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Abstract

:

A number of studies have considered the effects of weir design variations on the free- and submerged-flow characteristics of trapezoidal broad-crested weirs. It appears that the hydraulics of short-crested weir flows have received little attention; thus, the current knowledge is incomplete. By systematically analyzing a large set of experimental data, the present study aims to fill in this knowledge gap and to provide a complete description of the discharge characteristics of trapezoidal-shaped weirs, including the salient features of two-dimensional weir flows. The analysis of the axial free-surface profiles for short-crested weir flows attested that the location of the nearest station for the correct measurement of the overflow depth under free-flow conditions is at    η 0      from the heel of the weir, where    η 0      is the upstream free-surface elevation. Additionally, an empirical equation for the free-flow discharge coefficient is proposed as being valid for a trapezoidal-shaped weir with varying upstream- and downstream-face slopes. The results of this investigation reveal that the streamline curvature and the slopes of the upstream and downstream weir faces significantly affect the streamwise flow patterns and, hence, the free-flow discharge.
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1. Introduction


Theoretical and experimental investigations of free-surface flows over trapezoidal-shaped weirs have numerous applications, especially in the analyses of flood flows over common types of civil infrastructures such as highway embankments and coastal levees. The outcomes of these analyses may be utilized to develop a design guideline and a reliable flood risk management strategy. Nowadays, work is ongoing to study the hydraulic characteristics of flows over these weirs under free- and submerged-flow conditions, aiming to accurately determine their discharge capacity by considering the variations of the weir design. Trapezoidal-shaped weirs are generally classified into two groups, namely broad-crested and short-crested weirs, depending on the ratio of the upstream crest-referenced energy head,    H 0   , to the crest length in a streamwise direction,  L . For a broad-crested weir (  0.07 ≤ ζ =  H 0  / L ≤ 0.50  ,  ζ  is the relative overflow head), the flow over the weir crest is nearly uniform with a hydrostatic pressure distribution [1]. In contrast, the curvilinear transcritical flow over a short-crested weir is characterized by substantial streamline curvatures, as depicted in Figure 1. For accurate description of its discharge characteristics, the equation of the free-flow discharge coefficient must include terms that account for the effects of non-hydrostatic pressure distribution (see, e.g., [1,2]). As pointed out by Zerihun and Fenton [3], only a curved transcritical flow over a weir can be considered essentially as a fully non-hydrostatic free-surface flow. The hydraulics of such a flow will be the primary issue of this experimental-based investigation.



Flows over trapezoidal-shaped weirs have been extensively studied experimentally. A pioneering experimental study on their hydraulic characteristics was carried out by Bazin [4]. He performed the tests in a smooth concrete canal 215 m long and 2 m wide. Some of the tests encompassed weirs 500 and 750 mm high, with vertical or sloping upstream and downstream faces. The results clearly reveal the effects of nappe shapes on the head-discharge characteristics. Sigurdsson [5] conducted an experimental study on the flow over a broad-crested type of an embankment-shaped weir. The study was mainly concerned with the assessment of the influence of the boundary layer on the free-flow discharge characteristics. Using compiled experimental data, Kindsvater [6] further investigated the flow characteristics of embankment-shaped weirs under free- and submerged-flow conditions. For analyzing the discharge of submerged weirs, Skogerboe et al. [7] presented a simple method based on the momentum principle. Compared to other methods (e.g., [6,8,9,10]), their method directly yields the submerged-flow discharge of a broad-crested weir. Pinto and Ota [11] studied the pressure distribution on the downstream face of a submerged dike. They investigated the effects of the variation of the tailwater depth on the bed-pressure distribution; however, the results were not generalized. Fritz and Hager [12] conducted a detailed experimental investigation to examine the characteristics of the flow downstream of submerged trapezoidal-shaped weirs. They considered weirs with upstream- and downstream-face slopes of 26.57° and crest lengths varying from 0 to 300 mm. For this particular weir geometry, an empirical equation for the free-flow discharge coefficient was developed. However, the effect of the variation of the upstream- and downstream-face slopes on weir flow has not been considered. Zerihun [2] also carried out experiments on flows over trapezoidal-shaped weirs with upstream and downstream faces sloped at 26.57°. Weirs of different crest lengths but constant height (  w = 150   mm) were used for the tests. Measurements of free-surface and bed-pressure profiles and velocity distributions were taken to examine the features of the short-crested weir flows under free- and submerged-flow conditions. Sargison and Percy [13] studied transcritical flows over broad-crested weirs with varying upstream- and downstream-face slopes. For such flows, they considered the effect of the upstream-face slope to extend the discharge coefficient equation of Fritz and Hager [12]. Following a similar approach, Salmasi and Abraham [14] recently investigated the effects of the upstream-face slope on the hydraulic performance of ogee weirs. Azimi et al. [15] also conducted a systematic investigation on the discharge characteristics of trapezoidal-shaped weirs. For a broad-crested type of these weirs, the effect of surface roughness on the discharge characteristics was examined by Felder and Islam [16] and Pařílková et al. [17]. Using dimensional analysis and incomplete self-similarity theory, Di Stefano et al. [18] generalized the stage–discharge relationship for broad-crested weirs with various geometric shapes.



Additionally, several numerical investigations were carried out to assess the hydraulic characteristics of weir flows under free-flow conditions. Hargreaves et al. [19] studied the two-dimensional (2D) structure of free flow over a rectangular broad-crested weir using the Fluent software package. Soydan-Oksal et al. [20] performed a similar study to examine the salient features of the flow over a trapezoidal broad-crested weir. They employed computational models based on the Reynolds-averaged Navier–Stokes equations in two- and three-dimensional settings. The numerical results of both studies were verified with the experimental data. Using a Boussinesq-type model, Zerihun and Fenton [3] analyzed the mean flow characteristics of free-surface flows over trapezoidal-shaped weirs and obtained results that are compatible with the experimental data. The characteristics of broad-crested weir flow, including the effects of the upstream weir face slope, were investigated by Xu and Jin [21]. Fathi-Moghaddam et al. [22] numerically studied transcritical flow over a broad-crested type of trapezoidal gabion weirs. They considered weirs with various upstream- and downstream-face slopes and examined the hydraulic efficiency of these weirs.



Most of the abovementioned studies accounted for the effects of weir design variations on the free- and submerged-flow characteristics of trapezoidal broad-crested weirs. It appears that the hydraulics of free-surface flows over a short-crested type of these weirs have not received sufficient attention; thus, the current knowledge is incomplete. The present study aims at filling this knowledge gap and providing a complete description of the discharge characteristics of trapezoidal-shaped weirs, including the salient features of the 2D weir flows. The results of previous investigations on flow over various weir shapes show that the weir geometry, especially the upstream and downstream weir face slopes, significantly affects the free-flow discharge coefficient (see, e.g., [23,24,25,26,27]). As is generally known, a variation in the downstream-face slope leads to a change in the degree of the streamline curvature over the weir crest and hence, a modification of the discharge coefficient. Similarly, the upstream-face slope affects the free-flow discharge coefficient, influencing the streamline pattern of the approach flow and the development of the flow separation zone. Thus, the equation for the free-flow discharge coefficient will be developed by accounting for the effects of the streamline curvature and slopes of the upstream and downstream weir faces. Such a general-purpose equation can provide a practical solution to the problem of the discharge capacity of a broad-crested or a short-crested type of trapezoidal-shaped weir.



The remaining sections of the paper are organized as follows: firstly, a brief discussion on the nature of the free-surface profile of a short-crested weir flow is presented. Then, the non-hydrostatic pressure distribution is examined, and the results are briefly described. In Section 4, the proposed equation for the free-flow discharge coefficient is calibrated and validated using available experimental data. Finally, the paper ends with conclusions.




2. Method


A large set of experimental data [2,4,12,13] for the local flow characteristics and free-flow discharge of a trapezoidal-shaped weir was systematically synthesized; the results are presented in the following section. In order to provide detailed insight into the 2D characteristics of the short-crested weir flow, the analysis of free-surface and bed-pressure profiles is first presented. Table 1 summarizes the experimental studies with the ranges of the various parameters. The approach Froude number,    F 0   , is based on the flow parameters at the upstream end section and is relatively low. The presence of size-scale effects can affect the physical processes of the flow, thus making the prediction of the behavior of a prototype flow using laboratory data more difficult. In this study, the effects of viscosity and surface tension on the experimental data were examined based on the general criteria recommended by Curtis [28] and Hager [24]. Accordingly, measurements with overflow depths less than 50 mm were excluded from the analysis. In addition, the flow data of weirs with a minimum structural height of 150 mm were considered, thereby reducing high measurement uncertainties.




3. Data Analysis and Results


3.1. Free-Surface Profiles


The normalized free-surface profile for short-crested weir flows with different values of relative overflow head (  0.50 < ζ < 1.20  ) is shown in Figure 2a. In this figure, the normalized free-surface elevation   Ω    (  = η /  η 0   )    is plotted versus the non-dimensional horizontal distance   Χ    (  = x /  η 0   )   , where  η  is the free-surface elevation above the  x -axis datum (see Figure 1a), and    η 0    is the elevation of the free surface at the gaging station. The test data were taken from the experiments conducted by Zerihun [2]. The variation of the normalized free-surface elevation can be described by a smooth average curve which starts at   Ω    (  Χ → − ∞  )  = 1   and approaches asymptotically a value of   Ω  ( Χ )  ≅ 0.08   for   Χ → + ∞  . The curve is almost symmetric about an average value of   Ω  ( Χ )  ≅ 0.54   at location   Χ ≅ 2.30  . For free-flow conditions, this curve is defined as follows:


  Ω    ( Χ )  = 0.54 − 0.46 tanh    (    Χ − 2.30   0.78    )  .  



(1)







By differentiating Equation (1) twice with respect to  Χ  and performing some algebraic manipulations, the following expressions for computing the slope and curvature of the free surface are obtained:


   η x  = −   23   39    (  1 −   tanh  2   (    Χ − 2.30   0.78    )   )  ,  



(2)






  κ =   − 1.51    η 0   ω  3 / 2      (  tanh    (    Χ − 2.30   0.78    )   )     (    tanh  2     (    Χ − 2.30   0.78    )  − 1  )  ,  



(3)




where    η x    is the free-surface slope;  κ  is the free-surface curvature; and   ω = 1 +  η x 2   . Equation (1) thus represents a free-surface profile for short-crested weir flows with relative overheads ranging from 0.50 to 1.20. Its application is limited to such flows over a symmetrical weir with   θ = φ =  26.57°. For weirs with different design geometries, the above method can be applied to develop structurally similar equations.



Figure 2b shows the variation of the relative curvature of the free surface,   λ   ​ ( = κ  η 0  )  , in the streamwise  x -direction. Note that the approximate limit where the curvature of the upstream free-surface profile becomes insignificant is at   Χ = − 1   or    η 0     (  = h + w  )    from the upstream edge of the trapezoidal-shaped weir. Upstream of this station, the effect of non-hydrostatic pressure distribution on the flow characteristics is insignificant (  λ   ≅ 0  ), implying that this location is the nearest station for the correct measurement of the overflow depth under free-flow conditions. The result obtained is in agreement with the general rule recommended by Clemmens et al. [29] for the position of the gaging station. In the flow region downstream of this station, the convex (  λ < 0  ) and concave features of the free-surface profile are clearly seen from Figure 2b. For the range of relative overflow head considered, all the experimental free-surface profile data collapse close to the average curve (see Figure 2a). In comparison, the free-surface profiles of a trapezoidal broad-crested weir are only similar in the flow region upstream of the downstream edge of the weir crest (see, e.g., [13,30]). Over the downstream face, the profiles do not exhibit self-similarity. Similar results were also reported for the free-surface profile of a rectangular broad-crested weir [8,9].




3.2. Variation of Bed Pressure


3.2.1. Minimum Bed Pressure


The experimental data of Zerihun [2] were employed to examine the effect of the vertical acceleration on the streamwise variation of bed pressure. Figure 3 shows the variation of the normalized bed-pressure profiles,     Γ =  p b   /  γ  η 0      (   p b    is the bed pressure,  γ  is the unit weight of the fluid), with the normalized horizontal distance    Χ w  ( = x / w )  . For the flow situation considered, the variation of the bed pressure in the transverse direction was insignificant. Consequently, all bed-pressure measurements were taken along the centerline of the trapezoidal-shaped weir. Owing to its inverse relation to the brink depth,    h b   , the slope of the downstream weir face affects the magnitude and location of the minimum bed pressure. As described by Bos [1], providing a slope steeper than 26.57° for the upstream and downstream faces of the trapezoidal-shaped weir triggers flow separation from the weir bottom. Due to flow separation, the minimum bed pressure occurs in the flow separation zone on the downstream weir face, as noted from the experimental results of Madadi et al. [31], Rouse [32] and Sargison and Percy [13] for broad-crested weir flow. For flows over a trapezoidal short-crested weir with a downstream-face slope less than 27°, only one absolute minimum bed pressure occurs at a tapping point near the downstream edge of the weir crest (see Figure 3). This is because of the curvilinear supercritical flow, which possesses a higher vertical acceleration due to the effect of the sharp streamline curvature in the vicinity of the downstream edge of the weir crest. As can be seen, the bed-pressure profiles are not self-similar.



The non-dimensional minimum bed pressure,   Y =  p m  /  p 0    (   p m    is the minimum bed pressure,    p 0    is the hydrostatic bed pressure), versus the relative overflow head,  ζ , is shown in Figure 4. This figure also compares the minimum bed pressures for weirs having different crest lengths. For the cases considered here, the variation of the minimum bed pressure is approximated by a linear relation with a coefficient of determination    R 2  > 0.85  , as shown in Figure 4. In the case of a long broad-crested weir,   L → ∞   and therefore,   ζ → 0  . The extrapolated minimum bed-pressure ratio approaches an average value of 0.40 for this weir with a downstream-face slope of less than 27°. Additionally, the result demonstrates the influence of the relative overflow head on the magnitude of the minimum bed pressure. All the minimum bed-pressure values are above the atmospheric pressure, as shown in Figure 3; Figure 4.




3.2.2. Dynamic Bed Pressure


The experimental data of Zerihun [2] were further analyzed to examine the variation of the normalized dynamic bed pressure,   ψ =  p D  /  p 0    (   p D    is the dynamic bed pressure due to the vertical acceleration of the flow), over the crest of the weir. The results are shown in Figure 5. For   ζ > 0.75  , the values of the dynamic bed pressure are negative along the crest due to the effect of the pronounced curvature of the convex-shaped free-surface profile. As expected, the magnitude of the dynamic pressure at a section increases with increasing the relative overflow head. Near the downstream crest edge, the dynamic pressure curve falls sharply due to the high vertical velocity of the supercritical flow caused by the strong streamline curvature. Consequently, the resulting maximum dynamic bed pressure in the convex flow region significantly reduces the magnitude of the total bed pressure, as depicted in Figure 3.






4. Free-Flow Coefficient of Discharge


For a weir with a rectangular control section, the relationship between head and discharge can be expressed as (see, e.g., [33]):


  Q =  C D    2 g   B  H 0  3 / 2   ,  



(4)




where  Q  is the discharge;    C D    is the free-flow discharge coefficient which is commonly evaluated using the shallow-flow approach; and  B  is the width of the flow control section. Note that the free-flow discharge is related to the crest-referenced energy head,    H 0    ( = h +  h v   ,    h v    is the approach velocity head). Thus, its effect is implicitly incorporated in the above equation (see, e.g., [1,27,33,34]). Compared to a broad-crested weir, an accurate prediction of the discharge characteristics of a short-crested weir entails a discharge coefficient equation that accounts for the effects of the dynamic pressure of the flow.



Dimensional analysis demonstrates that the following variables are sufficient to describe the discharge characteristics of an hydraulically smooth trapezoidal-shaped weir provided that the effects of surface tension and viscosity are ignored. In functional notation,


   C D  =  f n     (  ζ ,   θ ,   φ  )  ,  



(5)




where  θ  and  φ  are the upstream- and downstream-face slopes, respectively, and    f n   (  )    is a functional relation. It is also assumed that the channel section is not very narrow (  B ≥  300 mm), so that the effect of   h / B   is insignificant. After analyzing the dependency of    C D    on each of the above variables, the following free-flow discharge coefficient equation is proposed:


   C D  =  k 1  +  k 2     (  sin θ  )     k 3    +  k 4     (  sin φ  )     k 5    +    k 6  ζ   1 +  k 7  ζ   ,  



(6)




where    k 1  , ​    k 2  , … ,    k 7    are unknown constants. It is evident from the structure of Equation (6) that the last three terms account for the effects of the slopes of the upstream and downstream weir faces and the influence of the streamline curvature. For a broad-crested weir flow (  ζ < < 0.3  ), the contribution of the last term is insignificant. The proposed equation will be calibrated for the range of broad- and short-crested weirs (  0.07 ≤ ζ ≤ 1.50   to 1.80, the upper limit depends on   h / w  ), so that it can be applied to determine the free-flow coefficients of discharge for both types of trapezoidal-shaped weirs (see, e.g., [1]).



The above constants are determined from the experimental data of Bazin [4] and Sargison and Percy [13] using a non-linear optimization technique which utilizes the generalized reduced gradient method [35]. Using Equation (4), the discharge coefficients for all the runs (for details, see Table 1) were computed with the experimental data of the weir discharge and the corresponding overflow heads at the upstream gaging station. These values were used to evaluate the errors associated with the assigned initial values of the constants. Using an optimization procedure, the sum of the square of the errors was minimized to give the following equation:


   C D  = 0.40 − 0.215      (  sin θ  )    22 / 125   + 0.13      (  sin φ  )    3 / 20   +   0.134 ζ   1 + 0.596 ζ   .  



(7)







The coefficient of determination and the root mean square error leading to the above equation are 0.91 and 1.11%, respectively. The result of the calibration is shown Figure 6, which compares the numerically computed discharge coefficient,   C  D n    , with the experimental value,    C  D e    . Note that all computed points fell in the error bandwidth of ±10%. It is pertinent to note that Equation (7) is limited to the ranges of the flow parameters indicated in Table 1. Additionally, it is restricted to free flow over a horizontal crest weir with   h ≥ 50   mm.



The discharge coefficients computed from Equation (7) were validated using the experimental data of Bazin [4], Fritz and Hager [12], Sargison and Percy [13], and Zerihun [2] and also compared with the results of the earlier empirical equations introduced by Fritz and Hager [12] and Sargison and Percy [13]. The equation of Fritz and Hager [12] for free flow over a trapezoidal-shaped weir with both the upstream and downstream faces sloped at 26.57° is


   C D  = 0.43 + 0.06    [  sin   π  (    ε − 0.55  )   ]  ,  



(8)




where   ε   =  H 0  / ( L +  H 0  )  . For free flow over a broad-crested weir, the above equation was extended by Sargison and Percy [13] to account for the effect of the upstream-face slope as


   C D  = 0.43 + 0.06    [  sin   π  (    ε − 0.55  )   ]  − 0.0396   θ + 0.0029 ,  



(9)




where  θ  is in radian. As shown in Figure 7, the agreement between the results of Equation (7) and the experimental data is relatively close, with maximum and mean relative errors of 6.53% and 1.70%, respectively. For the higher discharges   ( ζ > 1.0 )  , the results of Equation (9) start to deviate from the measurements due to streamline curvilinearity, which is augmented by the effect of the downstream-face slope (see Figure 7b–d). This evidently demonstrates the influence of the dynamic effects of the flow on the discharge characteristics of a trapezoidal-shaped weir, as noted by Zerihun and Fenton [36]. Overall, the results of Equation (7) show a significant improvement over the predictions of Equation (9), especially for short-crested weir flows.



Effect of Weir Face Slopes


Figure 8 shows the discharge coefficient for trapezoidal-shaped weirs with varying upstream- or downstream-face slope. Note from Figure 8a that the analysis results clearly show the influence of the upstream-face slope on the discharge characteristics of short-crested weirs. For weirs with a vertical upstream face, the free-flow discharge coefficient attains a minimum value due to the effect of the energy dissipating turbulent eddies in the upstream flow separation zone. In contrast, increasing the downstream-face slope increases the free-flow discharge coefficient notably due to the predominant effect of the ever-increasing vertical acceleration of the flow over the crest of the weir (see Figure 8b). Such a dynamic pressure effect is a consequence of the high dependence of the brink depth on the slope of the downstream weir face. As demonstrated in Section 3.1, the free-surface profiles of a trapezoidal short-crested weir show self-similarity throughout the sub- and super-critical flow regimes. Consequently, the ratio of brink depth to critical flow depth is nearly constant, independent of the weir discharge. However, varying the weir geometry results in different values of this ratio (see, e.g., [37]) and the free-flow discharge coefficient. For flows in a channel transition from mild to steep slopes, Weyermuller and Mostafa [38] presented similar investigation results for the effects of the downstream slope on the brink depth.





5. Conclusions


By considering the advantage of its higher hydraulic efficiency compared to a broad-crested weir with vertical faces, the salient features of a curvilinear transcritical flow over a trapezoidal-shaped weir with sharp-crested edges have been systematically investigated. A large set of experimental data from the literature were synthesized, and a practical solution to the problem of the free-flow discharge characteristics of this type of weir was obtained. As a part of data synthesis, size-scale effects on the experimental data were examined based on the criteria recommended by Curtis [28] and Hager [24]. Accordingly, the uncertainties of the flow variable measurement due to smaller model sizes are eliminated.



An attempt to generalize the equation of the axial free-surface profiles for flows over a short-crested weir with sloping upstream and downstream faces has been made. For flows with relative overflow heads ranging from 0.50 to 1.20, the variation of the normalized free-surface elevation is approximately described by a hyperbolic tangent equation. The application of this equation is limited to flows over a symmetrical weir with   θ = φ =  26.57°. The result suggests that the nearest gaging station for the correct measurement of the overflow depth under free-flow conditions is at    η 0     (  = h + w  )    from the upstream edge of the weir. Upstream of this station, a hydrostatic flow situation prevails. Furthermore, the analysis of the pressure data reveals that for a trapezoidal short-crested weir with a downstream-face slope less than 27°, only one absolute minimum bed pressure occurs near the downstream edge of the weir crest. This is due to the effect of the curvilinear supercritical flow which possesses a higher vertical acceleration as a result of the strong streamline curvature.



For the free-flow discharge coefficient, an empirical equation accounting for the effects of the weir geometry and the streamline curvature was proposed. The results of the validation confirm that the proposed equation is capable of predicting the discharge coefficient of a horizontal crest weir under free-flow conditions with an accuracy of approximately ±6.5%. This equation is valid for hydraulically smooth flows with the ranges of parameters listed in Table 1. Additionally, the results reveal that both the upstream- and downstream-face slopes significantly affect the discharge coefficient of a short-crested weir. The overall results of the study suggest that the empirical equation can be applied to determine the free-flow coefficients of discharge for broad- and short-crested types of trapezoidal-shaped weirs. Such an equation is generally recommended for high-head prototype applications where size-scale effects are likely insignificant.
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Nomenclature




	  B  
	width of the flow control section [L]



	    C D    
	discharge coefficient [-]



	    C  D e     
	observed discharge coefficient [-]



	    C  D n     
	computed discharge coefficient [-]



	    F 0    
	approach Froude number [-]



	  g  
	gravitational acceleration [LT−2]



	  h  
	approach overflow depth [L]



	    h b    
	brink depth [L]



	    h v    
	approach velocity head [L]



	  H  
	flow depth [L]



	    H 0    
	upstream crest-referenced energy head [L]



	  L  
	weir crest length [L]



	    p b    
	bed pressure [ML−1T−2]



	    p D    
	dynamic bed pressure [ML−1T−2]



	    p 0    
	hydrostatic bed pressure [ML−1T−2]



	    p m    
	minimum bed pressure [ML−1T−2]



	  Q  
	discharge [L3T−1]



	    R 2    
	coefficient of determination [-]



	  w  
	height of the weir crest [L]



	  x  
	horizontal coordinate [L]



	  y  
	transverse coordinate [L]



	  z  
	vertical coordinate [L]



	  Γ  
	normalized bed pressure [-]



	  γ  
	unit weight of the fluid [ML−2T−2]



	  ε  
	  =  H 0  /  (   H 0  + L  )    [-]



	  ζ  
	relative overflow head [-]



	  η  
	free-surface elevation [L]



	    η 0    
	free-surface elevation at the gaging station [L]



	    η x    
	slope of the free surface [-]



	  θ  
	slope of the upstream weir face [deg]



	  κ  
	curvature of the free surface [L−1]



	  λ  
	relative free-surface curvature [-]



	  φ  
	slope of the downstream weir face [deg]



	 Χ  or    Χ w   
	non-dimensional horizontal distance [-]



	  ψ  
	normalized dynamic bed pressure [-]



	  Ω  
	normalized free-surface elevation [-]



	  ω  
	  = 1 +  η x 2    [-]
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Figure 1. (a) Definition sketch for weir flow; and (b) transcritical flow over a trapezoidal short-crested weir, after Zerihun [2]. The overflow depth, brink depth and height of the weir crest are denoted by  h ,    h b    and  w , respectively, and EGL stands for the energy grade line. The Cartesian coordinates ( x ,  z  ) are also shown. 
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Figure 2. (a) Normalized free-surface profiles   Ω  ( Χ )    for various values of relative overflow head  ζ  (experimental data of test series Pn10 and Pn15 from Zerihun’s [2] experiments); and (b) streamwise variation of the relative curvature of the free surface   λ ( Χ )  . 
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Figure 3. Variation of the normalized bed pressure  Γ  with the normalized horizontal distance    Χ w    for various values of relative overflow head  ζ . The experimental data are from the test series (a) Pn10 and (b) Pn15. 
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Figure 4. Normalized minimum bed pressure  Y  as a function of  ζ  for transcritical flows over trapezoidal-shaped weirs. The data of test series Pn10, Pn15, and Pn40 are indicated by black, blue, and red symbol colors, respectively. 
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Figure 5. Streamwise variation of the normalized dynamic bed pressure   ψ    (   Χ w   )    for various values of relative overflow head  ζ . The computed profiles are based on the experimental data of series Pn10 and Pn15. 
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Figure 6. Comparison of predicted and measured discharge coefficients for flows over hydraulically smooth trapezoidal-shaped weirs under free-flow conditions. The downstream-face slope varies from 9.46° to 90°. 
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Figure 7. Discharge coefficients for hydraulically smooth trapezoidal-shaped weirs with various combinations of upstream- and downstream-face slopes [  θ ,     φ  ]: (a) [26.57°, 26.57°]; (b) [63.43°, 26.57°]; (c) [45°, 26.57°]; and (d) [45°, 45°]. 
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Figure 8. Typical variation of free-flow discharge coefficient with the (a) upstream- and (b) downstream-face slopes for various values of relative overflow head  ζ .  φ  and  θ  in (a) and (b), respectively, kept at 26.57°. 
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Table 1. Summary of scope of experimental studies.
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	Experiments
	   θ   
	   φ   
	   ζ   
	    h /  (  h + w  )     
	     F 0     





	1. Bazin [4]

Series (S) [147, 149, 150, 151, 153, 154, 156, 158–160, 171, 174, 176, 178]
	26.57°–90°
	9.46°–45°
	0.13–2.26
	0.08–0.37
	0.01–0.21



	2. Fritz and Hager [12]

Series [L5 (L = 50 mm), L30 (L = 300 mm)]
	26.57°
	26.57°
	0.17–2.13
	0.15–0.26
	0.03–0.15



	3. Sargison and Percy [13]

Series [ARB, BRA, BRV]
	26.57°–45°
	26.57°–90°
	0.13–0.30
	0.21–0.37
	0.04–0.12



	4. Zerihun [2]

Series [Pn10, Pn15, Pn40]
	26.57°
	26.57°
	0.14–0.92
	0.23–0.41
	0.06–0.19
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