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Fluid filtration in the clogged pressure pipelines
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Abstract. Reducing of the hydraulic characteristics of pressure pipelines in the course of their
operation due to corrosion, clogging and other causes leads to an increasing of operating costs. The
existing information on the change in the capacity of pipelines under the influence of certain factors is
currently insufficient. The aim of the work is to determine the influence of the clogging degree of the
pipeline on its throughput. This paper describes the results of hydraulic tests of a pressure pipeline with
clogging of two types: expanded clay gravel and medium-grained sand. The discharge coefficient and
resistance coefficient of the "clean" pipeline and the pipeline with clogging were determined during the
experiments. The dependence of the relative flow rate of the pipeline on the clogging degree of the pipe
was obtained. Influence of the type of filler on the throughput of the pipe was shown. An insignificant
difference in the values of the relative flow rate for both fillers at low degrees of clogging of the pipeline
was established. The transition from the discharge and resistance coefficients to filtration coefficients of
pipeline was proposed. The values of the filtration coefficients of pipe from the experiments on the flow
measurement were found. The ratio between the discharge coefficient and the filtration coefficient of
pipeline was set. The values of filtration coefficients of pipe for emptying the pressure tank were found.
The coincidence of the values of the filtration coefficients by the two methods was obtained.

AHHoTaumA. CHWKeHNE TMApaBnMYecKUX XapakTepUCTUK HamnopHbIX TpybonpoBogoB B npouecce
UX SKCnryaTauuum BCNeacTBMe KOppo3uW, 3acOopeHus U Opyrux MNpUYMH NPUBOOUT K YBENUYEHUIO
aKcnnyaTauMoHHbIX 3aTtpaT. Wmetowmecs B nutepatype cBefeHWss 00 W3MEHEHWM MpPOMyCKHON
crnocobHocTM TpybonpoBOoOOB MOA BO3OEWCTBUMEM TE€X WUMU WMHbIX (PaKkTOPOB Ha HACTOALLMIA MOMEHT
HegocTaToyHbl. Llene paboTbl — ycTaHOBWUTL BRMSAHWE CTENeHW 3acopeHus TpybonpoBoga Ha ero
MPONYCKHY0 CMOCOBHOCTb. Ons AOCTUXKEHUS Lenu npoBeAeHbl rmapaBrmyeckue NChbiITaHUsA HanopHOro
TpybonpoBoda C 3acopeHveM [ABYX TUMOB: KepaM3nT M CpedHe3epHUCTbiM necok. B xoge onbiToB
onpeaeneHbl KOadduUMEHTbl pacxoda 1M conpoTuerneHus "dnctoro” Tpybonposoda n Tpybonposoga ¢
3acopeHuem. MonyyeHa 3aBUCMMOCTb OTHOCUTENBHOrO pacxoda TpybonpoBoAa OT CTEMEHU 3acopeHwus
TpyObl. lMokasaHO BNWSHWE BMAA HaMOMHUTENs Ha MPOMYCKHYK CMOCOOGHOCTL TpyObl. YCTaHOBMEHO
HeCyLLIECTBEHHOE pasnuuMe B 3HAYEHMSIX OTHOCUTENbHLIX PacxodoB AN 00OMX HaMoNHUTENEen npu
ManbiX CTeneHsx 3acopeHus Tpybonposoaa. lMpepnoxeH nepexod OT KO3ahdUUMEHTOB pacxoda wu
CONpOTUBNEHUSA K KoadbduumeHTam dunbTpaumm TpybonpoBoga. HangeHbl 4MCneHHble 3HayYeHus
KO3 PULMEHTOB DUNbTpaumMm TpyObl U3 OMLITOB MO M3MEPEHUIO pacxofa. YCTaHOBMEHA CBA3b MeXay
koadbduumeHTOM pacxoga W ko3ddUUMEHTOM  cunbTpauum  Tpybbl. HargeHbl  3HaveHus
KO3(hbMLMEHTOB GunbTpaumm TpyObl MO OMOPOXHEHMIO HamnopHoro 6Gaka. [lonyyeHo coBnageHve
3HayeHun KoapduumMeHToB hunbTpaLmm No ABym cnocobam.

Introduction

Changes in the internal surface of the pipes occur during their operation. During design, the
recording of these changes occurs, as a rule, within the reference range of the height variation of the
roughness protrusions [1, 2], or there is no accounting at all. The forecast of the change in roughness is
extremely difficult in view of the large number of factors determining the nature and intensity of this
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process. The change in the state of the internal surface of the pipes occurs both because of corrosion [3],
and as a result of clogging, settling of suspended particles and other processes that increase the overall
hydraulic resistance. In practice, this means an increase in pressure losses during fluid motion, which
leads to a gradual decrease in the capacity of the pipelines and the average velocity of the fluid in
comparison with the design values assumed. Reducing the throughput of pipes, for example, for water
supply systems, can reach 50% or more, depending on the material, type of coating, pipe diameter,
operating conditions, fluid properties, sediment profile, etc. [4].

The problem of clogging of pipes over time, and as a result, deterioration of their hydraulic
characteristics (below the normative values) is an important practical task, because to provide consumers
with the required amount of liquid, regular pipe cleaning or increasing pressure must be carried out,
which leads to an increase in operational costs. However, these measures are not always sufficient, and
there is a need to replace pipes or lay new pipelines, which, in turn, leads to an increase in capital costs.

A number of authors evaluated the pressure losses depending on the service life of the
pipelines [4], and recommendations were given to increase design head losses at the design stage.
However, as more recent research showed, the formation of deposits in pipelines is a complex multifactor
process, the development of which is difficult to foresee. The currently available data about the influence
of clogging on the pipeline throughput is mainly obtained experimentally [5-11]. There are also attempts
to investigate clogged pipes on mathematical models [12-19].

For example, work [5] is devoted to a model, developed for the city's water supply system in St.
Petersburg and includes more than 6.200 km of water networks with diameters up to 1.400 mm. The
paper defines the actual hydraulic resistance of pipelines under different operating conditions. It was
found that the resistance is 2-5 times higher than design engineers accepted for non-new pipes (lower
values refer to pipes that are in operation for 5-10 years, larger ones to pipes with longer service lives).

The paper [12] presents the results of computer calculations of areas with an abruptly changing
fluid motion, due to the presence of a sudden increase or decrease in the diameter of the pipeline and
other devices.

The results of a study of the effect of operating parameters, diameter and weight of suspended
particles on the rate of gas-abrasion wear of pipeline bends are presented in [13]. The main tasks solved
by the authors were to analyze the statistics of the reasons for the failure of the gas pipeline offsets, and
to verify the real objects and calculation models using the FLOWVISION PC. As a result, the zone
location of the maximum concentration of particles on the wall of the tap was determined as a function of
pressure, the mass of the abrasive at the inlet, and the diameter of the abrasive particles.

The results of numerical calculations are largely determined by the choice of the computational grid
and the correct assignment of boundary conditions, so the reliability and veracity of these results should
also be checked in the full-scale experiment.

Thus, the question of wearing and clogging of building services to the true hydraulic resistance of
pipelines located in various operating conditions is an important practical problem.

The purpose is to study the influence of the degree of clogging of the pressure pipeline on its
throughput.

To achieve the purpose, the following objectives were set and solved:

1. Develop a methodology for conducting the experiment;

2. Conduct a comparison of the results with the data of stationary resistances in pipelines;

3. Propose the approximate criteria for estimating the throughput capacity of a clogged pipeline.

Methods and Materials

To solve the problems, experimental studies were carried out on a model with a ratio of length to
diameter equal to 1/D = 20.

Hydraulic measurements of the pipeline contained several series of experiments. Initially, the
intensity of flow was determined by the volumetric method at the outlet from the pipeline with a free flow.
Further, the numerical values of the discharge coefficients p and the total resistance coefficient ¢ of the
"clean" pipe were determined from formulas

u= S 1)
wo " J2gH
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{r=Q1/u*) -1, @)

where Q — intensity of flow, w, — sectional area of the "clean" pipe, H — pressure head above the gravity
center of the outlet section of the pipe.

Then, the same characteristics were determined in a similar way for pipe with filler at different
degrees of filling (degrees of clogging) of the pipe Vg/Vy (Vi — volume of filler, V, — volume of "clean"
pipe). In the experiments, there were used two types of filler: claydite gravel and medium-grained
sand (Fig. 1).

a)

b)

Figure 1. Samples of the test fillers: a) claydite gravel; b) medium-grained sand

To prevent the removal of the filler from the pipe, a sieve-containing grating was installed at the

outlet, chosen in such a way so that the dimensions of its cells do not exceed the particle sizes of the test
filler in both cases.

Results

The results of some series of experiments are shown on Figure 2 as a graph of the dependence
U = f(H/Hpqar), Where H, ... — is the maximum possible pressure head in the current model. As can be
seen from the graph, the values of discharge coefficients do not depend on the value of the pressure
head (with an acceptable error), but are determined only by the type of filler and the degree of pipe
clogging.
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Figure 2. Dependence diagram p=f(H/H_max)
(G - experimental data with claydite gravel, S —experimental data with sand)

Figure 3 shows the dependence of the total resistance coefficients of the pipeline ¢ from the
Reynolds number Re, calculated from the average velocity in the pipe. From Figure 3 it follows that for
small degrees of clogging corresponding to Re > 2000, the values of ¢t do not depend on the Reynolds
number, but are determined only by the clogging degree of the pipe.
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Figure 3. Dependence diagram {; = f(Re)
a) experiments with claydite gravel; b) experiments with sand

Figure 4 gives the dependence {; as a function of the values V,/V;;. Experimental points on the
diagram of figure 4 are approximated by power functions. It is evident from figures 3 and 4 that for large
clogging, the spread of experimental data (corresponding to different pressure heads H) increases,
because the size of the filler particles, their shape, the packing peculiarities within the flow section, and
other factors exert an increasing influence as the Reynolds numbers decrease. In addition, it was found
that for small clogging degrees (V;/V, < 0,1(< 10%)) the influence of the filler type (the nature of the
clogging) is insignificant, and with the increase of clogging degrees Vy;/V, > 10% the influence of the
filler type is more noticeable.
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Figure 4. Dependence diagram {f = f(Vo/Vsu)

For an approximate estimate of the change in throughput of pipeline with its clogging the
dependence diagram Q/Q, = f(Vo/Vsy) was constructed, where @ — intensity of flow in the pipe with filler,
Q, — intensity of flow in the clean pipe at the same pressure head H. The presented diagram makes it
possible to determine the clogging degree of the pipeline with a known drop of intensity of flow in it during
operation, and also to find the limiting clogging of the pipe with the containment grid, at which the flow of
liquid in the pipe is practically absent. As can be seen from the Fig. 5, the ultimate clogging for sand
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occurs approximately when the content of the pipe is 20 % filler, and for claydite gravel — more than
90 %.
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Figure 5. Dependence diagram Q/Qo = f(Vo/Vu)

Discussion

The research above is carried out under conditions where the filler in the pipe was in nonsteady
state and had the ability to move, change its packaging, form compacted structures, settle, etc. The
results of this research were compared with similar experiments in a pipeline without a filler with the same
ratio /D = 20, at the outlet of which perforated grids (Fig. 6) with different exposed porosity n,, = w;,/wq
(wy— the total area of the grid holes (clearance area)) were set [20, 21].
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Figure 6. Types of perforated grids and imagine of the flow on the outlet of the pipe
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Comparison of experimental data in pipelines with filler and with grids (Fig. 7) showed that in the
general range of resistance coefficients ({ < 500) dependences {; = f(Vo/Vfy) and {f = f(n,) do not
qualitatively differ. This means that there is a unique connection between the exposed porosity of the
grids and the reciprocal of the clogging degree of the pipe. For clarity, the two horizontal axes on Fig. 7
are used: lower axis is for V, /V;;;; the upper one is for n,,.
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Figure 7. Combined dependency diagram {y = f(Vo/Vy) and {; = f(n,,)
(markers — experimental points for the pipe with filler; solid line — approximation of data on grids
without filler, proposed in [20])

The correspondence between the scales n, and V,/V;, found by the averaged values of the
experiments, is shown on Figure 8.

Mw 030 ¢

025 | Se ==

/

o
—
[6)]

Exposed porosity
o
o

0.05 | /
0.00 4

0 10 20 30 40 50 60
Filling (clogging) degree Vo/ Vi

Figure 8. Relation between the clogging degree of the pipeline %
with exposed porosity of grids n,,

Thus, the dependence of Fig. 8 allows simulation of pipe clogging using any stationary devices, for
example, grids.

As can be seen from Fig. 4, at large degrees of clogging of the pipe (>10% of the pipeline volume,
Vo/Vru < 10) the numerical values of the resistance coefficients {; increase sharply, and their range of
variation is several orders of magnitude. The obtained range significantly complicates the perception of
the values, and also makes the amount of the resistance coefficient of the clogged pipeline absurd.

If instead of resistance we introduce the so-called permeability of the pipe (actually the value
reciprocal of the resistance (some analog of the discharge coefficient)), then it is possible to imagine the
flow of liquid in the pipeline with clogging as a filtration flow. Then the average velocity in the pipe v, will
be interpreted as the filtration velocity, determined by the relation.
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U0=k'\/7, (3)

where k — filtration coefficient, | — hydraulic drop.
Equation (3) is the law of turbulent filtration in the theory of filtration [22-24].

vy = U-+/2gH, 4)

where H — pressure head above the center of the outlet section of the pipeline. Equating (3) and (4),
we obtain

Since for vy it is also true

u-+/2gH = k-\/_or

J2gH ©

k=p-Y——
Vi

Substitution of the hydraulic drop in (5) ] = H/I (I — pipe length) leads to the expression for k

k=u-\2gl. (6)

According to the formula (6), k is a constant value for a pipe with a given geometry and fixed
degree of clogging with a filler of a certain type. Filtration coefficient has unit of measurement of velocity
and is a measure of the filtration conductivity of a clogged pipe in terms of its physical meaning. In this
case, k should not be considered as a parameter expressing the filtration properties of the filler material,
but as a characteristic of a particular pipe with specific filler.

The dependence of the pipeline filtration coefficients k on the value Vy/Vy; is shown in
accordance with (6) on Figure 9.

The range of the values of the filtration coefficients on Fig. 9 for all degrees of clogging (from 2 %
to 90 % of the volume of the pipe) is of the order of the average speed in the "clean" pipe.
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Figure 9. Dependence diagram k = f(Vo/Vy)

Equation (6) gives a directly proportional relation between the filtration coefficient and discharge
coefficient of pipeline .

To determine the filtration coefficient in another way, experiments based on measuring the time of
emptying the pressure tank between fixed heads at different degrees of clogging with claydite gravel and
sand were used. From the continuity condition of fluid motion in the pipe and in the pressure tank, it
follows that
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dH
O=k- W
dt ‘/— 0
)
dH Q= H
— - Wy,
dt 1 e
where () — area of the horizontal section of the pressure tank.
Integration of (7) from the initial pressure head H, to the final H; in time ¢t leads to expression
_2-0 \/_
- (/Ho — H,). ®)

Experimental points, which were found from the time of emptying the pressure tank, are also
plotted on Fig. 9. These data do not fall out of the range, which were found by the flow measurement.

Conclusions

1. The dependence of the relative flow rate of the pipeline from the degree of its clogging gives an
approximate estimate of the reduction in the throughput of the clogged pipe.

2. At small degrees of clogging of the pipeline (<10% by volume of the pipe), the influence of the
type of clogging on the flow rate is insignificant. With a further increase in the clogging degree, the curved
lines of relative flow rate are qualitatively different.

3. An alternative to the discharge coefficient is filtration coefficient of pipeline. The filtration
coefficient has the dimension and order of velocity in a clean pipe, so that it is more preferable in practical
calculations of clogged pipes as a measure of the filtration conductivity of a pipe.
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