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Abstract:



Combined orifice-weir flow is a complex phenomenon in hydropower and the discharge capacity of a structure affects the safety of the structure. It is essential to propose an equation for computing the discharge coefficient of combined orifice-weir flow. Based on theoretical analyses and physical experiments, 284 laboratory tests were performed to determine the discharge coefficient. The parameters affecting the discharge coefficient were determined and the relationships between the coefficient and four parameters, that is, the ratio of the water head to the upstream water level, the ratio of orifice height to orifice-weir height, the ratio of orifice height to the water head, and the ratio of the length to the height of the orifice-weir structure, were established. According to the dimensional analysis and the linear-fitting method of multidimensional ordinary least squares, five models were constructed to analyze the sensitivity of the model’s accuracy by using different parameters. The sensitivity to each parameter was also evaluated. The results were examined with statistical indices and they showed that one model yielded the best results, which were consistent with the experimental values. Thus, the proposed model is effective in estimating the discharge coefficient of combined orifice-weir flow.
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1. Introduction


Combined orifice-weir flow is a complex phenomenon that is widely applied in hydropower, such as in multi-layer flood relief through dams, Fayoum-type weirs, the operation of hydraulic automatic flap gates, and the operation of buoyancy gates [1,2,3,4]. A combined orifice-weir structure can be used to minimize sedimentation and deposition and, when combined with discharge measurements, can be used to control the flow in irrigation channels and to control flood propagation in response to downstream boundary conditions [5,6,7]. Because the discharge capacity is a factor that affects the size and safety of the structure, theoretical and experimental studies have been carried out on combined orifice-weir flow. Based on the dimensional analysis, Alhamid [8] experimentally analyzed the discharge rate prediction of combined flow over a V-notch weir and through a submerged gate; the discharge through such a system is complex and is related to the system dimensions and the V-shape angle. Negm et al. [9] discussed the characteristics of combined flow over a sharp-crested rectangular weir and through a gate structure below the weir. The hydraulic and geometrical parameters have a significant effect on the discharge, and the discharge formula was used under a free-flow condition within the limitations of their experimental setup. Xu and Wang [10] adopted the superposition of orifice and weir discharge formulas to calculate the discharge capacity of an automatic hydraulic flap gate. The formula for a broad-crested weir was used to calculate the discharge capacity of the combined flow in submerged conditions. Altan-Sakarya and Kökpınar [11] experimentally investigated the computation of discharge in simultaneous flow over weirs and through gates below (H-weirs); two formulations were obtained to predict the discharge under free-flow conditions within the given ranges of the experimental study. Negm et al. [12,13,14,15] produced two equations to predict the combined discharge and the characteristics of the combined free flow over weirs and through gates below the weirs. They found that the prediction of discharge using common coefficients produces significant errors and that the hydraulic and geometrical parameters have major effects on the discharge. However, there are many limitations on the use of these equations, and they are only used for comparison. Vito Ferro [16] established the stage-discharge relationship for a flow simultaneously discharging over and under a sluice or a broad-crested gate but neglected the effects of the Reynolds number and the degree of submergence on the head–discharge relation. AL-Saadi [17] compared the relationship between water head and discharge in different types of combined orifice-weirs and concluded that a compound semi-circular weir with a semi-circular gate has the highest discharge coefficient. Samani and Mazaheri [18] described a physically based approach for estimating the stage-discharge relationship of combined flow over a sharp weir and through a gate for different submergence conditions. Parsaie et al. [19] predicted the discharge coefficient of a cylindrical weir-gate by using the GMDH-PSO method and found that the Froude number and the ratio of the opening height of the gate to the cylindrical weir-gate have significant effects on the discharge coefficient. Alhamid et al. [20] obtained one discharge equation for the simultaneous flow over rectangular weirs and below inverted triangular weirs that included all the variables from experimental investigations but did not include the tailwater depth/weir opening ratio. These discharge coefficient formulas discussed above are not guaranteed to be versatile or simple, and they can only be used to predict the discharge within the limitations of each individual experimental case. Some of the empirical formulas are weir or orifice formulas multiplied by a corresponding weighting factor; they are complex and ignore the internal connection between the orifice and weir flow, thus, limiting their practical engineering applicability.



The purpose of this paper is to derive a simplified discharge formula for calculating the discharge coefficient of combined orifice-weir flow under submerged flow conditions. The proposed equation is derived from a wide range of data and it can be calculated simply based on the water level and the dimensions of the orifice-weir structure. Dimensionless analysis is used to determine the four related dimensionless parameters that affect the estimation of the discharge coefficients. Nonlinear regression and multiple linear regression methods are used to estimate the discharge coefficients. The five models are compared to examine the parameters and the parameter sensitivity analysis is also given. Statistical parameters for each model are calculated and compared, and a discharge coefficient equation is obtained. The results of the proposed equation are in good agreement with experimental measurements and the equation provides a useful reference for the determination of discharge capacity.




2. Materials and Methods


2.1. Dimensional Analysis


The discharge capacity of a structure is related to the structure’s shape and the hydraulic conditions. Orifice-weir flow is a combined pattern in which the flow over the top of the weir is the weir flow and the flow beneath the weir is the pressurized orifice flow [21]. Considering the discharge formulas for orifice and weir flows, the Rayleigh method was used to derive the formula to calculate the discharge capacity of the combined orifice-weir flow. The relationship between discharge per unit width q and other parameters is expressed as follows:


q = Q/B = KgαeβH0γ



(1)




where q and Q/B are the discharge per width of the combined orifice-weir flow; g is the gravitational acceleration, 9.81 m/s2; e is the orifice height, m; H0 is the upstream water head, m, H0= H + v2/2g; H is the upstream water level measured upstream of the orifice-weir at a distance of approximately 5 times the weir head at the weir to ensure it is not affected by the unstable upstream flow, m; and v is the average flow velocity, m/s. α, β, γ, and K are dimensionless factors.



The value m is defined as the discharge coefficient of the combined orifice-weir flow; m is a dimensionless factor that is equal to [image: ]. The discharge capacity is defined by using the theory of dimensional homogeneity:


[image: ]



(2)







The hydrodynamic parameter schemes are detailed in Figure 1. In this figure, l is the length of the orifice-weir, m; a is the height of the orifice-weir, m; H’ is the downstream water depth, m; and ΔH is the water level difference, m, ΔH = H − H’.


Figure 1. The parameters of combined orifice-weir flow.



[image: Water 10 00699 g001]






The critical conditions for discriminating orifice flow and weir flow are obtained by using the following formulas for a broad-crested weir:

	(a)

	
Orifice flow: β = 1, γ = 0.5;




	(b)

	
Combined orifice-weir flow: e + a < H, e > 0 and β + γ = 1.5;




	(c)

	
Weir flow: β = 0; γ = 1.5.









Figure 2a shows the orifice flow state. The upstream water level does not exceed the structure but is greater than the orifice height, that is, e ≤ H ≤ e + a. Therefore, the equation for flow is β = 1, γ = 0.5; [image: ]. In the orifice-weir flow, the critical condition of the orifice pattern changes to H = e + a, which means (e + a)/H = 1; the critical condition between the orifice flow and the combined orifice-weir flow is used to define the index β, thus, the function β = (e + a)/H is obtained.


Figure 2. The sketches of different flow states: (a) orifice flow; (b) weir flow; (c) combined orifice-weir flow.



[image: Water 10 00699 g002]






Figure 2b shows the weir flow situation, and Equation (2), [image: ], is the discharge formula for weir flow. If the e is very small, and the upstream level H >> e + a; thus, the discharge through the orifice can be approximately neglected and the flow pattern is similar to weir flow.



To obtain the pattern of combined orifice-weir flow, the upstream depth must exceed the structure. In Figure 2c, the combined orifice-weir flow is e + a < H, e > 0. To ensure that the formulae have dimensional uniformity, β + γ = 1.5, and the function (e + a)/H is used to define the index β. The discharge formula for combined orifice-weir flow is deduced through two critical conditions of orifice flow and weir flow, and it can only be used in the following condition:[image: ]under submerged flow.



Indices β and γ are written as a function of e, a and H:


[image: ]



(3)







The discharge formula for combined orifice-weir flow is deduced through two critical conditions of orifice flow and weir flow under the combined flow. Combining Equations (2) and (3), the following discharge formula for combined orifice-weir flow is obtained:


[image: ]



(4)







Fluid characteristics and channel properties are the parameters affecting the discharge coefficient. Therefore, in Equation (4), m is related to ΔH ([L]), e ([L]), a ([L]), l ([L]), H ([L]), g ([L/T2]), the mass density of the fluid ρ (FT2/L4), the dynamic viscosity of the fluid [image: ] ([FT/L2]), and the surface tension [image: ] ([F/L]). The following equation for the discharge coefficient is obtained:


[image: ]



(5)




in which [image: ] are fluid characteristics. [image: ]H, g, and [image: ] are selected as the basic parameters. Based on the π theorem, the following dimensionless Pi-groups are proposed: π1 = e/[image: ]H, π2= a/[image: ]H, π3= l/[image: ]H, π4= ΔH/H, π5= Re, and π6= We. For the discharge rate, the viscous effects represented as π5 = Re and the effect of surface tension represented as π6= We can be neglected. Therefore, the effects of viscosity and surface tension are negligible [9,11,22]. On the basis of the Buckingham theorem and according to Barenbaltt and Di Stefano, “in some cases, it turns out to be convenient to choose new similarity parameters” [23,24]. Consequently, π groups can be combined to obtain new similarity terms. In general, the shape of the orifice-weir structure (l/a) and the height ratio of the orifice to orifice-weir (e/a) are the relevant parameters that determine the position and properties of structures. By combining the derived nondimensional groups, the dimensionless parameters were rearranged logically to yield and these relevant parameters are obtained:



Let Π2 = π1/π2= (e/[image: ]H)/(a/[image: ]H) = e/a and Π3 = π3/π2= (l/[image: ]H)/(a/[image: ]H) = l/a. Thus, a new non-dimensional equation for m can be written as follows:


[image: ]



(6)







Equation (6) is applied to H > e + a and e > 0, it is used for combined orifice-weir flow under submerged flow conditions and is highly convenient for the calculation of the flow coefficient.




2.2. Experimental Facility


The experiments were carried out in a flume at the Hydraulic Laboratory, Hohai University. These experiments were conducted in a rectangular channel that was 0.5 m deep, 0.3 m wide, and 10 m long. The channel was supported by a platform 1.0 m above the floor and the slope of the flume was 0. The experimental rig was a self-circulation system, composed of a water pump, control valve, damping screen, glass flume, tailgate, triangular sharp-crested weir, and tailwater. Figure 3 shows the layout and a sketch of the experimental rig. A damping screen was installed upstream of the flume to calm the flow. The testing area for the combined orifice-weir flow was in the center of the flume. The width of the orifice-weir structure is the same as the width of the channel; that is, the contraction coefficient is 1. The water flows through the upper and lower parts of the structure to the downstream area. The tailgate was located at the end to regulate the water level. The water supply to the flume was provided through the supply pipe with a valve that controlled the flow. The discharge was measured at a triangular sharp-crested weir at the end of the flume. The water level was measured upstream and downstream in all experimental runs by a point gauge with an accuracy of ±0.01 cm. The experiments were conducted under conditions of steady flow and submerged flow. The tailgate affected the upstream depth and consequent discharge, and the typical velocities were obtained by particle image velocimetry (PIV). The flow characteristics around the orifice-weir structure were measured along the longitudinal section.


Figure 3. The layout and the sketch of the experimental rig: (a) the experimental rig; (b) the main experimental rig area; (c) the front view; (d) the plan view.



[image: Water 10 00699 g003]







2.3. Experimental Tests


The contributing parameters were adjusted in the experiments on combined orifice-weir flow to evaluate the variation in the discharge coefficient. Experiments were conducted under submerged flow conditions for four orifice-weir distances a = 5, 10, 15, and 20 cm, five orifice heights e = 2, 5, 10, 15, and 20 cm and four inflow unit discharge rates q = 0.05, 0.06, 0.07, and 0.08 m2/s. The length of the orifice-weir was l = 10, 20, 30, and 40 cm, and the width of the orifice-weir was B = 30 cm, perpendicular to the flume. A total of 284 test runs were performed. All the experimental data are listed in Appendix A.



Figure 4 shows a schematic diagram of the flow. A diversion point exists near the center of the upstream surface along the longitudinal section; at this point, the velocity perpendicular to the flow direction is zero. The flow from the upstream region passing over and under the orifice-weir structure separated at this diversion point, the flow on the top of the structure becomes the weir flow, and the flow beneath becomes a pressurized orifice flow. The vertical position of the point was measured. The water surface profile drops slightly before the upstream region of the weir crest and then declines sharply along the orifice-weir structure. The presence of the orifice-weir structure creates a recirculation zone in the downstream region. The orifice flow discharge is affected by the recirculation zone due to a reduction in the kinetic energy; thus, the discharge capacity of the orifice-weir is decreased.


Figure 4. The schematic diagram of the flow.



[image: Water 10 00699 g004]








3. Results and Discussions


3.1. Effects of Contributing Parameters on m


The m values are plotted against e/ΔH for different values of l/a in Figure 5. In particular, the combined orifice-weir flow with e/ΔH < 10 results in higher m values. Compared with a classic broad-crested weir and a waterways experiment station (WES) weir, which are commonly used in water conservancy projects as discharge weirs, the discharge area of the combined orifice-weir is larger for a given weir height under submerged conditions. A negative power-function relationship exists between m and e/ΔH, and the values of l/a have little effect on the m values. The value of m decreases significantly with a slight increase in e/ΔH values if e/ΔH < 100. The effect of small ΔH values on m is evident. A larger ΔH value is required to obtain a high m value in actual situations. As shown in Figure 4, the range of m decreases as the value of e/ΔH increases, and the value of m gradually stabilizes at high values of e/ΔH. If m is close to 0.1, the discharge coefficient values tend to plot along a horizontal line, which means that e/ΔH has no significant effect on m.


Figure 5. The plot of m versus e/ΔH for l/a values.



[image: Water 10 00699 g005]






The relationships between m and l/a for different ΔH/H are compared in Figure 6. The flow in all the experimental tests was subcritical to ensure that the flow state is combined orifice-weir flow. Five different shapes of orifice-weir structures were used. Changes to the length of the orifice-weir structure did not result in significant changes in the position of the diversion point and it remained upstream of the structure and at a height approximately equivalent to the center of the structure. Thus, the structure length has no significant effect on the proportion of orifice flow to the weir flow. In all cases, as the value of l/a increases, the value of m does not change significantly under different ΔH/H values. Similarly, the ratio of weir flow to orifice flow did not change significantly with the changes in the orifice-weir distance. Thus, the effect of different values of l/a on m is not obvious.


Figure 6. m as a function of l/a for different ΔH/H values.



[image: Water 10 00699 g006]






The relationships between m values and ΔH/H values for different values of the ratios e/a and l/a are compared in Figure 7. A greater value of ΔH/H significantly increases m for the same e/a, and with a smaller ΔH/H, the gradient of m becomes larger. The change in m becomes obvious if ΔH/H approaches 0. A larger ΔH is required to obtain a high value of m in actual situations, which is similar to previously discussed trends. There is a limiting effect on the discharge capacity and this limited discharge capacity produces a higher water level upstream of the orifice-weir region. A high downstream water depth results in a small water level and high submergence, leading to a lower discharge capacity. ΔH/H exhibits a nonlinear power function relationship in all cases. The effect of e/a on m is different for the same ΔH/H value among the orifice-weir lengths. For the same value of ΔH/H, a lower value of e/a results in a higher value of m. Additionally, a comparison of the values of m for different values of l/a reveals that different l/a values have little effect on the range of m values.


Figure 7. m as a function of ΔH/H for different l/a values.



[image: Water 10 00699 g007]







3.2. Empirical Discharge Formula and Sensitivity Analysis


According to Equation (6), the following dimensionless factors are related to compute the value of m for combined orifice-weir flow:[image: ] Based on the ordinary least squares method, statistical regression analysis via the nonlinear regression (NLR) and multiple linear regression (MLR) methods was used to derive m. To obtain the optimal model and to compare the sensitivity of each parameter, five models were constructed by using different sets of parameters. The five models with different parameters are shown below:


[image: ]



(7)
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(8)
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(9)
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(10)
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(11)







Power function relationships exist between m and e/ΔH and between m and ΔH/H. Therefore, nonlinear least squares regression is used to obtain the new dimensionless basic parameter of the flow coefficient. To derive the formula for m, multivariable linear fitting for independent variables related to m is conducted. According to the models, the following relationships are provided to calculate m under submerged flow conditions:


[image: ]



(12)
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(15)
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(16)




where m is dimensionless and H, e, a, l, and ΔH are in meters. Equations (12)–(16) are valid for H > e + a; 0.758 H > e > 0.066 H, 1.0 ≤ [image: ] ≤ 4.0, and 0.4 H > ΔH, and they are used in submerged conditions.



To evaluate the accuracy of the calculated discharge coefficient mcalculated(mc), comparisons between the measured discharge coefficient mmeasured (mm) and mc obtained by Equations (12)–(16) are shown in Table 1. The adjusted multiple correlation coefficient (AMCC), standard error of estimation (that is, the root mean square error, RMSE), and the mean absolute percent error (MAPE) are used. The AMCC indicates the goodness of fit of the m values and the RMSE evaluates the reliability of the data. The AMCC, RMSE, and MAPE are defined as follows:


[image: ]



(17)
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(18)
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(19)






[image: ]



(20)




where R2 is the coefficient of determination, K is the number of data sets, J is the number of dimensionless independent variable factors, and [image: ] is the mean value of mm.



In Table 1, the values of the AMCC, RMSE, and MAPE are provided for the four models to compare the obtained m values. MOD(a) shows the best performance among the models, and the AMCC, RMSE, and MAPE values are 0.870, 0.053, and 0.058, respectively. The AMCC values of MOD(c) and MOD(d) are 0.756 and 0.762, respectively. The AMCC value of MOD(b) is 0.705, which corresponds to the lowest accuracy in the prediction of m. In addition, the indices in Table 1 are presented to highlight the sensitivity of the calculation to the parameters. The AMCC of MOD(d) is larger than that of MOD(b), which means that [image: ] has a clear effect on the estimation of m, whereas l/a does not. In terms of sensitivity, the parameters can be arranged as follows: [image: ]



Figure 8 shows comparisons between mc and mm for the four models. MOD(a) shows the best agreement with the experiments, whereas the accuracies of MOD(b) to MOD(e) are slightly lower than that of MOD(a). Thus, MOD(a) is recommended for calculating the discharge coefficient of combined orifice-weir flow under submerged flow conditions.


Figure 8. The comparisons between mc and mm.



[image: Water 10 00699 g008a][image: Water 10 00699 g008b]







3.3. Verification and Error Analysis


MOD(a) includes all parameters and is used to calculate m. It is necessary to judge its applicability and fitting effect. An overall significance test is carried out by using the F-test. The 95% confidence interval is selected and the value of F is 247.18. The autocorrelation of MOD(a) is judged by the Durbin-Watson test (D − W) and the D − W value is 1.43, indicating that there is no autocorrelation. The Pearson correlation coefficients of the independent variables are low, which means they are not correlated. To eliminate instability, the variance expansion factor method is used to perform a multicollinearity diagnosis of MOD(a). The maximum value of VIF is 2.59; thus, there is no multicollinearity between variables. The definitions of the F-test, D-W test, and VIF are expressed as follows:


[image: ]



(21)
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(22)
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(23)




where et is the error term at time t and Ri2 is the coefficient of determination for different independent variables.



Figure 9 shows the distribution of the residuals of MOD(a) via a histogram of the residuals with a normal probability curve. As shown, the residuals present a normal distribution. The 95% distribution of the standardized residual data is between −2 and +2, which proves that the model assumptions are reasonable. Figure 10 shows a scatter plot of the standardized residual data.


Figure 9. The distribution of the standardized residual data (mean = 0, standard deviation = 0.994, N = 284).



[image: Water 10 00699 g009]





Figure 10. The scatter plots of the standardized residual data.



[image: Water 10 00699 g010]






MOD(a) is used to calculate the discharge capacity and shows a good applicability to the prediction of the discharge coefficient. Thus, the calculation formula for the discharge coefficient of the combined orifice-weir flow is obtained.





4. Conclusions


The discharge coefficient of combined orifice-weir flow is studied by means of theoretical analysis and physical model tests. A functional equation is derived by using dimensional analyses between combined orifice-weir flow discharge coefficients and the contributing parameters of upstream and downstream water level, orifice height, orifice-weir length, and orifice-weir height. Four dimensionless parameters, that is, the ratio of the water head to the upstream water level, the ratio of orifice height to orifice-weir height, the ratio of orifice height to the water head, and the ratio of the length to the height of the orifice-weir structure were obtained. The results demonstrate that if the ratio of orifice height to water level is small (that is, ≤100); the discharge coefficient increases significantly with decreases in this ratio; however, at larger ratios (that is, >100), the range of the coefficient approaches a straight line. Higher ratios of water level to upstream water level produce higher discharge coefficients and a lower ratio of orifice height to orifice-weir height results in a higher value of m. In contrast, the length-height ratio of the orifice-weir structure has little effect on the coefficient. In this study, nonlinear regression and multiple linear regression models are introduced to obtain five models to examine each of the dimensionless parameters. Statistical indices are used to evaluate the models and MOD(a) presents an acceptable degree of accuracy, with AMCC, RMSE, and MAPE values of 0.870, 0.053, and 0.058, respectively. In addition, the residuals of the equation for calculating the discharge coefficient of MOD(a) present a normal distribution. The results of MOD(a) agree with the experimental data and can thus provide a reference for estimating the discharge of combined orifice-weir flow. All the experiments were carried out in a subcritical flow state and the orifice-weir structure was submerged. Therefore, MOD(a) is valid for H > e + a; 0.758 H > e > 0.066 H, 1.0 ≤ [image: ] ≤ 4.0, and 0.4 H > ΔH. However, this study does not consider the orifice-weir structure under supercritical flow conditions and the influence of such conditions on the discharge coefficient should be evaluated in the future.
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The following symbols are used in this paper:





	a
	orifice-weir distance



	e
	orifice height



	Q
	inflow discharge rate



	l
	length of the orifice-weir structure



	B
	width of the orifice-weir structure



	H
	upstream water depth



	H’
	downstream water depth



	ΔH
	water level difference



	v
	average flow velocity



	q
	discharge per width of combined orifice-weir flow



	g
	gravitational acceleration



	H0
	upstream water head; H0 = H + v2/2g



	m
	discharge coefficient of combined orifice-weir flow



	Fr2
	Froude number: Fr2 = v2/gH



	mc
	calculated discharge coefficient



	mm
	measured discharge coefficient



	R2
	coefficient of determination



	AMCC
	adjusted multiple correlation coefficient



	RMSE
	root mean square error



	MAPE
	the mean absolute percent error
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Table 1. The AMCC, RMSE, and MAPE values for the five models.





	Indexes
	MOD(a)
	MOD(b)
	MOD(c)
	MOD(d)
	MOD(e)





	AMCC
	0.870
	0.705
	0.756
	0.762
	0.739



	RMSE
	0.053
	0.076
	0.069
	0.068
	0.072



	MAPE
	0.058
	0.103
	0.059
	0.282
	0.103
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