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Abstract

Stormwater systems undergoing rapid filling may present a variety of operational problems, one such being the displacement

of manhole covers, which can threaten both traffic and pedestrians. There are scarce documentation and few measurements of

flow conditions in rapidly filling stormwater systems, and it is speculated that air pressurization within manholes leads to such

displacements. There can be different causes of air pressurization in manholes, among which is the release of entrapped air pock-

ets through water-filled shafts. Research has indicated that such releases will result in the displacement of the free surface within

these manholes, which in turn may create conditions for air to develop enough pressure to overcome the weight of a manhole

cover and displace it. This paper presents results from an ongoing computational fluid dynamics (CFD) simulation of air pocket

release in shafts with limited ventilation at the cover. Results indicate that releases of large air pockets can create pressure surges

that far exceed the threshold for manhole cover displacement, and that pressure rise can occur within a few seconds following air

admission into the shaft. The ultimate goal of this investigation is to provide better guidance for the management of air in junc-

tions within stormwater systems, and to prevent operational issues that are linked to air-water flows.

1 Introduction

Manholes and shafts are integral components of stormwater in-
frastructure in urban areas, and allow for inspection of the system
and inflows into sewers and tunnels. Manhole covers prevent
people, animals, and objects from falling into the subterranean
conduits. However, manhole cover displacement is a possible
accident hazard to the public, particularly for pedestrian and
vehicular traffic (Metcalfe 2012; Fourie 2015; Crimaldi and Ramos
2016). Manhole cover displacement can have various causes,
including rapid filling of sewers and pressure surges within man-
holes, among other mechanisms. This work focuses on air-water
pressure surges in manholes under rapid filling conditions.

Rapid filling of stormwater or sewer systems can lead to
air entrapment, as described by Li and McCorquodale (1999) and
Vasconcelos and Wright (2006). Once air is entrapped in large
pockets, it moves within the conduits and may be released in an
uncontrolled fashion through a ventilation point. In addition to
the mechanisms of air entrapment and motion, transient flows
can cause detrimental pressure surges due to air compressibility
(Vasconcelos and Leite 2012).

Regarding air-water surging, Martin’s (1976) pioneering
work developed an analytical solution based on a rigid column
model that describes the pressure surge caused by the rapid
filling of a pipeline with a large air pocket. Zhou (2000) and
Zhou et al. (2002a; 2002b) observed that three types of pressure

oscillation patterns can be generated depending on the size of
the orifice that allows air to be released:

1. Limited air ventilation condition: long-period pres-
sure surges dominate the compression-expansion
processes, with peak pressure magnitudes from one
to three times the initial driving pressure attributed
to air cushion effects;

2. Adequate air ventilation condition: air cushion ef-
fects are not significant; water inflow easily displaces
air and upon reaching the air ventilation location
it slams against the location and generates water
hammer pressures, which could be up to 15 times
the peak pressure magnitude of the initial driving
pressure; and

3. Intermediate air ventilation condition: a condition
intermediate between the two preceding cases; a
long-period pressure surge dominates until suffi-
cient air is released, at which point slamming occurs,
triggering water hammer pressures.

Zhou et al. (2004) experimentally studied and numeric-
ally modeled the situation of an air pocket located at a vertical
pipe end, showing similar findings. Zhou et al. (2011) created
computational fluid dynamics (CFD) simulations with both 2D
and 3D volume of fluid (VOF) methods, showing that 2D and 3D
CFD models can better describe the flow physics and pressure
oscillations than a 1D elastic water model. Zhou et al. (2013) ob-
served that the pressure surge magnitude could be much higher
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when two air pockets exist in the pipeline rather than only one air
pocket. One essential limitation of the above research is that the
potential air pressurization caused by the release of air pockets
through vertical shafts is still poorly understood.

When an air pocket moves along sewers and tunnels, it
may be released if it arrives at a manhole or ventilation shaft.
If the ventilation shaft is filled with water, the air pocket can
displace water in the vertical structure as it moves upward. Lab-
oratory and numerical investigations (Vasconcelos and Wright
2011; Lewis 2011; Muller et al. 2017) have shown that the vertical
motion of air pockets in these shafts can lead to significant water
column displacement and potentially result in a geyser. While
relevant, these past research efforts have not focused on the
possibility of air compression as the entrapped pocket moves up-
ward and displaces air at the top of the vertical structures. This is
relevant since in various circumstances there is limited ventilation
available for air in manholes and shafts, leading to the possibility
of a pressure build-up and consequent manhole cover displace-
ment. This knowledge gap is the focus of this work.

2 Objectives

This research presents an implementation of a CFD model that
was developed to study the air pressurization caused by uncon-
trolled air pockets that are released through water-filled man-
holes. The CFD model follows the work of Muller et al. (2017), and
considers various vent configurations for manhole covers. Initially
the CFD model was validated for air-water surging processes us-
ing the experimental data of Zhou et al. (2011). After this step, we
systematically investigated the air pressurization characteristics
when air pockets were released through water-filled manholes,
with vents of various dimensions in the manhole covers.

3 Methodology

Zhou et al. (2011) published a CFD study that used a VOF method
for air pressurization caused by air-water interaction under rapid
filling conditions. They showed that both 2D models and 3D mod-
els can accurately predict the flow, as well as the pressure surge
magnitude and period, in comparison to 1D models. Similarly, we
conducted a series of 3D, VOF-based CFD simulations focusing
on air pressurization caused by the release of a large air pocket
through a water-filled manhole, which involved surging. Our ap-
proach follows the simulation results given in the work of Muller
etal. (2017), which involved the release of large air pockets. In
our model key differences from Muller et al. are the limitation

of ventilation orifice size at the top of the vertical shaft and the
model scale.

The CFD simulation used the open source CFD library
OpenFOAM (OpenFOAM Foundation 2016). VOF method-based
(Hirt and Nichols 1981) compressible two-phase Navier-Stokes
equations can be expressed as (Svenungsson 2016):
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where:
p = average density of the fluid within a cell [M/L3],
U = flow velocity vector [L/T],
u = dynamic viscosity [M/(LT)],
g = gravity acceleration [L/T?],
p = pressure [M/(LT?)],
S; = momentum source term [M/(L*T?)],
C = specific heat [L%/(T?0)],
T = temperature [O],
k = thermal conductivity [ML/(T*©)],
S, = energy source term [M/(LT?)],
a = fraction of water in the cell (between 1 and 0) [1],
and
U = velocity field suitable to compress the interface
[L/T].

The average density is defined as:
p=ap, +(1-a)p, (5)

where:

p, = density of water, and
p, = density of air.

Equations 1 through 3 represent mass, momentum and en-
ergy conservation respectively. Equation 4 is related to the com-
pression effects at the interface. A standard k- model (Launder
and Spalding 1974) was used to resolve the turbulence (for brevi-
ty, the details of turbulence modeling are not presented here).

The mesh was generated with a polyhedral mesh genera-
tor, snappyHexMesh (OpenFOAM Foundation 2016), by morphing
an existing mesh to fit the object surface. The simulated model
geometry is the same as that of the hypothetical large-scale mod-
el from Muller et al. (2017) except for the ventilation orifice sizes
at the top of the vertical shaft; the mesh resolutions and indepen-
dence study are not presented in detail here.

The current CFD model accurately represents the flow
characteristics of a large air pocket releasing though a vertical
shaft, so we used the model to simulate air-water surging. The
experimental data given by Zhou et al. (2011) was used to model
air-water surging. The experimental conditions were a 7 m initial
upstream water pressure head and empty pipe at the down-
stream end of the horizontal pipe apparatus (Figure 1). The pres-
sure was monitored near the pipe end in the manner described
by Zhou et al. (2011). The CFD model addressed the model setup
in Figure 1 but without the presence of a ball valve, which means
in the experiment the opening duration of the ball valve ranges
from 0.05 s to 0.1 s while in the CFD model it is instantaneous.



After model validation, a series of simulations with various sizes
of ventilation shaft manhole covers were run. The model and the
development of the released air pocket are shown in Figure 2. The
model consists of a T m diameter 72.74 m long horizontal tunnel
with a large reservoir, open to the atmosphere, connected at the
downstream end of the system to sustain pressure. Between the
cap (acting as an upstream wall) and the reservoir there is a venti-
lation shaft positioned 30 m upstream of the reservoir, with 0.5 m
diameter and 100 m high. Manhole covers with various vent sizes
are at the top of the shaft and are open to the atmosphere.
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Figure 1 Experimental model sketch from Zhou et al. (2011)
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Figure 2 Sketch of the tunnel geometry and development
of released air pocket represented by the CFD model:
(a) model setup and initial condition; (b) air pocket
approaching the manhole; and (c) air pocket moving

upwards and air compressed by the rising free surface.

For all tests, the volume of the released air pocket was
10 m3, corresponding to an initial horizontal tunnel length of
12.74 m. The initial water level in the vertical shaft, and hence
the hydrostatic pressure head, was 25 m measured from the
horizontal pipe centerline. In order to represent the actual vent
of manhole covers, the total vent area (A ) of a manhole cover
is normalized by the manhole cover area (A = 0.251D?), which is
A =A /A.Though manhole cover vents are usually customized,
most typical vent areas are in the range between A’ = 0.002 and
A =0.02 (Schladweiler 2018). To simplify the model and to reduce
mesh resolution, the manhole cover vent of the current CFD mod-
el was set to be a single square hole (as shown in Figure 2a) with
areas (A ) equal to 1%, 2%, 5% or 10% of the shaft cross section
area, located at the center of the manhole cover. Considering also
the two extreme cases of a shaft that is fully sealed (A = 0) or fully
opened (A = 1), six cases were simulated. All walls in the system
were assumed to be smooth concrete. The initial temperature in
the system was set to 27 °C.

4 Results and Discussion

4.1 Model Validation

For the validation stage, as described by Zhou et al. (2011), the
high-pressure water advances in the pipe when the upstream
valve is opened, leading to compression of the air pocket at the
end of the system. As the air is compressed, its pressure exceeds
the upstream reservoir pressure, leading to a deceleration of the
column and eventual reversal of the water motion back toward
the supply reservoir. The pressure head of the air pocket will os-
cillate as it undergoes such compression and expansion. Figure 3
shows a comparison of the CFD simulated air pressure head with
the experimental data. There is good agreement, with just minor

differences of pressure head and oscillation frequency.
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Figure 3 Comparison of air pressurization between 3D CFD
simulation from the present work and experiments
from Zhou et al. (2011).

4.2 Simulation of Air Pressurization Created by
Air Pocket Releases in Water-Filled Shafts

The model was well able to describe surging, so we examined the
air pressurization characteristics caused by the release of a large



air pocket through the limited ventilation manhole. The pressure
head at the bottom of the manhole cover was monitored by a
gauge, as were the corresponding displacement and velocity of
the free water surface within the manhole. Time 0 represents the
instant when the air pocket was released in the simulation. The
free surface displacement and velocity were tracked until the air
pocket-water interface broke through the water column surface
within the manhole.

The simulation results show that, under conditions of
limited ventilation, the air in the manhole can be significantly
compressed by the water displacement caused by the rise of the
entrapped air pocket, reaching a maximum pressure head close
to 10 m for the case when A = 0. For the largest non-extreme
value of A that we considered (A = 0.1), the peak pressure head
was 1.0 m. The results show that in general air pocket releases can
cause a large air pressure under a manhole cover. For comparison,
the peak air phase pressure heads reported by Klaver et al. (2016)
were <1.7 m for cases when manholes were subjected to inertial
oscillations during rapid filling conditions and for a ventilation
area of A =0.0017.

After air pressure peaked, there was a process of depres-
surization due to ventilation in all cases except for the case when
A’ =0.This depressurization may take several seconds to occur,
which indicates that air pressure forces acting on the cover may
have a significant duration. We also observed that peak pressures
occurred sooner with larger A’ values.

Manhole cover sizes and weights vary greatly; some heavy
duty manhole covers have weights of ~114 kg. If a (hypothetical)
manhole cover has area 0.50 m? (corresponding to a diameter of
80 cm), it would take an air pressure of 2236 Pa (pressure head
0.23 m) to overcome the weight of the manhole. Such values of
air pressure can be obtained by the release of an entrapped air
pocket at the bottom of a water-filled shaft, as indicated in Fig-
ures 4 and 5.

12

Av*=0.00
Av¥=0.02
Av*=0.10

Av¥=0.01
Av¥=0.05
Av¥=1.0

Pressure head (m)

O = N W A U N W

A

18 23 28 33 38 43 48 53 58 63 68 73 78

Time (s)

Figure 4 Development of pressurization of the air phase
under a manhole cover created by a rising air pocket in
a water-filled manhole shaft.
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Figure 5 Detail of air pressure variation under a manhole
cover for various A’ values.

Clearly, if the manhole cover is bolted to the shaft, the bolts
will maintain the cover in position and so transfer the air pressure
forces to the supporting ring. As would be expected, structural
damage can occur if these forces are excessive, as was reported
by Klaver et al. (2016). Assuming that the air pressure under a
poorly ventilated manhole cover with an area of 0.5 m? reached
the same range that was obtained in these simulations, the air
pressure force could reach 48.7 kN.

Note that the maximum air pressure occurred before the
breakthrough of the rising air pocket at the top of the water
column. As is shown in Figure 6, with higher pressure levels the
trajectory of the displaced water column is altered, which sug-
gests that an air cushioning effect reduces the magnitude of the
water displacement. When A° = 1 the free surface displacement is
~70 m, but for the case of A = 0 this displacement was only 30 m.
There was a gradual variation in this displacement among all test-
edvalues of A'.

100

Av¥=0.00 Av¥=0.01
90

Av¥=0.02 Av¥=0.05
80 Av¥=0.10 Av¥=1.0

70

60

50

Vertical coordinate (m)

Time corresponds
to maximum
pressure head

40
30

20
18 20 22 24 26 28 30 32 34 36

Time (s)

Figure 6 Displacement of the water-free surface in the shaft
created by the rising air pocket.

It would also be expected that the air cushioning effect
would affect the velocity of the free surface of the water as it
moved toward the manhole cover. The peak velocity simulated
for the conditions where A’ =0and A =1 were 6.0 m/s and
10.9 m/s respectively. In general, the velocity values grew for ~7 s
to 8 s during the initial air pocket rise and decreased abruptly, as



shown in Figure 7. Peak velocity times did not coincide with the
time where pressure peaked.
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Figure 7 Change in the free-water surface velocity within the
manhole for various A’ values.

After the air pocket breaks through the free-water surface
within the manhole, a complex air-water bubbly mix remains in
the vertical shaft for a significant time. These small air bubbles
rise in the column more slowly, with varying velocities that scale
with the bubble diameter (Batchelor 1967) and that depend on
the water velocity within the column. Such conditions, while they
will also lead to air release underneath the manhole cover, were
not examined in this study. An illustration of the configuration of
the air-water mix in the tower for selected ventilation conditions
is shown in Figure 8.
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Figure 8 Modeled air-water mixture in ventilation shafts for
selected ventilation conditions, at T =30.3 s.

5 Conclusions and Future Work

This work describes an investigation, using CFD, into the char-
acteristics of air pressurization under manhole covers caused

by uncontrolled air pocket release in water-filled shafts. The key
contribution of our research to an increased understanding of
the behaviour of air pockets is to determine to what extent such
air pocket releases would affect the forces under manhole covers
with varying degrees of ventilation. Although this research is still
in its initial stages, there are some relevant findings thus far:

1. The simulation results show that with a limited
ventilation manhole cover, the air in the manhole
can be highly compressed by the rise of water dur-
ing air pocket release. The peak pressure values are
sufficient to dislodge the manhole cover under the
simulated conditions.
2. As would be expected, the magnitude of the com-
pressed air pressure is closely related to the vent
size. Highest pressures were observed for cases
when the ratio of vent area to the vertical shaft area,
A, was <0.02, which is in the range of most typical
vent areas in manhole covers. Among the simulated
cases, the highest pressures were observed when
the shaft was not vented, with a peak pressure head
of 9.9 m.

3. While the results of this work are still preliminary, it
appears that even with larger ventilation ratio values
(0.05 <A <0.10) and smaller peak pressure heads
(1.0 m to 2.7 m) there would be enough force to
dislodge for a brief period most manhole covers (i.e.
those weighing <114 kg).

4. Both the water rise caused by the air pocket release

and its corresponding velocity decreased with a
smaller ventilation ratio, suggesting that the lack
of ventilation creates a cushion effect against the
displacement of the water in the vertical shaft.

Many questions still need further attention. One limitation
of this work was the consideration of air pocket release through
an intermediate shaft, which may not be representative of all
shaft geometries. Other limitations included the use of a single
value for parameters such as initial water depth, shaft length
and plan area. The effect of the release of air pockets of varying
volumes was not studied, nor was the possibility of the ventila-
tion area variation with pressurization, which is the case when
manhole covers are displaced by air pressure. It is hoped that fu-
ture modeling and experimental investigation will address these
possibilities.
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