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In Sweden, the dam-safety guidelines call for an overhaul of many existing bottom outlets. During the opening of an outlet gate,
understanding the transient air-water flow is essential for its safe operation, especially under submerged tailwater conditions. Threedimensional CFD simulations are undertaken to examine air-water flow behaviors at both free and submerged outflows. The gate,
hoisted by wire ropes and powered by AC, opens at a constant speed. A mesh is adapted to follow the gate movement. At the free
outflow, the CFD simulations and model tests agree well in terms of outlet discharge capacity. Larger air vents lead to more air
supply; the increment becomes, however, limited if the vent area is larger than 10 m2 . At the submerged outflow, a hydraulic jump
builds up in the conduit when the gate reaches approximately 45% of its full opening. The discharge is affected by the tailwater and
slightly by the flow with the hydraulic jump. The flow features strong turbulent mixing of air and water, with build-up and break-up
of air pockets and collisions of defragmented water bodies. The air demand rate is several times as much as required by steady-state
hydraulic jump with free surface.

1. Introduction
In the existing hydropower dams, many flood discharge
structures are bottom outlets that feature, depending upon
the tailwater conditions, either free surface or pressurized
flow in the downstream conduits. The conduit length ranges
usually from 30 to 150 m. The flow through the outlet conduits
is controlled by either a segment or bulkhead gate which
is required to operate under varied hydraulic conditions.
Dath and Mathiesen [1] summarized the situation in Sweden
and reported the observed incidents that were related to air
entrainment. The need for research to understand and resolve
the problems was also emphasized.
To fulfill normal operation requirements, sufficient air
supply is one of the essential aspects of the outlets. A high
velocity flow occurring downstream of the gate causes air
entrainment, resulting in subatmospheric air pressure in the
conduit. In a conduit flowing partially full, water surface
disturbances lead to air entrainment and the drag of the water

surface generates an air flow that must be accounted for. The
total volume flow of air equals the sum of the air that is
insufflated into the flow and that which flows above the water
surface. If a hydraulic jump occurs in the conduit, the local
air entrainment is due to surface and velocity discontinuity
characterized by intensive turbulence productions [2–4].
Though bottom outlets are less common in numbers than
the surface-type spillways, their unique functions in terms
of reservoir emptying, sediment flashing, and so on cannot
be replaced. The bottom outlets in Sweden were built 40–60
years ago; many of them were designed only for use during
the dam construction period. This means that they only
experienced flow discharges at low reservoir water levels, but
never at the full retention levels. Dam refurbishment and
changed operation procedures for power plants call now for
an overhaul of the bottom outlets. In some cases, the dam
body and foundation reinforcement requires drawing down
or even emptying the reservoir, which is only possible to
achieve through the outlets.
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Governed by reservoir operation requirements, the outlet gates have been more frequently operated than before.
Varying hydraulic conditions under which the gates operate
also give rise to dramatically different flow patterns in
the conduits, which is mainly due to tailwater variations.
Understanding the features of both water and air flows in the
outlets contributes undoubtedly to their safe operations.

2. Literature Review
For flows in a partially filled conduit, the air demand is
dependent on both water and air flow conditions in it. For
either small or large outlets, flow-induced air motions cannot
be neglected. Tunnel lengths have usually a bearing on the
air flow rate downstream of an outlet gate [5]. Serret [6]
summarized the experiences of air supply in the Spanish
bottom outlets. In a 1 : 15 scale model, Schneider et al. [7]
investigated the Kárahnjúkar bottom outlet, Iceland, in which
the air demand was determined at fixed gate openings and
comparisons were made with theoretical results.
As for hydraulic jump in a conduit, the amount of
entrained air is closely related to the Froude number, defined
as F = 𝑉1 /(𝑔ℎ1 )0.5 , where 𝑉1 and ℎ1 are flow velocity and
water depth upstream of the hydraulic jump and 𝑔 = gravity
acceleration. A general expression of air flow rate 𝑄𝑎 in
relation to water flow rate 𝑄𝑤 reads
𝛽=

𝑄𝑎
= 𝑚 ⋅ (F − 1)𝑛
𝑄𝑤

(1)

in which 𝑚 and 𝑛 are constants. Table 1 lists the frequently
cited formulas [8–10].
Comparisons show that, depending on F values, there are
nonnegligible differences between the formulas for the air
demand prediction, which is presumably due to differences
in conduit configurations and downstream exit conditions
[16–18]. In physical hydraulic modelling, scale effects of air
entrainment are substantial and corrections are needed to
reasonably approximate prototype situations [19, 20].
For given flow conditions, air supply to a bottom outlet
is governed by air vent dimensions and singular (form)
losses of the air passage. If the singular losses are large or
the vent area is small, air would also be supplied from the
tunnel outlet [21]. Najafi and Zarrati [22] performed both
physical and numerical modelling of air demand at fixed
gate openings. For the scale model examined, the agreement
between the two approaches is good. Zounemat-Kermani
and Scholz [23] developed an adaptive neuro-fuzzy inference
system for computing air demand in low-head outlets. Ma
et al. [24] simulated water and air flows in an outlet during
the closing of its segment gate; their focus was however on
the water flow and not on the air flow. Similar numerical
modelling was performed by Dargahi [25], in which the
discharge characteristics of a bottom outlet with a moving
gate were discussed.
The preceding studies focused on air flow associated with
hydraulic jumps under steady-state flow conditions, either
free or submerged. Those studies have contributed in one
way or another to the understanding of the flow as well
as air entrainment in steady-state hydraulic jumps. Under

Figure 1: Layout of the bottom outlet with a radial gate and a sloping
bulkhead gate for maintenance.

submerged tailwater conditions, computations of transients
and the resulting air demand are rare; limited information
is available in the literature. Depending on the gate opening
speed, hysteretic effects might exist of the gate movement on
the hydraulic jump formation and air demand if the conduit is
under water; entrained air is trapped featuring break-up and
coalescence of air pockets.
Based on an existing bottom outlet in a buttress dam,
computational fluid dynamics (CFD) simulations of twophase flow are performed in three dimensions, with the radial
gate moving from its closed position and to the full opening.
An adaptive mesh is generated to follow the gate movement.
The main purpose of the study is to assess the transient waterair flows under both free and submerged tailwater conditions.
This helps understand the dynamic feature of the flow, which
is essential to operational safety of the outlet.

3. Research Background
The bottom outlet examined in the study is in a buttress
dam constructed about 60 years ago. Its layout is shown
in Figure 1. The maximum structural height of the dam is
39 m. The outlet, equipped with a segment gate followed by
a short conduit, runs through the dam body. It was originally
designed for flood discharge during the construction period,
implying that it only experienced flood discharges at low
reservoir levels. Since the first impounding of the reservoir, it
has never been operated. Figure 2 shows the outlet seen from
the downstream side with a low tailwater level.
In light of the dam-safety guidelines, many existing highhazard dams in Sweden need to be refurbished to meet the
updated safety requirements, as is also the case for the dam in
question. To, for example, rehabilitate the dam, the reservoir
level needs to be lowered. As the threshold of the surface
spillway is situated high, to use the bottom outlet becomes
the only possibility of further drawing down the reservoir and
emptying it if needed for foundation treatment. This implies
that the segment gate would operate at higher reservoir water
level than during the dam construction time.
If the outlet operates at high reservoir levels, the need
for air supply to the high velocity flow would increase
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Table 1: Air entrainment formulas for steady hydraulic jump.
Reference
Kalinske & Bliss [2]
Ahmed et al. [11]
Escarameia et al. [12]
Rajaratnam [13]
Wisner et al. [14]
Rabben et al. [15]

𝑚
0.0066
0.040
0.0025
0.018
0.014
0.030

Pipe shape
Circular
Circular
Circular
Rectangular
Rectangular
Rectangular

Reservoir

𝑛
1.40
0.85
1.80
1.245
1.40
0.76

Air vent
+244.65
Flow

+236.00
x=0

+242.80

Channel sidewall

+239.65
Trunnion

+236.00

Figure 3: Longitudinal profile of the bottom outlet in the buttress
dam.
Table 2: Typical opening speeds of radial gates in Sweden.
Figure 2: The bottom outlet seen from downstream, at a low
tailwater stage.

significantly. As the air supply vent in the roof of the gate
chamber is limited in size, there is a need to assess if it
should be enlarged to reduce its throttling effect on the air
flow. Another fact is that, depending on the tailwater water
stage, the flow state in the conduit would be different. If the
water stage is low or the river course downstream is dry, free
outflow would occur. If it is conduit is initially submerged, a
forced hydraulic jump would develop in the conduit when the
gate gradually opens. Many outlets in Sweden have a similar
layout and flow conditions. As an inherent phenomenon of
the outlets, exploration of transient behaviors of the water-air
flow is essential. The issue of cavitation associated with high
velocity flows is not the concern of the study.

4. Numerical Model Set-Up
4.1. Geometrical Layout. The longitudinal profile of the
bottom outlet is illustrated in Figure 3. The concrete-lined
outlet is horizontal from upstream to downstream, with the
floor elevation +236.0 m. The full reservoir water level is
at +273.0 m. In the reservoir, the intake follows the sloping
face of the buttress dam. The conduit is rectangular in
cross section, with a constant width of 5.5 m throughout the
waterway. The radial gate has the same width, 𝐵 = 5.5 m; its
full opening height is ℎ0 = 3.65 m.
Downstream of the gate, the height of the gate chamber
is 8.65 m. The air supply to the flow is via an air vent in
the roof of the chamber. The trunnion girder of the gate
that accommodates the trunnion pin is 2.5 m long in the
flow direction. Its lower edge has the elevation +239.65 m,
implying that the flow passage here has the same height as ℎ0 .
The conduit downstream of the girder has a height of 6.8 m

Drive system
Chain hoist
Wire rope hoist

Power supply

Opening speed (m/min)

DC

0.15–0.2

AC
DC

0.5–0.6
0.6–0.7

AC

0.7–1.0

and a length of 21.5 m. Counted from the gate position at 𝑥 =
0, the girder centerline and the lower end of the conduit are
at a distance of 6.75 and 29.6 m, respectively.
4.2. Opening Speed of Radial Gate. A gate drive system is
usually of type mechanical hoist or hydraulic cylinders [26].
In the existing bottom outlets, wire rope hoist and chain hoist
are the common methods to operate the gates. Older facilities
are often equipped with a chain-drive system. The power
supply can be either alternating current (AC) or direct current
(DC). According to plant operation manuals, typical opening
speeds of radial gates in the outlets in Sweden are summarized
in Table 2.
The gate opening speed is dependent upon the drive
system and power supply to it. The wire rope hoist operates
faster than the chain hoist and AC faster than DC. It is
unusual to open a segment gate at a speed over 1 m/min. For
the outlet in question, the radial gate is lifted with wire rope
hoist and AC after refurbishment. Its opening speed is set at
1.52 cm/s (0.0029 rad/s), implying that it takes 𝑡0 = 240 s to
fully open the gate.
4.3. Grid Generation. The reservoir length and width
included in the model are 100 and 80 m, respectively. Downstream of the conduit, the area is an open channel, with a
length of 15 m included. The geometry and grid in 3D are generated in ANSYS DesignModeler [27]. Several grids of varying cell sizes are tested to ensure grid-independent solutions.
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Figure 4: Numerical grid. (a) An overall view; (b) locally at the radial gate, with the gate at the closed position.

Due to the long CPU time of the transient simulations, grid
independence is checked for three grids through steady-state
calculations. When a coarse grid is refined, the refinement is
made both globally and locally. A larger grid density is given
to the gate area and the conduit. The computational domain
is finally discretized into 680,000 hexahedral elements; the
number of nodes is 730,000. Figure 4 shows the grid.
4.4. Adaptive Mesh following Gate Movement. The lower edge
of the radial gate and its skin plate are mapped as in the
prototype. The gate is given a constant thickness of 30 cm. The
steel structure behind the gate with horizontal girders, lateral
bracings, and trusses are disregarded as they do not affect the
water flow; their effect on the air flow is negligible. To avoid
an extra degree of difficulty to the modelling, the strut arms
of the gate are excluded.
User Defined Function (UDF) in FLUENT makes it
possible to generate time-dependent moving adaptive meshes
to account for the radial gate movement. A layering method
is activated for the dynamic zone, in which the updated mesh
follows the outer configuration of the gate when the gate
moves a time step forward. Efforts are made to obtain a decent
quality mesh at the gate. The gate opens from the closed
position to its full opening.
4.5. Two-Phase Flow Model. The two-phase water-air flow in
the bottom outlet is modelled with the finite-volume solver
FLUENT, in which the Volume of Fluid (VOF) is used in
combination with the RNG 𝑘-𝜀 turbulence models [28]. The
water-air phases share a single common set of mass conservation and momentum equations; the VOF is tracked for each
phase in a computational cell. No mathematical formulations
of the VOF model are given here; more descriptions can be
found in, for example, Ho et al. [29], Chatila and Tabbara [30],
Liu and Yang [31], and Satrapa et al. [32].
4.6. Boundary Conditions. With the geometrical symmetry, only half of the outlet is modelled. The hydrostatic
water pressure applies to the upstream reservoir boundary,
implemented also with a UDF. The reservoir water surface
is directly covered with a horizontal wall and treated as
a slip boundary for the water. The air supply vent in the
gate chamber acts as a pressure inlet with the atmospheric

pressure. For the downstream end, an outflow condition
applies if water discharges freely; hydrostatic water pressure
applies if a known water stage is preset. Simulations are
performed for both the free and submerged discharges.
4.7. Convergence and CPU Time. Parallel computations are
performed on a mainframe computer, using one node with
double quad-core AMD Opteron 2.2 GHz CPU (2374 HE)
and 16 GB memory. Owing to its quicker convergence than
the explicit one, the implicit discretization scheme applies.
The time step is 0.001–0.002 s governed by the Courant
number. The residual values of mass, velocity, and volume
fraction are the convergence criterion. For each time step of
a time-dependent solution, the calculations converge if the
scaled residuals of the variables are lowered by approximately
three orders of magnitude. The typical CPU time of a moving
gate simulation is approximately two weeks if the outlet
discharge is free and eight (8) months if the discharge is
submerged downstream. The latter takes surprisingly longer
CPU time than the former.

5. Physical Model Tests
In connection with the rehabilitation of the dam, hydraulic
model tests were performed to evaluate related hydraulic
issues of the bottom outlet, including downstream channel
modifications for effective energy dissipation. Figure 5 shows
the up- and downstream view of the outlet in the model.
The model was based on the Froude law of gravity, with a
scale of 1 : 50. Sufficiently large areas were included both upand downstream to reasonably reproduce the approach flow
to the outlet and the tailwater [33–35]. The bottom outlet
was made in plexiglass plates to keep manufacture errors as
little as possible. Point gauges were used to read water levels.
Two types of manometers were installed to monitor water
and air pressures, respectively. The flow rate in the model
was measured with a calibrated magnetic flow meter, with a
relative error below ±1%.
For either CFD simulations or physical model tests of a
bottom outlet, the issues of concern include outlet discharge
capacity and air demand. Examination of the discharge
capacity is an essential parameter to be determined and it
refers to the relationship between water head acting on the
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(a)
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Figure 5: Physical hydraulic model of the bottom outlet. (a) Upstream view; (b) downstream view with free outflow.
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Figure 6: Comparisons between CFD and experiments, 𝑄𝑤 and 𝑉𝑤 as function of 𝜉.

gate and flow discharge. As air flow in the model does not
follow the Froude law and cannot be directly converted to the
prototype, CFD modelling plays a unique role in estimations
of the air flow rate.

6. Free Outlet Flow
If the downstream water level is low or the river bed is dry, free
outlet discharge occurs. The CFD simulations are made at the
full reservoir water level, resulting in the discharge capacity at
several fixed gate positions.
6.1. Outlet Discharge. Figure 6 shows the results of 𝑄𝑤 and
𝑉𝑤 as a function of the dimensionless gate opening 𝜉, which
is defined as the ratio of ℎ𝑔 to ℎ0 . Here 𝑉𝑤 refers to the mean
outflow velocity under the gate and ℎ𝑔 to the time-dependent
opening of the gate, measured as the vertical distance from
the conduit bottom to its lower edge. Comparisons are made
with the experimental results from 2008 and even from 1950
before the dam was constructed. For the 2008 tests, the result
corresponds to fixed gate positions at ℎ𝑔 = 1.0, 2.0, 3.0, and
3.65 m; for the 1950 tests, it refers to ℎ𝑔 = 3.65 m. Table 3
lists the 𝜂 values of the 2018 results, in which 𝜂 denotes the

Table 3: Comparison of the 𝑄𝑤 results between the 2008 model tests
and CFD.
ℎ𝑔 (m)

1.0

2.0

3.0

3.65

Test results (m /s)
CFD results (m3 /s)

106
108

200
203

306
310

449
435

𝜂 (%)

−1.9

−1.5

−1.0

+3.1

3

relative error in 𝑄𝑤 : that is, 𝜂 = (𝑄𝑤,test − 𝑄𝑤,CFD )/𝑄𝑤,test . The
relative discrepancy in the discharges between the CFD and
the model tests is below 3.1%.
The value of 𝑉𝑤 decreases rapidly in the beginning of
the gate opening, up to 𝜉 ≈ 8.2%. Then it changes gradually
to a plateau of 17–17.5 m/s within 𝜉 ≈ 41–82%. Towards the
full gate opening, 𝑉𝑤 increases again. Higher flow velocity
indicates lower local headlosses at the gate and accordingly
larger discharge coefficient. The results show good agreement
between the CFD modelling and experiments.
6.2. Air Demand. Air supply to the gate chamber and further
to the flow is via the air vent in the floor of the machine room.
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7. Submerged Outlet Flow

Figure 7: Steady-state air-water flow field at the full gate opening (𝜆
= 0.1, 𝜉 = 100%).

If the tailwater stage is higher than the roof elevation of the
outlet conduit, which is due to the flood release from the
surface spillway, the outflow becomes then submerged. The
conduit roof elevation is +242.80 m. Simulations are made
at a tailwater stage of 1.0 m above the roof; the resulting
downstream water depth is ℎ2 = 7.8 m. This means that when
the gate starts to open, the same water depth acts on its
downstream skin plate. The air vent is set sufficiently large
with 𝜆 = 1.5, so that it does not throttle the air flow.

Air also enters the conduit from its downstream end. The
size of the vent, denoted as 𝐴 (m2 ), is an issue of concern
as it governs the air flow into the outlet. For this purpose,
simulations are performed with five options, 𝐴 = 0, 2, 10, 20,
and 30 m2 , that is, from a closed vent to an unrealistically
large one. A nondimensionalised vent parameter 𝜆 = 𝐴/(𝐵 ⋅
ℎ0 ) is defined; their corresponding values are 𝜆 = 0, 0.1, 0.5,
1.0, and 1.5.
The simulations indicate that there is always air supply
from the downstream end into the conduit. The situation
differs from that in a long tunnel where the air movement
always follows the water flow [3]. As air moves with the water
at the water surface, a large anticlockwise air flow circulation
exists in the conduit, irrespective of the vent options. When
the gate is fully open (𝜉 = 100%), limited space is left as air
passage under the trunnion girder. Accounted from VOF =
0.5, the passage is merely 30 cm. If 𝜆 = 0, air moves against
the outflow direction, at a maximum velocity of 8.5 m/s; the
air pressure drop in the gate chamber fluctuates between 3
and 4 m H2 O, which is significant. Already at 𝜆 = 0.1, the
situation is improved, giving rise to streamwise air flow below
the girder and the chamber pressure drop becomes small.
Figure 7 shows its flow velocity field of both the water and air
at 𝜉 = 100%. A counterclockwise air flow circulation occurs
also in the gate chamber. Vahdati [36] performed also CFD
modelling of the bottom outlet. Though his focus was placed
on the water flow, the air flow pattern agrees well with the
present study.
Figure 8 shows the results of 𝛽 and 𝑉𝑎 as a function of
𝜉. 𝑉𝑎 denotes the mean air flow velocity through the vent.
For all vent options, 𝛽 increases rapidly immediately after the
opening of the gate. Obviously, the three larger 𝜆 values lead
to a few times higher 𝛽 than 𝜆 = 0.1. As the gate gradually
opens, 𝛽 increases slowly with 𝜉. Towards the end of the gate
movement, 𝛽 drops and 𝑉𝑎 approaches 18−20 m3 /s, which is
almost independent of the vent size. A short while after the
full opening, both the water and air flows fluctuate somewhat,
but the magnitudes are small. The variation of 𝑉𝑎 as a function
of 𝜉 follows the pattern of 𝛽. The vent 𝜆 = 0.1 gives rise to
moderately higher 𝑉𝑎 values, with 𝑉𝑎 ≈ 10 m/s at the full
opening. For 𝜆 ≥ 0.5, 𝑉𝑎 varies insufficiently with 𝜉; 𝑉𝑎 varies
only between 0.7 and 2 m/s.
In a Froude law model, the air pressure drop cannot be
correctly modelled. However, its trend of change with the gate
opening is qualitatively consistent with the measurements by
the manometers in the physical model [33].

7.1. Formation of Hydraulic Jump. Figure 9 shows the variation of the water depth (𝐻) in the gate chamber with 𝜉.
The water downstream of the radial gate stands still before
the gate opens, with 𝐻 = ℎ2 = 7.8 m. Due to this, 𝐻 rises
by approximately 0.35 m at 𝜉 = 2.2%. With the water in the
conduit starting to move downstream, 𝐻 drops quickly by
1.4 m to 𝐻 = 6.75 m at 𝜉 = 4.7%, which is closely related to the
chamber cross-sectional area. It then recovers to 𝐻 = 7.65 m
at 𝜉 = 8.8% before slowly descending. As time progresses, 𝐻
shows a moderately quick decrement at 𝜉 = 35.6%.
Figure 10 illustrates, along the middle of the outlet,
a sequential change of the instantaneous air-water flow
patterns as the gate opens from its closed position to its full
opening, plotted by VOF and flow velocity vector. The gate
opening intervals between two neighboring snapshots are
not constant but reflect the typical instants during the gate
movement. The flow is strongly unsteady and variable. Even a
1% change in 𝜉 (time interval 2.4 s) gives rise to two somewhat
dramatically different structures of flow, especially within 𝜉 =
50–85%.
During the early stage of the gate opening and up to
𝜉 ≈ 38%, the gate chamber is filled with water. The small
gate openings result in a jet flow along the conduit bottom,
with a jet thickness that increases in the flow direction for
a given gate opening. At 𝜉 = 34%, an anticlockwise vortex
tends to build up downstream of the girder. Before 𝜉 ≈ 38%,
the change in the flow pattern is relatively small, with limited
water motions above the jet flow. Approximately at 𝜉 = 40%,
𝐻 drops below the lower edge elevation of the trunnion girder
and air gets then entrained into the conduit downstream.
The jet flow generates now two anticlockwise vortices in
the conduit, with the downstream one somewhat large than
the upstream one. Up to this gate opening, the outflow can
be paralleled with the plane turbulent wall jet seen in the
literature, featuring high velocity and a fixed outflow height
submerged in tailwater [37]. The distinctive feature here is
that, due to the upward gate movement, the conduit flow can
hardly adapt itself to the enlarging jet outflow and reach an
equilibrium. As a result, hysteretic effects do exist in the flow.
At 𝜉 ≈ 42.5%, some water above the jet reverses its direction and hits the gate. The bottom current leads to a large
zone of water circulation, with large air pockets trapped in
the middle. The circulation zone occupies almost the whole
space above the jet. At 𝜉 ≈ 45%, the outflow jet becomes
strong enough to push the water downstream and away from
the gate. As a result, more air enters the conduit and a hydraulic jump takes form, with ℎ1 = 1.20 m and 𝑉1 = 24.8 m/s,
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Figure 8: Change of 𝛽 and 𝑉𝑎 with 𝜉 at 𝜆 = 0.1, 0.5, 1.0, and 1.5.
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Figure 9: Change of 𝐻 with 𝜉.

corresponding to F = 7.23. Afterwards, strong turbulent mixing and overlapping of water columns with air pockets occur
in the conduit.
At 𝜉 ≈ 48%, the hydraulic jump moves further downstream and the major part of the conduit is filled with air.
At 𝜉 ≈ 55%, a considerable amount of air is trapped in
the conduit and transported downstream. The flow features
an overturning water nappe from below the girder that hits
against both the gate and the chamber roof. In the formation
of a conventional hydraulic jump from a submerged wall
jet, the transition is usually represented with a sequence of
steady-state flow stages and the tailwater is with free surface
[37–39]. The flow with free surface easily adjusts itself to
pressure fluctuations imposed by the jet. In our case, the
tailwater elevation is 1.0 m above the conduit roof and the flow
is constantly pressurized. This means that the resistance to the
jet is stronger. Together with the hysteretic effects, this gives
rise to the reversed water movements above the jet.

At 𝜉 ≈ 61.5%, the strong jet pushes the water back into
the conduit, resulting in strong mixing and large air pockets
in the water. Surface roller waves travel also back and forth
on the jet. As the gate continues to open (as at 𝜉 ≈ 68%,
75%, and 82%), the trapped air forms large air pockets under
the conduit roof, some of which also break up, become
coalescent, and follow the stream.
When 𝜉 > 90%, a large air cavity forms in the conduit,
communicating with the gate chamber via the narrow air
passage below the girder. The passage becomes smaller as the
gate moves upwards but remains. When the gate approaches
its full opening, the location of the resulting hydraulic jump
is relatively stable. At 𝜉 = 100%, ℎ1 = 3.35 m, 𝑉1 = 24.3 m/s,
and F = 4.23. The supercritical outflow extends beyond the
trunnion girder and into the conduit, with roller waves and
air pockets in the conduit.
7.2. Outflow Discharge. In physical model tests, flow discharges are all measured under steady-state conditions; it is
difficult to control and measure transient discharges following a moving gate. One often resorts to CFD modelling to
find the answer. During the gate opening, Figure 11 compares
the 𝑄𝑤 results between the free and submerged outflows with
the hydraulic jump. The variable 𝛼 refers to the difference
between them divided by the free outflow discharge.
It is discernable that the initial outflow at the gate is
submerged; as a result, the discharge capacity is affected.
Obviously, the largest difference, up to 23%, occurs at the
very beginning of the gate movement. With an increasing
gate opening, the water is pushed away and the difference
becomes smaller. Roughly after 𝜉 ≈ 45% (ℎ𝑔 ≈ 1.65 m), the
outflow becomes “free.” Still, due to the overturning water
nappe and roller waves, the subsequent discharge is slightly
affected, resulting in some minor perturbations.
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7.3. Transient Air Demand. As shown in Table 1, the formulas
by Rajaratnam [13], Wisner et al. [14], and Rabben et al. [15]
are usually adopted to estimate air demand in the formation
of steady-state hydraulic jumps in rectangular channels.
Figure 12 illustrates, during the gate opening, the change of
𝛽 as a function of F. The air demand predicted by the three
formulas is also included in the diagram.
Following the opening of the gate, that is, with the
increase of 𝜉, F becomes smaller. During the formation of
the hydraulic jump, air moves, through the air vent, both in
and out of the gate chamber. The air supply can be a few times
higher than estimated by the formulas, which is partially attributable to the intensive air entrainment and the overlapping
and collisions of defragmented water columns in the enclosed
conduit. Towards the end of the gate movement, the position
of the resulting hydraulic jump is relatively stable. The air
demand becomes also more or less constant and is in line with
the results from the formulas.

8. Conclusions
In a bottom outlet, it is essential to understand, in the course
of its gate opening, the transient features of the air-water flow
and air demand so as to avoid unexpected consequences. In
conjunction with the rehabilitation of an outlet, CFD simulations of the gated outflows are performed as a complement
to physical model tests. The radial gate is hoisted with wire
ropes and AC power supply after refurbishment. It opens at
a constant speed, for which an adaptive mesh is generated to
follow the gate movement. The purpose of the simulations is
to examine the transient features of the flow at both free and
submerged discharges and assess the air demands. With the
study, the following conclusions are drawn.
For the free outlet discharge, the CFD modelling is made
at the full reservoir water level. The resulting discharge
capacity at several gate positions is conformable to the
experimental results, with a maximum discrepancy below
+3.1%. The outflow exhibits higher flow velocity in both small
and large gate openings, indicating lower local headlosses and
accordingly higher discharge coefficients.

A few options of the air vent size are simulated. Air always
enters the conduit from its downstream end, resulting in an
air flow circulation above the water in the conduit. If the air
vent is sealed, significant air pressure drop would occur in the
gate chamber at the end of the gate opening. A larger vent area
than 10 m2 leads to similar air flow behaviors and a few times
higher air supply rate than 2 m2 during the gate opening.
The chamber air pressure drop becomes also insignificantly
small.
For the submerged outflow, the discharge under the gate
is reduced by the tailwater and slightly by the flow during
the formation of the hydraulic jump. Compared to the free
outflow, the maximum reduction is about 23% in the very
beginning of the gate rise. Approximately at 45% of the
full opening, the gate outflow becomes “free” and strong
enough to push the downstream water away from the gate,
marking the beginning of the hydraulic jump formation.
The subsequent flow features strong turbulence mixing and
roller waves travelling on the flow jet. At the 55% opening,
the overturning water nappe hits against both the gate and
chamber roof. With the gate moves further upwards, large
air pockets build up and then break up in the enclosed
conduit, giving rise to collisions of defragmented water
bodies. With approach to the full gate opening, the location
of the hydraulic jump becomes relatively stable. The outflow
jet extends beyond the trunnion girder, with formation of
a large air cavity in the conduit. The cavity is connected
with the gate chamber via the narrow air passage below the
girder.
During the gate movement, the formation of the submerged hydraulic jump is strongly turbulent and unsteady
in the flow direction. As a result, air flows both into and out
of the gate chamber. The process leads to a few times more
air flow rate than that in a steady hydraulic jump with free
surface.

Notations
𝐴:
𝐵:
F:
𝑔:
𝐻:
ℎ0 :
ℎ1 :
ℎ2 :
ℎ𝑔 :
𝑚:
𝑛:
𝑄𝑎 :
𝑄𝑤 :
𝑉1 :
𝑉𝑎 :
𝑉𝑤 :
𝛼:
𝛽:
𝜆:
𝜉:
𝜂:

Air vent area
Radial gate width
Froude number
Acceleration of gravity
Water depth in the gate chamber
Full opening height of the gate
Water depth upstream of hydraulic jump
Water depth downstream of hydraulic jump
Time-dependent gate opening
Constant
Constant
Air flow discharge in the air vent
Water flow discharge at the gate
Mean flow velocity upstream of hydraulic jump
Mean air flow velocity in the air vent
Mean flow velocity under the gate
Relative difference of gate discharge
Ratio of air flow to water flow discharge
Dimensionless vent area
Dimensionless gate opening
Relative discharge error.
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