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Abstract. An analysis of the operating condi-
tions of pressure collecting drainage pipelines has
shown that such conduits are typically considered
as channels with a constant cross-section along
their length, operating under variable discharge. In
the initial sections of these pipelines, the average
velocities of the main flow are relatively low (be-
low permissible limits), which often leads to the
deposition and accumulation of significant
amounts of soil particles in the initial sections. In
the final sections, the average flow velocity be-
comes excessively high, causing an increase in
head losses. Therefore, the problem of determining
the optimal value of the average fluid velocity
along the length of a collecting pipeline is relevant.

Taking into account the above, the purpose of
the present study is to develop a calculation meth-
odology for determining the optimal average fluid
velocity along the length of pressure collecting
drainage pipelines with a variable (increasing)
cross-section.

In this work, based on a dimensionless analysis
of a system of differential equations describing flu-
id flow with variable discharge in pressure collect-
ing drainage pipelines with an increasing cross-
section, a methodology for calculating the optimal
average fluid velocity is proposed. During the
analysis, the second term in the differential equa-
tion of variable discharge, representing head losses
associated with the effect of fluid attachment along
the pipeline length, was neglected, as it has negli-
gible influence on the final computational results.
The study considers the concept of a conditionally
infinite collecting pipeline or a finite pipeline with
an infinitely permeable lateral surface. The key pa-
rameters determining the change in flow rate along
the collecting drainage pipeline are taken as the
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collector resistance coefficient {icor and the general-
ized drainage collector parameter Ac,, which ac-
counts for its structural and filtration characteris-
tics.

As a result, a simple and practical method has
been obtained for determining the maximum aver-
age velocity in the final section of the collector,
taking into account the variable diameter and the
non-uniform inflow distribution along its length.

Keywords: collecting drainage pipeline, hy-
draulic friction factor, filtration coefficient, filtra-
tion resistance, variable flow rate.

INTRODUCTION

Rational use, protection, and restoration of
water resources are among the most important
tasks for the sustainable development of agri-
culture, industry, and urbanized territories.
Under conditions of climate change, increasing
frequency of extreme precipitation events, ris-
ing groundwater levels, and intensified anthro-
pogenic pressure on natural ecosystems, the
demand for improved drainage and water-
regulation systems continues to grow [1, 2].
This is particularly important for Ukraine,
where extensive agricultural lands and popu-
lated areas depend on the effective operation
of reclamation systems, structures, and subsur-
face water intakes [3].

Most existing drainage systems in Ukraine
were designed using typical mid-20th-century
solutions, employing ceramic or asbestos-
cement pipes of fixed diameter. Such designs
no longer meet modern requirements for ener-
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gy efficiency, reliability, and environmental
safety. In the initial sections of collecting pipe-
lines, the water discahrge is relatively small.
Consequently, the average flow velocities in
these sections are low, leading to the deposi-
tion and accumulation of soil particles inside
the pipeline. Over time, the accumulated sedi-
ment obstructs water movement (up to com-
plete blockage of the cross-section and failure
of the drain). Restoring the operation of such
drains requires special flushing procedures,
which significantly increase the cost of
maintenance and construction of these sys-
tems. Conversely, in the final sections of
drainage pipelines, the water discharge is con-
siderably higher. With a constant cross-
section, the average flow velocity becomes ex-
cessive, resulting in substantial head losses
along the pipeline. As a result, many existing
facilities currently operate under overload
conditions, and the efficiency of groundwater
lowering in certain areas decreases significant-
ly.

Under modern conditions, when the mod-
ernization of drainage systems must be not on-
ly technically but also economically feasible,
there is a growing need to develop new engi-
neering solutions that ensure stable operation
of collector — drainage networks while mini-
mizing material and energy costs. One promis-
ing approach is the use of collecting drainage
pipelines with a variable (increasing) cross-
section along their length. This design concept
makes it possible to account for changes in
discharge caused by lateral drain inflows or
filtration inflow, ensure a more uniform veloc-
ity distribution, and reduce hydraulic losses.

However, the correct design of such pipe-
lines requires improved hydraulic calculation
methods that consider flow variability along
the pipeline and transitional flow regimes.
Traditional methods based on the assumptions
of constant cross-section and steady flow do
not allow accurate determination of head loss-
es, optimal diameter, or installation depth for
variable-diameter pipelines. As a result, design
errors often occur, leading to excessive mate-
rial consumption, reduced system efficiency,
or uneven distribution of the filtration flow.

A considerable number of scientific studies
in Ukraine and abroad have been devoted to
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improving the efficiency of collecting drainage
pipelines [4-7]. The latest developments in this
field focus on increasing the operational effi-
ciency of reclamation systems [8, 9] and opti-
mizing the parameters of drainage pipelines to
maintain stable soil water regimes [10, 11].

However, when describing the parameters
of fluid flow in the investigated pipelines,
nearly all authors employed certain assump-
tions that were not always sufficiently justi-
fied. This is primarily due to the complexity of
solving the initial mathematical model — the
system of differential equations describing flu-
id flow with variable discharge [12]. In partic-
ular, it was often assumed that drainage pipe-
lines operate under a constant discharge
(g = const) [13], or that the discharge varies
uniformly along the length (g = dQ/dx = const)
[14]. Many studies focused exclusively on the
hydraulic aspects, while the filtration charac-
teristics of the system were either not consid-
ered at all or were taken into account insuffi-
ciently [15].

Recent research has also focused on inte-
grating hydraulic calculations into digital
management systems for drainage networks.
Several publications [16, 17] describe the use
of BIM (Building Information Modeling) and
GIS (Geographic Information System) tech-
nologies for constructing digital models of
subsurface drainage systems, enabling flow-
regime calculations based on actual monitor-
ing data. However, their effective application
requires reliable analytical relationships that
can serve as a basis for model verification and
automated calculation systems.

Thus, the conducted analysis shows that
although individual aspects of hydraulic calcu-
lations for drainage pipelines have been stud-
ied in sufficient detail, comprehensive meth-
odologies that account for variable cross-
sectional geometry, non-uniform filtration in-
flow, and real operational conditions still re-
quire further development. This highlights the
need for improving existing approaches and
developing new analytical relationships for de-
termining the hydraulic characteristics of col-
lecting drainage pipelines with variable cross-
section, particularly the maximum average ve-
locity in the final section of the collector. The
obtained results can be used to refine design
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approaches for the reconstruction and new
construction of drainage systems, water-intake
structures, and wastewater networks, as well as
to enhance their energy efficiency, durability,
and operational reliability.

PURPOSE OF THE PAPER

The purpose of this study is to develop a
calculation methodology for determining the
optimal average fluid velocity in the cross-
sections of pressure collecting drainage pipe-
lines with a variable (increasing) cross-section,
operating under conditions of a horizontal
groundwater level.

RESEARCH RESULTS

During the design and operation of
collecting drainage pipelines of reclamation
systems and various types of radial well
intakes, the primary criterion for selecting the
law governing the variation of the pipe
diameter is the requirement to maintain a
constant average flow velocity along the entire
length of the pipeline. In all cases, this velocity
must not fall below the non-silting (self-
cleaning) threshold. At the same time, for
collecting drainage pipelines, there always
exists a maximum average flow velocity in the
final cross-section. Its value for a given
pipeline depends on the ratio between the
structural and filtration characteristics of the
drain and the surrounding soil. It is evident

that if a constant average velocity is to be
ensured along the length of the conduit, the
pattern of pipe diameter variation will also
depend on the intensity of water inflow at
different sections of the drainage pipeline

(a= Q_y OI—Q)

dx
This study conS|ders the case of a horizon-
tal pressure collecting drainage pipeline oper-
ating without transit under conditions of non-
uniform variation of specific discharge along
its length. The schematic operation of such a
collector is shown in Fig. 1.

In the analysis and description of the
operating characteristics of collecting drainage
pipelines, a system of differential equations is
typically used, consisting of the equation of
motion for a variable-mass fluid and the
continuity equation expressed as a relationship
describing the inflow of fluid into the pipeline,
in the form of a modified filtration equation
[18, 19]:

dh 2vdv xco,vz
dx g dx 29D

d dQ H-h
=Dy B

1)

where V is the specified constant average
velocity in the flow cross-section along the
drainage pipeline; D and Q are the diameter
and cross-sectional area of the pipe, which
vary along the length; Aco is the hydraulic

v Ground surface
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v Groundwater level
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Fig. 1. Scheme of the variable-diameter collecting drainage pipeline operation
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friction factor; ks is the filtration coefficient of
the surrounding soil; H — h = z is the head
difference driving the inflow of fluid from the
surrounding medium into the drain; F is the
filtration resistance of the “soil—drain” system.

As shown in several studies [20, 21], for
V = const and under conditions of fluid inflow
in filtration mode, the second term in equation
(1) can be neglected. It is also assumed that
dh =—dz . Taking this into account, equation
(1) can be written as follows:

2
_EJFM:Q (3)
dx 2gD

For further analysis, by introducing new
dimensionless variables:

KenX |2
QanF V9 Zfin Din

where Dsin, Qiin IS the diameter and cross-
sectional area of the collecting pipeline at its
final section, the original system of equations
is reduced to the following form:

dz —o 1
ax = Cleain eV ° 5 ()
2L 7, Q)
dx
where ¢, =2 | s the resistance
' fin

coefficient of the collecting drainage pipeline,
calculated based on the diameter at its final

Qg F
Ay = _1 =il 19 s the
2X5in  2Kgipl \ Zin

generalized parameter of the collecting drain,
which accounts for its structural and filtration

\
&Y, 9Z¢0)

A detailed analysis of the system of
differential equations (5) and (6) was carried
out in [22]. According to this analysis, the
relative diameter of the pipeline, varying along
the length of the collector was determine by
the following relationship:

8

section;

characteristics; V = =const.

D = ?\)/(BCICOI.finACOI\Tz)_()Z ()

(3 o x\?
or D= ?i/(iglcolfinv 2%) ' (8)

At the final section, for x =l and Dy, =1,
in the given relationships, we have:

3 . 2
?i/(iglcol.finv 2) =1. (9)

As noted above, the minimum constant
value of the average fluid velocity in the cross-
sections along the length of the drain is taken
equal to the non-silting velocity (Vmin = Vns.).
This velocity is also referred to as the settling
velocity. Its magnitude depends on the
characteristics of the soil particles and must
not be lower than the critical velocity Vr,
which is determined according to the
corresponding empirical relationships. The
specialized literature [23] provides numerous
empirical relationships proposed by different
authors for determining this parameter. For
example, equation (11), which, in our view,
adequately corresponds to the results of
experimental studies:

v, =1,88\/ gDXh-S- PpPw (10

Pw

where Vs, is the hydraulic particle size of the
transported material; D is the diameter of the
pipeline; A is the hydraulic friction factor for
the flow of clean water in the pipeline; pp is
the density of the pulp; pw is the density of
water.

The maximum average velocity in the final
section of a pressure collecting drainage
pipeline, given its diameter Dy, is calculated
using the following formula:

- 2
Viax = | . 1
" 3C"|col.fin ( )

ISSN(online)2709-6149. Mining, constructional,
road and melioration machines, 106, 2025, 5-11




MOAEAIOBAHHA POEOYNX NMPOLECIB

The graph of relationship (11) shown on
Fig. 2.
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Fig. 2. Dependence of the maximum relative
velocity in the final section of the collector Vs
on its resistance coefficient &,

Alternatively, relationship (11) can be
expressed in dimensional terms:

207+
Vi = |20 oss, (12)
3C|col.fin

In the case where the maximum water
velocity in the cross-sections of the collector is
known due to technological conditions, the
maximum diameter at the end of the
considered pipeline is determined using the
relationship derived from (12):

Dfin=—F"",M. (13)

The calculation results obtained using the
proposed relationships are satisfactorily
confirmed by field measurement data.

CONCLUSIONS

Based on the analysis of differential
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equations describing fluid flow in pressure
collecting drainage pipelines with a variable
(increasing) cross-section, and an examination
of their main hydraulic characteristics and
structural cross-sectional parameters along the
length, a simple and convenient methodology
was develop for calculating the maximum
average velocity in the final section of a
collecting  pipeline. The  corresponding
calculation relationships and supporting graphs
was present.

It has been shown that the magnitude of the
maximum allowable velocity significantly
depends on the pipeline diameter variation, the
intensity of lateral inflow, and the hydraulic
resistance. A generalized relationship has been
obtained for determining the maximum
average velocity in the final section of the
collector.

The results of this study contribute to the
improvement of the theoretical foundations of
hydraulic calculations for collecting drainage
systems and can be applied in the design of
modern drainage systems, reclamation drains,
and underground water intake structures.
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BuszHaveHHs1 ONTUMAJILHOIL CepeIHbOI IIBU/I-
KOCTi pyXy piinHu B nepepizax 36ipHoro ape-
HAKHOT0 TPYOONPOBOAY 3MiHHOIO AiamMeTpa

Onexcanop Kpasuyx', Onvea Kpaeuyr®

'Kuiscoruii nayionanonuii ynieepcumem
byOisHuymea i apximexmypu
2Hayionanenuii mpancnopmuuil yHieepcumem

AHoTanisi. AHani3 yMOB poOOTH HamipHUX 30i-
PHUX JOpEeHaKHUX TPyOOIPOBOIIB TOKa3aB, IO B
SIKOCTI OCTaHHIX B OCHOBHOMY PO3INISIIAIOTH TPY-
OOIPOBOIM MOCTIMHOTO MOMEPEUHOro Mepepi3y 3a
CBOEIO JTOBXHHOIO, SIKi MPAIIOIOTh 31 3MIHHOIO BH-
Tparoro. [Ipu boMy Ha TIOYATKOBUX TUISTHKAaX TPyO
MAalOTh MiCIIe HEBEJIUKI (MEHIIE JOMYCTUMHX) Ce-
pelHi MBUIKOCTI PyXy OCHOBHOTO MOTOKY, IO 4a-
CTO IMPU3BOJUTH 10 OCIAAHHS 1 HAKONMYECHHS B TIO-
YaTKOBHUX IIepepi3ax 3HA4YHOI KiTBKOCTI YaCTHHOK
HaBKOJIMIIHBOTO TIPYHTY. B KiHIEBUX Tmepepizax
cepenHs MIBUAKICTh MOTOKY HaOyBa€ 3aBUIICHUX
3Ha4YeHb, 10 CIPHYMHSE IiIBUIICHHS BTPAT HAIIO-
py. Takum umHOM, 3a7a4a BU3HAYECHHS ONTHMAIb-
HOTO 3HaueHHS CepPEeIHbOI MIBHIKOCTI PyXy PiIUHH
B IIepepizax 3a JOBKUHOK 30ipHOTO TPyOOTIPOBOAY
€ aKTyaJIbHOIO.

BpaxoBytoun BuKIIajeHe, METOIO JIaHOT poOOTH
€ po3poOKa METOIUKH PO3PaxyHKy BEJMYMHH OII-
TUMAJIBHOI CepeHbOI IIBUIKOCTI PyXy PiIMHM B
nepepizax 3a JOBKHWHOIO HaMipHUX 30ipHUX Jpe-
HOXKHUX TPYOOIPOBOIIB 3MIHHOTO IONEPEYHOTO
nepepisy (Takoro, mio 301TBITY€EThCS).
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B naniii poOoTi Ha OCHOBI Ge3po3MipHOrO aHa-
T3y cucteMu AuQepeHIlitHNX pPiBHIHD, IO OIH-
CYIOTh PyX PiAMHH 31 3MIHHOIO BUTPATOIO Y 30ip-
HUX HaMipHUX IPEHAKHUX TPyOOmpoBOgax 3MiH-
HOTO (TaKoro, mi0 30UTBIIYETHCA) 32 JOBKHHOIO
mepepisy, po3podiieHa METOIWKa PO3PaxyHKy OII-
TUMaJIbHOT CEepeAHbOI IIBUAKOCTI PyXy DPiIUHH B
niepepizax Tpyoonposoxy. Ilpu ananisi B nudepen-
HIHHOMY pIBHSIHHI 3MIHHOi BHTpaTH APYTHM dYie-
HOM, SIKUI BpaxoOBYy€ BTpaTH HAIoOpY, IO OB’ sI3aH1
3 BIUIMBOM e(eKTy MpUENHAHHS PIAUHH B3IOBXK
IIISIXy Ha 3arajbHi BTPAaTH HAIOPY y BCHOMY TpPY-
00IpPOBOIi, 3HEXTYBAHO, IO MPAKTUYHO HE BILIU-
Ba€ Ha KiHLEBI pe3yabTaTH po3paxyHkiB. [Ipu pos-
IJISIIi BUKOPUCTAHO MOHATTSI YMOBHOTO HECKiHYEH-
HO J0Broro 36ipHOro TpybompoBomy abo TpyOor-
poBoy OOMEXKEHOI JOBKUHH, 110 Ma€ HECKiHYCH-
HY MIPOCSKHEHICTh MOBEpXHi OiYHMX cTiHOK. OCHO-
BHUMH IIapaMeTpaMH, SKi BH3HAYAIOTh XapakTep
3MiHH BUTPATH B3IOBXK 30ipHOTO APEHAXKHOTO TPY-
OonpoBoy, MPUHHATO Koe(illieHT omopy 30ipHHKa
{pe 1 y3aranmpHEeHWA mapaMeTp 30ipHOI ApeHu Asq,
SIKAI BpaxoBye ii KOHCTPYKTHBHI 1 (imbTpamiiHi
XapaKTePUCTHUKH.

VY pesyabrari JOCHiIKEHHS OTPUMAaHO MPOCTY
Ta 3py4HY METONMKY BH3HAYCHHS MaKCHMAaJbHOL
cepelHbOl MIBUIKOCTI Y KiHIIEBOMY Iepepi3i Harti-
pHOTO 30IpHOTO APEHAXKHOTO TPYOOIPOBOIY, IO
BpaxoBYy€ 3MIiHHICTH JliaMeTpa Ta HEPIBHOMIPHICTh
MIPUTOKY 32 JOBKHHOIO.

KurouoBi ciioBa: 30ipHUI ApeHaKHUN TPYyOOII-
POBiA, TimpaBIiyHMA KOSIIiEHT TepTs, KoeillieHT
(binprparii, GinpTpariitauii omip, 3MiHHA BUTpaTa.
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