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Broad-crested weirs (BCW) are often used in hydraulic engineering and water management.
The most complex factor that affects the discharge capacity of BCW is the discharge coefficient. In
Ukrainian engineering practice, the flow rate of BCW is defined as a function of the relative height of
the spillway wall, while in the most common European methods — as a function of therelative length of
the weir. The experimental dependences of the discharge coefficient of rectangular sharp-edged BCW
with vertical inlet and outlet walls with the ratio of the weir length and height 8/P = 2; 4 are obtained.
A comparison of the obtained results with the values of the discharge coefficient of the same BCW
using the methods of Kumin and Hager indicatesthat this coefficient depends on both the height of the
wall and the length of the weir. The corresponding empirical power law dependences are obtained. At
the same values of the relative height of the wall, the discharge coefficient for the weir with theratio
8/P = 4 is significantly lower comparing the weir with 8/P = 2, that can be explained by the more
significant effect of friction resistance for the weir with longer threshold.

Key words: broad-crested weir, discharge coefficient, relative height of the wall, relative length
of thewaeir.

Introduction

Broad-crested weirs (BCW) are simple hydraulic structures that are often used in hydraulic
engineering, on water intake and spillway structures, including the inlet and outlet devices of the
stormwater management structures. The advantages of using BCW include simplicity of construction and
economy of installation, high strength and long period of operation, low sensitivity of the discharge
coefficient to the conditions of the surcharge. In some cases, BCW is a convenient tool for measuring the
volumetric flow rate of water in open channels (Badr & Mowla, 2014; Zhuk et ., 2020).

The most complex factor that affects the discharge capacity of BCW is the discharge coefficient.
The literature review indicates that the methods for the estimation of the BCW discharge coefficient are
generaly based on two main approaches. According to the “Recommendations on the hydraulic
calculation of weirs P 18-74", that isin force in Ukraine, the discharge coefficient of BCW is considered
only as a function of the relative height of the weir upstream wall (Konstantinov & Hizha, 2006;
Rekomendatsii, 1974; Bolshakov, 1984). On the other hand, most European countries use a different
approach, which is based on the assumption that the BCW discharge coefficient depends only on the
relative length of the threshold and is not a function of wall height (Hager & Schwalt, 1994; Govinda Rao
& Muralidhar, 1963; Jdil et a., 2014; Samas et a., 2011; Guven et a., 2013; Kulkarni et a., 2020;
Zachoval et d. 2014).

Review of scientific papers shows that there are still a number of questions about the reliability of
determining the discharge coefficient for BCW with different weir length to height ratios (Azimi et al.,
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2013; Bolshakov, 1984; Govinda Rao & Murdidhar, 1963; Hager & Schwalt, 1994; Konstantinov &
Hizha, 2006; Rekomendatsyy, 1974; Rohalevych, 2010).

The purpose of thework

Obtaining and analysis of experimental dependences of the discharge coefficient of rectangular
sharp-edged BCW with vertical inlet and outlet walls for the different weir length to height ratios.

Theresults of previous studies
Depending on the relative length, the ratio of the weir length and height 6/P, of the threshold, there

are sharp-crested, finite-crested and broad-crested weirs, however, the numerical criteria for the weirs of
different types dightly vary (Table 1).

Table 1
Relative length of theweir threshold 8/H for the different types of weirs
Range &/H according to:
# | Typeof theweir Bolshakov, Recom. Azimi et al., Hager & Schwalt,
1984 P18-74 o013 | urm. 2001 1904

1 | Sharp-crested weir <0.67 <05 <05 <0.67 <0.67

2 | Finite-crested weir 0.67-(2+3) 0.5-2 0.5-25 0.67-3.03 0.67-2.5

3 | Broad-crested weir | (2+3)—(8+10) 2-8 2.5-10 3.03-125 2.5-10

Volumetric flow rate of rectangular sharp-edged BCW according to (Azimi et al., 2013; Bolshakov,
1984; Govinda Rao & Murdidhar, 1963; Hager & Schwalt, 1994; Konstantinov & Hizha, 2006;
Rohalevych, 2010):

Q=mb,/2gH?, (1)
where m — the discharge coefficient of rectangular sharp-edged BCW; b — width of the weir; H, — tota
head on the weir, which is found as a sum of geometric and velocity heads (Azimi et al., 2013;
Bolshakov, 1984; Govinda Rao & Murdidhar, 1963; Hager & Schwalt, 1994; Konstantinov & Hizha,
2006; Rekomendatsii, 1974; Rohalevych, 2010):
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where H — geometric head of weir; a — kinetic energy factor, o = 1—1.1; V — average velocity on the
upstream side of the weir:

Ho=H+

v 3)
b(P+ H)
where P —the height on the upstream side of the weir.
According to the empirical data of Kumin (Rekomendatsii, 1974; Bolshakov, 1984) the discharge
of rectangular sharp-edged BCW with vertical inlet and outlet walls depends on the relative height of the
threshold P/H (Table 2).

Table 2
Thedischar ge coefficient m of BCW as a function of therelative height
of thethreshold P/H according to Kumin (Rekomendatsii, 1974; Bolshakov, 1984)
P/H 0 0.2 0.4 0.6 0.8 1 2 4 8 00

m 0.385 0.366 0.356 0.35 0.345 0.342 0.333 0.327 0.324 0.32
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An approximation dependence with a coefficient of determination R? = 0.9984 was obtained after
processing of the data given in the Table 2:
: . (4)
29.65P/H +16.60
The maximum deviation of the calculated values of the discharge coefficient obtained by equation
(4) from the results given in Table 2, does not exceed 0.5 % in the range of values of the relative height of
theweir P/H> 0.2 (Fig. 1).
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Fig. 1. The discharge coefficient of broad-crested weirs:
1- empirical data of Kumin (Rekomendatsii, 1974; Bolshakov, 1984);
2 — calculated values according to formula (4) (seriesindicate the levels of relative error 0.5 %)

According to another approach, the discharge coefficient of BCW depends only on the relative
length of the weir (Hager & Schwalt, 1994; Govinda Rao & Muralidhar, 1963). For example, W. Hager
obtained theoretically substantiated dependence recommended for heads H, more than 0.03-0.05 m
(Hager & Schwalt, 1994):

m=0,326><g><[1— LA‘) 5)
7 1+(H,/9)

A simple comparison of the Kumin and Hager methods for the same BCW indicates a significant
difference in the corresponding values of the discharge coefficient. It is logical to assume that the
discharge coefficient depends on both the height of the wall and the length of the weir, by analogy with
two components of hydrodynamic resistance — local resistance and friction resistance. The values of the
discharge coefficient of BCW using the above mentioned approaches (Kumin's empirical data recom-
mended by (Rekomendatsii, 1974) and theoretically substantiated method of W. Hager (Hager & Schwalt,
1994)) with the experimental results, obtained by the authors, are compared below.

Materials and methods
In the hydraulic laboratory of the Department of Hydraulic and Water Engineering of the Lviv

Polytechnic National University a series of experimental studies to determine the discharge coefficient of
rectangular sharp-edged BCW in the range &/P = (2—4). The investigated BCW with a height of threshold



66 Volodymyr Zhuk, Ivan Matlai, Ihor Popadiuk, Lesya Vovk, Vladyslav Rehush

P =5cmand alength 6 = 10 — 20 cm was installed in a hydraulic channdl with a width of b =22.4 cm.
Flow rate Q, m*/s, was determined using a standard V-notch measuring weir and calculated by King's
formula (Rekomendatsii, 1974; Bolshakov, 1984):
Q= 1.343H,,*%, (6)

where Hy, is the head on the measuring weir, m.

The V-notch measuring weir was calibrated by the volumetric method, standard error compared to
the results of King'sformulaisc = 0.018.

Experimental values of the discharge coefficient of BCW were found from the formula

Q
" by/2gH?’ @
where H, —total head on the weir, calculated by formulas (2)—(3); the value of the kinetic energy factor is
taken as constant and equal to o = 1.05.

The maximum relative errors in the experimental determination of the discharge coefficient of
BCW were equal 1.0 — 3.2 % depending on the value of the geometric head on the weir.

The results of an experimenta study of two BCW with height of weir 5 cm and a length of weir
d; =10 cm and &, = 20 cm, which correspond to the limit range for BCW &/H = (2 — 10), are presented
below.

The investigated ranges of the main input parameters for BCW with a length of weir §; = 10 cm
and &, = 20 cm were respectively: flow discharge Q; = (0.91—3.60) I/s, Q. = (0.34—4.00) I/s; head on
the weir H; = (1.99-4.74) cm, H, = (1.01-5.01) cm; total energy head on the weir Hyq =
=(2.01-4.89) cm; Hy, = (1.01-5.18) cm.

Obtained results are presented as graphical dependencies of the discharge coefficient m on the
relative height of the weir P/H (Fig. 2). To be able to compare the discharge coefficient m by different
methods, it was recal culated using the Hager method (Hager & Schwalt, 1994) using formula (5) with the
transition from the relative length of the weir 6/H to the parameter P/H.

Fig. 2. Dependencies of the discharge coefficient of BCW on the relative height
of theweir P/H: 1, 2 — experimental data obtained for the length of the weir
10 cmand 20 cm, respectively; 3 —according to Kumin's data (Rekomendatsii,
1974; Bolshakov, 1984); 4, 5 — according to Hager's data for the length
of the weir 10 cmand 20 cm, respectively (Hager & Schwalt, 1994);

6, 7 —power law trends describing the experimental data
for the length of the weir 10 cm (8) and 20 cm (9), respectively
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The obtained experimental results are well described by power law functions. For the length of the
weir 6 =10 cm (6/P = 2) it is obtained:

m=0.345-(P/H ) *%", (8)
and for the BCW with the length of the weir 3 =20 cm (8/P = 4):
m=0.337-(P/H ) *®*. (9)

Experimental results, obtained during the research, confirm that the discharge coefficient of BCW
depends on both the height and the length of the weir, which can be seen from comparing m values for
weirs with different length at the same P/H values (Fig. 2). In the entire investigated range, the discharge
coefficient for the weir with the length of & = 20 cm at the same P/H is significantly less than for the weir
with the length of 6 = 10 cm, which can be explained by the big influence of the frictional resistance for
the weir with alarger length.

Comparison of the experimental results for rectangular sharp-edged BCW with vertical inlet and
outlet walls with the corresponding values received according to Kumin's data and by the Hager's method,
shows that the discharge coefficient of the experimental BCW with the length of 6 =10 cm (at 8/P = 2) is
1.0-1.7 % higher than the corresponding values for Kumin's m¢ and 1.4-4.1 % higher comparing the
Hager's value my (Table 3). On the other hand, for BCW with the length of 6= 20cm (at d/P =4)
different tendencies were obtained: the experimental discharge coefficient of investigated BCW isless up
to 4.1 % than the corresponding values of my, while the relative difference with my varies from—2.6 % to
6.3 % depending on relative length of the weir 6/H.

Table 3
Comparison of experimental discharge coefficients of BCW m; and m, with values according
to Kumin's data my (Rekomendatsii, 1974) and Hager'sresultsmy (Hager & Schwalt, 1994)

PlH 6:=10cm 8, =20cm
S/H my/my my/my S/H my/my M/ My
5 10 1.014 1.014
4 8 1.016 1.020
3 6 1.017 1.028
25 5 1.017 1.033 10 0.959 0.974
2 4 1.017 1.038 8 0.967 0.988
1 2 1.010 1.041 4 0.986 1.032
0.5 2 1.002 1.063
Conclusions

Experimental results indicate that the discharge coefficient of broad-crested weirs (BCW) depends
on both the height and the length of the weir. The power law dependences (8) and (9) for rectangular
sharp-edged BCW with vertical inlet and outlet walls with ratios of length of weir and height of weir
d/P=2 and 8/P =4 are obtained. To find a universal dependence m=f (P/H, &/H) it is necessary to
generalize the results for BCW, with other length to height ratios.
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Hamionansauit yHiBepcuteT “ JIbBIiBChKA MOTITEXHIKA"
Kadenpa rigpoTEeXHIKH Ta BOAHOI iHXeHepii

KOE®IINIEHT BUTPATH BOJO3JIUBY 3 IMPOKUM IOPOI'OM
SAK ®YHKIIIS BE3PO3MIPHOI BUCOTH OPOT'Y JIJIA BOJAO3JUBIB PI3HOI IIUPUHA

© JKyk B. M., Mamaaii 1. 1., I[Tonaoiok 1. FO., Boex JI. 1., Pecyw B. A., 2020

Bopnosznueu 3 mupokum noporom (BILII) yacto BUKOPHCTOBYIOTh Y TiIPOTEXHIYHOMY OYIiBHULTBI Ta
y BOAHOMY rocnoaapctsi. HalicknanHimmm Juis Bu3HaueHHs (HakTOpoM, IO BIUIMBAE HA MPOMYCKHY 3laT-
Hictp BILII, € #ioro koedimieHT BUTpaTu. B ykpaiHCHKil iHKeHEepHIH mpakTuimi KoedimieHT Butpatu BIIIT
BHU3HAYAIOTh AK (PYHKIiIO BiHOCHOI BHCOTH BOJO3IUBHOI CTIHKH, TOMAI SIK HAWITOIIMPEHIII €BPOICHCHKI
METOJMKH — AK (YHKIIO BiTHOCHOI IIMPUHHU TMOPOTY. Y poOOTi OTPUMAHO EKCIIEPHUMEHTAJIbHI 3aJeKHOCTI
koedinienta Burpatu BIUIT npssMokyTHOTrO npodinio 3 BEPpTUKAIBHIUMHU BXiJHOIO Ta BUXIJHOIO rpaHsIMu 0e3
3a0KpYIJICHHS pebep I BiJHOMICHHS MIMPHUHU TIOPOTY Ta BHUCOTH CTiHKH O/P = 2; 4. TIopiBHSHHS OTpH-
MaHUX pe3yNbTATIB 31 3HAUCHHAMH KoedimieHTa Butpatu ananoriganx BIIIT 3a metogamu Kymina ta Xarepa
BKa3ye Ha Te, IO Ield KOe]ilieHT 3alie)KUTh 1 Bil BUCOTH CTiHKH, 1 BiJl IMUPUHHU TOpory. OTpuMaHO
BIIMOBIIHI €MITIPUYHI CTETICHEB1 3aJIE)KHOCTI. 32 OJJHAKOBUX 3HAYEHb BiTHOCHOT BUCOTH MOPOTY KOEPiIlieHT
Butparu s BILII 31 cniBBigHomeHHs M &/P =4 € 3HAYMMO MEHIIWH, HIX AT BOJO3MMBY 3 O/P = 2, 1o
MoJke OyTH TIOSICHEHO CYTTEBIIIMM BIUIMBOM OTIOPY TEPTS AJI BOJO3IUBY 3 OUIBIIO0 IIUPHUHOIO MOPOTY.

KurouoBi ci1oBa: B0I03JMB 3 IIMPOKMM NOPOroM, koediuieHT BUTPATH, BilHOCHA IIUPHHA
MOPOry, BiTHOCHA BHCOTA MOPOTY.



