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Abstract: The paper presents results of investigations of influence of major head losses on exploitation
properties of water supply pipes after 30-year exploitation. The tested materials were cast-iron pipes
with the internal diameter of 150 mm. A flowability drop coefficient ηt with average value of 0.45 was
determined. Using the measured values of pressure difference ∆p determined the absolute roughness
of internal walls of the pipes after 30-year exploitation, which was referred to the new pipelines.
The absolute roughness for the exploited pipes was equal to k = 27.6 mm, whereas for the new ones
it was significantly lower and equal to k = 0.9 mm. Additionally, an analysis of the chemical and
mineral composition of sediments gathered in the investigated pipelines was also performed. The
top layer of the sediments was dominated by the compounds of a character of the iron hydroxide:
goethite (α-FeOOH) and lepidocrocite (γ-FeOOH), whereas the internal layer was supplemented by
the gypsum and sulfur, which was proven by the investigations performed with the use of scanning
electron microscope (SEM). The sediment gathered within the pipes is the main reason of ca. 30-fold
increase of the absolute roughness, which resulted in the flowability drop of the exploited water
supply pipes.

Keywords: water supply network pipes; cast-iron pipes; major head losses; corrosion; absolute
roughness; relative roughness; XRD; SEM

1. Introduction

The basic task of a water supply network is to deliver water in an appropriate quantity
and at the appropriate pressure to all connected users [1]. The water supply network
should ensure high-quality water to all categories of consumers [2–5] at low costs of
construction and exploitation of the network. Especially in water supply networks made
of steel and cast-iron pipes, hydraulic flow conditions can deteriorate during long-lasting
exploitation. This phenomenon is caused by an incrustation of pipe walls by sediments
precipitating from water or being a product of pipe corrosion [6,7], sometimes being so-
called hydrobiological accretion [8–11]. It leads to a recurring pollution of the treated water
in the water supply system [12,13] as well as reduction and deformation of the cross-section
area of the pipelines. Along with the exploitation time of a cast-iron pipeline, the absolute
roughness k of its internal wall increases [14–17].

Corrosion, especially that of cast-iron pipes, has been emphasized as the most frequent
exploitation problem in water supply networks [18,19]. Data gathered by the United
States Environmental Protection Agency [20] estimate the total length of pipelines in
USA as over 2,000,000 miles. According to investigations by the American Water Works
Association [21,22], 22.5% of these pipes are directly concerned by the corrosion, including
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cast iron without lining (14.4%), spheroidal cast iron without lining (4.3%) and steel (3.8%).
An additional 34.1% of pipes can be indirectly concerned by the deterioration of state of
their lining: cement-lined spheroidal iron cast (19.7%) and cement-lined iron cast (14.4%).
Similar proportions are expected in other countries, which emphasizes a potential influence
of this problem for operators of potable water distribution systems worldwide [23].

From a hydraulic aspect, one can observe high-pressure line slopes and problems in
ensuring appropriate pressure at hydraulic connections to the network users. High-pressure
line slopes affect energy consumption and exploitation costs of the water distribution systems.

A hydraulic efficiency of a pipeline being exploited for t years can be determined with
three methods: using a major head loss coefficient λt, hydraulic resistivity Ct or specific
flowability Mt [24,25]. Values of λt can be calculated from the classical Colebrook-White
formula [26] or its numerous modifications [27–30]. Resistivity increase or flowability
decrease in a pipeline being exploited for t years are characterized by the resistivity rise
coefficient δt (1) or flowability drop coefficient ηt (2).

δt =
Ct

Co
=

λt

λo

(
do

dt

)5
(1)

ηt =
Mt

Mo
=

1√
λo
λt

(
dt
do

)5
(2)

where:

δt—resistivity rise coefficient of a pipeline after t years of exploitation;
ηt—flowability (efficiency) drop coefficient of a pipeline after t years of exploitation;
Co, Ct—resistivity of a new pipeline and a pipeline after t years of exploitation, s2/m6;
Mo, Mt—flowability of a new pipeline and a pipeline after t years of exploitation, s2/m6;
λo, λt—friction loss coefficient of a new pipeline and a pipeline after t years of exploitation;
do, dt—internal diameter of a new pipeline and equivalent diameter of a pipeline after t
years of exploitation.

In the accessible technical literature, there are few new publications concerning issues
of experimental determination of hydraulic losses during flow of Newtonian liquids [31–34].
Currently, the researchers deal first of all with mathematical modeling of flow structures
in various Newtonian or non-Newtonian liquids using the CFD software (Computational
Fluid Dynamics) [35–39].

The problem of deterioration of hydraulic flow conditions, i.e., increase of hydraulic
losses, sediment accumulation and corrosion development in water supply network
pipelines, has been an object of numerous research studies. The process of pipe age-
ing can be described by reduction of the pipe diameter or increase of the pipe roughness.
Some researchers took only the influence of exploitation time into account [40,41], while
others additionally considered pipe diameters [42,43] or water quality [23,44]. There is a
real need for more exact measurements in operational and/or laboratory conditions in aim
to define realistic age-affected changes of the roughness and diameter of the pipes so that
the results of these measurements can be used for modeling water supply systems using old
pipelines [17]. The accessible literature contains formulas for calculation of pipe roughness
after t years of exploitation [15,45,46], whereas Kandlikar et al. provided a simplified
formula for calculation of an equivalent diameter after t years of exploitation [47]. In the
publications, there is no information concerning structure and chemical composition of
the gathered sediments. Knowledge about their chemical composition and structure is
important from the point of view of a choice of appropriate chemical reagents which would
allow solving the sediments and renovation of the pipelines with reduced flowability.

The objective of the paper is the analysis of the experimental investigations on the
influence of 30-year exploitation of cast-iron pipes on the roughness increase, flowability
decrease and chemical composition of the gathered sediments.
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2. Materials and Methods

The investigations were performed for cast-iron pipes which had worked in a water
supply network, exploited for 30 years. Note that 2 m long sections of pipeline were used
for the investigations. With the aim of comparing results of investigations, measurements
were performed for a new pipe and three pipes after 30-year exploitation (Figure 1).
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Figure 1. Cast-iron pipe after 30 years of exploitation: (a) Pipe cross section; (b) Sediments accumulated during the
pipe exploitation.

The investigations were performed on a test rig presented in Figure 2. The pump (2)
leads water through the pipeline (2), to the cast-iron pipe section (8) being investigated and
then, through the draining pipe (17) to the sewerage outlet. The flow rate measurements
were performed with use of the PROMAG 53 electromagnetic water flow meter (3), the
hydraulic losses were measured with use of the DELTABAR S pressure difference meter (12),
the temperature—with the TMR31 thermometer (6). Due to sensitivity of the devices and
fast variability of readings resulting from flow pulsation, the readings were registered with
a time step 1 s with use of the Endress+Hauser’s RSG40 data logger (16). Changes in the
flow rate were measured with use of the needle valve (4). The investigated pipe sections (8)
were butt-joined by the metal repairing bands (7) with an internal sealing rubber surface.
The internal diameter of the investigated pipe sections was equal to 150 mm, whereas that
of the water supplying and draining pipe—50 mm. Before the measuring section, a diffuser
was used, after it—a confusor. The impulse hoses and borings were made at distances
L1 = 5D after the diffuser as well as L2 = 3D before the confusor. It is concordant to the
assembly directives of Endress + Hauser, related to the DELTABAR S pressure difference
meter, where the manufacturer submits the requirements of the standard DIN 19210 [48].
In analogical way, the condition of rectilinearity of the pipe section before and after the
PROMAG 53 flow meter was fulfilled.

The investigations were performed in 4 rounds, i.e., a zero round for the new pipe as
well as three rounds for the pipes being exploited. The measurements were repeated three
times for each pipe. The flow rates were assumed within the range 5–40 m3 h−1 with step
5 m3 h−1.
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Figure 2. Scheme of a test rig for investigations of major head losses in pipes: 1—water supplying pipe; 2—pump; 3—
electromagnetic water flow meter; 4—needle valve controlling water flow rate; 5—frame carrying pipes; 6—thermometer;
7—clamping sleeves; 8—cast-iron pipe; 9—impulse hoses; 10—cut-off ball valves; 11—breathers; 12—piezoelectric pressure
difference meter; 13, 14, 15—control cable; 16—data logger; 17—draining pipe; 18—outlet to sewerage.

The standard method of calculation of pressure difference between a water flow
through a circular cross section pressure pipeline consists in application of the Darcy–
Weisbach formula [5]:

∆p =

(
Σξ +

λl
d

)
8Q2ρ

π2d4 (3)

where:

∆p—pressure difference in the investigated pipeline section, Pa;
Σξ—sum of the local hydraulic loss coefficients;
λ—major head loss coefficient;
l—pipeline length, m;
d—pipeline diameter, m;
Q—flow rate, m3/s;
ρ—water density, kg/m3.

During a water flow through a rectilinear pipeline section (Σζ = 0), the major head
loss coefficient λ is calculated from the Colebrook–White formula:

1√
λ

= −2log
(

2.51
Re
√

λ
+

ε

3.71

)
(4)

where:

Re—Reynolds number;
ε—relative roughness.

A relative roughness ε is described by a formula:

ε =
k
d

(5)

where:

k—absolute roughness of an internal wall of the pipeline, [m].

whereas the Reynolds number can be calculated as:

Re =
4Q
πdν

(6)

where:
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υ—kinematic viscosity coefficient, m2/s.

The absolute roughness describes a character of unevenness of the internal surface of
a pipe and it is assumed according manufacturer data or according to measurements. It is
difficult to determine it in pipelines during a normal exploitation because it usually changes
due to progressing corrosion processes. Therefore, using Nikuradze’s investigations,
these values are assumed for individual, predicted cases; their values are given in the
standard [49].

The pressure difference ∆p, the flow rate Q and the temperature of flowing water
were measured and registered automatically. The major head loss coefficient λ has been
calculated according to Form, (3) which was transformed with respect to the parameter λ:

λ =
∆Pπ2d5

8Q2ρl
(7)

Using Formulas (4–6), it has been derived a formula (8) allowing calculation of the
absolute roughness k of the investigated pipes:

k = 3.71
(

10−
1

2
√

λ − 2.51
Re
√

λ

)
d (8)

Knowing the roughness of the tested pipes and using a formula proposed by Kan-
dlikar et al. [47] the equivalent diameter of a pipeline after t years of exploitation was
determined:

dt = do − 2k (9)

In an aim to identify the character of the process of accumulation of sediments at
the internal surfaces of pipes, surface roughness, structure and chemical composition of
the sediments gathered in the pipes were also investigated. The 3D investigations of the
surface roughness were performed with the use of the Hirox KH-8700 digital microscope
(Hirox, Tokyo, Japan).

The chemical composition of the investigated sediments was determined by the energy
dispersive X-ray fluorescence method with use of the Panalytical’s Epsilon 3 spectrometer
(Panalytical, Malvern, United Kingdom)). The tests were carried out in the measurement
range for the elements Na ÷ Am on the apparatus equipped with the Rh X-ray tube (9 W,
50 kV, 1 mA), 4096-channel spectrum analyzer, 6 measuring filters (Cu-500, Cu-300, Ti,
Al-50, Al-200, Ag) as well as the high-resolution solid-state SDD detector (50 µm thick
beryllium window), cooled with a Peltier’s cell.

The mineral composition of the sediment was determined with use of the X-ray phase
analysis (XRD). Measurements were done with the use of the powder diffraction by means
of the Panalytical X’pertPRO MPD X-ray diffractometer with the PW 3020 goniometer
(Panalytical, Malvern, UK). As an X-ray radiation source, the copper tube was used (CuKα
radiation, α = 1.54178 Å). The diffraction data handling was performed with help of the
X’Pert Highscore software. The identification of mineral phases was based on the PDF-2
Release 2010 database, formalized by JCPDS-ICDD.

The morphology of main components of the sediments was determined with the use of
the scanning electron microscope (SEM) Quanta 250 FEG from the FEI company (Hillsboro,
OR, USA). Additionally, the chemical composition in the microrange of the investigated
sediments was determined with use of the energy dispersive X-ray spectroscopy attachment
EDS from the EDAX company. The samples were dusted by graphite.

The pipes under investigation had been applied for the transport of underground
water taken from quaternary formations with use of bored wells from the depth of 28 m.
The physical and chemical characteristic of the water transported by the investigated
cast-iron pipes is presented in Table 1.
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Table 1. Physical and chemical characteristic of the water transported by the investigated cast-iron.

Determination Unit Parameter

Temperature ◦C 12.6
Reaction pH 7.23

Conductivity µS·cm−1 666
Color mg Pt·dm−3 3

Turbidity NTU 0.5
Nitrates mg NO3

−·dm−3 1.82
Chlorides mg Cl−·dm−3 70.12
Sulphates mg SO4

2−·dm−3 169.86
Ammonium ion mg NH4+·dm−3 0.04
General acidity mval·dm−3 0.54
General basicity mval·dm−3 4.48
General basicity mg CaCO3·dm−3 224.2
Alkaline basicity mval·dm−3 0.00
General hardness mval·dm−3 7.81
General hardness mg CaCO3·dm−3 390.85

Carbonate hardness mg CaCO3·dm−3 224.46
Non-carbonate hardness mg CaCO3·dm−3 166.65

Calcium hardness mval·dm−3 6.34
Magnesium hardness mval·dm−3 1.45

Calcium mg Ca2+·dm−3 126.98
Magnesium mg Mg2+·dm−3 17.61
Manganese mg Mn2+·dm−3 0.01

Iron mg Fe·dm−3 0.03
Free CO2 mg CO2·dm−3 27.60

Aggressive CO2 mg CO2·dm−3 2.86
Dissolved oxygen mg O2·dm−3 2.89

COD—KMnO4 mg O2·dm−3 1.25
Dry residue mg·dm−3 605.43

Residue after roasting mg·dm−3 365.30

A number of methods exist for determination of aggressive and corrosive features
of water [50–53]. In aim to determine the corrosive features of water flowing in the
investigated pipes, the Langelier Saturation Index (LSI) and the Ryznar Stability Index
(RSI) [54–57] were calculated.

3. Results

Figure 3 presents average values of the measured major head losses for the new pipe
and the pipe after 30-year exploitation as well as the calculated theoretical pressure losses
with the assumption that the maximum values of the absolute roughness coefficient of the
pipeline internal wall is equal to k = 1 mm for the new pipe and k = 4 mm for the pipe with
significant sediments (according to Table 2 [49]).

The pressure difference values ∆p, measured for the new pipes, are very close to the
theoretical (calculated) values for the assumed absolute roughness of the internal wall of
the pipeline k = 1 mm and they are equal to 98% of the theoretical value on average. The
sediments covering the pipe internal wall deteriorate hydraulic flow conditions of the water
as well as significantly increase real values of the pressure difference ∆p, and it is a correct
trend, concordant with the literature data [17,58]. For the analyzed range of water volume
flow rate Q, the measured real values of the pressure difference ∆p for the pipes after
30-year exploitation are five times higher on average (502%) than the measured real values
of the pressure difference ∆p for the new pipe. For the pipes after 30-year exploitation, the
measured real values of the pressure difference ∆p are over threefold higher on average
(321%) than the theoretical values of ∆p, calculated according to the standard [49] with the
absolute roughness of the internal pipeline wall assumed as k = 4 mm.
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Figure 3. Pressure difference ∆p calculated for the cast-iron pipes with the internal diameter
d = 150 mm according to the standard [49] and measured for the new pipe and pipes after
30-year exploitation.

Table 2. Absolute roughness coefficient k for cast-iron pipes [49].

Surface state and Exploitation Conditions Roughness k 10−3 [m]

New 0.25–1.0
new, bituminized 0.10–0.15

Asphalted 0.12–0.30
water pipes in exploitation 1.4

pipes in exploitation, corroded 1.0–1.5
with sediments 1.0–1.5

with considerable sediments 2.0–4.0
purified after several years of exploitation 0.3–1.5

severely corroded ≤3.0

Using the derived Equation (8) for the assumed values of water flow rate Q and
measured real values of the pressure difference ∆p in the individual pipes (Figure 3),
the absolute roughnesses k of the internal pipeline wall for the new pipe and pipes after
30-year exploitation were calculated and presented in Figure 4 as a function of the Reynolds
number Re. The Reynolds number depends on the water volume flow velocity, pipe
internal diameter and water kinematic viscosity coefficient, thus very well describes the
water hydraulic flow conditions in the investigated pipes; therefore, researchers analyze
the roughness of internal pipe walls as a function of the Reynolds number [59–61].

The determined values of the absolute roughness k of the internal pipe wall are not
constant, but they decrease as the Reynolds number increases till Re = 6·104 (Figure 4). After
exceeding this value, the determined absolute roughness of the internal pipe wall is stable
and for the investigated pipes after 30-year exploitation equal to k = 27.6 mm (0.92 mm/yr)
on average (for the pipes: nr 1—25.9 mm (0.86 mm/yr); nr 2—32.7 mm (1.09 mm/yr);
nr 3—24.2 mm (0.81 mm/yr)). Other authors also provide significant increments of pipe
roughness after a long-year exploitation. For example, Annus and Vassiljev [17] informed
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that after 41 years of exploitation the roughness was equal to 36 mm, (0.86 mm/yr). Other
researchers provide even higher increments, at a level of 2.13 mm/yr [15]. Theoretical
values of roughness calculated according to the formulas given by Shahzad and James [58]
and Pelka [14] for cast-iron pipes after 30-year exploitation fluctuate within the range
of 2.55 mm to 5.08 mm. On this basis, it can be concluded that the values of roughness
determined according to the formulas provided in the literature can be underestimated.
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Figure 4. Absolute roughness k of the internal walls of the cast-iron pipelines with the inter-
nal diameter d = 150 mm, calculated according to Formula (8) for the new pipe and pipes after
30-year exploitation.

According to Formula (9), the equivalent internal diameter dt after 30-year exploita-
tion for the pipes being investigated is equal to 94.8 mm on average (for the pipes:
nr 1—98.2 mm, nr 2—84.6 mm, nr 3—101.6 mm).

For the new pipe, however, and for the whole range of the Reynolds number, the
determined value of the absolute roughness of the internal pipe wall is stable and equal to
k = 0.9 mm on average. The accumulated sediment in the pipes after 30-year exploitation
evoked 30-fold increase of the absolute roughness, if compared to the new pipeline. The
results of measurements of the pressure difference ∆p (Figure 3) and results of calculations
of the absolute roughness of the internal pipe wall k (Figure 4) show that the classical
formulas for calculation of major head losses (pressure difference ∆p) should not be applied
for the exploited pipes with considerable sediments because they do not allow to obtain
comparable (stable) values of the absolute roughness k of the internal pipe wall in the
whole range of the analyzed Reynolds number.

Investigations of roughness of the sediment accumulated in the water supply pipelines
after 30-year exploitation were performed with use of the Hirox KH-8700 digital microscope
(Hirox, Tokyo, Japan). Sediment roughness measurement—linear and superficial—was
made for selected fragments of the investigated pipes. The results are characterized by
high variability, depending on a tested sample. For the analyzed pipes, very high spatial
variability of forms of sediments accumulated in the pipes prevented from fixing reliable
indicators of their roughness. An example distribution of the roughness of the sediment
surface for the investigated pipes is presented in Figure 5. Digital microscopes can be
applied for empirical measurements of the sediment roughness, especially in the presence
of more homogeneous distribution of the roughness at the internal pipe wall.
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Investigations of structure and chemical composition of the sediments accumulated in
the analyzed water supply pipelines were performed as well. The mineral composition was
determined with the use of the X-ray phase analysis (XRD) and is presented in Figure 6.
It is dominated by the ferric oxyhydroxides represented by goethite (α-FeOOH) and
lepidocrocite (γ-FeOOH), accompanied by gypsum and sulfur. The goethite was identified
by the strongest and characteristic interplanar distances dhkl = 4.184; 2.693; 2.488; 2.451 Å.
The lepidocrocite was identified by the distances dhkl = 6.250; 3.289; 2.469; 1.938 Å. Apart
from the ferric oxyhydroxides, there was calcium sulfate—gypsum (CaSO4 · 2H2O) in the
sediment; it was identified by the strongest interplanar distances dhkl = 7.634; 4.292; 3.067;
2.874 Å. The mineral composition of the sediment is completed by the sulfur. This phase
was identified by the strongest interplanar distances dhkl = 3.846; 3.436; 3.333; 3.205 Å.
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Figure 6. Diffraction pattern of the sediment mineral composition.

The image of the sediments at the 35×magnification is presented in Figure 7. Basing
on a visual evaluation, one can state that the sediments are yellow-brown, which can
prove that the iron oxides dominate there. The surface of the sediments is irregular, flat
areas and distinct local hollows occur. One can observe sediments characterized by strong
solidification as well as loosely solidified sediments, which assume a powdery or dusty
form as they go dry.

Figure 8a presents microstructure of the sediments in the external zone. In the scanning
microscope image, thin tile-shaped aggregates of iron oxides / hydroxides are visible. These
aggregates represent two morphological forms: (I)—tile-shaped, mutually superimposed
conglomerates with a porous structure (point 1); (II)—radiant conglomerates consisting of
crystallites lying around a common centre of compact structure (point 2). Their chemical
composition is very similar, the iron dominates, accompanied by small contents of S, Ca
and Cl, which is proven by the EDS spectra (Figure 8b).
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Figure 8. Morphology of the outer layer of the sediment on a corroded cast-iron pipe: (a) SEM
micrograph; (b) spectrum of chemical composition (EDS) of the sediment in points 1 and 2.

The inner layer of the sediment on the corroded cast-iron pipe represents a different
type of microstructure (Figure 9a). Compact, massive aggregates consisting of the calcium
carbonate (calcite—CaCO3) dominate, sometimes with a distinct 3-directional cleavage
(point 1), accompanied by microareas with a porous structure having the nature of a
corrosion. Fine-grained aggregates of crystals, occurring in this zone, are non-homogeneous
and characterized by a chemical composition where, apart from CA, significant quantities of
Fe and S as well as trace quantities of Cl occur. The differences in the chemical composition
are shown in Figure 9b.
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Figure 9. Morphology of the outer layer of the sediment on a corroded cast-iron pipe: (a) SEM
micrograph; (b) spectrum of chemical composition (EDS) of the sediment in points 1 and 2.

In the accumulated sediments, the iron oxides dominate in the outer layer, whereas
the calcium oxides or iron oxides—in the internal layer (Table 3). Both in the outer layer
and inner layer, the sulfates and dichlorine monoxide occur.

Table 3. Chemical composition of the sediment in the outer layer and inner layer.

Tested
Substance Outer Layer Inner Layer

1 1 2 2 1 1 2 2
SO3 1.11 2.14 5.55 10.26 0.38 0.27 8.77 12.87
Cl2O 0.38 0.69 0.54 0.92 0.26 0.17 0.17 0.23
CaO 0.85 2.35 1.07 2.84 97.35 98.84 14.65 30.70

Fe2O3 97.66 94.81 92.83 85.99 2.01 0.72 76.40 56.20

The investigations with use of XRF showed that the dominating component of the
accumulated sediments are the iron oxides (Table 4).

Table 4. Sediment XRF tests.

Component Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO TiO2 Fe2O3

% 0 0 0.17 2.07 0.44 1.19 0 0.23 0.02 94.06

The calculated Langelier saturation index for the water flowing in the analyzed
pipelines was equal to 0.07 and the Ryznar index—7.1

4. Discussion

Figure 10 presents average values of real pressure difference ∆p, i.e., hydraulic losses,
obtained in measurements and calculations for the cast-iron pipes with the internal di-
ameter d = 150 mm as a function of water flow rate Q. During the measurements and
calculations, the hydraulic losses in the pipes increased along with the increase of water
flow rate (Figure 10) and this trend is concordant with the literature data [27,62]. The
lowest hydraulic losses during the water flow occurred in the new pipe, the highest—in the
pipe after 30-year exploitation. The trend (regression) type of the measured and calculated
values of ∆p was exponential and values of coefficients of determination (R2) from the
sample were equal to 1, which indicates that the hydraulic losses in the cast-iron pipes in



Water 2021, 13, 1604 13 of 19

100% depend on the water flow rate Q and absolute roughness k of the internal pipeline
wall. The remaining factors, such as the water temperature or gravitational acceleration,
do not affect significantly the average values of pressure difference ∆p.
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Figure 10. Average values of real pressure difference ∆p calculated for the cast-iron pipes with the
internal diameter d = 150 mm according to the standard [49] and measured for the new pipe and for
the pipes after 30-year exploitation.

Figure 11 presents average values of the absolute roughness k of the internal pipeline
wall, calculated for the cast-iron pipes with the internal diameter d = 50 mm according
Equation (8) as a function of the Reynolds number Re. As the Reynolds number grew, the
average values of the absolute roughness k initially decreased and then assumed constant
values (Figure 11); this trend is concordant with the literature data [15,45,63]. The lowest
values of the absolute roughness occurred in the new pipe and the highest—in the pipe
after 30-year exploitation. The trend (regression) type of the determined values of k was of
a 6th order polynomial and values of coefficients of determination (R2) from the sample
were higher than 0.67, which indicates that the absolute roughness k of the internal pipeline
wall at least in 67% depends on the Reynolds number Re, i.e., water flow velocity V, pipe
diameter d and water kinematic viscosity coefficient ν, as well as the pipe exploitation
period, whereas in 33% it depends on the pressure difference ∆p existing in the pipe during
the water flow.

A statistical analysis was also carried out in aim to check whether the differences of
average values in the results concerning the absolute roughness k for the analysed pipes
(Figure 11) are statistically significant. The statistical analysis was performed for the results
obtained for the Reynolds number Re > 6·104. At first, the normality of distribution was
checked using the Shapiro–Wilk test and then the homogeneity of variance with use of
the Levene test. In both tests for individual groups, the values of calculated probability
pcal were greater than the assumed significance level α = 0.05, which means that the
conditions of normal distribution and homogeneity of variance in the examined groups
are satisfied. Calculations of the distribution normality and variance homogeneity were
made with use of the Statistica software. Then, the Student’s t-test was applied for two
populations: according to the zero hypothesis (H0: n1 = n2), the differences between
the average values are statistically equal to each other, and according to the alternative
hypothesis (H1: n1 6= n2), these differences are statistically different. Calculations of the
value of Student’s t-statistics |tcal| were performed with use of the Statistica program and
the obtained results are shown in Table 5.
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Figure 11. Average values of absolute roughness k of the internal pipeline wall calculated for the cast-iron pipes with the
internal diameter d = 150 mm according to Equation (8) for the new pipe and the pipes after 30-year exploitation.

Table 5. Results of calculations of the Student’s t-statistics. The differences of average values are significant with probability
p < 0.05.

Type of
the Pipe Mean Value Standard

Deviation

Obtained
Student’s t-test

Value |tcal|

Obtained
Probability
Value pcal

Student’s t-statistics Value
Read from the Tables for

p = 0.05 and v = 34 tα = 0.05

New pipe 0.899 0.266 −99.726 5.668·10−25 2.101 *Exploited pipe 27.593 1.126

* value read from statistical tables [64].

For the alternative hypothesis, a critical area |tcal| ≥ tα=0.05 was determined and then
for v = n1 + n2 – 2 = 34 degrees of freedom and α = 0.05 (the assumed 5-percentage risk
of error, i.e., significance level) a critical value tα=0.05 = 2.101 was read from the tables of
the Student’s t-distribution. Table 5 shows that |tcal| ≥ tα=0.05, thus the zero hypothesis
must be rejected and it can be concluded that the differences of average values in the
results concerning the absolute roughness k for the analyzed pipes are indeed statistically
significant. It is also confirmed by the calculated probability value—pcal is lower than 0.05
(assumed significance level).

The flowability drop coefficient ηt of a pipeline defines a ratio between flow rate
in a pipeline after t years of exploitation and in a new pipeline, at the same pressure
line slope. The flowability drop coefficient for the investigated pipes and calculated by
other researchers [43,44,65] is presented in Figure 12. Kamersztein classified waters into
five groups depending on corrosive features and precipitatibility: group 1 contains non-
corrosive waters with low precipitatibility and group 5—highly corrosive waters with high
carbonate hardness.

The measured flowability drop coefficient for the pipe after 30-year exploitation is
lower than the coefficient calculated according to the formulas submitted by Barnes [65]
and Khatib [43], as well as Kamersztein [44] for slightly corrosive waters. This coefficient
should be 0.54 according to Barnes, 0.6—to Khatib, 0.76—to Kamersztein. The flowability
drop coefficient for the investigated pipes fluctuated between 0.36 and 0.52, and it was
equal to 0.45 on average.
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Figure 12. Flowability drop of the investigated pipes after 30-year exploitation, compared to the
literature data.

The flowability reduction increases the pressure losses and affects the flow velocity
through the pipes, but this reduction in the pipe diameter is usually ignored. Exact
estimation of the diameter reduction is very complicated [66]. There are usually two
approaches in the case of changes of the diameter. The first one is neglection of the reduction
of pipe diameter. This assumption is popular mainly in simulations of hydraulic models
(Aquis). It is assumed here that in aim to assess the roughness increase, the diameter
reduction has been already taken into account in the concept because the roughness
magnitude is being estimated with consideration of the influence of a pipe material and
water quality. Secondly, the flowability decrease must be predicted by a separate estimation
of a roughness and diameter and then the pressure loss is being calculated as a result
of both of them. With this assumption, the pipe roughness increase and the diameter
reduction is calculated separately, though they can mutually affect each other [67]. In the
paper, the flowability reduction for the pipes being investigated was calculated based on
the roughness increase.

Pipe material, water quality and reaction of the material to a contact with water have
a direct impact on the diameter reduction. This reduction is a result of chemical and
physical processes inside the pipes, such as sedimentation, encrustation, fouling and corro-
sion [58]. The performed investigations of the sediment structure indicate its diversification
(Figures 8 and 9). In the outer layer, irregular or radiant tile-shaped conglomerates were
observed. The chemical composition is dominated by Fe, accompanied by small quantities
of S, Ca and Cl. The internal layer of the sediment is dominated by compact aggregates
accompanied by microareas with a porous structure. In this layer, apart of Ca, significant
quantities of Fe and S and trace quantities of Cl occur. They are typical components of
sediments accumulating in water supply systems using waters from underground sources
and largely result from a chemical composition of the transported water. The iron in un-
derground waters is found naturally and it is partially removed in conditioning processes.
As a result of aeration, the iron ions precipitate from water in the form of iron oxides and
hydroxides. The content of calcium and magnesium ions in water can be diversified and
affects its hardness and ability to precipitate sediments in the form of calcium and mag-
nesium carbonates. Sulfates in water are usually found naturally and affect precipitation
of indissoluble sulfides. The presence of the dichlorine monoxide in sediments can result
from temporary disinfection of water supply network. Frequently chemicals containing
chlorine are used to this aim, e.g., sodium hypochlorite.
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If the Langelier saturation index LSI > 0, then water tends to precipitate sediments
and corrosive features of water are weakened. If LSI = 0, then the water does not tend to
precipitate sediments and its corrosive features are also weakened. If LSI < 0, then the water
does not tend to precipitate sediments and its corrosive features are strengthened [68]. In
relation to the LSI, the Ryznar stability index broadens the range of parameters liable to
affect corrosion and water hardness because it considers magnesium content, temperature
and dry residue, which indirectly considers typical components of dissolved substances,
i.e., chlorides and sulfides. The RSI has a more extended corrosivity range than the LSI:
4 < RSI < 5—strong precipitation of sediment, 5 < RSI < 6—medium precipitation of
sediment, 6 < RSI < 7—weak precipitation of sediment or initial corrosion, 7 < RSI < 7.5—
corrosion, 7.5 < RSI < 9—strong corrosion, RSI > 9—very strong corrosion [56,57,68–71].
Basing on the performed determinations of quality parameters of the water transported by
the investigated cast-iron pipelines (Table 1), the Langelier saturation index was calculated,
which amounted to 0.07, which indicates very low precipitatibility, whereas the Ryznar
index amounted to 7.17, which indicates very low corrosive features of the water flowing
through the investigated pipelines. In the case under consideration, significant accumula-
tion of sediments was stated, although the water flowing through the investigated pipelines
presented very low or no corrosive features and precipitatibility.

5. Conclusions

For the investigated cast-iron pipes, a pitting corrosion, wall thickness reduction and
wall degradation were not observed, which proves that the destruction of the pipes was
not significant and it is possible to prolong their life. Evaluation of the corrosivity of the
buried cast-iron pipes, exploited for 30 years in the potable water supply system, confirmed
high durability and long life of the cast-iron pipes. Significant quantities of sediments
precipitating inside the pipes, however, revealed to be a problem, although the water being
distributed through the investigated pipelines, according to the calculated Langelier and
Ryzner indexes, presented very low or no corrosive features and precipitatibility.

Big quantities of precipitation evoke significant deterioration of hydraulic flow condi-
tions. The measured pressure losses in the pipes after 30-year exploitation are five times
higher on average (502%) than the measured real values of the pressure difference for
the new pipe and over threefold higher on average (321%) than the theoretical values for
pipes with significant sediments [49]. The flowability drop coefficient for the investigated
pipes fluctuated between 0.36 and 0.52 and, on average, it was equal to 0.45. It means
that after 30-year exploitation, 45% of flow rate generates the same pressure losses as in
new pipes. The performed investigations showed that the transport of water through
the investigated pipes involves significant energy losses because the average absolute
roughness (k = 27.6 mm) grew threefold if compared to the new pipeline; therefore, its
further exploitation can be economically unjust. In such situation, it should be considered
its exchange or, having in mind a good technical state of the pipe wall, a possibility of
removing the accumulated sediments from the pipeline and securing its internal surface
against re-accumulation of sediments.

The structure and chemical composition of the accumulated sediments are diversified
in the outer and inner layers. The chemical composition of the accumulated sediments,
both in the outer and inner layers, is dominated by iron oxides and hydroxides. In the
internal layer, higher content of calcium is observed. Significant accumulation of sediments
in the investigated pipes can lead to re-deterioration of quality and to the so-called red
water effect.
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Poland, 2000; pp. 47–69. (In Polish)

http://doi.org/10.12911/22998993/105473
https://www.who.int/water_sanitation_health/dwq/fulltext.pdf
https://www.epa.gov/sites/production/files/2014-10/documents/handbook-chapter3.pdf
https://www.epa.gov/sites/production/files/2014-10/documents/handbook-chapter3.pdf
https://www.who.int/water_sanitation_health/dwq/gdwq0506.pdf
https://www.who.int/water_sanitation_health/dwq/gdwq0506.pdf
http://doi.org/10.1016/j.watres.2017.10.065
http://doi.org/10.1007/s12666-019-01786-x
http://doi.org/10.1016/j.copbio.2004.05.001
http://doi.org/10.1016/j.corsci.2008.07.008
http://doi.org/10.1016/j.ibiod.2014.05.007
http://doi.org/10.1016/j.bioelechem.2016.03.003
http://doi.org/10.1016/j.watres.2017.03.031
http://doi.org/10.3390/w10070931
http://doi.org/10.1061/(ASCE)0733-9429(1997)123:2(157)
http://doi.org/10.1016/j.proeng.2015.08.900
http://doi.org/10.1002/j.1551-8833.2001.tb09246.x
https://nepis.epa.gov/Exe/ZyPDF.cgi?Dockey=P1009JJI.txt


Water 2021, 13, 1604 18 of 19

26. Colebrook, C.F.; White, C.M. Experiments with fluid friction in roughened pipes. Proc. R. Soc. A Math. Phys. Eng. Sci 1937, 161,
367–381.

27. Shashi Menon, E. Transmission Pipeline Calculations and Simulations Manual, 1st ed.; Gulf Professional Publishing; Elsevier Inc.:
Amsterdam, The Netherlands, 2015; p. 612.

28. Malcolm, J.; Brandt, K.; Johnson, M.; Elphinston, A.J.; Ratnayaka, D.D. Twort’s Water Supply, 7th ed.; Elsevier Ltd.: Amsterdam,
The Netherlands, 2017; pp. 581–619.
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