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Abstract:Geysers are explosive eruptions of air-water mixture frommanholes in drainage systems. When the design capacity of urban storm
water drainage systems is exceeded during extreme rainfall, rapid inflows into the drainage network can lead to air-water interactions that give
rise to geysers—causing damage to the water infrastructure and threatening human lives. Although extensive research has revealed the role of
entrapped air in causing large pressure transients in drainage tunnels, the mechanism of geyser formation remains elusive. In this study, an
unsteady three-dimensional (3D) computational fluid dynamics (CFD) model is developed to simulate the pressure transients and air-water
interactions during geyser events using the volume-of-fluid (VOF) technique. Extensive numerical simulations are conducted to study the
air-pocket dynamics caused by release of trapped air from a horizontal tunnel into a vertical riser. Model predictions of the air-water interface
in the vertical shaft are in good agreement with laboratory measurements by a high-speed camera; the mechanism for the formation of geysers
is elucidated. It is found that during a geyser event, compression of the air pocket in the riser can lead to rapid acceleration of the overlying
water column and its expulsion from the riser; the air-pocket pressure is significantly higher than the hydrostatic pressure of the overlying
water column, and the velocity is greater than that of a Taylor bubble. Comprehensive numerical modeling has been conducted to study the
effect of the vertical shaft diameter, the upstream pressure head and the air-pocket volume on the air-pocket dynamics; the results show that
geyser formation is primarily controlled by the riser to tunnel diameter ratio, Dr=D. 3D CFD simulations have also been carried out for an
idealized prototype drainage system; it is shown that the geyser behavior can be characterized by extremely large vertical air velocities that
result in dispersed air-water mixtures often observed in the field. DOI: 10.1061/(ASCE)HY.1943-7900.0001416. © 2017 American Society
of Civil Engineers.

Author keywords: Geyser; Urban drainage; Hydraulic transients; Air-water interaction; Volume-of-fluid (VOF); Computational fluid
dynamics (CFD) model.

Introduction

Geysers are explosive eruptions of air-water mixture from man-
holes in drainage systems. When the design capacity of urban storm
water drainage systems is exceeded during heavy rainfall, rapid in-
flows into the drainage network can lead to air-water interactions
that give rise to geysers—causing damage to the water infrastruc-
ture and threatening human lives. Over the past two decades,
geysers have been attributed to air-water interactions—in particular
the presence of air pockets that can give rise to significant pres-
sure surges (e.g., Hamam and McCorquodale 1982; Li and
McCorquodale 1999; Martin 1976; Zhou et al. 2002a, b). More
recently, systematic investigations have demonstrated the possibil-
ity of different types of air-water interactions as a function of riser
and pipe diameters, and the rate of increase of inflows into an
existing pipeline partially filled with water (Wright et al. 2011;

Wright 2013, 2014; Vasconcelos and Wright 2012, 2008, 2011,
2016).

Whereas the previous studies have confirmed the role of en-
trapped air in causing large pressure transients, the mechanism of
geyser formation remains elusive, primarily because of the lack of
detailed observations. In particular, the physical mechanisms under
which geysers are formed have not been conclusively reported or
elucidated. A comprehensive series of laboratory experiments has
recently been performed on a physical model of a simplified drain-
age system (Cong 2016; Cong et al. 2017), which consists of a
vertical riser and a horizontal pipe connected to a constant head
tank. The system is filled with water; an air pocket is then released
into the horizontal pipe. The trajectories of the air pockets in the
horizontal pipe and vertical riser are measured by a high speed cam-
era, and pressures are measured at key locations. The experiments
show that the vertical air-pocket motion in a geyser differs greatly
from that of a Taylor bubble—an air pocket rising steadily in
a vertical tube under buoyancy with a thin water film around it
(Davies and Taylor 1950); the mechanism of geyser formation in
the laboratory set up is elucidated. The importance of the ratio of
riser to pipeline diameter, and the volume of air in geyser formation
was also demonstrated (Cong et al. 2017).

Whereas important insights can be gained from the small-
scale experiments, the extrapolation of the laboratory results to
the prototype is a difficult task that may be assisted by 3D numeri-
cal modeling. It is well-recognized that computational fluid dy-
namics (CFD) modeling is useful in capturing greater details of
the physical processes than 1D models based on the rigid column
hypothesis. Nevertheless, the resolution of the fine scale flow
processes (e.g., Taylor bubble) imposes significant computational
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constraints; the formulation of the 3D numerical model is also not
straightforward—there has hitherto been relatively very few at-
tempts at CFD modeling of the geyser flow. Zhou et al. (2011) per-
formed two-dimensional (2D) volume of fluid (VOF) calculations
on the transient flow of an air pocket trapped in a hypothetical pipe-
line; the computed pressure variation compared well with experi-
mental measurements. Catano-Lopera et al. (2014) conducted 3D
two-phase flow calculations to study the occurrence of geysers for a
small section of the Chicago tunnel and reservoir plan (TARP) sys-
tem. Although the surging of the air-water mixture in the vertical
riser is demonstrated, the physics of the geyser flow in the riser
cross section remains unresolved. For example, the details of the
water film flow surrounding the rising air pocket—which is inti-
mately connected with the rapid transient nature of geysers—is
not resolved. Overall, there has been very few detailed numerical
studies of geysers, and the mechanism of geyser flow has not been
successfully modeled.

This paper presents a CFD study on geyser events using the two-
phase VOF technique. Guided by recent experiments by Cong et al.
(2017), the set-up of the CFD model will first be described. The
computed detailed air-water interface motion in the vertical riser
is presented and compared with experimental data. The mechanism
for the formation of a geyser is elucidated for the first time along
with the conditions that will likely lead to geyser events. A numeri-
cal study is also conducted to examine the effect of shaft diameter,
upstream pressure head, and the air volume impact on the formation
of geysers. Finally, the model is used to compute an idealized sec-
tion of a drainage system using prototype dimensions; the differ-
ences between the prototype and laboratory geysers are discussed.

3D Numerical (CFD) Model

Governing Equations

The VOF model can simulate two immiscible fluids (water and air)
by solving a single set of momentum equations and tracking the
volume fraction of each of the fluids throughout the domain (Hirt
and Nichols 1981). The tracking of the interface between the
phases is accomplished by the solution of a continuity equation for
the volume fraction of one of the phases. For the water phase, this
equation has the following form:

∂
∂t ðαwρwÞ þ ∇ · ðαwρwUÞ ¼ 0 ð1Þ

where αw = volume fraction for the water phase. The volume
fraction for the air phase αa will be computed based on the con-
straint of:

αa þ αw ¼ 1

In a two-phase system, the average density in each cell is
given by

ρ ¼ αwρw þ ð1 − αwÞρa ð2Þ

A single momentum equation is solved throughout the domain,
and the resulting velocity field U ¼ ðu,v,wÞ is shared among the
phases. The momentum equation below, is dependent on the vol-
ume fractions of all phases through the properties ρ and μt.

∂
∂t ðρUÞ þ ∇ · ðρUUÞ ¼ −∇Pþ∇ · ½μtð∇Uþ∇UTÞ� þ ρg ð3Þ

The turbulent dynamic viscosity μt is determined using the
standard k − ϵ turbulence model. g ¼ ð0,0, − 9.81Þ = gravitational
acceleration.

The density of air ρa is related to the air pressure using the ideal
gas law. For compressible flows, the ideal gas law is written as:

ρa ¼
Pop þ P

R
Mw

T
ð4Þ

where Pop = operating pressure defined as the atmospheric
pressure Patm ¼ 101.325 kPa, P = local relative (or gauge) pres-
sure, R ¼ 8.314 J=mol=K = universal gas constant, and Mw ¼
28.966 g=mol = molecular weight of air. The water phase is treated
as incompressible with density ρw ¼ 998.2 kg=m3. The tempera-
ture T (in K) is computed from the conservation of energy (temper-
ature) equation:

∂
∂t ðρTÞ þ∇ · ðρTUÞ ¼ ∇ ·

�
μt

Pr
ð∇TÞ

�
ð5Þ

where Pr = Prandtl number = 0.85.
The governing Eqs. (1) and (3) are solved numerically using

the finite volume method in the commercial CFD code of
ANSYS FLUENT. The PISO (pressure-implicit with splitting of op-
erators) algorithm is employed for velocity-pressure correction
with under-relaxation factor of 0.5 for pressure and momentum,
0.8 for k and ε, and 1.0 for density, temperature, and turbulent vis-
cosity. A second order upwind advection scheme is used for mo-
mentum, density, and temperature, whereas a first order upwind
advection scheme is used for k and ϵ. The volume fraction equation
[Eq. (1)] is solved through the Geo-reconstruct scheme in FLUENT
(Youngs 1982). In the geometric reconstruction approach, the stan-
dard second-order scheme is used to obtain the face fluxes when-
ever a cell is completely filled with one of the two phases. When the
cell is near the interface between two phases, the geometric
reconstruction scheme is used to determine the interface between
fluids using a piecewise-linear approach from the volume fraction
of adjacent cells. Except for the volume fraction equation, a first
order implicit time stepping scheme is used for the marching of
the solution with time. Convergence is declared when the normal-
ized residual is less than 10−6 for temperature and 10−4 for all other
variables. Typically, approximately 10–20 iterations are required
for convergence in each time step.

Numerical Experiments

The laboratory experiments of Cong et al. (2017) are simulated
under exactly the same conditions (Table 1). The physical model
is a simplified drainage system, which consists of a vertical riser of
diameter Dr and a horizontal pipe of diameter D connected to a
constant head tank. The pipe is 6.6 m long with an inner diameter
of D ¼ 0.05 m. A riser of height 1.8 m and variable diameter
(Dr ¼ 0.016 − 0.046 m) is connected to the pipe with a T-junction
at x ¼ 3.47 m from the upstream. In the physical experiment, a
number of valves are used to separate the pipe into different sec-
tions to allow experiments with different air volume. By opening or
closing a selected valve, air pockets of different initial lengths (or
volumes) can be formed.

Two series of numerical experiments were performed (Table 1),
similar to those described in Cong et al. (2017). Two numerical
experiments (Run A1 and Run A2) are dedicated to the con-
dition without an external pressure [Series A, similar to those in
Vasconcelos and Wright (2011)], the riser and horizontal pipe
is filled with water to an initial head of H0; the downstream sec-
tion of the pipe is an air pocket of length L0 and volume Vair .

© ASCE 04017071-2 J. Hydraul. Eng.
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The upstream end of the pipe is a closed end. In the simulation,
two riser diameters are tested: Dr ¼ 16 mm (Run A1) and
40 mm (Run A2), with an initial pressure head of H0 ¼ 0.88 m,
and L0 ¼ 0.61 and 1.8 m respectively. In the laboratory geysers
are not observed for Series A experiments.

On the other hand, extensive numerical experiments are con-
ducted with a pressurized pipe connected to a constant head reser-
voir (Series B) with the initial water depth in the riser at the same
level. A total of 15 numerical experiments (Run B1–B15) are per-
formed for different riser diameters, upstream head, and initial
air volumes (Table 1) corresponding to the physical experiments
(Cong et al. 2017). As an independent check, an additional numeri-
cal experiment (Run B16) is conducted for the experimental set up
of Lewis (2011).

Model Grid

In the numerical model, the tunnel-riser system is discretized using
approximately 100,000 boundary-fitting grid cells. A schematic di-
agram of the model is shown in Fig. 1. The tunnel cross section is
discretized using 25 cells along the diameter, with finer grid size as
the tunnel wall is approached. The riser diameter is discretized us-
ing approximately 50 cells, with smallest grid size of 0.1 mm; it is
found that realistic simulation of the geyser dynamics requires a
good resolution of the water film flow around the rising air pocket.
The T-junction of the tunnel-riser system is discretized using tetra-
hedral cells, whereas the other parts of the tunnel and riser are
discretized using hexahedral cells. To study the surging of the air-
water mixture in the riser, a larger height of the riser (compared
with the experiment) is adopted in the computational model (3.0 m)
to confine the air pocket and water column within the riser during a
geyser event. A relative coarse mesh (approximately 40,000 grid
cells in total) is also used for a parametric numerical study on

the effect of shaft diameter, air volume and upstream pressure
on the formation of geyser.

Boundary and Initial Conditions

For Series A experiment without an upstream pressure head, both
ends of the tunnel (x ¼ 0 and 6.6 m, Fig. 1) are set as closed end
walls. For Series B experiments, the upstream end of the tunnel is
prescribed as a pressure inlet with pressure ¼ ρwgH0 and volume
fraction of water = 1, to resemble the effect of the upstream reser-
voir. The top of the riser is prescribed as a pressure outlet of zero
(atmospheric) pressure and volume fraction of water = 0. A smooth
wall is assumed for the pipewall with roughness length of 10−3 mm.

In the simulation, an air pocket of length L0 (volume ¼
πL0D2=4) near the closed end of the tunnel and a water level of
H0 at the riser are prescribed. The initial temperature is assumed
to be 300 K (26.85°C). The simulation starts at time t ¼ 0, equiv-
alent to the opening of the ball valve in the experiment. It is noted
that in the simulation the opening of the valve is instantaneous,
whereas in the experiment the valve opening time is approximately
0.5 s. The difference in valve opening time could result in a slightly
early time of arrival of the air pocket at the riser, but the simulated
pressure transient and air-water dynamics compare well with the
experiment. Because the advection scheme of the VOF method
is explicit, the Courant criteria have to be satisfied, and the maxi-
mum Cr ¼ ðuΔt=ΔxÞ ¼ 0.75, an adaptive time step is used with
minimum Δt¼ 10−5 s. The run time of a quad-core parallel com-
putation on a Dell workstation with an Intel i4790 3.6 GHz CPU is
approximately 360–400 h for a full simulation using the fine mesh.
There may be a number of geysers when the air pocket cannot be
ejected completely in a single geyser, and the strength of a geyser
usually decreases with time. In this study, only the first geyser will
be simulated. The simulation is stopped when the air pocket has

Table 1. Summary of Key Parameters for Numerical Experiments

Run
number

Tunnel
diameter
D (m)

Riser
diameter
Dr (m) Dr=D

Initial (A)/upstream (B)
pressure head

H0 (m)

Initial length
of air pocket

L0 (m) Va=Vw
a

Maximum
height of
riseb (m)

vnet
c

(m=s) Geyser

Series A, without upstream head
A1d 0.05 0.016 0.32 0.88 0.61 6.77 0.80 0.270 No
A2d 0.05 0.040 0.80 0.88 1.80 4.26 0.85 0.320 No

Series B, with upstream head
B1d 0.05 0.016 0.32 0.88 0.61 6.77 2.48 0.420 Yes
B2 0.05 0.021 0.42 0.66 0.61 5.24 1.49 0.479 Yes
B3 0.05 0.026 0.52 0.66 0.61 3.42 1.41 0.521 Yes
B4 0.05 0.031 0.62 0.50 0.61 3.17 0.96 0.405 No
B5 0.05 0.031 0.62 0.66 0.61 2.40 1.28 0.492 Yes
B6 0.05 0.031 0.62 0.88 0.61 1.89 1.52 0.435 Yes
B7 0.05 0.031 0.62 1.00 0.61 1.59 1.64 0.460 Yes
B8 0.05 0.031 0.62 0.66 1.80 7.09 1.34 0.395 No
B9 0.05 0.031 0.62 0.88 1.80 5.32 1.82 0.435 Yes
B10 0.05 0.031 0.62 1.00 1.80 4.68 2.17 0.337 No
B11 0.05 0.036 0.72 0.66 0.61 1.78 1.23 0.421 No
B12 0.05 0.040 0.80 0.66 0.61 1.44 1.09 0.433 No
B13 0.05 0.040 0.80 0.66 1.80 4.26 1.21 0.474 No
B14d 0.05 0.040 0.80 0.88 1.80 3.20 1.57 0.454 No
B15 0.05 0.040 0.80 0.88 2.20 3.91 1.68 0.468 No
B16e 0.095 0.044 0.46 0.457 0.84 8.57 1.31 0.399 Yes
aVa ¼ ðπD2=4ÞL0, volume of air in tunnel; Vw ¼ ðπD2

r=4ÞH0, volume of water in riser.
bDefined as the level where the air pocket breaks the free surface.
cvnet = net rising velocity of air pocket in the riser, relative to the free surface.
dFine mesh is used.
eExperimental set up of Lewis (2011).

© ASCE 04017071-3 J. Hydraul. Eng.
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reached the free surface in the riser. When the coarse mesh is used,
the run time is much reduced to approximately 50–70 h, yet the key
features of air-pocket dynamics and geyser formation can still be
faithfully captured.

Numerical Results

Air-Pocket Propagation in the Tunnel

In the numerical simulation, t ¼ 0 corresponds to the time of valve
opening. Fig. 2 shows the computed movement of an air pocket in
the horizontal pipe after valve opening for a typical experiment of
Dr ¼ 16 mm (Series B, with upstream pressure; Run B1). Initially,
the air pocket moves upstream like an air cavity in the upper half of
the pipe, whereas the water propagates downstream as a dam-break
wave [Figs. 2(a and b)]. When the water reaches the downstream
end, the wave is reflected to form an upstream-moving hydraulic
surge [Fig. 2(c)]. The front of the air pocket continues to move
toward the vertical riser [Fig. 2(d)].

Figs. 3(a and b) show the typical pressure variation at two differ-
ent points of the tunnel for an experiment (Series A, Run A1) with
Dr ¼ 16 mm: Point A—at the soffit of the downstream end of the
pipe; Point B—at the invert level just beneath the vertical riser (cf.
Fig. 1). Without an independent external head, the pressure in the
tunnel is provided by the water column in the riser only. Fluctuation
in the pressure can be observed after opening the valve. The maxi-
mum pressure created is approximately the same as the initial water
depth in the riser [Fig. 3(a)]. The water level in the riser drops at
first because of the compression of the air pocket, and fluctuates
at approximately 0.65H0 [Fig. 3(b)]. The CFD prediction allows
the estimation of the volume of air in the system, by summing
up the product of the volume of computational cell and the air vol-
ume fraction inside. The variation of air volume is approximately
5–10% of the total volume of entrapped air [Fig. 3(c)]. The pressure

fluctuation and water-level variation at the riser are gradually
damped owing to the friction of the pipe and riser, until the air
pocket reaches the riser at Ta ¼ 7.7 s, after which the pressure de-
creases monotonically. The pressure variation at Point A is very
similar to that at the base of the riser.

A very different pressure variation results if an upstream
constant pressure head is imposed (Run B1, Fig. 4). At point A
[Fig. 4(a)], the pressure increases sharply after the start of simula-
tion because of the compression of the air pocket by the upstream
pressure. The reduction in air volume is approximately 10% at
maximum [Fig. 4(d)], but it already creates the increase in gauge
pressure of approximately 1.7 times the upstream head. The pres-
sure variation at point B [Fig. 4(b)] is smaller, approximately 1.5
times the upstream head. The water level at the riser also fluctuates
because of the pressure variation [Fig. 4(c)]. The computed pres-
sure variation in general compares well with the measurements
at the same locations in the physical experiment, although the pre-
dicted damping of the pressure fluctuation is somewhat greater
than observed—possibly attributable to the uncertainty in the pipe
roughness. The significant pressure variation after the arrival of the
air pocket (Ta ¼ 7.8 s) can be clearly noted.

Simulated Flow Field in Riser for Geyser Event

Rise of Air Pocket in the Riser
Fig. 5(a) shows the computed air-water interaction after the air
pocket arrives at the vertical riser for Dr ¼ 16 mm without an up-
stream head (Run A1; Series A). The air pocket arrives at the riser
at Ta ¼ 7.7 s. Only part of the air enters the riser; whereas the re-
maining air keeps advancing upstream. The air pocket in the riser
resembles a steadily rising Taylor bubble; a small (∼0.2 m) rise in
the free-surface level can also be noted. Owing to the film flow
around the air pocket, the water column above the pocket decreases
steadily. At t ¼ 9.7 s, the air pocket breaks the free surface. The

Fig. 1. Numerical model of laboratory experiment for study of air-water interaction in horizontal pipe with vertical riser

© ASCE 04017071-4 J. Hydraul. Eng.
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Fig. 3. (a) Pressure at Points A and B; (b) free-surface level at riser; (c) air volume of Run A1, Dr ¼ 16 mm without an upstream pressure head
(Series A); Ta is the time when the air pocket arrives at the riser; H0 ¼ 0.88 m is the initial water depth in the riser
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Fig. 2. Air pocket propagation in the tunnel with riser diameter of 16 mm, Series B (Run B1, with upstream head H0 ¼ 0.88 m, L0 ¼ 0.61 m):
(a) t ¼ 0.0 s; (b) t ¼ 0.5 s; (c) t ¼ 0.9 s; (d) t ¼ 6.0 s
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pressure in the tunnel drops steadily as the air pocket rises [Fig. 3(a)].
The volume of air in the system increases back to the initial volume
as the pressure compression action ceases [Fig. 3(c)].

On the other hand, Fig. 5(b) shows the simulated fluid motion
after the air pocket arrives at the vertical riser forDr ¼ 16 mmwith
an upstream head (Run B1, Series B). Whereas the initial horizontal
air pocket propagation is similar to that for the Series A experiment,
after some time, the nose of the air pocket undergoes a fast vertical
acceleration, resulting in a rising speed much greater than that of a
Taylor bubble. The free surface is pushed by the air pocket to rise
rapidly, until the bubble breaks the free surface. The main air
pocket is followed by a trailing mixture of air and water that enters
the riser from the tunnel—much like a churning flow (Wallis 1969).
In the corresponding physical experiment a geyser is observed, and
the water is ejected out of the experimental riser (height ¼ 1.8 m;
Cong et al. 2017). The pressure in the tunnel drops steadily as the
air pocket rises, but rises again when water enters the riser at ap-
proximately t ¼ 9 s [Figs. 4(a and b)]. The volume of air in the
system remains more or less unchanged [Fig. 4(d)] compared with
that when the air enters the riser.

Fig. 6(a) shows the level of the free surface level in the riser Yfs
and the nose of the air pocket Y int for the case without upstream
head (Run A1, Series A). The rising speed of the interface and free
surface are quite steady. The net rising speed of the front of the
air pocket (relative to the free surface) is somewhat larger than that
for the Taylor bubble (Davies and Taylor 1950), i.e., VTaylor ¼
0.345

ffiffiffiffiffiffiffiffi
gDr

p
; however, the pressure inside the air pocket closely

resembles that of the hydrostatic pressure induced by the water
column of length Lw above [Fig. 6(b)].

Fig. 7(a) shows the level of the free surface at the riser Yfs and
the nose of the air pocket Y int for the case of a geyser (Run B1,

Series B). After entry into the riser, the initial rising speed of air
pocket follows the Taylor bubble speed. At approximately 9 s, there
is a significant acceleration in the rising speed of Y int and Yfs. The
predicted trajectory of the free surface and interface is in general
consistent with the measurement from high speed imaging. The
average air pressure in the air pocket in the riser from the CFD sim-
ulation is much greater than the hydrostatic pressure of the overlying
water column during the event of geyser [Fig. 7(b)]. It is shown from
vertical momentum conservation of the water column in the riser
(Cong et al. 2017) that this pressure difference creates an acceler-
ation to push out the water column from the riser. It is also observed
that a larger volume of air enters the riser for the geyser event (Run
B1) as compared with the case without a geyser (Run A1).

Water Film around the Air Pocket
Fig. 8 illustrate the simulated flow field of the air pocket and
the surrounding film flow. When the air pocket rises like a Taylor
bubble (Run A1, Series A), the head of the bubble is more round-
shaped [Fig. 8(a)]. The average film flow velocity can be esti-
mated using the flow rate of water divided by the area occupied
by the water film in a cross section. By the unit film flow theory
(Batchelor 1967), the average steady falling velocity of the film vf
(relative to the free surface) and the film flow thickness δ can be
estimated, respectively, as:

vf ¼ gδ2

3ν
¼ 0.27a

�
g2

ν

�
1=3

ð6Þ

δ ¼ 0.9a

�
ν2

a3g

�
1=6

ð7Þ

(a) (b)

(c) (d)

Fig. 4. (a) Pressure at Point A; (b) pressure at Point B; (c) free surface level at riser; (d) air volume of Run B1,Dr ¼ 16 mm (Series B); Ta is the time
when the air pocket arrives at the riser; H0 ¼ 0.88 m is the upstream pressure head
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Fig. 5. Predicted rise of air pocket in the riser for Dr ¼ 16 mm: (a) Run A1–without pressure head; (b) Run B1–with pressure head

(a) (b)

Fig. 6. (a) Level of free surface Yfs and interface Y int; (b) length of water column above air pocket Lw and air pressure (Ha ¼ Pa=ρwg) for
Dr ¼ 16 mm, Run A1, without external pressure head
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where a = radius of the riser, and ν¼ 10−6 m2=s = kinematic vis-
cosity of water. For a riser diameter ofDr ¼ 16 mm, the theoretical
film flow velocity vf is estimated to be 0.99 m=s and the film thick-
ness is 0.55 mm. Film flow thickness predicted by CFD is approx-
imately 0.8 mm, which is consistent with the theoretical predictions
and the measurement in Cong (2016), despite of the uncertainties
in predicting the interface between water and air. It is also noted
that during a geyser event (Run B1, Series B) the air pocket head
is more elongated and bullet-shaped (Fig. 8). The air flow is much
stronger for the case of a geyser event, with velocities an order of
magnitude greater than the corresponding flow field without geyser
(Run A1).

Simulated Flow Field in Riser: Cases without Geyser
Occurrence

Fig. 9 shows the simulation for a case with a larger riser diameter,
Dr ¼ 40 mm (Run B14,Dr=D ¼ 0.8). In this case, the simulations
does not reveal a geyser event—with or without the prescription of
an upstream head. As the air pocket reaches the vertical riser, al-
most the entire air pocket enters the riser with no or negligible hori-
zontal upstream air propagation past the riser. In Series A (Run A2),
the air pocket rises like a Taylor bubble, with a small vertical rise of
the free surface. In Series B (Run B14), both the air pocket and the
free surface rise more rapidly, but the air-pocket motion relative to
the free surface is still similar to that of a Taylor bubble. At t ¼
5.3 s, more air enters the riser, and the trailing edge of the air pocket
is an air-water mixture that resembles a churning flow (Wallis
1969). This influx of air-water mixture results in the rapid accel-
eration of the air pocket. On the other hand, in the corresponding
Series A experiment (without independent upstream head), the fall-
ing water film just flows around the air pocket down the riser. The
pressure in the air pocket in the riser is approximately the same as
the hydrostatic pressure of the overlying water column, although
some fluctuations can be noted (Fig. 10).

For the cases without an independent upstream pressure head
(Run A2), as the water in the vertical riser is displaced by the rising
air pocket, the pressure continuously decreases during the ascent of
the air pocket. There is no external pressure that could result in the
compression of air in the riser; thus, a rapid acceleration of the air
pocket (geyser) would not occur.

Overall, based on the simulations of the 18 cases (with and with-
out independent pressure head, Table 1), the following points can
be made: (1) the broad features of the observed air pocket migration
within the riser and the geyser dynamics are well simulated by the

3D CFD model. The occurrence of a geyser event is indicated by
rapid acceleration of the water column, under conditions that reflect
a compressed air pocket with pressure far exceeding the hydrostatic
pressure of the water column above; (2) consistent with the experi-
ments, geysers are not simulated in the Series A runs; and (3) de-
tails of the pressure variation and air pocket speed differ somewhat
from the observations; this may be attributed to the assumed initial
condition (instantaneous valve opening) and the inability of the
turbulence model to accurately model the complex two-phase flow
phenomenon.

(a) (b)

Fig. 7. (a) Level of free surface Yfs and interface Y int; (b) length of water column above air pocket Lw and air pressure (Ha ¼ Pa=ρwg) for
Dr ¼ 16 mm, Run B1, with a pressure head H0 ¼ 0.88 m
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Fig. 8. Computed velocity field around the rising air pocket in
the riser for: (a) Run A1, Series A–no upstream head (no geyser);
(b) Run B1, Series B–with upstream head (geyser occurred).
Dr ¼ 16 mm, H0 ¼ 0.88 m

© ASCE 04017071-8 J. Hydraul. Eng.

 J. Hydraul. Eng., 2018, 144(3): 04017071 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

H
on

g 
K

on
g 

U
ni

ve
rs

ity
 o

f 
Sc

i a
nd

 T
ec

h 
(H

K
U

ST
) 

on
 1

2/
27

/1
7.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



Comparison of Numerical Predictions with
Experiments of Lewis

The CFD model is also applied to simulate a geyser event observed
in the experiments of Lewis (2011), for which data are available.
The experimental set up is similar to that of Cong et al. (2017), but
approximately twice larger. A large constant-head reservoir is con-
nected to the upstream end of the tunnel; the diameter of the tunnel
is D ¼ 0.095 m; the riser diameter is Dr ¼ 0.044 or 0.095 m
(Dr=D ¼ 0.46,1.00). The riser is located at 1.70 m downstream
of the reservoir. A valve located at 3.78 m downstream of the riser
separates a closed section of air of length L0 ¼ 0.89 m from the
water in the horizontal pipe and riser. The air volume is adjusted
by partly filling up the closed section with water. Various combi-
nations of reservoir levelH0 ¼ 0.203,0.457 m above the invert and

the air pocket volume of 1.59, 3.14, and 5.97 L are tested. The air-
water interface and the free surface are analyzed from recorded
video images.

The CFD model is applied for the case of Dr ¼ 0.44 m
ðDr=D ¼ 0.46Þ, H0 ¼ 0.457 m, air volume ¼ 5.97 L, for which a
geyser is observed (Run B16). Fig. 11(a) shows the computed air-
water interface in the horizontal tunnel and vertical riser at t ¼ 9 s.
The trapped air pocket near the tunnel-riser junction is seen; it is
found that the air pocket does not entirely enter the vertical riser;
part of the air pocket intrudes upstream past the riser junction
[Fig. 11(a)]. The predicted free surface and air-water interface lev-
els in the riser are in good agreement with the data of Lewis (2011)
[Fig. 11(b)]. It is also found that the air pressure during this geyser
event is significantly higher than that of the water column above,
resulting in the acceleration of the water column [Fig. 11(c)].
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Fig. 9. Predicted air pocket migration in vertical riser,Dr ¼ 40 mm (no geyser): (a) Run A2–without pressure head; (b) Run B14–with pressure head
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Effect of Shaft Diameter on Geyser Formation

Using the validated CFD model, the effect of shaft diameter, air
pocket volume and upstream pressure head on the formation of
the geyser can be studied. A relatively coarse mesh (approximately
40,000 grid cells in total) is used for systematic numerical testing.
In general, the numerical predictions are consistent with the exper-
imental observations.

The results for the maximum height of the riser of the water
column in the riser, defined as the level where the air pocket breaks
through the free surface, are presented in Table 1. It is found that in
general the height of the rise of the water column increases for the
smaller riser diameter, larger upstream head and larger entrapped
air volume. For the same upstream pressure head of 0.66 m and air
volume of L0 ¼ 0.61 m, the height of the rise decreases from 1.5 m
at Dr ¼ 0.021 m (Run B2) to 1.09 m for Dr ¼ 0.04 m (Run B12).
Analysis of the pressure in the air pocket in the vertical riser sug-
gests that for Dr ¼ 0.016; 0.021; 0.026, and 0.031 m (Run B1–
B10), the air pressure can be significantly larger than the overlying
hydrostatic pressure under some conditions. On the other hand, for
Dr ¼ 0.036 and 0.04 m (Run B11–B15), the air pressure head is
always approximately given by the length of the overlying water
column (see Fig. 12 for four of the cases with the same pressure
and air pocket volume). The extensive numerical simulations reveal
the rapid acceleration of the water column (and hence a possible
geyser event) for Dr ≤ 0.031 m (or Dr=D ≤ 0.62); this criterion
is generally consistent with a heuristic analysis of the experimental
observations (Cong et al. 2017). It is noteworthy that for Dr ¼
0.021 m and 0.026 m [Run B2 and B3, Figs. 12(a and b)], the air
pressure is always larger than the hydrostatic pressure, whereas for
Dr ¼ 0.031 m [Run B5, Fig. 12(c)] there exists significant pressure
fluctuation; at times the air pressure is the same as the hydrostatic

pressure, whereas at other times it differs. The pressure fluctuation is
a reflection of the complexity of the air-water interaction; it may be
interpreted as transient owing to the compression/dilation of the air
pocket and gradual damping of the oscillation during the ascent of
the air pocket.

Effect of Upstream Pressure and Air Pocket Volume on
Geyser Formation

The effect of upstream pressure and air-pocket volume on geyser
formation are also studied for Series B cases. With the same riser
diameter, the maximum height of rise of the water column increases
with increasing pressure headH0 and initial air volume ðπD2=4ÞL0.
A larger upstream pressure indicates that the air pocket is more
compressed in the tunnel.H0 also represents the length of the water
column inside the riser and the length that the air pocket has to pen-
etrate through. The maximum height of rise increases from 0.96 to
1.64 m for H0 ¼ 0.5–1.0 m with Dr ¼ 0.031 m and L0 ¼ 0.61 m
(Run B4–B7). The height of rise is always larger than that of the
pressure head H0. Fig. 13 shows the pressure variation for the cases
of H0 ¼ 0.50, 0.88, and 1.0 m (Run B4, B6, and B7). It is interest-
ing to note that the pressure is similar to the hydrostatic one, without
the fluctuations as observed in the case of H0 ¼ 0.66 [Run B5,
Fig. 12(b)]. Such observation reflects that a higher pressure results
in a longer water column (larger mass above the air pocket) in the
riser resulting in smaller accelerations (for the same air pressure).
For cases which geysers occur (Run B5–B7), the net air pocket ris-
ing speed is generally larger than the cases without geyser (Run B4,
Table 1).

On the other hand, an increase in air volume always lead to a
higher potential for geyser formation. From Table 1, the maximum
height of rise of the air pocket increases with the initial air volume

(a) (b)

(c) (d)

Fig. 10. (a) Predicted pressure at Points A and B; (b) air volume; (c) free-surface level Yfs and air-pocket tip level Y int in riser; (d) water-column
length Lw and air-pocket pressure Ha for Run B14, Dr ¼ 40 mm and H0 ¼ 0.88 m, with an upstream pressure head (Series B); Ta is the time when
the air pocket arrives at the riser
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(a) (b)

(c) (d)

Fig. 12. Effect of riser diameter Dr on pressure variation in the air pocket for H0 ¼ 0.66 mm, L0 ¼ 0.61 m: (a) Dr ¼ 0.021 m (Run B2);
(b) Dr ¼ 0.026 m (Run B3); (c) Dr ¼ 0.031 m (Run B5); (d) Dr ¼ 0.04 m (Run B12)
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Fig. 11. (a) Predicted dynamics of air pocket for Dr ¼ 44 mm, D ¼ 95 mm with an upstream pressure head H0 ¼ 0.46 m (Run B16, experimental
data of Lewis 2011); (b) predicted and observed free-surface level Yfs and interface level Y int; (c) predicted and observed water-column length Lw and
air-pocket pressure Ha
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for both Dr ¼ 0.031 m and 0.04 m. For example, for the case of
Dr ¼ 0.031 m and H0 ¼ 0.88 m, the maximum height of rise in-
creases from 1.52 to 1.82 m with a tripling of the air pocket volume
(Run B6 versus B9). For the case ofDr ¼ 0.04 m, the height of rise
increases from 1.09 to 1.21 m with a tripling of the air pocket vol-
ume for H0 ¼ 0.66 m (Run B12 versus B13), and increases from
1.57 to 1.68 m with an increase in the air pocket volume by 22% for
H0 ¼ 0.88 m (Run B14 versus B15). Significant pressure differ-
ence between the air pressure and the hydrostatic pressure for
the cases of larger volume is also observed (not shown).

3D Numerical Modeling of Prototype Geyser

The numerical model is particularly useful in studying air-water
interactions and the possible occurrence of geysers in a highly

idealized drainage system that is broadly similar to the laboratory
experiment but extrapolated to prototype dimensions. An attempt to
study prototype geyser behavior is made by using the dimensions
of the system similar to that at a location where a geyser event has
been observed in Minneapolis, Minnesota; field measurements col-
lected during a rainfall event on July 11, 2004, have been reported
in Wright et al. (2011). The diameter of the tunnel and the riser
manhole are D ¼ 3.66 m and Dr ¼ 2.44 m (Dr=D ¼ 0.67), re-
spectively. The tunnel invert is located at 28.6 m below grade at the
location of the manhole. From the pressure record, the maximum
water level at the manhole is approximately 6 m above the invert of
the tunnel. The flow rate during the geyser event is estimated to be
approximately 9 m3=s, thus the estimated average flow velocity in
the tunnel is Ua ¼ 0.86 m=s. The time interval during each geyser
event is approximately T ¼ 1–1.5 min; assuming the existence of

(a) (b)

(c)

Fig. 13. Effect of upstream head H0 on pressure variation in the air pocket for Dr ¼ 31 mm, L0 ¼ 0.61 m: (a) H0 ¼ 0.50 m (Run B4);
(b) H0 ¼ 0.88 m (Run B6); (c) H0 ¼ 1.00 m (Run B7)

AirWater

Dr = 2.44m

D = 3.66m

L0 = 50m

Upstream
head

H0 = 4.17m

178m254m

28.6m

Valve

Road Level Manhole

Fig. 14. Initial condition of a numerical experiment of geyser formation in a hypothetical prototype tunnel-dropshaft system; a pressure of Pa,t¼0 ¼
Patm þ ρwgH0 is prescribed in the air pocket; simulation starts by opening the valve and the air pocket propagates toward the dropshaft, leading to a
geyser event

© ASCE 04017071-12 J. Hydraul. Eng.

 J. Hydraul. Eng., 2018, 144(3): 04017071 

D
ow

nl
oa

de
d 

fr
om

 a
sc

el
ib

ra
ry

.o
rg

 b
y 

H
on

g 
K

on
g 

U
ni

ve
rs

ity
 o

f 
Sc

i a
nd

 T
ec

h 
(H

K
U

ST
) 

on
 1

2/
27

/1
7.

 C
op

yr
ig

ht
 A

SC
E

. F
or

 p
er

so
na

l u
se

 o
nl

y;
 a

ll 
ri

gh
ts

 r
es

er
ve

d.



(a) (b)

(c) (d)

(e) (f)

(g) (h)

Fig. 15. CFD predicted air-water interaction in a numerical experiment of a hypothetical prototype tunnel-dropshaft system; the dash line indicates
the ground level: (a) t ¼ 65.8 s; (b) t ¼ 66.3 s; (c) t ¼ 66.6 s; (d) t ¼ 67.0 s; (e) t ¼ 68.0 s; (f) t ¼ 70.0 s; (g) t ¼ 80.1 s; (h) t ¼ 84.3 s; geyser
event occurs at t ¼ 67.0 s
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an air pocket that occupies the upper half of the tunnel; the length
of an air pocket can be estimated from the flow velocity and
the time interval between geyser events, L0 ≈ UaT ≈ 50–100 m
(i.e., an air pocket volume in the order of 400 m3). Recent numeri-
cal model investigations by Vasconcelos and Wright (2016) have
demonstrated that depending on the storm water inflow patterns
and system configuration, trapped air pocket volumes in the order
of 1,000 m3 can be found in prototype drainage systems.

In the CFD simulation of a prototype analog of the laboratory
experiment, the volume of air at the end of the pipe is specified
(Fig. 14). This corresponds to a prototype/model length scale of
73.2 when compared with the laboratory model of Cong et al.
(2017), with Dr ¼ 0.05 m. The initial air pocket length L0 is 50 m.

The upstream pressure head is taken as 6 m above the tunnel
invert level, i.e., 4.17 m above the tunnel centerline level. It is noted
that under such pressure, the air volume is reduced by 30–40%
according to the ideal gas law, i.e., PV ¼ constant. This is very
different from the pressure head used in the laboratory study (less
than 1 m), with reduction in the air volume of approximately 10%.
In the simulation, the initial static pressure in the air pocket is pre-
scribed as the hydrostatic pressure induced by the upstream head
(Pa,t¼0 ¼ Patm þ ρwgH0) to balance the upstream head pressure
and minimize the pressure oscillation induced by valve opening.

Fig. 15 shows the predicted air-water interaction in the tunnel
and riser. Fig. 16 shows the predicted time variation of free surface

and air-water interface in the riser [Figs. 16(a and b)], the predicted
pressure at the invert of the tunnel below the dropshaft [Fig. 16(c)],
and the velocity at 30 m above the tunnel centerline. The air pocket
arrives at the dropshaft at t ¼ 65.8 s [Fig. 15(a)]. The rising of the
air pocket takes approximately 1 s [Figs. 15(b and c)] and breaks
the water surface at t ¼ 67 s [Fig. 15(d)]. At this instant, a large
velocity of 20–30 m=s is induced in the dropshaft, causing the
water film around the air pocket to be carried upward [Fig. 15(e)].
The water film falls back to the tunnel when the air velocity de-
creases after t ¼ 69 s. The air pocket under high pressure is released
through the dropshaft. The rear air-water interface in the tunnel
moves upstream, resulting in the expulsion of the air volume from
the dropshaft, whereas the upstream air-water interface is deceler-
ated because of the upstream pressure [Figs. 15(f and g)]. Finally,
the water fills up the dropshaft again [Fig. 15(h)].

The simulated mechanism of geyser formation in the prototype
stormwater drainage system is similar to that in the laboratory ex-
periment in several ways: The horizontal propagation of the air
pocket in the tunnel, and the air pocket entry into the riser with
subsequent acceleration. The air pocket rises quickly to break the
free surface, with the pressure of air the pocket much greater than
the hydrostatic head of the overlying water column [Figs. 16(a
and b)]. However, the strength of the geyser is much larger in
the prototype owing to the compression of the air pocket by a pres-
sure head of approximately 5 m. An instantaneous velocity in the

(a)

(b) (c)

Fig. 16. CFD predicted characteristics of a geyser event in hypothetical prototype system: (a) level of interfaces (relative to tunnel centerline) and
pressure in the air pocket; (b) pressure (solid line) and velocity (dashed line) variation, respectively, at the invert below the tunnel-riser junction and
30 m above the tunnel in the dropshaft; (c) pressure-head variation with height in the drop shaft
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order of 20–30 m=s is generated attributable to the pressure gra-
dient between the compressed air pocket and the atmosphere when
it breaks through the water surface [Fig. 16(b)]. The pressure varia-
tion [Fig. 16(c)] at the dropshaft centerline shows that during the
geyser, a pressure transient is formed and propagates up the drop-
shaft, in less than 1 s. According to a classification of two-phase
flow regimes in a vertical tube (Taitel et al. 1980), such large
typhoon/hurricane scale vertical velocity (in excess of ∼10 m=s)
can result in the breaking up of water into small droplets and the
formation of a dispersed air-water mixture that is brought to the
road surface. The predicted velocity is consistent with the rough
estimation by Wright et al. (2011) from the height of the rise of
the geyser. The predicted pressure variation is also qualitatively
similar to that measured by a sensor installed in the tunnel invert
(Wright et al. 2011).

Conclusions

A comprehensive 3D numerical study on the physics of geyser
events is conducted using a CFD model with the VOF technique.
Extensive numerical simulations are conducted to study the air-
pocket dynamics caused by release of trapped air from a horizontal
tunnel into a vertical riser. The predicted pressure variation, the air-
water interface, and the free surface level in the riser compare well
with experimental measurements. A geyser event can be character-
ized by compression of the air pocket and rapid acceleration of the
water column in the riser; a geyser event occurs for the smaller riser
diameter (Dr=D ≤ 0.62) for the case with a prescribed independent
upstream constant pressure head. The rising speed of both the air
pocket tip and the free surface at the riser is much greater than those
for the cases without an independent upstream pressure head. The
pressure inside the air pocket in the riser is much greater than the
hydrostatic pressure attributable to the water column above, result-
ing in the water column being rapidly pushed out of the riser. For
the case with a large riser diameter (Dr=D > 0.62), the net rising
speed of the air pocket relative to the free surface is similar to that
of a Taylor bubble, without a net acceleration created by a pres-
sure difference. The extensive numerical simulations are in general
agreement with the laboratory experiments; geysers are likely to
occur for Dr=D ≤ 0.62.

The effect of riser diameter, upstream pressure head, and initial
air pocket volume on geyser formation is studied through numerical
experiments. It is found that the strength of the geyser (as repre-
sented by the maximum height of rise of the water column) in-
creases with smaller riser diameter, greater upstream head, and
larger air pocket. The potential occurrence of a geyser, acceleration
and ejection of the water column, can be reflected in the pressure
in the air pocket in the vertical shaft—which will be significantly
larger than the hydrostatic pressure. The CFD model has also of-
fered important insights on the details of the geyser formation in a
hypothetical prototype system. In particular, it is shown that com-
pressed air pockets with pressure heads of approximately 5 m
can lead to large vertical air velocities of the order of 20 m=s; such
high velocities may be responsible for the explosive air-water mix-
tures ejected from manholes—geysers that are often observed in
the field.
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Notation

The following symbols are used in this paper:
a = riser radius;
Cr ¼ uΔt=Δx =Courant number;
D = horizontal pipe diameter;
Dr = vertical riser diameter;
g = ð0,0, − 9.81Þ m=s2, gravitational acceleration;

H0 = initial water levels in the riser (Series A) or upstream head
(Series B), measured from invert of tunnel;

Ha = Pa=ρwg pressure head in air pocket in riser;
L0 = initial air length in the horizontal pipe;
Lw = Yfs − Y int length of water column above the air pocket;
k = turbulent kinetic energy;

Mw = molecular weight of air;
P = gauge pressure;
Pa = average pressure in air pocket;

Patm = atmospheric pressure;
Pop = operating pressure;
Pr = Prandtl number;
R = universal gas constant;
T = time interval of each geyser event in prototype;
Ta = time when air pocket arrives at the riser after

valve opening;
t = time from the start of experiment;
U = ðu; v;wÞ ¼ velocity field;
Ua = average flow velocity in tunnel in prototype;
Va = πD2L0=4 initial air volume;
Vw = πD2

rH0=4 initial volume of water in the riser;
vf = falling velocity of water film;
vnet = net rising velocity of air pocket relative to the

free surface;
vTaylor = velocity of a Taylor bubble;

Yfs = free surface level in the riser;
Y int = frontal level of air pocket in the riser;
αa = 1 − αw volume fraction of air;
αw = volume fraction of water;
ϵ = turbulent kinetic energy dissipation rate;

Δt = computational time step;
Δx = computational grid size;
δ = water film thickness;
μt = turbulent dynamic viscosity of air–water mixture;
ρ = air–water mixture density;
ρa = air density;
ρw = water density; and
ν = kinematic viscosity of water.
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