Journal of Mathematics and | nformatics
Vol. 18, 2020, 33-44

| SSN: 2349-0632 (P), 2349-0640 (online) Journal of ]
Published 20 January 2020 Mathematics and
WWW. T esearchmathsci.org -
DOI: http://dx.dloi.org/10.22457/jmi v18a3146 Informatics

Computational Fluid Dynamics of Manhole Overflow
Dueto Storm-water Inflow

Sifa Yohana Baseka® and Verdiana Grace Masanja’

School of Computational and Communication SciemzkeEngineering
Nelson Mandela African Institute of Science andhretogy P.O.Box 447
Arusha, Tanzania.

Email: basekas@nme-aist.ac.tembelumbelumbe@gmail.com

?School of Computational and Communication SciemzkEngineering
Nelson Mandela African Institute of Science andhfedogy P.O. Box 447
Arusha, Tanzania. Emailerdiana.masanja@nm-aist.ac.tz
'Corresponding author.

Received 10 November 2019; accepted 30 November 2019

Abstract. In this study, the storm water overflow on manhateaumerically solved. To
produce a real representation of storm overflow, Nlavier-Stokes equations were used.
Turbulence was modelled using the standard k-epsiidbulence model together with
the volume of fluid method for phase surface tragkiThe open-source computational
fluid dynamics (CFD) tool OpenFOAM 5.0 was used $otving the model while the
visualization tool, paraview 5.4.0, was used foogassing the solution data. The
convergence test was performed at three differeghnsizes. The numerical solution
established mesh independence by producing singitaits at varied meshes sizes. The
risen storm-water column inside the manhole exartson-uniform pressure on the
manhole cover. The non-uniform pressure distrilbutenads to different uplifting forces
at manhole cover areas. However, the global updjfforce remains constant as long as
the storm water overflow is occurring on the maehdihe overflow intensity on the
manhole is not the same, areas opposite to thetqigle provide the highest intensity of
the leaking storm-water.
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1. Introduction

Management of urban wastewater is crucial to thaeption of people’s health and

environmental sanitation. It is related to varighsllenges such as sewer overflow which
contributes much to the spilling of wastewaterhe environment, highly noted during

rainfall. People’'s residences, commercial areas likarkets, institutional areas and
industrial areas are the main producers of urbastemaater [1]. The wastes are collected
and transported through existing urban sewer né&svahich are composed of different
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elements such as sewer pipes, septic tanks, foagestreatment plants, manholes and
waste disposal areas. Each component of the sestenrk is crucial for instance the
changing of the chemical behavior of wastewaterctvtoccurs in treatment plants to
reduce or eliminate health and environment problepm the wastewater discharge [2].
Various studies have been undertaken in the fiehd/draulic features of wastewater and
storm-water flow within manholes. [3], investigatd: physics behind vibration of the
manhole cover. The author considered this to berdimear spring-mass system, whose
model gave a lot of information on the mechanismmainhole cover vibrations. [4]
considered the air pressurization from air pocketbe water column inside the manhole
and the rising water level inside the manhole twehahe ability to create the
displacement of the manhole cover. Air pressuizatind the rising water level are the
two flow conditions that are associated with disptaent of the manhole cover. [5] and
[6] developed a physical model for investigatihg head loss coefficient in a four-way
manhole and a gully-manhole. The calculated cdefftowas used to propose a head loss
coefficient equation that can be used in the sitimraof flow features for pipes and
surface flow [7], proposed a way of reducing thachkoss coefficient in manhole as it is
related to passage complications. The author re@mded that half rectangular benching
designs in circular manholes, and full rectangblemching designs in square manholes,
should be used for the best reduction of the head toefficient. In working with
manhole uplift due to soil liquefaction, [8] sugtgb the inclusion of interface friction
forces regardless of their small magnitude.

Despite efforts done in solving problems relatedsémver systems, still, some
challenges continue to exist such as leakage otewaser from the system. Little
attention has been paid to the understanding offlowe dynamics through manholes
under the contribution of water during rainfallwias the aim of this study to use CFD to
model the wastewater overflow on manholes due ¢tonstvater inflow into sewer
systems during heavy rainfall and investigate thesgure head uplifting forces to the
manhole cover.

2. Model formulation

The model formulation was associated with sewagerflow phenomenon on the
manhole, due to storm-water inflow into sewer systdines during heavy rainfall. The
governing equations providing the basis for modgliof an incompressible, Newtonian
and isothermal fluid flow was the Reynolds Averaddadier-Stokes (RANS) equations,
[9]. These equations express the conservation assmand conservation of linear
momentum on the turbulent flow that must be satikfior each control volume of the
computational domain. On vector notation, the Ré&smoAveraged Navier-Stokes
equations are given in Egn. (1) and Egn. (2),

0G=0 (1)
‘3—‘:+a.(mu):—mp+m.r+g (2)

with the mean velocity vectar, the gravitational vectofj acting on the flow and mean
kinematic pressur@ , the ratio between mean pressure and densityteFhecontaining
gravitational acceleration represents the weightupé volume as the body force acting
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on the moving fluid. The components of mean sh&ass tensdr;, for I, j taking on
values 1, 2, 3, are given by Eqgn. (3) wijth being the dynamic viscosity. The second
term of the shear stress tensor represents thes stee to turbulent motion, the Reynolds
stress term. It contains unknowns, the fluctuatielgcity components' that are further

modelled by using the Boussinesq hypothesis, wRexmnolds stress is proportional to
the mean velocity gradient, Eqn. (4).

aui +an — 3
T=r; = —+— |- puiu’
— aul aUJ 2
TP} = H +¥ PSR 4)

with pthe fluid density, 5”- =

viscosityy, is given by Eqn. (5). It depends on the kinetiergy k and its dissipation

"-is the Kronecker delta. The turbulent

Ofori# j
lfori=j

rate ], C’u, is the turbulent model constant equal to 0.09.

k2
K = CﬂpE (5)

RANS equations contain more unknowns than the nurabequations [10], due to the
Reynolds stresses. The k-epsilda~([]) is a two-equation model making a closure to the
RANS equations for modelling turbulence stressesohtains two transport equations;
one for turbulent kinetic energi and another for the rate of dissipation of turbtle
kinetic energyl. The k—[J values are obtained by solving the two transpquagions
which are used to find values for the turbulentatyic viscosity, in Eqn. (5). Eqn. (6)

and Eqn. (7) are used to estimate the initial \safoe the turbulence kinetic energy and
its dissipation rate.

k= g(u. )2 (6)
3

with C# the turbulent model constahktijs the turbulent kinetic energyjthe dissipation

rate and| is the turbulent length scale, is the mean velocity| is the turbulent
intensity which depends on the Reynolds nuniterEqn. (8). The model for the storm-
water flow in the manhole is comprised of a sepatial differential equations Eqn. (9)
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to Eqn. (12) consisting of the RANS equations, titsport equations for turbulent
kinetic energk, and the dissipation rdte

| = 016(Re)” 0125 8)
Ou=0 )
2—\:+u.(Du):—Dp+D.r+g (10)
K 4 (oK) = P(k)—D+D.[V—tDk]+vD.(Dk) (11)
ot oy
2
E+u(m 0)= g P _CDZT+D'(0_DD DJ+VD.(D 0) (12)

P(k), is the production rate of turbulent kinetic enyeper unit mass ancztm,cD2

o, ,0,are model constants.

3. Numerical simulation

The geometry for the computational domain simutatstorm-water overflow is the

manhole illustrated in (Figure 1). The computatlash@main was designed using a free
source 3D modelling software, FreeCad 0.18. The hwlen (the large rectangular
container) has two circular pipes joined to it, thiet pipe and the outlet pipe. The
boundaries extracted from the geometry are thé bdandary, the outlet boundary, and
the wall boundary. There are two outlet boundattes,outlet boundary at the outlet pipe
and outlet boundary at the top of the manhole. ifilet boundary is located at the patch
of the inlet pipe whereas the outlet boundary isaled at the patch of the outlet
boundary. The wall boundary includes all stationaa}ls remaining from the geometry
setup. The mesh for the geometry setup is illustrah Figure 2. The whole of the
computational domain consists of 243,000 cells.

The boundary condition at the inlet is fixed valmundary condition. It is a
Dirichlet boundary condition in OpenFOAM that allewhe assignment of model
variables' initial values to the inlet patch [L1iHitial conditions for the turbulent kinetic
energyk, dissipation ratel, velocity vand phase value,, are assigned using this
boundary condition. The “calculated” boundary cdiodi is used for the turbulent
viscosity. It assigns the field value derived frather field values. The initial pressure
field within the computational domain is defined Ilye total pressure boundary

condition, Egn. (13), for incompressible fluid flowhere p denotes static pressurg,

the total pressure and the last term is the dyngméssure due to kinetic energy of the
moving fluid [12],

p= m—%pu2 (13)
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Figure 1: Manhole

Figure 2: Mesh for the manhole

InletOutlet is a boundary condition in OpenFOAM dis the outlet patches fd and

€. It is the zero gradient boundary condition thaplegs to the quantity field when the
field is out of the domain. Also, it is a fixed ual boundary condition as the field is
flowing in the reverse direction. Since the quariield at the outlet patch is unspecified,
the zero gradient boundary condition sets the gradif quantity field to zero, so that it
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can be extrapolated from the nearest cells. ThetOnitlet boundary condition restricts
the unwanted backflow of the quantity field throuble value defined at the inlet value
entry. For the velocity field at the outlet patgressure InletOutletVelocity boundary
condition in OpenFOAMis used due to the initialeimal pressure specification. The
velocity field at a fluid-solid boundary is equad the velocity field of the solid
boundary[13]. The no Slip boundary condition in ®B&AM was used to account for
the zero velocity of the viscous fluid at the sta#iry walls in contact with the moving
storm-water.

InterFoam, a multiphase solver in OpenFOAM 5.0 used for simulation of the
storm-water overflow of the manhole. The solvewsslthe continuity and Navier-Stokes
equations for two incompressible, isothermal, inuibie, transient and turbulent fluids.
The material properties such as the density, visgoand specific heat capacity are
constant in the region filled by one of the twadlphases except at the interphase [14].
To capture the interphase between the two phastesFbam employs the volume of
fluid (VOF) method, Eqgn. (14), a numerical techuggfor tracking and locating an
interface between phases [15]. The model uses dheme fraction a to denote the
individual phases. The liquid-gas interface arigiéthin mesh cells wherex take the
value between 0 andl. The computational cell mpietely filled with water ato =1
and fora =0it is completely filled with air

‘;_‘t’ +0(av) =0 (14)

Incorporating the initial and boundary conditiotise model results for the manhole
overflow is illustrated in (figure 3).

\d_‘

Figure 3: An overflowed manhole

3. Resultsand discussion
3.1. Convergencetest

Convergence test was done at three different mashessure the independence of the
model results on the discretization. The first meshtained 243,000cells, the second
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mesh 415,000 cells and the last mesh 600,000 telsder to converge, the model must
give nearly the same results at different levelmesgh refinement. The pressure residual
profile for the different meshes is shown in figdre

the residual graph
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Figure 4: The pressure residuals for different meshes

From the graph, figure 4, it can be seen that asrékiduals decrease with increasing
time, curves of all the three meshes are convertgiriige same result until they attain the
constant value. It can be observed that curveh@fthiree different meshes are nearly
coincident after attaining a steady solution, tthes difference between attained results
by the three mesh sizes is negligible. Normallinarfmesh gives much better resolution
on model results but it takes quite a lot of corafiahal time. In order to reduce the
computational time, the mesh of 243,000 cells wassen to do the computations and
simulations for the storm-water overflow in the rhale.

Numerical simulation for the sewer flow inside thanhole was compared with
experimental results from two connected manholéspsat the University of Coimbra
[16]. The setup consists of two connected manheded with a diameter of 1m, and the
inlet and outlet pipes each with 0.3m diameter. $&keip was used to measure pressure
values at various points by using pressure semsutaneasuring the height of the risen
water column inside a manhole at different infloates of the water. After reaching a
steady-state flow, the pressure values and watieimeo height inside manhole were
recorded. The numerical model results were comptoethe experimental results at
inflow rates of 45l/s, 60l/s, 90l/s, 100l/s, andlt8. The curve output for the numerical
(this study) and experimental ([16]) results arevem in figure 5. The red graph
represents the experimental storm-water columnegalhile the blue graph represents
the numerical storm-water column values. It is olese in figure 5, that there is a good
agreement between the experimental results analitnerical results of this study.
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Figure 5: comparison between numerical results of this samtexperimental results

3.2. Velaocity field

The velocity vector of the sewer overflow in thechiarged manhole is shown in figure
6. As can be observed, the velocity vectors aealirat the region of the inlet and outlet
pipe, with proper direction from left to right. Thieear flow in this region is influenced
by the sewer flow that comes directly from the tiitethe outlet pipe. At regions above
the inlet and outlet pipes, the velocity vectoleetdifferent directions at different places
due to the random swirling motion of sewer flow t® storm-water column is
developed.

Figure6: Flow direction Figure 7. Velocity magnitude

The distribution of velocity magnitude is shownfigure 7. The velocity magnitude is
higher at the horizontal region that lies inside ithlet and outlet pipe. The velocity takes
its maximum magnitude value in this region duenedirect path of the sewer flow from
the inlet to the outlet pipe. At the walls of thipgy the velocity magnitude decreases
compared to the centre of the pipes. This is duthéodeveloped velocity profile of
viscous flow on stationary walls. At regions insithe pressure head column, the sewer
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flow takes different values due to the random mmotd the flow as it can be seen by
different velocity color distribution.

3.3. Uplifting for ces

The computation of pressure distribution and thiedalistribution acting on the manhole
cover were carried out using filters from the Op@AIM visualization tool, paraview
5.4.0. The bottom surface of the manhole cover axsacted independently, for the
pressure and force distribution of storm-waterit ags for the surface on the cover that
faces the interaction with the hitting storm-water.

The forces acting on the manhole cover are dubeditting of storm-water on
the bottom wall of the cover as its pressure heaiking inside. The rising storm-water
column inside the manhole consists of swirling staurrents. Due to the swirling of the
storm-water currents, the storm-water hits the coxth different pressure values. Some
areas of the cover receive higher values of pressausing high-intensity overflow in
those directions. As can be inferred from figurett® results show those cover areas
opposite to the outlet pipe experience the higbnisé storm overflow.

Manhole¢ covel
Storn overflow

-

—

Outlet directior

Figure8: The direction of the intense overflow

This implies that the pressure exerted at the csvapt uniform, and it depends on the
velocity direction upon hitting the wall. Figure ghows the non-uniform pressure
distribution exerted by overflowing storm-water ¢me manhole cover at the 00
second. The pressure values at this time lie betwgal/nf and 1600N/rh Areas of the
cover that face the perpendicular velocity hit witorm-water receive the maximum
value of hitting pressure, whereas areas of therctiwat storm-water velocity direction is
away from it, experience the minimum value of titértg pressure.
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Figure 9:Non-uniform pressure distribution on a manhole cove
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Observed in this study is that different pressus&idutions acting on the manhole cover
result in different force distributions as well.e'pressure distribution was then averaged
to determine the global pressure (global force)cWhis, the effective uplifting force that
pushes the cover outward. Results of global pressiih time are given in figure 10.
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Figure 10: Storm-water global pressure on the manhole cover

It is observed that due to the fluctuation of tihesgure field on manhole cover with time,
the global pressure also fluctuates with time. Betbe overflow occurs, global pressure
at the manhole cover increases with time. This lwarseen in figure 9, up to the™0

second. After the storm-water starts overflowinige tglobal pressure acting on the
manhole cover fluctuates about a constant meane cbimstant mean global pressure

acting on the manhole cover4i$5.17N/m?2. The cross-section area of the manhole
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cover iskm?. Therefore the global force variation with timetie same as the global
pressure variation, as can be inferred from figllreAt the overflow, the mean constant
uplifting force of the storm-water is 415.17N.
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Figure 11: Storm-water uplifting forces

4. Conclusion

CFD has produced a realistic situation of manhaerftow as it occurs in a real-life
situation. In modelling turbulence, the standambtience modelk— [ model, and the
volume of the fluid model, a model for phases miintgl together provide a proper
prediction of turbulence flow in stormwater flow sBewer systems. The full Navier-
Stokes equations are useful in giving a numerieptasentation of fluid flow related
problems.

The general pressure at the bottom of the manhckeases as the storm-water
column inside the manhole, increases. For the lmveefl manhole, the highest pressure
values are found at the edge which is the intdmedietween manhole walls and the
outlet pipe walls and nearby regions of those edgase in this region, they receive a
direct hit of storm-water from the inlet pipe. Veity magnitude attains its highest values
at the horizontal region that lies between the ro@nhnd the inlet and outlet pipes. This
is because in this region there is a direct infbgeaf the flow from the inlet pipe to the
outlet pipe.

At overflow, there is a different intensity overflofrom the manhole. This is
because of non-uniform pressure values exertedaatiote cover by the hitting storm-
water column inside the manhole. Areas below tlaahmle cover that are opposite to
the outlet pipe give the highest overflow intensipmpared to other areas. The global
uplifting forces of the rising storm-water colunmthe manhole cover increase in value
until overflow occurs when they remain fluctuatirjout a constant value. For
rectangular manhole with a cross-section area &f thra uplifting force at the overflow
is 415.17N.
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Due to the fact that manhole cover delays the toxgrfstorm uplifting forces
must be determined for each manhole size to eskatile required minimum weight of
the cover. Manhole cover weights should be gretdi@n the uplifting forces for both
rectangular and circular manholes in use.
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