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1. Introduction

The preparation of water for drinking and production 
needs, as well as the treatment of wastewater, typically 
involves capacitive treatment structures in the form of 
tanks of different design and shape. The purification effec-
tiveness and quality, in this case, significantly depend on 
the character of the distribution and collection of water in 
a given structure. Most often, the collection of water and 
the operation of an entire treatment structure is carried 
out under a uniform mode. Pipelines and channels with 
perforated walls are usually used to ensure the uniform (or 
abiding by a certain law) water discharge from the volume of 
treatment structures [1–3]. In this case, perforation is most 
often executed in the form of holes or slits [4]. Hydraulic 
calculation of such pipelines is a rather complex engineering 
task. Acquiring reliable data on the structural and hydraulic 
characteristics of collecting channels, as well as research in 
this area, is important and relevant. The reliable operation 
of the considered systems largely affects the efficiency of 
treatment structures in general. Their high-quality work 
must ensure the necessary degree of treatment of natural 
and sewage water.

2. Literature review and problem statement

One of the important parameters whose proper establish-
ment affects the accuracy of the resulting estimation is the 
value of a perforation hole flow rate factor. A large body of 
experimental research is aimed at determining dependences 
for its calculation [5–7]. The researchers focus on the variant 
implying the discharge of a liquid into the atmosphere or 
under the level of the fluid, which is at rest.

For this case, the patterns of changes in the factor of a flow 
rate from a small hole µh were studied in detail. Thus, accord-
ing to [8], the flow rate factor µh for the case of the outflow 
of a heavy non-compressible liquid at constant viscosity (oc-
curring during the operation of sanitary technical systems) 
through a small hole in the tank of large size is determined, in 
general, from the following functional dependence

( )Re ;Eu ;Fr ;We ,h h h h hµ = ψ .   (1)

In a given ratio, the relevant criteria are calculated ac-
cording to the values of hydraulic parameters in the holes. 

Based on examining a large volume of experimental data, 
it is shown that in most practical cases (when Frh>10 and 
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This paper reports the results of the experimental and the-
oretical studies of the characteristics of perforated pipelines, 
which are used to collect and dispose water from capacitive 
treatment structures of water supply and sewerage systems. 
The value and nature of the change in the flow rate through the 
perforation holes µcol lengthwise a pipeline have been examined 
depending on the design characteristics of the perforated pipes 
and parameters of a fluid flow in the pipeline. Measurements 
were carried out at a specially assembled experimental bench. 
The experiments determined the nature of changes in the flow 
rate value, as well as in the piezometric line along the collector. 
The obtained data showed that the flow rate factor µcol varies 
along the length of the collecting channel. Its value depends on 
the ratio of the velocity of the fluid jets that enter the pipe to the 
average velocity in the examined cross-section (Uh/V). In this 
case, this ratio also changes along the path; it has a maximum 
value at the beginning of the pipe and a minimum value at its 
end. The variable flow rate factor of perforation holes, on the 
contrary, had a minimum at the beginning and a maximum at 
the end of the collector. The result of the analysis of initial equa-
tions and the findings based on experimental data has shown 
that calculations may assume, without a significant error, the 
flow rate factor value of perforation holes µcol to be constant 
lengthwise the collector. The impact of the transit flow rate on 
the value of this coefficient has also been estimated. It is shown 
that the increase in transit leads to a certain increase in the flow 
rate factor, which is averaged for the entire collector. The paper 
proposes empirical dependences that are convenient to use in 
order to calculate the flow rate factor, both variable and con-
stant, for the case of the presence and absence of transit in the 
head drainage channel
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Weh>2,500), the discharge from a hole is characterized by 
a self-similar flow relative to the Frh and Weh numbers. The 
µh coefficient, in this case, can be considered a value propor-
tional to Euh; then, from (1), we shall obtain

( )Re .h hµ = ψ   (2)

For the laminar and turbulent mode of fluid movement 
through the hole, known formulae are proposed to determine 
the µh coefficient in this case. 

As shown in work [4], the character of a liquid’s outflow 
and, accordingly, the value of a flow rate factor, are also sig-
nificantly influenced by the shape of the hole and the ratio 
of its hydraulic radius R (or the hole diameter dh) to the wall 
thickness r*=δ/R or (δ*=δ/dh).

A much more complex picture of liquid leakage through 
holes is observed when perforated pipelines are used under a 
collection mode [9, 10]. In this case, the component of the ve-
locity of movement in the plane of the hole becomes different 
from zero. That is, in the case of water collection, its outflow 
through the holes in the side wall of the pipe occurs into the 
flow that moves inside and carries away the incoming stream. 

The analysis showed that with uniform perforation of 
the side walls of the channel, there is, in the collecting per-
forated pipeline, an uneven mode of fluid movement along 
the path. The character of this unevenness is determined by 
the value of the ratio between the velocity of the connected 
(incoming) streams and the velocity of the main flow in the 
channel (Uh/V), averaged for a given cross-section [11, 12].

Thus, the value of the flow rate factor µcol, in addition to 
the Re number of the connected and main flows, is significant-
ly affected by their ratio (Uh/V). Moreover, in a general case, 
this ratio also varies lengthwise the collecting channels. Then 
functional dependence (1) takes the following form

Re;Re ; ; .h
h

h

U
V d

 δ
µ = ψ   

   (3)

To determine a specific form of dependence (3) for col-
lecting pipelines, many works were considered, for exam-
ple [13–15]. They note that with a ratio of (Uh/V) growing 
from 0 to ∞, the coefficient µcol changes from zero and as-
ymptotically approaches the value of the flow rate factor of 
a single hole µо. It is shown that in some cases, when (Uh/V) 
grows from zero to unity, the flow rate factor in a collecting 
pipeline may even exceed its value for a single hole, that is, 
µcol/µh>1. The authors indicate that at Uh/V>3 the flow is 
characterized by a self-similar flow with the value of the 
coefficient µcol from this parameter.

Available data on experimental research refer to specific 
characteristics and operating conditions of collecting pipelines; 
they can hardly be used under other conditions. In this case, the 
generalizing estimation dependences 
to determine the flow rate factor 
of perforation holes µcol, variable in 
terms of length, are approximate and 
thus require additional refinement 
and investigation. Applying them 
does not make it possible to calculate 
the value of the specified coefficient 
depending on the design characteris-
tics of perforated pipelines, in partic-
ular a pipe duty factor. In addition, 
the disadvantage of the proposed 

estimation dependences is that they do not take into consid-
eration the peculiarities of fluid movement through channels 
with a variable flow rate along the path.

3. The aim and objectives of the study

The aim of this study is to establish the dependence of the 
perforation hole flow rate factor’s value µcol, variable length-
wise a collecting pipeline, on the structural characteristics 
of pipes, and to assess the impact exerted on it by the ratio 
of the fluid velocity incoming through the hole to the aver-
age velocity in the considered cross-section of the channel 
µcol=f(Uh/V). This would make it possible to devise a reliable 
methodology for calculating collecting perforated pipelines.

To accomplish the aim, the following tasks have been set:
– to conduct the necessary theoretical and experimental 

studies on determining the characteristics of operation of 
collecting pipelines that accept the flow along the path; 

– to derive, based on the results to be obtained, the 
appropriate estimation formulae to determine the flow rate 
factor µcol in perforated collecting pipelines; 

– to assess the impact of transit flow rate on the flow 
parameters.

4. Materials and methods to examine a collector’s 
perforation hole flow rate factor

Our research involved the comprehensive methods of 
experimental measurements and analytical processing of the 
obtained experimental data, which were supplemented with 
the results from solving the initial theoretical dependences, 
which describe the movement of liquid with a variable flow 
rate in head collecting pipelines. 

The experimental part of our work was carried out at a 
specially prepared aerodynamic bench, shown schematically 
in Fig. 1. In this case, air served as a working fluid.

The steel pipeline D=159×4.5 mm, with a total length 
of L=4.0 m, was used as the main experimental sample. In 
this case, the length of the working perforated part was 
l=3.0 m. Perforation in the pipe was executed in the form 
of holes with a diameter of dh=0.003 m, with a pitch of 
Δl=0.03 m, 8 holes in each transverse section (800 holes in 
total). During operation, the diameter of the holes increased 
(first, dh=0.006 m, then dh=0.009 m). The holes were placed 
along the generatrix of the pipeline perpendicular to its lon-
gitudinal axis. Relative length varied from (l/D)min=6.6 to 
(l/D)max=20. A change in the structural parameter f=αinl/Ω 
varied from 0.3 to 2.8. We measured the profile of the aver-
aged velocities and the character of the piezometric line in 
10 specially equipped holes located in 0.5 and 0.25 m.

Fig.	1.	Schematic	of	aerodynamic	experimental	installation:	1	–	examined	pipeline;		
2	–	coordinator	with	a	measuring	tube;	3	–	micromanometer;		

4	–	solid	section	of	the	pipe;	5	–	fan	with	an	electric	motor;	6	–	strain	gauge;	7	–	stub
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Our experimental study employed a perforated pipeline 
that, in terms of its design characteristics, in particular the 
diameter, length, character of perforation, corresponded 
to the characteristics of pipelines used at actual treatment 
structures. When operating these pipelines on the model and 
in the field, we maintained the turbulent mode of fluid move-
ment, both when moving the main flow through the pipe 
and when it entered through the holes of the perforation. 
The Reynolds’ number, depending on operating conditions, 
ranged between 10,000 and 120,000. That is, the hydraulic 
conditions of pipeline operation on the model and in the field 
were the same.

The pressure and liquefaction in the working pipeline 
were provided by a centrifugal fan, which was mounted on 
a fixed monolithic foundation. Depending on the features 
of the experiment, the end of the pipeline was either closed 
or open. The measurements used appropriate working and 
measuring equipment and instruments. The procedure for 
treating the results from our experiments corresponded to 
the tasks set.

5. Results of studying the dependence of a perforation 
hole flow rate factor on the structural characteristics of a 

collecting pipeline 

5. 1. Results from the experimental and theoretical 
studies

Fig. 2 shows the results of measuring the change in the 
(Uh/V) characteristics (the ratio of the velocity of a stream 
entering a hole Uh to the average flow velocity in the cor-
responding cross-section of the pipe V) and Uh.av/Vf (the 
ratio of the liquid entering velocity, averaged for the entire 
pipe, to the average flow velocity in the final cross-section 
of this pipe) depending on the ratio х ’=αinx/Ω (or f=αinl/Ω). 
Here, αin=∑ωh/l is the area of perforation holes per unit of 
pipe length.

In the chart, curve 1 (designation – •) characterizes the 
change in a given ratio along the pipeline length for different 
values of the structural parameter f for the case of using the val-
ues of the perforation hole flow rate factor µcol that vary along 
the path. Curve 2 corresponds to the case when the calculations 
employ the values of the flow rate factor that are constant for 
a given particular value of the parameter f(µcol.av). Curve 3 

shows a change in the ratio of the average incoming velocity for 
the entire collector to the average velocity at its final cross-sec-
tion (Ucol.av/Vf) at the same f values.

The above charts show that there is a fairly good match 
between the three curves. This is especially true within the 
limits of those structural characteristics of the collectors 
(0.4<f<1.0) that are commonly applied in practice. This cir-
cumstance indicates that it is also possible, when calculating 
the structural and hydraulic characteristics of collecting 
pipelines, to use the parameters that are averaged for a given 
channel and that this, within the permissible error, would 
correspond to the real pattern of the movement of the liquid 
at a flow rate that increases along the path.

To elucidate the character of change in the characteris-
tics of collecting pipelines, it is useful to consider a chart in 
Fig. 3, which shows a change in the ratio of the Reynolds’ 
number in the perforation hole to the Reynolds’ number, 
which is calculated at an average velocity in the correspond-

ing cross-section 
Re
Re

h h hU d
VD

ν
=

ν
 depending on the diameter 

of the perforation holes dh.

The resulting graphical dependences demonstrate that 
under a turbulent mode of fluid movement in the holes of 
perforation and in the cross-sections of a collecting pipeline, 
the greatest value of the Uh/V and Reh/Re ratios is achieved 
at the initial sections of the collecting pipes and gradually 
decreases to the end of the pipeline. The same trend is in 
place relative to the distortion of the field of averaged ve-
locity. It can also be concluded that the Uh/V, Uh.av/Vf, and 
Reh/Re ratios are greater in pipelines that have a lower value 
for the structural parameter f. When one increases f, these 
values will decrease. 

The dependence of a flow rate factor, lengthwise variable, 
on the considered velocity ratios is shown in Fig. 4.

When calculating collecting perforated pipelines, it is 
important to be able to analytically estimate the consid-
ered ratios of velocities Uh/V, Uh.av/Vf depending on the 
structural characteristics of the pipes. We shall use the 
approach proposed in [16], according to which the opera-
tional scheme of the examined collecting pipeline takes the 
following form (Fig. 5).

Fig.	2.	Change	in	the	ratio	of	the	velocity	of	the	connected	
liquid	masses	to	the	average	velocity	in	the	cross-section
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As shown in many works, for example [14, 17], the 
movement of liquid with a variable flow rate in perforated 
pipelines is described by a system of differential equations, 
namely the equation of variable mass hydraulics and the 
equation of outflow through the hole

2
2 2

d d
0,

d d 2
colh A Q

Q Q
x g x g D

λ
+ + =

Ω Ω
   (4)

d
2 ,

d col in

Q
gz

x
= µ α     (5)

where µcol, λcol are, respectively, the flow rate factor and the hy-
draulic friction coefficient of the collecting pipeline (accepted 
to be lengthwise constant); A is a parameter that is equal to 2 
for these pipes; D, Ω is the diameter and area of the transverse 
section of the pipeline. Other designations are given in Fig. 5. 

The solution to the initial system of differential equa-
tions (4), (5) takes the form: 

– the relative flow rate at the end of the collector

( )1 th ;fQ kf
k

=      (6)

– the relative flow rate in an arbitrary cross-section

( )
( )

sh1 ;
ch

kx
Q

k kf
=      (7)

– the relative drop in heads in the same cross-section

( )
( )

ch
.

ch
kx

z
kf

=      (8)

Since 2h colU gz= µ  and V=Q/Ω, and by using new vari-
ables:

,
2 f

QQ
gz

=
Ω

 ,col in x
x

µ α
=

Ω
 ,

f

zz
z

=    (9)

we shall obtain after simple transforms:

( ) ( )
( ) ( ) ( )

col2
2

ch ch
,

thsh ch

colh

f

col
col

gzU z
V QQ gz

kx kf k
kxkx k kf

µ µ= = =

µ= µ =
⋅



   (10)

( )
( )

. col.av col.av
ch 11 .

2 2 sh
h av in

f f

kfU z k
V Q kf

+µ + µ= =    (11)

where col inf l= µ α Ω  is the pipeline duty factor. 
The value of the k coefficient should be found on the basis 

of the chart given in work [18]. 
For relatively short collecting pipelines (ζl=λl/D<2), the 

coefficient 2.k =  
Then ratios (10), (11) will take the form 

( )
2

,
th 2

h colU
V x

µ
=    (12)

( )
( )

. .
ch 2 1

.
2 sh 2

h av col av

f

fU
V f

+µ==    (13)

Fig. 6 shows data for a collector that operates without a 
transit.

5. 2. Results of processing experimental data on de-
termining a perforation hole flow rate factor µcol

Based on processing the results of our experiments, as 
well as the data and analysis of existing experiments, we 
propose the empirical dependences to determine the flow 

Fig.	4.	A	flow	rate	factor	dependence	on	the	considered	velocity	ratios:	1	–	lengthwise	variable	flow	rate	factor	value	(Uh/V);	
2	–	lengthwise	constant	flow	rate	factor	value	(Uh.av/Vf)

Fig.	5.	Schematic	operation	of	the	collecting	pipeline
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rate factor of a collecting pipeline, which operates without 
a transit:

– a lengthwise variable value for the collector

0.17
. 0.72 ' ;col av xµ =    (14)

– the averaged value lengthwise the same pipeline

. 0.85 0.156 .col av fµ = −   (15)

5. 3. Assessment of the impact of the transit flow on 
the operating conditions of collecting pipelines

During the experiments, we also investigated the impact 
of the transit flow on the main kinematic characteristics 
of flows in collecting pipelines. For collectors, an accepted 
transit flow rate was the flow rate at the beginning of the 
perforated part of the pipeline. Its value was adjusted by a 
valve installed at the initial cross-section. 

Fig. 7 shows the character of the change in the ratio of 
relative path flow rate, which is connected along the en-
tire length of the pipe, to the relative flow rate in its final 
cross-section ( )p fQ Q  depending on the duty factor f  when 
passing the transit flow rate .trQ  

The upper straight line corresponds to the absence of the 
transit flow rate ( )0 .trQ =  In this case, the flow rate in the 
final cross-section will be equal to that along the path. An 
increase in the transit flow rate leads to an increase in the 
total flow rate at the end of the pipe; however, the share of 
the connected flow rate is reduced.

The empirical dependence to determine the value of the 
flow rate factor, averaged for the entire collector, in the pres-
ence of transit takes the form

0.5

. 0.85 0.156 1 0.12 .tr tr
col av

f f

Q Qf
Q Q

 
µ = − − +   

  (16)

It shows that the presence of a transit flow rate in the 
cross-section of the collecting pipeline significantly affects 
the value of the perforation hole flow rate factor and it 
must be mandatorily taken into consideration in the cal-
culations.

6. Discussion of results of studying the impact of the 
characteristics of collecting pipelines on a perforation 

hole flow rate factor

The estimation dependences (14) to (16) reported in 
this work describe fully enough the experimental results 
obtained within 0.1<f<2.8 and δ*=0.3–1.4, corresponding 
to the parameters of actual catchment systems of treatment 
structures of water supply and sewerage systems. 

We have confirmed a significant increase in the value of the 
flow rate factor when collecting liquid, compared to its value 
for a single hole, due to the presence of a certain effect of ejec-
tion, which is created by the interaction of the main flow in the 
channel and the jet running through the hole of the perforation.

As noted above, for engineering calculations of the con-
sidered pipelines, the simplest and most convenient to use 
are the dependences in which the value of the flow rate factor 
µcol.av are accepted constant lengthwise the collector and is 
determined depending on its design characteristics (15), (16).

In collecting pipelines, when passing a transit flow rate, 
in the section in front of the perforated part, the diagrams 
of averaged velocities demonstrate a standard character, 
similar to the uniform movement. Under the influence of 
incoming streams, the field of the averaged velocities gradu-
ally deforms along the perforated part. The intensity of this 
transformation depends on the ratio between the transit 
and path flow rates (Qtr/Qp), as well as on the value of the 
structural parameter f. The lower values of these values cor-
respond to the more active adjustment of the velocity field 
in the corresponding cross-sections. The increase in transit 
flow rate causes some increase in the flow rate factor values. 
This circumstance can be explained by the increased impact 
of the effect of ejection from the transit flow on the connect-
ed part of the flow rate.

Our study results, obtained through the study of a hy-
drodynamic flow structure inside collecting perforated pipe-
lines, cover a wider range of changes in their structural char-
acteristics. Thus, the value of the structural coefficient of the 
perforated pipeline varied within 0.1<f<2.8; in this case, the 
ratio of the thickness of the pipe wall to the diameter of the 
perforation hole was δ*=0.3‒1.4. These characteristics of the 
considered pipes comply with the acting norms and are used 
in the design and operation of catchment systems. 

The area of further research includes the task of cal-
culating the parameters of the specified pipelines in the 
presence of uneven perforation of the walls and a variable 
cross-section lengthwise the channel. Of special importance 
for understanding the peculiarities of fluid movement with 
a variable flow rate is the issue of studying the pulsation 
characteristics of these currents.

7. Conclusions

1. The result of our study has assessed the derived an-
alytical solution to the initial differential equations, which 
describe the movement of liquid in collecting pipelines 
operated at a variable flow rate along the path. It is shown 
that the use of the proposed analytical dependences in the 
calculations and the application of appropriate empirical 
formulae in them makes it possible to obtain their fairly good 
agreement (up to 5 %).

2. Based on our experimental study, the relatively 
simple and user-friendly empirical formulae have been 

Fig.	7.	Chart	of	change	in	the	relative	path	flow	rate	at	the	

end	of	the	pipe	depending	on	 f 	and	 ,trQ 	
○,	●,	×	–	experimental	data
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proposed to determine the flow rate factor of perforation 
holes depending on the ratio of the velocities of the con-
nected and main flows. It was established that the value 
of the lengthwise variable perforation hole flow rate factor 
µcol increases lengthwise the pipeline, and the value that is 
average for the entire collector decreases with an increase 
in the length of the channel.

3. The impact of a transit flow rate on the value of the 
flow rate factor µcol has been estimated. It was found that 
an increase in the transit flow rate from 0 to Qtr/Q f=1 at 
a change in the pipe duty factor from 0.1 to 2.8 leads to an 

increase in the perforation hole flow rate factor µcol.av, aver-
aged for the entire collector, by 16–95 %, respectively.
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