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Abstract

In this paper, the effect of the sediment bed elevation on dam-break flow over mobile beds is
scrutinized using the volume of fluid (VOF) method. While the equations of motion are tackled
employing the finite-volume and standard k-¢ turbulence closure model. The morphological
characteristics are studied using the van Rijn bed load transport model. The results show that an
increase in the downstream bed elevation leads to reducing: a) the flow advancing distance and
water rising over the end wall, b) the sediment transport rate downstream and c) the reservoir
releasing rate. It causes the formation and evolution of two hydraulic jumps and corresponding
scour holes in the near field and the downstream channel.
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Introduction

The ideal dam-break means the release of a still water column within a prismatic tank due to an
instantaneous removal of a sluice gate. This study is of great im-portance in flood routing and
controlling, coastal engineering, hazards analysis and risk management. Likewise, many dams around
the world are confronted with the sedimentation inside the reservoir and downstream of the channel.
Whereas, there is a significant level-difference between the sediments within the up and downstream
due to the height of the dam crest (Fig. 1). In the solution, the wave-front maximum velocity is twice
the surface wave celerity (um=2c=2VgHO0), where um, ¢, g and HO rep-resent the maximum velocity,
the surface wave celerity, gravity acceleration and the still water level, re-spectively. Besides, the
reservoir width and length, slope and fluid viscosity are crucial factors on free surface deformations and
flow advancing distance (Stansby et al. (1998)., Nsom et al. (2000)., Nsom et al. (2007)., Nsom et al.
2019). Further, the wave front advancing distance and flow velocity over a fixed bed is higher than the
mobile-bed case because of the bed resistance effects. Whereas, there is a direct rela-tionship between
the reservoir initial water level and the free-surface evolution (Capart and Young, (1998)., Fraccarollo
and Capart, (2002)., Spinewine (2005)., Cao et al. (2004)., Wu and Wang, (2008)., Khoshkonesh et al.
(2019). Therefore, a few studies have done on the bed elevation effects on dam-break flow. The 3D
models based on the Navier-Stokes equations predict the dam-break flow features with high accuracy.
Further, the dynamic pressure distribution is calculated in the near filed and throughout the
computational domain. In this way, the volume of fluid (VOF) method is used to track the free surface
evolution. for the first time, the effect of the bed elevation is scrutinized on the free surface and bed
profiles, subsequent hydraulic jumps and scour holes depths. Hence, the effect of sediment bed elevation
on dam-break flow evolution is scrutinized using VOF method by Flow-3D CFD package.
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Figure (1). The configuration of the dam-break over mobile bed models (current study)

Materials and Methods

The dam-break flow characteristics are scrutinized by following process: (i) tracking the free-surface by
standard VOF method using Flow-3D package; (ii) calculation of fluid pressure by implicit method:; (iii)
simulating the turbulent flow through the standard k-¢ model; (iv) evaluation the bed-load transport
using van Rijn formula.
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Results

The sensitivity analysis was carried out on the cells mean diameter dm as well as the turbulence closure
models including standard k-&, k-w and RNG. Therefore, the accuracy of models in prediction the free
surface height was evaluated in dam-break over the fixed and mobile beds. The normal root mean
squares NRMSE presents the mod-eling accuracy criteria.

Table (1). The NRMSE of the mesh cells mean diameter in Lobovsky et al. (2014) experiment

model A: 12.5-10 model B: 25-20
duration of the dam-break t(S) —576™ 98 037 045 016 028 037 045
NRMSE values 0.0385 00262 00995 0.0565 00375 00294 0109 0.0545

Table (2). The NRMSE of the turbulence closure models in Lobovsky et al. (2014) experiment

duration of the dam-break t(s) 0.16 0.28 0.37 0.45

k-¢ 0.0389 0.0329 0.0471 0.0639
k-w 0.0434 0.0322 0.0471 0.0813
RNG 0.0434 0.0329 0.0471 0.0813

Table (3). The NRMSE of the van Rijn formula in Spinewine (2005)
model C model D model E
mean diameter of cells in mesh blocks 1-2 25-20 25-20 25-20
duration of the dam-break t(s) 1.25 1.25 1.25
Van Rijn formula 0.0445 0.0559 0.0596

In tables 1-3, NRMSE values between zero and 0.1, 0.1 and 0.2, 0.2 and 0.4 present perfect, proper and
average fit between the experimental and computational results, respectively. Therefore, the model
performance in predicting the water free surface evolution is perfect in all cases. However, the
computational efforts along with the accuracy in d0 = 25mm and standard k- € closure model are lesser
and higher than the other cases, respectively. Further, the van Rijn (1984) formula shows high
performance in prediction the dam-break over the mobile bed (Table 3).

Indeed, according to fig. 1 where the bed elevation in the downstream is equal to zero, then rs = 0.
Meanwhile, where the bed elevation through the downstream is equal to upstream (HdO = Hu0), then rs
= 1. Whilst the free surface propagation and the bed deformation during the dam-break process are
according to the figs. 2&3. In all modeling, the mean size of the mesh cells in both sand and pumice
models is 25 mm. Further, the dam-break duration is equal to the tm = 10s.

Hw(m H
1"‘2’( S t=1s Hd0=0-0.5m from down to top = = = = Gate w(m) ———— t=15 Hd0=0-0.5m from down to top - = = = Gate
- a 1.2 T
0.9 0.9 ¢
0.6 0.6
0.3 0.3
0.0 1 ¢ 0.0 (m
-6 -3 0 3 6 9 12 - 9 12
gw(m.\_ t=2s Hd0=0-0.5m from down to top — — — — Gate HWmL_____ =25 Hd0=0-0.5m from downtotop - — — — Gate
1 12
0.9 b 0.9 f
0.6 0.6
0.3 0.3
0.0 X(m) 0.0 (m)
-6 -3 0 3 6 9 12 -6 -3 0 3 6 9 12

Page 3



/;:./

HW(M)}—— t=5s Hd0=0-0.5m from down totop = = = = Gate HW(ml___ =55 Hd0=0-0.5m from down totop - - — — Gate
ég c 1.0 g
: 0.8
0.6 06
04 0.4
0.2 '
2
00 () o2 (m)

6 -4 -2 0 2 4 6 8 10 12 14 16 6 4 2 0 2 4 6 8 10 12 14 16

Figure (2). Evolution of free-surface profiles of sand (a-c) and pumice (e-g) at times t = 1s-5s,
respectively
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Figure (3). The bed profiles of the sand models (a-c) and pumice models (e-g) at times t = 1s-5s,
respectively

Discussion

Considering figs. 2a-2g, increasing the rs value causes rising the wave front advancing distance. In figs.
2a & 2b, an increase in the rs value leads to rising the free-surface height Hy in the downstream near
field. The Hwmax and Hwmin are corresponding to the rs = 1 and rs = 0, respectively. The profiles are
parallel to each other while the free-surface has a steep gradient in the near field. In this regard, the
pressure distribution changes from hydrostatics to hydrodynamics, from the flume beginning to the near
field, respectively. The result is consistent with Stansby et al. (1998). In fig. 4c, two hydraulic jumps are
formed in the near field and at the downstream except in the case r = 0. These are displaced to the
upstream during the middle to the last stages (t = 5s — 7s). The result is consistent with Capart and Young
(1998). They showed hydraulic jumps are generated across the downstream channel because of dam-
break flow and the mobile bed interaction. However, in the current study, two hydraulic jumps are
formed duo to flume considerable length as well as bed resistance that is intensified by scouring (Nsom
et al. (2000)., Nsom et al. (2007)., Nsom et al. 2019., Khoshkonesh et al. (2019)., Heydari and
Khoshkonesh (2016)). According to Wu and Wang (2008), an increase in the downstream length leads
to changing the sediment transport rate from the bed- to the suspended-load. However, in the current
study, the sediments are transported mainly in the bed-load form, despite the considerable length of the
downstream channel. Considering fig. 2e (pumice), similarly fig. 2a (sand), an increase in rs leads to
rising and reducing the Hw and x_f values, respectively. A possible reason is higher mobility of pumice
than the sand that causes more bed resistance effect against the wave front propagation. In fig. 2g, there
is no water rising in r=0. Further, rising rs values leads to increasing the height of the second hydraulic
jump. The first hydraulic jump approximately disappears in the case rs =1. While, reducing the rs value
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leads to decreasing the distance between the first and second hydraulic jumps. In fig. 2g, the greatest
height of the first hydraulic jump (rs = 0.3) is about 0.36Hwo and 0.75H.o, i.e., more than twice the fig.
2c. In figs. 2a-2g, the free-surface gradient is significant in the near field during the initial stages.
Further, the free-surface has a steep slope near the straight line. Whereas, the gradient is modified due
to increasing the reservoir releasing rate, during the middle to the last stages. Moreover, plunging the
dam-break flow’ kinematic energy causes an increase in viscosity effects. In fig. 3a, the bed scouring
occurs significantly in the near field. In this region, the shear stress of the water flow exceeds the critical
value of the bed. The result is consistent with Spinewine (2005). Moreover, rising the rs value results in
reducing sediment transport in the far field. However, it leads to reducing the first scour hole width.
Likewise, the sedimentation occurs in 0 < x < 3m while its length is plunged with increment of the rs
values. Indeed, there is a lag distance between the erosion and sedimentation regions due to non-
equilibrium sediment transport conditions (Capart and Young (1998)., Fraccarollo and Capart (2002)).
Fig. 3b illustrates the second scour hole emerges in x = 3m. It should be noted that the positions of both
scour holes are at a short distance from the hydraulic jumps. Indeed, the resistance of the bed against
the advancing the dam-break flow is the main reason for the formation of the hydraulic jumps. The result
is not reported in previous studies (Capart and Young (1998)., Cao et al. (2004)., Wu and Wang (2008)).
Whereas, increasing the rs value leads to reducing the first hole width. The maximum width belongs to
the case r; =0.1. Further, the position of the second hole is not changed, despite increasing the rs. The
greatest sedimentation occurs in the wave-front tip region. It’s consistent with Cao et al. (2004). In figs
3b-3g the dimensions of the scour holes are considerably increased during the initial to the middle stages
(tm = 1-5s). As well, the highest and least unevenness of the bed profiles belong to rs=0.1 and rs = 1
respectively. Consequently, in figs 3b — 3g, the complete bed scouring occurs in first and second holes,
in case rs = 0.1. Indeed, the flow capacity in eroding the bed is increased during the initial to the last
stages. In fig. 3e (pumice), the dimensions of the first hole, the unevenness of the bed, the sedimentation
rate in the wave-front tip region and the elevation of the sheet-flow profile are greater than the fig. 3a
(sand). In fig. 3f, the second hole is less symmetrical relative to the fig. 3c. Besides, the dimensions of
both holes are greater than the fig, 3c.

Conclusions

The modeling results showed: rising the downstream bed elevation leads to a) increas-ing the water free-
surface height in the downstream, b) reducing the wave front ad-vancing distance to the downstream
and rising water over the end-wall ¢) reducing the reservoir releasing rate. Two hydraulic jumps are
formed at the downstream of the dam in all cases except the downstream with fixed-bed. Ultimately,
it’s concluded that the VOF along with the k-¢ closure model, have high accuracy in predicting the
characteristics of the dam-break flow over mobile beds.
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