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Abstract

The objective of this study is to improve the methodology for modelling aged pressurised 
urban networks, such as water distribution system (WDS) pipelines, with substantial and 
uneven wall roughness. Due to the complexity of the inner surface geometry of old rough 
pipes, WDS models are unable to predict the real velocities, which are requisite for estimating 
contamination propagation rates in the system. In order to analyse the impact of inner surface 
geometry a specifically designed experimental apparatus was built to investigate the flow 
dynamics in a pipe containing flow-obstructing elements. A transparent pipe was fitted with 
3D-printed elements, in two different configurations, at the location of the measurement 
section and the velocity fields were captured using the particle image velocimetry technique 
at different flowrates. The experimental results revealed that in the case of one roughness 
element, the impact to the flow dynamics is local and can be expressed through minor losses, 
and in the case of multiple elements, the effective diameter of the pipe is reduced and a jet-
type flow will develop. 
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1 INTRODUCTION

Degradation of conduits over time results in uneven internal boundaries and concurrently, 
deviation from design operating conditions. Examination of removed old pipe sections have 
revealed that the roughness height as well as the shape of the inner pipe surface may vary 
significantly, resulting in complex geometries. Furthermore, the broadly changing roughness 
height and distribution will change the pipe effective diameter and flow velocity. Therefore, the 
determination of real flow velocities in old rough pipes remains a challenge, as even with 
extensive data collection, it is implausible to determine the pipe roughness values for all links. 
Among other things, this problem is related to modelling of existing urban water drainage and 
distribution systems. 

Pipes that were originally manufactured with smooth internal surfaces can over time develop 
irregular wall roughness elements that greatly complicate the flow dynamics [1].  The variation in 
the geometry of pipe interior due to wall build-up is not only time dependent but is affected by 
several factors, such as the pipe initial cross-section and material, the water quality, and flow 
velocity [2]–[5]. Various studies have analysed the growth of the pipe roughness over time, 
concurrence with flow velocities and quality parameters. [6] reported that the roughness growth 
depends primarily on the water pH and is linear, with rates ranging from 0.066 to 0.63 mm/yr. 
The range is in compliance with numerous investigations conducted in the US [7], and results 
reported by [8]; however, it is significantly lower than the growth rate reported by [9] for 
galvanized iron pipes (2.13 mm/yr.). The latter are concurrently less often used in WDSs 
compared to cast iron. A study carried out in Estonia, analysing 25-100 years old metal pipes (steel 
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and cast iron) with diameters ranging from 75 to 200 mm revealed that the pipe cross-sections 
were reduced in average by 10% due to wall build-up [2].  

Corrosion-induced hydraulic capacity failures due to the pipe wall build-up may prevent WDS 
from constantly ensuring customer water needs with satisfying quantity and quality [3]. The side 
effect of corrosion and low velocity can be discolouration of the water, which has been the main 
customer complaint about the water quality in the UK [4]. The formation and growth of particles 
in the WDS has diverse driving factors but the sedimentation of the particles is related to the 
hydraulic conditions of the network. It was shown that at low velocities, the sedimentation will 
take place in the lower half of the horizontal pipe while at higher velocities, the deposit will cover 
the entire pipe wall [4]. [5] suggested that the daily peak demands in combination with maximum 
flow velocity of at least 0.4 m/s can be used to prevent sediment accumulation and concurrent 
pipe wall build-up. 

Data on nominal pipe diameters is generally used in the WDS model initialisation and the pipe 
wall build-up-induced change in the diameter is compensated by adjusting the pipe roughness 
[10] or the water consumption at the nodes [11], [12] in the calibration process. Adjusting the
consumption is only applicable if it is not measured. Further, in the case of uneven changes in the
internal boundary, the practice of adjusting roughness values can lead to estimated unrealistic
values larger than pipe radius. Therefore, the latter approach is only suitable for surfaces with
easily described geometry [13]. Contrarily, in real WDSs containing old pipes, the inner wall
surface will vary significantly, producing complex geometries, and the common practice of using
nominal diameters while adjusting the roughness, will result in relatively large errors in flow
velocities. Information about real pipe diameters and flow velocities is of utmost importance in
estimating the propagation rate of the contaminated zones in WDS in case of chemical or biological
threats [14], [15].

Various studies have analysed the flow dynamics in pipes with regular roughness elements, with 
many of these focusing the main discussion on numerical investigations. [16], [17] investigated 
the turbulent flow in ribbed pipes and showed that the influence of vortical structures between 
the ribs on the core flow is dependent on the distance between the ribs. [18], [19] analysed the 
turbulent flow in corrugated pipes and concluded that the friction factor increases as both the 
Reynolds number and the groove length increase, and is not affected by the groove height. [20] 
conducted a study in corrugated pipes, and concluded that contrary to the known formulations of 
corrugated pipe friction factor, even if the groove width is greater than groove depth, a 
recirculation zone may occur.  

Real old pipe surfaces generally have a range of roughness scales. [1] conducted a series of 
numerical investigations to model the flow through aged pipes at Reynolds numbers ranging from 
6700 to 31 000. They found that the computational fluid dynamics (CFD) models underestimate 
the friction factors by 8-30% (dependent on Reynolds number and model used). Therefore, 
improved models, further validated for complex geometries are of high interest. [21] conducted a 
numerical and experimental investigation on flow in a pipe with an abrupt change in diameter. 
They concluded that the CFD model with standard k-epsilon turbulence allows to predict the flow 
dynamics in pipes with complex geometry if moderate changes to the turbulence closure 
coefficients are made and all geometrical elements that affect the flow are included in the model. 
[22] investigated the influence of irregular pipe wall roughness numerically and grouped the
different types of roughness distributions common to old pipes. [23] investigated the different
combinations of roughness elements further and proposed equations for velocity correction for
the different wall build-up types based on the numerical study.

The ageing process of pipes should be described in the models not only by the increase of the 
absolute roughness but also by the reduction of their inner diameter in order to predict the actual 
flow behaviour more accurately. In addition, in water quality modelling the contamination 
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propagation and dispersal are strongly coupled with the velocity and turbulence characteristics. 
Therefore, accurate models capable to simulate the pressurised flow in complex pipelines are 
crucial for understanding the limits, capacity and need for system’s rehabilitation in a more 
general way. Currently, the modelling approach is also more and more frequently used for 
different real-time control and management systems and therefore the inaccurate presentation of 
flow dynamics will potentially hinder the safe operation of the water supply and drainage systems. 

Therefore, applying evidence-based assumptions and advanced modelling to define the internal 
boundaries for the deteriorated pipeline sections is becoming more and more important as we 
are firstly, entering an era where the average life span of pipes in operation is running out [23] 
and secondly, more and more real-time control solutions are used to operate WDS. Many of the 
currently available studies relying on thorough analysis of the modelled velocity field, report 
validating the models by integral parameters, such as pressure at the in- and outflow of the section 
of interest. Therefore, more detailed experimental data is needed for the advanced numerical 
modelling to be practicable.  

Herein, the effect of irregular pipe wall build-up to flow dynamics in old rough pipes is 
investigated experimentally. The aim of the study is to create a comprehensive database of 
different flow obstruction types and corresponding flow behaviours, and complemented by 
advanced numerical modelling, map those against different deviations from design operational 
conditions appearing in real water networks’ datasets and give guidelines for the modelling of 
aged pipelines. 

2 EXPERIMENTAL SET-UP

A pipeline apparatus was set up at the Laboratory of Fluid Mechanics, Tallinn University of 
Technology to investigate the flow dynamics in a pipe containing irregular roughness elements. 
The experimental investigations were conducted on a transparent pipeline containing different 
configurations of obstructing roughness elements in the flow domain. The velocity field in the 
vicinity of the elements was mapped using particle image velocimetry (PIV). The experiments 
were conducted at different flow rates (Table 1) to characterise the changes of effective flow 
section in the obstructed conduit. 

Table 1. List of experiment. Uncertainty of flow rate measurement reading ±0.5%

Experiment number Flow rate (Q, l/s)
Reynolds number of 
the full pipe cross-

section (𝐷 = 80 mm) 

1 3.0 47 900 

2 3.8 59 800 

3 4.4 69 800 

4 5.0 79 300 

5 5.6 89 300 

The layout of the experimental apparatus is shown on Figure 1. It consists of a tank at the 
upstream end, a horizontal transparent polymethyl methacrylate pipe with a total length L = 18
m and an internal diameter D = 80 mm, and a PIV measurement section. The upstream tank is fed 
from, and the pipeline emptied into a 150 cubic meter underground reservoir. The pipeline is 
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assembled of 2 m long pipes, hydraulically smooth and the outlet is open to atmosphere. Shut-off 
valves are situated at the up- and downstream end of the pipeline, adjacent to electromagnetic 
flow meters. The two flow meters are simultaneously used at the experiment initiation stage for 
the purpose of ensuring that all air is expulsed from the flow domain. The pipeline is pressure 
driven and the flow rate is controlled by the frequency of the upstream-end pump feeding the tank 
from the reservoir. 

Figure 1. Schematic of the experimental apparatus

A random pattern for an irregular pipe wall build-up element (Figure 2) was created in a 
numerical study by [22] and obstructing the computational pipe flow domain with different 
numbers and combinations of these elements was further investigated by [24].  

Figure 2. Irregular roughness element used in the experimental study

For this study, a set of the elements were 3D printed and attached inside the pipe of the 
experimental apparatus. Two configurations of the roughness elements were used for the velocity 
field measurements at five different flow rates. Firstly, one element was attached to the pipe 
obvert (Figure 3). Secondly, four elements were inserted into the pipe, two at the obvert and two 
at the invert, equidistantly (Figure 4). 
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Figure 3. Central plane in the 80 mm pipe with one roughness element located at the pipe obvert. The visual
comprises of the image mean, subtracted from the later analyses, streamlines in black, and a scalar map

coloured by the axial velocity U. The flow direction is from right to left and a recirculation area occurs behind
the element. Red corresponds to highest velocity, blue the lowest.

Figure 4. Central plane in the 80 mm pipe with four roughness elements in the investigated area. Three of the
elements are in the view range and one is on the right-hand side affecting the inflow into the measurement
section. The visual comprises of the image mean, subtracted from the later analyses, streamlines in black, and
a scalar map coloured by the axial velocity U. The flow direction is from right to left and recirculation areas

occur behind the elements. Red corresponds to highest velocity, blue the lowest.

Changes in the velocity field at the location of interest are measured in the streamwise central 
plane with two-dimensional PIV. The measurements were carried out using multi-frame single-
exposure PIV with a high-speed camera for image capturing, and a continuous-wave laser for 
creating the light-sheet. The trigger frequency of the camera was adjusted 1000 Hz and the steady 
state flow was measured for 3 s, which corresponded to 3000 images per experimental run. The 
data was recorded and processed by Dynamic Studio 4.0 (Dantec Dynamics) software. The cross-
correlation method was used to process the PIV data. As a result, velocity vector fields were 
calculated considering the displacement of the particles between the two frames. An interrogation 
window of 8 x 8 pixels with 50% overlap was used (1 pix=0.18 mm). The images were pre-
processed by subtracting the image mean, getting rid of some minor reflections and the roughness 
element images in the vector maps. The calibration of the PIV was conducted by capturing a 
reference images series with rulers inserted into the measurement section. Any distortion in the 
capturing was avoided by encasing the pipe in a water-filled Plexiglas PIV box and mounting the 
camera in a horizontal position. Velocities, standard deviations, and variances were calculated 
using only valid vectors (i.e., gained from measured particle displacements not approximated by 
the software’s algorithm). The average valid vector count for each data point was 1500. 
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3 RESULTS AND DISCUSSION

The velocity field mapping at different flow rates in the pipe section with one roughness element 
at the pipe obvert demonstrated how the local disturbance changes the flow dynamics. Namely, 
how a recirculation area forms and changes in scale with the changing flowrate, indicating a trend 
in the effective flow area development. The main purpose of these measurements is the creation 
of a comprehensive dataset for numerical model validation. Figure 5 and Figure 6 present the 
mapped velocity fields for two experiments.  

Figure 5. Vector and scalar map. Scalar map coloured by axial velocity U. The scale range -1.2 ... 0.4 m/s. Flow
in negative x direction. Flowrate Q=3.0 l/s

Figure 6. Vector and scalar map. Scalar map coloured by axial velocity U. The scale range -1.5 ... 0.5 m/s. Flow
in negative x direction. Flowrate Q=3.8 l/s

Plotting the axial velocity at different sections A and B (Figure 7 and Figure 8) behind the
obstruction reveals that at the nearer location, the higher flowrate yields a larger recirculation 
area. This agrees in general with the modelling results presented in [22], [24] (Figure 9), where 
roughness elements of the same type were investigated numerically. It must be noted that the 
numerical simulations were conducted with more elements in the pipe and at different pipe 
diameters. Therefore, it can be concluded that the trend is recurring. 

A B

A B
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Figure 7. Axial velocity U [m/s] at two flowrates, at location A, in the 80 mm pipe (see Figure 5 and Figure 6)

Figure 8. Axial velocity U [m/s] at two flowrates, at location B, in the 80 mm pipe (see Figure 5 and Figure 6)

Figure 9. Extract of numerically obtained recirculation area data [22], [24] for qualitative comparison.
Lower flowrate on the left hand side and higher on the right.

The velocity field mapping at different flow rates in the pipe section with four elements, two at 
the obvert and two at the invert, equidistantly, demonstrated clearly the formation of an effective 
flow area (Figure 10). While under conditions of rising flowrate the recirculation area on the 
central plane remains roughly the same size, the effective flow section changes. Dynamics at 
higher flowrates starts to demonstrate that the flow core is diverted from the central plane, 
forcing higher turbulence generation and forecasting conduit choking.  
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Figure 10. Vector and scalar map in the region of four roughness elements, three of which are in the camera
field of view and one on the right hand side, obstructing inflow. Scalar map coloured by axial velocity U. For
Q = 3.0 l/s, the scale range is -1.3 … 0.4 m/s; Q = 3.8 l/s, -1.7 … 0.5 m/s; Q = 4.4 l/s, -1.9 … 0.65 m/s; Q = 5.0 l/s,

-2.25 … 0.6 m/s; Q = 5.6 l/s, -2.35 … 0.6 m/s. White vertical line – profile location for Figure 11.

Q = 3.0 l/s

Q = 3.8 l/s

Q = 4.4 l/s

Q = 5.0 l/s

Q = 5.6 l/s
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Plotting the axial velocity midway between two roughness elements, near the centre of the 
recirculation area further demonstrates that dead zone (0-velocity) does not shift with the 
changing of the flowrate (Figure 11). This agrees with the numerical modelling results obtained 
in [24]. However, it is noteworthy that the modelling failed to indicate the flow choking starting 
to occur in the experimental measurements. 

Figure 11. Axial velocity at the location indicated on (Figure 10) for the four roughness elements.

The experimental results reveal that in case of one roughness element the impact to the flow 
dynamics is local and can be expressed through minor losses. The velocity profiles converge to 
steady flow profiles downstream of the obstacle as expected. In case of multiple elements, the 
effective diameter of the pipe is reduced and a jet-type flow will develop at the center of the pipe. 
Therefore, the actual flow velocity can be times higher compared to the velocity in new pipes with 
nominal diameter. The changes in velocity increase the pressure drop in the system leading to 
unrealistic estimations of pipe roughness used in the hydraulic models of WDS. 

4 CONCLUSIONS

Understating the flow dynamics in deteriorated pipeline sections is more relevant than ever as we 
are entering an era where the average life span of pipes in operation is running out, and 
concurrently, applying real-time control solutions is becoming more commonplace.  While many 
authors recommend making use of advanced numerical modelling (viz. CFD), there are scarce 
experimental studies that would provide comprehensive calibration and validation opportunities 
for these complex models, where grid and time resolution, choice of turbulence models and 
correct treatment of boundaries, among other things, have the capacity to change the output not 
only qualitatively, but also quantitively.  

Herein, the effect of irregular pipe wall build-up to flow dynamics in old rough pipes is 
investigated experimentally. The aim of the study is to create a comprehensive database of 
different flow obstruction types and corresponding flow behaviours. PIV was used to map the 
velocity fields in the pipe containing obstacles.  

It was found that the experimental results preliminarily further support the previously published 
numerical studies of the authors. However, the experiments revealed some dynamics not 
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witnessed in the computational results. The PIV measurements were conducted for two geometric 
configurations for five different flowrates. Plotting the axial velocity at different sections behind 
the one obstruction revealed that at the nearer location, the higher flowrate yields a larger 
recirculation area when comparing flowrates Q = 3.0 l/s and Q = 3.8 l/s. However, investigating 
the remaining flowrates of this experimental series revealed diverging results as compared to 
modelling and merit further investigation. Analysing the velocity field in the pipe with four 
roughness elements revealed that at higher flowrates the flow core is diverted from the central 
plane, forcing higher turbulence generation and forecasting conduit choking.  

To create an extensive validation database and to develop a comprehensive methodology for 
determining the proper ratio of roughness and effective diameter in the WDS models based on 
pipe material and age, further experimental investigations are needed. The authors plan to 
conduct further experiments on the herein presented configurations of roughness elements and 
to test new configurations, too. 
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