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study, various venturi nozzles with air holes in the throat portion were manufactured and meaningful
experiments were conducted to determine their oxygen transfer efficiency and aeration performance., the
venturi nozzles with throat diameters 14, 17 and 20 mm were used in the experimental study. The ratio of
the diameter of the air holes to the diameter of the throat portion is taken as 0.1, 0.2 and 0.3. Different
experiments were carried out for nine different hole diameters. In addition, the ratio of the throat portion
length to the throat portion diameter was taken as 1.00 and 0.50. For all nozzles, the ratio of outlet length
to outlet diameter was taken as 1 and 2. In addition, comprehensive experiments were carried out for a
venturi, considering the ratio of outlet length to outlet diameter as 1, 2, 3, 4 and 5. The experiments were
also conducted for the circular nozzle to make comparisons. In this study, venturi nozzles gave better
results than circular nozzles, and higher aeration performance values were obtained for the ratios 0.2 and
0.3, 1, 0.50 and 0.50. It was found that the aeration performance of the venturi nozzle was approximately
6.5 times higher than the air entrainment rate performance of the circular nozzle and 2.5 times higher in

terms of oxygen transfer.
* Sorumlu Yazar

Introduction

One of the important parameters in terms of water
quality is dissolved oxygen concentration. Oxygen is used
in many biological activities and chemical reactions
occurring in  water. Thus, the dissolved oxygen
concentration in the water tends to decrease. The process of
replacing this decreasing amount is made possible by
oxygen transfer, in other words, by taking oxygen from the
atmosphere and returning it to water. Aeration of water is
needed in the removal of volatile organic compounds in
water, in cases where oxygen is required to be supplied to
the system in case of decreased dissolved oxygen
concentration in ponds, reservoirs or rivers, in the removal
of gases that cause bad taste and odour in water, in the
removal of carbon dioxide dissolved in water, in cases such
as supplying oxygen to the system in biological treatment
[1, 2].

There are different aeration systems. Unlike conventional
aerators known as mechanical aerators and compressed air
diffusers in ventilation units, water jet aeration systems are
also commonly used [1, 2]. There is no need for an air
compressor in the aeration system with water jet. Water jets

are easy to operate and require very little maintenance. They
also ensure a good mixing in the receiving pool [1, 3, 4].

Free water jets are impinged in a perpendicular or angled
manner to the water surface. Thus, it is ensured that the air
in the atmosphere is transferred into the water by entraining
the air bubbles with water. It is possible to see this
phenomenon in free-falling structures in nature (such as
streams flowing in mountainous regions, cascades,
waterfalls). In addition, such phenomena are also
encountered in dam spillways, weir flows and sluice outlet
structures. In many hydraulic structures such as stepped
spillways, energy dissipation is realised while aeration can
also be performed at the same time. Water jets are used in
aeration (removal of gases such as carbon dioxide,
hydrogen sulphide, methane dissolved in water), flotation,
oxygen transfer, waste water treatment, as well as metal
cutting, metal cooling, marble cutting.

In natural phenomena, water jets play an important role in
the entrainment of air, the transmission and distribution of
entrained air in the form of air bubbles in the water body,
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and the provision of an effective air-water contact surface.
In practical applications, jet aerators are used in chemical
engineering to improve mixing processes and gas-liquid
transfer, and in environmental engineering for drinking
water treatment plants and where oxygen transfer is
required [1-4].

Canepa and Hager [5] investigated the effect of air mixing
when examining scour from water jets. They stated that the
more air bubbles are mixed into the downstream pool with
the water jet, the less the scour depth decreases. Emiroglu
and Baylar [6] opened air holes close to the exit point of the
classical circular nozzle and experimentally investigated the
effect of this on aeration efficiency (i.e., air entrainment
rate). The holes created negative pressure and changed in
the impact point the shape of the jet. In this way, more air
bubbles were entrained into the receiving pool. They found
that the nozzle with holes on it has more aeration efficiency
than the nozzle without air holes. Emiroglu and Baylar [7]
investigated the aeration efficiency of the venturi nozzle.
They drilled longitudinal holes at different points of the
venturi nozzle and analysed their effects. These holes are
drilled both in the throat portion and in the diverging cone
and converging cone zones. As a result of the experiments,
it was found that more aeration efficiency was obtained in
case of a hole in the throat portion. Baylar and Emiroglu [8]
conducted a series of experiments for a venturi nozzle with
air holes in the throat portion. In this way, they determined
that the shape of the jet changed. In this case, they
determined that much more aeration efficiency was
obtained. Out et. al. [9] conducted a number of physical
experiments using a single-hole, elevated bucket to generate
a stream that falls into the receiving pool. The main
variables, hydraulic flow, hole diameter and height of drop
were varied in an applied area. A video was shot to examine
the bubble penetration depth. Regression equations were
developed to predict bubble penetration depth and statistical
variation. The standard deviation regression equation can be
used to estimate the statistical variation of the bubble
penetration depth. The bubble penetration depth decreased
with increasing height of drop and remained constant at a
height of drop of 50 cm. Penetration depth increased with
increasing hole diameter for all height of drop and hydraulic
flows. Yamagiwa et. al. [10] investigated the effect of
nozzle contraction angle on the air entrainment rate of a
vertical liquid jet. Jet surface roughness increases with
increasing nozzle contraction angle up to 40° The
volumetric air entrainment rate increases according to
sind=0.21, similar to the increase in jet surface roughness.
For each power consumption, air entrainment rate and
nozzle contraction angle were also analysed. They stated
that the power efficiency of air entrainment was almost
independent of the nozzle shrinkage angle. Bin [11] gave a
comprehensive review of the possible results of existing
experimental and theoretical studies on gas entrainment in
liquid jets. The author gave detailed presentations on bubble
propagation characteristics such as bubble volume, bubble
penetration depth, bubble settling time, gas retention;
mechanisms; initial conditions of gas entrainment; amount
of entrained gas and mass transfer. In his article, he made a
compilation of all articles on the subject. His work has been

cited in over 50 references. Practical applications of jet
aeration in the waste treatment, fermentation and flotation
industries and their aeration performance in comparison
with known conventional aeration systems are also
included.

Kusabiraki et. al. [12] experimentally investigated the
interactions in the air entrainment rate (Qa) when the nozzle
length to diameter ratio (L/D) takes different values for an
inclined jet aeration system using low viscosity fluid. The
changes in Qa were related to the pre-impact jet shape and
the propagation of the liquid velocity at the point of gas
dispersion. An empirical equation was presented to predict
the penetration depth of the air bubble entrained by the jet
propagation. The behaviour of bubble entrainment was also
reviewed in terms of the volume of the entrained bubble and
the rate distribution of the impacting liquid. Sene [13]
conducted a series of theoretical and experimental studies
on the mechanism of water jets. Taking into account the
work of other authors, he suggested that the air entrainment
mechanism undergoes a qualitative change with increasing
jet impact rate (U;). Different models of air entrainment
rates (Qa) in low and high rate systems are presented and it
is seen that both theoretical and experimental results give
values of Qa~U;® at low rate and Qa ~ U;i¥? at high rate.
Quantitative predictions of Qa in high-rate jets were
consistent with experimental results. Van de Sande and
Smith [14] presented a theory of aeration caused by the
impact of a high rate water jet on the water surface.
Experimental study provided a more satisfactory
compliance than theory developed over a wide area. The
boundary conditions of the theory have a physical meaning.
The jet must submit to the air friction coefficient (W.>10)
and the accompanying air boundary layer must be laminar
(Rer<5x10%). In the case of a turbulent boundary layer, the
same type of analyses can be used, but only if reliable
solutions suitable for that layer cannot be found. Zhang and
Zhu [15] experimentally investigated the trajectories of
bubbling jets in cross flow by vertically injecting air-water
mixtures through a circular nozzle. Based on dimensional
analysis, they developed a semi-empirical relationship to
predict the separation height of bubbly jets with strong
initial momentum. The centreline trajectories of both water
and air phases of the bubble jets were investigated. They
observed that it decreased significantly after the separation
of bubbles from water jets. Khound et. al. [16] investigated
the aeration efficiency of the venturi device. The authors
stated that the aeration performance of the venturi device
was very high. Shukla et. al [17] made a review study about
the aeration process of water using water jets. The authors
found that water jets had a good performance in aeration
and oxygen transfer of water and wastewater treatment
plants. Yadav et al. [18] conducted an experimental study
on the design of venturi aeration systems. Puri et al. [19]
made a review article on the use of venturi ducts, venturi
nozzles, weirs, cut-and-cover areas in aeration and oxygen
transfer. In their study, the authors evaluated the aeration
performance of such hydraulic structures by using artificial
intelligence techniques. Dange and Warkhedkar [20]
conducted an experimental study to determine the
efficiency of venturi aeration systems. In this study,
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standard oxygen transfer efficiency (SOTR), standard
aeration efficiency (SAE), volumetric oxygen transfer
coefficient of the venturi system (K a20) parameters was
analysed in detail. In conclusion, the authors emphasised
that the venturi device was a very suitable weight for
aeration. Yadav and Roy [21]; Reda Hamed [22]; Ochoa
[23] also investigated the aeration efficiency of the venturi
device.

The aeration performance of the venturi device was
analysed in detail according to d/D (the ratio of the diameter

of the throat portion to the outlet diameter), ¢/d (the ratio
of the length of the throat portion to the diameter of the

throat portion), h, /d (the ratio of the diameter of the air

hole opened in the throat portion to the diameter of the
throat portion) and L/D (the ratio of the length of the outlet
section to the outlet diameter) in order to obtain design
criteria different from the literature. In the studies in the
literature, circular cross-section nozzles are mostly used as
water jet nozzles. The length of the throat area of the venturi
device, the variation of the length of the outlet part, the
variation of the diameter of the hole opened in the throat
portion and thus their aeration efficiency was investigated.

Theoretical Information

Gas transfer in water is carried out for different
purposes. Air entrainment rate and oxygen transfer are
carried out in order to add chlorine to the water, to increase
the dissolved oxygen concentration or to remove gases such
as carbon dioxide and hydrogen sulphide from the water.
The solubility of a gas in water depends on the type of gas,
pressure, temperature of water and concentration of
pollutants in water. Gas transfer occurs at the interface
between the liquid and gas phases. This transfer process
continues until equilibrium is achieved between the liquid
and the gas. When equilibrium is achieved, the gas
concentration in the liquid reaches saturation [1-4].

dC A
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where; Cs= P, /H and is the saturation concentration of
oxygen in water. The term A/Vy is often replaced by “a”,
which indicates the specific interface surface.

If C=C,and C=C in Equation (1) are integrated for t=0 and
t=t, it is

C t
€ _kad @
COCS _C o}
From the solution of this equation;
C,-C
n =———=1 |=—(K_ a)t
LCS—COJ (K.a) ©)

is obtained. Where; C, and C= oxygen concentrations of
water at the beginning and at time t, K.a= mass transfer
coefficient. According to Equation (3), the values of K a are
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obtained by using t time against C.=CJ on a semi-
logarithmic paper. Kia is normalised at 20 °C for
comparison in different systems.
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Oxygen transfer efficiency is defined as the ability of the
structure to provide oxygen to reach the saturation
concentration of water, i.e., the performance of the aeration
device. The greater the oxygen transfer efficiency, the
higher the efficiency of the aeration. In other words, the
higher the aeration efficiency of the system, the higher the
oxygen transfer efficiency. Oxygen transfer efficiency is
calculated by the following equation [1-4].

ORYV,,
OE = N 5)
OR = (K, a),,C. (6)
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where; OE is the oxygen transfer efficiency (kgO2/kw-
hour), oxygen transfer rate at 20°C and 1 atm pressure

(mg///hour), Nj is the net power of the jet (W), Vy is the
water volume (m?3), C: is the saturation concentration of

dissolved oxygen (mg/?), Qu is the water flow rate (m%/s), p
is the mass density of water (kg/md), V;j is the jet velocity
(m/s).

Materials and Method

Tap water was used in all experiments. Each experiment
started by filling the tank with tap water. Sodium sulphite
(NazSOs3) and cobalt chloride (CoCly) were added to tap
water to reduce the DO concentration to 0 mg/L. 1.185 m®
of water was used in the experiments. To reduce the DO
concentration of this water to 0 mg/L, about 110 g Na; SO3
was added and 3 g CoCl,was added as a catalyst.

This study was conducted in the Hydraulic Laboratory of
the Department of Civil Engineering, Faculty of
Engineering, Firat University. The schematic view of the
experimental set is given in Fig. 1. The experimental setup
consisted of a water tank, water pump, flowmeter,
thermometer, dissolved oxygen (DO) meter, DO probe,
venturi device, anemometer, air trap, relief valve and ruler.
All experiments were carried out in a water tank made of
sheet metal and glass with a volume of 1.80 m® (0.75 m
width, 2.0 m length, and 1.2 m height). The water was
circulated by means of a water pump. The water velocity in
the venturi device was calculated by considering the
diameter at the inlet of the venturi. In circular nozzles, it
was calculated by considering the outlet diameter. The
discharge of the system was determined using a flowmeter.
The wventuri device used in the experiments was
manufactured using a plastic, transparent material. The
diameters of the air holes in the venturi device were taken
asl14,17,20,28,34,4.0,4.2,5.1,and 6.0 in mm.
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The residence time of air bubbles transported to the water is
an important parameter in terms of oxygen transfer
efficiency. The residence time is related to the penetration
depth (Dp), which is the vertical distance from the water
surface to the bubble flow path and hence the bubble area
submerged to the bottom of the water. Below the point
where the jet contacts the water, two different bubble areas
are formed. It can be expressed as an inner cone of high
turbulence where the bubble spreads freely and an outer
area where larger bubbles rise out of the cone and rise
towards the water surface. The tank depth was therefore
designed so that it was not to affect the penetration depth.

Flowmeter

&

$
Anemometer & o
probe A('@A“
® Thermometer
. NN
i Air trap / v ‘/ | .
i T e et I = E
= - - Ajr'bubble " ", DO meter =
<0 e, e &
Z4 L Z
—
E DO probe
E Water tank Water
ﬂ pump
»-i Drain valve

Fig. 1. Schematic view of the experimental setup

In this study, an air trap with dimensions (0.70 m x 0.85 m
%x1.10 m) with an anomometer placed on its surface was
used to measure the air flow rate (Fig. 2). This trap was an
effective tool for measuring Qa value. DO concentrations
were measured using a HANNA Model HI19142 adjustable,
portable oxygen meter shown in Fig. 3(a). The DO metre
was calibrated daily before use. The adjustment methods
were carried out as recommended by the manufacturer. The
calibration was performed in humid air under the current
weather conditions. Air entrainment rate (Qa) was

measured using a Testo 435 model anemometer shown in
Fig. 3(b).

(b)

Fig. 2. (a) Top view of the experimental set, (b) Water tank
and trap

(b)

Fig. 3. Appearance of a) oxygen meter b) anemometer
used in the experiments

In this study, the nozzles given in Fig. 4 and Fig. 5 were
manufactured and used. Each nozzle was tested at jet
velocity (V;) values ranging from 2.50 m/s to 15.00 m/s.
These velocity values belong to the part where the feeding
line ends and the nozzle starts. These values were used

when calculating Re( Vi ><DJvalues. Where, V; is the jet
14

velocity, D= diameter and v is the kinematic viscosity of
water. The water jet length (L;) from the nozzle exit of the
jet on the water surface to the impact point was taken as
0.30 m. The angle of impact was 45° for air entrainment and
OE experiments. Air holes were drilled in the throat portion
of the venturi device. Baylar and Emiroglu [9] found that
the holes drilled in the throat portion had the best aeration
efficiency in their study. Therefore, in this study, the holes
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on the venturi device were drilled in the throat portion.
Since Baylar and Emiroglu [8] gave the best angle values
for aeration as 21° and 7° in their study, it was taken as
01=21° and 0=7°.

] Converging
Supply line Inlet cone  Throat = Divergingcone  Outlet
d
Flow
direction
—

1,=D l,

I3=d/2, d, |
ve 3.d

1,=D, 2D, 3D,
4D, ve5D

Fig. 4. Details of the venturi nozzle type used in the
experiments

where 0, — D-d s = D-d
2tg (a,) 2tg(a,)
7
Flow direction
. D, d,

T g g
|=D, 1@3d . 1,0,2d,3d,4d,e5d

[~

Fig. 5. Details of the circular nozzle type used in the
experiments

D—d
2tg (o)

The features of the venturi nozzles and circular nozzles used
in this study are as follows: Venturi nozzles with d=14 mm,
d=17 mm, d=20 mm throat portion diameter was used. In
jet expansion, air entrainment rate and penetration depth
experiments, the ratio of throat potion diameter to nozzle
diameter was taken as d/D=0.50 and d/D=0.75. The ratio of
the diameter of the air holes to the diameter of the throat
portion was taken as hg/d=0.1, ha/d=0.2 and hg/d=0.3. In

addition, ¢/d =1.00 and ¢/d =0.50 were taken. In addition,
L/D=1 and L/D=2 were evaluated for all nozzles. In order
to compare the effect of different outlet lengths on jet
expansion, air entrainment rate and penetration depth Only
for the wventuri nozzle with d=17 mm, step by step
experiments were carried out between 5, 4, 3, 2 and 1
varying values of L/D for d/D=0.50, ¢/d =3 and ha/d =0.2
and the results were evaluated. For the venturi nozzle with
d=17 mm, L/D=1, d/D=0.50 and ¢/d =0.50 while hy/d=0.4
and hg/d=0.5 values were also taken and the data obtained
as a result of this situation were evaluated; In addition, with
these variables, the amount of air entrained by the holes was

where ¢, —

measured by immersing the jet in water. In oxygen transfer
efficiency experiments, it was takes as L/D=2, d/D=0.50

and d/D=0.75, ¢/d =1.00 and ¢/d =0.50, ha/d=0.2. Again, in
order to make some comparisons while performing OE
experiments L/D=1, 2, 3, 4 and 5 values were considered

for L/D=1, 2, 3, 4 and 5 for L/D=1, d/D=0.50 and ¢/d =1.00

for d=17 mm nozzle; L/D=1, d/D=0.50 and¢/d =1.00 for
d=20 mm nozzle and d/D =0.50 and [1(1/d=3.00 for d=17
mm nozzle.

In circular nozzles, nozzle diameters of D= 18.67 mm,
22.67 mm, 26.67 mm, 28 mm, 34 mm, and 40 mm were
taken to be the same with the outlet diameters of venturi
nozzles. In all experiments with circular nozzles, it was
taken as L/D=1 and L/D=2. In order to make some
comparisons with these mouthpieces, in the OE
experiments, For D=34 mm, L/D=1, 2, 3, 4 and 5 values
were taken and in the jet expansion, air entrainment rate and
penetration depth experiments, L/D=5 value for D=34 mm
was taken.

In this study, a series of laboratory experiments were
conducted with a perforated venturi nozzle and a circular
nozzle to determine the variation of the air entrainment rate
and oxygen transfer efficiency in the third portion. The
reason for experimenting with circular nozzle was to make
a comparison. A vacuum (air suction-negative pressure) is
created in the air holes of the venturi device. If a minimum
differential pressure (AP) occurs between the inside and
outside of the venturi device, this is a success. When a
pressurised liquid, such as water, enters the venturi device,
it is squeezed into the throat of the venturi device and
transformed into a high-speed jet flow. As a result of the
differential pressure, the increase in the rate in the throat
portion of the venturi device leads to a decrease in the
pressure in the throat portion. This pressure drop allows air
to enter through the holes. As the jet stream propagates
outside the venturi device, its rate decreases and is
converted into pressure energy at a pressure level lower than
the internal pressure of the venturi device. Venturi devices
are highly efficient and require less than 20% differential to
initiate suction.

A trap and an anemometer were used to determine the air
entrainment rate. The flow rate of the air coming out of the
pipe at a sufficient height above the trap was measured for
about 60 s and averaged. With the measurement made in
this way, relaible results were obtained than the
measurements made with the air flowmeter. For this reason,
an anemometer was used in this study instead of an air
flowmeter. Jet expansions were measured at the point of
impact in the receiving using callipers.

Penetration depths were determined with the help of a ruler
placed on the tank and photographed. The water was then
circulated to 100% saturation. Taking t on the x-axis and

_ | E<=C4 |on the y-axis, the line was fitted using the
Cs _Co

least squares method according to these two parameters and

thus (K a) values were obtained.
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Findings and Discussion
Oxygen Transfer Efficiency of Venturi Device

In Fig. 6, a series of experiments were carried out to
investigate the oxygen transfer efficiency with the water jet
formed by the venturi device by taking d/D=0.50, [1/d=3.0,
D=34 mm as constant. The variation of L/D was considered
for a wide range and experiments were performed for L/D=
1,2, 3,4 and 5. As seen in Fig. 6, oxygen efficiency values
also changed with the change of L/D ratio. It is clear that
L/D is an important parameter. The oxygen efficiency
values obtained for L/D=1 are higher. High values were also
obtained for L/D=2 and L/D=3. This is because as the L/D
ratio increases, the expansion and shape of the water jet
changes. When L/D =1, it is observed that the shape of the
water jet hitting the water surface is crescent-shaped and the
perimeter length of the jet is higher than the others. The
longer the perimeter of the jet, the more air bubbles are
transported to the receiving pool and thus more OE values
are obtained. A decrease in oxygen transfer efficiency was
observed with increasing rate. This is due to the increase in
jet net power N;. Oxygen transfer efficiency increased with
the growth of diameter This is due to the increase in jet
momentum. In addition, OE values obtained with circular
nozzle were lower for all L/D values. The OE values
obtained with the Venturi device are about 2.5 times higher
than those obtained with the circular nozzle.

|an=n,ﬁn;_f 'd=3 ( For venturi nozzles ) ‘ D=34 mm

O (kg O, kW.fine)

LEN K]

'
* e
— e

— At
— teme

0.00 T T T I T
0.00 2.50 5.00 7.50 10.00 12.50 1
Water jet velocity (m/s)
Fig. 6. Variation of L/D in venturi nozzles with oxygen
transfer efficiency depending on the water jet velocity

In Fig. 7, L/D=2 was taken as constant and a series of
experiments were carried out to examine the oxygen
transfer efficiency with the water jet formed by the venturi
device to see the effect of ¢/d and d/D for d=14, 17 and 20
mm. It was taken as ¢/d =0.50 and 1.00 and d/D=0.50 and
0.75. It is also seen from the figure that the values of
d/D=0.50 are considerably higher than d/D=0.75. Also, the
best OE values were obtained when it was ¢/d =0.50. Figure
7(a) shows the OE values for #/d =1.00 and Fig. 7(b) shows
the OE values for ¢/d =0.50 for different diameters. An
increase in OE values was also observed with the increase
in the diameter in the throat area. It can be seen from the
figures that the OE values of d/D=0.50 are much higher than

the OE values of d/D= 0.75 for all tested cases. While
comparing the venturi nozzle with the circular nozzle, the
values of D= 40 mm, which has the best OE value of the
circular nozzle, are shown in this graph. It is seen that there
is a big difference between the OE values of the venturi
nozzle and the OE values of the circular nozzle.

Van de Sande and Smith [12] presented the oxygen transfer
efficiencies of 3.9, 5.8, 8, 10, 12 mm circular nozzles. The
maximum velocity was taken as 15 m/s. Kia values
increased with increasing rate. The slope of the obtained
graph is consistent with the slopes of the values obtained in
this master's study. In the study by Van de Sande and Smith
[12], a graph was drawn between jet velocity and OE and
OE values decreased with increasing velocity. Graphs in the
same trend were obtained in this study. Bin [11], proposed
the following equation:

OE= 2.07xN;**xD*xL5® )

where; Nj= (kW), OE= (kgOkWh?), D= (m), Lj= (m) The
OE values given by Baylar and Emiroglu [8] are consistent
with the values obtained in this study. For the circular
nozzle with D=28 mm, V;=5.0 m/s, ;=30 cm and
Re=137254.9 values; OE=0.342 value was obtained with
Eg. (8) presented by Van de Sande and Smith and
OE=1.789 value was obtained with Eqg. (10) presented as a
result of the study studies.
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17.50
d=20 mm: L/D=2 Venturi nozzle
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Fig. 7. Variation of d/D and //d in venturi nozzles with
oxygen transfer efficiency depending on the rate

In Fig. 8, the oxygen transfer efficiencies of the water jet
created by the venturi device and the circular device are
compared. As seen in Fig. 8, OE values increase with the
growth in the diameter of the throat are of the venturi
device. This is due to the increase in momentum. OE values
decreased with the increase in d/D. This is due to the
increase in the diameter in the throat portion and the
decrease in the exit velocity in the venturi device. As can be
seen from Fig. 8, the OE values of the circular nozzle are
considerably lower than the venturi nozzle. This shows that
the performance of the venturi device is very high compared
to the circular nozzle.
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Fig. 8. Comparison of the change of D in circular nozzles,
d in venturi nozzles and d/D in circular nozzles with the
oxygen transfer efficiency depending on the rate

Air Entrainment Rate Performance of Venturi Device

Figure 9 shows the variation of #/d and hg/d in venturi
nozzle with air entrainment rate (Qa) depending on water
jet velocity. For venturi nozzles, the tendency of Qa to
increase with increasing water jet velocity is very high. In
general, the values of £/d =0.50 were higher than the air

entrainment rate values of #/d =1.00. The values of hg/d=0.2

and hg/d=0.3 are higher than the values of hg/d=0.1. Atd=14
mm, no significant differences were observed in the Qa

values measured according to the variation of ¢/d and hq/d.
In this case, the highest air efficiency was observed at d=14

mm when d/D=0.50, L/D=1, ¢/d =0.50 and hq/d=0.2
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Fig. 9. Variation of ¢/d and hg/d in venturi nozzle with air
entrainment rate depending on the water jet velocity

Figure 10 shows the variation of d/D and hqd/d in venturi
nozzle with air entrainment rate (Qa) depending on water

jet velocity. To see the variation, d, ¢/d and L/D were taken
as constant. Qavalues decrease significantly with increasing
d/D ratio. The reason for this is that the exit velocity
increases with the narrowing of the throat area and the
amount of air drawn from the hole in the throat area
increases and the shape of the jet changes. Thus, an increase
in the amount of air bubbles transferred to the receiving
environment is observed.
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Figure 11 shows ¢/d. As seen in Fig. 11, Qa values

decreased with increasing ¢/d. As mentioned above, the
hole or holes in the throat area change the shape of the jet.
If the length of the throat portion increases, the change in
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the shape of the jet decreases. Thus, Qa values decrease with
the increase of //d.
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Fig. 11. Variation of £/d and hq/d in venturi nozzle with air
entrainment rate depending on the water jet velocity

Figure 12 shows d/D ve hd/d. Qa values decrease with
increasing d/D. In case of d/D=0.50, the change of hy/d did
not change the Qa values much and close results were
obtained. This is due to the fact that at small d/D ratios, the
amount of air intake in the holes in the throat portion does
not differ much due to the high velocity.
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Fig. 12. Variation of d/D and hg/d in venturi nozzle with air
entrainment rate depending on the water jet velocity

In Fig. 13, the variation of Qa for venturi nozzle is analysed

for d=14, 17 and 20 mm, d/D=0.50, ¢/d =0.5 and 1.0 and
ha/d=0.1 and 0.2 and compared with circular nozzle with the
same nozzle outlet diameter. Compared to the circular
nozzle, the Qavalues of the venturi nozzle were observed to
be considerably higher. It can be seen from the figure that
the Qa values of the venturi nozzle are approximately 6.5
times higher than the circular nozzle. In Fig. 13; the venturi
nozzle was immersed in water and the amount of air drawn
from different holes was measured and given in the figure.
It was observed from the experiments that the air drawn by
the negative pressure created by hy/d=0.1 gave the lowest
value. In case of hg/d=0.3, the most air was drawn. The

values of hqa/d=0.5 were less than hg/d=0.4. In other words,
no direct proportionality was observed between the increase
in hole diameter and the amount of air drawn. With the
increase in diameter, an increase in Qa values is also
observed. This is because the momentum of the jet
increases. In the study conducted by Bin [20], Qa values
increase with increasing velocity. In this paper, the results
of experiments performed on very small diameters were
presented. The Qa values in the study by Baylar and
Emiroglu [8] are consistent with the results of this study.
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Fig. 13. Comparison of the variation of d and D in venturi
and circular nozzles with air entrainment rate as a function
of water jet velocity

In this study, analyses were made for air entrainment rate
and oxygen transfer efficiency and their equations were
developed. The analyses were performed using the least
squares method. The developed equations are presented
below:

Qa= AxReBX(gJCX(;JDAX(EJE " R)=0975  (9)

where, A = 0.010634, B = 0.267650, C = -0.174515,
D" =-0.049683, E = 0.014116 ve G = 3.594574.
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av ()

D d
where, B = -0.133437, C = -1.94335, D" = -0.128016 ve E
=2.821326. A, B, C, D", E and G: experimental constants,
Re= Reynolds number (-), d= throat potion diameter (m),
D= outlet diameter (m), /= throat portion length (m), hg=
diameter of the hole in the throat portion (m)

The degree of accuracy of the equations found are provided
in Fig. 14 and 15. It can be seen from the figures that all the
equations obtained are consistent with the measured values.
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Conclusion

In this study, water jets were formed with venturi
nozzles with different nozzle diameters and circular nozzles
with the same outlet diameters as venturi nozzles.
Significant experiments were carried out to determine the
air entrainment rate and oxygen transfer efficiency of each
nozzle by providing air entrainment into a water-filled tank

with these nozzles. The results obtained from this study are
summarised below.

v Venturi nozzles have a higher aeration efficiency than
that of circular nozzles.

v As the velocity of the water jet increases, air
entrainment rate and mass transfer coefficient also increase.
But oxygen transfer efficiency decreases.

v The type of nozzle is an important factor affecting the
aeration performance.

v' Air entrainment rate and mass transfer coefficient
values of venturi nozzle are considerably higher than that of
circular nozzle.

v Varying diameters of the air holes in the throat portion
significantly affected air entrainment rate, jet expansion,
oxygen transfer efficiency and penetration depth. No
increase in air entrainment rate was observed with
increasing hd/d’ Generally, higher data were obtained for
hd/d=0.2 and hd/d=0.3.

v It was observed that the ratio of nozzle outlet length to
outlet diameter has a significant effect on air entrainment
rate, jet expansion, oxygen transfer efficiency and
penetration depth. When the air entrainment rate values in
venturi nozzle are compared for L/D=1, L/D=2 and larger
values, it is observed that L/D=1 reaches the highest values.

v' The ratio of throat portion length to throat portion

diameter was effective on //d; air entrainment rate, jet
expansion, oxygen transfer efficiency and penetration

depth. ¢/d =0.50 generally gave better results than ¢/d
=1.00.

v’ It was observed that the data provided by d/D=0.50 was
significantly higher than d/D=0.75 for all venturi nozzles
tested.

v In practice, the use of a venturi nozzle instead of a
circular nozzle, which makes no difference in terms of cost,
will result in approximately 6.5 times higher air entrainment
rate and 2.5 times higher oxygen transfer efficiency.
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