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Abstract The effects of a moving gate on dam break flow

experiments are numerically considered in this paper. The

dam break flow process is modelled by a sudden gate

release. A Constrained Interpolation Profile (CIP)-based

model is employed to solve the Navier-Stokes equations

with the free surface boundary condition to deal with the

water-air-gate interactions. In addition, the VOF-type

THINC/SW method is used to capture the free surface. The

movable gate is simulated by an immersed boundary, and a

gate motion formula is proposed from existing experi-

mental data and applied in the dam break flow computa-

tions. The difference between the water profile and

pressure domain with/without gate motion is examined.

The dam breaks with different gate motions are discussed

as well. The numerical results show that the proposed gate

motion formula correlates well with the numerical mod-

elling, and the gate motion has a significant influence in the

water collapse process and cannot be neglected in the study

of dam break.

Keywords Dam break flow � Gate motion � Sudden
removal � CIP method � Immersed boundary method

1 Introduction

A sudden removal of a barrier confining a reservoir of fluid

generates a dam break flow. It has scientific importance

and wide engineering applications such as flood event in

hydraulic engineering [1], green water prediction in ocean

engineering [2, 3]. During the dam break process, water

disaster with large impact forces and distorted free surface

usually happens. Therefore, there is a great significance for

both scientists and engineers to accurately estimate the dam

break flow.

Basically, studies on dam break flow can be broadly

categorized as theoretical analysis, experimental mea-

surement, and numerical modeling. For theoretical anal-

ysis, Ritter firstly derived an analytical solution to the

free-surface profile evolution of an infinite volume of

fluid over a dry bed with no resistance [4]. Later theo-

retical studies were usually based on solutions to the

shallow water theory including the effect of hydraulic

resistance [5–7]. Experimental measurements on dam

break flow are relatively few [8], such as Martin and

Moyce [9], Dressler [10], and Stansby et al. [11].

Recently, Lobovský et al. [12] conducted a series of

experiments on dam break flow, repeated experiments

even 100 times were performed to ensure the repeatability

and consider the free surface profile and impact pressure.

For numerical modeling, a set of free surface flow models

were adopted to simulate the complex motion of dam

break flows [13–15].

In theoretical studies, the solution was obtained under

the assumption of the sudden removal of the gate [4–7],

which is impossible in experiments. A release system was

designed to remove gate in extremely short time to

approximate the sudden removal in theoretical studies.

According to Lauber and Hager [8], a non-dimensional

removal period t� ¼ ðg=h0Þ1=2t smaller than 21=2 is

defined as a sudden removal, where g is the gravitational

acceleration and h0 is the reservoir depth. When the

removal of gate is considered as a sudden removal, the
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effect of a moving gate on experimental results can be

neglected. While in most numerical simulations, the gate

motion was seldom considered. In other words, the whole

water column just starts to collapse as soon as the com-

putation begins.

In fact, there still exists difference between numerical

and experimental results even if the experiments follow the

criterion of sudden removal. During the release time, the

gate prevents the water upper the low edge of the gate from

moving forward. Meanwhile, the moving gate also comes

upwards with strong shear force on the gate-fluid interface,

inducing an interaction among water, air and gate, which

generates jets and splashes onto the main water body [12].

Furthermore, existing experiments seldom recorded the

whole process of the gate motion, which makes it hard to

evalute the effect of the gate.

The dam break flow problem has been studied both

experimentally and numerically for decades. Previous

studies have contributed to water surface profile, extremely

impact forces for the purpose of green water applications

and CFD model validations. There exist few models that

are capable of reproducing the whole process of dam break

flows. The understanding of impact process is still poor due

to extreme free surface evolution and violent impact pro-

cess. The studies on the effect of gate motion on a dam

break flow are seldom found.

The objective of the present study is to investigate the

effect of the gate motion on a dam break flow. A moving

gate is considered numerically during a dam break.

Computations are carried out by employing a volume of

fluid (VOF) advection algorithm coupled with the Navier-

Stokes governing equations. This approach is based on

our previous works by Zhao et al. [16, 17]. To address the

effect of gate motion, an empirical formula for the

approximation of gate motion is proposed from available

experimental data, and then it is applied into the numer-

ical model for validation. The difference between dam

break simulation with/without gate are observed, includ-

ing water front toe evolution, free surface profile, water

level height and impact pressure. Furthermore, various

cases with difference gate motions are also adopted for

further investigation.

This paper is organized as follows. In Sect. 2, the gov-

erning equations and CIP-based numerical model are

briefly introduced, including the mathematical description

and implements. Next, a gate motion formula is developed

in Sect. 3, which is validated and applied in the subse-

quence sections. After that, the difference between dam

breaks with/without gate is presented in Sect. 4. Section 5

displays the further comparison among numerical results

under various gate motions. Finally, the conclusions of this

paper are listed.

2 Governing equations and numerical models

The governing equations for two-dimensional incom-

pressible viscous fluid are the continuity and Navier-Stokes

equations, expressed as

r � u ¼ 0; ð1Þ

ou

ot
þ ðu � rÞu ¼ 1

q
rpþ l

q
r2uþ F; ð2Þ

where u and t are the velocity vector and time, respec-

tively, F is the external force including gravitational force;

q and l denotes the density and viscosity, respectively.

2.1 Treatment of the moving gate

A moving gate is considered in the numerical simulation,

which includes a conjunction of water-air-solid. An

immersed boundary method [18] under fixed Cartesian grid

is used to treat the fluid-solid coupling. A volume fraction

function /m is adopted to indicate the phase and determine

the interface (here, m = 1, 2, and 3 indicate water, air and

solid, respectively). The governing equation for the water

and body is as follows

o/13

ot
þ u � r/13 ¼ 0: ð3Þ

Here /13 ¼ /1 þ /3. The position of the liquid and solid

phase /13 is captured by a free surface/interface capturing

method. The fraction of solid phase /3 is calculated by a

Lagrangian method [19, 20]. After that water fraction and

air fraction are calculated by /1 ¼ /13 � /3 and

/2 ¼ 1� /13, respectively. Physical properties k and

velocity U are calculated by the following formulas:

k ¼
X3

m¼1

/mkm; ð4Þ

U ¼ /3Ub þ ð1� /3Þu�; ð5Þ

where k indicates density q or viscosity coefficient l, Ub is

the local velocity of the solid body, u� denotes the flow

velocity obtained from the fluid flow solver and U is the

modified velocity.

In this study, only the vertical motion is considered,

which means a single-degree of freedom gate movement.

/3 and Ub are initially determined from the given gate

motion.

2.2 Free surface modeling

In this study, the interface is calculated by the THINC/SW

scheme [21]. The THINC/SW is derived from the THINC

[22] scheme. Instead of the Heaviside step function in the
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original VOF method proposed by Hirt and Nicolas [23], a

smoothed Heaviside function is adopted as the character-

istic function in the THINC formulation. It can improve

isolated small fluid involved in the original VOF method.

In the THINC/SW method, a variable steepness parameter

is adopted instead of the constant steepness parameter that

is used in the original THINC scheme, which helps to keep

the sharpness of the interface.

2.3 Numerical implementations

A staggered grid is used for the spatial discretization. Grid

points are concertrated in near the bottom, right-hand wall

and the moving gate (distributions of these area can be seen

Fig. 2). The gate position and velocity is given by the gate

motion equation (see Sect. 3). No-slip boundary condition

is adopted as the gate boundary condition, which is

implemented within the immersed boundary method.The

fraction of /3 is obtained by using a virtual particle method

[20]. For the fluid flow solver, a fractional step procedure is

used to solve the governing equations. First, the advection

term is calculated by a third order finite difference scheme,

the CIP Scheme [24]. Then first part of the nonadvection

term is calculated by a second order central difference

method, and the velocity is finally updated by the pressure

calculated from the Poisson equation. After solving the

flow field, the volume fractional function is calculated by

THINC/SW scheme. In our model, no turbulence model is

adopted. Detailed discussion and validation can be found in

the reference of Zhao et al. [16, 17].

3 The motion of the gate

In this section, an empirical formula for the gate motion

approximation is derived from the experiments conducted

by Hu and Sueyoshi [25].

In the dam break experiments conducted by Hu and

Sueyoshi [25], the detailed vertical position of the gate was

recorded, where the time series of six repeated gate

motions is presented in Fig. 1. Black curves show the

experimental results. It can be noticed that the gate firstly

accelerates, and then performs nearly uniform motion.

Thus, the motion of gate approximately consists of two

periods: (1) acceleration period and (2) uniform motion

period. For t[ 0:05 s, the slopes of all curves are close,

which means that the gate velocities of all repeated

experiments are almost the same. This can be explained

that the velocity of the uniform motion period depends on

the gate release system. Main difference between all

repeated experiments mostly exists in the acceleration

period. Since the duration of the acceleration period is very

short, the acceleration is assumed to be constant in this

study. Under the assumptions of constant acceleration in

the first duration and constant velocity in the second

duration, the motion of the gate is expressed as

y tð Þ ¼ 1

2
at2 t� t0

y tð Þ ¼ 1

2
at20 þ v0ðt � t0Þ; t[ t0

8
><

>:
; ð6Þ

where y is the vertical displacement of the gate, t is time, v0
indicates the velocity of the uniform motion period which

can be predicted theoretically, t0 stands for the duration of

the acceleration period, and a ¼ v0=t0 stands for the

acceleration of the gate in the acceleration period.

According to the experimental measurements by Hu and

Sueyoshi [25], the uniform motion speed v0 ¼ 5.0 m/s,

acceleration a ¼ 166:67 m=s2 and acceleration duration

t0 ¼ 0.03 s is drawn. The predicted displacement of the

t(s)
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Fig. 1 Vertical displacement of the gate, compared with data from

Hu and Sueyoshi [25]

Fig. 2 Sketch of the dam-break problem
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dam gate estimated by Eq. 6 is presented in blue line in

Fig. 2 for comparison. A good agreement is obtained

between predicted and experimental results. Generally

speaking, the predicted gate motion fall within the range of

the experimental data. It indicates that Eq. 6 is appropriate

for describing the gate motion of a dam break flow. In the

following parts, the formula-estimated gate motion will be

used in the simulation to investigate its effect on the dam

break impact.

4 Dam break in no-gate and with-gate cases

In this section, computations of dam break flow in the no-

gate and with-gate case will be performed. Considerable

attention is paid to the difference in the free surface profile,

the horizontal water front toe position and impact pressure

between no-gate and with-gate cases. Two typical dam

break laboratory measurements are chosen for comparison.

Figure 2 shows the sketch of the dam break flow problem,

H1 stands for water height gauge and P1–P4 stand for the

pressure gauges, respectively. In the experiments, water

height at H1 is estimated by the analysis from video ima-

ges. The dimension parameters are listed in Table 1 and the

position of gauges are listed in Table 2. The experiments

on dam break problem conducted by Hu and Sueyoshi [25]

are chosen as the first benchmark simulation. The free

surface profile, the velocity of the water front toe as well as

the velocity of the dam gate obtained by images analysis

are presented. Another numerical simulation is carried out

corresponding to the experiments conducted by Lobovský

et al. [12]. They provided a detailed insight into the

dynamics of the dam break flow over a dry horizontal bed,

with special attention paid to the impact pressure on the flat

vertical wall, the wave height and the wave front velocity.

Meanwhile, to address the repeatability of the experiments,

a large set of measurements were performed under the

same experimental conditions [12]. It should be noticed

that the height of the experimental tank is 600 mm with a

unrestricted top of the tank. In the experiments, the water

climbs up the side wall and runs over the rim of the top

boundary of the tank, as shown in Fig. 3a. To reproduce the

work by Lobovský et al. [12], the tank height of 800 mm

was set in the numerical simulation. A good representation

of the over-rim is observed in the simulation as shown in

Fig. 3b.

In the numerical simulation corresponding to Hu and

Sueyoshis experiments [25], the parameters obtained in

Sect. 3 are chosen with a uniform motion velocity v0 ¼
5.0 m/s, an acceleration a ¼ 166:67m=s2 and an accelera-

tion duration t0 ¼ 0.03 s. While in the experiments con-

ducted by Lobovský et al. [12], no gate motion process was

Table 1 Main sizes of the dam break problems

Experiments Domain length L (mm) Domain height H (mm) Reservoir width Ld (mm) Reservoir depth Hd (mm)

Hu and Sueyoshi [25] 800 640 200 400

Lobovský et al. [12] 1610 800 600 300

Table 2 Positions of water level and pressure gauges

Gauge Type Position

H1 Water level Bottom, 300 mm from left wall

P1 Pressure Right wall, 3 mm height

P2 Pressure Right wall, 15 mm height

P3 Pressure Right wall, 30 mm height

P4 Pressure Right wall, 80 mm height

(a)

(b)

X(mm)
300 600 900 1200 1500

Y
(m

m
)

800

600

400

200

0

Fig. 3 Comparison of the flow structures with the data from

Lobovský et al. [12] at t ¼ 0:75s (non-dimensional time t� ¼ 4:29)
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available. Only the median removal time 0.069s for a

displacement of 240 mm and a uniform motion velocity of

4.65 m/s were provided. The key parameters of Eq. 6 for

this case are as follows. The predicted speed for uniform

motion v0 ¼ 4.65 m/s, acceleration a ¼ 133:72 m=s2 and

acceleration duration t0 ¼ 0:035s are used in the

simulation.

In Lauber and Hagers work [12], the sudden removal cri-

terion for dam break flow experiments is defined as non-di-

mensional removal period t� ¼ ðg=h0Þ1=2t\21=2. By

substituting gate motion parameters and reservoir height into

Eq. 6, the removal time t for the two experiments are obtained.

The non-dimensional removal time t� for both experiments

are 0.47 (t ¼ 0:095 s and t ¼ 0:082 s corresponding to the

benchmark simulation toHu and Sueyoshi [25] and Lobovský

et al. [12], respectively). It is evident that the gate motions in

both cases satisfy the criterion of the sudden removal.

4.1 Validation of numerical model

A staggered variable grid system is adopted in numerical

simulation, which enables the refining of grids near the

gate. Three grids are adopted to test the convergence, the

minimum grid spacing near the gate varies from 0.5 to

2 mm. The total grid numbers for coarse, medium and fine

grids are 144� 81, 232� 135 and 354� 217 respectively.

Same CFL condition is adopted for all grids, time steps are

0.0002, 0.0001 and 0.00005 s for coarse, medium and fine

grids respectively. Figure 4 shows the result of water front

propagation under different grids. The results of fine grid

and medium grids are close, while the result of coarse

shows difference. Which means that the gate motion is

convergent under 1 mm grid spacing. In the subsequent

computations, variable grid systems with minimum guide

spacing 1 mm and time step 0.0001 s are applied.

4.2 Water front toe and free surface

In this section, the experiment conducted by Hu and

Sueyoshi [25] is reproduced in the simulation. Consider-

able attention is paid to the water front toe and free surface

for both no-gate and with-gate cases. In the simulation, the

position of the water front toe is obtained by the summation

of volume function in one grid row. It should be noticed

that because of the non-slip boundary condition, the max-

imum of summation value does not occur in the bottom

row shown in Fig. 5. In the present study, summations are

done to the 20 bottom layers and the maximum value

among them is obtained as the front position.

Figure 6 shows the comparison of the evolution of

downstream water front toe. Both no-gate and with-gate

numerical results are compared with the experimental

results by Martin and Moyce [9], Dressler [10], Hu and

Sueyoshi [25] and Lobovský et al. [12]. It can be observed

that both experimental and numerical results are similar.

For experimental results, differences mostly occur when

t�\1, i.e., the initial stage of dam break flow. While

t� [ 1, all curves show a reasonable similarity on slope,

i.e., velocity of the water front toe. The distinction at the

initial stage may be resulted from the gate removal tech-

nique and other factors like physical properties of gate and

tank [12, 26]. Generally speaking, both numerical results

show a similar property to the experimental results. The

position of water front toe in the with-gate case firstly runs

ahead of the no-gate case at the initial stage, while at about

t� ¼ 1, two front positions are almost the same. For t� [ 1,

the curve of no-gate case performs a steeper slope than the

with-gate case.

The free surface evolution and horizontal velocity dis-

tribution for the cases of no-gate and with-gate is displayed

in Fig. 7. The experimental pictures of the free surface

t(g/H)1/2
0 0.5 1 1.5

x/
H

0

0.5

1

1.5
coarse, 144×81,dx

min
=2mm

medium, 232×135,dx
min

=1mm

fine, 364×217,dx
min

=0.5mm

Fig. 4 Water front evolution of dam break flow under different grids

0.78 0.8 0.82
0

0.01

0.02

0.03

0.04

Fig. 5 Free surface profile near the bottom
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variation from Hu and Sueyoshi [25] are also presented for

comparison (see Fig. 7a). In Fig. 7b, the contour line

/ ¼ 0:5 is used for the front free surface profile; while in

Fig. 6c, d, the contour line / ¼ 0:05 is used for the com-

parison of jet and splash features. At t ¼ 0:05 s, it is

observed that owing to the obstruction of dam gate, the

water column above the lower edge dose not move for-

ward, with a horizontal velocity component of zero. Both

experimental and with-gate results show a such kind of

feature (see Fig. 7a-1, b-1). While for no-gate result in

Fig. 7b-1, without the restriction of dam gate, the whole

front free surface moves forward. At t ¼ 0:10 s, the lower

edge of the gate is almost at the top of the water column,

the main body of the water column is no longer restrained

by the dam gate. Looking at the shape of the water surface

front, the experimental and with-gate results show a strong

concave shape, which has a steep slope in the upper part

and a gradual slope at the bottom layer (see Fig. 7a-2, b-2),

while the no-gate results show less concave due to the

sudden collapse of the whole water column (see Fig. 7b-2).

The difference in the front free surface shape is found to be

more distinct when t ¼ 0:15 s (see Fig. 7a-3, b-3). In the

latter stage, all curvatures become close (see Fig. 7a-4 to

7a-6, b-4 to b-6).

Besides the obstruction of the horizontal motion of

water front surface, the dam gate also provides strong

shear stress which lifts the water up near the gate

boundary. It is observed in Fig. 7a that water firstly

moves vertically upwards along with the gate until the

lower edge of the gate above the column, and then the

water separates from the gate and falls down into dro-

plets, finally splashes into the free surface. It should be

noticed that the scale of droplet splash phenomenon is

very small compared with the whole water domain, which

makes it difficult to numerically capture the detailed

droplet motion process such as separation and merging of

droplets. The contour lines / ¼ 0:05 in Fig. 7d show the

global motion of jet and droplet, which presents droplet

process in a volume color function, making the droplet

and splash look like a finger at the top right corner of the

main water body (Fig. 7d-3 to d-6). In Fig. 7d-3, when

the lower edge of the gate is about to reach the top of the

water column, a conspicuous upward jet is observed.

After the total removal of the gate, the jet and splash

moves upward, and falls back into the water front surface

due to the gravity (Fig. 7d-3 to d-6). Although in similar

water finger is also observed in no-gate results as shown

in Fig. 7c-3 to c-6, the cause of the finger is different.

Without shear stress provided by the gate, the finger

could not move upward, the appearance of the finger is

caused by the finite approximation to the singular point at

at the right top corner. The falling speed of water at top

right corner is smaller than the velocity of upstream

water, which forms the finger flow. Because of the vol-

ume color function representation, the finger of no-gate

result represented by / ¼ 0:05 line is close to with-gate

result.

It is also interesting to point out that the water front

position of with-gate results is firstly in front of the no-gate

results, while at t ¼ 0:15 s (t� ¼ 0:75), the water front of

no-gate results catches up with the with-gate results, and

keeps superior to the with-gate results after that (see

Fig. 7b). This process shows good correspondence to the

curves in Fig. 6. It is also observed that at first the hori-

zontal velocity of with-gate results near the water front toe

is larger than those of no-gate results (Fig. 7c-1, d-1). As

time passes by, at t ¼ 0:10 s (t� ¼ 0:50), the horizontal

velocities of both cases near the water front toe become

close (Fig. 7c-2, d-2). After that, the horizontal velocity

component near the water front toe of no-gate maintains

larger than that of the with-gate results (Fig. 7c-3 to c-6,

d-3 to d-6).

4.3 Water level height and pressure

In Fig. 8, the numerical results of temporal evolution of

water levels at a given location H1 (specified in Table 2)

are compared with the experimental results by Buchner

[27], Lee et al. [28], and Lobovský et al. [12]. Both no-gate

and with-gate results show good agreement with the

experimental data. The height decrease of no-gate case is

found to be slightly faster than with-gate case, which can

be explained by the conservation of mass. When the water

front surface moves forward, the height of the water col-

umn level decreases; while in the no-gate case, without the

obstruction of gate, the horizontal displacement of front

free surface in the initial stage is larger than both experi-

mental and with-gate results, which leads to a faster

decrease of water level height.

t(g/H)1/2
0 0.5 1 1.5

x/
H
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1

1.5

 Dressler,1954, H=0.220m
 Dressler,1954, H=0.110m
 Dressler,1954, H=0.055m
 Martin,1952, H=0.114m
 Martin,1952, H=0.057m
 Lobovský,2014,H=0.6m
 Lobovský,2014,H=0.3m
 Hu 2010,H=0.4m,Exp.1
 Hu 2010,H=0.4m,Exp.2
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Fig. 6 Position of the water front toe after dam gate removal

compared with available literatures
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The difference in water level evolution between no-gate

and with-gate results is very small, as shown in Fig. 8.

While in Fig. 7a, b, there also exists difference in the

evolution of the water level height between no-gate and

with-gate results. The difference of water level shown in

Fig. 7 is obviously larger than that shown in Fig. 8. It can

be related to the length-wide ratio of the water column.

When the length-wide ratio is small, like Hu and Sueyoshis

[25] experiments, the column height tends to be more

sensitive to the gate; while when the length-wide ratio is

relatively small, like the experiments of Lobovský et al.

[12], the column height is less sensitive to the gate motion.

Figure 9 depicts the arrival time of water front toe and

the impact pressure peak of no-gate and with-gate case at

P1 (specified in Table 2). The experimental results from

Lobovský et al. [12] are also presented for comparison. In

Fig. 9a, it is obvious that for no-gate case, the downstream

water arrives at the vertical wall earlier than the experi-

mental results. However, the impact pressure peaks occur

almost at the same time as shown in Fig. 9b. In the prac-

tical point of view, the maximum impact pressure should

occur when the downstream water reaches the wall. The

numerical results match it. The experimental measure-

ments by Lobovský et al. [12] show that the arrival time of

the water front toe happens at dt� ¼ 2:57, while the pres-

sure peak occurs at t� ¼ 2:47. This difference may be

caused by the recording technique during the experiments.

Time difference between numerical and experimental

results in pressure is also found in some existing publica-

tions [29].

It is apparent that the peak event of no-gate curve in

Fig. 9b is quite close to the experimental results. While the

pressure peak of with-gate results shows a time delay to

both experimental and no-gate results. This time difference

also exists in other pressure gauges. In order to make the

comparison more distinctly, the with-gate results are shif-

ted forward for a time interval of dt� ¼ 0:2, the curve of

with-gate results is moved left and the peak time is close to

both no-gate and experimental results (Fig. 9b). Same shift

is also applied in Figs. 10 and 13.

Figure 10 shows the time evolution of the impact pres-

sure at gauges P1–P4 (specified in Table 2). Gauge P1

located near the bottom where suffers from the impact

pressure. The steep peak event shows that the P1 position

suffers from a full impact. For gauges P2–P3, since water

climbs up the wall after impacting on the corner of the

wall, the water does not impact on P2 and P3 directly, and

the peak event curve is much gentle compared with that at

P1. Oscillation is found near the peak value at P2 and P3 in

the with-gate results, this may be caused by the bubbles

generated during the impact process. It is also observed

bFig. 7 Evolution of free surface compared with data from Hu and

Sueyoshi [25]. a-1 to a-6 show free surface profile of experimental

results; b-1 to b-6 are the comparison between the no-gate and with-

gate results; c-1 to c-6 and d-1 to d-6 correspond to horizontal

velocity fields of no-gate and with-gate results, respectively
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Fig. 8 Computed water level elevations at location H1 compared to

available results
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Fig. 9 Arrival time of water front toe and impact pressure peak

a time evolution of wave front; b time evolution of pressure at gauge

P1, dash dotted black line stands for the with-gate results and solid

black line corresponding to the with-gate results after time shift
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that the gauge 4 located at the highest position does not

have a such impact feature.

Both no-gate and with-gate results perform a good

agreement with the experimental results. In Fig. 10a, the

peak value of with-gate case is smaller than that of no-

gate case. After the peak event, the curve of the with-gate

results is found to be closer to the experimental results.

Time evolutions of P2 and P3 in Fig. 10b, c present

similar results, and both correlate well with the experi-

mental results. In Fig. 10d, it can be observed that the

computed pressure of no-gate case at t� ¼ ð2:8; 4:0Þ lag

behind the experimental results, and the increase magni-

tude is obviously smaller. It indicates that after the water

impact on the wall, the climbing process of no-gate case

is different from the experimental results. The curve of

with-gate results shows much better than the no-gate case.

The rise of the pressure at t� ¼ ð2:8; 4:0Þ is very close to

the experimental results, and the loss in magnitude is also

improved.

In Fig. 10, secondary peaks are observed at around

t� ¼ 6:0. This time corresponds to the moment that water

falls down back to the bottom after water climbing up the

wall. However, both no-gate and with-gate results have

time difference with experimental results. This time dif-

ference is reasonable because the appearance of the sec-

ondary peak could be affected by many factors, such as

gate motion, bed wetness, hydroelasticity ofthe tank, etc.

This difference also exists with a reasonable range among

the repeated experiments. Further discussion on this dif-

ference will be taken in Sect. 5.2.

Figure 11 shows the computed free surface profile and

pressure distribution near the impact events of the no-gate

and with-gate cases, / ¼ 0:5 used for the front free surface

profile. Since there exists a time difference on the evolution

of water front toe between two cases, a reference time

tr ¼ 0 s is introduced to specify the time at which the water

front impact on the wall, i.e. the time when pressure

reaches the maximum Fig. 10 for no-gate case and

dt� ¼ 4:58 for with-gate case). Figure 11a corresponds to

tr ¼ �0:003 s before the peak pressure, except for a little

difference on water front toe and rear water level, the

whole free surfaces of water fronts are similar. When the

water front toe reaches the wall, as shown in Fig. 11b, the

maximum pressure appear near the pressure gauge P1 for

both no-gate and with-gate cases. As time passes by, the

water climbs up the vertical wall. When tr ¼ 0:015 s, the

water front toe is about to reach the pressure gauge P4, and

the free surface profiles are observed to be different. The

water front toe of with-gate case has already reached

pressure gauge P4 (Fig. 11c-3), while the water front toe of

no-gate case is still below P4 (Fig. 11b-3). At tr ¼ 0:054 s,

the water front toe is high above P4, the pressure on P4
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Fig. 10 Pressure time history

(with time shift) of P1 (a), P2
(b), P3 (c), P4 (d), compared to

data from Lobovsky et al. [12]
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starts to increase. Comparing Fig. 11b-4 with Fig. 11c-4, it

is evident that the pressure at P4 in the with-gate case starts

to increase earlier than the no-gate case, which matches the

finding in Fig. 11d.

It is also observed that the rear water level of with-gate

case is always higher than that of no gate case during this

process, which indicates that the rear water level affects the

wall climbing process and the evolution of pressure.

Fig. 11 Free surface profile and pressure distribution near the impact

event. a-1 to a-4 show the comparison of free surface profile between

the no-gate and with-gate results; b-1 to b-4 and c-1 to c-4 show the

pressure fields of no-gate results and with-gate results, respectively.

P1–P4 indicate locations of pressure gauges (time is adjusted for

comparison)
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5 The effect of different gate motions

In the previous section, it is noted that applying the gate

motion in the numerical simulation of the dam break will

cause considerable difference compared with the no-gate

results, even if the gate motion satisfies the criterion of a

sudden removal. In order to evaluate the effect of different

gate motions, various gate motions are adopted in the

following numerical simulations. In the experiments con-

ducted by Lobovský et al. [12], 100 repeated experiments

have been performed for H ¼ 300mm, the removal dura-

tion ranges from 0.06 to 0.10 s for the 240 mm displace-

ment. According to this removal time, 5 cases with

different acceleration in the numerical simulation are

chosen. In all cases, the gate motion follows the Eq. 6.

Table 3 shows the parameters for the gate motions in Eq. 6,

where t0 and a are calculated by the arrival time of 240 mm

displacement and velocity of uniform motion. The non-

dimensional removal time for all cases falls into the range

of 0.42 and 0.65. All of which satisfy the criterion of

sudden removal.

5.1 Water front toe evolution

Numerical results under different gate motions are shown

in Fig. 12. The arrival time is evident to be different in

Fig. 12a, at the range of t� ¼ 2:59� 2:72. The case of

faster gate removal reaches the wall earlier than that of

slower gate removal case. Looking more specifically into

the initial stage of the dam break flow, as shown in

Fig. 12b, the water front toe of faster removal case runs

ahead of the slower gate motion case at first, and then with

time passing, water front toes of all cases become close at

t� ¼ 1:0, i.e. the end of the initial stage of dam break flow.

Figure 13 shows the water front toe speed. It can be seen

that as the gate releases faster, the velocity of the water

front at the initial stage is smaller. After that, the faster the

removal process is, the faster the front moves. The front toe

velocity is positive correlated to the removal speed of the

gate at first, and later the front toe velocity in the slower

gate removal case become faster than the faster gate

removal case.

5.2 Pressure

Figure 14 displays the computed impact pressure based on

different gate motions. The experimental results from

Lobovský et al. [12] are also presented for comparison. All

100 sets of experimental data are shown in Fig. 14. It

should be noticed that as mentioned in Sect. 4.3, the

appearance of secondary pressure peak varies among

repeated experiments, which is also observed in Fig. 14.

With the effect of different gate motions, there are also

differences among the appearances of secondary peaks.

The range of the experimental results is represented by

Table 3 Parameters for different gate motions

Time for arrive 240 mm (s) Velocity of uniform motion v0 (m/s) Accelerate duration t0 (s) Acceleration a ðm=s2Þ

Case 1 0.06 4.65 0.017 277.21

Case 2 0.07 4.65 0.037 126.45

Case 3 0.08 4.65 0.057 81.90

Case 4 0.09 4.65 0.077 60.57

Case 5 0.10 4.65 0.097 48.05
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95 % confidence interval. Numerical results are compared

with the 100 repeated experimental results. It can be found

that all these results fit the 95 % confidence interval well,

and the difference among numerical results indicates that

the different gate motions can cause significant effect on

the evolution of pressure.

6 Conclusions

A numerical study has been carried out to investigate the

gate motion effects on dam-break flows. An empirical

formula for the gate motion is proposed from the

experimental data and applied into the numerical simula-

tions. Main attention has been paid to the free surface

profile and impact pressure distribution of no-gate and

with-gate cases. The comparison between no-gate and

with-gate cases is done and results indicate that the with-

gate results agree well with the experiment. Different gate

motions is obtained and compared with the 100 repeated

experimental results by Lobovský et al. [12]. All these

results fit the 95 % confidence interval well, and the dif-

ference among numerical results indicates that the different

gate motions can cause significant influence on the impact

pressure.

The validation of the gate motion formula shows that the

predicted gate motion matches well with the experimental

results. After applying the formula into numerical model,

series of numerical investigation and comparisons show,

1. Gate motion causes the difference in the curvature of

free surface profile, and the with-gate results shows

better agreement with experimental results.

2. The evolution of water front toe of with-gate results is

faster at first, while slower than the no-gate case with

time passing by.

3. The water level height in water column is affected by

the gate motion. The moving gate decreases the falling

speed of the water level.

4. The gate motion also affects the impact pressure on

wall downstream. The loss of pressure magnitude in
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Fig. 13 Front velocity for different cases

Fig. 14 Pressure time history of

P1 (a), P2 (b), P3 (c), P4 (d) for
different cases, compared with

experiments. All 100 repeated

experimental results are shown

by yellow lines, and black lines

indicate the confidence interval

of experimental data
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no-gate case is improved by including the gate motion

in the numerical simulation.

5. The position of water front toe is related with the gate

removal velocity. The arrival time to the right wall in a

fast removal case is earlier than that in a slow removal

case. But at the initial stage of dam break flow, the

water front toe moves slower with the increase of gate

removal velocity.

6. Even if the gate motion satisfies the sudden removal

criterion, considerable difference still exists among

different gate motions. To check it, numerical simu-

lations using different gate motions are performed and

a reasonable match is observed comparing with

repeated experiments [12].

All the results come to the conclusion that the predicted

gate motion formula is reliable for a dam break flow

research. In the case of sudden removal, the gate motion

can cause considerable influence on the dam break results,

which indicates the gate motion should not be neglected.

The gate motion can be a significant factor that causes the

difference in repeated experiments.
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