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segments of long CP the fluid flow is laminar. Farther, with the increase of fluid flow rate,
a turbulent stream is formed. In this paper, laminar streams are considered. The
variability of Darci coefficient is taken into account. Based on the differential equation of
enforced variable flow rate fluid flow along the stream, a mathematical relationship for
calculating the fluid inflow into the collector-pipeline has been derived. A formula for

Keywords: calculation of variable along the stream total working head in a collector-pipeline is
Pressure collector-pipeline; drainage obtained. The calculational relationships take into account geometric parameters of the
perforated pipes; laminar flows; non-  CP, the angle of inflow of the jets to the stream, the angle of inclination of the pipeline to
uniformity of inflow along drain the horizon.

1. Introduction

Flows surrounded on all sides by solid walls are called pressure streams. Accordingly, pressureless
are the flows that have a free surface, for example, rivers. The flow of liquid in the pressure collector-
pipelines (CP) is non-uniform along their length. It increases in the direction of flow in the CP. There
occurs a flow with a variable fluid flow rate along the CP. CPs which work in pressure mode are
common in many branches of technology in the implementation of various production processes.

In agricultural hydromelioration, in order to lower the level of groundwater in waterlogged areas,
drains are arranged. The main working elements of meliorative drainage systems are CP, which are
perforated pipelines [1].

In water supply, for the purpose of cleaning from mechanical impurities, water taken from surface
sources, infiltration water intakes are used. The water receivers of these water intakes are CP. To
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improve the inflow of water to the CP, reverse filters are placed around the outer surfaces of the
latter. The grain sizes of the reverse filter layers increase as they approach the walls of the CP. The
infiltration intake, which is shown in Figure 1, built on the coast of the Pacific Ocean in the city of
Long Beach, near Los Angeles, in California [2].

Fig. 1. Infiltration water intake: 1 — above-ground pavilion of the
pumping station; 2 — pump motor; 3 — pressure pipeline; 4 —vertical
shaft; 5 — water pipelines; 6 — water layer; 7 — sand layer; 8 — gravel
layer; 9 - is one of the collector-pipelines [3]

A type of infiltration water intake is a radial water intake. It is a combination of a vertical shaft
well and horizontal collector-pipelines, which are laid in the layer of water-bearing soil. CPs converge
radially to the vertical shaft. It is advisable to use such water intakes on shallow rivers which in the
period of floods, and floods carry a lot of silt, sand and larger pieces of solid soil, which are rolled by
the flow of water along the bottom of the river. Radial water intakes are used for water supply in the
following cities: Warsaw, Krakow, Przemysl (Poland), Penza, Orenburg, Ufa (Russia), Rustava
(Georgia), Turin (Italy), Eilenburg (Germany), Prince George (Canada), and others [4].

After preliminary treatment of water by means a reagent, to clean it from suspended flakes, fast
(Figure 2) or slow filters are used at water treatment facilities [5]. The water purified by filtering is
captured by collecting pipelines (Figure 2(b) and Figure 2(c)) located in the lower part of the filter
housing (Figure 2(a)) [6]. In the process of periodic washing of the filter backfill, water is supplied to
the filter through pipe 8 in the reverse direction. Then the system of collector-pipelines es switches
to the mode of water distribution, that is, CP temporarily become pressure distribution-pipelines.
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(b) (c)
Fig. 2. Fast filter at water treatment plants: a — schematic diagram of the filter; b — system of collecting
pipelines; ¢ — collector-pipeline: 1 — filtration tank; 2 — washing trays; 3 — backfilling of a layer of coal
(anthracite); 4 — ditto for sand, 5 — ditto for mineral sands which consist of hard granules of high density;
6 - layer of large-grained gravel; 7 — perforated pipes; 8 — draining of filtered water [5,7]

Drainage systems are used to distribute liquid in the case of discharge of domestic wastewater
from primary settling tanks into the soil. At the same time, groundwater is being polluted. It is
recommended to stop this practice [8]. Measures are being developed to prevent the spread of
contaminated groundwater to neighboring territories [9].

Pressure collector-pipelines in combination with pressure distribution-pipelines make up the
main part of solar collectors (Figure 3), which have recently been increasingly used for domestic and
industrial water heating [10,11].

(a) (b)
Fig. 3. The combination of the operation of the
distribution-pipeline and the collector-pipeline in the
solar collector: a - general view;
b — longitudinal section of the heating element [12]
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Pressure equipment is also used in exhaust ventilation, energy industry (circulating water cooling
systems at nuclear and thermal power plants), aviation industry (removal of spent toxic gases from
chambers for factory testing of jet engines), etc. [13].

The widespread use of pressure equipment requires the availability of reliable methods of their
hydraulic calculation. Many efforts are being made to create adequate mathematical models to
describe the inflow of liquid into CP.

2. Analysis of Literary Data

The flow of liquid into pressure CPs depends on the characteristics of the environment in which
they are installed. In circulating water cooling systems at nuclear and thermal power plants, water
enters the water intake windows of the heads of water intake structures from the cooling pond [13].
The water intake heads of these water intake structures are CPs with internal diameters that reach 4
m. The non-uniformity of water inflow into pressure CPs laid in the body of water is reduced by the
following: a) increase the distance between water-receiving windows with the same areas of water-
receiving windows; b) reduction of area of water-receiving windows along the stream in the CP,
provided that the distances between the windows remain the same; c) increase the diameter of the
CP along the flow of liquid in it [14,15].

In solar collectors (Figure 3) and in chemical reactors the liquid is brought to the holes in the wall
of the CP through parallel tubes [11,16,17]. Inclined, vertical and horizontal water pipes are used.
With vertical microtubes, the non-uniformity of the inflow to the CP is less than with horizontal ones
[17]. Tong et al., [2] set the goal of achieving uniformity of fluid flow in parallel tubes that connect
the distributive pipeline and CP. By the method of numerical modeling, they selected the geometric
parameters of the shutters, installed in the places of connection of parallel tubes with the CP, which
would ensure the given condition.

The coefficient of flow rate of inlet nozzles in CP (like for outlet nozzles in distributive pipelines)
[18,19] significantly depends on the angle of joining of the inflowing jets to the flow that is formed
inside the CP. Therefore, the non-uniformity of the inflow of liquid into the pressure CP is regulated
by changing the angle of joining of the inflowing jets to the flow in the CP [1,19]. The inflow of liquid
into the CP increases with the increase in the value of the Reynolds criterion calculated for the
inflowing jets [1].

During experimental studies of the operation of CP laid in a mass of porous soils, various aspects
of CP operation were studied, depending on their intended purpose. Theoretically, laboratory and
physical experiments investigated the work of drainage during the construction of tunnels for
subway, railway and road transport [20]. Given the urgency of the problem, Zhou et al., [21] analyzed
27 publications, which present the results of research into methods of reducing groundwater
pressure on tunnel walls during their construction in sandy dolomite rocks. It was found that the
arrangement of a large number of drainage holes in the walls of the tunnel has a negative effect on
the construction effectiveness and stability of the tunnel. Lowering of the groundwater level with the
help of horizontal drainage collectors arranged along the outer surface of the tunnel walls disturbs
the balance of the surrounding soil and can cause natural disasters, which are common phenomena
during the construction of tunnels. Studies have shown that it is more appropriate to reduce the
pressure of the ground water which acts on the walls of the tunnel, than to lower the water level.
Drains that radially converge in the vertical plane to the tunnel walls reduce the groundwater
pressure most effectively [21].

Collector-pipelines should also be used to collect rainwater and meltwater in cities [22]. Excess
supply of irrigation water to agricultural lands in arid regions often leads to excessive rise of saline
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groundwater and salinization of the root layer of the soil. Saline soils become unsuitable for growing
plants. They lower the level of groundwater in irrigation systems with the help of CP. Laboratory
experiments have established that 76% of excess soil water is removed from the irrigated area
through drainage pipes, and 24% through perforated collectors to which these drainage pipes are
connected [11].

It was experimentally established that when a siphon outlet is installed at the end of the pressure
CP of the reclamation drainage, the flow rate and water consumption in the CP increases by 27.1-
89.8%, depending on the value of the vacuum pressure on the siphon [23].

The analysis of the data of the physical experiment and the analytical equation of the energy
balance of the flow in the pressure CP showed the following. The energy losses of the jets on their
inflow from the loose soil into the CP through the holes in its wall significantly exceed the energy
losses to overcome the frictional forces of the flow in the CP [24].

Clemo [25] used a numerical experiment to find pressure losses in a pressure pipeline-collector
for collecting oil from porous soils. The proposed method takes into account the increase in oil
consumption along the CP due to its inflow through the holes in the CP walls. The results of
calculations based on this model were compared with the data of three physical experiments: one
for air flow and two for water flows. The proposed model is not fully consistent with the data of
physical experiments. The author of the method believes that the reason for this is the unreliable
results of individual physical experiments.

The carrying capacity of pressure cylindric pipeline can be increased by means of introduction of
polymer admixtures into the fluid flow, by optimization of geometric characteristics of the pipeline
[6,26,27]. New methods of reducing the hydraulic resistance of pipelines are being developed on the
bases of Navier-Stokes equation [28].

The results of the experiments provide objective information about the inflow of liquid into the
collector-pipeline with specific operating conditions. However, the design of the CP requires
mathematical models that take into account all the geometric parameters of the CP and the hydraulic
characteristics of the jets that flow into the CP through the holes in its walls, and the flow of liquid
that is formed in the CP. Many efforts are being made to create adequate mathematical models to
describe the inflow of fluid into the CP. However, it is known that high accuracy of design of CP can
be achieved based on the methods of differential calculation [29].

The differential equation of fluid movement with variable flow rate along the path for pressure
fluid flow was first obtained by Prof. Nenko Ya. T. in 1937 [30]. During its integration, various
simplifications were introduced. Considering pressure cylindrical CP with discrete fluid inflow.
Konstantinov and Smyslov [31], Kravchuk [32], and Smyslov [33] used the assumption that the
coefficient A of hydraulic friction is constant along the CP. In effect, the coefficient A is variable, since
the fluid flow along the flow in the CP increases.

Nowadays, there has been no proposal to solve the DEFMVFR (the Differential Equation of Fluid
Movement with Variable Flow Rate) taking into account the variability of the coefficient A of hydraulic
friction for the inflow of liquid into CP. Experience shows that incomplete consideration of the
geometric parameters of the pressure CP and the hydrodynamic characteristics of the flow in it
causes serious miscalculations in the design of the CP. For this reason, the reliability and efficiency of
the CP is weakened [26].

The purpose of the work is to develop a method of hydraulic calculation of pressure collector-
pipelines for the laminar mode of fluid flow, the calculation being based on the differential equation
of fluid movement with a variable flow rate along the path, taking into account the geometric
parameters of the CP and the hydraulic characteristics of the flow.
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3. Differential Equation

The differential equation of fluid movement with variable flow rate (DEFMVFR) for the enforced
flow in a cylindrical collector-pipeline has the following form [34]

a,(2V —vcos )V
g

+d(pj+sinz//-dx+dhxzo' (1)
9

where,
a, is the coefficient of the fluid flow momentum, ¢, =1.03...1.05, dimensionless;

Vis the average speed inside the CP, m/s;

v is the average speed of the jet flowing into the CP, m/s;

[ is the angle between the vectors of the average velocity V in CP and the average velocity V of
the jet that flows into the CP, degrees;

P is the fluid pressure inside the CP, N/m?;

p is the density of the liquid flowing in the CP, kg/m3;

w is the angle of inclination of the longitudinal axis of the CP to the horizon, degrees;

dh, is the losses of head for friction along the length of the segment dx of the collector-pipeline, m.

All the terms in Eq. (1) have dimension m. This equation contains six variable quantities: V, dV, v,
dp, dh, dx. The variable length dx is an independent quantity. In order to solve the Eq. (1), five

additional equations must be added.
4. Formation of the Flow in CP

The flow in the collector-pipeline is formed from discrete jets that flow into the CP through holes
in its wall (Figure 4). In the segments of the CP located between the adjacent inlets, the flow rate Q
of the liquid is constant. However, at the center of each inlet opening the flow rate Q of the liquid
flow in the CP increases by the amount dQ of the inflow through this opening. Since the flow of liquid
along the CP increases, the pressure losses p increases due to the following: a) overcoming the
frictional forces along the CP length, b) creation of a velocity head V?/2g of the flow, the loss of which
increases along the length of the CP, c) overcoming the local hydraulic resistance of the inlets under
the influence of liquid jets in the CP. As a result of these pressure losses, the piezometric line 3 and
the full head line 4 decreases along the flow (Figure 4). Accordingly, under the condition of a constant
level 5 of the liquid outside the CP, the working pressure increases, under the influence of which the
jets flow into the CP.
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Fig. 4. Schematic diagram of formation of liquid flow in the pressure pipeline-
collector: 1 — CP; 2 — inflow holes; 3 — piezometric line for the flow flowing in
the CP; 4 —ditto for, full pressure line; 5 — liquid level outside the CP; 6 —inflow
of jets into the CP

5. Solving the Differential Eq. (1)

To solve the differential Eq. (1), we express all its variables in terms of the operating pressure
Z,, (Figure 4), under the influence of which the jets flow into the CP through the holes in its wall,

and in terms of the independent variable distance dx measured along the CP axis in the direction of
flow.

The flow rate of the liquid stream that flows to the CP through a hole located in the cross-section
X:

q(x) = zua)\l 2gZ(x) =aZ (1{(? ’ (2)

where u is the inlet flow rate coefficient, dimensionless;

@ is the area of one inlet hole, m?;
a is the constant multiplier,

a= w29 = const, m*°/s. (3)

The average velocity v, of the jet flowing to the collector-pipeline is obtained from the formula (2):

12
Ay _ 34
Vg =~k = (4)
0 0
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The differential of flow rate, in m®/s, of the liquid that flows into the CP through a series of holes
made in its wall in a segment with the length of dx is the following [34]

dQ,y = N0ydX = Nua,[29Z ,, dx =bZ 7dx, (5)
where b is the constant multiplier,

b= n,ua)\/ﬁ = const, m**/s; (6)
n is the number of inlets arranged per unit length CP, m™.

The flow rate of liquid transported in the section x of CP, in m®/s, we obtain by means of
integrating the mathematical expression (5)

X

Q(x) = Qtr +bIZ(l>:)2dX' (7)
0

where Q, is the transit flow rate of liquid at the inlet to the considered calculated segment of the CP

whose length is x, m*/s.
The average velocity of the liquid flow in the section x of CP is obtained from the formula (7)

+b[Z2dx
v, = Qw :Q" g *
e) Q

) (8)

where 2 is the cross-sectional area of CP, m?.
The differential of the average velocity of the liquid flow in the section x of CP is obtained by
differentiating the mathematical expression (8)

bz 2dx
AV = d(%j: 0 & o)
0 Q0

The pressure of the fluid flow inside the CP laid horizontally (Figure 4)

2
p(x)_-l- 7 Vi,
=loy =4~

) (10)
~ 29

where T, is the depth of immersion of the inflow section below the liquid level of the calculated

segment of the CP.
The pressure differential for the flow of liquid in a horizontal CP was obtained from formula (10)
by substituting into it the dependence (8) for the speed V,,,
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b]Z/2dx
\/ 2 a(Qtr 0] £y
d( o j =d| Ty =2y = Oy o —dZ, - 02 bz<lxl)2dx' (1)
e 29 942

The term siny - X in the Eq. (1) takes into account the inclination of the longitudinal axis of the
CP to the horizon (Figure 5).

Z e 4

- Siny-x

Fig. 5. Pressures acting on the collector-pipeline: 1 — CP; 2 - piezometric line for
the flow of liquid inside the CP; 3 — ditto for, full pressure; 4 — liquid level outside
the CP; 5 — graph of jet velocities into the CP; V - average velocity of the liquid
flow in the CP; v - ditto for the jet acting into the CP

The last term of Eq. (1) is the differential of frictional head losses dh, along the length of the CP.
It is calculated using the Darci-Weisbach formula [35]

X V(i) 1 X 2
dh,, = d[l(x) BE) = 290D d[ﬂ(x)(Qm + b(j]Z(lx’)zdx) X|, (12)

where D is the inner diameter CP, m. For cylindrical CP D = const. Therefore, it is placed in front of
the differential sign.

For the laminar mode of enforced flow of liquid, the dimensionless coefficient of hydraulic friction
(Darci coefficient) A, is calculated according to the Poiseuille’s formula

j“(x): 64 6402 v (13)

Regy (Qm + biz(lx’fdx)D
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where Re(x) is the Reynolds criterion, dimensionless

where v is the kinematic viscosity, m?/s .

After substituting the mathematical expressions (13) and (14) into the formula (12), we obtained
the dependence for the differential of pressure loss for laminar flow in the CP [35]

32-v

=20 D

(QU + b[ Zgdx+ bZ(lx/)zxjdx : (15)
Substituting mathematical dependencies for V(,, (8); V() (4); dVi, (9); d(p(x)/pg) (11); dhy,

(15) into the differential Eq. (1), we obtained a new dlfferentlal equation of fluid movement of
variable flow rate in one unknown variable Z ,,, which is the operating pressure under the influence

of which the jets flow into the CP through the holes in its wall

abcos
M(Q, T R (T
9«2 gD 9Qw
32bv .
5 ——— Zgoxdx - dZ, + siny -dx =0. (16)
To simplify the writing of Eq. (16), we denote its constant quantities by the following coefficients
2a, —at)-b 32v a,abcos 32bv
alz—( 0 2) ;a, = 5 8y =— 'B;a4: 5 (17)
g« gD 0Qw gD
We write the Eqg. (16) taking into account the denotation (17)
2a1(Qtr +ij(1X’)2dij(1x’)2dx +a (Qtr +ij(1X’)2dxjdx - a,Z X + a,Z ;) xdx - dZ,,
+siny -dx=0. (18)
We make the following substitution in Eq. (18)
_ 1/2
y —(Qtr +ij(X) dx) (19)
The first derivative of the mathematical dependence (19) is the following
yr — bz(lX/)Z . (20)
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From the mathematical expression (20), by squaring its right and left sides, we find the first
derivative of the total pressure Z ,,

2
y! dz(x) 2ylyn
Z=|=—1; , 21

(x) ( b j dx b2 ( )

where y” is the second derivative of the function y with respect to independent variable distance X ..
We write Eq. (18) taking into account the expressions (19)-(21), dividing all its terms by dx

a ' a, , 2v"
b_g(y)z-i-ﬁyx_ ggy

%yy'+a2y— +siny =0, (22)

Eqg. (18) and Eq. (22) are nonlinear quadratic ones. They are represented by a quadratic parabola.

Therefore, in Eq. (22) the previously accepted notation y:(Qtr +ij(lX’)2de is replace by the

following

y = AX + Bx?. (23)
Then,

y' = A+2Bx. (24)
y" =2B. (25)

We write Eq. (22) taking into account substitution (23) and mathematical dependencies (24) and
(25)

%(Ax+ BX?)-(A+2Bx) + a,(Ax+Bx?) - Z—g(A+23x)2 +

+ %(A+ZBX)X - ;—2(A+ZBX)B +siny =0. (26)
After performing algebraic operations in Eq. (26), it was given this form
(al jAz [ﬁxz—@ —%}BZ [31)(2_4% —iszB +
b b® b b b b b b
+ (az +%)Ax + (az +2%j8x2 + siny =0. (27)

In Eq. (27), the variable coefficients A and B at the independent variable distance x are unknown.
To find the values of A and B, we apply the boundary condition

x =0. (28)
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By substituting condition (28) into Eq. (27), we obtain

—A2+iAB+sinw=0. (29)

We equate the right sides of the Eq. (20) and Eq. (24)

bz} = A+2Bx. (30)

From Eq. (30) we obtain

A=bZ} —2Bx. (31)

When x=0, from Eq. (31) we have

A=bZ;’. (32)

Provided that x = 0, taking into account A=bZ} from Eq. (32), Eq. (29) takes the following form
4120 L cing, —

;2 +BZ(°) B +siny =0. (33)

From Eqg. (33) we obtain

b(a,Z o, +siny)

> (34)
V2
4Z o)
We enter the coefficients A from (32) and B from (34) into Eq. (23), which is identical to Eq. (19)
2
T a,abZ ;b cos '
y= (Qtr + bfZ(le)Zde = AX+BxX® = bZ3/2x + 0abZ () - p N bSIrLl/z/ a5
0 9QwAZ 4zy;

After performing algebraic operations in mathematical dependence (35), we obtain the equation
for calculating the flow rate of liquid which, under the influence of external pressure, inflows through
the holes into the collector-pipeline on the segment of length x and is transported to the CP through
its section x

x a,abz? cos '
Q, +b[Z2dx = | z? + 2C0 Py MYy lox. (36)
o 4gwQ?2 42(0)

The formula for calculating the full operating pressure of the liquid flow in the section x of the
collector-pipeline was obtained by differentiating the Eq. (36)
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12 2

_| 72 +aoabz(0) cosf xsiny

X+
() © 29w 225}

z

(37)

The mathematical model represented by Eq. (36) and Eq. (37) describes laminar flows in pressure
collector-pipelines.

6. Conclusions

Main branches of application of pressure collector-pipelines are described. Problems of designing
the pressure CP are considered. In the present-day mathematical models, in order to simplify the
solution of differential equation, the coefficient of hydraulic friction (Darci coefficient) is assumed to
be constant along the collector pipeline. Based on the differential equation of enforced variable flow
rate fluid flow along the stream, relationships for calculation of fluid inflow into a CP through orifices
in its wall are derived. Laminar flows with variable Darci coefficient are considered. A formula for
calculation of total working head of fluid flow in a collector-pipeline has been obtained. In the
obtained mathematical relationships, the geometric parameters of the CP, the angle of its inclination
to horizon, the angle of jets inflow to the formed in the CP stream are taken into account.
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