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Abstract

In the present study, a new type of hybrid spillway termed labyrinth-shaft spillway was introduced to improve the discharge
capacity and efficiency of the spillway. An advanced computational fluid dynamics (CFD) technique was used to analyze
the performance of the labyrinth-shaft spillway. The hydraulic performance of the new model was investigated for different
labyrinth geometries with a verified computational model. The analysis results demonstrated that the discharge capacity of
the labyrinth-shaft spillway was better when compared to that of the conventional shaft spillways with the same weir heads.
The discharge coefficient that reflects the efficiency of the labyrinth-shaft spillway was also much better when compared to
the conventional spillway, while the opposite was observed with relatively small nappe heads. Similarly, the comparison with
the findings of previous studies on labyrinth weirs in the literature demonstrated that labyrinth-shaft spillways performed
better when compared to the conventional labyrinth weirs in-channel flow conditions, especially with high nappe heads. A
new formula was also developed in the present study with regression analysis conducted on the collected data to calculate

the discharge coefficients of the labyrinth-shaft spillway for H/P > 0.2.
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Introduction

Shaft spillways (i.e., morning glory, bell-mouth shaft spill-
ways) with a drop shaft are preferred especially in cases
where the space is restricted on the body and the side banks
of the dams and to avoid undesired vibrations on an arch
dam body. They are also an economical solution in terms
of recycling of the diversion tunnels that could be nonfunc-
tional after construction. These spillways generally include
an annular inlet, vertical shaft and outflow tunnel. When the
spillway is drowned for high nappe heads, vortices could
form in the mouth of the spillway, leading to an unstable
flow. This may cause structural vibrations in the spillway
and even in the shaft water backflow. In certain cases, some
specific tools such as anti-vortex plates are used to prevent
the vortex. However, vortex could also help dissipation of
the spillway flow energy in the vertical shaft.
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In the past, certain studies attempted to develop various
designs to improve the hydraulic capacity of shaft spillways
due to inlet limitation in the reservoir. For this, it is a good
idea to increase the crest length of the spillway in any way.
Some researchers such as Bagheri et al. (2010), Cicero et al.
(2011), Loisel et al. (2013), Ackers et al. (2013), Shem-
shi and Kabiri-Samani (2017), Kashkaki et al. (2019), and
Aydin and Ulu (2021) and (2023) applied some innovative
crest shapes called, i.e., piano-key, daisy-shape, papaya,
siphon spillway to improve discharge capacity of the shaft
spillways. They concluded that the enhanced crested shaft
spillways generally exhibited significant increase in the dis-
charge performance when compared conventional annular
shaft spillways with a constant head. In another study, Fat-
tor and Bacchiega (2009) modified the numbers and loca-
tion of piles on the crest of a morning glory spillway. They
concluded that the implemented modifications showed a
substantial improvement in hydraulic performance of the
spillway.

Some other researchers studied on the swirling and vor-
tex effects, which play roles on the energy dissipation, air
entrainment and discharge efficiency in the vertical shaft of
the spillways. Shemshi and Kabiri-Samani (2017) and Liu
et al. (2018) proposed new shaft spillways types to generate
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swirling flow by using piers and circular piano-keys on the
annular crest. Their findings demonstrated that the swirl-
ing flow strength in the modified spillway was several times
lower when compared to that of the conventional spillway.
Furthermore, they reported that the structure significantly
increased the discharge capacity significantly. Zhao et al.
(2006) conducted certain model experiments to determine
the performance of a vortex drop structure. They found a
good correlation between air entrainment rate and water jet
velocity, and a good energy dissipation in the vortex drop
structure. Kabiri-Samani and Borghei (2013) employed rec-
tangular anti-vortex plates to reduce vortex intensity and air
entrainment in a vertical shaft spillway. The design ensured
an increase in water discharge when compared to a similar
free-surface vortex with the same water head, while decreas-
ing free-surface vortex strength. Xianqi (2015) proposed a
new internal rotational flow shaft spillway for high arch
dams. The simple structured design provided not only a sta-
ble higher capacity water discharge, but also a high-energy
dissipation rate and low construction costs.

As in the other hydraulic structures, conventional method
to analyze hydrodynamics of the shaft spillways is to use
experimental tests. However, in recent years, the use of
computational methods in hydraulic engineering has risen
significantly. In some case studies on the subject, Enjilzadeh
and Nohani (2016) employed a three-dimensional numeric
model to analyze the flow hydrodynamics in a morning
glory spillway. They calibrated and validated the numerical
model with experimental data. The numerical model find-
ings obtained with FLOW-3D exhibited good fit with the
experimental findings. Razavi and Ahmedi (2017) developed
a flow model for a morning glory spillway with CFD code to
investigate the effects of suspended flow load on discharge
performance. Ackers et al. (2013) numerically investigated
a piano-key weir instead of the original ogee weir around the
rim of the bell-mouth spillway at Black Esk reservoir with
a CD model. Sabeti et al. (2019) investigated the hydrody-
namic properties of a sectoral (radial) morning glory spill-
way using numerical and physical models.

In recent decades, the interest in labyrinth weirs have
increased due to their discharge performance when com-
pared to other weirs. Falvey (2003) reported the hydraulic
and design characteristics of the labyrinth weirs in detail.
Crookston et al. (2019) presented a perspective for prototype
structures, advancement opportunities and future research
requirements in labyrinth and piano-key weir hydraulics
in a forum paper. Several other researchers such as Crook-
ston and Tullis (2012a, 2013a, b), Aydin (2012), Aydin and
Emiroglu (2013, 2016), Bilhan and Emiroglu (2016) and
Bilhan et al. (2018) conducted detailed experimental and
numerical studies on labyrinth weirs. Crookston and Tul-
lis (2012b) indicated that these weirs could also improve
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storage capacity, especially in large reservoirs. Based on the
above-mentioned literature, the main advantages of labyrinth
weirs include higher discharge capacity and efficiency when
compared to traditional linear weirs, especially with a low
nappe head, due to the improved crest length. They also
ensure an effective solution for space limitations in linear
weir crest positions. Considering the advantages of the both
spillways (shaft and labyrinth), a new modified spillway
design was introduced in the current study. The hydraulic
performance of this hybrid spillway design was investigated
with computational fluid dynamics (CFD) models.

Numerical method

CFD is an advanced technique that could solve fluid motion
equations using the finite volume method for complex vis-
cous flows. The numerical analyses were conducted with
the FLOW-3D software, which is widely used worldwide in
fluid flow simulations. The Reynolds stress model (RSM)
approach is commonly preferred for the description of
turbulent flows and solves several transport equations for
Reynolds stresses. Two most favorable turbulence mod-
els for Reynolds stresses in solving transport equations to
determine turbulent kinetic energy (k) and its dissipation
(¢) include the standard and RNG k-e models. The RNG k-¢
model employs a statistical technique called renormaliza-
tion group theory unlike the standard k- model. Since the
RNG k- model estimates the flow pressure and velocity
better when compared to the standard k-e model, especially
in complex flows, the model was recommended by Liu et al.
(2018). The general form of fluid flow momentum equations
could be described by Navier—Stokes equations in three-
dimensional Cartesian coordinate as follows:
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where u, v and w are velocity components in the direc-
tions of x, y and z, respectively; V. is fluid volume fraction
opening to the flow; Gx, Gy and Gz are body acceleration
components; and fx, fy and fz are viscous acceleration com-
ponents. The mass continuity equation for incompressible
flow (assuming constant density) could be written as follows:
0 0 0
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Volume of fluid (VOF) method developed by Hirt and
Nichols (1981) is a good choice to achieve a clear interface
between the fluid phases:

oF adl1[a d 0 FAu
5;+ﬁ;50m@+R5@mW+5%Hvﬂ+¢x

In order to reveal mesh sensitivity on numerical solutions,
the Grid Convergence Index (GCI) based on the American
Society of Mechanical Engineering (ASME) was imple-

=Fp+Fs ?3)

Boundary condition, grid and sensitivity analysis

The boundary condition and grid structures of the numeri-
cal model are illustrated in Fig. 1a and b, respectively. In
Fig. 1a, S is the symmetry, and P represents the pressure
inlet boundary conditions in which water depth and pressure
can be defined. Hexahedral structured mesh structures were
applied to solution domain with three mesh blocks which
are mesh block-1, mesh block-2 (conform mesh) and mesh
block-3 (for the vertical shaft) as shown in Fig. 1b. The mesh
blocks 2 and 3 are finer than the mesh block-1 to better cap-
ture the flow in the spillway. On the solid surface, no-slip
wall function was selected.

Fig. 1 Numerical model definitions: a Boundary condition b Mesh
structures

mented for three different mesh sizes with the grid refine-
ment factor (r) of 1.30 (Celik et al. 2008). The apparent
order (p) was calculated by following equation for a constant
grid refinement factor.

1
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where €3, =¢;— ¢, €5, =0, — ¢, P, represents the solu-
tion on the kth grid. The indices 1, 2 and 3 represent the fine,
medium and coarse grids, respectively. The extrapolated val-
ues are calculated from:

bt = % 5)
21
GClI are calculated for the fine grid solution as follows:
O ©)
e =

21

The three sets of grids applied as 682,259, 1,494,566
and 3,261,203 hexahedral cells as coarse, medium and fine
mesh, respectively. The global average order of accuracy
Dave 18 6.41 considered in GCI calculations. The velocity
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Fig.2 Mesh sensitivity on velocity of flow in spillway shaft (in which
the height of 14 m indicates the crest height)

@ Springer



89 Page4of12

Applied Water Science (2023) 13:89

distributions near the inner surface of the shaft along the
height for three different mesh sizes are plotted in Fig. 2.
These plots show that the selected mesh sizes have slight
effect on the solutions, with a distinct difference for the
coarse mesh above 8-m height. In order to make the solutions
more sensitive, fine mesh structure was used in the numeri-
cal solutions. The maximum GClj;,. was estimated as 4.3%
for fine mesh solution. This value of the error corresponds
to a maximum uncertainty in velocity of about+0.24 m/s,
and the average relative error is 3.9%, which indicate a good
accuracy with respect to the grid sensitivity. In addition,
the iterative convergence was achieved with at least three
orders of magnitude decrease in the normalized residuals
for numerical accuracy.

Calibration with the physical model

In the present study, initially, some physical model data
(DSI 2017) for the Kale Dam spillway constructed on Sey-
han River in Tiirkiye were used as a benchmark model to
verify and calibrate the numerical model. The sketch of Kale
Dam spillway with the prototype dimensions is illustrated in
Fig. 3. The scale of the physical model based on the Froude
number similarity was selected as 1:20.83 considering labo-
ratory conditions. The diameter of the shaft bell-mouth var-
ied between 11.00 and 5.00 m. Different nappe heads (H)
were considered on the crest (between 0.54 m and 2.18)
that corresponded the discharges between 26.66 m*/s and
230.12 m%/s based on the stage-discharge rate in the spillway
(DSI12017).

The discharge of a conventional weir could be generally
written with the following equation:

0= %CdL\/EH% (7)

where C, is the discharge coefficient, L is the crest length,
g is the gravitational acceleration, and H is the crest flow
head (weir head). This equation could also be used in shaft
and labyrinth spillways to calculate the crest length L based

Fig.3 Real dimensions of the
physical model in the original
project (Dimensions were taken
from (DSI 2017))

SHAFT
SPILLWAY
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on the planar crest shape. Some researchers such as Tullis
et al. (1995) defined the discharge of the labyrinth weirs by
considering total upstream head (H,) as similar to the con-
ventional weir discharge equation. When the approaching
flow velocity is very low, the weir head H could be consid-
ered equal to the total upstream head H, as in Eq. (4).

To verify the numerical model, the numerical model
results for the conventional shaft spillway were compared to
the experimental findings. The 3D numerical model for the
conventional shaft spillway based on the prototype dimen-
sions of the benchmark model are presented in Fig. 4. Some
illustrations of the experimental (DSI 2017) and the numeri-
cal models are presented in Fig. 5. Similar representations
in both figures demonstrated that the numerical model was
reflected physically. Water discharge and the discharge coef-
ficient, which were the key parameters in the present study
and obtained with both experimental and numerical models,
are compared in Fig. 6. The findings presented in Fig. 6a
demonstrated that there was a reasonable agreement between
the two methods. The mean percentage error (MPE) for the
numerical and the experimental findings was 9.8% based on
the discharge coefficients. The weir discharge curves for both
methods are plotted comparatively in Fig. 6b. The compari-
son also indicated a good agreement between the numerical
and experimental models. For the small weir head, the rela-
tive error of discharge coefficient was slightly higher than
that of the higher heads. This may be due to the effects of

Fig.4 Numerical model geometry of conventional shaft spillway

25
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Fig.5 Models of conventional shaft spillway: a experimental (DSI
2017) models, b Numerical model runs

scale (i.e., surface tension and viscous effects) on the physi-
cal model and the discretization errors in the numerical solu-
tions for low weir heads. Based on these findings, it could be
suggested that the numerical model findings were reasonably
reliable within the given margin of error, which was approxi-
mately lower than 10%. Certain other statistics between the
experimental and the numerical flow rates included a 0.197
mean absolute error and a 0.186 root-mean-square error
(RMSE).

Analysis of the labyrinth-shaft spillway

Previous studies indicated that the labyrinth crested weirs
ensured a higher discharge performance when compared to
linear crest weirs for a given channel width. Thus, labyrinth
weirs have been widely used to control free overflows in
several water structures. To improve the discharge perfor-
mance, a new hybrid spillway design was developed with
a combination of the advantages of the labyrinth and shaft
spillway designs. The crest length, which corresponds to
cycle apex angle (a), is the most effective factor on labyrinth
weir discharge capacity. Therefore, three sharp-crested lab-
yrinth-shaft spillway models with the different apex angles
of 30°, 22.5° and 15° were considered as shown in Fig. 7.
These designs were analyzed with the above-mentioned
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Fig.6 Comparison of physical and numerical model results: a Dis-
charge coefficients versus relative weir head, b Head-discharge rela-
tionships

computational technique for different weir heads. Certain
illustrations obtained with CFD analyses are presented in
Fig. 8 for different apex angles and weir heads. As seen in
the figure, the weir overflow was free dropping for the small
weir head (H/P =0.18), and the approaching flow veloc-
ity around the labyrinth weir was very low. At higher weir
heads, i.e., H/P=0.52, the flow was still free overflow; how-
ever, the approaching flow velocity around the weir was not
significant on the water surface. The effect of the approach-
ing flow on the water surface increases with the decreasing
apex angle (that is, increasing weir crest length) and increas-
ing weir head. At the highest nappe head (H/P=0.73), the
spillway flow is submerged or drowned at the shaft inlet.
The drowning effect is further enhanced by the increase in
the nappe head and the crest length. Figure 8i shows that the
weir overflow is almost completely submerged for a=15°,
H/P =0.73. This means that although the labyrinth crest
length increases the flow capacity, this capacity is limited
by the shaft capacity.
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Fig.7 Design of labyrinth-shaft
spillways with different apex
angles: a a=30°,b a=22.5°c¢
a=15°d 3D view
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Results and discussion

The labyrinth-shaft spillway values obtained with the
numerical model are presented in Table 1. The weir overflow
discharges for different weir heads were compared based on
different labyrinth apex angles. As seen in the table, the weir
discharge capacity increased with the height of the nappe
head and the decrease in the apex angle that corresponded
to the increase in weir crest length. However, it could be
also observed in the last two columns of Table 1 that the
discharge was limited to approximately 350 m*/s due to the
shaft capacity. While the weir flow was free dropping in the
apex angle of 30° for all nappe heads, the weir flow began
drowning after a nappe head of 2.02 m and 1.79 m and an
apex angle of 22.5° and 15°, respectively. Thus, the laby-
rinth-shaft weir drowned unlike conventional linear weirs
after a certain nappe head due to the limited capacity of the
vertical shaft.

To determine the discharge efficiency of the labyrinth-
shaft spillway, Taylor’s (1968) equation adopted to the laby-
rinth weir could be rewritten as follows:

0 H L
(G o} =[5 1) ®

where Q; is the labyrinth-shaft weir discharge, Qg is the
discharge of the bell-mouth weir (conventional shaft spill-
way) with the same diameter. L is the labyrinth weir crest
length, and Ly is the shaft spillway crest length (bell-mouth
perimeter). The geometric properties of the labyrinth-shaft
weir include the apex angle that also corresponds to weir
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crest length, bell-mouth diameter (or bell-mouth perpen-
dicular), and the weir height P. Based on Eq. (8), Fig. 9a is
plotted to demonstrate the effects of the relative weir head
(H/P) on the dimensionless discharge rate (Q;/Q) for differ-
ent labyrinth apex angles. As seen in the graph, there was a
significant correlation between the relative nappe head and
the discharge rate, and the relative discharge rate decreased
with the increase in the relative nappe head. Otherwise, it
was observed that the decrease in the apex angle that corre-
sponds to an increase in crest length significantly improved
the dimensionless discharge rate. The discharge rate con-
verged to critical values, which is approximately 1.5 at the
relative nappe head of about 0.75. This critical value can
be considered as a capacity factor for the labyrinth-shaft
spillway.

Discharge coefficient can be determined depending on the
channel width W or the total weir crest length L in-channel
condition. Here, to reveal the effects of the labyrinth down-
stream nappe interaction on the discharge efficiency, the
crest length-based approach was used to estimate the dis-
charge coefficient (C,) using the labyrinth crest length (L)
instead of the bell-mouth perimeter, as presented in Eq. (7).
The discharge coefficient trends versus the relative weir head
for different apex angles and the bell-mouth spillways are
plotted in Fig. 9b. As seen in the figure, the discharge coef-
ficients of the labyrinth-shaft spillway decreased nonlinearly
with the relative weir head (H/P). This decrease was limited
for each shape factor. In addition, for a given relative weir
head, the discharge coefficient increased with an increase in
the apex angle that indicates a decrease in the crest length
of the labyrinth weir. When compared to the conventional
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a) 0=30° H/P=0.18

d) a=22.5° H/P=0.18

g) 0=15° H/P=0.18

y

L.

Fig.8 Simulation views of labyrinth-shaft spillway with different apex angles and nappe heads

Table 1 Discharges values of
the labyrinth-shaft weirs for
different apex angles

b) 0=30° H/P=0.52

e) 0=22.5° H/P=0.52

h) a=15° H/P=0.52

¢) 0=30° H/P=0.73

f) 0=22.5° H/P=0.73

i) a=15° H/P=0.73

Velocity (m/s)
10.00
7.50
5.00
2.50
0.00

H (m) H/P (m) Bell-mouth  a=30° *Q, (m?/s) a=22.5° Q, (m%/s) a=15° Q, (m%/s)
*Q (m’/s)

0.54 0.180 26.66 83.74 88.13 114.14
0.86 0.287 55.60 138.36 137.40 185.88
1.12 0.373 83.92 174.07 183.74 243.8
1.32 0.440 107.81 205.82 223.11 283.49
1.55 0.517 137.99 225.63 273.97 322.79
1.79 0.597 172.86 269.57 297.75 34991
2.02 0.673 206.41 307.64 339.83 351.05
2.11 0.703 221.49 328.76 353.40 348.76
2.18 0.727 230.12 329.26 350.96 351.47

“These results have been also partly given by Ulu and Aydin (2019)
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Fig.9 Effects of relative weir head on: a relative discharge rate, b
discharge coefficients

shaft spillway (bell-mouth), the discharge coefficients of
the labyrinth-shaft spillway were higher for low weir heads;
however, for higher weir heads (approximately higher than
0.45 of H/P), the discharge efficiency of the labyrinth-shaft
spillway was below that of the conventional bell-mouth
spillway (Fig. 9b). This could be explained by the nappe
interaction just downstream of the labyrinth weir at the high
nappe head, thus reducing the effective crest length of the
labyrinth weir. Considering the dimensionless parameters of
the relative crest length and relative weir head, the following
formula was determined to estimate the discharge coefficient
of the labyrinth-shaft weirs with R?>=0.97, as a result of the
regression analyses:

—4.06=
L ’ H

=091 — . -0.62— 9
c, 091(L> +059><exp( 062P) ©)

S

The labyrinth-shaft spillway discharge could be cal-
culated by substituting the discharge coefficient obtained
with Eq. (9) in Eq. (7). As seen in Fig. 10, there was a

@ Springer
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Fig. 10 Observed versus predicted values of: a Discharge coefficients
(C,), b Relative discharge rate (Q;/Qy)

good correlation between the values predicted with Eq. (9)
and observed with the discharge coefficients. However,
the predicted values deviated slightly from the observed
values for the relative discharge rate. It could be sug-
gested that Eq. (9) might be valid only for H/P > 0.2. For
H/P <0.1, C, values for the labyrinth-shaft spillway would
probably decrease with the decrease in the nappe head,
similar to the conventional labyrinth weirs. Since the
design discharges for the weir were generally take higher
heads into account in practice, the present study focused
only on relatively higher weir heads.

To compare the efficiency of the labyrinth-shaft spill-
way and that of the conventional labyrinth weirs, certain
correlations were described in the literature chronologi-
cally as follows: Darvas (1971) defined the discharge coef-
ficient of a sharp-crested labyrinth weir depend on the total
width of the labyrinth weir (W) and the total head on the
weir as follows:
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Darvas (1971) plotted a family of curves to determine
this coefficient in Eq. (10). It was indicated that the unit of
this coefficient was not dimensionless. Megalhaes and Lor-
ena (1989) also proposed certain curves for labyrinth weirs
similar to those described by Darvas (1971), except for the
ogee crest and dimensional coefficient. This dimensionless
coefficient was defined as follows:

O

C,=—
W+/2gH!>

p

1)

The last two equations were given for the total width of
the weir W, which were different from C,, utilized in the pre-
sent study. The following conversions were used to convert
the above terms to dimensionless coefficients based on the
developed crest length (L):

Cp C

C, = = W
d 2\(L 2\( L \/2—
3 )\w 3)\w 8
Tullis et al. (1995) described the discharge coefficient for

triangular labyrinth weirs using certain polynomial curves
based on the relative weir head as follows:

H, H,\* 1\’ H\*

Comtor () +as() () +ai(F)
13)
In a similar way, Bilhan and Emiroglu (2016) also defined
a fifth-order polynomial equation for trapezoidal labyrinth
weirs. In both equations, polynomial coefficients were deter-
mined for various apex angles of the labyrinth based on data

fitting analysis.

In Fig. 11, the discharge coefficients (C,) of the labyrinth-
shaft spillways, which represent the discharge efficiency, in
a reservoir condition were compared with the conventional
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Fig. 11 Comparison of discharge coefficients of labyrinth-shaft weirs with different labyrinth and conventional shaft spillway (bell-mouth)
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labyrinth weir findings under in-channel flow conditions based
on the relevant literature. As shown in Fig. 11a—c, all findings
in the literature for conventional labyrinth weirs were similar.
On the other hand, while the efficiency of the labyrinth-shaft
spillway was the highest with low weir heads, it decreased
and converged to that of the other labyrinth weir types with
higher weir heads. With the highest weir heads, the efficiency
of the labyrinth-shaft spillways fell below that of the in-chan-
nel conventional labyrinth weirs. The decrease with high weir
heads was probably due to the local submergence and intense
nappe interference as a result of low downstream apex angle
values relative to the upstream apex angle of the labyrinths.
Crookston and Tullis (2012b) investigated the discharge effi-
ciency of the arced and non-arced labyrinth weirs, and they
reported that the arced configuration was the most efficient
due to the improved orientation of the labyrinth weir cycles to
the approach flow. Crookston and Tullis (2012b) also stated
that the C, reduced with the increase in relative nappe head for
H/P>0.1 due to the increase in the local submergence. Local
submergence occurs when the discharge carrying capacity
exceeds in a labyrinth cycle, leading to a decrease in the effi-
ciency of labyrinth weirs. Therefore, it was determined that the
labyrinth weirs were more effective with relatively small weir
heads. Since the upstream labyrinth cycle capacities of the
labyrinth-shaft weirs are higher than that of the downstream
cycles due to their annular axis, the efficiency of the labyrinth-
shaft weirs is higher than the conventional weirs for low nappe
heads. However, the situation is partly the opposite for high
weir heads. On the other hand, the spillway discharge capac-
ity is restricted by the shaft section in the downstream. The
results of Eq. (9) were also compared with the efficiency of
the conventional shaft (bell-mouth crested) spillway as shown
in Fig. 11d. This figure also revealed that the best efficiency
was obtained with the widest apex angle; however, the best
discharge was obtained with the most acute angle.

An additional formula for calculating the dimensionless dis-
charge rate was also determined with the regression analysis
conducted with R*=0.98 for 0.2 < H/P <0.8 as follows:

o, L\ L H
ZL_ g9 £ 182( L (-.4— 14
o 9<Ls> +182( - ) exp (=30 P) (14)

Using this equation, the discharge of labyrinth-shaft spill-
ways could be calculated based on the discharge of conven-
tional shaft spillway with the same weir inlet diameter. Indle-
kofer (1978) proposed the following formula for conventional
shaft spillway discharge coefficient depend on the ratio of the
weir head to bell-mouth radius for 0.2 <H/R<0.5.

cd=0.515[1—0.2(%)] (15)

The head-discharge curves for the labyrinth and conven-
tional shaft spillway are plotted comparatively in Fig. 12.
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Fig. 12 Comparison of the head-discharge curves of labyrinth-shaft
spillway with conventional shaft spillways

The calculated values of Q, were obtained with Eq. (7) and
Eq. (15). As shown in the figure, the calculated values of Q;
were close to the experimental values for the low heads, but
not for the high heads in conventional shaft spillways. The
gradients of the labyrinth-shaft spillway curves decreased
with an increase in the weir, while the curve gradients of the
conventional shaft spillway increased with the same effect.
In general, it could be suggested that this new hybrid design
performed better than conventional designs for all given
parameters.

Conclusion

In the present study, a new hybrid spillway design was devel-
oped by combining the advantages of the shaft spillway and
labyrinth crested weirs. To investigate the hydraulic per-
formance of the spillway, the VOF method with Reynolds-
averaged Navier—Stokes and RNG k-¢ turbulent models were
used in the CFD simulation. The numerical model findings
were tested and calibrated with the experimental model find-
ings, and a good agreement was observed between numerical
and physical model results with a minor deviation probably
due to scale effects in the physical model and convergence
errors in the numerical model. The following conclusions
could be highlighted based on the study findings:

1. The present study findings demonstrated that the dis-
charge efficiency of the labyrinth-shaft spillway was
predominantly dependent on the dimensionless param-
eters of the weir head (H/P) and labyrinth crest length
(L/Ly). Although the discharge efficiency based on the
crest length (C,) decreases with increasing dimension-
less crest length (L/Ly), the discharge capacity of the
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labyrinth-shaft spillways according to the conventional
bell-mouth spillway (Q,/Q,) for a certain head increases
significantly with the crest length (or decreasing of apex
angle). However, the increase in the discharge was lim-
ited due to submerged flow conditions in the labyrinths
and shaft drowning.

2. The discharge coefficients of the labyrinth-shaft spill-
way decreased nonlinearly with the relative nappe
head (H/P). When compared to the conventional shaft
spillway (bell-mouth), the discharge coefficients of
the labyrinth-shaft spillway were higher for low nappe
head; however, for higher nappe heads (approximately
H/P > 0.45), the discharge efficiency of labyrinth-shaft
spillway was below that of the conventional bell-mouth
spillway.

3. Equation (6) determined with the regression analysis
presented a good estimate for discharge coefficients
for H/P > 0.2, which is generally considered in spill-
way design. The equation presents practical results for
hydraulic engineers especially in the initial design of the
labyrinth-shaft spillways.

4. The labyrinth cycles in this weir type could also be used
as an anti-vortex tool when placed normally or as a vor-
tex generator when placed with asymmetric angles for
flow energy dissipation. The effects of the weirs scruti-
nized in the present study could be investigated further
in future studies.
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