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Abstract: Consecutive oscillatory eruptions of a mixture of gas and liquid in urban stormwa-
ter systems, commonly referred to as sewer geysers, are investigated using transient three-
dimensional (3D) computational fluid dynamics (CFD) models. This study provides a
detailed mechanistic understanding of geyser formation under partially filled dropshaft
conditions, an area not previously explored in depth. The maximum geyser eruption
velocities were observed to reach 14.58 m/s under fully filled initial conditions (1, /hy = 1)
and reduced to 5.17 m/s and 3.02 m/s for partially filled conditions (hy /hy = 0.5 and 0.23,
respectively). The pressure gradients along the horizontal pipe drove slug formation and
correlated directly with the air ingress rates and dropshaft configurations. The influence of
the dropshaft diameter was also assessed, showing a 116% increase in eruption velocity
when the dropshaft to horizontal pipe diameter ratio (D;/D;) was reduced from 1.0 to 0.5.
It was found that the strength of the geyser (as represented by the eruption velocity from the
top of the dropshaft) increased with an increase in the initial water depth in the dropshaft
and a reduction in the dropshaft diameter. Additionally, the Kelvin-Helmholtz instabil-
ity criteria were satisfied during transitions from stratified to slug flow, and they were
responsible for the jump and transition of the flow during the initial rise and fallback of
the water in the dropshaft. The present study shows that, under an initially lower water
depth in the dropshaft, immediate spillage is not guaranteed. However, the subsequent
mixing of air from the horizontal pipe generated a less dense mixture, causing a change
in pressure distribution along the tunnel, which drove the entire geyser mechanism. This
study underscores the critical role of the initial conditions and geometric parameters in
influencing geyser dynamics, offering practical guidelines for urban drainage infrastructure.

Keywords: computational fluid dynamics; combined sewer system; geyser eruption; sewer
hydraulics; stormsewer geyser

1. Introduction

Urban deep tunnel drainage systems are mainly composed of the main near-horizontal
tunnel and vertical dropshafts, the latter of which generally have a high hydraulic head
and large discharge as well as aeration and air exhaust requirements [1,2]. Geysering

Processes 2025, 13, 32

https:/ /doi.org/10.3390/pr13010032


https://doi.org/10.3390/pr13010032
https://doi.org/10.3390/pr13010032
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/processes
https://www.mdpi.com
https://orcid.org/0000-0002-7117-7351
https://orcid.org/0000-0002-3068-535X
https://doi.org/10.3390/pr13010032
https://www.mdpi.com/article/10.3390/pr13010032?type=check_update&version=2

Processes 2025, 13, 32

2 of 35

is a common phenomenon observed in drainage systems during heavy rainstorms [3,4].
Geysers are high-frequency explosive ejections of a mixture of air-water from manholes
in drainage systems [5,6]. Geyser occurrence is often related to air entrapment, its release
from a pressurized flow, and flow transitions inside the tunnel. Although most storm
or combined sewer systems are designed for gravity flow, a transition from gravity to
surcharge flow can occur during high upstream influx and/or the submergence of their
outlets [7]. Under unfavorable downstream conditions, air entrapment can occur due
to a surcharge of flow. When entrapped air arrives at a ventilation structure such as a
dropshaft, it may cause the high-frequency oscillatory release of the air-water mixture,
which can attain a height of a few to tens of meters above ground level. A number of
studies have focused on the physical process of geysering induced by air release through
water-filled vertical shaft and pressure transients during such process [8-12]. Geysering is
a rare occurrence; hence, there are few data regarding it [13].

Current studies on stormwater geysers mainly focus on the unsteady pressure dy-
namics and the air-water interactions in closed-conduit flow systems. For instance,
Wright et al. (2011) [11] demonstrated the rapid ejection mechanisms in filled stormwater
tunnels, while Leon et al. (2019) [5] provided rich information on the formation of oscillatory
eruptions. Despite these advances, the influences of the dropshaft geometries and unsteady
flow characteristics in real-world applications have not been explored adequately. These are
important to address in order to mitigate geysers, which are a serious risk to infrastructure
integrity and public safety in densely populated urban areas. Understanding geyser behavior
helps to prevent them from occurring and informs the optimization of ventilation systems
in stormwater networks. This research provides the scientific community with validated
numerical tools for the simultation of complex two-phase flows, hence creating a foundation
for further studies on transient hydraulics and infrastructure resilience. Moreover, insight
into the transitions of flow and instability mechanisms gives actionable guidelines for the
implementation of flow stabilization techniques, such as pressure relief chambers or enhanced
ventilation designs. Such a two-way approach—an initial mechanistic understanding, fol-
lowed by practical application—addresses both the theoretical and operational challenges of
geyser mitigation, advancing the state of the art in stormwater management.

The findings from this study, although based on simplified configurations, provide
transferable insights into the mechanisms of geyser formation, including pressure gradients,
air pocket entrainment, and air-water interactions, which are applicable across systems
of varying scales and geometries. Our earlier work on small-scale experimental setups
(Mahyawansi et al., 2024 [14]) demonstrated critical flow structures such as slug forma-
tion, eruption dynamics, and oscillatory pressure behavior under controlled laboratory
conditions. However, small-scale studies are inherently limited in their ability to capture
field-specific complexities, including irregular geometries, multi-phase flow instabilities,
and non-uniform inflows. To address these limitations, the large-scale numerical simula-
tions presented in this study incorporate parametric variations in dropshaft dimensions
and initial and boundary conditions to better replicate the complexities of real-world
stormwater and sewer systems. The validated numerical framework presented in this
study, with experimental work presented in Mahyawansi et al. (2024) [15], provides a
robust foundation for the scaling and extension of the results to stormwater and combined
sewer systems with more intricate layouts.

There are two major differences between the current study and the previous studies
reported by Leon, A. S. (2019) [5]: (1) the dropshaft is in a partially filled condition; (2) a
continuous flow of air and water is provided in the system. This study is organized as
follows. First, the numerical methodology, including the governing equations and initial and
boundary conditions, is briefly described. Second, the mechanism that leads to the violent
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geyser in the stormsewer and combined sewer system is elucidated based on a numerical
model. Third, the numerical models are used to study the effect of the initial water level in
the dropshaft and the dropshaft diameter on the formation of the geyser using four CFD
cases that capture a range of key physical conditions commonly encountered in stormwater
systems. These specific cases were selected to highlight critical mechanisms contributing to
geyser formation and intensity. By focusing on these unique scenarios, this study provides a
detailed mechanistic understanding of the phenomena, which is essential for the development
of effective mitigation strategies. Finally, the key results are summarized.

2. Methodology
2.1. Numerical Model Description

Figure 1 outlines the stepwise process used in this study to investigate the mechanistic
behavior of geysers in stormwater systems. This workflow incorporates the numerical
modeling setup, calibration, parametric simulations, and result interpretation to ensure a
robust and comprehensive analysis.
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Figure 1. Workflow for the mechanistic study of geysers in stormwater systems using CFD.
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The numerical methods used in this work rely on a cell-centered, co-located finite
volume method (FVM), which is implemented using the open-source CFD software Open-
FOAM V6. The present finite volume code is based on the pressure-based two-phase solver
compressibleInterFoam. compressibleInterFoam is a solver for two compressible, immisci-
ble, non-isothermal phases (liquids and/or gases), whereby the interface is captured by the
volume of fluid approach [16]. Details on the numerical approach of OpenFOAM can be
found in Jasak, H. (1996) [17]. This solver uses three-dimensional (3D) equations for two
phases, i.e., air and water, using the volume of fluid (VOF) method, with special emphasis
on maintaining a sharp free surface (interface-capturing solver) [18]. The water phase
is treated as a perfect compressible fluid, p;, = pw,0 + p/ReT with pyo = 998.9 kg/m?
and Ry = 3000 J/kgK [19], while the air phase is a compressible perfect gas, p, = p/RaT
with R, = 287 J/kgK [20]. This method uses the volume fraction indicator function « to
determine the amount of liquid present in each cell. In this study, « = 1 and « = 0, and the
cell volume is considered filled with water and air, respectively. The cell contains the free
surface for 1 > a > 0 as it is partially filled. Based on the assumption of a homogeneous
mixture, the cell-specific density (p) and viscosity (y) are calculated by

p=app+ (1—a)pa , (1)
po=app+(1-a)pa - (2

Based on Equation (1), the total mass continuity equation can be written as

9p
- o =0 . 3
5TV ©)
To track the interface of the two compressible phases, the water volume fraction transport
equation is presented in Equation (4), which is solved explicitly with the MULES schemes
in several sub-cycles within a time step [21]:
D

+V-(LI0¢)+V~UC1X(1—0¢)—zx(l—zx)<%—ww)-P+th-U. 4)

Pa  Puw Dt
The third term used in the L.H.S. of Equation (4) is used to sharpen the interface and
avoid numerical diffusion [22]. U, denotes the relative velocity of the two fluids, which is
taken to be normal to the air-water interface. U, is computed at the cell face center of a
computational cell, as shown in Equation (5).

711]6 P (5)

where c, (less than 1) is a parameter that is used to adjust the strength of the compression
of the interface, ¢ fi is the volume flux through the face, S f is the surface area vector, and n
represents the unit normal to the interface surface determined by n = Va/|Va|. The RH.S.
of Equation (4) takes into account the pressure (p) and influence of specific compressibility
() of both of the phases.

The single momentum equation for the homogeneous mixture is given by Equation (6).

ool
% + V- (pUU) =V - (4effVU) = 0xVa — g -xVp— Vpy , (6)
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where p is the density of the mixture (Equation (1)), ¢ is the surface tension [23], and
Kk = —V - (Va/|a|) is the curvature of the interface, g = 9.81 m/s” is the gravity vector, x
is the position vector, and p; = p — pg - x is the piezometric pressure [24].

Finally, an additional transport equation for the temperature T is deducted from the
energy equation as stated in Equation (7):
agi;T+V-(pUT)—A(yeffT)——( 4 —|—1 0() <aap:<—|-v-(pl,[k)+v-(l,[p)>, (7)

Co,w Cov,a

with ¢y, = 4182 ]/kgK and ¢,,, = 1007 J/kgK as the specific heat capacities at a constant
volume for water and air, respectively, and k = [U|*/2.

To model the turbulence phenomenon considering the RANS approach, a realizable
k — e turbulent model was used. The suitability of the realizable k — € turbulent model in
simulating geyser events is already presented in previous studies [25,26]. This turbulence
model uses two closure equations for k (turbulent kinetic energy) and ¢ (energy dissipation).
The realizable k — e model used in this study is based on Shih et al., (1995) [27].

The fluid properties used in this study are listed in Table 1.

Table 1. Fluid properties used in numerical simulation (adapted from Mahyawansi et al. (2024) [15]).

Parameter Water Air

Density (kg/ m?) 998.4 1.22
Dynamic viscosity (Pa-s) 1.003 x 1073 1.789 x 107>
Surface tension 0.072

2.2. Computational Geometry and Mesh

A schematic of this experimental setup is shown in Figure 2, and Table 2 presents the
geometrical parameters of the setup. The model consisted of the following parts: (1) a
total upstream horizontal pipe (Lu; + Luy) of 40 m in length and 0.152 m in diameter, (2) a
horizontal downstream pipe (Ld) of 6 m in length and 0.152 m in diameter, (3) a constant air
supply into the upstream horizontal pipe at a distance of 30 m from the extreme upstream
end, (4) a 6.096 m long dropshaft with a diameter of 0.152 m and at a distance of 40 m
from the extreme upstream end, and (5) an atmospheric domain above the dropshaft that
is modeled as a cylinder with a diameter of 1 m and a height of 6 m. Table 3 provides a
summary of the simulated runs in this study.

The computational domain was discretized using OpenFOAM meshing utilities such
as blockMesh and snappyHexMesh. First, a hexahedral base mesh was created using
blockMesh; later, snappyHexMesh was used to adapt the mesh to the surface of the
CAD geometry by iteratively refining and morphing the base mesh. A snapshot of the
generated 3D mesh is presented in Figure 2c,d. The generated three-dimensional (3D) mesh
was a hybrid consisting of hexahedra (hex) and split-hexahedra (split-hex) elements [28].
The hybrid mesh was selected due to its suitability to match appropriate cells with the
boundary surface and allocate different cells of various element types in other parts of
the complex flow regions (such as at the junction where the horizontal sections connect
the vertical sections). It leads to an accurate solution and better convergence than using
only either a structured or unstructured mesh [29]. In this study, the numerical model is
discretized using 1,422,275 boundary-fitted cells. The tunnel and dropshaft’s cross-section
is discretized using 22 cells along the diameter, with a finer mesh closer to the wall. The
maximum cell size of 0.01 m is used for the discretization, which is suggested by Chegini,
T. and Leon, A. S. (2019) [25], to accurately simulate the geyser eruption based on a mesh
convergence study.
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Figure 2. Schematic of the geyser computational setup and boundary conditions of the numerical
model. The system includes an upstream horizontal pipe (40 m in length, 0.152 m diameter), a
downstream horizontal pipe (6 m in length, 0.152 m diameter), and a vertical dropshaft (6.096 m
height, 0.152 m diameter). Subfigures illustrates: (a) a close-up view of the interface between the air
and water domains in the horizontal pipe at air tank, (b) the vertical dropshaft and the atmospheric
domain, (c) computational mesh for the horizontal pipe-air tank junction, (d) computational mesh for

the horizontal pipe-dropshaft junction.

Table 2. Geometry parameters of the numerical setup.

Parameters Value (m) Description
Dy 0.152 Diameter of horizontal pipe/tunnel
D, 0.152 Diameter of dropshaft
Luq 30.0 Length of upstream pipe from extreme upstream end to air tank
Luy 10.0 Length of upstream pipe from air tank to dropshaft
Ld 6.0 Length of downstream pipe
hg 6.096 Height of dropshaft
ha 6.0 Height of atmosphere domain
hw 1.42 Initial water level in dropshaft

Table 3. Summary of simulation runs.

Case hylhy D4/Dy
Case 1 0.23 1.0
Case 2 0.5 1.0
Case 3 1.0 1.0
Case 4 0.5 0.5

The mesh size was chosen based on the mesh independence test (Figure 3). The test
indicator was the transient pressure at P6 during case 2 (i.e., hy/hy = 0.5). A series of
gradually refined mesh levels were used for the CFD simulation. The mesh levels were ap-
proximately 360,591 for the coarse mesh, 1,422,275 for the medium mesh, and 3,074,009 for



Processes 2025, 13, 32

7 of 35

the fine mesh. It was found that the results for the medium mesh and fine mesh were
similar. Since the computational time from the fine mesh to medium was significantly
lower and there were negligible differences in performance between the two mesh levels,
a medium mesh was used for the remaining simulations. The numerical results were
compared with the experimental data, which showed that the model captured the signifi-
cant characteristics associated with the experimental data, with some discrepancies. The
detailed experimental setup and results are presented in Mahyawansi et al. (2024) [15]. The
observed discrepancies between the experiment and the numerical results aptly illustrate
the complexity of two-phase flows and the associated flow behavior at the field scale. Given
that all efforts to reproduce actual field-scale conditions were applied in the experiments
and simulations, it was expected that small differences would arise. First, it is important to
note that the complexity of fluids in two-phase flows in field-scale setups naturally leads to
differences in the experimental and numerical results. Second, it is worth highlighting the
meticulousness of this experimental setup, which included components like elbows, joints,
and valves. Every effort was made to ensure the fidelity of the experimental apparatus to
field-scale conditions. However, it is crucial to recognize that the presence of such compo-
nents may introduce subtle flow perturbations or variations not fully captured in numerical
simulations. These localized effects could be the source of the observed differences between
the experimental and numerical results.

x10°
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1.3 ¥ i B AP ‘/\ | \
| é\ﬁw‘;ﬁ i VWWNV |
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&
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Figure 3. Comparison of experimental results with simulations for the mesh convergence study at
pressure probe P6.

2.3. Definition of Initial Control Parameters and Boundary Conditions

Five boundary patches were prescribed for the numerical model (Figure 2): inlet, outlet,
tank, pipe wall, and atmosphere. For the realizable k — ¢ turbulence model, OpenFOAM
requires six types of boundary conditions (BC) for each boundary. They are alpha.water
(water phase fraction in cell volume), p_rgh (transformed pressure relative to datum, N/m?),
U (velocity vector, m/s), T (temperature, K), k (turbulent kinetic energy, m?2/s?), and ¢
(energy dissipation, m?/s®). The first three BCs are required for hydraulic modeling, while
the last three are required for turbulence calculation. For inlet and outlet, pressure data
were prescribed to achieve the pressure-driven flow. The inlet was applied with prghTo-
talPressure and the outlet with prghPressure. The velocity (U) BCs for inlet and outlet were
pressurelnletOutlet Velocity and inletOutlet, respectively. The atmospheric domain was kept
as pressurelnletOutlet Velocity with velocity and pressure as totalPressure, so that air could
be exchanged if necessary. The boundary conditions for the tank were kept as pressureln-
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letOutlet Velocity velocity and totalPressure pressure. All the wall BCs were kept in a no-slip
condition (i.e., velocity = 0). The initial temperature of the water and air in the system
was 26.85 °C. The atmospheric pressure was set to 102,032 Pa. For the turbulent approach,
values of k and e were calculated [30,31]. The applicability of the turbulence model in cap-
turing similar geyser phenomena has been established in previous studies, such as those
by Chegini and Leon (2019) [25], Chegini and Leon (2018) [32], and Qian et al. (2020) [6],
where it successfully resolved transient air-water interactions and pressure fluctuations in
stormwater and sewer systems. All walls are specified as wallFunctions, reducing the neces-
sity of fine-layered boundary layers and hence the computational time. For the automatic
time step adjustment, adjustableRunTime was used with minimum At = 1078, keeping the
maximum Courant-Friedrichs-Lewy/Courant number (CFL=7At/ Ax) to 0.5. To ensure
the stability of a model and improve its accuracy, the maximum value of the Courant number
should be less than 1 [33]. The simulation was run on 32 processors using the distributed
parallel decomposePar computing utility (AMD Ryzen Threadripper 3960X 3.8 GHz 32-Core
sTRX4 Processor).

The merged PISO-SIMPLE (PIMPLE) scheme is used to couple the pressure and
velocity. The PIMPLE algorithm is the coupling model between PISO (Pressure Implicit
with Splitting of Operators) and SIMPLE (Semi Implicit Method for Pressure Linked
Equations) to solve the RANS equations [34]. A detailed description of the PISO and
SIMPLE algorithms can be found in [35,36]. This study uses a transient scheme called
Euler for temporal discretization. OpenFOAM also provides other high-resolution transient
discretization schemes, such as CrankNicolson and backward, which are second-order
accurate but are unbounded [19]. The unbounded behavior of these schemes may result
in a non-feasible solution to the problem [37]. The Euler scheme is a first-order bounded
implicit scheme, which is sufficiently accurate due to the small time steps created by the
Courant number restriction; hence, it is the best option for this case. This study uses the
default Gauss linear scheme for gradient discretization and a second-order scheme with a
flux limiter scheme for divergence discretization [38]. Convergence is declared when the
normalized residual is less than 10~° for pressure (p_rg¢h) and 10~ for all other variables
(alpha.water, k, e, U, and T).

The simulation is performed in two stages. First, the steady-state flow is achieved
in the horizontal pipe without supplying air. This stage is necessary to ensure that the
flow is fully developed and help to decide the position of the air tank (i.e., to ensure initial
smooth advancement, the air tank should be connected beyond the hydrodynamic entrance
region). Once the steady state is confirmed (using the velocity profile along the length of the
horizontal pipe at multiple cross-sections), the input fields are mapped to the second mesh
(i.e., having the air tank connected to the tank) using the mapFields utility. As suggested by
Leon, Elayeb, and Tang (2019) [39], the tank pressure was set to a specific value, ensuring
that, immediately before air entered the horizontal pipe, the water and air were quiescent
and in an apparent equilibrium.

3. Mechanisms That Lead to Geysering in Stormwater

The mechanism is described using one of the partially filled conditions (Case 1) in
which the initial water level in (h1) is 1.42 m, and both the tunnel and dropshaft diameters
(D¢ and Dy) are 0.152 m. The simulation results are analyzed using (1) the velocity of the air
and water phases inside the horizontal pipe, (2) pressure probe data along the horizontal
pipe and dropshaft, and (3) phase fraction data inside the horizontal pipe and dropshaft.

The numerical observations are summarized in schematics (Figures 4 and 5). The
geyser produced in the numerical simulations consisted of several violent eruptions, which
lasted a few seconds. This setup differs from the experimental work of Leon, Elayeb, and
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Tang (2019) [39], where the continuous flow of the water in the tunnel was not simulated.
It is worth mentioning that the violent eruptions produced resembled the characteristics of
those that occur in actual stormwater and combined sewer systems.

The main mechanism that leads to geysering in the partially filled dropshaft system
can be summarized as follows.

(1) The horizontal pipe transports the enormous air pocket that forms during the
rapid filling of near-horizontal tunnels towards the dropshaft without causing noticeably
significant fluctuations, as shown in Figures 4a and 6a,b [5,39]. This can be corroborated
by Figure 10a for a time less than about t = 12.20 s when the air pocket front arrives
at the base of the dropshaft. It is noted that, before about 12.20 s, the air pocket in the
horizontal pipe advances very slowly, as there is no significant initial pressure gradient.
Thus, before about 12.20 s, the flow regime in the horizontal pipe is stratified. Figure 10
shows transient pressure variations at all data points, replicating the oscillatory patterns
observed in Mahyawansi et al. (2024) [15].

Figure 11 shows the pressure distribution curves of the central axis of the horizontal
pipe from x = 16 m to 25 m at certain moments (during the initial smooth advancement
of trapped air towards the dropshaft, t = 1 s to 12.3 s). The data show that the pressure
gradually decreases from upstream to downstream of the horizontal pipe at the beginning
(t =1s). As the air pocket starts advancing, a small sharp rise appears at the tip of the
advancing air pocket. Att =12.3 s, the figure shows relatively lower but gradual variation
from upstream to downstream. This is because a clear passage for the air pocket has been
created, and the air pocket front reaches the base of the dropshaft. The water level in the
dropshaft is almost the same during this time interval (Figure 8a,b).

(2) At t = 12.3 s, the initial air pocket reaches the bottom of the dropshaft
(Figures 6c and 8c). This large air pocket enters the dropshaft and rises in the form of
a Taylor-like bubble due to buoyancy. Like a classical Taylor bubble, the free surface of the
water in the dropshaft is lifted upward with the ascending air pocket until it breaks the
free surface. This can be observed in Figure 8d—h. When the air penetrates the dropshaft,
the hydrostatic head of the dropshaft decreases till it reaches 110,262 N/ m?Z att=13.58s
(Figure 10b). This sudden drop in hydrostatic pressure in the dropshaft creates a significant
pressure gradient along the horizontal pipe.

Figure 12 shows the variation in the differential pressures (A P) measured during time
interval t = 11.5 s to 14 s. The APy4 5 represents the pressure difference between points P1
and Pé6. As speculated, no significant variations in the differential pressures were observed
till t = 12.3 s due to the smooth advancement of the air towards the dropshaft. As the air
enters the dropshaft, it builds the differential pressure along the horizontal pipe, causing an
increase in the pressure gradient and hence accelerating the air and water in the horizontal
pipe. This can be seen in Figure 13 at approximately t = 12.35 s to t = 13.35 s. It is worth
mentioning that, inside the horizontal pipe during this process, the air velocity leads to
water velocity, which is due to the significant difference in the inertia of the two phases [40].
The relative rise in the air and water velocity results in Kelvin—-Helmholtz (KH) instability.
These results align with the observations reported by Leon, Elayeb, and Tang (2019) [39],
who speculated that KH instability might be responsible for the flow regime transition
based on experimental snapshots. While their study estimated air velocities exceeding
5 m/s from experimental frames, the absence of direct air velocity measurements left this
hypothesis partially unverified. As shown in Figure 13, the numerical results reveal the
growth of interfacial waves due to velocity shear between the air and water phases, a
hallmark of KH instability. These waves grow rapidly, leading to flow breakdown and the
onset of slug flow, consistent with the mechanism hypothesized by Leon (2019) [5].
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Figure 4. Geyser processes: (a) air pocket approaching dropshaft, (b) rising of Taylor-like bubble
in dropshaft, (c) first air pocket release and formation of liquid slugs, (d) first temporary blockage
created at junction, (e) first fallback of water inside dropshaft, (f) formation of new slugs due to
successive mixing.
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Dropshaft

(h) 0
Figure 5. Geyser processes: (g) second temporary blockage created at the junction, (h) second fallback

of water inside dropshaft, (i) eruption due to blowout of the slug, (j) fallback of water inside dropshaft
after the first erruption.

To further analyze the stability of the wave (air water interface), Taitel and Dukler
(1976) [41] suggested KH instability to occur when the low pressure at the crest overcomes
the stabilizing effect of gravity. The condition for wave growth is as shown in Equation (8)
(Figure 15):

P—P" > (hg —hg)(oL — pc)S - ®)
with

1
P—P = Spo(Ug —Uc?) , ©)

where P and P’ are the pressure for stratified and interfacial wave conditions, respectively.
Ug and U are the gas (i.e., air) velocities for stratified and interfacial wave conditions,
respectively. i and hy; are the gas depths above stratified and interfacial wave conditions,
respectively. p¢ is the gas (i.e., air) density, p is the liquid (i.e., water) density, and g is the
gravitational acceleration. Using Equations (8) and (9), the criteria for instability become

—_

Ug > G [8(PL ;Pc)hc} 2, (10)
G
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in which

= |—2 | . (11)
i 1)
o\ 1
hG hG

where parameter C; reflects the size of the interfacial wave. Taitel and Dukler (1976) [41]
further mentioned that C; also could be determined from Equation (12):
hr

1 12
c11D (12)

Hence, Equation (10) can be expressed as Equation (13):

1
h|[8(pr —pc)hc|2 . (13)
s > [1- | [HE TSR

It can be seen from Figure 6e that a series of interface waves are formed inside the
horizontal pipe under the gas as the velocity rises, creating a vertical pressure gradient along
the diameter. The interface becomes unstable due to the momentum transfer between the air
and water. The wave tends to increase as the gas accelerates because of the Bernoulli effect,
which causes the pressure in the gas phase over the wave to decrease. The interface wave
is increased when the pressure differential between the phases overcomes the interfacial
tension and gravity [42—-44].

To validate this, the aerodynamic pressure gradient and velocity variation over a wave
at two distinct instances (t = 12.1 s and 13.55 s) are plotted in Figure 16. It shows one at
stratified flow and another at transition flow conditions, when instabilities began to occur
as the aerodynamic lift on the wave was sufficient to overcome the hydrostatic forces. The
figure shows the smooth variation in the pressure and velocity over the wave along the
pipe (near the crown of the horizontal pipe) under stratified conditions (t = 12.1 s). As air
penetrated into the dropshaft, it increased the pressure gradient along the horizontal pipe
and increased the velocities of the air and water. Air flows at a high velocity above the
wave crest, and a vertical pressure gradient is created owing to the Bernoulli effect [45].
The momentum transfer between air and water causes the initiation of small perturbations
over the interface. Att=13.55s, Figure 16 (Domain 1 and Domain 2) shows the pressure
drop above the interface where the water surface starts elevating. The Bernoulli effect leads
to an increase in velocity in this region, causing a further increase in the wave, which leads
to the transition from stratified to wavy and ultimately to slug flow (Figure 6e-h). As per
Sanchis, Johnson, and Jensen (2011) [46], the flow field inside the horizontal pipe during
the transition is dominated by large-amplitude waves.

To further support this theory, the instability criteria mentioned in Equation (13) are
plotted as shown in Figure 17 [41]. As shown in the figure, the velocity of gas (Ug) in the
horizontal pipe starts increasing as air starts ingesting into the dropshaft, and, at t = 13.05 s,
it overcomes the R.H.S. term of Equation (13). This satisfies the instability criteria to cause
the transition from stratified to slug flow. It is worth mentioning that the KH instability
provides a mechanism for the initiation of jumps and transitions; however, after the initial
rise and fallback of the water, the validity of the instability criteria in the subsequent cycles
is not guaranteed.
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Figure 6. Snapshots of air-water phase fraction in the horizontal pipe (Case 1).

When the first slug passed the intersection, some liquid was siphoned into the drop-
shaft due to lower pressure, causing a partial or complete blockage to the supply of air
from the horizontal pipe (Figures 4d and 6f,g) [47]. This stage is referred to as ‘the blockage
of the dropshaft base’. As a consequence, the pressure at the bottom of the dropshaft
increases, pushing the air-water interface in the horizontal pipe further away from the
dropshaft base and compressing the accumulated gas in the horizontal pipe (Figure 10b).
On the way up, air rises further into the dropshaft, followed by a trailing mixture of air and
water (like a churning flow), called a slug jump. The ascending air inside the dropshaft
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causes the liquid film to rise to a certain height. However, the shear force acting on the
film is not enough to balance the gravitational force due to the scarcity of the air supply
from the horizontal pipe. As a result, the film decelerates its upward velocity slowly and
then accelerates to fall towards the junction. The flowing water through the horizontal
pipe further carries the falling film towards the downstream end. It should be noted that
the ascending air could not produce the initial spillage due to the quite low initial water
level in the dropshaft (i.e., iy /hy = 0.23). The pressure at the dropshaft base decreases
during this fallback stage (Figure 10b at t = 14.4 s to 17.2 s). This can be corroborated by
Figure 14, as the water volume fraction inside the dropshaft decreases during this stage.
The corresponding air-water phase fraction during this stage can be seen in Figure 8i,j. The
increase and decrease in the water volume fraction inside the dropshaft during the initial

blockage and fallback stage are referred to as cycle 1 in Figure 14.

. Water . Air

Figure 7. Snapshots of air-water phase fraction in the horizontal pipe (Case 1) (continued).

(3) The depressurization at the end of cycle 1 at t = 17.2 s again causes a significant
pressure gradient along the horizontal pipe, accelerating the air and water in the horizontal
pipe (Figure 13). This relative rise in the air and water velocity causes the formation of
new slugs. When the slug reaches the intersection (at the base of the dropshaft), the water
carryover into the dropshaft due to the slug flow repeats itself as described in cycle 1
(Figures 4f and 5g,h), and the process is cycled. This entire cycle is referred to as cycle 2 in
Figure 14 (t = 17.2 s to 21.35 s). It is worth mentioning that the peak water volume fraction
in cycle 2 is smaller than in cycle 1 (Figure 14), indicating that the less dense mixture formed
inside the dropshaft with successive cycles.
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Figure 8. Snapshots of air-water phase fraction in the dropshaft (Case 1).
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Figure 9. Snapshots of air-water phase fraction in the dropshaft (Case 1) (continued).

(4) The sequence of the rise and fall in the pressure gradient in cycle 3 is similar to that
described in cycle 1 and cycle 2. The respective pressure fluctuations, the relative velocities
of the air and water phases, and the water volume fraction inside the dropshaft during
this cycle (t = 21.37 s to t=25.2 s) can be seen in Figures 10, 13 and 14, respectively. At
this stage, the significantly less dense mixture started forming inside the dropshaft due
to the continuous mixing of air due to the aforesaid cycles. At t = 35.15 s, the air-water
mixture rises to the top of the dropshaft, losing water, which quickly reduces the hydrostatic
pressure. The depressurization due to spillage is significantly large, accelerating the air
entering the dropshaft and forming slugs inside the horizontal pipe due to KH instability
(Figure 7x). At this stage, the slug is propelled violently through the dropshaft due to a
significantly large pressure gradient, resulting in the eruption (Figure 9y,z). During this
process, new slugs can be formed in the horizontal pipe. Once the aforementioned liquid
slugs cross the junction, they are siphoned into the dropshaft, creating a partial blockage
at the intersection (Figures 7y,z and 9aa,ab). The fallback of the air-water mixture can be
seen in Figures 7aa,ab and 9ac,ad due to the scarcity of the air supply due to the blockage.
It should be noted that the number of initial cycles required to create an initial spillage (rise
of the air-water mixture to the top of the dropshaft) is dependent on the initial water level
in the dropshaft and the amount of air trapped in the horizontal pipe. The discussion in
this study is only limited to the first eruption; however, the study showed that subsequent
eruptions are observed in the system as long as a continuous supply of water and air is
provided. The detailed water holdup plots until the first eruption at sections x = 16 m,
18 m, 20 m, 22 m, and 24 m are presented in Figure 18.
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Figure 10. Results of simulation (Case 1): (a) pressure fluctuations recorded at key monitoring points
along the horizontal pipeline and dropshaft during the geyser cycle, (b) P6, (c) zoom-in P6, and
(d) Ps.

To obtain an in-depth understanding of the flow structure inside the dropshaft and at
the junction during each cycle, Figure 19 is presented. Figure 19a shows a flow structure
during the blockage stage. A temporary blockage is created at the intersection due to
an advancing slug, which prevents the release of the trapped air through the dropshaft.
Inside the dropshaft, small bubbles in the slug cell/slug body (SB) produced a strong drag
force, driving water upward, due to the large bubble-water contact area [48,49]. The film
downstream of the SB also pursues the fast-moving liquid in the SB, referred to as the
‘ascending film (AF)’". However, with the restricted air supply through the horizontal pipe
(due to the temporary blockage at the intersection), the film decelerated its upward velocity
as the shear force and buoyancy force acting on the film were not enough to balance the
gravity. This flow reversal is also assisted by the directional water flow through a horizontal
pipe, dragging it towards the downstream. Figure 19b describes the flow structure in the
dropshaft as the next air pocket is ingested into the dropshaft after the blockage. The release
of trapped air causes the SB and liquid film to move upward due to the large buoyancy and
shear force caused by the airflow. With each cycle, the air-water mixture reaches higher
into the dropshaft till it erupts due to the blowout of the SB and liquid film.
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Figure 11. Pressure distribution curves of the central axis of the horizontal pipe till it reaches the
bottom of the dropshaft (Case 1). The figure highlights the progressive buildup and oscillation of the
pressure as air pockets travel through the horizontal pipe and interact with the dropshaft.
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Figure 12. Differential pressure along the horizontal pipe (Case 1). The figure illustrates the pressure
gradient as air pockets move through the pipe, showing regions of rapid pressure change associated
with slug flow initiation.
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Figure 13. The velocity of water and air in the horizontal pipe at section A-A (Case 1). The figure
illustrates the distinct velocity distributions of the two phases, with air accelerating more rapidly
than water due to lower density and higher mobility. This velocity differential contributes to shear at

the air-water interface, promoting the onset of instabilities.
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Figure 14. Temporal variation in the water volume fraction inside the dropshaft (Case 1). The figure
depicts the redistribution of water during different phases of the geyser cycle, highlighting the impact
of air pocket dynamics and pressure fluctuations on the water column.
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Horizontal pipe

Figure 15. Schematic of interface wave instability criteria.
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Figure 16. Aerodynamic pressure gradient and velocity variation over a wave (Case 1). The figure
illustrates the interaction between the pressure gradients and velocity profiles along the wave
crest and trough, highlighting how aerodynamic forces influence the wave’s stability and growth.
(a) stratified condition at t = 12.10 s, (b) initiation of small perturbations at t = 13.55 s.
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Figure 17. Plot of instability criteria (Case 1), illustrating the conditions under which flow transitions
occur due to Kelvin—-Helmholtz instability. The figure shows critical thresholds that trigger wave

amplification and flow destabilization.
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Figure 18. Water holdup at (a) x =16 m, (b) x =18 m, (¢) x =20 m, (d) x =22 m, and (e) x =24 m
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Figure 19. Visualization of flow structure within the dropshaft and at the intersection with the
horizontal pipe. (a) during the blockage stage, (b) after the blockage stage.

4. Influence of Initial Water Level in Dropshaft

In this section, the effect of the initial water level in the dropshaft on the geysers is
analyzed using Case 1, Case 2, and Case3.

Figures 20 and 21 show the water volume fraction in the horizontal pipe for Case 2
(i.e., hyw/hy = 0.5). At t =12.45 s, the air pocket reaches the dropshaft (Figure 20a,b).
The pressures at points P6 and P8 are 133,132.5 N/ m? and 122,565.4 N/m?, respectively
(Figures 26¢ and 27c). As air enters the dropshaft, the pressure at point P6 reduces to
128,208.9 N/m? at t = 14.2 s. The reduction at point P6 creates a significant differential
pressure along the horizontal pipe, causing the water and air velocity to rise and ultimately
leading to a transition from stratified to slug flow. Figure 23 shows the flow transition
criteria plotted for Case 2 (Equation (13)). As shown in the plot, the velocity of air overcomes
the R.H.S. of Equation (13) at t = 13.85 s to t = 14.05. The initiation of perturbations and a
flow transition during this interval is corroborated by Figure 20c—e. The advancing slug
and tailing mixture of rising air create a temporary blockage at the base of the dropshaft;
see Figure 20f,g. The liquid film inside the dropshaft rises to 5.7 m, and, after this, it
starts falling as the shear stress caused by the gas flow is not enough. The pressure drops
during the fallback stage (t = 17.05 s to t = 19.05 s) at points P6 and P8 are 4419 N/m?
and 4840.4 N/m?, respectively. The pressure drop again creates a significant pressure
gradient along the horizontal pipe, which causes the same cycle of rising and fallback of
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the liquid film inside the dropshaft (Figure 22f-, at t = 19.05 s to 23.75 s). Finally, during the
third cycle, the air-water mixture rises to the top of the dropshaft, causing a spillage that
translates into a drastic reduction in the pressure at P6 and P8. This pressure drop creates a
significant differential pressure along the horizontal pipe, accelerating the air and water,
violently propelled into the dropshaft. The violent ejection of the air-water mixture can be
seen in Figure 22n-s.
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Figure 20. Snapshots of air-water phase fraction in the horizontal pipe (Case 2).
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Figure 21. Snapshots of air-water phase fraction in the horizontal pipe (Case 2) (continued).

Figure 24 shows the water volume fraction in the horizontal pipe for case 3. The
large air pocket approaches the dropshaft and immediately causes spillage at the top as
the dropshaft is initially completely filled with water (i.e., hy /hy = 1). It can be noticed
in Figures 24 and 25 that, until about 9.65 s, the large air pocket moves slowly in the
horizontal pipe, without causing any noticeable variations. As more air rises through the
dropshaft, it causes more water spillage. The front of the air pocket, which resembles the
classical Taylor bubble rising through the dropshaft, can be seen in Figure 25b—e. This is
similar to the experimental findings presented in Leon, Elayeb, and Tang (2019) [39]. The
depressurization during this process is corroborated by Figures 26b and 27b from t =10.1 s
to t = 11.75 s. The rapid increase in the air-water velocities results in a flow transition
due to KH instability inside the horizontal pipe from a stratified (Figure 24a,b) to wavy
(Figure 24c,d) to slug flow (Figure 24e—g). Once the slugs are formed in the horizontal
pipe, they are violently propelled into the dropshaft, each resulting in a violent eruption.
After each sudden drop in pressure in the dropshaft (e.g., after a significant pressure
gradient along a horizontal pipe), new slugs are formed and propelled into the dropshaft,
creating subsequent violent eruptions. Continuous eruptions can be expected as long as
the continuous supply of air and water in the system is ensured.

Figures 26 and 27 show a comparison of the pressure fluctuations at P6 and P8 for
Case 1, Case 2, and Case 3. At eruption, a drastic reduction in pressure can be seen in
the pressure data for all cases. The pressure variation at both points is shown using box
and whisker plots (Figures 26e and 27e). It is evident that the overall pressure variation
increases with an increase in the initial water level in the dropshaft. Figure 28 shows the
ejection velocity at the top of the dropshaft for Case 1, Case 2, and Case 3. The maximum
ejection velocities recorded for Case 1, Case 2, and Case 3 were 3.02 m/s, 5.17 m/s, and
14.58 m/s, respectively. The ejection velocity is related to the pressure gradient (between
the horizontal pipe and dropshaft). The larger the pressure variation, the greater the
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ejection velocity. It is worth mentioning that the second or third geyser eruption has a
larger intensity than the first.
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Figure 22. Snapshots of air-water phase fraction in the dropshaft (Case 2).
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Figure 23. Plot of instability criteria (Case 2).
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Figure 24. Snapshots of air-water phase fraction in the horizontal pipe (Case 3).
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Figure 25. Snapshots of air-water phase fraction in the dropshaft (Case 3).
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Figure 26. Results of simulation at point P6: (a) comparison for all three cases, (b) case 3, (c) case 2,
(d) case 1, and (e) box and whisker plot presenting spread and skewness of data.
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Figure 27. Results of simulation at point P8: (a) comparison for all three cases, (b) case 3, (c) case 2,
(d) case 1, and (e) box and whisker plot presenting spread and skewness of data.
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Figure 28. Velocity and pressure fluctuations at the top of the dropshaft for Case 1, Case 2, and Case 3.

5. Influence of the Ratio of the Dropshaft to Tunnel Diameter

A set of simulations was conducted in which the diameter of the dropshaft was varied
(Case 2 and Case 4). The diameter of the tunnel remained constant (i.e., 0.152 m) during
these simulations. These simulations aimed to determine the effect of varying the ratio
between the diameter of the dropshaft to the tunnel on geyser formation. In Case 2, the
diameter of the dropshaft and tunnel was 0.152 m (i.e., D;/D; = 1.0), whereas, in Case 4,
the diameter of the dropshaft was 0.076 m (i.e., D;/D; = 0.5). It is found, in general, that
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the rise of the liquid column increases with a smaller dropshaft diameter, hence leading to
earlier spillage.
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Figure 29. Snapshots of air-water phase fraction in the horizontal pipe (Case 4).

Figure 29 shows the water volume fraction in the horizontal pipe for Case 4. At
t =12.35 s, the air pocket reaches the dropshaft (Figure 29a,b). The rise of the air inside the
dropshaft is shown in Figure 30a—d. With the rise of the air pocket, the pressure at P6 starts
falling from 133,010.8 N/m? (t = 13.7 s) to 120247.1 N/m? (t = 14.8 s). Due to the smaller
diameter of the dropshaft in Case 4, the rise of the water column increases compared to
Case 2. The spillage can be noticed at t = 14.85 s in Figure 30e. A sudden drop in hydrostatic
pressure due to spillage resulted in a flow transition (Figure 29¢,d). Similar to Case 2, once
the slugs are formed in the horizontal pipe (due to a sudden drop in hydrostatic pressure),
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they are propelled into the dropshaft, creating a temporary blockage at the base of the
dropshaft. The rise of the propelled slug into the dropshaft is higher, causing the overall
pressure variation to be larger compared to Case 2 (Figure 32b). The system goes through
multiple cycles of rise and fall in the liquid and again erupts at t = 24.55 s (Figure 30u) and
t =26.55 s (Figure 31aa). In Figure 32c, we illustrate the eruption velocity at the top of the
dropshaft. The maximum velocity in eruption in Case 4 is 9.41 m/s at t =25.15 s (i.e., 116%
higher than the maximum eruption velocity in Case 2). It is noteworthy that the second
eruption was higher in intensity than the first eruption.
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Figure 30. Snapshots of air-water phase fraction in the dropshaft (Case 4).
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Figure 32. Results of simulation for Case 2 and Case 4: (a) P6, (b) P8, and (c) velocity and pressure
fluctuations at the exit of the dropshaft.

Numerical accuracy is a crucial component of every numerical simulation. This was
ensured in the current work by using sufficiently fine meshes to yield grid-independent
solutions. Failure to accomplish this would prevent instabilities from escalating. The
influence of the tunnel diameter was not analyzed in this study. As per the experimental
study by Lin and Hanratty (1987) [50], a large velocity is needed in a large pipe for a
flow transition from stratified to slug. However, it also has an indirect, conceivably less
significant effect on the other flow patterns because the stabilizing effect of gravity in
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small-diameter pipes is weaker. The slug region is large in a small horizontal pipe, and the
large-amplitude waves (concerning the pipe diameter) are created more readily.

This study offers helpful recommendations to enhance stormwater management sys-
tems by identifying the key mechanism responsible for geyser eruption. The numerical
analysis illustrates the effects of the initial water depth and dropshaft shape on geyser
development and intensity. The performance and resilience of stormwater systems under
extreme flow conditions can be improved by directly incorporating these results into their
design. For example, it has been demonstrated that the accumulation of greater pressure
gradients at lower dropshaft diameters increases the intensity of eruptions. According to
this finding, greater dropshaft diameters might be used in crucial locations to improve
energy dissipation and lessen the intensity of air-water interactions. Likewise, the amplifi-
cation of the geyser intensity with greater initial water depths highlights how crucial it is
to control the upstream flow conditions in order to avoid building up too much pressure.

6. Conclusions

This paper describes the detailed mechanisms that lead to violent geysers in storm-
sewer and combined sewer systems using 3D numerical modeling, with a particular focus
on partially filled dropshaft conditions. The effect of the initial water in the dropshaft and
the dropshaft diameter on geyser formation were analyzed using four cases. It should be
noted that, regardless of these specific factors, all geyser events share the same fundamental
characteristics. The key results are as follows.

(1) The mechanism of geyser formation in this study is not just limited to the dropshaft
being initially in the completely filled state (i.e., by /1y = 1, which may not represent field
conditions), as discussed in Leon (2019) [5], but it provides a detailed explanation of the
role of a smaller initial water depth on geyser formation (i.e., /i, /h; = 0.23 and 0.5). By
focusing on the partially filled state, this study not only addresses a wider range of field-
relevant scenarios but also provides a comprehensive explanation of geyser phenomena
that encompasses both partially and fully filled conditions.

(2) A low initial water depth in the dropshaft does not ensure immediate spillage at
the top of the dropshaft. The cycle of rise and fallback in the liquid film inside the dropshaft
creates a less dense mixture, causing the subsequent rise of the air-water mixture and
ultimately giving rise to spillage. The eruption is evident by the drastic reduction in the
hydrostatic head at the intersection, creating a significantly large pressure gradient along
the horizontal pipe, resulting in a flow transition.

(3) The intensity of geyser eruption (ejection velocity) increases with the increase in the
initial water level in the dropshaft. This is because the overall pressure gradient variation
along the horizontal pipe is more significant, resulting in the violent propulsion of the air in
the dropshaft. For Case 3 (hy /h; = 1), the maximum eruption velocity reached 14.58 m/s;
such a high velocity could be responsible for the violent eruptions observed in the field.

(4) The effect of the riser diameter was studied using numerical models (Case 2 and
Case 4). It is found that the strength of the geyser eruption increased with a smaller
dropshaft diameter. This can be used as a base study in designing geyser mitigation
techniques in which the eruption intensity can be reduced by proposing a section of the
dropshaft to be relatively larger than the horizontal pipe.

The applicability of this research ranges from the aspect of practical engineering to
that of theoretical domains. Thus, for stormwater systems, the provided insights into the
dropshaft geometry and pressure dynamics offer scientific grounds for the retrofitting of
the existing infrastructure with new technologies, such as integrating air venting systems,
enlarging sections of dropshafts, or optimizing pipe inclinations to dissipate pressure
gradients. Additionally, the research informs design standards for new infrastructure,
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enhancing the resilience to urban flooding and improving public safety. Apart from
stormwater management systems, the methods and outcomes are relevant to similar two-
phase flow scenarios occurring in combined sewer systems, industrial pipelines, and energy
systems. This study provides a framework to simulate and analyze geyser behavior, thus
providing tools to address challenges in regions with different topographies, different
rainfall intensities, and different designs of drainage systems. Future efforts should also
explore incorporating environmental variables, such as sediment interactions, temperature
gradients, and transient inflows, which will broaden the model’s scope and applicability,
ensuring its utility across diverse operational scenarios.
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Nomenclature

v gradient function (m~1)

o water volume fraction (-)

K curvature of the interface (-)
U kinematic viscosity (m?2/s)

Qa density of air (kg/m?)

Pw density of water (kg/m3)

P phase mixture density (kg/m3)
Ha kinetic viscosity of air (m?/s)
Hw  kinetic viscosity of water (m?/s)
hy water level in the dropshaft (m)

hy height of atmosphere domain (m)
hy height of the dropshaft (m)
Ly,  length of upstream pipe from the extreme upstream end to air tank (m)

Ly, length of upstream pipe from air tank to dropshaft (m)

Ly length of downstream pipe (m)

D; diameter of horizontal pipe (m)

Dy diameter of dropshaft (m)

Coa  specific heat capacity of air at constant volume (J/kg K)

cow  specific heat capacity of water at constant volume (J/kg K)
temperature field (K)
time (s)

turbulence kinetic energy (m2/s%)

T

t

u velocity field (m/s)

k

€ turbulence dissipation rate (m2/s%)
8

acceleration due to gravity (m/s?)
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U, compression velocity (m/s)
P pressure field (N/ m?)
Herr  thermal eddy diffusivity (kg/ms)

1o surface tension (N/m)
R universal gas constant (J/kg K)
x position vector (m)
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