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Abstract

This article examines the characteristics of non-uniform and two-phase (water-air)
wastewater flow in sewer systems. Non-uniform flow, caused by sediment formation
and operational condition changes, can lead to sludge buildup and decreased system
efficiency. Classical equations of non-uniform flow, including critical depth and
drawdown length calculations, are applied for hydraulic analysis. In the numerical part,
the ANSYS software suite is used to simulate two-phase flow with VOF (Volume of Fluid)
and DPM (Discrete Phase Model), as well as the GEKO turbulence model. The results
enable visualization of spatial water and air distribution within pipes, evaluate particle
behavior of various densities, and determine how pipeline slopes influence flow
patterns. The analysis emphasizes the necessity of considering both non-uniform and
two-phase flow regimes in the design and operation of sewer systems.
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Introduction

Hydraulic processes in sewer systems play a crucial role in ensuring reliable and efficient
transportation of wastewater from the user to treatment facilities. Most sewer system
designs are based on calculations assuming uniform and steady flow. However, real-
world operation often involves variable flow regimes due to design characteristics and
operational conditions, such as fluctuating loads, irregular wastewater inflow, and
external interferences. Non-uniform flow is especially common in areas with changing
slopes, near junctions and drop manholes, and at terminal sections leading to pump
stations. In these zones, backwater or drawdown areas may form, causing significant
changes in hydraulic conditions. These effects not only complicate system operation but
also create conditions for pipe silting, reduced flow velocity, and stagnant zones [1],

[2L,[3], [4], [5]-
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Classical hydraulic equations, such as Bernoulli’s energy equation and the Sen-Benana
equation, can quantitatively describe flow behavior in individual sections of the system.
A particularly important parameter in analysis is the critical depth-the boundary
between tranquil and rapid flow regimes-which plays a key role in designing sections
with varying cross-sections and slopes. Calculations have shown that neglecting these
factors can lead to inaccurate assessments of pipe capacity and systemic failures during
peak loads. Therefore, modern engineering calculations should include non-uniform
flow evaluations, refined hydraulic models, and flow behavior predictions along pipeline
length. This is especially crucial amid increasing urbanization and pressure on sewer
systems [6], [7].

In addition to analytical methods, numerical modeling techniques have gained
significant traction in recent decades for studying complex flows in engineering
systems. One such powerful tool is ANSYS Fluent, which enables simulation of
multiphase flows, including two-phase media and discrete particle movement [8], 9],
[10].

This study focuses particularly on modeling interactions between liquid (water) and gas
(air) phases with solid inclusions particles of varying densities. Two key models are used:
VOF (Volume of Fluid) for tracking phase interfaces, and DPM (Discrete Phase Model)
for analyzing particle motion and deposition. Turbulent flow is described using the
GEKO model, allowing for consideration of vortex influence and local velocity variations
on particle transport [11], [12], [13], [14], [15]. Numerical experiments are conducted for
pipes with different slopes (i = 0.008 and i = 0.01), establishing a clear correlation
between pipe geometry and particle sedimentation intensity. As slope increases, flow
velocity rises, phase distribution becomes more uniform, and sediment concentration
decreases. Conversely, with a shallow slope, flow energy is lost, particle motion slows,
and sedimentation intensifies especially at the pipe’s lower cross-section.

The obtained numerical data have been visualized in the form of velocity isolines,
concentration fields, and graphs of phase volume fractions at various distances from
the inlet (L = 12.5D, 25D, 37.5D). These results not only confirm previously obtained
analytical estimates but also clearly demonstrate the processes occurring within the
system, including potential sedimentation risk zones and the conditions under which
they form. Thus, numerical modeling serves as an effective tool for verifying and
complementing classical hydraulic approaches and can be used to optimize design
decisions in modern wastewater systems.

The scientific novelty of this work lies in the comprehensive approach to analyzing non-
uniform and two-phase wastewater flow in sewer pipelines, combining classical
hydraulic calculations with modern numerical modeling in the ANSYS software
environment. For the first time, it is shown how changes in pipeline slope affect the
intensity of particle sedimentation of varying densities in a two-phase flow. Additionally,
the ability to accurately localize potential sedimentation zones using the VOF and DPM
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models is demonstrated, which significantly improves the efficiency of designing and
operating sewer systems under variable hydraulic conditions.

Hydraulic analysis of non-uniform wastewater flow
The differential equation for steady, gradually varied flow in a circular pipe can be

written as.
igdl _ K° /K3 [1-a@®B/(gw®)]

KT .. .
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(1)

Where Kn 1 Qn — are the discharge module and water discharge in a fully filled collector.
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When the free surface curve passes through the pipe’s midpoint, calculations must first
proceed from the initial sectiona; = @, up to the section with half pipe filling @, = 0.5
pipe filling, and then from the filling a=0,5 to the final section using the corresponding
formulas (2) - (5).

The critical depth at the end of the drawdown curve before the drop can be determined
by the formula.
o 0511
a,, =22 =1023(/a/gQ/D*?) (6)

The values of pipeline length and flow rate for free surface flow from full filling at the
beginning a, = 1 to critical depth @, at the end are derived from the following Table 1.
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Table 1. Horizontal pipeline

L~ JE 0.95 0.9 0.8 0.7 0.6 0.5 0.4 0.3
Ma'angfDEfff 1.02 0.835 0.62 0.47 0.35 0.246 0.163 0.096
E_‘UD 0.017 0.035 0.082 0.197 0.197 0.254 0.298 0.329
P
ﬂ,p!frxD 0.02 0.062 0.264 0.755 1.99 5.18 13.9 44.2

With free surface outflow from a horizontal pipeline, the pipe is never fully filled at the
end—even under high discharges and over short distances.

Under free-surface non-uniform outflow with a drop at the end, the pipeline can carry

greater discharges than in uniform flow. The pipeline parameters % n A,1/aD under
which the filling of the pipe (laid at a slope of i) decreases from full at the beginning (
a, = 1) to critical @, at the end, under flow rates exceeding those for full pipe filling
(Q/Qp>1) can be found using Figure 1.

Results and discussion

Hydraulic analysis
Example 1. Find the flow depth at the end of a pipeline with diameter D=1 m, length I

=683 M, and slope i3=0,0006 when discharging Q=723 I/s
"Based on the given input data, we obtain Q,=603 I/s, Q/Q,=723/603=1,2 From the graph

(Figure1)as %:0,0006-683/1:0,41 and Q/Q,=1,2 find a;=0,5 At this flow rate, we obtain

Ja/gQ/D¥%=/1,1/9,81- % = 0,244, what corresponds to the relative critical depth

@,.=0,5. Thus, over the specified length of the pipeline, the degree of pipe filling will
decrease from full to critical. If the length of the pipeline is shorter than the specified
one, then its filling will be incomplete.
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Figure 1. Dependence I Sot Ay = (2aiy) and from Q/Q, (k) For non-uniform flow of water in a pipe
with a decreasing (falling) profile

Example 2 At the end of the collector with diameter D=1500 mwm, laid with a slope iz
=0,001 and at a filling ratio h/D=0,75 carrying a flow rate @ =1834 I/s, there is a pumping
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station with a receiving reservoir. The invert elevation of the collector at the receiving
reservoir of the pumping station is +15 m. Determine the elevation of the wastewater
level in the receiving reservoir during uniform flow in the collector, as well as the
possible minimum elevation of the flow level at the outlet section of the collector.

The depth of uniform flow in the collector is found from the given filling ratio
h,=75D =0.75 - 1500 = 1.125 m,

At this depth, the wastewater level elevation in the receiving reservoir of the pumping
stationis 15+h, = 15+ 1,125 = 16,125 M

If the water level in the receiving reservoir of the pumping station rises above 16.125 m,
backwater will begin to form in the collector, which may cause sedimentation due to
reduced velocity.

Next, calculate the critical depth using formula (6)

—

h., =1,023(,/1,1/9,81 - 1,834/1,5)*"1,520,71 m
Minimum wastewater level elevation at the end of the collector
15+¢h,, =15+ 0,71 = 1571 m

This level will remain unchanged for any water levelin the receiving reservoir below 15.71
m. It is known that when hy = h,, the flow condition is tranquil, and when h; < h_,.— it
is rapid (turbulent). In this case, hy = 1,125 m > h_. = 0.71 M, meaning the flow
condition in the collector is tranquil.

Numerical simulation of particle settling in ANSYS depending on the pipeline
slope
1. Mathematical and physical formulation of the problem

The geometric model of the inclined pipeline is shown in Fig. 2, created in ANSYS. The
blue colorindicates the inlet section (Inlet), through which a two-phase flow (water and
air) is supplied. The red color indicates the outlet section (Outlet), where free liquid
outflow occurs. The internal view of the computational domain with an overlaid three-
dimensional mesh is shown. A well-detailed mesh in the pipe’s cross-section is visible,
ensuring the accuracy of numerical modeling of turbulent and interphase interactions.

The initial distribution of phases (water and air) is homogeneous. The pressure in the
computational domain corresponds to atmospheric pressure (101,325 Pa). The initial
velocity in the pipeline is assumed to be uniform and directed along the pipe axis.
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Inlet

Outlet

Figure 2. Principal scheme and computational mesh Initial and boundary conditions of the problem

a. Boundary conditions

Inlet Type: velocity inlet Flow velocity is given as a vector, for example Uin=1 m/. volume
fraction of water: 0.9 (90%), volume fraction of air: 0.1 (10%), Outlet: Type: pressure
outlet. Pressure: atmospheric (0 Pa gauge pressure), Pipe walls (Wall): Type: no-slip
boundary condition. All velocity components are zero at the walls, no interphase slip
occur.

For the numerical study of the posed problem, the Reynolds-averaged Navier-Stokes
(RANS) equations [16] are used. These equations consider the effect of turbulence by
adding turbulent stresses that arise from averaging the unsteady flow. In general form,
the motion equation for an incompressible fluid considering turbulence is written as

follows.
a_p+6(l7[):0
o ox,
o(pU,) o(pUU, _ 70U,
(p ’)+ (p ’ ’):—a—p+pG+i (u+u,) %+a& .
ot ox, Ox, ox, ox,  0x,

(7)

The GEKO (Generalized k-w) turbulence model [13], [14], developed by Ansys, is an
extension of the standard SST (Shear Stress Transport) model and is designed to
improve the flexibility and accuracy of turbulent flow simulations. Due to its versatility,
GEKO is an effective tool for modeling complex hydraulic processes.

o pU k
6(pk)+ (p J )=Pk—C,,0ka)+i ,u+i % s
ot ox, g ox;

o(pU,
o(pe) p ’w):CMEQP,C—CMFpr2+pF3CD+i st |02
ot ox; k ox; o, )ox, ( 8)
. - . k
Turbulent eddy viscosity is calculated using: 1, = pv, = p .
max (@, S/ Cyoii )
oU.
F = Ty a_l°
7 Ay
J (9)
- - 2
Ty =—pup; =428, —gpké,, (10)
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1o} a)axj axj (1)

B 1.2,

o T max(0.3a),,/0.5(Sz+Qz))(

- oU., - oU,
g AU ou) o 1fey, o))
2 axj ox, 2 axj. Ox. (13)

1 1

s=25,5,, Q= 20,0,

The remaining coefficients and functions were presented in the article. [16].

S, — 8, ). (12)

b. Multiphase model

To track the free surface between the liquid (water) and gas (air) phases, the Volume of
Fluid (VOF) method is used. VOF is a Eulerian-type method in which the volume fraction
occupied by each phase is tracked in every computational cell. In this study, the VOF
(Volume of Fluid) multiphase model was used to simulate this phenomenon. It
demonstrated high accuracy in predicting the shape and evolution of the air core, as
confirmed in previous studies [18]. The VOF model is based on a fully Eulerian approach
and is designed to track the interface between two continuous phases. In the
considered hydrocyclone, the boundary between air and water is modeled using the
transport equation (14).

aa aui —

P

R (4)

where o, represents the volume fraction of the n-th phase. The average density is
described as follows:

RANS-VOF modeling is achieved through Favre averaging, as shown in the work of Fan
et al. [19], where the formulation for equation (8) is derived in terms of the volume-
averaged volume fraction.

c. Particle Tracking

To analyze the operation of the hydrocyclone, it is necessary to consider several key
equations. The first describes the motion of particles, and the second — their
interaction with the liquid phase. According to [18], the main forces acting on particles
in a hydrocyclone are drag force, pressure gradient, and Saffman lift force. Accordingly,
the equation of particle motion can be written in the form of the following equation

(16).
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du .
—”:(l—&Jg+FD(u—up)+E+Fs. (16)
dt P, p

F, (u—up)— This is the drag force per unit mass. This force is balanced by the

centrifugal force. Smooth particles are modeled as small spheres; therefore, the drag
term Fp can be written as:

_18u C,R
Yopd 24

<, (17)

where the Reynolds number is equal to:

R, :M_ (18)
U

2. Solution Method

For the numerical simulation of unsteady two-phase flow over a broad-crested weir in
ANSYS Fluent, the Volume of Fluid (VOF) model was used in combination with the GEKO
turbulence model. The SIMPLE scheme was applied to couple pressure and velocity,
ensuring the stability of the calculation. Spatial discretization was performed using
second-order schemes: gradients were calculated using the (Least Squares Cell-Based),
the PRESTO! scheme was used for pressure; Second Order Upwind was applied for
momentum, turbulent kinetic energy, and dissipation rate. The volume fraction was
treated using the Compressive scheme, which enabled accurate tracking of the phase
interface. Temporal discretization was set to First Order Implicit, providing numerical
stability during the simulation of transient processes. To accelerate convergence, the
following under-relaxation factors were applied: Pressure — 0.3, Momentum — 0.7,
Volume fraction — 0.5, Turbulent kinetic energy and dissipation rate — 0.8, Density,
viscosity, and body forces — 1.0. The choice of these parameters ensured a stable and
accurate solution in the presence of a free surface and a complex flow structure [14],

[15], [16], [17], [18], [19], [20]

3. Calculation results and their discussion numerical modeling

Figure 3 shows the isolines of the results of numerical modeling of a two-phase flow in
aninclined pipe.
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Figure 3. Isolines of the numerical simulation results of two-phase flow in an inclined pipe

Top left plot (Water Volume Fraction): Shows the distribution of the water volume
fraction along the length and cross-section of the pipeline. Red areas correspond to full
water saturation (volume fraction = 1.0), while blue areas indicate regions occupied by
air (volume fraction = 0). As the flow progresses, the water volume fraction gradually
decreases near the upper part of the pipe, indicating the influence of inclination and
gravity on phase separation. Top right plot (Velocity u - Volume Rendering):
Visualization of the volumetric distribution of the longitudinal velocity component (u)
along the pipe. The color scale indicates the flow velocity from o up to approximately
1.05 m/s. A velocity gradient characteristic of laminar or transitional flow is observed,
with maximum velocity closer to the center of the flow. Bottom left plot (Velocity u -
Contour): Contour map of the longitudinal velocity component u in the pipe's cross-
section. Red zones show areas with the highest velocity, and blue zones indicate areas
with minimum or zero velocity near the walls (due to the no-slip condition). This
structure confirms the presence of a parabolic velocity profile typical for internal flow.
Bottom right plot (Volume Fraction — Section View): Cross-sectional visualization of the
water volume fraction along the pipe axis. The results demonstrate the dynamics of
two-phase interaction: alternating zones dominated by water and air indicate
oscillations or wave-like structures at the phase interface caused by the pipe inclination
and hydraulic flow parameters.

Figure 4 presents the results of numerical simulation of particle movement with
different densities (p = 700-1100 kg/m?) in an inclined pipe at two inclinations: i = 0.008
(left) and i = 0.01 (right). Blue lines indicate the trajectories of particles in the two-phase
flow (water + air), visualized based on data from the DPM (Discrete Phase Model).
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N

p=11oo[kg/mA§]_
i=0.008 i=0.01

Figure 4. The movement of particles of different densities in an inclined pipe at various inclinations

Main observations:

p = 700-800 kg/m?: Low-density particles predominantly move closer to the central and
upper parts of the flow. At both inclinations, particles are carried along faster by the
main flow, with minimal settling.
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p = 900 kg/m?: Transitional behavior is observed — particles begin to move closer to the
lower part of the pipe but do not settle intensively yet. Inclination i = 0.01 promotes a
more uniform distribution across the cross-section.

p = 1000 kg/m?: Density approaching that of water increases interaction with the main
liquid phase. Particles tend to follow the general flow direction, with a noticeable
tendency to settle in the lower zone.

p = 1100 kg/m?: High-density particles actively settle at the bottom of the pipe. This
behavior is especially pronounced at the lower inclination (i = 0.008), where particle
clusters and weak flow carry-over are observed.

Conclusions

The conducted study allowed for a comprehensive analysis of the characteristics of non-
uniform and two-phase wastewater flow in inclined pipelines of sewer systems. In the
first part of the work, based on classical hydraulic equations, it was shown that non-
uniform flow, resulting from pressure drops and changes in geometry, can lead to the
formation of stagnation zones, reduced flow velocity, and consequently, sedimentation
within the pipes. It was confirmed that accounting for critical depth and the shape of
the backwater curve in calculations allows for more accurate determination of
conditions for stable network operation. In the second part, using numerical modeling
in the ANSYS environment, the behavior of a two-phase flow (water-air) was studied,
considering the movement of solid particles of different densities. The use of VOF and
DPM models made it possible to visualize phase distribution and evaluate the impact of
pipe inclination on particle trajectories and sedimentation. The results showed that at
low inclinations and high particle densities, the risk of particle settling and accumulation
at the bottom of the pipes significantly increases, which may lead to partial blockages
and reduced flow capacity. When the inclination is increased, the flow becomes more
energetic, and the particles are more evenly distributed throughout the volume, which
promotes self-cleaning of the pipeline.

Thus, the obtained data highlight the necessity of integrating traditional hydraulic
calculations with modern numerical modeling methods when designing and optimizing
sewer systems. Such a comprehensive approach ensures higher reliability, efficiency,
and resilience of network performance under variable flow conditions and complex
operational environments.
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