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Abstract—For the design of mjectors serving as gas dispersion devices i gas—liquid contacting, data are needed
which describe the influence of material, gecometrical and process-related parameters on the absorption rate In this
article these data will be presented for a new type of injector, the so-called slot injector, 1n the form of sorption
characteristics To vary the coalescence behaviour of the system, common salt and/or solids {cellulose, activated
carbon) were added The shape of the slot injector has proved particularly advantageous in overcoming the
problems associated with scale-up This 1s venfied by an industrial size slot mnjector which 1s charactenzed by high
efficiency of mass transfer and which 1s ltkely to prove almost entirely free from blocking

INTRODUCTION

For the enhancement of the mass transfer in gas-liquid
contacting two-phase nozzles are bemng increasingly
used These nozzles include ejectors, injectors, Ventun
nozzles, jet aerators etc Common to these devices 1s the
utiisation of the kmetic energy of the hquid jet to
disperse the gas throughput into very fine bubbles The
gas-liquid dispersion leaves the device in the form of a
free jet, which having penetrated a certain distance into
the surrounding hquid, loses its energy and breaks up
mto a cloud of bubbles This nses in the hquid and
causes the mass transfer As a consequence the use of
two-phase nozzles 1s not restricted to certain hqud
depths, on the contrary, the hiquid depth 1s a parameter
which can be chosen freely The two-phase nozzles are
therefore particularly suitable as gas distnibutors i bub-
ble columns and 1in biological waste-water treatment
plants
For the design and optimisation of two-phase nozzles
for a required mass transfer rate, reliable data are
necessary These will be introduced later in the form of
sorption charactenistics for a very efficient type of in-
jector, the so-called slot injector These sorption charac-
teristics were obtamed by evaluating absorption
measurements on both semi-industrial and industrial
sizes using the theory of stmilarty
It 1s known that the primary formed fine gas bubbles
tend to coalesce to larger ones The bubble coalescence
1s favoured by some geometrical and matenal
parameters, but can also be prevented by certain ad-
ditives In industry the absorption process s rarely car-
ned out in a pure liquud In most cases suspended parti-
cles (eg bactenal culture) and dissolved morgamc
andfor organic material 1s present which decisively
mfluences the bubble coalescence The absorption
measurements were therefore carned out not only m
pure water but also mm aqueous solutions with defined
coalescence behaviour differing greatly from that of pure
water

CHARACTERISTIC FEATURES OF THE SLOT INJECTOR

The two-phase nozzles, used as gas distributors,
should utilize the kinetic energy of the liquid jet as
efficiently as possible for the gas dispersion For this
purpose a large proportion of the ¢nergy must still be
present 1n the free jet to enable the gas-liquid dispersion
to mix rapidly with the surrounding hiquud thus mhibiting
the bubble coalescence As the two-phase nozzles inject
the gas-liquid dispersion 1n the surrounding hquid, they
are often referred to as mnjectors

This study is concerned with the so-called slot in-
jector, Fig 1 Its characteristic feature 1s the shape of the
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Fig 1 Diagram of the slot injector
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mixing chamber, which 1s ongmnally circular and gradu-
ally becomes slot shaped, the cross-sectional area not
necessanly being changed{1] This slot shape offers two
advantages Firstly the mixing chamber consists largely
of convergent surfaces along which the shear rate n-
creases This results in a lower pressure drop compared
with an accelerated flow and mmplies that a fine gas
dispersion 1s produced with the free jet retaiming a large
amount of its kinetic energy Secondly the free jet leaves
the injector as a relatively flat band which mixes more
rapidly with the surrounding liquid thus suppressing the
bubble coalescence

The shape of the hquid nozzle 1s adapted to that of the
mixing chamber 1n order to ensure that the slot shaped
outlet 1s entirely filled with the gas-liquid dispersion

EXPERIMENTAL EQUIPMENT AND PROCEDURE
The sorption charactenistics discussed 1n this study
were obtamned for two slot mjectors (types A and B)
being geometrically disssmilar The principal dimensions
of the hqud nozzle and of the mixing chamber are given
in Table 1

Table 1 Principal dimensions of the investigated slot injectors

Type A Type B

Liguid nozzle

Cross-sectional area at the outlet, mm? 113 452

Slot width, mm 8 16
Mixing chamber

Cross-sectional area at the outlet, mm? 314 1256

Slot width, mm 10 20

Two vessels with semm-ellipsoidal bottoms and having
a diameter of 1 60 m in the one case and of 2 80 m 1n the
other were used to obtain the measurements for the
injectors of Type A and B respectively Liqud levels of
up to H = 8 m were obtainable in both vessels

In all experiments air was used as the gas and water as
the hiquid and the coalescence behaviour of the system
was varied by adding common salt 1in various concen-
trations between 0 and 20 g/1 The absorption measure-
ments were carrnied out under steady-state conditions,
while hydrazine was fed continuously into the system to
remove the absorbed oxygen

Details of this experimental procedure, which has the
advantage of not changing the matenial composition of
the system and hence its physical and chemical nature,
are given in[2] Due to the steady-state absorption con-
ditions, the mass transfer coefficient k; a, as defined by
the absorption rate equation

kia = GJ(VAc) 6

ts determined by the mass of hydrazine G troduced 1n
unit ime (which equals the oxygen flow rate through the
interface, as the molecular masses of hydrazine and
oxygen are the same), the iqud volume V (without gas)
and the mean loganthmic concentration difference Ac,.

M  ZLOKARNIK

The last quantity 1s defined by the relationship
Acm = (¢’ = cMIn(c’ — O)l(c” - ¢)] 2

which accounts for no back-muxing of the gas phase and
compete back-mixing of the hquid ¢’ and ¢” represent
the oxygen saturation concentrations in the liquud at the
gas inlet and outlet respectively, ¢ being the concen-
tration of oxygen dissolved m the hqud In all the
experiments ¢ was measured and recorded with two
oxygen electrodes, one bemng positioned near the bottom
of the vessel and the other near the surface of the hquid
Both electrodes indicated simlar oxygen concentrations
in the hquid, thus confirming the assumption of the
complete back-muxing of the hquid phase
Whereas the saturation concentration at the gas inlet
' =cx(1+01H) (x =021 for amr) A3)
depends only on the system temperature and the height
of the hiquud, H (in metres) above the injector, the
saturation concentration at the gas outlet

c” = cx” “

also depends on the mole fraction x” of the oxygen 1n the
outflowing gas, which 1s calculated from the absorption
rate G and the air throughput q according to the rela-
tionship

x"=(qx" — Glpo)l(q — Glpoy), )

the gas throughput g and the gas density of oxygen po,
must be related to identical conditions (eg standard
conditions)

The dependence of the 0, saturation concentration on
the system temperature c.(3), was taken from[3]

As the system temperature was not constant from
measurement to measurement, but vaned 1n the range
& = 15-30°C, the measured k.a values were converted to
kra at 20°C by using the equation proposed by
Calderbank[4] to determine k; m the case of bubbles
with diameters >2 5§ mm

FORMULATION OF THE PROBLEM IN ACCORDANCE
WITH THE THEORY OF SIMILARITY

When formulating the absorption process n ac-
cordance with the theory of similarity one must bear mn
mind that the defimtion of kra as a volume-related
intensive quantity imphes the following three con-
sequences

(a) No dependence on the geometrical parameters
(owing to the assumption that the gas-lhiquid system 1s
quasi-uniform)

(b) No dependence on the matenal parameters of the
gas phase (owng to the assumption kg > k)

(¢) formulation of the process parameters as intensive
quantities[2, 5]
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The following material parameters of the hquid phase
can be mvolved 1n the mass transfer

p—liqud density

v—liquid kinematic viscosity

D—diffusivity of the gas in the hquid

o—surface tension of the hquid

S;—matenal parameters which descrnibe the coales-
cence behaviour of the system and are expressed 1n this
study by means of the NaCl concentration

With injectors the gas throughput ¢ and the lhiqud
throughput ¢q: are mvolved as extensive process
parameters As the hydrodynamic behaviour in bubble
columns depends on the gas load, 1 e the gas throughput
divided by the cross-sectional area g/A, these two
process parameters could be intensively formulated n
the form g/ A and g/q. However, the parameter g/q: has
the disadvantage, that it occurs only 1n two-phase
nozzles An evaluation of the experimental material with
the aid of this parameter would therefore give expres-
sions which could not be compared with those of other
absorption devices Therefore, by analogy with the sorp-
tion characteristics for sturers[5), not the lqud
throughput g,, but its power P,

Pr=Ap:q: (Apr.—pressure drop in.the hiquid nozzle)

1s introduced as a process parameter which, however,
requires a knowledge of the pressure drop charactenstic
of the iquid nozzle The extensive process parameters q
and g, are thus converted into the itensive quantities
g/A and P:/q The third process parameter 1s the gravi-
tational constant g, which exerts an important influence
on the hydrodynamics of the process because of the
large density differences in the gas-hquid system

Thus the functional dependency for kpa reads as fol-
lows

kra = f(p, v,D, 0, S, al A, PLlq, g) ©

This dependence on mne dimensional quantities can be
reduced, in accordance with the theory of stmlarity, to a
dependence on 93 =6 dimensionless numbers This 1s
due to therr dimensions consisting of the three fun-
damental umts (mass, length, time)

(Concerning the quantities termed S;, which describe
the coalescence behaviour of solutions, of which the
defimtions are still not clear, it may be pointed out that
regardless of therr dimensions they can always be trans-
formed into the pure material numbers by means of the
parameters p, ¥ and g)

It follows

(kLa)‘ = lfi{Sf—'y S,*, 0*9 (Q/A)*: (Pqu)‘}, (7)
where

(kra)* = kl.a(l’lgz)”3
Sc = »/D—Schmidt number
o*= tr(p’v‘g)""
S;* = dimensionless material parameters S;
(gl A)* = (qf A)gv)™*"
(PLq)* = (Pl@)/[p(»8)*"]
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When the absorption process 1s carried out mn a given
system and at constant temperature, the numbers Sc, o*
and S$% remain constant and the process 1s described by

(kra)* = yu{(alA)*, (PLiq)} ®

Let us assume that the average bubble size in the bubble
cloud remains constant when the gas load 1s increased
but the power per unit gas throughput 1s kept constant
In that case, a doubling of the gas load wil! double the
number of gas bubbles and hence the interfacial area,
kr.a 1s thus directly proportional to the gas load
(P /q)* =const (kra)*« (q/lA)*— (k.a)*/(g/A)*

= const )

This assumption, which will of course need to be
confirmed below, reduces the three-dimensional #-space
(8) to a two-dimensional one
(kLa)*i{ql A)* = ¢ {(P/q)*}, (10)
but the meaning of the number produced m (10) 1s
difficult to visuahize However, if we recall the defimtion

of kra (1) and replace V by HA, the following expres-
ston 1s obtained

G v 173 A 3 G (ﬁ)lﬂ
HAAc,, (?) 7® = Hghc \% an

The form of this number shows that the mass transfer
rate G 1s proportional to the hquid height H, the gas
throughput g and the logarithmic mean concentration
difference Ac,,

Where high bubble columns are concerned it 1s to be
expected that the influence of the gas throughput g on G
1s taken mnto account more accurately when it 1s related
to the mean pressure of the system

q:=q/(1+005H) (12)
In contrast, the power P; of the liquid jet effects the gas
throughput which 1s subjected to the pressure exerted by
the hquid head above the injector

q:=4q/(1+01H) (13)
In view of these circumstances the two numbers are
defined as follows

G VZ 1/3
Y= E{.A—c,,. (—;’—) sorption number (14)
P.lq.
X= _Qm dispersion number (15)

p(vg)

The object of the expermments 1s thus to determine the
functional dependence

Y = ¢I(X)’
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which 1n the following text 1s referred to as the sorption
charactenstic of the injector

DISCUSSION OF THE EXPERIMENTAL RESULTS

Influence of the hiquid height above the injector on the
degree of coalescence

It may be seen from the structure of the sorption
number Y that the mass transfer rate G is dwrectly
proportional to the hquid height above the injector This
statement need not be generally true for any value of H,
because the coalescence of the gas bubbles 1s not neces-
sarily complete once the free jet has broken up mto a
bubble cloud It was therefore necessary to determine
the lowest height of the hiquud above the injector at
which H ceases to influence Y (X)

Figure 2 shows the results of the measurements, for
which a slot mjector of Type A was attached to the wall
of the vessel at a distance of 1 metre from the base and
directed downwards at an angle of 25° from the horizon-
tal It can be seen that the hquid jet of the slot injector
begins to produce fine and therefore coalescence-inchined
gas bubbles only when X >2x10* The degree of the
bubble coalescence 1s greater the longer the bubble path 1n
the hquuid Only at H =3 m 1s the coalescence mn the
bubble cloud complete, 1e the size of the bubbles
produced by the coalescence remaimns constant The
different slopes of the straight lines show clearly how the
dispersing effect of the hquid jet 1s destroyed by the bubble
coalescence

Infiuence of the salt concentration on the the degree of
coalescence

It 1s known that the coalescence of the primary gas
bubbles can be decisively mfluenced 1n solutions of
vanious morganic salts or organic hquids such as lower
fatty alcohols[5) The reasons for this will not be con-
sidered here, but they are connected with the changimng of
the water structure (“cluster formation”), which 1s
reflected at the interface by the value of dé/dc[6]

In this work the degree of coalescence was vaned by
adding common salt to water, the concentrations of
which are expressed in g NaCl/l Figure 3 presents the
results of corresponding absorption measurements for
which a slot mjector of Type A was positioned centrally
at the bottom m such a way that the jet was directed
vertically upwards, the height of the iquid n the vessel
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Fig 2 Dependency of the sorption charactenistics Y(X) on the
hquid height above the mjector D =16m, jet direction 25>,
system water/air
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Fig 3 Dependency of the sorption charactenstics Y(X) on the
degree of coalescence D=16m, H=8m, jet direcion 1,
system water/air

was H=8m It can be seen that the coalescence 1s
already 1nhibited to a small extent at 3g NaCl/i, at 5g
NaCl/l, however, the inhibition 1s very marked—so much
so that 1t cannot be substantially increased by raising the
NaCl concentration further
This effect i1s certainly not attributable to the salt
concentration alone and 1s principally connected to the
device used to disperse the gas experiments with in-
jectors of different designs have produced different types
of Y(X, c) behaviour The smaller the size of the gas
bubbles produced by an injector and the more coales-
cence suppressing the hydrodynamic conditions 1 both
the free jet and the bubble cloud, the greater 1s the ability
of the salt concentration to favour the “preservation” of
the primary bubbles The shape of the slot injector under
discussion was optimuzed with regard to obtaining the
best possible sorption charactenstic in solutions of low
salt concentrations A design which would give very
small primary bubbles, which later coalesce to form
larger ones, thus wasting the energy used in their for-
mation, was dehiberately avorded The work expended on
the design of the mjector was evidently quite successful,
since otherwise the salt concentration would have a
considerably greater influence on the coalescence
behaviour of the system
The dominating influence of a gas dispersing device on
the coalescence behaviour of the system 1s best illus-
trated by comparing the results presented in Fig 3 with
the sorption characteristics of a muxung vessel with a
hollow stirrer[5S] For this purpose the enhancement fac-
tor m = (kL@)sorsson/(KL@)wacer 18 plotted for both devices

{kealdsol
-t 10l
(ki o) water

5 -
‘ -
34 .
2 0" X
2 A 3
05) cigNacirt]
I T T T T T
1 2 5 0 20 50 100

Fig 4 Enhancement factor m as a function of the degree of
coalescence, the dispersing action and the type of the gas dis-
tributor
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Fig 5 Dependency of the sorption charactenstics Y(X) on the presence of different sohds and salt concentrations
D=06m, H=25m

as a function of the salt concentration 1n Fig 4 With the
mixing vessel there 1s a single dependence m(c) over the
range 4X10°< X <12x10° and P/V = 100-600 Wim?>,
with the injector, however, m also depends on X This
1s comprehensible 1n view of the fact that the injector
produces each gas bubble once only A gas bubble, once
formed, 1s left to itself and—as a result of the coales-
cence—can only become larger In the mixing vessel,
however, dispersion and coalescence of the gas bubbles
take place simultaneously, the mean size of the bubbles
therefore reflects the position of the steady-state be-
tween these two processes The fact that the injector
may be more effective than the stirrer in the range of salt
concentrations which offers little resistance to coales-
cence (¢ < 5 g NaCl/l) can be explatned with reference to
the hydrodynamics of the bubble cloud in the column, at
the gas loads likely to be encountered here, the bubbles
rise essentially parallel to one another The tendency to
coalesce 1s therefore small when compared with that mn
mixing vessels

From what has been sard above, 1t 1s clear that the
coalescence behaviour of a system cannot be described
by means of a material-parameter alone On the contrary,
the enhancement factor m depends on the interaction of
material and process-related parameters and on the type
of the gas dispersing device Hence there is no physical
justification for the so-called “a-value’”, which 1s still
widely used in waste-water treatment and 1s regarded as
a matertal parameter

Coalescence behaviour of a system containing suspended
solds

Most absorption processes of technical interest are
apphed to gas-liquid-sohd systems, the solid phase being
a bactenal culture, a catalyst, one of the reactants etc
As the injectors are of particular interest 1n the biological
waste-water treatment, it was necessary to determine the
extent to which a sohd, acting as a ‘“crystallization
nucleus”, promotes coalescence

In these lab-scale experiments, the slot injector of
Type A was positioned vertically upwards in the bubble

column of diameter 06 m and of hquid height 25m
Cellulose and activated carbon at concentrations of 6 g/1
were used The cellulose was fibrous with a mean fibre
length of Imm, its mean settling velocity was
2cm/min The activated carbon had a mean particle size
of 01 mm Despite these differences the two sohds
behaved similarly with regard to the coalescence
behaviour of the system As may be seen from the two
diagrams 1n the left-hand side of Fig 5, the presence of
the solids lowers the Y{(X) values to about 30% below
those for pure water This undesirable effect can be
compensated by adding salt at 2-3g NaCl/l the ab-
sorption rates are the same as those measured in pure
water

On the night-hand side of Fig 5, Y 1s shown as a
function of ¢ This diagram shows that at ¢ > 5 g NaCl/l
there 1s practically no difference between systems with
and without solids Of course, this statement apples only
to the two solids under consideration and should not be
generalized until measurements have been performed
with other systems Experiments using sludge from the
biological waste-water treatment plant have given a
bubble coalescence that 1s actually audible and Y values
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Fig 6 Enhancement factor m as a function of the concentration
of different antifoamers D=06m, H =18m, Bayer mjector
8/14, X =45x 10"
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only about half as high as that of pure water It seems
likely that this behaviour 1s less attributable to the
presence of the flocs than to theirr particular nature
Apparently the sludge, even after being watered several
times, retained such large amounts of organic matter 1n
the absorbed state that 1t was responsible for the
vigorous coalescence of the bubbles

It may be seen from Fig 6 that certain antifoamers,
added 1n minute concentrations of 3 mg/l, are sufficient to
reduce the enhancement factor m to 0 5'

Coalescence behaviour and scale-up

Larger injectors are known to be considerably less
efficient than smaller ones[7, 8] This 1s due to the outer
regions of the hiquid jet making a larger contribution to
the gas dispersion than the core of the jet When the
diameter of the nozzle i1s increased, the cross-sectional
area of the jet increases with the square of the diameter,
whereas the circumference of the jet mcreases hinearly
only It follows that, as the diameter of the hqud jet
increases, a correspondingly decreasing part of the hquid
jet throughput utthzes its kinetic energy to disperse the
gas This effect 1s undoubtedly present and can be com-
prehended quantitatively by measuring the mass transfer
rate in a non-coalescent system (e g as in the oxidation
of sodwum sulphite) In a coalescent system the efficiency
of a larger injector 1s further reduced, because the
coalescence 1s enhanced by the mcreased gas load of the
bubble cloud

These effects can be seen clearly in Fig 7 where the
sorption characternistics of the injectors Type A and Type
A2 (geometrically similar to Type A but doubled in size)
are compared We see that when the injectors are posi-
tioned vertically upwards (black symbols 1n both
diagrams), the mjector which 1s twice the size produces
50% lower Y(X)-values This deterioration in effective-
ness 1s undoubtedly partly due to the increased gas load
i the resulting bubble cloud This being true the per-
formance of the larger imjector can be improved by
positionmng it i such a way as to favour the spreading

3
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2
' o o
10744 o=
- 25° X
2
Y Type A2
25°
104 va
3 ° / ° ;__’—d‘:m""
: A
s *
X
2
04 2 5 ©° 2 5

Fig 7 Sorption charactenistics Y(X) for the slot injectors Type
A and A2 as functions of the jet direction D=16 and 28m
resp , H =7 and 8 m respectively, system water/air
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out of the free jet in order to lower the gas load n the
bubble cloud

As can be seen from Fig 7, the direction of the jet has
an msignificant effect wath the smaller njector, due to
the low gas load in the bubble cloud formed here
However, the direction of the jet results in an un-
expectedly high improvement of the Y (X)-characteristic
for the large mjector when the mjector A2 1s directed
downwards at 25° from the horizontal, there 1s a 30%
enhancement of the Y (X)-values when compared to the
vertical direction

When the spreading out of the free jet results in such a
large suppression of the coalescence 1n the bubble cloud,
further means should be applied to favour it One such
way 1s to increase the divergence of the walls of the
muixing chamber This was done by reducing the dimen-
sions of Type A2 in the vertical direction only, thus
producing the injector Type B

In Fig 8 the sorption characteristics for Type B are
presented for different directions of the mjector We see
that the angle of 35° towards the base results in such a
large lowering of the gas load in the bubble cloud that the
bubble coalescence 1s strongly suppressed and the
energy of the jet utihzed for the bubble production 1s
highly preserved This can be seen from the slope of the
Y (X)-hine which 1s 0 33 compared with that of Type A2
working under sinular conditions where the slope is only
01,see Fig 7

In Fig 9 the sorption charactenstics for Type B,
positioned at the favourable angle of 35°, are presented
for different salt concentrations which, as shown pre-
viously, has a remarkable effect on the suppression of
the bubble coalescence Due to the low gas load in the
bubble cloud in Type B, a concentration of anly 3g
NaCl/l has already a considerable coalescence suppress-

2
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) X
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Fig 8 Sorption charactenistics Y(X) for the slot mjector Type B
as a function of the jet direcion D=28m, H =7 m, system
water/awr

v gNaCl/|
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3 2 s 1 2 5
Fig 9 Sorption charactenstics Y(X) for the slot mnjector Type B

as a function of the degree of coalescence D=28m, H=Tm,
jet direction 35°
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g effect which cannot be greatly improved by further
mcrease in salt concentration (In Type A for a marked
coalescence suppression 5 g NaCl/l was needed )

The analytical expressions for the sorption charac-
teristics in Fig 9 read as follows

g NaCljl
0 Y=24x10"°X"
3 22x 1075 X°%¥
5 20x107° Xx°3
10 15%x107% x°4

CONCLUSIONS

The experimental results obtained with siot injectors
as gas distributors mm gas-hiquid contacting show the
strong mfluence of the bubble coalescence conditions on
the effectiveness of the gas dispersing device The
coalescence conditions of the system as a whole result
from the interaction between the coalescence behaviour
of the hquid and the hydrodynamic behaviour in the free
jet and the bubble cloud as produced by the type of
mjector and the flow pattern of the surrounding hiquid
Due to the antagonism between the dispersing action of
the mnjector and the bubble coalescence 1n the gas—hquid
dispersion produced, lab-scale measurements do not
allow a rehable scale-up of the injectors for coalescent
conditions In this case measurements on the industrial
scale are indispensable This paper shows how compre-
hensive studies are necessary to achieve an effective
mjector for coalescent conditions (e g biological waste-
water treatment)
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NOTATION
A cross-sectional area of the bubble column, m*

¢ dissolved oxygen concentration, g/m’
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€s OXygen saturation concentration, glm3

¢, ¢” oxygen saturation concentration as defined by
egns (3) and (4)
Ac,. log mean concentration difference as defined by

eqn (2)
D diffusivity of the gas in the hquid, m*/s
G oxygen flow rate through the nterface, kg O:/s
H hqud height over the mnjector, m
mass transfer coefficient as defined by eqn (1)
P, power of hiquid jet, W

Ap. pressure drop of the jet in the nozzle, N/m®
q,q:. gas and liqud throughputs respectively, m’/s
qi1, > gas throughputs as defined by eqgns (12) and (13)
S; material parameters descnibing coalescence
behaviour
x’, x” mole fractions of oxygen in the gas, see eqns (4)
and (5)

X gas dispersion number as defined by eqn (15)
Y sorption number as defined by eqn (14)

Greek symbols
p hqud density, kg/m®
v hqud kinematic viscosity, m*/s
o hqud surface tension, N/m
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