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ABSTRACT

Sufficient dissolved oxygen is required for helpful water quality. Natural stream cleansing
procedures need enough oxygen levels for the purpose of supply for aerobic life systems. The
happening of oxygen and water mixing together is titled aeration. There are several techniques to
add air or oxygen to water, for instance open air reservoirs, submergible pumps, domestic
aeration systems, compressor systems and air pump systems. However, the Venturi system, relied
on the easiness of Ejectors, gives a easy, preservation free aeration solution. venturi system
permits air to be injected inside running water from air inlet orifices and so rises oxygen levels in
the water. The main objective of this research is to evaluate effect of geometric characteristics on
the aeration efficiency in the venturi system. To achieve this goal, the venturi is designed and
carried out, from transparent polycarbonate. Experiments were conducted under clear-water
conditions at different discharges (Qwater): 44.16, 58.88, 73.59 and 88.31 lit/min which
correspond to four inlet velocities (v): 1.5, 2.0, 2.5 and 3.0 m/s. The study involved selecting
three different throat lengths (Lt): 12, 24 and 36 mm, and three different air inlets orifices
diameters (ds): 3, 5 and 8 mm. Five different outlets angles have been used (B): 7°, 10°, 15°, 21°,
and 25° with inlet angle (o) stabilization at 7°. The inlet and the outlet diameter (D) and throat
diameter (dx) in all the experiments were constants and equals to 25 and 10 mm, respectively. The
results of the study demonstrated that the geometric characteristics of the venturi system affects
the aeration efficiency. Additionally, empirical equations were gotten for venturi tubes linking air
flow and water flow to throat lengths and diameters, venturi outlets angles, air inlets orifices
diameters and Reynolds numbers.

KEYWORDS: Geometric Characteristics, Aeration, air injection, venturi, water quality.
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1. INTRODUCTION

Venturi tube is an applicable, economic alternative device to transfer gas-liquid. it is simply
designed easily manufactured, and it does not need maintenance. The process of air vacuum
through venturi tube has been used widely in many agricultural, industrial and the process of
water purification (e.g. chlorine and ozone injecting for drinking water, injecting chemicals as
liquid fertilizers in the system of sprinkler irrigation/ transferring dissolved oxygen in drinking
water and waste water treatment).

The venturi tube was named after Venturi, an Italian, who investigated its principle about 1791.
The Venturi tube consists of three parts: the first part is the converging “contraction” part (inlet),
the last part is the diverging “diffusion” part (outlet), with a cross section that shrinks and
expands gradually. The middle part is the throat part (which has a cross-sectional area smaller
than the tube) as in Fig.1. Rapidly converging flow, as between the inlet and throat of a venturi-
tube, causes the velocity to become more uniform over the cross section. Over the short length
involved the loss of head due to friction is negligible in comparison with difference of pressure
head ((p1 — p2)/y). For a single streamline Bernoulli’s equation then gives [Daugherty et al.,

P1 — D2
Y

Where 1 and 2 are subscripts indicating points 1 and 2; vi and v- are velocities; g is gravitational
acceleration; p1 and p2 are pressures and v is specific weight.

According to Bernoulli equation (1), an orifice is created in the throat part, and with the increased
velocity in this area and the decreasing pressure, the air suction is created and thus the liquid
mixes with air causing bubble flow. This process is called venturi effect that results in the fluid in
a vacuum clouds. The mixture is directed to an area to the Venturi diffusion zone, the velocity

v =v? +2¢9(

) (1)
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decreases and the pressure energy is restored, with slight friction loss to transfer the mixture to
the outlet.

<
Convergngpest | Throat Diverging Part |

Fig. 1: Variation in pressure head for venturi Tube

Numerous studies underlined the existence of the connection between the geometric properties of
the venturi tube and the aeration process efficiency. E.g.; In 2001, Reader-Harris et al., used
twenty-one venturi tubes that were carried out with a diameter ratios range from 0.4 to 0.75.
These tubes were tested in high-pressure gas and water. With standard venturi tubes, they
obtained an equation to the coefficient discharge in water with a 0.74 percent of doubt. The
(CFD) software Ansys (FLUENT) has been used as a tool to carry out design and copying of the
Venturi tube [Reader-Harris et al., 2001]. In 2003, Emiroglu and Baylar, used demonstrated that
the air entrainment rates of the circular nozzles with air holes were significantly higher than those
of circular nozzles without air holes [Emiroglu and Baylar, 2003]. In 2005, Bagatur declared that
the systems of aeration using the venturi tube can be used to solve lack of dissolved oxygen,
nitrogen and nutrient, smell in the evaporation of waste water and the excessive organic matter
[Bagature, 2005]. In 2007, Zhu et al., examined the development of an aerator module with
injectors of venturi tubes to develop the efficiency of aeration [Zhu et al., 2007]. In 2009, Baylar
et al., studied the effect of the inlet hole diameter of venturi tube on the rate of air injection. This
study proved that the diameter of inlet hole on venturi tube has a vital role in injecting air and
there was an optimum diameter that increases injecting air [Baylar et al., 2009]. In 2012, Nithin et
al., used Computational Fluid Dynamics (CFD) to count 2D loss of permanent pressure and
relative pressure incompressible liquid for different patterns of a traditional venturi meter [Nithin
etal., 2012].

In 2015, Dam and Sarkar carried out an ultimate concentration of DO with various rpm at various
hole throat, respectively, i.e. 1 mm, 2 mm and 3 mm. The fast and ultimate rates are
accomplished in a time span of 480 seconds in case of 1800 rpm of hole 3 tolmm hole throat
diameter [Dam and Sarkar, 2015]. In 2017, Zhang stated that if the contraction ratio rises vacuum
degree and mass flux increase. On the other hand, while the diffusion angle ascends, both mass
flux and vacuum degree decrease. Additionally, increasing the contraction ratio leads to a
shortage in the velocity of a fully developed part in the diffusion section. When the contraction
ratio is less than 0.2 or the angle of diffusion is less than 35° the velocity in the diffusion part
presents a skewed and parallel flow. While the difference in the pressure rises, the mass flux also
increases, so a back flowing occurs [Zhang, 2017]. In 2017, Khound et al., studied the venturi
efficacy considering it as a device for aeration. Basically, the venturi depends on the geometry
and the conditions of flow inside it. He studied the diameter and the holes placement in a venturi
using various conditions of flow to determine the venturi performance as an aerator [Khound et
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al., 2017]. In 2018, Bagatur et al., carried out various modules of aerator with a venturi tube
linked in either single or double in parallel (with outlet pipe line single or double).
Experimentally, the results showed that the design of parallel (connected to a pipe line of a single
outlet) in general carried out better than the single and double outlet [Bagatur et al., 2018]. In
2019, Sobenko et al., carried out practical investigations of venturi injectors tracking needs listed
by ISO 15873; and demonstrated the injection rate utilizing dimensional analysis by the
Buckingham Pi theorem. The outcomes revealed that the injection flow rate was more responsive
to variations in the motive flow rate and the difference pressure when the venturi injector was
controlled under low values of inlet pressure (i.e., 100 and 150 kPa) [Sobenko et al., 2018]. In
2020, Li et al., studied the suitable numerical simulation methods for venturi injectors, containing
the examination of the hydraulic performance, mixing procedure, and the streaming law of the
two internal fluids, simulations and experiments were handled in this study. This study noticed
that the mixing chamber and throat are the main parts of energy loss. Moreover, it detected that
the internal flow of the venturi injector results in the majority of mixing happening at the
diffusion and outlet sections [Li et al., 2020].

This paper presents an experimental study about air injection efficiency of venturi tubes, and in
particular, effect of the geometric characteristics on the aeration process efficiency in the venturi
system. The paper tries to reach the best design. So it allows the largest volume of air to be
transported to water.

2. DIMENSIONAL ANALYSIS

Theoretical study has been behaved utilizing dimensional analysis method to discover the
relationships between all parameters and geometry which affecting the air injection flow rate
(Quir). Functional relationships are obtained between the Q.ir for all parameter. In this study: the
Quir Is the dependent variable. It can be expressed as a function of all other independent variables
as follows:

Quir = (P(Qwater: P, 1, v, ds, dy, Ly, ﬁ) (2)

Where, Quater is the water flow rate through the venturi, p is the density of fluid, p is the dynamic
viscosity, v is the velocity, ds is the hole diameter, d: is the throat diameter, L is the throat length,
and B is the outlet angel (see Fig. 2).

Using Buckingham’s n-Theorem, nine variables and three repeated changes were obtained. These
changes can be easily coordinated in the following non -dimensional n-terms.

Qair Qwater u
m = = — Ty =
1™ paz 2 vd? ' 37 pvd, !
d L
T,== ms=-= and mz=p
de de

According to Buckingham Pi-theorem, the general form of relationship between these variables is
written as follows:

— <Qair Qwater u ds Lt ,B) (3)

vd?’ vd? 'pvd,’d,’ d,’

Taking the properties of m-terms into account, the following equation was obtained:

Qair :(P<R ds Ly ﬁ)

e’ -5 ) 5 )
Qwater d; d;

(4)

Where, Re is Reynold’s number.
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Fig. 2: Definition sketch of all parameters

3. EXPERIMENTAL WORKS
3.1. Physical Modeling

In the hydraulic laboratory of the Faculty of Engineering, Al-Azhar University, Cairo, Egypt, a
testing device was constructed to achieve the goal of the investigational work as shown in Figs. 3,
4. The testing device is formed mainly of water tank, pump, a valve to control the flow, the feed
line of water, water digital flowmeter and a releasing valve (to control the rate of water flow).
The models of the venturi tubes that were used in the experiments were manufactured from
transparent polycarbonate through (CNC) as shown in Fig. 5.

Water feed line

Air flow meter

F——————) Gauge pressure Ell
Valve
‘ et pipe
Water flo meter Venturi
HOver flow - D=75mm
e % <
1 H
Pump Desk
1 T:F‘:T Water tank D—
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Fig. 3: Schematic of the Venturi Tube Experimental Apparatus

Fig. 4: Photos of the experimental Apparatus

Fig. 5: Photos of the Venturi Tubes (samples)

3.2. Experimental Program

In this investigational work 180 runs were carried out in order to evaluate effect of the geometric
characteristics on the aeration efficiency in the venturi system. A thoroughly designed
experimental program is carried out to investigate these models. Experiments were conducted
under clear-water conditions (p = 1000 kg/m® and p = 1.00 x 102 Pa.s) at different discharges
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(Qwater): 44.16, 58.88, 73.59 and 88.31 lit/min which correspond to four inlet velocity (v): 1.5,
2.0, 2.5 and 3.0 m/s. The study involved selecting three different throat lengths (L¢): 12, 24 and
36 mm, and three different air inlets orifices diameters (ds): 3, 5 and 8 mm. Five different outlets
angles have been used (B): 7°, 10°, 15° 21°, and 25°) with inlet angle (a) stabilization at 7°. The
inlet and the outlet diameter (D) and throat diameter (dx) in all the experiments were constants and
equals to 25 and 10 mm, respectively. The air discharges and velocities were measured by using
(Sigaro MF-700) with measuring accuracy +1% (see Fig. 6).

L

Fig. 6: Real photos of the air flowmeter

4. RESULTS ANALYSIS AND DISCUSSIONS

After  performing  the  experimental  work, measurements were recorded,  and
the evaluation were carried out. These measurements were represented in comparative way in
which all tested parameters were plotted in the identical graph. In Figs. 7 to 15, the values of
Reynold’s number (Re) were plotted on the X-axis as independent variable and the ratio
(Qair/Quater) Was set as dependent variable on the Y-axis. In addition to that, Tables 1, 2 and 3
show the statistical analysis of the results obtained from the experimental data for effect of the
different parameters on the ratio (Qair/Qwater). The results will be deliberated underneath the
followings: effect of outlet angel (), Reynold’s number (Re) in the throat part, ratio of (ds/dt) and
ratio of (Li/di) on the ratio (Qair/Qwater). Finally, Implementing design equations and charts to
generalize all the tested parameters. Additionally, empirical equations were gotten for venturi
tubes linking the ratio (Qair/Quwater) to throat lengths and diameters, venturi outlets angles, air inlets
orifices diameters and Reynolds numbers.

From these Figs 7 to 15 and Tables 1,2 and 3 it could be noticed that the ratio of (Quair/Quwater)
decreased with increasing (Re). It was found from these figures and tables that the change in the
air inlet hole diameter affected the ratio of (Qair/Qwater), the ratio of (Qair/Qwater) increased with
increasing the air inlet hole diameter. In other meaning, it was remarked from the results that the
ratio of (Qair/Quater) increased with an increasing ratio of (ds/ dt).

It was observed also, that the ratio of (Qair/Qwater) increased with increasing ratio of (L+/d:). The
cause for this is the increased pressure difference between the inlet and throat part. However, the
ratio of (Qair/Qwater) increased as the angle of the pipe downstream of the venturi tube, B,
increased. The main cause for this is the increased pressure difference between the throat part and
the outlet.
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Fig. 7: Relationship between Reynold’s Number (Re) in the throat part and (Qair/Quwater) for different outlets angles (at
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Fig. 9: Relationship between Reynold’s Number (Re) and (Quair/Qwater) for different outlets angles (at L«/di = 1.20 &

ds/d: = 0.80 & di/D = 0.40)
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Fig. 10: Relationship between Reynold’s Number (Re) in the throat part and (Qair/Qwater) for different outlets angles

(at Ld/di=2.40 & ds/d; = 0.30 & d/D = 040)
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Fig. 11: Relationship between Reynold’s Number (Re) in the throat part and (Quair/Quwater) for different outlets angles
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Fig. 12: Relationship between Reynold’s Number (Re) in the throat part and (Qair/Qwater) for different outlets angles

(at Ly/dy = 2.40 & ds/d; = 0.80 & di/D = 0.40)
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Fig. 13: Relationship between Reynold’s Number (Re) in the throat part and (Qair/Qwater) for different outlets angles

(at L/di = 3.60 & ds/d; = 0.30 & d/D = 040)
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Fig. 14: Relationship between Reynold’s Number (Re) in the throat part and (Quair/Quwater) for different outlets angles
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Fig. 15: Relationship between Reynold’s Number (Re) in the throat part and (Qair/Qwater) for different outlets angles
(at Li/d; = 3.60 & d/d; = 0.80 & di/D = 0.40)

Table 1: Statistical analysis of the results obtained from the experimental data for effect of the values (ds/d:), (Re)
and (B)on (Qair/Qwater) at (Li/d;= 1.20)

Qair/Qwater
ds/de Statistics B=7° | B=10° | B=15° | B=21° | B=25°
From (Re) = 93.75 x 103 to (Re) = 176.25 x 103
Min 0.20 0.30 0.39 0.47 0.53
0.30 Max 0.32 0.38 0.46 0.59 0.61
Mean 0.25 0.34 0.42 0.51 0.56
% Change 54.80 27.82 17.48 25.31 15.34
Min 0.27 0.34 0.48 0.51 0.57
0.50 Max 0.36 0.43 0.57 0.63 0.63
Mean 0.30 0.37 0.53 0.55 0.59
% Change 36.70 27.55 17.48 19.62 11.98
Min 0.30 0.41 0.54 0.57 0.61
0.80 Max 0.41 0.50 0.63 0.69 0.75
Mean 0.33 0.44 0.58 0.63 0.65
% Change 35.34 21.63 16.96 21.85 19.29

Table 2: Statistical analysis of the results obtained from the experimental data for effect of the values (ds/d;), (Re)
and (B) on (Qair/Quater) at (Li/di= 2.40)

Qair/Qwater
ds/d: Statistics B=7° | B=10° | B=15° | B=21° | B=25°
From (Re) = 93.75 x 10° to (Re) = 176.25 x 10®
Min 0.31 0.37 0.45 0.51 0.55
0.30 Max 0.38 0.43 0.52 0.61 0.70
Mean 0.34 0.40 0.48 0.55 0.61
% Change 22.90 15.21 10.85 20.84 26.67
Min 0.36 0.39 0.47 0.54 0.61
0.50 Max 0.41 0.43 0.52 0.61 0.72
Mean 0.39 0.41 0.49 0.58 0.66
% Change 12.78 11.61 10.85 12.78 17.94
Min 0.40 0.43 0.49 0.58 0.69
0.80 Max 0.43 0.48 0.57 0.66 0.79
Mean 0.42 0.46 0.53 0.62 0.74
% Change 8.22 9.65 14.62 13.56 15.42
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Table 3: Statistical analysis of the results obtained from the experimental data for effect of the values (ds/d:), (Re)
and (B) on (Qair/Quater) at (L+/di= 3.60)

Qair/Qwater
ds/de Statistics B=7° | B=10° | B=15° | Bp=21° | B=25°
From (Re) = 93.75 x 103 to (Re) = 176.25 x 103
Min 0.36 0.42 0.52 0.54 0.60
0.30 Max 0.50 0.54 0.63 0.68 0.77
Mean 0.42 0.48 0.57 0.60 0.66
% Change 37.84 28.89 22.40 25.31 27.82
Min 0.42 0.46 0.57 0.57 0.64
0.50 Max 0.52 0.57 0.63 0.70 0.77
Mean 0.46 0.52 0.60 0.64 0.69
% Change 23.52 23.66 11.98 23.98 20.58
Min 0.47 0.53 0.60 0.60 0.68
0.80 Max 0.59 0.63 0.75 0.77 0.84
Mean 0.51 0.58 0.66 0.68 0.74
% Change 25.31 19.62 17.04 27.82 17.88

5. DESIGN EQUATIONS AND CHARTS:

It is important to associate the factors that may influence the ratio (Qair/Qwater) into a general
formula. The importance of these formulas lies in its being suitable for design purpose. To
achieve this objective, liner regression was applied to the experimental results, the following
shows the deduced empirical equations and correlation coefficients “R?”:

» Equations for calculating Qair/Qwater at L/dt = 1.20 & ds/dt = 0.30 & dv/D = 0.40:

For =70 Qair

Qwater
For @=109) _Yair_
Qwater
For(@=159) _Yair_
Qwater
For@=210) _Yair_
Qwater
For (B = 25°) Qair
Qwater

= —0.0011 Re + 0.4862

= —0.0010 Re + 0.5545

= —0.0012 Re + 0.6747

= —0.0009 Re + 0.6805

= —0.0014 Re + 0.4366

R2 =

R2 =

R2 =

096 (5
098  (6)
085 (7

R2=0.71  (8)

R2=084 (9)

» Equations for calculating Quair/Qwater at Lt/dt = 1.20 & ds/dt = 0.50 & di/D = 0.40:
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For(B=7°

For (B = 10°)
For (B = 15°)
For (B =21°)
For (B = 25°)

Qair_ _ —0.0012 Re + 0.4658
Qwater

Qair_ _ —0.0012 Re + 0.5290
Qwater

Qair _ _ —0.0011 Re + 0.6801

water

Qair _ _ —0.0010 Re + 0.6947

water

Qair

= —0.0007 Re + 0.6836

water

Rz =0.96

Rz =0.94

Rz =0.92

Rz =0.61

Rz =0.69

(10)

(11)

(12)

(13)

(14)

» Equations for calculating Qair/Qwater at L/dt = 1.20 & ds/dt = 0.80 & dv/D = 0.40:

For(B=7°

For (B = 10°)
For (B = 15°)
For (B = 21°
For (B = 25°)

Qair__ 0013 Re + 0.5086
Qwater
Qair _ 0011 Re + 0.5803
Qwater
Qair_ 0012 Re + 0.7436
Qwater

Qair_ _ —0.0015 Re + 0.8294
Qwater
Qair _ 0014 Re + 0.8521
Qwater

R2=0.85

Rz =0.84

R2=0.96

Rz =0.98

R2=10.75

(15)

(16)

17)

(18)

(19)

» Equations for calculating Qair/Qwater at Li/dt = 2.40 & ds/dt = 0.30 & dv/D = 0.40:

For(B=7°

For (B =10%)
For (B =15°)
For (B = 21°)
For (B = 25°)

Qair_ _ —0.0009 Re + 0.4611
Qwater
Qair__ 0007 Re + 0.4968
Qwater
Qair_ 00007 Re + 0.5741
Qwater
Qair _ 0014 Re + 0.7416
Qwater
Qair _ (0018 Re + 0.8590
Qwater

R2=0.93

Rz =0.99

R2=10.75

Rz =0.98

Rz =0.94

(20)

(21)

(22)

(23)

(24)

» Equations for calculating Qair/Qwater at Li/dt = 2.40 & ds/dt = 0.50 & dv/D = 0.40:

For(B=7°

Qair

water

= —0.0005 Re + 0.4574
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For(8=10°) _air = —0.0005Re + 0.4846 R2=0.93 (26)

Qwater

For (B=159) _Qair = —0.0006 Re + 0.5752 Rz2=097 (27)
Qwater

For =219 _Cair = —0.0009 Re + 0.6975 R2=0.98 (28)
Qwater

For (B = 25°) QQ‘”'T = —0.0013Re + 0.8486 R2=0.99 (29)
water

» Equations for calculating Quair/Qwater at Lt/dt = 2.40 & ds/dt = 0.80 & di/D = 0.40:

For @=7) _Yair _ —0.0004Re + 0.4713 Rz=097 (30)

For8=10°) _air _ —0.0005 Re + 0.5270 R2=10.82 (31)

Qwater

For(8=157) _dair _ —0.0009 Re + 0.6496 R2=0.99 (32)
Qwater

For(8=210) _air _ —0.0010 Re + 0.7467 R2=0.99 (33)
Qwater

For (B = 25°) QQ‘”"" = —0.0013Re + 09182 Rz=0.98 (34)
water

» Equations for calculating Qair/Qwater at Lt/dt = 3.60 & ds/dt = 0.30 & di/D = 0.40:

For(B=7° Qair__ —0.0015Re + 0.6268 Rz=0.93 (35)

Qwater

For (B = 10°) Qair_ —0.0015Re + 0.6917 R2=0.98 (36)
Qwater

For (B = 15%) Cair _ —0.0016 Re + 0.7809 Rz2=0.94 (37)
Qwater

For (B =21°) QQ& = —0.0018 Re + 0.8434 R2=0.98 (38)
water

For (B = 25°) Cair_ _ —0.0002 Re + 0.9422 Rz=0.95 (39)

Qwater

» Equations for calculating Qair/Qwater at Li/dt = 3.60 & ds/dt = 0.50 & dv/D = 0.40:

For (B=7° Qair _ 00011 Re+ 06034  R2=084 (40)

Qwater

For (B = 10°) ﬂ = —0.0015Re + 0.7175 Rz2=093 (41)

water

663 JAUES, 16, 60, 2021



EFFECT OF GEOMETRIC CHARACHTARISTICS ON THE AERIATION EFFFICINCY IN THE VENTURI SYSTEM

For (B = 15°) M = —0.0009 Re + 0.7182 R2=097 (42)

water

For(B=210) _air _ —0.0016 Re + 0.8598  Rz2=0.98 (43)

Qwater

For(@=259) _Cair _ —0.0015Re +0.8981  Rz=0.94 (44)

water

» Equations for calculating Quair/Qwater at Lt/dt = 3.60 & ds/dt = 0.80 & di/D = 0.40:

For(B=7° Qair__ —0.0014 Re + 0.7093 Rz=0.92 (45)
Qwater

For8=10°)  Qair _ —0.0013 Re + 0.7569  R2 =0.99 (46)
Qwater

For(8=157)  Yair _ —0.0015Re + 0.8671 R2=0.81 (47)
Qwater

For (=210  Qair _ —0.0022 Re + 0.9844 R2=0.97 (48)
Qwater

For (B = 25°) QQﬂ = —0.0016 Re + 0.9656 Rz=0.83 (49)
water

6. CONCLUSIONS

The following conclusions were deduced around effect of throat lengths and diameters, venturi
outlets angles, air inlets orifices diameters and Reynolds numbers on the (Qair/Qwater) for the
venturi system.

1- For all tested angles P, ratios of (ds/ dt), (L+/d:) and (Qair/Qwater) decreased with increasing
(Re).

2- It was found that the ratio of (Qair/Qwater) increased with an increasing ratio of (ds/ dt).

3- It was observed also, that the ratio of (Qair/Qwater) increased with increasing ratio of (L/dy).

4- The ratio of (Qair/Quwater) increased as the angle of the pipe downstream of the venturi tube, 3,
increased.

5- Empirical equations were gotten for venturi tubes linking the ratio of (Qair/Qwater) to throat
lengths and diameters, venturi outlets angles, air inlets orifices diameters and Reynolds
numbers.
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