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A B S T R A C T   

The rounded crested weirs are commonly used for discharge measurements and this overflow structures have 
advantages such as stable overflow pattern and good accuracy. Hydrofoil weirs with streamlined properties are 
similar to the ogee weirs and can be used as a spillway profile. The hydraulic features of flow over hydrofoil weirs 
created by the NACA0018, NACA0021 and NACA0024 hydrofoil geometry placed in an open channel are 
investigated experimentally under free-flow conditions. The velocity field of hydrofoil weir flows are measured 
by one-dimensional Laser Doppler Anemometer. Experimental velocity profiles are measured along the middle 
section of the channel, especially around the weir structure, to determine the boundary layer separation. Ac-
cording to the determination of optimum weir structure the free surface profiles, pressure distributions on weir 
surfaces, experimental discharge coefficients and head losses over weir structures are determined for different 
structure and flow conditions. Pressure distributions over the hydrofoil weir are presented. In addition, the re-
lationships between discharge coefficient (Cd) and flow rate (Q), specific total head (H/R), relative weir height 
(P/H), relative total head (H/P) and dimensionless total energy head upstream of the weir (H/L) are investigated.   
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1. Introduction 

With the rapid population growth and global warming, consumable 
water resources in the world are decreasing. As well as the social and 
environmental precautions taken for the proper use of limited water 
resources; meeting the needs and wastage of resources, the design, 
construction, and operation of engineering structures such as dam, 
regulator and weir are gaining importance. 

Weirs which are built to control the water level, to direct water and 
to measure water quantity, can be constructed with different types and 
geometric characteristics [1]. One of the most important point that will 
increase the weir performance in transferring the flow to the 

downstream is the weir profile which is adapted to the flow streamlines 
in the least disturbed manner. It is a known fact that rounding of the 
front part of the weir increases the discharge capacity of the weir [2–5]. 
Many experimental and theoretical studies have been conducted in the 
past about the open channel flows interacting with weirs. In experi-
mental studies, the flow velocity and the pressure fields are generally 
measured for different weir geometries such as cylindrical, trapezoidal, 
rounded crested [6–9] and flow conditions as well as flow coefficients. 
However, it is seen in the literature that the studies about flow over 
hydrofoil weirs are not sufficiently detailed. In 1973, Lakshmana Rao 
and Rao [10], adapted the streamlines weirs under different structure 
and flow conditions using symmetrical Joukowsky profiles experimen-
tally. They determined that the discharge coefficient increased as the 
overflow head upstream of the weir (h) and weir height (P) increased. 
They suggested that a rational theory is not recommended for flow 
calculations, that all proposed formulas are empirical and that more 
systematic research is needed to determine the effect of the weir profile 
on the discharge coefficient. Ramamurthy, Tim and Rao [11], investi-
gated the characteristics of the flow passing through the rectangular 
broad crested weir with sharp and rounded edges under free and sub-
merged flow conditions. They stated that the Cd discharge coefficient 
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depends on H/P and R/P dimensionless size. For their study, H repre-
sents the upstream measured head, P is the weir height and R is the 
radius of the upstream top corner. Chanson and Montes [12], experi-
mentally studied the circular weir overflows for different flow and weir 
structures. According to the range of experiments they indicated that 
while the upstream ramp has no effect, the upstream flow conditions has 
significant effect on the discharge coefficients. Recently, Schmocker, 
Halldórsdóttir and Hager [5] determined the discharge coefficient of 
cylindrical weir having ten different upstream and downstream slopes 
under free flow conditions. They stated that upstream slope has less 
effect on discharge coefficient, Cd against the downstream slope and 
increasing the downstream slope increases the Cd. Kabiri-Samani and 
Bagheri [13], determined the discharge coefficient and velocity distri-
bution of flow over circular-crested weirs by combining the potential 
flow and free vortex flow. They calibrated and compared their analytical 
results with the experimental data of previous studies. They suggested 
that semi-analytical model can predict the discharge coefficient and 
velocity distribution in acceptable accuracy for the relative crest cur-
vature H/R up to 7. Haghiabi, Mohammadzadeh-Habili and Parsaie 
[14], simulated flow around cylindrical weirs by using uniform potential 
flow with two doublets and analytical equations are obtained for crest 
velocity distribution and discharged coefficient of the weirs. From the 
calibration of the obtained equations with the experiments conducted, 
they observed a significant agreement between the experiments and 
analytical results. Bahman, Kabiri-Samani and Moghim [15], investi-
gated the flow around a hydrofoil weir and compare the flow around a 
circular cylinder. They calibrated the analytical results by using an 
extensive set of former experimental data. From the analytical results 
they indicated that the derived analytical model is successful enough in 
predicting the discharge coefficient and velocity distribution. Bagheri 
and Kabiri-Samani [16], experimentally investigated the hydraulic 
characteristics of flow over streamlined weirs. According to the Jou-
kowsky transform function they performed streamlined weir models. 
From the experimental results they determined that while the down-
stream sloped face does not affect to the discharge coefficient, increasing 
the weir height decreases the discharge coefficient as a result in the 
increase of the flow head. 

In this study, the characteristics of flow over hydrofoil weirs with 
different NACA (National Advisory Committee for Aeronautics) profile 
were investigated experimentally. The NACA weirs used in this study 
can be thought of as an individual weir in a small open channel such as 
irrigation channel or it can also be used for the designing of the spillway 
crest similar to the ogee crested weirs. It is important to accurately 
determine the flow topology over such weirs for the designing 

consideration and determining the performance of these weirs. One of 
the best ways to determine the flow characteristics over the weir is to 
measure the velocity field. For this purpose, the velocity field of the 
turbulent flow around the hydrofoil weir was determined by Laser 
Doppler Anemometer technique, which is one of the most accurate flow 
measuring techniques without disrupting the flow especially in the 
boundary layer and near the solid boundary. In addition of this, free 
surface profiles, pressure distributions and head losses are investigated 
for different flow and structural conditions. Also, discharge coefficient of 
the hydrofoil weirs was determined experimentally and its variation 
according to the flow and weir parameters was investigated. 

2. Experimental set-up 

Experimental studies to determine the characteristics of the flow 
passing through the hydrofoil weirs were carried out by using 
NACA0024 (N24), NACA0021 (N21) and NACA0018 (N18) profiles at 
the Hydraulic Laboratory of the Civil Engineering Department of 
Çukurova University. Hydrofoil weirs were placed in a closed loop glass 
walled open channel with 0.35 m in wide 0.35 m in height, and 4 m in 
long (Fig. 1). The experiments were carried out in three different flow 
conditions for each hydrofoil weir placed 2.30 m from the channel inlet. 
For N18, N21 and N24 hydrofoil weirs with different geometric vari-
ables, the inlet water heights (h0), the flow rates (Q), Froude numbers 
(Fr0 = V/

̅̅̅̅̅
gh

√
) and Reynolds numbers (Re0 = 4VR/ν) measured 20 cm 

downstream of the channel entrance were given in Table 1. 
The velocity measurements over the hydrofoil weirs were performed 

in the mid-section of the channel using a one-dimensional Laser Doppler 
Anemometer (LDA) (Dantec® LDA 2N04). The free surface profiles were 
determined experimentally by limnimeter. Also experiments were car-
ried out to determine the discharge coefficients for the hydrofoil weirs 

Fig. 1. The schematic view of the experimental Set-up with LDA.  

Table 1 
Experimental flow conditions.  

Hydrofoil Weir Types h0 (cm) Q (m3/s) Fro Reo 

N18 10.65 0.007 0.192 232,308 
12.45 0.012 0.239 255,250 
13.80 0.016 0.280 270,725 

N21 11.40 0.007 0.165 242,215 
13.40 0.012 0.215 266,281 
15.10 0.016 0.247 284,415 

N24 11.70 0.007 0.152 246,035 
13.80 0.012 0.200 270,725 
15.30 0.016 0.240 286,425  
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and 25 different flow rates and water depth measurements were per-
formed for each hydrofoil weir. An ultrasonic flowmeter is used for the 
measurements of the discharges. Flow rate measured by flowmeter is 
calibrated using two different methods. In the first method, the flow 
discharge was determined by measuring the time to fill of the flow 
measuring tank with 60 × 60 × 20 cm in size at the end of the channel. 
For each flow rate this duration was measured 10 times and the average 
of these measurements were taken. In the second method, velocity 
values were measured by Laser Doppler Anemometer and flow discharge 
values were calculated from continuity equation. The uncertainty values 
for the discharge measurements estimated as ± %0.1. The water depths 
used for the calculations of the discharge coefficients were measured at 
distance of 3–4 times the maximum overflow head upstream from the 
weir face [1,11]. 

The geometric parameters for the hydrofoil weirs used in this study 
were given in Fig. 2. In this figure H (=hv + h) is the total energy head 
upstream of the weir, hv is the approaching velocity head, h is the 
overflow head upstream of the weir, P is the weir height, R is the radius 
of crest, rL is the radius of the upstream face of the weir, a is the length of 
the weir remaining upstream of the crest, b is the length of the weir 
remaining downstream of the crest, Lw is the total weir length (Table 2). 

NACA (with its updated name, NASA-National Aeronautics and 
Space Administration) created hydrofoil profiles with various geometric 
properties in the 1940s using various numerical data. For this study, the 
remaining parts of the symmetry axes of NACA0018, NACA0021 and 
NACA0024 profiles were used as hydrofoil weir structure. The co-
ordinates related to the obtained profiles are presented in Table 3. The 
chord width of the N18, N21 and N24 hydrofoil weirs are 50 cm and 
their thicknesses (hydrofoil weir height, P) are 4.50 cm, 5.25 cm, and 
6.00 cm, respectively. 

2.1. Laser Doppler anemometry (LDA) 

The Laser Doppler Anemometer (LDA) used in the measurement of 
the velocity field is the one-dimensional measurement device 62N04 
produced by DANTEC. The laser wavelength is 660 nm, the distance 
between the laser bundles is 60 mm and the measurable speed distor-
tions can range from 0.7 and μm/s to 4.6 mm/s. In the LDA system, BSA 
F30 (62N60) type flow processor was used with photo detector. In 
addition, the process, analysis, and graphical processing of the instan-
taneous measured velocities were performed with the BSA-Flow soft-
ware included in the Dantec LDA system. 

Hot-wire, hot-film, Laser Doppler Anemometer (LDA) and Particle 
Image Velocimetry Measurement Technique (PIV) are widely used in 
determining the velocity-vector area in the flow region. Unlike the 
others, LDA can accurately measure the instantaneous velocities in 
pointwise without disturbing the flow. In comparison to other mea-
surement devices LDA is superior in determining the topology of flow 
with distinctive flow zones and complex properties, in particular by 
means of point measurements at different times. Furthermore, LDA de-
termines the point velocities in the region close to the solid boundary, in 
other words, the velocity profiles and turbulence characteristics in the 

boundary layer region more precisely. 
Laser Doppler Anemometer performs velocity measurement by 

detecting the change in the doppler frequency of the laser beam emitted 
by small particles moving in flow. The measured values collected by the 
photodetector are sent to BSA Flow Software by the processor instan-
taneously. More information on the working principle of the Laser 
Doppler Anemometer can be find in Durst, Melling and Whitelaw [17], 
Kirkgoz and Ardiclioglu [18], Kirkgoz, Akoz and Oner [19], Aköz, 
Gümüş and Kırkgöz [6], Simsek, Akoz and Soydan [20]. 

3. Results and discussion 

3.1. Velocity profiles 

In this study, velocity fields of flow over N18, N21 and N24 hydrofoil 
weirs were measured with LDA. Experimental measurements were 
performed at Q1 = 0.007 m3/s, Q2 = 0.012 m3/s and Q3 = 0.016 m3/s. 
Fig. 3 shows the control sections of the velocity measurements along the 
channel so the upstream, crest and downstream regions can be visible 
clearly. 

Figs. 4–6 show the wall-normal velocity profiles of hydrofoil weirs 
N18, N21 and N24 for all flow conditions. While the wall-normal 

Fig. 2. Flow and geometric parameters for hydrofoil weirs.  

Table 2 
Parametric values related to geometry of hydrofoil weirs.  

Weir type a (cm) b (cm) P (cm) P/a Lw (cm) R (cm) rL(cm) 

N18 15 35 4.50 0.30 50 73.53 2.71 
N21 15 35 5.25 0,35 50 62.77 3.19 
N24 15 35 6.00 0.40 50 55.25 4.70  

Table 3 
The geometric coordinates of hydrofoil weirs.   

N18 N21 N24 

x (cm) y (cm) y (cm) y (cm) 
0.000 0.0000 0.0000 0.0000 
0.625 1.4205 1.6575 1.8940 
1.250 1.9610 2.2880 2.6145 
2.500 2.6660 3.1105 3.5545 
3.750 3.1500 3.6750 4.2000 
5.000 3.5120 4.0975 4.6825 
7.500 4.0090 4.6770 5.3455 
10.000 4.3030 5.0200 5.7375 
12.500 4.4560 5.1985 5.9415 
15.000 4.5015 5.2520 6.0020 
20.000 4.3525 5.0780 5.8035 
25.000 3.9705 4.6325 5.2940 
30.000 3.4225 3.9930 4.5635 
35.000 2.7480 3.2060 3.6640 
40.000 1.9675 2.2955 2.6235 
45.000 1.0860 1.2670 1.4480 
47.500 0.6050 0.7060 0.8065 
50.000 0.0945 0.1105 0.1260 
50.000 0.0000 0.0000 0.0000  
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velocity values on the weirs represent the resultant velocity, the veloc-
ities in the channel represent the velocity component in the flow di-
rection. When the figures are examined it can be drawn that the 
subcritical flow having the lower velocity values reaches a critical flow 
approximately on the weir crest and continues to move in a supercritical 
regime in the downstream of the weir. The values of velocity increase as 

the Froude number of inflows is increased. The flow at the entrance of 
the channel turns into a two-dimensional flow structure from a certain 
point in the upstream of the hydrofoil weir. For the weirs used in this 
study, the starting point of the two directional flow varies between x/P 
= 0.65–0.85 (x, horizontal distance from the upstream end of the weir, P 
weir height). The values of x/P increase at a relatively higher flow rate 

Fig. 3. Velocity measurement sections: a)x = 215 cm, b)x = 225 cm, c)x = 229 cm, d)x = 232.5 cm, e)x = 245 cm, f)x = 260 cm, g)x = 285 cm, h)x = 290 cm, i)x =
300 cm. 

Fig. 4. Dimensionless velocity profiles for N18 hydrofoil weir for Q1 = 0.007 m3/s, Q2 = 0.012 m3/s and Q3 = 0.016 m3/s.  
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and weir height. For the present test conditions, no wall boundary layer 
separation upstream and downstream of the hydrofoil weir is observed 
just as it is not observed on the weir surface. As the flow rate and the 
weir height increases the curvature of the flow pattern over the weir also 
increases. 

The distances of the points where the critical depth occurred from 
the crest (Δxcr) are given for different experimental conditions in 
Table 4. It can also be seen from the table that the points at which the 
critical depth occur moves away from the crest of the weirs in the 
downstream direction as the flow rate increases. The reason the critical 
depth shifts towards the downstream of the weir is because the specific 
energy increases with increasing flow rate. 

3.2. Free surface profiles 

In this study, the free surface profiles of the flow which interacts with 
N18, N21 and N24 hydrofoil weirs were measured experimentally with 

the help of limnimeter in the laboratory. Fig. 7 (a–c) shows the dimen-
sionless free surface profiles for the three classifications of the hydrofoil 
weir namely N18, N21 and N24. The x and the y axis are non- 
dimensionalized by the channel length L and the inlet water heights of 
each flow structure h0 respectively. It can be seen from the surface 
profiles that the two-dimensional flow begins between two and three 
times the weir height upstream of the weir. This is the nearest location 
where a gage should be located to measure the upstream head correctly. 
It is recommended that the upstream head should be measured at a 
distance of 3–4 times the maximum head upstream from the weir face 
[1,11]. The surface profiles for each test conditions decreases from the 
upstream face of the weir and reaches a constant value at the down-
stream end. As the radius of the crest increases, the curvature of the 
surface profile in the upstream face of the weirs decreases. The curvature 
of the surface profile is greater at the beginning of the weir structure. 
This curvature on the flow decreases as it moves towards the down-
stream of the channel. It is clear from the figures that as the weir height 

Fig. 5. Dimensionless velocity profiles for N21 hydrofoil weir for Q1 = 0.007 m3/s, Q2 = 0.012 m3/s and Q3 = 0.016 m3/s.  
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increases in the same flow rate, the flow curvature, and the total head in 
the upstream face increases. This increases the dynamic pressure forces 
in the region upstream of the crest. With the increase of weir height 
under the same flow conditions, the water heights in the downstream 
region decrease. 

3.3. Pressure distribution over hydrofoil weirs 

Fig. 8 shows the pressure distribution for different flow 

configurations of hydrofoil weirs in different sections (x = 232.5 cm and 
x = 245 cm). In the graphs, the vertical axis is non-dimensionalized with 
the ymax and the maximum pressure height (p/γ) on the horizontal axis is 
nondimensionalized by the overflow head upstream of weir (h). The 
hydrofoil weirs placed in the open channel, which are the subject of this 
study, have a regular, two-dimensional, convex curvature flow area in 
the sn plane, where s is tangent to the streamline, n is the normal to the 
streamline containing its center of curvature. The change of velocity and 
pressure in the normal direction in the flow is obtained from the inte-
gration of the normal component of the Euler equation given below for 
convex streamlines [21]: 

−
V2

r
+

1
ρ

∂p
∂n

+ g
∂y
∂n

= 0 (1)  

where V is the mean velocity of flow, p is the pressure, r is the radius of 
curvature of the streamline, y is the wall-normal ordinate. 

Streamline curvature produces appreciable acceleration components 

Fig. 6. Dimensionless velocity profiles for N24 hydrofoil weir for Q1 = 0.007 m3/s, Q2 = 0.012 m3/s and Q3 = 0.016 m3/s.  

Table 4 
Δxcr values (in cm) for different hydrofoil weirs and flow rates.   

N18 N21 N24 

Q1 0.3 0.4 1.2 
Q2 0.7 0.9 1.5 
Q3 0.8 1.3 2.0  
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normal to the flow direction. If the vertical velocity is non-zero, then the 
pressure distribution p is non-hydrostatic. In open channel flow inter-
acting with a round crested weir, non-hydrostatic pressure distributions 
occur in the regions where the curvature of the streamlines increase. 

When the pressure distributions in the figure are examined, it is seen 
that the maximum deviation from the hydrostatic distribution is 
observed in the regions where the curvature of the streamlines increases 
for higher values of h/P (see Fig. 8-a). When curvatures of the stream-
lines are compared, the curvatures in the forward shoulder of the weirs 
are larger, therefore, deviations from the hydrostatic pressure are 
greater in this region (Fig. 8-b). It can be clearly seen that the deviation 
is further increased when the weir height and flow rate increase. For all 
hydrofoil weir types, with increasing flow rate, the overflow head up-
stream of the weir, h increases and thus the pressure at the channel 
bottom increases. 

The percentage deviation of actual pressure calculated by Euler 
equation for convex streamline from the hydrostatic pressure profile is 
calculated as: 

Δp / ph = |(p − ph) / ph|[%] (2)  

where p is the actual pressure and ph is hydrostatic pressure. Table 5 

Fig. 7. Free surface profiles for a) N18, b) N21 and c) N24.  

Fig. 8. Pressure distributions for a) upstream face of the weirs and b) crest of 
the weirs at the different h/P ratios. 

Table 5 
The maximum deviations from the hydrostatic pressure, (a) upstream face of 
weir and (b) crest of weir.   

(a) Upstream face of weir (b) Crest of weir 

Weir Profile h/P max(Δp/ph) 
% 

Weir Profile h/P max(Δp/ph) 
% 

N18 1.14 8.24 N18 1.14 4.62 
1.28 12.77 1.28 5.18 
1.38 15.76 1.38 7.44 

N21 1.16 7.30 N21 1.16 5.31 
1.36 12.39 1.36 7.39 
1.49 17.20 1.49 9.01 

N24 1.06 11.86 N24 1.06 5.23 
1.31 16.20 1.31 8.28 
1.39 22.28 1.39 9.96  
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shows the maximum deviations from the hydrostatic pressure values for 
the two representative sections where the curvature of streamline is 
high. It is seen from the table that the maximum deviations are in the 
range of 4.62 ≤ max(Δp/ph) ≤ 22.28 for the ranges of 1.06 ≤h/P ≤ 1.49. 
Δp/ph increases with increasing h/P and reaches a maximum of about 
22.28% and 9.96% for the section of the upstream face and weir crest, 
respectively. The deviations from the hydrostatic pressure in the front 
face of the weir are greater than the deviations in the crest region. Also, 
the increase in the weir height cause an increase in the deviation. It can 
be said that from the calculated percentage deviation values and other 
findings in this study, the deviations from the hydrostatic pressure 
decrease, and pressure profiles over the weir approaches the hydrostatic 
pressure profile as it moves towards the downstream. 

Fig. 9 shows the dimensionless wall-normal pressure profiles along 
the weir surface for different h/P ratios. The dimensionless wall-normal 
bed pressure values decrease as a result of the decrease on flow height as 
it moves downstream of the weirs. The wall-normal pressure decreases 
at the upstream side of the weir crest as the h/P values are increased. In 
turn, at the downstream side of crest, the wall-normal pressure increases 
when the h/P is increased. For all hydrofoil weirs under the present flow 
conditions, the curvature of the streamline decreases as the flow moves 
from the forward face of the weirs to the crest region and after a certain 
point downstream of the crest, hydrostatic pressure distribution occurs. 
The location of this point varies between 0.3Lw and 0.6Lw, where Lw is 
the weir length. 

3.4. Discharge coefficient for hydrofoil weirs 

It is a known fact that the weir geometries used in open channels are 
effective on the discharge coefficient [3,11,22,23]. The weir structure 
has a greater discharge coefficient when it is adapted to the streamline 
geometry due to the less disturbance. The discharge coefficient is a 
dimensionless value used to characterize the flow and pressure loss 
behaviour in the flow systems. This parameter considers the energy 
losses caused by the frictions that occur during the interaction of the 
flow with the weir. The discharge coefficient is the ratio of the actual 
flow rate to the theoretical flow rate calculated by the adoption of 
friction free flow. 

In this study, 25 different flow and water depth measurements were 
performed for each of the N18, N21 and N24 hydrofoil weirs. Table 6 
shows the ranges of variables for the flow and weir configurations used 
in the present study. 

Discharge coefficient was calculated using the following equation 
proposed by Bos [1] and its variations with flow and structure param-
eters are presented graphically. 

Q=Cdb
2
3

̅̅̅
2
3

√
̅̅̅
g

√
H3/2 (3) 

Here, Q is the actual discharge, Cd is the discharge coefficient, b is the 
channel width, g is the acceleration due to the gravity, H(= h+ V2/2g) is 
the total head of the approaching flow over the weir crest. A relation for 
estimating the discharge coefficient of the hydrofoil weirs subjected to 
this study is presented. Based on the dimensional analysis, a correlation 
between the discharge coefficient Cd and the two dimensionless pa-
rameters as relative weir height (P/H) and specific total head (H/R) are 
obtained. Nonlinear regression analysis is used, and the best mathe-
matical relation given in Eq. (4) was achieved (R2 = 0.88) where Cd 
represents the calculated discharge coefficient, P is the weir height, R is 
crest radius and H is the total head of the approaching flow over the weir 
crest. 

(Cd)calc. = 1.1 − 0.27
(

P
H

)1.56(H
R

)0.60

(4) 

Fig. 10 shows the distribution of the Cd discharge coefficient with 
experimental flow rate. It is seen from the figure that the discharge 
coefficient, Cd increases gradually with increasing flow rate for all three 
weirs. For a given flow rate, discharge coefficient for N18 is greater than 
that of N24. It is possible to say that Cd decreases with the increasing in 
weir height for the same flow rate as seen in Fig. 10. This decrease re-
sults from the increase of the flow head of N18 being less than that of 
N24 for a given flow rate [16]. It is found that the discharge coefficients 
for the hydrofoil weirs used in this study were in the range of 0.96<Cd <

1.08. The smoother front slope contributes to adaptation of the structure 
to flow lines, which leads to an increase in Cd [23]. Another result is that 
the discharge coefficient decreases with the increase in drag. 

3.4.1. Relationship between relative total head, H/P and discharge 
coefficient, Cd 

The variation of discharge coefficients (Cd) with relative energy 
heights (H/P) for N18, N21 and N24 hydrofoil weirs are given in Fig. 11. 
It can be seen from the figure that Cd increases with the increase of H/P, 
for all hydrofoil weirs. The discharge coefficient values of N24 are 
greater than those of N18 for a given H/P ratio. The discharge coefficient 
varies between 0.96≤Cd ≤ 1.08 for the relative energy height in the 
range of 0.51 ≤ H/P ≤ 1.90. When H/P values increased the discharge 
coefficients values get close to each other, whereas the differences be-
tween discharge coefficients increase in the small H/R ratios. It may also 
be concluded from the experimental findings that the H/P and Cd 
decrease as the curvature of streamlines increased. 

3.4.2. Variation of discharge coefficient (Cd) with specific total head (H/R) 
The total energy height (H) was nondimensionalized with the crest 

curvature radius of the hydrofoil weirs (R) so H/R ratio called specific 
total head was obtained. The variation of the H/R with Cd was given in 
Fig. 12. Cd increases with the increase of H/R for all hydrofoil weirs as 
seen in the figure. The minimum values of the discharge coefficient were 
obtained as 1.045.1.006 and 0.965 for the N18, N21 and N24 hydrofoil 
weirs, respectively. These values correspond to H/R = 0.039, 0.047 and 
0.055, respectively. The maximum values of the Cd are 1.075 for N18; 
1.074 for N21, and 1.060 for N24, and these values correspond to H/R =
0.115, 0.135 and 0.154. The maximum value of Cd was obtained for N18 
which has minimum crest curvature that calculated by using 1/R. The 
minimum discharge coefficient occurred for N24 hydrofoil weir which 
has maximum crest curvature. These findings indicate that the low crest 
curvature is needed to get higher performance from the hydrofoil weir. 
In addition, the variation of Cd with H/R obtained in the present study 
consistent with the results by Castro-Orgaz and Hager [22]. 

3.4.3. Variation of discharge coefficient (Cd) with dimensionless total 
energy head upstream of the weir H/L 

Fig. 13 shows the relationship between the discharge coefficient, Cd 
and dimensionless total energy head upstream of the weir H/L. The 
comparison of the present study with the experimental data of Fig. 9. Variation of dimensionless wall-normal pressure at the hydrofoil weir 

surface for different h/P ratios. 
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Lakshmana Rao and Rao [10] and Bagheri [24] for (a) λ = 0.125 and (b) 
λ = 0.25 were also given in Fig. 13. Here λ represents the relative ec-
centricity for the hydrofoil weirs given in those studies. Here λ repre-
sents the relative eccentricity for the hydrofoil weirs given in those 
studies. The weir height P for (a) λ = 0.125 is and (b) λ = 0.25 are 4.38 
and 7.82 cm, respectively. The dimensionless total energy head up-
stream of the weir values for different studies fixed between 0.10 ≤H/L 
≤ 0.18 to see the compatibility between similar ranges for different 
hydrofoil weir geometries. As illustrated, the increase in the H/L values 
tend to an increase in discharge coefficient Cd. Contrary to the results of 
Lakshmana Rao and Rao [10], as seen in figure, if the total energy head 
upstream of the weir H is normalized by the weir length L, increasing the 
weir height P, tends to a decrease of the discharge coefficient, consistent 
with the results of Bagheri [24]. 

3.5. Energy losses 

The energy losses for flow over the hydrofoil weirs are calculated for 
all test conditions by calculating the total heads H1, H2 and H3 in the 
sections x = 2.20, 2.45 and 2.90 m that corresponds to the front of the 
hydrofoil weir, the crest section and the toe of the weir structure, 
respectively. It was observed from the experimental data that energy 
losses increase with increase in the weir height P. The streamline cur-
vature increases as the flow accelerates toward the hydrofoil weir crest, 
and the pressure distribution increasingly deviates from hydrostatic. 
When there are curved boundaries, the streamline curvature influences 
not only the distribution of the velocity over the depth of flow but also 
play important roles in turbulence production, dissipation and transport. 
The effect of curvature increases the magnitude of the turbulent shear 

Table 6 
Ranges of variables for investigated flow and structural conditions.   

H (cm) h (cm) P/H H/R Q (m3/s) Cd (Eq. (3)) (Cd)calc. 

(Eq. (4)) 

N18 2.90–8.49 2.83–7.80 1.55–0.53 0.039–0.12 0.003–0.016 1.045–1.069 1.024–1.072 
N21 2.97–8.46 2.92–7.86 1.76–0.62 0.047–0.14 0.003–0.016 1.006–1.073 0.996–1.061 
N24 3.06–8.53 3.01–8.00 1.93–0.69 0.055–0.16 0.003–0.016 0.966–1.059 0.967–1.050  

Fig. 10. Variation of discharge coefficient with flow rate.  

Fig. 11. Variation of Cd with H/P.  

Fig. 12. Variation of Cd with H/R  

Fig. 13. Variation of Cd with H/L  
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stress in the region where high-gradient velocity distributions exist and 
the dissipation rate increases accordingly. It can be said that this is why 
the energy losses increase with increase in the weir height P or radius of 
curvature for the same flow conditions. On the other hand, energy losses 
at the same hydrofoil weir were determined to be smaller for larger flow 
rates. The reason for this can be expressed as the increase in the energy 
of the flow with the increase of the flow rate. 

The variation of H2/H1 with Cd, Fr1 and H/P are presented in Fig. 14 
(a), (b) and (c), H2 is the total head over the crest. The trend is the same 
in all three graphs. As can be seen from the figures, H2/H1 values in-
crease with increasing Cd, Fr1 and H/P, i.e. energy losses decrease as the 
flow moves from the upstream to the crest for higher values of discharge 
coefficient, Froude number and relative total head. 

Fig. 14 (d), (e) and (f) show the variations of CEL energy–loss coef-
ficient determined using Eq. (5) with discharge coefficient, Froude 
number and relative total head. 

CEL =(E1 − E3) /E1 (5)  

in which E1 and E3 are specific energies at the upstream (x = 2.20 m) and 
downstream (x = 2.90 m) of the weir, respectively. 

There is a decreasing trend in all three graphs. In other words, while 
energy losses are higher for small values of discharge coefficient, Froude 
number and relative total head, energy losses decrease with increasing 
Cd, Fr1 and H/P. 

The dimensionless head losses, ΔE/dc for hydrofoil weirs used in this 
study were compared with the head losses of circular cylinders 

presented by, Chanson and Montes [12] where ΔE is the difference in 
specific energy and dc is the critical depth over the weir (Fig. 15). The 
comparisons show that the dimensionless head loss, ΔE/dc is larger for 
circular cylindrical weirs than for hydrofoil weirs. Further, as compared 
the head losses of hydrofoil weirs, the increase in the weir height cause 
much higher head losses. 

4. Conclusion 

The main objective of the study is to determine the characteristics of 
the flow through hydrofoil weir structures with NACA0018 (N18), 

Fig. 14. Energy losses versus discharge coefficient, Froude number and relative total head.  

Fig. 15. Comparison the head losses of hydrofoil weir with circular cylindri-
cal weir. 
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NACA0021 (N21) and NACA0024 (N24) geometric properties placed in 
open channels. 

From the experimental velocity measurements obtained by LDA it 
was observed that there was no separation of the wall boundary layer 
upstream and downstream of the hydrofoil weirs. According to the re-
sults of this study two dimensional flow seems to begin at a distance of 
0.65–0.85 times of the weir height. For the larger weir height and flow 
rates the x/P values get higher. Also, the curvature of the streamline 
over the weir increases with the increasing Froude number. Experi-
mental free surface profiles show that the curvature of the profiles in the 
upstream face of the weirs decreases as the radius of the crest increases. 
The streamline curvature increases as the flow accelerates toward the 
weir crest, and the pressure distribution increasingly deviates from hy-
drostatic distribution. Maximum deviations are in the range of 4.62 ≤
max(Δp/ph) ≤ 22.28 for the ranges of 1.06 ≤h/P ≤ 1.49. Δp/ph increases 
with increasing h/P and reaches a maximum of about 22.28% and 9.96% 
for the section of the upstream face and weir crest, respectively. The 
maximum deviation from the hydrostatic distribution is observed in the 
regions where the curvature of the streamlines increases for higher 
values of h/P. 

The experimental measurements show that the variations in 
discharge coefficients are directly correlated with the crest radius and 
the flow rate. The discharge coefficient (Cd) of hydrofoil weirs increases 
when the flow rate increases, and the discharge coefficient decreases as 
the weir height increases under constant flow conditions. Also, the weir 
discharge coefficient is determined as a function of the relative weir 
height (P/H) and specific total head (H/R) and Cd increases with the 
increase of H/R and decrease of P/H. 

Finally, the energy calculated losses for flow over the hydrofoil weirs 
indicate that the energy losses increase with increase in the weir height 
for the same flow conditions and energy losses at the same hydrofoil 
weir decrease with increasing flow rate. 
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Notation 

The following symbols are used in this paper 
Cd Discharge coefficient 
dc Critical flow depth (m) 
E Total energy (m) 
Fr0 Froude number in the channel beginning 
Fr1 Froude number at x=2.20 m 
g Acceleration due to the gravity (m s− 2) 
H Total energy head upstream of the weir (m) 
h0 Water height in the channel beginning (m) 
h Overflow head upstream of weir (m) 
Lw Weir length (m) 
L Channel length (m) 

P Weir height (m) 
Q Flow rate (m3 s− 1) 
R Crest radius (m) 
Re0 Reynolds number in the channel beginning 
u streamwise velocity component (m s− 1 

V Resultant velocity over weir (m s− 1) 
CEL Energy-loss coefficient 
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