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Abstract. One of the main utilities used to obtain drinking water in households and drinking
water supply in towns are filters with drainage distribution and diversion systems in their main
structural elements. The filters are equipped with porous pipes for distributing and collecting water to
increase efficiency and reliability. Therefore, obtaining reliable methods for their calculation is of
scientific and practical interest.

The article notes that water in distribution and collection pipelines moves with a variable flow
rate along the way. Moreover, the inflow or outflow of water depends on the pressure variable along
the length of the pipe. If the movement is free-flowing, it depends on the variable water level. While
for porous pipes, this movement is continuous.

The subject of fluid moving with a variable flow rate has been studied by many authors; however,
the dependences obtained in those cases mainly concerned perforated pipelines and open trays.

The authors study the operation of a porous pipe under the conditions of free-flow movement,
which is described by two equations, the movement of fluid inside the pipe and the movement of fluid
through the pipe's walls. The article indicates the complexity of this problem. Namely, the fact that
these equations are interconnected. That is, the fluid flow through the pipe walls depends on the depth
of the water layer in the pipe, which is determined by the equation of motion inside the pipe. Similarly,
the law of depth change is defined, particularly by the laws of the inflow.

A mathematical model was obtained during the investigation of the uneven distribution and
collection of water by a porous pipe. Based on this model, an approximate calculation method was
developed, which makes it possible to get the value of the average flow depth in the pipe from the
critical depth of water installed at the end of the pipe. To simplify the calculations, the article gives
the corresponding nomograms.

The validation of the model was carried out on an experimental setup. The analysis of the
experimental data showed good correspondence to the calculation results performed according to the
approximate method, i. e. the deviation of the flow depth in the middle section does not exceed 1.5%.

Keywords: porous pipe, free-flow movement, filters, collection (outflow) of water, hydraulic
calculation.

Introduction. One of the priority tasks of the state is to provide settlements with high-quality
drinking water, which is established by the Law of Ukraine "On Drinking Water and Drinking
Water Supply”. Ukraine wants to adjust its regulatory documents on drinking water supply with
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regulatory acts of the European countries [1]. It requires an increased efficiency of water treatment
facilities and improvement of both the construction and hydraulic calculation methods [2].

Usually, to obtain water of the required quality, it is necessary to connect with the
technological scheme of water purification in filtering facilities. At water treatment plants, filters
are the most expensive and complex structures. The quality of the water supplied to the consumer,
the practical productivity, and even the economic indicators of the entire station depend on them [3, 4].
In recent years, systems of porous pipes have been widely used in drainages and flushing water
removal systems to intensify the work of fast filters [5, 6]. Therefore, improving the methods of
hydraulic calculation and optimization is a vital task.

The analysis of recent research and publications. Water in porous distribution and
collection pipelines (channels) moves with a variable flow rate, so it is impossible to describe the
movement using the usual Bernoulli equation. Moreover, the inflow or outflow of water depends on
the pressure variable along the length of the pipe. If the movement is free-flowing, it depends on the
variable water level. The inflow or outflow of water can be continuous (if the pipe wall is porous)
or discrete.

Many authors have studied fluid movement patterns with a variable flow rate. Numerous
studies concern the movement of fluid with a variable flow path in perforated pipelines and open
trays [7-12].

The research conducted by G.A. Petrov is devoted to the movement of fluid with a variable
flow rate. From the equation of the amount of flow, he obtained the equation for a pressureless
prismatic channel [13]:

2
289 40 = AL W g+ a4 i, i, )=0 (1)
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The closest to this question is studying fluid movement in channels covered by porous plates [14].

It appeared that the equations for the dynamics of variable mass differ from those for constant
mass. It happens mainly because of the loss of energy due to the so-called "mixing"” of masses or
vortex resistance. During the flow of liquid these losses, in many cases, reach values that
significantly exceed the usual losses due to internal friction. Vorticity is formed during outflow or
inflow of water when the liquid is moving with a variable flow rate in perforated distribution pipes.
This is caused by turbulent jets. It is these vortices that provide additional support to the main mass
of the moving liquid. When collecting or draining water through porous pipes, vortices may also
form at the boundary between the main flow and the porous layer. However, their size will be
smaller compared with perforated pipes, since the pore sizes are much smaller than the diameter of
the holes in the collection and distribution pipes. Accordingly, the speed of water entry (exit) is
much lower than that of the transit flow.

The purpose and objectives of the research. The article is dedicated to the study of the
porous pipes operating in pressureless movement. The task of these studies is to obtain an
approximate method of calculation when collecting and draining water.

Research materials and methods. Let us consider a porous pipe (Fig. 1) with a constant
radius R laid with a slope iy in the direction of the flow.

A decline curve is created in the pipe and the depth of this flow (h) will vary along its length,
while the water level outside the pipe (H) is constant. Inflow of water to the pipe can occur in two
zones, namely in the area below the water level in the pipe (z < h), where the specific inflow is q,
and in the area above the water level in the pipe — inflow g,. The mathematical model of the work of
a porous pipe is defined by two main equations [15]:

1) movement of liquid inside the pipe;

2) fluid movement through the pipe walls.
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These equations are
interconnected, i.e., the flow of liquid
through the walls of the pipe depends
on the movement of the liquid in the
middle of the pipe with a layer (h),
which is variable in length. Similarly,
the law of change of depth h(x) is
determined, in  particular, by
regularities of the water inflow.

Consider the equation defining
the internal flow.

The liquid inside the pipe moves
. with a change in flow rate along its
pipe length, namely at the beginning of the
flow (x = 0), flow rate Q = 0, and at
the end (x = L) — Q = Q. Thus, movement with a variable flow rate in a prismatic channel is
considered. To describe such a movement, the equation obtained by G. L. Petrov (1) was chosen,
since it was obtained using a minimum of assumptions, and the results were verified
experimentally.

If, for the sake of simplification, the losses of frictional pressure along the length are
neglected, then the equation of motion in complete differentials is written in the following way:

2
ﬁd[Q—j+ odh = wi,dx. @)
g o

Q, w is the flow rate and cross-sectional area of the flow at a distance x from its beginning;

h is the depth of the flow; iy is the slope of the pipe; a is the Coriolis coefficient; g is the
acceleration of free fall.

The boundary conditions of equation (2) are the following:

Fig. 1. Scheme of collecting water using a porous

x=0, Q=0, h=h, . 3)
X:L1 Q:le h:hk
In the integral form the equation (2) looks the following way:
Q" (wdh +C =i, [odr (4)
gw 0

C — is the constant of the integration.

To integrate (4), it is necessary to have the dependence of the flow cross-sectional area on its
depth h. To integrate (4), it is necessary to have the dependence of the flow cross-sectional area on
its depth h. The volume of liquid in the pipe from the initial cross-section to the cross-section X is
determined by the integral on the right-hand side of (4). This volume can be roughly calculated
from the average cross-section of the stream, i.e.:

Tcodx =®,x. (5)

The dependence w(#) is also needed to calculate w,,,.
As the analysis and performed calculations showed, the dependence w(#) can be represented
with sufficient accuracy by a power function:
o(h)=Bh", (6)
B and « are empirical coefficients calculated by the method of least squares;

w=w/R*, h=h/R_ is the dimensionless area of the stream and its depth.

Satisfactory approximation of formula (6) is achieved by using two curves: at 2<R — 1=1.68,
k1 = 1.47 (the maximum deviation of calculated data from formula (6) does not exceed 4 = 3.9%,
and the relative root mean square deviation — ¢ = 0.026).
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Substituting (6) into (4), we have the following result after the integration:
th + A" ) (7)

2
9O, P e i, x
go k+1 2

To determine C we use the first boundary condition from (3): x=0, Q=0, h=h;. Then

=P pe, ®
Kx+1
where:
2 h+h"
g + B (hx+l _hlx+l) :iOB 1 + x* (9)
go K+l 2

Let's include the coefficient x,=hs/h,, which determines the ratio of the depths of the stream at
the beginning and at the end. Then, using the second boundary condition from (3) —
.XZL, Q:QK, h:hk, we 0bta|n

@O 1 q_wey=blg ey (10)
goh, xk+1 2h, ’

In equation (10), the coefficient xy is a function of two dimensionless parameters. The first of
them determines the ratio of the doubled velocity pressure at the end of the stream to its depth:

A = aQ = _alb” (12)
goh,  gh,
and the second parameter determines the flow geometry:
4,=5t. (12)
2h,
Then equation (10) can be represented as follows:
A+ ! A-x"y=A,(1+x") (13)
k+1
or in a form convenient for iterative calculations:
1
K, = {1 = [4,0+x)— 4 )1 +K) . (14)
When h>R k=1, the equation for xy is simplified:
K, =+(4, —1) +24, — 4,. (15)

By determining the Kj, coefficient, you can find the average flow depth in the pipe. Thus, an
approximate method of calculating for porous pipes was obtained, which allows to determine the depth
of the flow in the middle cross-section and to calculate the inflow along this cross-section. For this, it is
not necessary to know the law of change of depth inside the pipe, but only the parameters of the flow at
its end (parameter A;) and the geometry of the channel (A;). Then, by determining the ratio of the
depths of the stream at the beginning and at the end, you can find the depth of the stream in the middle
section.

In the case of free flow of water from the end section of the pipe, a depth equal to the critical
depth is set in it [16]. This depth, which corresponds to the minimum specific flow energy for round
pipes is calculated by the following formula [17]:

hK”:O,844( \/a 2 j ! (16)
R g R”

valid upon fulfillment of the following conditions:

0,0023 < \/g RQ25 <453. (17)
q R

Research results. To simplify the following calculations the Fig. 2 shows the h (Q,R)
dependence graph. The Fig. 3 is a graph for calculating the 4; parameter. The Fig. 4 shows the
nomograms for calculating the ratio of flow depths in the pipe at the beginning and at the end of xy,
for the cases A<R and h>R .
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Fig. 2. Graph for determining the critical flow depth
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Fig. 3. Graph for calculating parameter A;
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Fig. 4. Graph of determination of K, for cases <R & h>R

The order of calculations using Fig. 2 — 4 is the following:

1. According to the specified radius of the pipe and the calculated flow rate according to Fig. 2,
one can determine the critical depth at the end of the pipe h,,, and according to Fig. 3 parameter 4;
can be determined.

2. A, is calculated by formula (12), then using the nomogram in Fig. 4 xy is determined, after
that the average depth of the flow is found.

The validation of the model was carried out on an experimental setup which includes a porous
polymer concrete pipe with an outer diameter of 150 mm, a length of 1000 mm, a wall thickness of
20 mm, which was installed in a tank with a height of 2 m and a diameter of 1.2 m.

On one side, the porous pipe was connected by means of a flange with a 120 mm diameter
outlet pipe, and on the other end, it was closed with a blank plug.

5 piezometers were installed in the pipe with a step of 200 mm to measure the depth of the
flow along its length. Water was supplied to the installation using a pump.

Analysis of the graph (Fig. 5) shows a good correspondence between the experimental data
and the results of the calculation performed according to the approximate method. That is, the
deviation of the flow depth in the average cross-section obtained experimentally from the calculated
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data does not exceed 1.5%. This allows us to conclude that the developed approximate method of
calculating porous pipes is reliable.
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Fig. 5. Change in the flow depth in the pipe:
¢ —experimental data; o — — calculation results;
---- — average flow depth obtained from
experimental data

Conclusions:

1. It is shown that to describe the operation of a porous collection pipe, it is necessary to use
the equations of fluid movement in the pipe and fluid movement through the pipe walls at the same
time, since these equations are interconnected.

2. To describe the movement of liquid in the pipe, the G. A. Petrov equation was used, the
conclusion of which was made with a minimum number of assumptions, and which was verified
experimentally. It is shown that when collecting water through a porous pipe, the projection of the
speed of the connecting flow onto the direction of the main flow can be accepted 6=0. In this case,
the equation of motion is simplified, however, in this case, it will not be possible to integrate it.
Therefore, in order to obtain the engineering method of calculations, it was necessary to neglect
frictional pressure losses along the length of the flow for pressureless movement of water in the
pipe.

3. To integrate the obtained equation (2), the dependence of the flow area in the pipe on the
depth was approximated by the static formula (6), the coefficients of which were determined by the
method of least squares. In addition, the ratio of depths at the beginning and at the end of the flow is
introduced. The iterative formula (13) was obtained to calculate the ratio.

4. The procedure for calculating flow depths in the pipe has been developed. This makes it
possible to determine the depth at the beginning and middle of the pipe with a known depth at the
end (assumed equal critical depth).

5. The task of further research is to check the method of calculation of porous pipes in
production conditions.
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TPYBAMU B YMOBAX BE3HAIIIPHOI'O PYXY

1Hp0ry.111>}mi/i B.M., 1.1.1., mpodecop,
varkadia@ukr.net, ORCID: 0000-0001-8310-3823
1l“paImB I.A., cT. BUKNagauy,

giawork@ukr.net, ORCID: 0000-0002-4173-4452
2BynraKOB P.B., k.T.H.,

od_va_kaf rao@ukr.net, ORCID: 0000-0002-8825-718X
2(I)p0JIOB 0O.C.,cT. BUKIIaga4,

sanec418@ukr.net, ORCID: 0000-0002-0941-4299
Y00ecora depoicasrHa akademis 6yOisHUYmMBa ma apximexmypu
ByIL. Jlinpuxcona, 4, M. Oneca, 65029, Ykpaina
’Biticokoea axademis

Byn. @oHTaHCckKa nopora, 10,M. Oneca, 65009, Ykpaina

AnoTtaunisg. OnHi€I0 3 OCHOBHHUX CHOPY/, IO 3aCTOCOBYIOTBHCS JJISi OTPUMAaHHS BOJIU MHUTHOL
SKOCT1 y CX€Max rocnoJapchbKO-MUTHOIO BOAONOCTauYaHHs HACEJIEHUX MYHKTIB, € (PUIbTPH, T'OJIOBHI
KOHCTPYKTUBHI €IIEMEHTH SIKHX BKJIIOYAIOTh JIPEHAKHO-PO3MOAUIBHI Ta BigBiAHI cuctemu. Jlis
MiABUIICHHS €(QEKTUBHOCTI Ta HAAIMHOCTI (GiIbTpU OONATHYIOTHCS MOPUCTHMH TpPyOYaCTHUMH
CHCTEMaMH ISl PO3MOALTY Ta 30MpaHHs BOAM. Y 3B'S3KY 3 IMM OTPUMAaHHS JOCTOBIPHHX METOUK
X po3paxyHKy IPEICTaBIIs€ HAYKOBUN Ta MPAKTUYHUN 1HTEpecC.

VY cTarTi 3a3Hava€ThCs, MO BOJA y PO3MOAUIFYHMX Ta 30ipHUX TPYOONPOBOJAX PyXa€eThCs 3i
3MIHHOIO MO HUISIXY BUTpaToro. [Ipuuomy mpurniauB abo BIATIK BOAW 3al€KUTh BiJl 3MIHHOTO MO
JOBXHHI TPyOH THCKY, 1 SKIIO pyX Oe3HamipHUIA — BiJl 3SMIHHOTO PiBHSI BOAHM, a JUIS MIOPUCTHX TPYO
et pyx 6e3nepepBHUMA.

3amada pyxy piAMHU 31 3MIHHOIO 110 HUISXY BUTPATOI0 BUBYAiacs OararbMa aBTOpPaMH, MPOTE
3aNeKHOCTI SIKI TpU IboMYy Oyld OTpUMaHi B OCHOBHOMY CTOCYBajHcs mephopoBaHUX
TPYOOIIPOBOIIB 1 BIIKPUTHX JOTKIB.

ABTOpaMH pPO3IIIAJAETECA POOOTa MOPUCTOI TPyOM 3a yMOBaMM O€3HAMIpPHOTO PyXY, LIO
OMHCYETHCSA JIBOMAa PIBHSHHSIMHM — PyXy PIAMHM BCEpEIUHI TPYOM 1 pyXy PIIMHU 4Yepe3 CTIHKU
TpyOu. 3a3HayaeTbcs CKIAAHICTh IMi€i 3agavi, ska OOyMOBIIEHAa THUM, IO 1€ pPIBHIHHSI
B3aeMonoB'si3aHl. ToOTO BUTpaTa piJIMHU Yepe3 CTIHKU TPyOU 3aJIeKUTh BiJl IIMOWHU 1Iapy BOJH B
TpyOl, SIKa BU3HAUAETHCS PIBHAHHSAM pPyXy BCEpEMHI TPyOU. AHAIOTIYHO 3aKOH 3MIHM TJIMOWHU
BU3HAYAETHCS, 30KpEMa, 3aKOHOMIPHOCTSMH TPUILIUBY.

JlocnipKyroud HEpiBHOMIPHICTh PO3MOJUTY Ta 300py BOAM HMOPHCTOK TPYOOI OTPUMAHO
MaTeMaTUyHy MOJIe]b, Ha IMIJCTaBl SIKOi PO3po0JIEeHO HAOIMKEHY METOJMKY po3paxyHky. lle
JI03BOJISIE€ TI0 KPUTHYHIN TNIHMOWHI BOAM, SIKA BCTAHOBIIOETHCSA B KiHIII TPYOH, OTpUMATH 3HAYCHHS
CEpeIHbOI TTMOMHU MOTOKY B TpyOi. JlJis cpoIeHHs po3paxyHKIB B CTaTTI HaBEACHI BIAMOBIIHI
HOMOTPaMH.

[lepeBipka TOCTOBIPHOCTI MOJEJI MPOBOAWIIACS HA €KCIIEPUMEHTANbHINA yCTaHOBI. AHami3
OTpUMaHUX JOCIIJHMX JaHUX TOKa3aB J0Opy BIAMOBIAHICTE IX pe3yabTaTaM pO3paxyHKY,
BHUKOHAHUX 32 HAOJIMKEHOIO METOJMKOIO — BIIXUJICHHS TVIMOWHU IMOTOKY B CEPEIHHLOMY Mepepisi He
nepesuiye 1,5%.

Kuarouosi cioBa: nopucra Tpyba, Oe3HamipHuil pyx, (iabTpu, 30upaHHs (BIATIK) BOAH,
TiIpaBIiYHUN PO3PAXYHOK.
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