrated in fig. 2 was used.
This was similar to the apparatus used by Cooper, Fernstrom & Miller.'

In this case the motor was fixed and the vessel freely rotating. The force
necessary to counterbalance the rotation of the vessel was again measured
by weights.

Comparison ofefficiencies ofair spargers with and without mechanical agitation

The form of air spargers in practical use varies considerably; they may
be of circular, rectangular, or spiral shape, with holes of varying numbers
(from one to several hundred) and dimensions, and placed in different
positions (sometimes on the upper surface, sometimes on the lower surface)
on the spargers.
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Spargers of porous material, such as porous stone, carborundum,
stainless steel, or brass, are also employed. In the experiments reported
here, the aeration efficiency of different spargers with different air flows
(measured by rotameters a) was first studied without agitation of the liquid.

FIG. 3. TYPES OF AIR SPARGERS USED
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The spargers used (see fig. 3) were (1) circular spargers of two diameter
dimensions, one slightly smaller than the diameter of the reaction vessel
and the other about one-third of the diameter of the reaction vessel; (2) a
sparger with a single orifice of 1-mm diameter; and (3) a cylindrical sparger
of porous stone. As shown in table I, aeration with the circular and single-
orifice spargers was, poor in the absence of mechanical agitation, even
with high air flows (1 volume of air per volume of liquid per minute).
The aeration given by the smaller sparger was better than that given by
the larger sparger, while the aeration given by the single-orifice sparger
was better than that of the smaller ring sparger containing 27 or 90 holes,
probably owing to the higher air velocity at the single orifice. It should
be noted that in ring spargers the air is expelled only through some of
the holes and not equally through all of them. The aeration by means of
the porous-stone sparger, in which the air was divided into a large number
of very small bubbles, proved to be the most efficient. With the porous-stone
sparger about the same aeration was obtained with an air flow of 0.2 volume
of air per volume of liquid per minute as was obtained with the single-
orifice sparger using five times as much air, i.e., 1 volume per volume of

a Manufactured by Fisher & Porter, Hatboro, Pa., USA
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TABLE I. SPARGER AERATION WITHOUT STIRRING

Type of sparger *

Air pru-tnthroughput small ring small ring large ring porous-stone
(volume of air sinple- (45-mm (45-mm (130-mm cyli-mm
per minute oriIce diameter diameter diameter (18-mm

per volume of with 27 holes) with 90 holes) with 76 holes) diameter)solution)dimtr
oxygen absorbed (ml per 100 ml of solution per hour)

1.0 24 13 13 5 40

0.2 0 - - -21

* Spargers mounted centrally 50 mm from bottom of reaction vessel; sparger holes, 1-mm
diameter

liquid per minute. When equal volumes of air per volume of liquid per
minute were passed through the porous-stone sparger, the aeration obtained
was double that obtained with the single-orifice sparger using the same
amount of air.

Mechanical agitation in the presence of baffle-plates greatly increased
the efficiency of the sparger aeration (see table II). There was no significant
difference between the efficiency of the smaller ring sparger with 27 or
90 holes and the single-orifice sparger, so that the number of holes, within
the limits of 1 to 90, does not seem to have a very important influence on
the extent of aeration. There was, however, a pronounced difference
between the aeration efficiencies of the smaller and larger ring spargers.
The larger sparger was much less efficient for the reason that most of the
air coming out from its holes passed through the liquid along the walls of

TABLE II. SPARGER AERATION WITH STIRRING * IN FULLY BAFFLED SYSTEM

Type of sparger **

Air throaghput small ring small ring large ring
(volume of air single- (45-mm (45-mm (130-mm
per minute orifice diameter diameter diameter

solution) with 27 holes) with 90 holes) with 76 holes)

oxygen absorbed (ml per 100 ml of solution per hour)

1.0 64 58 58 23

0.2 20 24 - 9

* Speed of stirring, 500 r.p.m.; disc turbine, total diameter 55 mm, disc diameter
37 mm, 8 vertical blades 14 mm long, 15 mm high (see fig. 5)

** Spargers mounted centrally 50 mm from bottom of vessel ; sparger holes,
1-mm diameter
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the reaction vessel without being subjected to the dispersing action of the
mechanical agitation. It follows from these experiments that if a ring
sparger is to be used for aeration in a fully baffled and agitated fermenter,
it is important that its diameter should be about the same as that of the
propeller. Frequently ring spargers of too large a diameter are used in
fermenters. In one case the authors found it possible almost to double
the aeration in a 200-litre fermenter by doing nothing else but reduce the
diameter of the sparger of this fermenter (which was about the same as
the diameter of the fermenter) to that of the propeller.

FIR. 4. COMPARISON OF AERATION GIVEN WITH DIFFERENT PROPELLER *
SPEEDS BY POROUS-STONE AND SINGLE-ORIFICE SPARGERS

320 - Single-orifice 1 mm diam.
.*"---- Porous-stone cylinder

280 C Without stirring
cx A Propeller speed 500 rp.m.
°~240 0 Propeller speed 900 r.p.m.
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0 ~~~ ~ ~ ~~~~~~.CZ 80-

0 0,2 04 0.6 0.8 1.0
Vol. of air per minute

Vol. of so/n
* For type of propeller, see table 11 and fig. 5

There is, however, no particular advantage in using for fermentation
tanks ring spargers in preference to single-orifice spargers. Ring spargers
have the disadvantage that they frequently become blocked by mycelium
developing inside the tubes during the fermentation. This is less likely to
occur in single-orifice spargers because of the higher velocity of the air flow.

The porous sparger also always gave superior aeration to the single-
orifice or ring spargers in the mechanically agitated, fully baffled system
(fig. 4). Thus, with a relatively low air flow (0.2 volume per volume of
liquid per minute) and moderate speed of agitation (about 500 revolutions
per minute (r.p.m.), consuming 0.4 watt per litre), the porous-stone sparger
gave about three times the amount of aeration achieved with the single-
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orifice sparger. With higher propeller speeds, the difference became less
pronounced.

However, in practice, the porous spargers have the same disadvantage
as the ring spargers in that they become blocked by growing mycelium;
they are, moreover, difficult to clean.

Aeration and power consumption with single-orifice sparger in fully baffled
system

At present the most commonly used system of aeration in fermentation
technology is the introduction of air through a sparger into a mechanically
agitated liquid in the presence of baffle-plates. The authors have determined
the degree of aeration achieved as a function of the power consumed by
the mechanical agitation with propellers of varying diameters. The propel-
lers used were of the turbine type with eight blades; they were found to be
the most effective. In all experiments aeration was effected by means of a
single-orifice sparger, placed centrally below the propeller.

It is well known (e.g., Rushton 3) that in a fully baffled system the power
absorption by the rotating propeller increases exponentially with the number
of revolutions and the diameter of the propeller blades, according to the
formula

P = Kp N2-3D3-5
where

K = constant
p = density
N = number of r.p.m.
D = diameter of propeller blade (mm)

The authors found that the absorption of oxygen by the sulfite solution
also followed an exponential function in relation to the number of revolu-
tions of the propeller blades. When the values for oxygen absorption were
plotted against the power consumption (fig. 5) an approximately linear
relationship became apparent for propellers of the two larger diameter
sizes (i.e., of 75 mm and 90 mm) for air velocities of 1 volume and 0.5 volume
of air per volume of liquid per minute over nearly the whole range of
oxygen absorption tested. For the smallest propeller, of 55-mm diameter,
linearity was approached when the air velocity was an equal volume of
air per volume of liquid per minute. For the propellers of intermediate
size, approximate linearity was found for all air velocities over a wide
range of oxygen uptake, i.e., the zone of practical interest (50-200 ml per
100 ml of liquid per hour); there was a slight flattening of the curve in
the regions of the highest oxygen absorption (200-300 ml per 100 ml of
liquid per hour).

These results indicate that, for propellers above a certain diameter size,
all the energy put into the system for mechanical agitation is utilized for
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aeration in direct proportion to the degree of turbulence created. For
propellers below a certain diameter, direct proportionality between power
input and aeration is obtained only up to a point corresponding to a
relatively low degree of turbulence which is produced in a limited central
zone of the reaction vessel within the sphere of influence of the rotating
propeller, and not uniformly throughout the liquid. An increase of the
power input above this point does not lead to a corresponding increase of
general turbulence and hence is wasted as far as aeration is concerned.

In the creation of turbulence in a liquid, the effect of the baffle-plates
is of paramount importance. The contribution to aeration efficiency
arising from the shearing action of the turbulent liquid on the air-bubbles
becomes evident if the oxygen uptake is measured after removal of the
baffle-plates. When this is done at stirrer speeds exceeding a certain value
(depending on the propeller diameter) a vortex develops. Under these
circumstances special conditions of aeration prevail which will be discussed
in detail later. To study the effect of baffle-plates on aeration it is necessary
to reduce the stirrer speed to velocities at which no vortex develops. The

FIG. 5. RELATIONSHIP BETWEEN OXYGEN ABSORBED AND POWER CONSUMED
IN FULLY BAFFLED SYSTEM WITH PROPELLERS OF DIFFERENT DIAMETERS
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TABLE 111. COMPARISON BETWEEN SPARGER AERATION * IN FULLY BAFFLED
AND UNBAFFLED SYSTEMS AT MODERATE PROPELLER SPEEDS

Air throughput with
baffles

(volume of air per minute
per volume of solution)

Air throughput without
baffles

(volume of air per minute
per volume of solution)

0 0.5 1.0 0 0.5 1.0

oxygen absorbed (ml per 100 ml of solution per hour)

55 0 1 2

0
9

27

36
ill

-

61
133

60

p- 37 61

- 50 70

23

6

15

17
52

15

12

24
62

12

6

24

* Sparger with single orifice, 1 mm in diameter, mounted centrally 50 mm from bottom
of vessel

results of experiments conducted under these conditions are illustrated in
table III. It is evident that the aeration is less in the absence of baffle-plates.
The power consumption is, of course, also reduced.

TABLE IV. EFFECT ON SPARGER * AERATION OF VARYING THE
NUMBER OF PROPELLERS ** ON ONE SHAFT IN FULLY BAFFLED

SYSTEM

Air throughput
(volume of air
per minute per

volume of solution)

0.2

0.5

1.0

0.2

0.5

1.0

0.2

0.5

1.0

Number of Oxygen absorbed
propellers (ml per 100 ml of

solution per hour)

1 60

72

105

2 66

72

105

3 80

92

105

Power consumed
(watt-hours
per litre)

1

1.5

1.5
1.5

1.62

1.62

1.62

* Sparger with single orifice, 1 mm in diameter, mounted centrally 30 mm
from bottom of vessel

** Disc turbine, 55-mm diameter, with 8 vertical blades; speed 775 r.p.m.

It is frequently the custom in the fermentation industry to use stirrers
with several propellers placed on the axis at varying heights. The authors
have investigated the effect of such systems on aeration efficiency, comparing

Disc
turbine
propeller
diameter
(mm)

55

65

75

90

Propeller
speed
(r.p.m.)

550
710

400
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aeration and power consumption with one, two, and three propellers on
the axis respectively. The results are shown in table IV. With an agitation
speed of 775 r.p.m., and an air flow of equal volumes of air per volumes
of liquid per minute, there was no effect on the aeration by increasing the
number of propellers (diameter, 55 mm) from one to three while the power
consumption increased about 50% using two propellers instead of one and
showed a further smaller increase of about 10% after the addition of the
third propeller. This shows that mere augmentation of the number of
propellers on the shaft of the stirrer does not produce increased turbulence.

B. AERATION BY FREE AGITATION (VORTEX SYSTEM)

When a propeller rotates in a liquid in a frictionless container, i.e., in
the absence of baffle-plates, a vortex forms and the liquid rotates at a con-
stant angular speed which, near the propeller blades, approaches that of the
propeller speed and decreases towards the walls of the container. Under
ideal conditions, i.e., in the absence of any friction, once the momentum
has been gained, no further energy would be required to keep the fluid in
motion except that necessary to maintain the vortex against the static
head of the liquid. These conditions are the most unfavourable for mixing,
and suspended matter would, in fact, settle out in the course of time.
The avoidance of the formation of a vortex is one of the fundamental prin-
ciples for efficient mixing. However, with regard to aeration the conditions
are different. The authors have observed that at the apex of a vortex
dispersion of air into very fine bubbles takes place, and decided to study
quantitatively the degree of aeration achieved under these conditions.
As a result of these studies it has been found that the vortex system of
aeration represents an efficient and economic method of aeration which
possesses a number of advantages over the normally used baffled system.

Results of Measurement of Vortex Aeration

Vortex aerationi as function of propeller velocity

Fig. 6 represents the oxygen uptake as a function of the number of
revolutions for propellers of two types (turbine with four blades inclined
at 450, and disc turbine with four vertical blades inclined at 900) and various
diameters, in the absence of baffle-plates. In all cases there exists a relation-
ship approaching linearity over the range of propeller speeds tested.

Relation between power absorption and number of revolutions

In contradistinction to the fully baffled system (where the power absorbed
increases exponentially with the number of revolutions) the relationship
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FIG. 6. VORTEX AERATION WITH DIFFERENT PROPELLERS
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between power absorption and number of revolutions of the propeller in
the vortex system also approaches linearity over the range of stirrer speeds
of practical interest for aeration purposes, i.e., about 1,000-2,000 r.p.m.
(fig. 7).

It follows that the relationship between oxygen uptake and power
consumption must also be linear, and all experiments represented in the
following figures show that this is, in fact, the case over the range of propeller
velocities of practical interest. With high propeller velocities, the propeller
rotates in air and thus cannot contribute to the injection of air into the
liquid.

Effect of position of propeller on aeration

It has been found that the aeration obtained when the propeller rotated
at a height about half that of the liquid head was about the same as that
-obtained when it rotated near the bottom of the vessel (fig. 8), and the
power consumption was, of course, less (fig. 9). Consequently all subsequent
experiments were made with the propeller rotating at half the liquid height.
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FIG. 7. VORTEX AERATION: DEPENDENCE OF POWER CONSUMPTION
ON PROPELLER SPEED
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Effect on aeration of inclination, height, number, and length ofpropeller blades

The effect of four variables of the propeller construction on aeration
efficiency was studied, i.e., inclination, height, number, and length of the
propeller blades.

Comparison between propellers with blades inclined at 450 and a
turbine type with blades of 900 inclination showed that, on the whole, the
latter gave the better performance (fig. 10).

The height of the blades had little influence on the efficiency of aeration.
As shown in fig. 11, there was little difference in the aeration efficiency when
the height of the propeller blades was doubled (from 6 to -' of the
liquid height), although the higher blade gave slightly better results.

The optimal number of propeller blades was 8; increasing this number
to 16 had no effect on either aeration or power consumption. This means
that the additional 8 blades had no influence on the degree of turbulence
created (fig. 12).
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The optimal diameter of the propeller was found to be about one-third
that of the total diameter of the vessel. For propeller diameters larger
or smaller than the optimal size, the power consumption for a given degree
of aeration was higher (fig. 13).

FIG. 8. VORTEX AERATION: EFFECT OF PROPELLER HEIGHT ON AERATION
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Advantages of Vortex System over Sparger System

Oxygen uptake

Fig. 14 represents a diagram showing the relative efficiencies of the baffled
and vortex systems of aeration for different degrees of oxygen uptake. With
both systems any degree of aeration desired can be obtained. It is evident
that for low oxygen-uptake values there is not much difference in the power
consumption between the standard baffled system (with equal volumes
of air per volumes of liquid per minute passed through the sparger) and the
vortex system, apart, of course, from the economy on air consumption
by the vortex system. In fact the standard system appears to be slightly
more efficacious. For higher oxygen-uptake values, however, a considerable
economy in power consumption is achieved by the use of the vortex system
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of aeration. The explanation for this becomes apparent from a consideration
of the mechanism of aeration by the two systems. With the vortex system,
finely divided air is injected into the liquid in one zone only, i.e., near the
apex of the vortex where the fast-rotating propeller blades create a zone
of considerable turbulence. In time, all parts of the liquid pass over the
propeller blades and thus get into the zone of turbulence and aeration.
Once the oxygen has entered the liquid, it is distributed throughout by
diffusion, and for efficient diffusion of the small oxygen molecule very
little energy for mixing is required. The propeller blades function as an
air-pump, the capacity of which is directly proportional to their rotational
speed. In the fully baffled system a considerable amount of energy is wasted
for the establishment of optimal conditions for efficient mixing which, in
fact, is not necessary for efficient aeration.

Foam formation
Apart from the economy in air and power consumption, the vortex

system of aeration has a considerable advantage over the sparger system

FIG. 9. VORTEX AERATION: EFFECT OF PROPELLER HEIGHT ON POWER
CONSUMPTION
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with regard to a very important and troublesome side-effect of aeration,
i.e., the formation of foam. Foam formation occurs always to a smaller
or larger degree when liquids containing biological material are aerated
by the sparger system. The finer the dispersion of air (i.e., the greater the
efficiency of the aeration), the more troublesome becomes the problem of
foam formation, and in some cases it is the limiting factor in aerating

FIG. 10. VORTEX AERATION: RELATIONSHIP BETWEEN OXYGEN ABSORBED
AND POWER CONSUMED
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efficiency. Foam formation can be counteracted by mechanical foam-
breaking devices or by the addition of antifoam agents, but the former are
not very efficient and the latter often have undesirable side-effects on the
course of the biological reactions under study.

With the vortex system of aeration, excessive foam formation presents
no problem, even in the presence of considerable amounts of foam-genera-
ting substances. It was found that considerable foam formation occurred
even when small amounts of air were passed by means of a ring sparger
through a liquid containing up to 2.4% of corn-steep solids. This foam
was immediately destroyed by the vortex system.
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During these studies an interesting effect of foam formation on aeration
was observed. When the oxidation of sulfite was studied in the presence of
mould mycelium and corn-steep liquor, it was noticed that, while the
oxygen uptake was normal at the beginning, it soon fell to very low levels
after 15-30 minutes of agitation. At this time foam formation had taken
place, as was evident from the rising of the liquid level. Microscopic examina-

FIG. 11. VORTEX AERATION: EFFECT OF HEIGHT OF PROPELLER BLADES
ON AERATION
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tion of the liquid revealed the presence of a stable emulsion between the
hyphae and gas bubbles which had an average diameter of about 30,u. When
a few ml of the liquid were placed in Warburg vessels and the oxygen
uptake measured manometrically after the disappearance of the foam, it
was found that the oxygen uptake had the normal expected value. From
this it was concluded that the cessation of the aeration with the vortex
system after 15-30 minutes' agitation was due to the prevention of an
adequate diffusion of oxygen into the sulfite solution as the result of the
stable emulsion which had formed between the hyphae, culture fluid, and
nitrogen bubbles. In fact, the addition of a small amount of antifoam
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FIG. 12. VORTEX AERATION: EFFECT OF NUMBER OF PROPELLER BLADES
ON AERATION
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reagent immediately caused dispersion of the foam and return of both
liquid level and aeration to their normal values (table V). This finding has
to be borne in mind in the interpretation of the effect of antifoam reagent

TABLE V. VORTEX AERATION: EFFECT OF FOAM FORMATION
AND ADDITION OF ANTIFOAM AGENT ON AERATION

Time after Oxygen absorbed Lid hehtbeginning experiment (ml per 100 ml of solution iqui eig
(minutes) per hour) (cm

30 20 20

60 0 25

Antifoam added (1 ml of octodecanol in lard oil)
90 28 20

The aerated suspension consisted of filtered culture medium (2% corn-steep-
liquor solids, 3% lactose) in which Penicillium chrysogenum Q 176 had grown
for 72 hours and to which was added 1% (dry weight) of mycelium, 3% sodium
sulfite, and 0.01 % copper sulfate.
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FIG. 13. VORTEX AERATION: EFFECT OF PROPELLER DIAMETER ON AERATION
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on the course of fermentations. The antifoam
mechanical effect of foam breaking, but also
efficiency.

agent has not only the
influences the aeration

The " Spargerless " Fermenter

On the basis of the above observations on the vortex system of aeration,
a novel " spargerless " fermenter has been constructed and is diagrammatically
represented in fig. 15. This fermenter is connected with the air compressor

through an air filter through a port-hole in the fermenter top. Only a small
amount of air or no air at all is passed over the surface of the liquid. Aera-
tion can be regulated to any degree desired by choosing an appropriate
diameter size and rotational speed of the propeller which is placed at half
the height of the liquid level. Small amounts of antifoam reagent may be
added when the rise of the liquid level indicates the formation of too much
foam, but the authors have carried out many successful fermentations
without the addition of any antifoam reagent.
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The fermenter has been used successfully for penicillin fermentations.
The biochemical and mycological results obtained during these fermentations
will form the subject of another communication. The requirements of
oxygen supply vary during the different stages of the fermentation. The
penicillin yields obtained were above 1,000 units/ml.

FIG. 14. COMPARISON OF VORTEX AERATION AND AERATION IN FULLY BAFFLED
SYSTEM
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The new " spargerless" fermenter has been used successfully for the
growth of Escherichia coli; a population density of over 6,000 million
organisms per ml was reached without difficulty in 18 hours with the
smallest propeller blade used.
A novel type of fermenter, known as the Waldhof type (described by

Saeman and his co-workers 2 4) was developed in Germany during the second
World War mainly for the manufacture of yeast. It is diagrammatically
illustrated in fig. 16. Aeration is effected through an air sparger located
at the bottom of the fermenter. The agitator has a very large diameter
(two-thirds of the diameter of the fermenter) and four curved blades.
It rotates at about 500 r.p.m. A draught-tube is inserted centrally over
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the agitator. When the agitator is set in motion it produces a depression
in the draught-tube. The meniscus of the liquid falls inside the draught-tube
and rises in the fermenter above the top of the draught-tube so that some
of the liquid spills over. Thus a circulation of the liquid is set up which is
claimed to increase the aeration. It is further claimed that this system is

FIG. 15. VORTEX AERATION: SCHEMATIC DIAGRAM OF " SPARGERLESS "
FERMENTER

particularly effective for the prevention of excessive foaming, the foam
being broken when the liquid spills over the edge of the draught-tube
back onto the agitator.

The authors investigated the aeration power of the Waldhof system and
it soon became evident that what they were dealing with was the vortex
system of aeration, only rendered less efficient by the insertion of the
draught-tube and the presence of an air sparger. Table VI shows that most
of the aeration was effected through the vortex, and that the sparger con-
tributed only a relatively small amount, even when the air flow through
the sparger was high (1 volume of air per volume of liquid per minute).
The sparger, -far from being useful, had actually a deleterious effect by
producing very considerable foam formation which rendered the draught-
tube useless without the addition of antifoam. Only when the liquid level
was reduced to about one-third of the height of the fermenter did the
foam-breaking action of the draught-tube become effective, and then only
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for a limited time. The power consumption was high (about 1 watt per

litre), as could be expected from the large size of the propeller diameter;
the same aeration could be achieved by a much smaller propeller at about
half-the cost of energy. Thus, the aeration method used in the Waldhof
fermenter had no advantage over the vortex system of aeration and few,
if any, advantages over the standard sparger system.

FIG. 16. SCHEMATIC DIAGRAM OF WALDHOF SYSTEM
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TABLE VI. AERATION IN THE WALDHOF SYSTEM

Propeller Air throughput Oxygen absorbed Power consumed
speed (Volume of air per of (watt-hours
(r.p.m.) minute per volume of (mlutoper100umlofewattihoursolution)souinprhu) prlte

550

550

0

1.0

In conclusion, the advantages of the vortex system of aeration over the
standard air-sparger system of aeration may be summed up as follows

(1) Economy in power consumption. The power absorption is much
smaller for high oxygen uptakes.

(2) Economy in air consumption. The amount of air necessary to
produce a given degree of aeration is much smaller than that required by

126 1 .1

94

I "I ;I
I

I
110

a,

I _j 1,

-ID

100

126

1.1

1.1



STUDIES ON AERATION - I

the sparger system, little being wasted by passing unutilized through the
liquid. With the sparger system, this waste amounts often to over 95 %.
Another advantage resulting from the economy in air consumption is that
the amount of evaporation of the culture medium during the fermentation
is small in the vortex system while it may assume considerable proportions
in both the standard and the Waldhof system without adequate humidifica-
tion of the air.

(3) Simplicity of construction, because of the absence of the air sparger
and baffle-plates.

(4) Absence of interference from foam formation. The foam problem
presents no difficulties, even with high rates of aeration and solutions with
a strong tendency to foam.

SUMMARY RIESUMI!

The relative efficiency of different aera-
tion devices has been studied quantitatively.
The rate of oxygen absorption was mea-
sured by following iodometrically the oxi-
dation of sodium sulfite to sodium sulfate
in the presence of copper ions; the power
absorption of the mechanical agitation was
measured dynamometrically.
Comparing the relative efficiencies of

different air spargers in the absence of
agitation, a sparger of porous material was
found to be twice as efficient as a ring
sparger with 90 holes with all the velocities
of air flow tested (0.2 to 1 volume of air
per volume of liquid per minute). No
significant difference in the rate of aeration
was observed between a sparger with one
orifice and a ring sparger with 90 holes.

Agitation considerably increased the
rate of aeration. The porous sparger was
always more efficient than the ring spargers;
with the lowest agitation speed tested
(500 revolutions per minute), it was three
times as efficient, while with higher agita-
tion speeds the difference became less
pronounced, but was still significant. There
was no difference between the rate of
aeration caused by a single-orifice sparger
and a ring sparger with 90 holes of a
diameter size approximating to that of the
propeller. A ring sparger with a larger
diameter than that of the propeller gave
much less aeration because much of the air

L'efficacite de divers systemes d'aeration
a e etudiee quantitativement et comparee.
On a mesure le taux d'absorption de l'oxy-
gene par iodometrie, en suivant l'oxydation
du sulfite de sodium en sulfate, en presence
d'ions cuivre. La consommation d'energie
par agitation mecanique a e evaluee au
moyen d'un dynamometre.
Des essais comparatifs de divers appa-

reils d'aeration sans agitation ont montre
qu'un appareil construit en matiere po-
reuse etait deux fois plus efficace qu'un
appareil annulaire, perce de 90 trous,
quelle que soit la vitesse du courant d'air
(0,2 a 1 volume d'air par volume de liquide
et par minute). Aucune difference significa-
tive du taux d'aeration n'a et observ6e
entre un appareil perce d'un seul orifice et
un appareil annulaire a 90 trous.

L'agitation a augmente considerable-
ment le taux d'aeration. L'efficacite de
l'appareil poreux a toujours ete plus grande
que celle des appareils annulaires; avec la
vitesse d'agitation la plus basse (500 tours/
minute), elle a et trois fois plus elevee;
avec des vitesses plus fortes, la difference,
quoique moins accusee, etait encore signi-
ficative. On n'a pas constate de difference
entre les taux de I'aeration produite d'une
part au moyen d'un appareil 'a orifice
unique, d'autre part au moyen d'un appa-
reil annulaire a 90 trous ayant approxima-
tivement le meme diametre que l'helice.
Un appareil annulaire de diametre supe-
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escaped along the wall of the recipient
without being subjected to the dividing
action of the propeller blades.

Plotting of power absorption (in watt-
hours per litre) against the rate of aeration
(ml of oxygen per 100 ml of liquid per hour)
in a fully baffled system for a propeller of
the turbine type showed a straight-line
relationship for diameters of which the
ratio, diameter of vessel: diameter of
propeller, was between 2.22 and 2.68 over
the whole range of oxygen absorption
tested, with air flows ranging from 0.2 to
1.0 volume of air per volume of liquid per
minute; a propeller with the diameter ratio
3.1 : 1 showed linearity in the zone of
practical interest (50-200 ml of oxygen
per ml of liquid per hour), whereas with
the smallest propeller (ratio 3.6: 1) linea-
rity was approached only with the highest
air flow.

Agitation in the absence of baffles leads
to the formation of a vortex. Although this
produces unfavourable conditions for
mixing, it can be utilized for efficient and
economical aeration without air being
injected into the liquid through an air
sparger.

Plotting of power absorption against the
rate of aeration showed a linear relation-
ship over a wide range with different types
of propeller blades. The effect of four
variables of the propeller construction on
aerating efficiency was studied, i.e., incli-
nation, height, number, and length of
propeller blades. A turbine type of pro-
peller with a diameter of about one-third
of the diameter of the vessel and with eight
blades with an inclination of 900 was
found to be the most efficient. The height
of the blades did not have much influence
on the aerating efficiency.

Aeration was most efficient when the
propellers rotated at half the liquid height.
With the vortex system, any degree of

aeration can be obtained within the limits
of practical interest. Comparison of the

rieur a celui de l'helice produisit une aera-
tion moins forte, car une grande partie de
l'air s'echappait le long des parois du
recipient, faute d'etre repartie dans le
milieu grace aux ailettes de l'helice.

Lorsque l'on etablit un diagramme de la
consommation d'energie (en watt-heure par
litre) par rapport au taux d'aeration
(millilitres d'oxygene par 100 ml de liquide
et par heure) dans un systeme 'a chicanes,
pour une Melice du type turbine, on obtient
une relation lineaire dans laquelle le rap-

diametre du recipient
P diametre de l'helice e 2
2,68 pour toutes les valeurs d'absorption
de l'oxygene experimentees, avec des cou-
rants d'air variant de 0,2 a 1 volume d'air
par volume de liquide et par minute. Avec
une helice pour laquelle le rapport des
diametres, defini ci-dessus, est de 3,1:1, on
a obtenu une relation lineaire dans la zone
pratiquement utile (50-200 ml d'oxygene
par millilitre de liquide et par heure); pour
l'helice la plus petite (rapport 3,6:1) ce
n'est qu'avec le courant d'air le plus puis-
sant que la courbe se rapprocha d'une
droite.

L'agitation sans ailettes aboutit a la for-
mation d'un vortex. Bien que de telles
conditions ne soient pas favorables au
melange, elles peuvent permettre une aera-
tion efficace et economique, en supprimant
l'emploi d'un appareil d'aeration.

Un diagramme du pouvoir d'absorption
par rapport au taux d'aeration est lineaire,
dans des limites etendues, avec divers types
d'ailettes. On a etudie le r6le respectif que
jouent divers elements de construction des
ailettes dans l'efficacite de l'aeration : incli-
naison, largeur, nombre et longueur. Une
Melice de type turbine, dont le diametre
serait environ un tiers de celui du recipient,
portant huit ailettes, inclinees a 900, s'est
revelee la plus efficace. La largeur des
ailettes n'a guere d'influence.

La meilleure aeration a et obtenue avec
une Melice tournant a mi-hauteur du liquide.
Avec le systeme vortex, tous les degres

d'aeration pratiquement utiles peuvent etre
obtenus. La comparaison des systemes
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relative aeration efficiencies of the fully
baffled and the vortex systems of aeration
showed that for high rates of aeration the
vortex system is considerably more eco-
nomical in consumption and therefore
more efficient. The vortex system of
aeration has an important advantage
over the fully baffled system in that
the control of excessive foam formation
presents no problem.
A new type of "spargerless" fermenter

has been constructed on the basis of the
vortex system of aeration. This fermenter
has been used successfully for penicillin
fermentations and the production of
bacteria.

d'aeration vortex et a chicanes a montre
que, pour une forte aeration, le systeme
vortex, consommant beaucoup moins, est
plus efficace; il a, sur le systeme a chicanes,
l'avantage subsidiaire d'eviter le probleme
que pose 1'e1imination de l'exces d'ecume.

Un nouveau type de fermentateur sans
appareil special d'aeration a ete construit
sur la base du systeme vortex. I1 a et6 uti-
lise avec succes dans la production de la
penicilline et celle de bacteries.
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