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Abstract: The change in water quality in small water systésnstrongly affected by sediment particles. Their
transport, deposition and re-suspension due tabiity in water demand has a significant impactioa change
in water quality. Two significant mechanism of dsppdransport and deposition i.e. turbophoresis tamblulent
diffusion have been described in the literatures Phper presents the mechanisms of turbophoresitigrulent
diffusion. These phenomena have an impact on thétguof water in small water systems. The aimh## study
is to propose procedures of identifying areas ofhmeism of particle movement and their accumulaitiosmall
water system networks. Simulation of the flow ofatimvater-pipe network at Niewiesz was used for shedy.
That water pipeline is situated in the central RdlaMany rural areas in Poland have a similar échire.
Modeling of movement of contaminant in close wakas in pipelines is presented. The article prestra
discussion concerning the areas where the mecharirturbophoresis and turbulent diffusion occurttie
transport of solid particles in water supply systeifhe relations between deposition and transppdirparticles
in turbulent flows depend on a number of parametecuding: particle size, localization of paréslin the pipe
(at given time), as well as the turbulence of fldluese parameters change depending on the watemderfihe
type of these changes depends on pipe diametetstiaidrom which the pipes and the fittings aredmawater
demand and initial quality of water.
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Introduction

Water transported in water supply systems is vasgeptible to all changes in water
intake, as well as the processes of deposition Idimgg from the pipeline walls the
deposited particles transported with the flowingesaThe most prevalent contaminants in
water transport processes in pipelines are hydieted-ompounds and sand patrticles [1-3].
Transport and deposition of particles in pipelies very complex process. This results
from the effects of many forces acting on flowirgrirles and from the complexity of the
turbulent flow. An additional difficulty in modeliof contaminants transport in pipelines is
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the extended structure of the water-pipe networkdaily as well as seasonal variability of
water intake.

Recently authors [1, 2, 4] have described two §imamnt mechanisms of deposits
transport and depositiorie turbophoresis and turbulent diffusion. These meidmas
contribute to the change of water quality througimsport of deposits particles. Therefore,
it is of the utmost importance define them and mheitee their scopes of their occurrence.

Turbulent diffusion arises from the transport o€db difference in concentration of
contaminants by eddies, similarly to the transmpdrthe momentum by the same eddies.
Turbulent diffusion is significant when the paréislinertia is low, as compared to viscosity
forces transporting the particle in the flow anadbw turbulence of the flow. The process
is by a few orders of magnitude more intense thatecular diffusion [1, 5].

Turbophoresis, from the point of view of the belbavdf deposits in water supply
system seems to be an equally important mechariisia. defined as a mechanism of
particles transport in the pipe during the turbtifdow [5]. This mechanism transfers the
particle from the boundary of the transition laiyeo the areas of lower turbulence - mainly
those close to the laminar sublayer and then deptse particles on the pipe wall. The
turbophoresis mechanism is influenced by a numbéoroes affecting the particles while
they are transported. The result of the forcesateitl by the eddies occurring in the
turbulent flow is particles deposition on the wheigface of the pipe cross-section [1, 2, 6,
7]. It seems that knowing and understanding the hamgisms of the transport of
contaminants particles flowing in water supply sys$ may contribute to improvement of
the quality of transported water and maintenancehef pipeline’s technical condition.
Therefore, the aim of this study is to determine éineas and boundaries of the transport
mechanisms (turbophoresis and turbulent diffusamgxemplified by the small water-pipe
network.

Forces affecting the particles transport mechanisms

To describe the mechanisms affecting the contartsntansport in the pipeline we
should consider the forces affecting the particleconnection with the turbulent flow
structure, and also determine the particle’s vgfodviost of the flows in water-pipe are
represented by turbulent flows. The particle in Weter turbulent flow is affected by the
following forces: inertial, gravitational, SaffmarmMagnus, resistance of the medium,
Brownian force, Basset force, as well as the virtwass effect (this effect should be
considered in the patrticle flow in fluids). The Basmemory force may be omitted [1, 8, 9].
The particle movement direction depends also oalleddies occurring in the flowing
water, particle size and direction of rotation tsmaxis. The schematic effects of the above
mentioned forces on the particle is presented €T 4.

The Magnus force is a result of the particle rofatin relation to the surrounding
liquid. We should herewith consider several cadeth® particle rotation velocity. If the
rotation velocity is lower than the local velocity liquid, the Magnus force directs the
particle towards the pipe wall. When the rotati@hoeity is higher than the local velocity,
this force directs the particle to the flow cordieTMagnus force is determined from the
relation [8, 10]:
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Vg 15
Fn =~ 2,d30M w-=— (1)
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where:
Pw - water density water density [kgin
10) - angular velocity [rad/s],
d, - particle diameter [m],
Av - velocity difference between the particle and@unding liquid [m/s],
Ju/dy - velocity gradient.
Table 1
Schematic presentation of the effects of MagnusSaftinan forces on particles transported in waigelmes [8]
Magnus force Saffman force
Linear velocity of particle dominant negligible dorant negligible
Angular velocity of particle negligible dominant -
Velocity of fluid - - negligible dominant
Force direction to the pipe wal to the pipe axjs o the pipe wall to the pipe axig

The Saffman lift force arises from the differenondhe velocity of water under and over
the particle. The Saffman force is more importaot particles characterized by greater
inertia. Furthermore, the direction of this forcepdnds on the velocity difference in
relation to the moving particle and the fluid whislrrounds it. When the particle velocity
is higher than the liquid velocity, the Saffmandellifts it towards the pipe wall. Similarly
to the situation, when the particle velocity is &vthan the liquid velocity, the particle will
be lifted to the pipe axis. The factors decisivetted influence of the Saffman force on
particles movement in the pipe are: the partict®ssiderable inertia and perpendicular
gradient of velocity between the liquid and paeicThe Saffman force may be described by
the formula [11, 12]:

F, = 162u,p,)2d W{%}Z )

whereu,, - dynamic viscosity of water [Pa s].
The resistance force assumes the following form [8]
C,d2aviavrr
Fy=——t—— "|8V| (3)

whereCy - drag coefficient.

The virtual mass effect causes an increase in #nticfe inertia as well as a virtual
increase in the particle mass. This phenomenonused by viscosity forces active in the
boundary layer between the particle and fluid. ®ifect can virtually increase the particle
mass and inertia to as much as 50%. It is alsolirapbthat the virtual mass phenomenon is
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negligible in the flow of fluid with lower densityor example air. However, this effect must
be considered while analyzing the flow in water,[13].

For submicron particles the effect of Brownian frbecomes significant. The
Brownian force is described by the formula:

n(t) =G %
4)

where:
G, - zero-mean, unit variance independent Gaussiatora numbers,
S - Gaussian white noise random process with atsetensity,
At - the time step used in the simulation.

The Brownian forceni(t) is modeled as a Gaussian white noise random gsoeéh
a spectral densitg, given as [15]:

s = 216y, [k, 0
5c2
7 p,d, S’C, 5)
where:
v - kinematic viscosity of liquid[Ats],
k, - Boltzmann constant [J/K],
T - temperature [K],
S - particle-to-fluid density ratio,
C. - Stokes-Cunningham slip correction factor.
Stokes-Cunningham slip correction factor is detaadiby the formula:
C, =1+—2(jF (1257+ 04e™“1/21)
P (6)

whereir - mean free path [m].

Analysis of the above presented forces (SaffmacefoMagnus force, the force of the
fluid resistance and Brownian force) allows to deiiee the dominance boundaries of the
mechanisms of turbophoresis and turbulent diffugisrparticles transport in water flowing
in the pipeline.

Turbophoresis and turbulent diffusion

The determination of the boundaries of the effeftshe above mentioned transport
mechanisms of particles in pipelines would not bssible without determining the particles
relaxation time. The particles relaxation timgis represented by the relation between
inertia and friction force. It indicates the timeetparticle needs to adjust its movement
trajectory to changing flow conditions. This valogy be calculated from the formula
proposed by [4]:

2
= _Pod (1+27Kn) @)

T
i 1 8p wVL

where:
pp - particle density [kg/m,
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Kn - the Knudsen number which indicates the rafidghe mean free path length to the
particle size.
For particles flow in water the virtual mass effsbbuld be taken into account. With
this aim, density, in Eq. (7) should be replaced by the expressigi+ (0,%.). According
to [1, 4], for turbophoresis phenomena occurringvater the Knudsen number in Eq. (7) is
negligible [1, 4, 14]. Taking into account abovensiderations, Eq. (7) assumes the
following form:

36p WVL

I

(8)

Basing on relaxation time - Eq. (8), the form afhdnsionless relaxation time may be
defined and then the range of effects of transp@thanisms (turbophoresis and turbulent
diffusion) can be described [4, 6, 16]:

rr=_21F° 9
P 9)

Dynamic velocity is determined as follows:

ofa

where:

Tw - shear stress [kg/f)s

U - water mean velocity [m/s],
A - friction factor.

For the dimensionless relaxation timer,® < 0.2 the dominant particle transport
mechanism is the turbulent diffusion. The transit@rea, for which 0.2 <," < 20, is
characterized by changing particle transport meisha The dimensionless relaxation time
7," > 20 indicates that the dominant mechanism of@artransport is turbophoresis.

From the practical point of view, it is importantknow the value of the dimensionless
distance from the pipe walf, for which the discussed mechanisms of depositsport are
observed. These mechanisms occur mainly in thesackme to the wall. As has been
mentioned before, the area under significant impatirbophoresis and turbulent diffusion
occurs for dimensionless distange< 40 [4].

The dimensionless distance from the pipe wall fsndd by equation:

L _ U,
y =ty
Vi (11)
where:
y - distance from the pipe wall [m],
u, - dynamic velocity [m/s].

After introducing Eq. (8) in Eq. (9) we obtain tlielowing form of the formula
describing the effects of turbophoresis and tunttudiffusion depending on the transported
particle diameter:
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36v,.°0,T,.
d, = | ——F 12)
2p, *+ p)Y;

By introducing the critical values of dimensionlesdaxation timez,” = 0.2 and
7' = 20 and substituting them to Eq. (12), the diansetsf particles susceptible to the
effects of turbulent diffusion and turbophoresisyrha determined.

Modeling the particle velocity

It is a very complex process to estimate the gartielocity in the surrounding liquid.
The difference of velocithv is a key parameter required for the determinatiothe forces
affecting the particle transport mechanisms. THiemince between the velocities decides
about transport mechanism of particles in wateelpips:

Av=u-v (13)
where:
u - velocity of the liquid surrounding the parti¢ha/s],
v - particle velocity [m/s].

The difference in velocity between the particle amgrounding liquid occur at the
same time in Eq. (1) describing the Magnus forakiarEq. (2) defining the Saffman force.

The mechanisms controlling the particles movementhe area close to the wall
comprise of particle lifting values by from the laminar sublayer to the buffer zone and
decide about depositing or lifting of particlesaKing into account definition of following
forces (Saffman, Brown, resistance of the mediuimyual mass effect), Tian and Ahmadi
proposed Eg. (14) which is the description of gée motion in the fluid flowing through
the pipe [18]. Due to the size of particles ocagrin pipelines, Brownian force may be
omitted [4]. The Magnus force is by several ordefrgnagnitude lower than the Saffman
force value, so it is negligible. The Magnus foiecgortance is noticeable only for larger
particles in areas close to the wall (asda< 5), but even then it affects the transport
mechanisms insignificantly. Equation (14) is cotifec areas close to the wall:

dv _1C;Re,
w7 2 (u v)+ Fs/m,+g+n(t) (14)
where:
v - particle velocity [m/s],
7, - relaxation time [s],
Re, - particle Reynolds number [-],
g - acceleration of gravity [nfls
m, - particle mass [kg],
n(t) - the Brownian force [mf}
Fs - Saffman lift force [N].
The particle drag coefficient is determined asofo#f [18]:
forRg <1

_ 24

B Re, (19)

d
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for 1< Re < 400

C, =ﬁ(1+ 015Re, ) (16)
Re,
The Reynolds number is determined by equation:
dyju-v|
Re,=——— a7
I/L

Exemplary calculations

Simulation of the flow of small water-pipe netwakNiewiesz was used for the study.
That water pipeline is situated in the central RdlaMany rural areas in Poland have
a similar architecture. The pipes are made of P\&Benal and have a diameter from 90 to
220 mm. Presented water system is typical for spiils and rural areas, therefore it is
important to evaluate transport mechanisms of coimi@nt particles.

For water intake at Niewiesz the maximum daily waiéake was registered in August
2002 in the amount of 483%mwhereas the minimum one - in January 2000, anfuito
33 nt. According to the data, appropriate values ofydaikequality coefficients were
determined. It appeared that for the water-pipevoik at Niewiesz it amounted to 1.39.
The hourly variability of water demand was desdalihesing the histogram presented in
Figure 1 [19].

2.0+
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1.6—- —
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1.2—- —
1.0 |

0.8+
0.6+

gg.gﬂﬂﬂ | HH

Fraction of water demand [-]
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Fig. 1. Histogram of hourly water demands for Niesui water system

According to [1] diameters of deposited particlesr@avassumed within the range from
5 to 100um, whereas the density of hydrated particles of ir®200 kg/m

Calculations were made according to the simulatiased on program EpaNet 2 [19].
EpaNet is a computer program developed by EPA Watsply and Water Resources
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Division, which may be optionally copied and disgeated (which is public domain
software). This program was created to facilitée improvement of the hydraulic system
effectiveness, thereby improving the quality of evegupplied to the consumer through the
distribution network. The Hybrid node-loop methogswvused [19] to solve the flow
continuity equations in EpaNet program.

Figure 2 presents a diagram of the analyzed netaodkflow velocity in individual
pipes, for the hour of maximum water demand (8:00) AAs can be seen the flow rate in
each section varies from 0.03 m/s in the low dersaardas to 1.5 m/s in the main conduit
network. For the lower water demand the flow veiouiill be much lower. In Figure 2 pipe
numbers correspond to the tubes of each pipeliffes.ranges of velocity occurring in the
hour of maximum water demand are presented initheé2.

& s

Fig. 2. Layout of water distribution network

The calculations or particles velocities in watetwork system were done for chosen
five pipes: pipe 1, 2, 6, 10, 11 (indicated in FegyR). Parameters of those pipes are
presented in Table 2.
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Table 2

Diameters and mean water velocity in chosen pipes
Pipe Diameter Unmax [M/S] Uaverge [M/S] Umin [M/s]
number [m] hour 8:00 hour 6:00 hour 2:00
1 0.11 0.06 0.04 0
2 0.11 0.03 0.02 0
6 0.09 0.08 0.05 0.01
10 0.16 0.13 0.08 0.01
11 0.215 0.22 0.13 0.02
Water local velocity Particle velocity
0.18+|—=— Pipe 1 —-o--- Pipe 1
11— Pipe 2 —-0--- Pipe 2
u [m/s] 0.164—a— Pipe 6 -~--a-- Pipe 6
v [m/s] 1—>— Pipe 10 —-v--—- Pipe 10
0147 —+— Pipe 11 o~ Pipe 11
0.12+ /,g/
- ) e
0.101 ‘ﬁ/ =
0.08- & e R
1 rs & P
v e
0.06 4 = PR, pee ;
A A g
; gt
e
T e
- g s ¢ .
,9:9:9;95959;9/9 ¢
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y [

Fig. 3. The influence of dimensionless distancenfrihe pipe wally* on water local velocity and
particle velocityv for the maximum water demand hour (8:00 AM)

Water local velocity Particle velocity
0.12-|—=— Pipe 1 ~-—o-— Pipe 1
J|—*— Pipe 2 ----0--- Pipe 2
—a— Pipe 6 - Pipe 6
u [m/s] 0.109—v— P?pe 10 e P?pe 10
v [mis] J—e— Pipe 11 ---0--- Pipe 11
0.08+ ] %7”0
] o g
0.06 ¥ =

O +
y [
Fig. 4. The influence of dimensionless distancenfrihe pipe wally" on water local velocity and
particle velocityv for the mean water demand hour (6:00 AM)
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Fig. 5. The influence of dimensionless distancenfrihe pipe wally* on water local velocity and
particle velocityv for the minimum water demand hour (2:00 AM)

The iteration method was used for determinatiopanticles velocity. Calculation of
mean water velocities (at the maximum water dentamdg 8:00 AM, mean water demand
hour 6:00 AM and for the minimum water demand h8wW0 AM), assumed particle
diameter equal to 50m, were done. The figures presented a statemenwndrp for several
pipes from Niewiesz water-pipe network for simwdatihours 8:00 AM, 2:00 AM, and the
mean daily water demand hour 6:00 AM.

Figures 3 to 5 present the particles velocitieslandl water velocities in the area close
to the wall and transition zonig for y* < 40. Particles velocity is higher by approx. 10 to
20%, as compared to the fluid local velocity. Hoe hours of increased flow, the particle
velocities are similar to local velocities in thevi. For the minimal flow presented in figure
3, the water flow was registered only in a parttleé pipes because of very low water
demand. There is no flow at the minimal water desnaour for pipes 1 and 2. It is worth
nothing that the dimensionless distagte&orresponds to the different value of dimensional
distancey depending on the liquid flow velocity. At insignificant flow velocities the
turbulent diffusion area may comprise the pipe’srercross-section. The distance of the
mentioned mechanisms changes due to the changiogityeof the flowy" = 40 occurs at
close distance from the wall for flows charactedibg high velocity.

The patrticle velocity determined in this way allodetermining the forces affecting the
transport mechanisms: turbophoresis and turbuléffistbn. We should notice that
correctness of calculations will be satisfactory &weas close to the wall. Therefore, at
insignificant velocities of the flow the turbulediffusion area may cover almost the whole
cross-section of the pipe.

Localization of turbulent diffusion and turbophoresis in wate system
network

Having the defined parameters, i.e. the particlecity v and dimensionless relaxation
time 7,", we may determine which transport mechanism avengplace is most significant
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for a small water supply system. Analyzing the hofumaximum water demand (8:00 AM),
we may state that the dominant transport mechaisighe turbulent diffusion, however for
several pipes occur a transition area Figure 6 eptesthe particle’s dimensionless
relaxation times for average velocities for the rho@i the greatest water demand. The
calculations were performed for particle diametkrs 25, 50 and 100m. The straight line
in Figure 6 is the border between the transporthaeisms of particles in the pipeline. The
dominating transport mechanism of particles isespnted by turbulent diffusion below this
boundary line whereas a transition region betwerhutent diffusion and turbophoresis
occurs above it. For particles with diameter largjgsn 50 um, the transition area is
achieved already with low flow velocities, howevir small particles even at high
velocities the turbulent diffusion remains the ma@nsport mechanism. Concluding, we
can expect that deposition of particles will ocooainly in the lower half of the pipe’s
cross-section. The turbophoresis seldom appeaasia of the maximum intake hour for the
maximum hour water demand and finally, we can $my for hours and days of lower
intakes it will not occur at all.

—— D=90[mm]; d=50[um] V)
—— D=215[mm]; ¢=50[um] Lo
1.04| - D=90[mm]; d=100pm] |/ /7
. — — -D=215[mm]; dp:100[um] S
T, [ - - - - D=00[mm]; gd=25[um] /
- = D=215[mm]; ¢=25[m] //

Transition zone

Fig. 6. Relaxation times for particles respectiignktersd, and pipe diameter

As can be seen in Figure 6 the occurrence of tiansarea for small particles is
virtually impossible even at high flow rates. Faonal water supply systems, particles with
diameterd, < 25 pm will be transported by turbulent diffusion. Pelgs with small
diameters undergo the turbulent diffusion procesnet higher flow velocities. Particles
with a diameted, = 50 um will enter the transitional region at velocity atbout 0.7 m/s,
which occurs rarely in real water flow in the pipgdowever, for large particles with
diameterd, = 100um transition zone is obtained at relatively lowfloelocities. This may
result from the particle’s greater inertia. Conahgg for small water system networks, the
main transport mechanism is the turbulent diffusion

Conclusions

The article presents the discussion concerningatieas where the mechanisms of
turbophoresis and turbulent diffusion occur intitaasport of solid particles in water supply



422 Adam Hofman, Jarostaw Sofisiki and Marek Dziulgiski

systems. The observations made herein indicatethlatelations between deposition and
transporting of particles in turbulent flows depesrd a number of parameters, including:
particle size, localization of particles in the @ifat given time), as well as the turbulence of
flow. These parameters change depending on the wateand. The type of these changes
depends on pipe diameters, material from whichpipes and the fittings are made, water
demand and initial quality of water. The possipitih characterize the contaminant particles
behavior in the turbulent flow is important for dieting the areas where deposits may be
deposited or lifted, and then for effective plamnaf periodical flushing of the pipeline. We
should be aware of the existing difficulties in tdescription of the mechanisms of
contaminant particles transport in pipe water. Tlmgiude: availability of daily and
seasonal distributions of water demands, precia@ysis of the type and size of particles as
well as the difficulties in the turbulent flow mdagy. Therefore, the description of the
mechanism of contaminant particles transport ptesein the article seems to be very
useful for the description of these phenomena iallsmater-pipe networks, because the
adopted calculation methods yield satisfactory igiea within the low turbulence flowse

the flows which usually occur in small water-pipetworks.
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OCENA WYSTEPOWANIA MECHANIZMOW TRANSPORTU OSADOW
W MALYCH SYSTEMACH WODOCI AGOWYCH W POLSCE

I Katedra Irtynierii Chemicznej, Wydziat teynierii Procesowej i Ochronyrodowiska, Politechnika t6dzka

Abstrakt: Na zmiar jakasci wody w sieciach wodogsgowych wplywaj czstki osadéw obecnych
w przewodach. Ich transport, osadzanie i ponown@wgdzanie powodowane gmienndcig zapotrzebowania
na wod;, map wi¢Cc znaczny wplyw na zmignjakasci wody. W literaturze zostaly opisane dwa mechayiz
transportu i depozycji @stek - turboforeza oraz turbulentna dyfuzja. Artyrezentuje wyspowanie obszaréw
mechanizméw turboforezy i turbulentnej dyfuzji nazykladzie malych sieci wodagiowych. Wymienione
zjawiska maj wptyw na zmiag jakasci wody w systemach wodagjowych. Celem pracy bylo zaproponowanie
procedury identyfikacji mechanizméw transportystek oraz ich akumulacji w matych sieciach wodgoivych.
W tym celu wykorzystano symulacje matej sieci wadgowej w miejscowéci Niewiesz. Wodocig ten
umiejscowiony jest w centralnej gzi Polski. Jest to uktad wodagju typowy dla zabudowy wiejskiej. Artykut
prezentuje mechanizm turbulentnej dyfuzji oraz ¢fimbezy, a take modelowanie transportugstek w obszarach
przysciennych rur wodoagowych. Zwiazek pomé¢dzy depozygj i transportem zalay jest od wielu parametrow:
rozmiaru castki, aktualnego miejsca przebywaniasiki (w danej chwili) w przewodzie oraz od turbuign
przeptywu. Parametry te ulegaimianie na skutek zmian w poborze wody. Rodzd)j mian zalgy od srednicy
rury, materiatu rury i armatury, zapotrzebowaniantak oraz jakdci pocatkowej wody.
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