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Abstract

One of the methods to intensify the initial dilution process of return water from a sewage treatment facility is to
disconnect individual diffuser-type return water discharge devices. It is proposed to perform pre-dilution of return
water in a mixer with water from the receiving water body into which they are discharged. The return water should
pass into the mixer through the water discharge devices (nozzles) of the distribution pipeline. Empirical research
methods were used in this work. The experiments were conducted using the model water. In the hydraulic flume, the
water flow was in a calm state, while in the distribution pipeline, the flow regime was turbulent. An increase in return
water dilution by 12.2% was achieved by reducing the number of nozzles in the distribution pipeline from seven to
four. This confirms the possibility of intensifying the return water dilution by avoiding the interaction between the
jets emerging from the discharge devices in the distribution pipeline. If necessary, it is recommended to use the ways
of increasing the flow rate of return water from the discharge devices.
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1. Introduction

Water bodies are among the most altered ecosystems in the world, and for almost two centuries, large-scale
human use of water bodies has resulted in poor water quality and ecological degradation in these systems [1]. Before
the second half of the 20th century, raw sewage was typically dumped directly into a water body, relying on dilution
and natural purification processes to treat wastewater [2].

Worldwide, the discharge of treated wastewater (return water) to water bodies is becoming more common as
urban populations grow and developing countries increase their use of wastewater treatment plants. Discharge of
return water can impair water quality, but also could help restore flow and maintain aquatic state in water-stressed
regions [3].

For a water body, to intensify the initial dilution process of return waters, it is proposed to disconnect individual
diffuser-type wastewater discharge devices [4]. Because increasing the area ratio of the distribution pipeline leads to
greater unevenness in the distribution of liquids along the path [5].

The proposed structure for discharging return waters into a water body [6] (see Fig. 1) involves the following
steps. After passing through sewage treatment facilities (STFs), the return water enters a mixer, which is supplied
with water from the receiving water body. To ensure preliminary dilution of the return waters in the mixer, a
distribution pipeline (DP) with water discharge devices is installed (see Fig. 2). The mixer operates without pressure,
while the distribution pipeline is pressurized.
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Fig.1. Schematic diagram of facility for discharging the return water into the water body:

1 — pipeline from sewage treatment plant; 2 — regulating tank; 3 — sewer manhole with dosing apparatus; 4 — pump;
5 — pressure pipeline; 6 — mixer of return water; 7 — water body; 8 — outlet of preliminary diluted return water into water body.
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Fig.2. Schematic diagram of mixer with preliminary dilution of return water:
1 — pressure pipeline; 2 — mixer; 3 — distributive pipeline; 4 — pipeline from sewer
manhole with dosing apparatus; 5 — water outlet.

2. Formulation of the goal of the paper

The goal of this study is to investigate the hydraulic processes of submerged outflow from a pressurized
distribution pipeline with varying numbers of water discharge devices, in order to predict the preliminary dilution of
return water. Empirical research methods were employed in this work.

3. Analysis of the recent publications and research works on the problem

The description of the experimental setup and research methodology is provided in reference [7]. The
distribution pipeline was installed on flanges at the bottom of the hydraulic flume. To ensure uniform outflow of
liquid from the water discharge devices in the DP, it is necessary to adhere to the condition [8] of § < 1.2, where
represents the coefficient of unevenness in liquid outflow [8] and it is calculated as follows:

p=2 )

where @; and gy are the flow rates through the i-th and the terminal (end-point for the flow of wastewater) water
discharge device, respectively.

During the design of the DP, the following number of water discharge devices is typically considered [8]: up to
20 devices when d/D falls within the range of 0.1 to 0.2, and up to 15 devices when d/D is in the range of 0.20 to
0.35, where d represents the diameter of the discharge device opening, and D is the diameter of the DP.

The distribution pipeline has a rectangular cross-section with internal dimensions of axb = 0.100x0.040 m, and
there is no end water discharge device (see Fig.3). Its hydraulic diameter Dy, is equal to 4R, where R represents the
hydraulic radius of the DP, calculated as:
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a-b
=7 (2)
2-(a+bh)
Based on the values of a and b we get R = 0.014 m and Dy, = 0.056 m.

The water discharge devices are external cylindrical nozzles with the length of L, = 4.67 d and the diameter of
d = 0.006 m (see Fig. 4). Therefore, d/Dy, = 0.107. The number of nozzles can be up to 20 pieces.
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Fig.3. Schematic diagram of distributive pipeline:
1...14 — outlet cylindrical nozzles; 1'...6' — pressure selection tap.
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Fig.4. Schematic diagram of nozzles and taps connection to distributive pipeline:
1 —distributive pipeline; 2 — outlet cylindrical nozzle or pressure selection tap; 3 — fastening.
The area ratio of DP is calculated as follows [8]-[10]:
n-w
f=Y (3)
a-b

where n is the number of nozzles (water release devices in DP); w is the cross-sectional area of a nozzle.
The cross-sectional area of a nozzle is defined as

= 7 4
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The water flow rate through the i-th nozzle is calculated as:

qi:/u.'wi'wlzg(Hp)i ) (5)

where u is the nozzle flow rate coefficient, x = f(Re); Re is the Reynolds criterion for the nozzle; H, is the working
pressure in the nozzle cross-section.

The Reynolds criterion is defined as:

d-,/2gH
Re:¢, (6)
v

The working pressure in the nozzle cross-section, according to [10], is calculated as:
p
H,=——-h, (7)
r-9

where p/(p-g) is the piezometric pressure in the nozzle cross-section; h is the height from the top of the nozzle to the
water level in the hydraulic tray.

The height from the top of the nozzle to the water level in the hydraulic tray is defined as [7]:

h=27-a, )

where Z; is the depth of water in the hydraulic tray; a, is the height of the nozzles above the bottom of the hydraulic
tray; v is the kinematic viscosity of water as the working fluid.

The kinematic viscosity of water is calculated according to [11]:

177.5-10°°
V= > 9
1+0.0337-T +0.000221-T
where T is the water temperature.
The volumetric flow rate of water in the hydraulic tray was determined using the formula [12]:
Q =m-b,-H-\2gH , (120)

where m is the discharge coefficient for a thin-walled spillway; bs is the width of spillway (b, = 0.202 m [7]); H is the
water head at the spillway.

For an unsubmerged spillway without lateral contraction the discharge coefficient is calculated as [12]:

2
m= (0.405+ O'003j>< 1+ 0.55-( H ) , (11)
H H+P
where P is the height of the spillway sill (P = 0.48 m).
The water head at the spillway is defined as:
H=2-2, (12)

where Z and Z, are the water levels above the sill and at the sill of the spillway respectively.
The kinematics parameter is calculated as [11], [12]:
B aV?

K , (13)
9Z,
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where o is the Kinetic energy coefficient (according to [12], a = 1.05...1.10); V. is the average velocity of water
movement in the hydraulic tray.

The average velocity of water movement in the hydraulic tray is defined as:

Vo=

Z-B' (14

where B is the width of the hydraulic tray (B = 0.250 m [7]).

4. Presentation and discussion of the research results

The DP is made of transparent plexiglass. The DP has six metal pressure sampling fittings and the number of
nozzles is n = 14 (see Fig.3).

In the studies, the water from the closed-loop hydraulic system of the educational laboratory of hydraulics at the
Department of Hydraulic and Water Engineering of Lviv Polytechnic National University was used. Its temperature
was T = 18 °C, and its quality differed from that of tap water.

The bottom of the hydraulic tray is horizontal, i.e. with zero slope (i = 0).
The experiments were conducted with a constant volumetric flow rate of water in the hydraulic tray (Q, = const).

Unlike [13], where unsubmerged water outflow from DP under air influence was considered, the water flow in
the hydraulic tray was in a calm state (kinematics parameter K < 1) and did not significantly affect the submerged
outflow of water from the nozzles.

The experiments were conducted for DP with the area ratio of f = 0.0707 and 0.0495. In the first case, nozzles 1,
3,5, 7, 9-14 were used, and in the second case, 1, 3,5, 7, 10, 12, 14 and 3, 5, 7, 10, 12-14 (see Fig.3).

The Reynolds criterion for the nozzles Re >2-10% Therefore, the discharge coefficient was taken as
m = 0.804 = const [11].

The intensity of water detachment in the i-th cross-section of the DP can be represented as [14]:

f

(%l = Fl(Rex).], (15)

where (Qy); is the transit flow rate of water in the i-th cross-section of the DP (see Fig.5); (Qy); is the path water flow
rate in the i-th cross-section of the DP; (Reg); is the Reynolds criterion in the i-th cross-section of the DP.

The transit flow rate of water in the i-th cross-section of the DP is calculated as:
(Qtr)i = Qo _(Qf )i ! (16)

where Qg is the water flow rate at the beginning of the DP, Q, = iqi .
i=1

The path water flow rate in the i-th cross-section of the DP is defined as:
Q)i = Zlqj . (17)
]=
The Reynolds criterion in the i-th cross-section of the DP is calculated as

(Reg) =R (18)
1 %4
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where V; is the velocity of water movement in the i-th cross-section of the DP, defined as

_ (Qtr)i
= (19)
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Fig.5. Schematic diagram of the liquid flow in the distribution pipeline and through the nozzles.

Then dependence (15) can be rewritten as:

oy =L+ flRe) ] (20)

f/i

The intensity of water detachment along the length of the DP was ensured by a constant water flow rate from the
nozzles g; = const. Then, according to formula (1), the discharge non-uniformity coefficient £ = 1. In this case, the DP
represented a high-resistance distributor with area ratio of f = V, / V, where V, and V are the velocities of water
movement at the beginning of the DP and at the nozzle outlet respectively [5].

With uniform distribution of water from the nozzles, Q, = n-q;, (Qs); = i-q;, then

(3 ) P @

A different sequence of nozzles used at the same area ratio f = 0.0495 almost does not lead to a significant
change in the intensity of water detachment along the length of the DP (Fig.6). Therefore, the case with nozzles 3, 5,
7, 10, 12-14 was not further analyzed.

Increasing the number of nozzles in the outer third of the DP for f = 0.0707 increases its path flow rate, leading
to an increase in the ratio iqi g, (Fig.7). But in this part of the DP, the nozzles are positioned quite close to each
i=1
other (Fig.3). This can lead to interaction between the water jets exiting the nozzles, and consequently, to a reduction
in the initial mixing of return water [7].

Thus, for nozzles positioned at equal distances from each other, the relative reduction in the mixing of return
water [7] is defined as:

AN, :1—%, 22)

where k is the number of jets interacting with each other.
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Fig.6. Intensity of water separation along the pass of the distributive pipeline for area ratio f = 0.0707 (points 1) and
f=0.0495 (points 2 and 3) with outlet nozzles 1, 3, 5, 7, 9-14 (points 1); 1, 3, 5, 7, 10, 12, 14 (points 2); 3, 5, 7, 10, 12-14 (points 3).

LT CTAN,
o
o-2
8 H .1 o—1 08
<O 0
L)
6 o—o—+t 0.6
.
0 e
4 o281 04
o -
2 ! 0.2
0 T ! 0

0.00 020 040 060 080 x/L

Fig.7. Relative change in the track flow rate in i-th cross-section of the distribution pipeline
(unshaded points) and the relative decrease in the dilution of return water (shaded points) for area ratio
f=0.0707 (points 1) and f = 0.0495 (points 2) with outlet nozzles 1, 3, 5, 7, 9-14 (points 1); 1, 3, 5, 7, 10, 12, 14 (points 2).

Let's analyze the relative reduction in the dilution of return water ANy, starting from the relative length of the
distribution pipeline x/L = 0.751 (Fig.7). So with four jets AN, = 50.0% from the dilution of a single stream for DP
with area ratio of f = 0.0495; with seven streams AN; = 62.2% — for DP with area ratio of f = 0.0707. Therefore, it is
better to provide more (in our case by 12.2%) preliminary dilution of return water due to the reduction of their inflow

into the mixer with DP at f = 0.0495 compared to DP at f = 0.0707. Because the ratio iqi g, in the end DP with
i=1

f=0.0495 is 1.429 times smaller compared to f = 0.0707.

So, increase in the dilution of the return water can be achieved by reducing the number of nozzles on the outer
third of the DP, bringing its perforation closer to uniform [15].

5. Conclusion

Intensification of the dilution of return water can be achieved by avoiding the interaction of jets with each other,
which flow from the distribution pipeline discharge devices. This is achieved by reducing the number of discharge
devices regardless of the reduction in the flow rate of return water entering the mixer.

An increase in return water dilution by 12.2% was achieved by reducing the number of nozzles in the
distribution pipeline from seven to four.

If necessary, it is recommended to use the ways to increase the flow rate of return water from the discharge
devices of the distribution pipeline.



Investigation of Preliminary Dilution Process for Return Water before Discharge into ... 109

References

[1] Vorosmarty, C. J., Mcintyre, P. B., Gessner, M. O., Dudgeon, D., Prusevich, A., Green, P. et al. (2010) Global Threats to Human Water
Security and River Biodiversity. Nature, 467(7315), 555. https://doi.org/10.1038/nature09440

[2] Spellman, F. R., Drinan, J. (2001) Stream Ecology and Self Purification: An introduction. Boca Raton, FL: CRC Press.
https://doi.org/10.1201/9781420031676

[3] Hamdhani, H., Eppehimer, D. E., Bogan, M. T. (2020) Release of Treated Effluent into Streams: A Global Review of Ecological Impacts
with a Consideration of its Potential Use for Environmental Flows. Freshwater Biology, 65.9, 1657—1670. https://doi.org/10.1111/fwb.13519

[4] Fedorov S. V. (2013) Study of the Functioning and Selection of the Optimal Design of the Dispersive Discharge of Wastewater in the
Conditions of a Reservoir and a Watercourse (Doctor of philosophy thesis, Saint Peterburg : Saint Peterburg State University of Architecture
and Civil Engineering). (in Russian) URL: https://tekhnosfera.com/view/382358/a (Retrieved September 25, 2024).

[5] Konstantinov Yu. M. (1981) Special issues of hydraulics of water supply and sanitation systems, Kyiv Civil Engineering Institute, Kyiv. (in Russian)

[6] Orel, V. 1. (2017) A Downspout Facility for Discharging Return Water into a Water Body. UA Patent No. 122711. (in Ukrainian) (Retrieved
on September 25, 2024)

[7]1 Orel, V., Matsiyevska, O., Popadyuk, I., Lopushansky, R. (2023) Experimental Test-bed for Studying Submerged Fluid Outflow from
Pressure Distributive Pipeline Laid in an Unpressured Fluid Flow. Problems of Water Supply, Sewerage and Hydraulic, 43, 45-52. (in
Ukrainian) https://doi.org/10.32347/2524-0021.2023.43.45-52

[8] Lapshev N. N. (1977) Wastewater discharge calculations. Strojizdat (Environmental protection), Moscow (in Russian)

[91 Smyslov V. V., Ezerskij N. O. (1980) Hydraulic Calculation of Perforated Cylindrical Pipelines with Flow Distribution. Gidravlika i
gidrotehnika, 30, 52-59. (in Russian)

[10] Martynenko V. V. (1983). Hydraulic Calculation of Slotted Water outlets. News of universities: Construction and architecture, 10, 96-100.
(in Russian)

[11] Bolshakov, V. A., Konstantinov Yu. M., Popov V. N., Dadenkov V. Yu. (1984) Hydraulics Handbook. Higher school, Kyiv. (in Russian)

[12] Naumenko I. I. (2005). Hydraulics. National University of Water and Enviromental Engineering, Rivne. (in Ukrainian)

[13] Orel, V., Potsiurjo, N. (2017) Research of Wind While Watering Lawns. Bulletin of Lviv Polytechnic National University: Series Theory and
Building Practice, 877, 151-159. (in Ukrainian)

[14] Fedorec A. A. (1993) Theoretical Foundations and Methods of Hydraulic Calculation of a Closed Network of Melioration Systems with
Variable Liquid Flow (Doctor of science thesis, Moscow: Moscow Hydromelioration Institute). (in Russian) URL:
https://earthpapers.net/preview/484313/a (Retrieved on September 25, 2024).

[15] Kravchuk, A. M., Chernyshev, D. O., Kravchuk, O. A. (2021) Hydraulics of Pressure Perforated Pipelines of Treatment Facilities of Water
Supply and Drainage Systems. Kyiv National University of Construction and Architecture, Kyiv. (in Ukrainian)

JocaigkeHHs mpoiecy nonepeaHbOro po3daBJjeHHsi 3BOPOTHUX B0/
nepea CKMJAAHHAM Yy BOAHUH 00’ €KT

Bamum Open, Oxcana MartieBcbka, bornan Ilinumun, Bnaa Iporan

Hayionanvuuii ynieepcumem «JIvgiecoka nonimexuixay, eyn. C. banoepu 12, Jlvsig, 79013, Yrpaina

AHoTanis

OmHuM 31 cnoco6iB iHTeHcHdikamii Hporecy MOYaTKOBOTO pPO30aBJICHHS 3BOPOTHUX BOJ € BiIKIIOYEHHS
OKpEeMHX BOJOBHMITYCKHUX MPUCTPOIB PO3CIIOBAJIBHOIO BHITYCKY 3BOPOTHHX BOJA. IIponoHyeTbcs IPOBOANTH
nomepeaHe po30aBIeHHsS 3BOPOTHHX BOJA Yy 3MilllyBadi BOJOIO 3 BOAHOTO 00’€KTa, B SKHH BigOyBaeThCs iX
BUIIyCKaHHSA. Y 3MilIyBad 3BOPOTHI BOAM TIOBMHHI HAIXOAWTH Kpi3b HACagKd — BOJOBHITYCKHI MpPHCTPOI
PO3NOIITBEHOTO TPYOOIpoBOIy. B poOOTI BUKOPHUCTaHO eMITipHYHI METOIM AOCHiMkeHHs. Jocninu Oyno mpoBeaeHO
Ha MOAeNbHIM Bomi. Y TiApaBiiuHOMY JIOTKY HOTIK BOAM OyB y CHOKIHHOMY CTaHi, TOAlI SIK y PO3HOAUILHOMY
TpyOOIIPOBOAL pekuM pyxy Boau OyB TypOyneHTHIM. OTpuMaHO 30iIbIIeHHS PO30aBIeHHS 3BOPOTHUX BoJ HA 12,2%
IpU 3MiHI KUIBKOCTI HacaJoK PO3NOAIIBHOIO TPYOONPOBOLY 3 CEMH 10 YOTHPBOX. Lle minTBepIkKye MOXKIHMBICTH
iHTeHcH(ikamii po30aBIeHHs 3BOPOTHUX BOJ 3aBSIKH YHHKHEHHIO B3a€EMO/IiT M’k COOOI0 CTPYMEHIB, SIKI BUTIKAIOTb 3
BUIIYCKHUX TPUCTPOIB PO3MOIITEHOTO TpyOOompoBoay. 3a HEOOXiTHOCTI MPOMOHYETHCS BHKOPHCTOBYBATH CIOCOOH
30UIBIIEHHS BUTPATH 3BOPOTHHUX BOJ 3 BUITyCKHUX IIPHUCTPOIB.

Kuro4doBi ciioBa: 3B0pOTHI BOIH; PO3NOAUIEHUIA TPYOOIPOBI; 3aTOIUICHE BUTIKAHHS; MOMECPEIHE PO3BCACHHS;
3MiNTyBad pifguH.
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