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Abstract. The paper deals with research focused on description of flow structure in front of broad-crested
weir. Based on experimental measurement, the flow structure in front of the weir (the recirculation zone of
flow and tornado vortices) and flow structure on the weir crest has been described. The determined flow
character has been simulated using numerical model and based on comparing results the suitable model of
turbulence has been recommended.

1 Introduction
Rectangular broad-crested weirs are frequently used for
the determination of discharge [1]. Weirs are mounted in
a prismatic rectangular channel usually the same width B
as width of weir b to sufficiently increase water surface,
neverthless, do not influence on maximum capacity of
channel. The weir crest is horizontal with the weir
thickness t, the upstream and downstream faces are
vertical, the weir surface is smooth, the upstream and
downstream weir edges are sharp and the weir height is P
(Figure 1). The effort for mounting them is to ensure a
free overflow in whole a range of measuring discharges
[2].
Rectangular broad-crested weirs form three
recirculation zones of flow [3]: upstream [4], crest [5]
and downstream recirculation zones [3] (Figure 1). The
upstream and crest recirculation zones have an influence
on a weir capacity, the downstream recirculation zone
does not because the parallel supercritical flow is created
on the weir crest [6].

2 Flow structure in front of the broadcrested weir
At different relative weir heights h/P, a different flow
structure forms in front of upstream face [7]. In a case of
high weirs, the upstream recirculation zone is not formed;
in medium-high weirs, only the upstream recirculation
zone is formed; and in low weirs, the upstream
recirculation zone is formed and is supplemented by
tornado vortices [8-11]. The criteria for the formation of
individual flow structures have been determined by
Zachoval and Roušar [12].

a

average position of
tornado vortex axis

h

crest recirculation
zone

v

hcrz
Lcrz

P
hurz
point of flow stagnation
line of flow stagnation

bed
streamline

Lurz

upstream
recirculation
zone

Lt
crest
recirculation
zone

area of
upstream
line of
developing recirculation
flow
vorteces
zone
stagnation
area of
flow
stagnation

Figure 1. Scheme of weir, flow and notation of variables.

3 Review of numerical models of flow
over broad-crested weir
The numerical modelling of potential flow over broadcrested weir was investigated by, e.g., Moos [13],
Streetharan [14], Dias et al. [15]. However, the potential
flow does not describe recirculation zones of flow, hence
the results were different. To achieve reliable results of
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transit flow, they must have been composed by special
ways [13].
The simulation of vortical flow over rectangular weir
was studied by Bombardeli et al. [16]. They used 2D
model for turbulent flow of incompressible viscous
liquid. The flow was described by Reynolds-averaged
Navier–Stokes equations (RANS). Turbulence was
solved by Renormalized Group (RNG) k-ε model [17].
They compared results with measurements Hager and
Schwalt [18] and stated good agreement with a pattern of
water surface even in range of the crest recirculation
zone. Shaker and Rhodes [19] simulated two phase flow
in 3D described by RANS equations supplemented with
k-ε turbulence model [20] and wall function. To
determine water surface they used Volume of fluid
(VOF) method [21]. They found good agreement with
flow and water surface level, only they noted differences
in position of the crest recirculation zone and in postition
of a nappe. Hargeaves et al. [22] simulated two phase 2D
flow (one case 3D) and tested three different turbulence
models k-ε, RNG k-ε and Reynolds Stress Model (RSM)
[23]. RNG k-ε and RSM turbulence models simulated
flow more reliable than k-ε. They determined that 3D
model does not provide in comparison with 2D model a
improvement in pattern of water surface. The greatest
difficulties they saw in simulation of hydraulic jump and
areation of flow. Hsu and Ozdemir [24] modeled the
same flow as Hargreaves and concentrated on
comparison with RNG k-ε and RSM turbulence models.
They stated that model RSM yields better results for
water surface level. Kirkgoz et al. [11] dealt with 2D
modelling. They compared numerically solved potential
flow field, numerically solved flow field with the use of
RANS equations and k-ω [25] and k-ε tubulence models
with measured by method Particle Image Velocimetry
(PIV) [26]. They recommended RANS approach with k-ω
turbulence model. Adegbulugbe [27] caried out a study of
the related verification as Hargreaves et al. [22]. He
claimed that the most accurate results were obtained
using with RNG k-ε turbulence model.

4 Experiment
For comparing was chosen the weir described by
Zachoval et al. [29]. The weir was made of organic glass,
was mounted into a rectangular flume, with weir height
P = 0.250 m, width b = 1.003 m and thickness
t = 0.500 m. The velocity field measurements was
conducted with a combination of Ultrasonic Velocity
Profile (UVP) Monitor and PIV. The velocity field was
measured at inlet channel by UVP Monitor [29] and in
front of the weir and on the weir crest by PIV [5]. The
shape of recirculation zones was visualizated by dye and
by particles added into flow. Thereafter, the flow
structure was displayed by particles moving on the
bottom. The level of water surface was measured by a
point gauge and the discharge was determined by
calibrated triangular sharp-crested weir.

5 Numerical model
5.1 Selected approach
The variety of approaches may be used for solving flow
structure in front of the rectangular broad-crested weir.
Every approach brings with it a certain degree of
simplification and, thereby error description compared
with reality. The requirements for the results determine
the choice of temporal and spatial schematization.
For solving steady overflow from a macroscopic view
described by pattern of water surface and by timeaveraged velocity field the models were used based on
RANS equations and Large eddy simulation (LES) model
with Smagorinsky subgrid-scale (SGS) model. The
modelling of recirculation zones not affected side walls
was performed by 2D and tornado vortex by 3D due to
their spatial character. For modelling turbulence with
RANS approach the first order models were selected
based on turbulence viscosity: one layer models Standard
k-ε, RNG k-ε, Standard k-ω models and two layer Shear
Stress Transport (SST) model [28]. Further, the second
order models were used based on Reynolds stress
transport equation [23]: Baseline (BSL) Reynolds Stress
(RS) and Speziale-Sarkar-Gatski (SSG) RS [30]. For
solving the software were used ANSYS-CFX (3D, 2D)
(Figure 2) – two phase flow, ANSYS-Flotran (2D)
(Figure 3) – one phase flow and Flow-3D (2D) (Figure 4)
– one phase flow.
5.2 Calculation
Fluid domain geometry included the inlet channel, the
weir and a part of outlet channel with free nappe. The
inlet channel length was so long to develop velocity
profile.
At inlet boundary the hydrostatic pressure
distribution was set for a depth established from the
measurements and a constant velocity. At outlet boundary
the free outflow was set. The walls were hydraulically
smooth. The half domain was solved because longitudinal
symmetry. The reference pressure was zero.
The number of elements depended on used software
and dimension, for 2D model it was approximately from
1·105 (Flow-3D, ANSYS-Flotran) to 5·105 (ANSYSCFX) and for 3D model 5·106. The calculations were
performed in range of discharges 0.040 m3/s, 0.070 m3/s
and 0.130 m3/s. Material properties of water were:
density 998 kg/m3 and viscosity 1·10-6 m2/s. All
coefficients of turbulence models were left unchanged.
The mesh was structured with rectangular elements.
5.3 Evaluated parameters
The evaluated parameters were the overflow head h at a
given discharge, the length of crest recirculation zone
Lcrz, the height of crest recirculation zone hcrz, the length
of upstream recirculation zone Lurz, the height of
upstream recirculation zone hurz and the average position
of tornado vortex axis Lt.
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6 Results
The measured values of evaluated parameters calculated
for the discharge 0.070 m3/s are shown in Table 1.
The results 2D calculations are presented in the form
of velocity fields for all evaluated discharges solved by
all software.
Table 1. Evaluated parameters [units in m], 2D, Q = 0.070 m3/s.
Model

h

Lcrz

hcrz

Lurz

hurz

Measured

0.131

0.108

0.022

0.140

0.140

0.132
0.129
0.129

0.050
0.100
0.087

0.006
0.019
0.013

0.087
0.142
0.198

0.067
0.075
0.103

0.130
0.130
0.127

0.068
0.130
0.081

0.008
0.020
0.012

0.072
0.148
0.144

0.060
0.106
0.084

0.129
0.132

0.057
0.069

0.006
0.011

0.139
0.165

0.061
0.111

0.128
0.130

0.074
0.114

0.015
0.020

0.360
0.162

0.113
0.111

0.129

0.123

0.020

0.197

0.128

0.129

0.143

0.021

0.230

0.114

0.128

0.092

0.015

0.317

0.116

Standard k-ε
ANSYS-Flotran
ANSYS-CFX
Flow-3D
RNG k-ε
ANSYS-Flotran
ANSYS-CFX
Flow-3D
Standard k-ω
ANSYS-Flotran
ANSYS-CFX
SST
ANSYS-Flotran
ANSYS-CFX
BSL RS
ANSYS-CFX
SSG RS
ANSYS-CFX
LES
(Smagorinsky SGS)
Flow-3D

Figure 4. Flow-3D, 2D, k-ε, 0.130 m3/s, velocity field.

Figure 5. Tornado vortex.

Figure 6. ANSYS-CFX, 2D, SST, 0.070 m3/s, streamlines.

Figure 2. ANSYS-CFX, 2D, k-ε, 0.070 m3/s, velocity field.

Figure 3. ANSYS-Flotran, 2D, k-ε, 0.040 m3/s, velocity field.

Figure 7. ANSYS-CFX, 3D, SST, 0.070 m3/s.
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4.

7 Conclusions
From the results in Table 1 is evident that values of
evaluated parameters change with used software and
turbulence model.
Practically, all one layer models based on turbulent
viscosity underestimate a size of recirculation zones. The
most reliable results of them RNG k-ε turbulence model
provide. The models based on Reynolds stress transport
equation overestimate the length of recirculation zones in
direction of flow. Two layers model SST provides the
most reliable results from all used models (Figure 6).
LES model overestimates the length of upstream
recirculation zone. Overestimation of the length of
upstream recirculation zone may be caused by a fact that
the numerical model due to small number of elements
does not simulate vortices arising near the bed in front of
the upstream recirculation zone [12].
The values of results in Table 1 are significantly
dependent on the element size which it is mainly
reflected at the height of crest recirculation zone. The
best results are achieved with the largest number of
elements which explains the differences in results with
used software.
The solved overflow head was practically for all
models slightly smaller than measured. Error of its
determination is in all cases up to 3 %. The correct
modelling of the height of the crest recirculation zone is
essential to determinate the overflow head. Therefore, it
is recommended to use at least 8 elements along its
height. In the case of using a smaller number of elements
the modelled crest recirculation zone is smaller. In the
case of using a larger number of elements having no
significant refinement its height. The correct modelling of
the upstream recirculation zone has significantly less an
influence on the overflow head than the crest
recirculation zone.
Tornado vortex (Figure 5) was able to simulate
(Figure 7), its position is in a range of measured values
[12]. The flow in area of tornado vortex is developed
during the simulation process as the last. Therefore, the
sufficient number of simulation is necessary to perform.
For determining of the overflow head has negligible
effect.
For practical use in determining of the overflow head
at known discharge and vice versa is possible due to the
relatively small demands on mesh and high accuracy
determination of flow character to recommend RANS
approach and a two layer SST turbulence model.
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