Power Consumption and Gas Capacity
of Self-inducting Turbo Aerators

A theoretical and experimental analysis of self-inducting turbo aerator
performance was carried out based on the theory of water jet injector opera-
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tion. It was shown that the aerator’s injection coefficient is completely deter- and

mined by only two dimensionless groups, Cy and Eug, between which there
is a single valued dependence on whose basis generalization of experimental
data is possible. An analytical expression for the optimality criterion or
aerator performance index, accounting for aerator gas capacity, power con-
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sumption, and submergence, has been obtained in terms of Cy and Eug
with only one adjustable parameter. From the above two dependencies, a
methodology was developed for determining optimal operating conditions,
by means of which all the data necessary for the optimal design can be ob-

tained from the results of bench scale experiment.

SCOPE

Gas-liquid contacting systems have found a wide range
of applications; they are encountered in such industrial
processes as autoclave leaching of ores and concentrates,
flotation of ores, coals and concentrates, wastewater treat-
ment by activated sludge, and aerobic fermentation.

No matter whether the gas is consumed by chemical
reaction or serves just as a carrier for the solids (as in
flotation processes), the overall efficiency of such processes
substantially depends upon the total gas-liquid interfacial
area, Consequently, it is usual to carry out these processes
in mechanically stirred tanks equipped with gas spargers
and impellers (henceforth gas sparged tanks) or with self-
inducting impeller aerator alone (henceforth tanks with
self-inducting aerators), Because gas to liquid mass trans-
fer often can be the rate limiting step in gas-liquid reactor
performance, a considerable number of studies concerned
with correlations between the overall volumetric mass
transfer coefficient and mechanical agitation power per
unit volume have been carried out (Calderbank, 1958,
1959; Calderbank and Moo-Young, 1961; Lee and Mey-
rick, 1970; Robinson and Wilke, 1973). Some investigators
provided correlations between mechanical power require-
ment and gas holdup using different dimensionless groups,
such as aeration number Ny = Q/ND? or impeller Weber
Number Nw. = N2D3p/c for gas sparged tanks (Ohyama
and Endoh, 1955; Michel and Miller, 1962; Blakebrough
and Sambamurthy, 1964; Hassan and Robinson, 1977).
The situation with self-inducting aerators, widely used in
hydrometallurgy and flotation, is somewhat different. The
available data are basically descriptive in their nature and
do not lend themselves to the needs of design and/or mod-
eling of such devices (Mitrofanov, 1939; Klassen, 1949,
1954; Medvedev 1953, 1957; Arbiter et al., 1968). There
are, however, a number of studies dealing with experimen-
tal testing of self-inducting aerators in flotation processes
where they were employed earlier than their use in auto-
clave processes. In the former application, these aerators
are very effective (Medvedey, 1955, 1959; Mitrofanov,
1959).
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The use of self-inducting aerators affords a number of
advantages over gas sparging, such as less power con-
sumption and better dispersion (Zaytsev, 1973) and, even
more significantly, flexibility due to their ability to recircu-
late gas. For instance, in systems in which oxygen is con-
tacted with aqueous solutions, due to limited oxygen solu-
bility in water and aqueous solutions, sufficiently high
levels of oxygen utilization can be reached only by mani-
fold passage of the gas bubbles through the liquid. Owing
to lack of the previous investigations and great variety of
different self-inducting aeration devices, some restrictions
on the scope of this seemed to be necessary. The present
study provides a theoretical and experimental analysis of
a self-induction turbo aerator (see Figure 2) which was
found to be the most efficient device in comparison with
other types (Zundelevich, 1975). The research objective
was to design a modeling method suitable for this device.
Such a method would allow the design of industrial
aerators from the results of bench or pilot scale experi-
ments. This approach seemed to be more appropriate than
an attempt to develop a direct computational procedure in
view of the complexity inherent in the gas aspiration
process of self-inducting turbo aerator.

Several design versions within this aerator type (Figure
2) with 0.1 m rotor were used in experiments. Addition-
ally, three geometrically similar aerators with rotor diam-
eters respectively 0.08, 0.1, and 0.12 m were studied. A
transparent cylindrical baffled 0.4 m tank filled with 50 X
103 m3 of water has been used throughout the experi-
ments, The aerator gas capacity, impeller rotational speed,
and power input have been measured over ranges from 0.1
% 103 to 5.5 X 1073 m3/s, 6 to 40 s~%, and 30 to 1 500
W, respectively, for the aerator submergence over range
from 0.5 to 2.0 m.

The study was limited mainly to the prediction of such
characteristics as power consumption P and aerator gas
capacity Q¢ (and their optimal combination) rather than
prediction of gas-liquid mass transfer coefficient, which
was the objective of many previous investigators. How-
ever, the theoretical development of this study makes it
possible to consider a number of scale-up versions con-
cerned with mass transfer problems.
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CONCLUSIONS AND SIGNIFICANCE

Theoretical analysis and experimental observations lead
to the conclusion that the gas aspiration mechanism of
the aerator in question is mainly an injectional one. By
analysis of the expression for the injection coeflicient of
regular water jet injectors, obtained by Sokolov and Zinger
(1960), it was established that the gas capacity of self-
inducting turbo aerators does not depend on liquid phase
density. Furthermore, the gas capacity is determined only
by the aerator’s pumping capacity with respect to liquid
(4ND?), rotor tip speed (zDN), and the value of sub-
mergence (H), enabling the generalization of the experi-
mental data on the basis of a single valued dependence
between two dimensionless groups Cy = gH/(ND)? and
Eug = gH/(Q¢/D??. In addition, it was established that
aerator gas capacity Q)¢ and power consumption P are
both proportional to the second power of rotor diameter
for geometrically similar aerators, provided rotor tip
speed and submergence are constant, Therefore, the ratio
Qc/P (specific capacity) is also constant under the above
conditions. The specific capacity was found to be inversely

proportional to the aerator submergence at constant value
of Cy, which means that aerator performance index QgH/P
in turn is a constant value for the aerators of the same de-
sign and for the same gas-liquid system. Particularly, the
maximum value of QgH/P found for the bench scale
aerator will remain the same for any geometrically similar
industrial aerator provided Cy is the same on both scales.
An analytical equation for aerator performance index in
terms of Cy and Eug with only one adjustable parameter
() was obtained, enabling the use of the generalized ex-
perimental dependence of Eug on Cy for calculation and
optimization of aerator performance under industrial con-
ditions. The analytical expression for Q¢H/P derived from
theoretical considerations is in good agreement with the
experimental data. It contains no tank geometry terms,
which means that aerator performance at constant sub-
mergence is essentially the same in tanks of different geom-
etry and volume. Consequently, no full geometrical simi-
larity is required for self-inducting aerator modeling and
scale-up.

PREVIOUS WORK

Several decades ago, self-inducting aerators were
brought into use in flotation and a little later in hydro-
metallurgical processes. They also can be utilized in bio-
logical wastewater treatment and biochemical as well as
some chemical processes. Although self-inducting aerators
are commonly used, the number of publications concerned
with these devices remains relatively limited.

Quite a few different types of self-inducting impellers
have been designed, the simplest of which resembles a
hollow shaft with a T shaped lower part (see, for exam-
ple, Joshi and Sharma, 1977). The ends of the T have
orifices or are cut off obliquely, and rotation in the liquid
causes suction at these ends. Consequently, gas passes
down the shaft to the T and thence into the liquid. Among
the shortcomings of this impeller type are low specific gas
capacity and poor dispersion ability.

More complicated aerator designs usually consist of
stator and rotor. They may be divided into two principal
types. The first (Figure 1) has a rotor consisting of a
solid disk with radial blades fixed on top of it. The shaft
on which this rotor is mounted is within a standpipe
which ends with a stator shaped as a disk with vertical
blades fixed underneath it and positioned at an angle to
the radius. Apertures in the stator disk or the hollow tube
are provided for circulation of liquid. The flow of circu-
lating liquid is ejected radially by the revolving rotor to-
gether with the ejected gas incoming through the stand-
pipe.

The second type of aerator (Figure 2) has a rotor con-
sisting of a central solid disk with radial blades mounted
at its periphery, the blades being enclosed on top and
underneath by hollow disks. The stator is similar to that
of the first type of aerator except that the stator blades
are enclosed on both the top and bottom by hollow disks.
The standpipe and the stator usually do not have apertures
for circulation of liquid. The central solid disk divides the
rotor’s cavity into two zones. The lower zone is for circu-
lation of liquid sucked vertically upward through the
central opening of the lower hollow disk and later ejected
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together with the ejected gas incoming to the upper zone
through the standpipe and the central opening of the
upper hollow disk. Within each of those two types of
aerators, there are numerous constructional modifications.

Most of the constructional modifications of the aerators
described in the literature are reduced to one of the above
two versions. However, numerous attempts at developing
a theory of aerator behavior or at least an adequate
method of generalizing experimental data have not yet
been successful. It is appropriate to mention the excel-
lent survey by Harris (1976) containing 131 references
and giving an adequate account of the field at that time.
“Empiricism and rule-of-thumb have guided flotation ma-
chine design and scale-up, and a current need is for the
development of a fundamental understanding of the sub-
ject.”

Indeed, there is not even agreement concerning the
mechanism of gas aspiration by impellers. Some investi-
gators (Rundkvist, 1963; Medvedev, 1955; Medeved and
Shestakov, 1957) are inclined to consider an aerator with
stator as a low head centrifugal pump performing under
conditions atypical for a centrifugal pump. The equa-
tion for the theoretical head of an aerator as a function
of liquid and air capacity suggested by Medvedev (1955)
by an analogy with a well-known equation for the theo-
retical head of a centrifugal pump was not verified ex-
perimentally.

The principles of modeling self-inducting impellers,
based on aerator characteristic curves of the same type
as those for centrifugal pumps, were suggested by Mitro-
fanov (1959). This approach was unsuccessful owing to
the absence of stable pump characteristics for a high per-
centage of air in air-water mixtures (centrifugal pumps
normally inoperable above 10 to 15% air).

It was suggested (Kashkarov, 1956) that one con-
siders the aerator as a centrifugal compressor which forces
the air into the liquid phase; however, the head created
by compressors of such design is too low to overcome the
counterpressure of significant liquid depths.

One of the attempts to calculate the performance of
self-inducting aerators of the first type (Figure 1) was
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Fig. 1. Self-inducting aerator principle design (type 1): (1) stand-
pipe, (2) stator, (3) stator blades, (4) rotor blades, (5) rotor.

undertaken by Braginsky (1964). Assuming that the
liquid velocity in the stator is small compared to the rotor
tip speed, then the static head ps practically equals the
full head of the rotor Kjp (xDN)2/2. Braginsky wrote
down the condition of the gas intake into the liquid on
the basis of equality of the static head ps to hydrostatic
pressure py = p gH at the outlet from the stator: ps =
pu. Hence, the critical impeller speed N, at which air
aspiration begins is

2gH
K,=?D? (1)
Equation (1) was experimentally verified. However, the
expression for gas capacity at N > N, derived in the
same work, turns out to be inconsistent with some experi-
mental data. According to Braginsky (1964), gas capacity
Qg is proportional to the head, developed by rotor Q¢ =
N2D?, and Qg increases without limit with the increase of
circulation apertures in the stator. In reality, Qg passes
through a maximum at some aperture cross-section area
(Rundkvist, 1964), and an experimental plot for Qg
against N is close to a linear one. [The dependence of
Q¢ on N becomes weaker at high N (Samsonova et al,,
1970).1

The complex character of the phenomena determining
the mechanism of gas aspiration by an aerator can be il-
lustrated not only by the above example but also by the
contradictory results of others, Thus, according to Mitro-
fanov (1959), Q¢ is proportional to the impeller blade
width h, although the experiments of the other investi-
gators cited earlier did not show such a dependence.

N, =
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Fig. 2. Sclf-inducting aerator principle design (type 2): (1) stand-
pipe, (2) stator, (3) stator blades, (4) rotor blades, (5) upper hollow
disk, (6) lower hollow disk, (7) central disk.

Industrial and pilot scale tests of both aerator types
(Figures 1 and 2) are described in the works of Samsonova
et al. (1970) and Zaytsev (1973). The common conclu-
sion of these works is that for the same conditions the
gas capacity of the second type of aerator is 2 to 2.5 as
high as that for the first type. However, it is likely that
the optimal conditions are different and should be speci-
fied for each aerator type to achieve the maximum effi-
ciency. The aperture’s existence for slurry circulation in
the first aerator type of stator (Figure 1) which allows one
to tune up the aerator for the given submergence in flota-
tion machines is one evidence of this point. Consequently,
the modeling or scale-up step should be preceded by a
sufficiently general study in order to establish optimal
aerator design and operating conditions. The study of
this kind was carried out by Zundelevich (1975). It sup-
ports the published viewpoint that for aerators of the
second type, the specific gas tapacity Q¢/P is two to
three times as high as for the first type, especially for a
great submergence.

A considerable number of experiments to search for
the optimal aerator design (second type) was carried out
under Zaytsev (1973). One of the conclusions of that
study was that the optimal condition of gas dispersion
by the aerator was realized in the self-inducting regime.
It was shown that forced supply of additional gas through
the standpipe of the aerator did not result in increasing
mass transfer between gas and liquid phases, On the
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other hand, the visual observation of gas dispersion proc-
ess in the present work has shown that although extremely
fine gas bubble breaking takes place inside the aerator,
the bubbles instantly coalesce and leave the stator with a
diameter of 2 to 3 mm. The latter size is a stable one for
the given gas-liquid system and, at least in water, is in-
sensitive to power input. It implies, therefore, that in-
crease in the mass transfer rate is achieved at the expense
of the aerator gas capacity growth rather than stirring it-
self, although no mass transfer experiments were carried
out in the present study.

THEORY

As mentioned earlier, two main types of aerator devices
are presently in wide use (Figures 1 and 2). According to
the literature (Samsonova et al, 1970; Zaytsev, 1973},
superior performance results from use of the second type
of aerator. Henceforth, only the closed type of turbine
aerators with the central disk (Figure 2) will be con-
sidered.

The gas aspiration process of self-inducting aerators is a
complicated one and is not yet completely understood.
Among the many speculations on the aspiration mecha-
nism, the most likely seems the supposition of injectional
mechanism (Samsonova et al, 1970; Zaytsev, 1973).
However, there has been no attempt to apply the theory
developed for water jet injectors to self-inducting aerators,
probably because of the difficulty in recognizing the geo-
metrical elements of the former in the aerator design.

If an aerator is considered as a liquid-gas injector, in
which the liquid serves as the driving medium entraining
the gas, then its gas capacity should be determined by

the relationship
Qe = ¥QL (2)

For the water jet injectors, injection coefficient ¥ can
be calculated by the equation (Sokolov and Zinger, 1960)

A S
K — PM Sm 3

Apy Sy 201
— PN Sy 51_1 (3)

(1-2 )i
247 Su

The numerical constant K = 0.834 and /2, = 0.47
served as adjustable parameters and were defined by
Sokolov and Zinger from the results of experiments with
an injector schematically depicted in Figure 3.

During liquid-gas ejector operation, the driving medium
(water) under pressure py moves out of the nozzle and
aspirates gas, which comes into the reception chamber
under pressure po (Figure 3). As both liquid and gas
streams move away from the nozzle through the mixing
chamber, their pressures approach each other and at some
distance become equal. From the mixing chamber, the
gas-liquid dispersion enters the divergent diffuser where
its velocity drops and pressure rises to overcome counter-
pressure py of the outer medium at the diffuser outlet.

In principle, the same design elements can be found in
the aerator design (Figure 3). Thus, either the gap be-
tween lower hollow and central solid disks, where the
liquid first contacts gas, or the gap between upper and
lower hollow disks at the rotor outlet, where the liquid
jet achieves its maximum velocity, could be regarded as
corresponding to the nozzle in the injector, The volume
between the hollow disks serves also as a mixing chamber
and probably as a diffuser because the cross-section area
is not constant but rather greater at greater radius. Finally,
the entire zone between the stator blades could serve not
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Fig. 3. Comparative geometry of water jet injector (top sketch) and
self-inducting aerator (bottom sketch).

al

only as a diffuser but as a mixing chamber extension in
case the distance inside the rotor is not enough to equalize
the gas and liquid pressures. It should be recognized that
the numerical constants of Equation (3) found for regu-
lar liquid-gas ejector are unlikely to apply in the case of
the aerator. Nevertheless, the form of Equation (3) should
be adequate for aerators due to the similarity of the fun-
damental principles of gas induction in aerators and
ejectors. In this paper, the following areas are defined
for use in Equation (3) (Figure 3):

Cross-section area of the nozzle

Sy = 7D & 4
w=aD— (4)

Cross-section area of the mixing chamber
Su = aDshs (5)

One of the optimal design version dictates (Sokolov and
Zinger, 1960)

D, = 14D (6)
and

hs = 2h (7)

We assume that gas entering the aerator standpipe
(Figure 3) is under the same pressure p, as the gas space
above liquid surface in the vessel. This corresponds to
regular industrial condition. Resistance to gas movement
through aerator standpipe as the measurements had shown
(Rundkvist, 1963, 1964) does not exceed several milli-
meters of water, Therefore, the pressure drop in the stand-
pipe is neglected,
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The total counterpressure py at the aerator level is
equal to the sum of the vessel gas space pressure p, and
the hydrostatic water pressure above the aerator:

Pu = pgH + po (8)

Total pressure of the working liquid py is equal to the
sum of gas space pressure po, hydrostatic pressure pgH,
and total head of the aerator, the lower part of which
works as a centrifugal pump:
(#DN)2

py = pgH + pK; - — + Po (9)
Substitution of Equations (4) to (9) into Equation (3)
for the injection coefficient yields

2Cy
W:S\/l——-s——-———-———l 10
2Cy + Kyn? (10)

It is unlikely that Equation (10) can be used for reliable
prediction of the injection coefficient owing to lack of the
distinctly pronounced injector elements in self-inducting
aerator design. What is important, however, is that this
equation contains the dimensionless group (henceforth the
head coefficient)

Cu =85 11
5= TND)E (11)
which can be regarded as the ratio of the hydrostatic and
dynamic heads. Clearly, ¥ is determined by the head co-
efficient alone. It is also seen from Equations (10) and
(11) that injection coefficient does not depend on the
liquid phase density p.

The aerator gas capacity Q¢ from relationship (2) is
determined not only by the injection coefficient but also
by the volumetric liquid velocity Q, that is, by the aerator
pumping capacity. The pumping capacity Qp of any
stirrer is defined by the equation (see, for instance, Uhl
and Gray, 1966)

QL = 4ND? (12)

where the coefficient 7, the dimensionless pumping ca-
pacity, depends on the type and design of impeller, For a
propeller with the ratio of pitch to diameter equal to 1,
the theoretical value of 5 is equal to #/6, which is close to
the experimentally determined n = 0.5 — 0.59 (Fort,
1969). For the standard disk turbine with the blade width
h = D/5, 4 = 0.7 to 0.9 according to the experimental
data, the lower values being correspondent to the lower
D/T ratio (Cooper and Wolf, 1968). On the other hand,
Hicks et al. (1976) report the values of 5 found in the
same interval but in reversed dependence on D/T ratio.
Analogous data for self-inducting turbo aerators are not
available. However, for turbines,  is proportional to the
blade width {Cooper and Wolf, 1968), and the aerator
blade is about half that of the standard turbine. Further-
more, the liquid is sucked in by only the lower part of
the aerator which, in addition, is partially enclosed with
the hollow disk. Consequently, the value of 5 in the
aerator case can be expected to be less by about one
order of magnitude than for the standard turbine.

Manipulating Equations (10), (2), and (12), we get

1 2EuG 1
1:3\/-—.-—32 < a3
v T oCh + K2 ¥ (13)

where
ND? E
1D e (14)
w QG Cu
and
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gH
(Qc/D?)?
is another dimensionless group (henceforth the gas Euler
number)®, the gas velocity within the aerator being pro-
portional to the ratio Qg/D? Since Equation (13) does
not include any other variables than Cy and Eug, it
follows that there is a single valued dependence between
them on whose basis a generalization of experimental data
on aerators is possible.

The plot for Eug against Cy can be regarded as a gen-
eralized model for the particular aerator design, regardless
of scale and operation under various conditions, including
the optimal ones.

To introduce the optimality criterion Qg/P into the
dependence between Cy and Eug, one can use a known
expression for impeller power consumption in the turbu-
lent regime (Uhl and Grey, 1966):

P = NyppN*D® (16)

where power number N, is a constant for baffled tanks or
for turbines operating with stators (Uhl and Grey, 1966).
It is also known that for gas sparged tanks, power input
cannot be estimated merely by replacing p with the
volume averaged gas-liquid dispersion density and using
the N,, applicable to gas free liquid mixing. In these latter
types of dispersion, the apparent value of N, is less than
that estimated from Equation (18) owing to the formation
of a gas cavity behind the impeller (Bruijn et al.,, 1974;
Van't Riet et al, 1976) and the reduction in the local
density of the gas-liquid dispersion around the impeller
(Topiwala and Hamer, 1974; Calderbank, 1958). For the
same reason, Np, depends on the gas sparging rate as
well as upon the impeller speed and diameter (Michel
and Miller, 1962). Apart from the above case where
nothing was known about the dispersion density within
the impeller zone, in the case of self-inducting aerators it
is automatically guaranteed that all the gas aspirated
passes through the aerator rotor zone. For instance, the
data on power reduction in the gas inducing type of agi-
tated contactors were successfully correlated with the pa-
rameter Qg/ND? (Joshi and Sharma, 1977) although,
rigorously speaking, this correlation does not make sense
since Q¢ is not an independent parameter in tanks with
self-inducting aerators.

The gas-liquid dispersion density pp within aerator zone
can be obtained from

Eug =

(15)

_&p_c-P-QLP
PP = 0 + 01 (1)

Taking into account that pg <<< p and using formula
{2), one can get for pp
p

= 18
=TT (18)

If we take a reciprocal of (14), an equation results which
can be used to obtain ¥ knowing %

C
-1 z (19)
n EUG
Rearranging (15), we get
gH
= D? 20
Qe Fon (20)

Rearranging (16) and employing (18), we get

¢ While the use of the title ‘gas Euler numer’ for this group is
novel, it is justified in that the numerator and denominator have the
same dimensions of the usual Euler number.
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p
e (ND)3D? (21)

By dividing Equation (20) by (21), rearranging the
equation obtained, and making use of Equation (19), we
can write the equation for the speciiic capacity of aerator:

VERVE)
Eug ] Lug

P:Np

Qo _
P~ Npp(ND)?
Cu ( 1 Cu )
= +1)gH
_ \/ Eug \ % Euc &
B Npp(ND)%gH
1 Cy Cy )
= Oy —1 Ele Buc 7 (99)

NypgH

Now the sought for optimality criterion or the aerator per-

formance index can be obtained:
Cu
AE)
I (23)

QH _ Cu (1 Cu
U

P - Nppg n Eug

Equation (23), when supplemented with an experimental
plot of Eug against Cg, contains all that is necessary for
modeling of self-inducting aerators. It contains no tank
geometry terms. Consequently, the aerator performance
at constant submergence should be essentially the same
in tanks of different geometry and volume as long as ¢ is
a constant and there is no gas-liquid dispersion recircula-
tion through the lower (inlet) part of the aerator, the
rate of recirculation being affected by the tank walls and
bottom closeness to the aerator.

Although a small variation in  with D/T ratio was
observed (Cooper and Wolf, 1968; Hicks et al., 1976), it
could be the result of the different measurement methods
used. In the present study, aerator dimensionless pumping
capacity n was found reasonably constant using an in-
direct method of gas capacity measurement, The value
of n can be obtained in principle from only one experi-
ment with arbitrary values of aerator diameter D and
submergence H over the appropriate range of impeller
rotational speed N. The experiments would determine the
power input P and aerator gas capacity Qg as a function
of rotational speed N and in addition the power number
N, which in the case of self-inducting aerator is unlikely
to be available from the literature.® The interval for N
should be chosen to include the value which yields the
maximum value for the ratio Q¢/P. The only adjustable
parameter, the aerator’s dimensionless pumping capacity
n, can be easily determined by introducing the experi-
mental data into Equation (23).

EXPERIMENTAL APPARATUS AND PROCEDURE

The pilot scale apparatus, schematically drawn in Figure 4,
allowed the simultaneous measurement of the volumetric gas as-
piration rate Qg, the mechanical agitation power consumption
P, impeller rotational speed N, and the air pressure Hy above
the liquid surface in the vessel. Visual observation of the proc-
ess was possible, The apparatus consisted of a transparent
cylindrical baffled vessel (to eliminate vortex) of the diameter
0.4 and height 0.6 m with a pressurized cover and changeable
rotor/stator/standpipe assemblies of different designs. Air as-
pirated from the atmosphere was measured at the vessel outlet

® The value of Np is caleulated from Equation (16) on the basis of
the experiment with no gas aspiration.
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. 7
Fig. 4. Schematic diagram of apparatus: (1) variable speed motor, (2)
shaft coupling, (3) gear box, (4) forsion spring, (5) air flowmeters,

(6) torque meter, (7) shaft, (8) U shaped manometer, (9) tank, (10)
aerating device, (11) control valve, (12) air receiver.

by means of a set of flowmeters. Five flowmeters, each with a
range of 0.14 to 1.14 X 10—3m3/s, were used in combination
as required to measure the flow with an accuracy of =2.5%.

By turning the control valve at the outlet, the air pressure
Hy above the liquid surface in the vessel could be increased to
simulate submergence of the aerator up to 2.5 m of water. This
excessive pressure was measured with a 2.5 m high U tube
filled with water. Therefore, in the experiments described sub-
mergence H was equal to the sum of both air (Hz) and water
(Hy) pressures, and absolute error of measurement did not
exceed 2 to 3 X 10—2m of water (clearly Hy = O and H; =
H under normal industrial conditions).

The aerator was actuated by variable geared motor drive (P
= 1500 W, N = 5 to 50 }/s); aerator shaft rotational speed
was continuously measured by an optical tachometer device
connected to a read-out indicator. Relative error of rotational
speed measurement would not exceed 1.5%.

Torque measurements were carried out continuously during
the experiment by means of a mechanical torque indicator.
Maximum relative error of torque measurements was equal
to 2.5%. Hence, the maximum relative error of power input
determination was equal to the sum of both torque and rota-
tional speed measurements errors and would not exceed 4.0%.

Measurement of the outlet air flow has advantages over the
more usual measurement of the inlet (aspirated) air flow
(Medvedev, 1955; Samsonova et al, 1970); these are:

1. No necessity to compensate for the pressure losses (head
drop) at the aerator inlet due to resistances in the flowmeters
and pipeline.

2. No necessity of shaft stuffing and as a result higher ac-
curacy of the torque measurement.

EXPERIMENTAL RESULTS AND DISCUSSION

The goal of this paper is the development of general
modeling principles rather than the description of the de-
velopment of an optimal aerator design. Consequently,
the experimental results are confined to only two aerator
designs. The specifications are presented in Table 1.

Figures 5 and 6 give an example of the raw data ob-
tained from the results of pilot scale experiments. These
results were obtained using the aerator design (a) (Table
1). In Figure 7, the generalization of the experimental
data from Figure 5 is shown in the form of the plot Euq
against Cy [curve (a)]. The other curve (b) on the
same figure shows the results of analogous processing of
the experimental data obtained for aerator design (b)
(Table 1). It is seen from Figure 7 that although different
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TABLE 1, AERATOR GEOMETRIES

(see Figures 2 and 3)
D/T d Dy Dy hg h hs Z Zs a
Design (a} 0.25 05D 0.6D 14D 0.22D 0.1D 02D 6 12 304d
Design (b) 0.20,0.25, 0.30 0.67D 0.5D 125D 0.24D 0.12D 0.12D 8 12 30 dzg
— 8 T T
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Fig. 5. Dependence of aerator gas capacity on aerator rotational g[’ L~
speed for gerator rotor diameter 0.1 m [design (a)]. /
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Ny 008 A A 74 Fig. 6. Dependence of oerotor power consumption on aerator rota-
g - 0.10 o ] tional speed for aerator rotor diameter 0.1 m [design (0)].
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2 design (a)
-2 | D=0l m A plot of the experimental data for design (b) accord-
o 10 - 1 ing to Equations (20) and (21) is presented in Figures 8
o s_ﬂ_,j‘;L, T » e g H.m | and 9. The points on each curve represent the results of
ol I > i —— v 05 | experimental determination of Qg and P for three aerator
b4 ] 1 - o 10 ] diameters 0.08, 0.1, and 0.12 m [design (b), Table 1]
o 4 rel g 4"‘%* a |5 1 atconstant values of U and H. It is seen from Figures 8
- - MM o 20 | and 9 that the experimental data conform to Equations
2 J L (20) and (21).
02 04 06 08 10 12 14 16 18  Itshould be pointed out that this result is not for com-

Head coefficient, Cy

. 7. Plot of gas Euler number against head cocfficient for aerator
designs {a) and (b).

9

values of submergence and aerator diameter were used
in the experiments, the plots Eug — Cy are the same for
geometrically similar aerators. It is seen also that aerator
design (a) (lower curve) is more efficient (in the sense
of gas capacity) than aerator design (b) because for
the same value of Cy the lower value of Eug corresponds
to the higher gas rate [see Equation (20)].

For geometrically similar aerators, the single valued
dependence exists between Eug and Cy. Therefore, it is
easy to show that for constant values of aerator tangential
velocity U = #DN and submergence H (which implies
that both Eug and Cy are constant), Equations (20) and
{21) reveal the same dependence of gas capacity and
power consumption on aerator diameter D: Qg < D? and
P o« D2 Consequently, their ratio Q¢/P is a constant
value,

AIChE Journal (Vol. 25, No. 5)

plete geometrical similarity (which includes the tank
geometry) but rather for aerator similarity only. If full
geometrical similarity were maintained, the value of H
would increase proportionally to both aerator D and tank
T diameters. Suppose the scale-up takes place on the
basis of constancy of aerator performance index Q¢H/P
(if its value corresponds to the maximum, the optimal
case obtains), that is, at the constant Cy and Eug. It is
obvious that ratio Q¢/P o« 1/H, that is, inversely propor-
tional to the linear tank dimensions, as a result of the
constancy of QcH/P.

Furthermore, aerator capacity Qg, as it follows from
Equation (20), increases as Qg « T%2 (due to geometri-
cal similarity: D o« H o T). Power increases as P o T7/2
[considering Equation (21) and the obvious relationship
ND « H% o« T%, following from Cy being a constant].
Finally, the tank volume and horizontal cross section are,
respectively, V o« T3 and A « T2 Consequently, both su-
perficial velocity U; = Qg/A o« T5/2/T? = T* and power
per unit of volume P/V o« T7/2/T3 = T must increase as
the square root of linear dimension. It is clear that com-
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TaBLE 2. PROPERTIES OF TANK WITH SELF-INDUCTING AERATOR ON ScALE-Up (QgH/P, Cy, Eug = ConsT)

Geometrical similarity

Complete Partial
ToxcHoHj, ToxDoH T«D
TxcHxHpxD Us = const Us, H = const Us, H, Hy, = const

1 2 3 4 5
Property Property variation with tank diameter
H T T const const
D T T3/4 T T
U, T2 const const const
D/T const T-1/4 const const
N T-1/2 T—1/4 T-1 7~1
ND T1/2 T/2 const const
' T3 T3 T3 T2
Q¢ T5/2 T2 T2 T2
P T7/2 T3 T2 T2
P/v T1/2 const T-1 const
Qc/P T-1 T-1 const const
Qa/V T-1/2 T-1 T-1 const
Qa/ND3 const const const const

plete geometrical similarity appears to be contrary to kine-
matic and energetic similarity. Proceeding this way, the
large variety of analogous relationships between the prop-
erties relevant to dimensions, velocities, or fluid forces
and the tank diameter can be obtained for complete as
well as for partial geometrical similarity (Table 2). It is
seen from Table 2 that complete geometrical similarity
(column 2) appears to be less economical on scale-up,
whereas partial geometrical similarity (columns 3 to 5)
give more acceptable engineering solutions. Table 2 may
serve as a guide in choosing the scale-up strategy if for
some reason geometrical similarity is required. The most
flexible solution obtains, however, when aerator and tank
characteristics are determined without prescribing a spe-
cific geometrical correlation between them.,

So the plots of Eug against Cy and aerator performance
index QgH/P are the main characteristics of a self-induct-
ing aerator of any particular design. For aerator design
(a), the values of power number N, and dimensionless
pumping capacity 5 were determined to be equal to 3.1

a7 B T T
x H=06m H=1.0m
"E 6F U, mss + U ms s
— o 2.6 a 126
© . oI5 e 5
5 05 o 105 7
> o 94 o 94
© 4 s 84 +a 84 5
g A 73 A 73
o v 6.3
; 3 + P
=)
A

5 2 1 27
S
o | 4 _
<

O ] 1 ] I ] 1

0 4 8 12 0 4 8 2 16

Aerator diameter squared, D? (m2x103)

Fig. 8. Dependence of oerator gos capacity on aerator diam=ter when
rotor tip speed and aerator submergence are constant [design (b)].
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and 0.071, respectively, by processing the results of ex-
periments. The value of QgH/P was computed for the
entire range of Cy values, using Equation (23) and the
plot of Eug against Cy (Figure 7, curve a). The results
of computation (broken line) and processed experimental
data from Figures 5 and 6 (solid line) are shown in Fig-
ure 10. The two curves are very close to each other and
coincide in the vicinity of maximum, in practice the most
important region. The maximum for this case corresponds
to Cyg = 0.9. The value of Eug corresponding to Cy
0.9 is Eug = 53 (Figure 7, curve a), The maximum value
of QcH/P on Figure 10 equals 1.08 X 1075 m*/W's,
Figure 11 provides an analogous comparison of com-
puted and experimentally obtained plots for aerator design
(b), where three geometrically similar aerators were in-
vestigated (see, also, Figure 7, curve b), the values of
N, and % being equal to 2.5 and 0.048, respectively. It is
seen from Figure 11 that there is a single valued depen-
dence of QgH/P on Cy for the variety of combinations H
and D. The superiority of aerator design (a) over design

\,

— T T T 1 T
%S H=06m H=1.0m
= gb U ms U,m/s -
5 ° 105 =128
o = 94 o 1.
s - 84 [ e 105 i
S | . 73 N
€ 4- v 63 T ' 1
= A 73
g
o 3+ 1 .
)
§_2_ 1 _4
S
5 I T n
®
< 0 | I I 1 1 |

0 4 8 2 0 4 8 16

Aerator diameter squared, D (m2x103)
Fig. 9. Dependence of aerator power consumption on oerator diom-
eter when rotor tip speed and aerator submergence are constant

[design (b)].
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(b) is immediately apparent in a comparison of Figures
10 and 11; the maximum value of aerator performance
index of design (a) is substantially higher than that of
design (b). In addition, the former exhibits a shift to the
right with respect to design (b). This means that maxi-
mum performance for design (a) is achieved at lower rotor
speed.

Although rotor diameter D was varied only 1.5 fold
(due to the very strong affect on both P and Qg), the
submergence H (which also strongly influenced P and Qg)
was varied over a wide interval which covers most of the
real industrial applications. It is expected, therefore, that
Figures 10 and 11 apply to other geometrically similar
aerators due to a singular dependence between Euc and
Cx [Equation (13)], coefficients K;, and 5 being reliably
stated as constants.

Figures 7 and 10 can be used by the designer to cal-
culate the optimal aerator design. The optimal design
procedure is as follows:

1. Power requirement should be determined from
QcH/P = 1.08 X 1075 m*/Ws on the basis of values of
Qc and H assigned.

2. Aerator diameter should be determined from the

value of Eug = 53
Vem
D= —_—
gH

3. Aerator rotational speed is determined from the
value of Cu = 0.9, using the above value for D

N=Y/ g
DCy

In particular, N = N, obtains when the numerical
value of Cy in the latter expression corresponds to the
beginning of gas inducing [compare to Equation (1)].

It is worthwhile to compare the experimental results
with Equation (13), which gives the relation between
Eug and Cy based on the characteristics of water jet in-
jectors. To obtain the plot of Eug against Cy and compare
the latter with the experimentally obtained one (Figure
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7), it is necessary to define the coefficient K; in Equation
(18). This is readily achieved using Equation (10) for
the injection coeflicient under the condition ¥ = 0, that
is, when the aerator is just about to start gas aspiration.
The value of Cy for aerator design (a) corresponding to
this condition was found to equal 2.35 experimentally.
Substituting this value into Equation (10) at ¥ = 0, we
get K; = 1.15. Then, using Equations (10) and (13), it
is possible to compute values of Eug for the several values
of Cy taken from the same range as in Figure 7.

The results of the comparison of computed (broken
line) and experimentally obtained (solid line) plots of
Eug against Cy are shown in Figure 12. The discrepancy
between the curves, surprisingly, turned out to be not
very great, taking into account the use of constants in
Equation (3) which were originally determined for water
jet injectors and the high degree of arbitrariness in stating
the equivalence of injector and aerator geometry elements
to be used in Equation (3). The same reasons may ex-
plain why the coefficient K; is greater than unity which is
nonphysical.

Nevertheless, the shapes of the curves on Figure 12
seem to be very similar, which supports the approach of
this study, that self-inducting aerators can be successfully
modeled by exploiting their similarity to water jet injectors.
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NOTATION

A = horizontal cross-sectional area of the tank, m?

D = aerator’s rotor diameter, m

D, = aerator’s stator diameter, m

Cy = head coeflicient, gH/ (ND)?, dimensionless

Eug = gas Euler number, gH/ (Qs/D?)2, dimensionless

g = gravitational acceleration, m/s?

h = rotor blade width, m

h, = stator blade width, m

H;, = liquid fill height of tank, m

H = aerator submergence, m

H, = excess pressure above liquid surface in the ex-
perimental vesse], m

H; = liquid height above aerator in the experimental
vessel, m

K = driving medium velocity coefficient in Equation
(3), dimensionless

K, = coefficient of head losses in aerator, dimensionless

N, = power number, P/pN3D5, dimensionless

N = aerator rotational speed, s ™!

N, = critical aerator speed (beginning of gas induc-
ing),s™!

P = mechanical agitation power, W

ps = static head of rotor, Kg/m-s?

pu = pressure of the outer medium (at the injector
outlet), Kg/m-s?

py = pressure of the working liquid (at the nozzle out-
let), Kg/m-s?

Po = gas pressure at the injector inlet, Kg/ms?

Apy = Pum — Po, injector pressure differential, Kg/m-s?

Apn = PN — Po, nozzle pressure differential, Kg/m-s?

Q¢ = aerator gas capacity, m3/s

Sxy = cross-sectional area of the nozzle, m?

Sm = cross-sectional area of the mixing chamber, m?
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impeller pumping capacity, m3/s
tank diameter, m

aerator tangential velocity, m/s
Qc/A, superficial velocity, m/s

tank volume, m3

rotor blades number, dimensionless
stator blades number, dimensionless

™

NN<aoQ=N0

«

man

Greek Letters
angle between radius and stator blade, deg

o =

n = Qu/ND3, dimensionless impeller pumping capac-
it

p = Iiz}l,uid density, Kg/m?

pp = gas-liquid dispersion density, Kg/m?

pec = gas density, Kg/m?

o = gas-liquid surface tension, N/m

{1 = nozzle velocity coefficient in Equation (8), di-
mensionless

{» = diffusor velocity coefficient in Equation (3), di-
mensionless

¥ = injection coefficient, Q¢/QL, dimensionless

LITERATURE CITED

Arbiter, N., C. C. Harris, and R. Yap, “A Hydrodynamic Ap-
proach to Flotation Scale-up,” Preprint D-19:12, 8th Min-
eral Processing Congress, Institute Mekhanobre, Leningrad,
Russia (1968).

Blakebrough, N., and K. Sambamurthy, “Performance of Tur-
bine Impellers in Sparger-Aerated Fermentation Vessels,”
J. Appl. Chem., 14, 413 (1964).

Braginsky, L. N., “The Study of Aeration Characteristics of
Impellers for Autoclave Leaching Processes,” Scientific Re-
port on Research Project, Research and Design Institute
NIIKhIMMASH, Leningrad, Russia (1964).

Bruijn, W., K. Van’t Riet, and J. M. Smith, “Power Con-
sumption with Aerated Rushton Turbines,” Trans. Inst.
Chem. Engrs., 52, 88 (1974).

Calderbank, P. H., “Physical Rate Processes in Industrial Fer-
mentation, Part I: The Interfacial Area in Gas-Liquid Con-
tacting with Mechanical Agitation,” ibid., 36, 443 (1958).

, “Physical Rate Processes in Industrial Fermentation,

Part 1I: Mass Transfer Coefficients in Gas-Liquid Contact-

ing with and without Mechanical Agitation,” ibid., 37, 173

(1959).

, and M. Moo-Young, “The Continuous Phase Heat and
Mass Transfer Properties of Dispersions,” Chem. Eng. Sci.,
16, 39 (1961).

Cooper, R. G., and D. Wolf, “Velocity Profiles and Pumping
Capacities for Turbine Type Impellers,” Can. J. Chem.
Eng., 46, 94 (1968).

Fort, 1., “Studies on Mixing, Part 24, Pumping Capacity of
Propeller Mixer (Analytical Study),” Collect. Czechosl
Chem. Communs., 34, 1094 (1969).

Harris, C. C,, “Flotation Machines,” Flotation, A. M. Gaudin
Memorial Edition, Vol. 2, pp. 753-815, AIME (1976).

Hassan, 1. T. M., and C. W, Robinson, “Stirred-Tank Me-
chanical Power Requirement and Gas Holdup in Aerated
Aqueous Phases,” AIChE J., 23, 56 (1977).

Hicks, R. W., J. R. Morton, and ]. G. Fenic, “How to Design
Agitators for Desired Process Response,” Chem. Eng., 104
(Apr. 26, 1976).

Joshi, J. B., and M. M. Sharma, “Mass Transfer and Hydrody-
namic Characteristics of Gas Inducing Type of Agitated
Contactors,” Can. J. Chem. Eng., 55, 683 (1977).

Kashkarov, 1. F., “Some Conditions Governing the Work of
Mechanical Flotation Machines having Centrifugal Im-
pellers,” Ordzhonikidze (1956).

Klassen, V. 1, “The Problems of Aeration and Flotation
Theory,” Goskhimizdat, Moscow, 1949.

, “On Coals Flotation,” Ugletekhizdat (1954),

Lee, J. C., and D. L. Meyrick, “Gas-Liquid Interfacial Areas
in Salt Solutions in an Agitated Tank,” Trans. Inst. Chem.
Engrs., 48, T37 (1970).

AIChE Journal (Vol. 25, No. 5)



Medvedev, S. A., “The Control of Flotation Machine Perform-
ance with Respect to Air Consumption,” Ugletekhizdat
(1955).

, and L. Ya Shestakov, “The Testing of Mechanical Flo-
tation Machines,” Tsiin, Moscow, Russia (1957).

Michel, B. J., and S. A. Miller, “Power Requirements of Gas-
Liquid Agitated Systems,” AIChE J., 8, 262 (1962).

Mitrofanov, S. I, “The Concentration of Non-Ferrous Metals
Ores,” The Proceedings of Niitsvetmet, Issue 16, Moscow,
Russia (1959).

, “Selective Flotation,” Nedra, Moscow, Russia (1967).
Oyama, Y., and K. Endoh, “Power Characteristics of Gas-Liquid
Contacting Mixers,” Chem. Eng. (Tokyo), 19, 2 (1955).
Robinson, C. W., and C. R. Wilke, “Oxygen Absorption in
Stirred Tanks: A Correlation for Ionic Strength Effects,”

Biotechnol. Bioeng., 15, 755 (1973).

Rundkvist, V. A., “The Study of Performance of Self-Inducting
Impellers Designed by Mekhanobre. Part 1,” Concentration
of Ores, issue 5 (1963).

, “The Study of Performance of Self-Inducting Im-
pellers Designed by Mekhanobre, Part 2,” ibid., issue 1
(1964).

Samsonova, A. F., V. M. Khudiakov, and G. N. Dobrokhotov,

“Testing of Self~Inducting Device with Upper Drive for the
Autoclave #2 at the Plant Yuzhuralnickel,” The Proceeding
of Gipronickel, issue 49, 103 (1970).

Sokolov, E. Ya,, and N. M. Zinger, “The Jet Devices,” Mos-
cow, Gosenergoizdat (1960).

Topiwala, H. H., and G. Hamer, “Mass Transfer and Disper-
sion Properties in a Fermenter with a Gas-Inducing Im-
peller,” Trans. Inst. Chem. Engrs., 52, 113 (1974).

Uhl, V. W.,, and J. B. Gray, Mixing—Theory and Practice,
Vol. 1, Academic Press, New York (1966).

Van't Riet, XK., J. M. Boom, and J. M. Smith, “Power Con-
sumption, Impeller Coalescence and Recirculation in Aerated
Vessels,” Trans. Inst. Chem. Engrs., 54, 124 (1976).

Zaytsev, V. A., “Study of Effect of Self-Inducting Aerator
Geometry on Aeration Characteristics of Tanks,” Theory and
Practice of Stirring in Liquid Media, NIITEKhIM, Moscow,
Russia (1973).

Zundelevich, Y. V., “Development of Self-Inducting Aerator
for Norilsk Plant Autoclaves,” Technical Report on Re-
search Project, Research and Design Institute Gipronickel,
Leningrad, Russia (1975).

Manuscript received June 30, 1978; trevision received February 22,
and accepted April 18, 1979.

On the Kinetics of Coal Oxidation

A series of seven coals of different ranks and from various locations

N. L. AVISON
R. M. WINTERS

were heated in air under relatively mild conditions to measure the rates
of oxidation and the production of carbonic gases in the effluent stream.
The gas flow rate, coal particle size, and reactor temperature were changed
as independent variables. Each sample was exposed for from 6 to 9 hr
under atmospheric pressure at temperatures in the range of 200° to 250°C.
The results show two kinds of rate behavior depending primarily on the
relative porosity of the coal under study. The small pore coals followed
the expectations of the earlier Kam-Hixson-Perlmutter (KHP) model, but
the large pore coals gave rates sensitive to transport effects. Correlations
were also obtained on the ratio of carbon dioxide and carbon monoxide
produced and on the relationship between the carbon content of an ex-
posed coal and its heating value.

SCOPE

and
D. D. PERLMUTTER

Department of Chemical and
Biochemical Engineering
University of Pennsylvania
Philadelphia, Pennsylvania 19104

The rates at which a variety of coals undergo mild
gas phase oxidation were measured in a fixed-bed reactor
under a range of flow rates and for various particle sizes.
Seven coals from different sources were tested at three
temperatures. The coals pretreated in this manner were

analyzed for chemical composition and heating value
changes, and the oxidation off-gases were analyzed for
carbonic gas content. Correlations were prepared in terms
of an earlier KHP model and exceptional behavior noted
for specific coals.

CONCLUSIONS AND SIGNIFICANCE

As a result of experimental oxidation tests on seven
coals from different sources, it has been found that not
one but two models are needed to distinguish between
large and small pore coals. The earlier KHP model, which
was based on the expectation of very small diffusion rates
for gases into coal, remains valid for the largest group
of coals tested but has to be modified for at least two

N. L. Avison is with Mobil Research and Development Corporation,
Paulsboro, New Jersey 08066, R. M, Winters is with Air Products and
Chemicals, Inc., Allentown, Pennsylvania 18105.

0001-1541-79-2595-0772-301.05. © The American Institute of Chem-
ical Engineers, 1979,
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of the coals. When the coals had relatively large pore
volumes in the size range greater than 3004, the oxida-
tion rate was found to be sensitive to particle size, gas
flow rate, and reaction temperature, in a manner indicat-
ing significant transport effects. Correlations of the carbon
dioxide to carbon monoxide ratio obtained from runs
under varying conditions also support the applicability
of the KHP model. The heating values among the various
coal samples changed upon oxidation in a manner de-
pendent primarily on the changes in carbon content of
the coal.
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