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Abstract

:

The hydraulic performance of rectangular labyrinth weirs has been investigated by many researchers, however, the effects of the corner shape on the hydraulic performance of rectangular labyrinth weirs have not been addressed in the current literature. Accordingly, this experimental study aims to explore the effect of the corner shape of on discharge efficiency of rectangular labyrinth weirs. Five flat-crested rectangular labyrinth weirs, with five different corner shapes, were made of High-Density Polyethylene Plastic (HDPE) and tested in a rectangular flume. Under different overflow discharges, the discharge coefficients for the rectangular labyrinth weirs were determined. The results showed that the shape of corners for rectangular labyrinth weirs was an effective factor. For example, rounding or beveling the corners can significantly increase the discharge capacity of the rectangular labyrinth weirs. However, the rounded corner shape was slightly better than the beveled corner shape. Among all labyrinth weir models tested in this study, the rectangular labyrinth weir with a semi-circular apex showed the highest hydraulic efficiency, while the one with an acute-angle corner shape showed the lowest hydraulic efficiency. For the rectangular labyrinth weir having a semi-circular shape, although the original effective length reduced by about 14%, the discharge coefficient, CL, increased by 16.7% on average. For the rectangular labyrinth weir that has an acute-angle corner shape, although the effective length (LC) of the weir increased by 23%, its discharge capacity decreased by 35.2% on average. Accordingly, improper folding of the side-walls of the rectangular labyrinth weir led to a significant reduction in the weir’s hydraulic performance.
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1. Introduction


An effective and economical way to increase the spillway discharge capacity at a dam, without increasing the existing spillway channel width and/or water heads over the crest, is constructing a labyrinth weir [1,2,3,4,5,6,7,8]. A labyrinth weir is a weir that has a crest length that is longer than a given channel or spillway width [4,9]. It is typically constructed by placing linear weirs in a zigzag pattern, folded in the plan view. Therefore, since it is usually constituted by repeated in plan-view simple shapes (cycles), such as U-shape (half-circular shape), circle-shape (sinusoidal shape), V-shape (triangular shape), rectangle (rectangular shape), and trapezoid (trapezoidal shape) shapes, both the design and construction of labyrinth weirs are very cost-effective [2,5,10,11].



The labyrinth weirs have many advantages such as: discharging larger floods; storing a larger volume of water in reservoirs; simplicity regarding the construction; cost-effectiveness concerning construction and maintenance; and preferability concerning aeration and energy dissipation [5,6,7,8,12,13,14,15].



The factors that govern the performance of labyrinth weirs are discharge, head, and weir geometry [7,12]. The factors that control the weir geometry are the total crest length of the weir (effective crest length), LC; cycle width, w; sidewall angle, α; upstream wall height, P; downstream wall height, D; wall thickness, T; crest shape; and weir apex shape (apex configuration or weir tips shape) that is horizontally normal to the flow direction [2,5,12].



The discharge capacity for labyrinth weirs is typically increased, due to the increase in the crest length. However, as the crest length increases, the discharge coefficient of the labyrinth weirs decreases [4]. This, in turn, leads to a reduction in the discharge capacity of the labyrinth weirs. However, the increase that comes from the length is much larger than the decrease that comes from the reduction in the discharge coefficient. Accordingly, labyrinth weirs are hydraulically more efficient compared to linear weirs. This is true especially at low upstream total heads; as the upstream total heads increase, the hydraulic efficiency of the labyrinth weirs decreases [4].



One of the labyrinth weir types that has excellent structural and economical characteristics is the rectangular labyrinth weir [10,16]. The rectangular labyrinth weir is a labyrinth weir that has a right angle (90 degrees) between two adjacent weir sides; the weir tips (apexes) are perpendicular to the sidewalls [7], see Figure 1. However, similar to triangular and trapezoidal labyrinth weirs, the rectangular labyrinth weir has nappe collision problems (nappe interferences). The nappe interference occurs where the water sheets flowing over two adjacent walls collide. This, in turn, reduces the discharge efficiency of the labyrinth weirs [4]. For rectangular weirs, the nappe interface can occur at the upstream corners; due to colliding of flow sheets coming from the upstream apex (tip) and sidewalls. This, in turn, can reduce the discharge efficiency of the rectangular labyrinth weirs. It is believed that improving their corner shapes can reduce or eliminate the nappe interference problem for rectangular labyrinth weirs; increase their hydraulic efficiency.



The hydraulic performance of rectangular labyrinth weirs has been studied by many researchers [7,9,10,15,16,17,18,19]. In the current literature, the effects of corner shapes on the hydraulic efficiency of rectangular labyrinth weir have not been addressed. Accordingly, the purpose of this study is to explore the effect of the labyrinth weir corner shape on the labyrinth weir’s discharge capacity. If the shape of the rectangular weir corners is modified or changed from sharp to round or beveled shapes, how much more discharge can be passed with the same head? With this aim, the present study was carried out.




2. Experimental Works


To study the effects of corner shapes on the discharge coefficient of labyrinth weirs, six experimental models, fabricated from High-Density Polyethylene Plastic (HDPE) with 1 cm thickness, were installed in a laboratory flume at the University of Sulaimani. Figure 2 shows a photograph of the experimental setup (S6MKII—Teaching and research flume—manufactured by Armfield company) that comprised an inlet tank, main channel, outlet tank, reservoir tanks, pump, pipes and valves, and flowmeter. The length, width, and height of the main channel were 5 m, 0.3 m, and 0.45 m, respectively. The models were placed at the mid-length of a zero-slope steel bed flume with Plexiglas sidewalls. The flat crest shape rectangular labyrinth weir models (five models) were placed in the flume in an inverse orientation and tested without an artificial aeration device. Figure 2 and Figure 3 and Table 1 present the details of the models studied in this research.



The tests were carried out for steady and free overflow conditions under flowrates between 1 and 30 L/s. Table 2 presents some details about the experimental runs carried out in this study. The flow rates were measured using an ultrasonic flowmeter flow. The flow depths over the crest of the models were measured using a point gauge with 0.1 mm accuracy. For each model, visual observations, digital-photo taking, and video-recording were used during each test for 3 to 4 hours to document the hydraulic performance.




3. Analysis of Results


This experimental study is based upon the results of six models: five labyrinth weirs and one linear weir. The discharge coefficients for the flowrates over the models were computed using Equation (1) [12,20]. The equation, a standard form of the weir equation that expresses the head-discharge relationship, is expressed as follows:


  Q =  2 3  ∗   2 g   ∗  C L  ∗  L C  ∗  H T  1.5   =  2 3  ∗   2 g   ∗  C B  ∗ B ∗  H T  1.5    



(1)




where Q is the flow rate over the labyrinth weir, g is the acceleration constant of gravity, CL and CB are the dimensionless discharge coefficients, LC is the centerline length of the weir crest or effective length of the weir crest (the centerline length of the weir crest), B is channel width, and HT is the total head on the crest of the models, see Figure 4.



HT is defined as:


   H T  = h +    V a 2    2 g    



(2)




where h is the vertical distance from the weir crest to water surface upstream of the weir, and Va is the approach (average cross-sectional) velocity for the flow upstream of the weir.



The unit discharges, q, were plotted against HT/P in Figure 5, Figure 6, Figure 7 and Figure 8. Additionally, the computed values of the discharge coefficient (CL) were plotted against HT/P, as shown in Figure 9, Figure 10, Figure 11 and Figure 12. A comparison between the hydraulic performances of the models was made as shown in Table 3 and Table 4.



3.1. Hydraulic Performance of the Models


From the results, as the water depth over the weirs increased, the discharge increased for all weirs; however, for similar water depths, the hydraulic efficiency of some weirs was better than other weirs, see Figure 5. For the discharge range used in this study, although the effective length (LC) of some models decreased, their ability to pass discharge increased. Among all labyrinth weir models, the one with a semi-circular apex (M5 model) showed the highest hydraulic efficiency, while the model with an acute-angle corner shape (M2 model) showed the lowest hydraulic efficiency.



To quantify the experimental results, a regression analysis was performed between the unit discharge over the weirs, q, and the HT/P values. The best-fitting correlation shows the power trend as follows:


  q = a    (     H T   P   )   b   



(3)







The values of a and b, as well as R2, are given in Table 5. Additionally, to compare the models to each other, the rectangular labyrinth weir model (M1 model) was selected to be the reference model. A quantified comparison among the labyrinth weir models was then made, as shown in Table 6.



From Figure 6 and Table 3, although its effective length (LC) decreased by 14%, the unit discharge (q) over the M5 model, compared to the M1 model, increased by 19% on average; the range of increase in the q values was 14.5–24.4%. This finding is in agreement with the literature [9] that compared a U-shape labyrinth weir to a rectangle shape labyrinth weir and found that the U-shape labyrinth weir had a higher discharge coefficient.



From Figure 7 and Table 3, For the rectangular labyrinth weir with a round corner shape (M3 model), although the effective length reduced, the discharge capacity of the model increased. The values of the q for the M3 model increased by 15.3 (on average); the values of the increased q ranged from 13.5% to 18.4%. For the labyrinth weir model having a beveled corner shape (M4 model), the hydraulic performance of the M3 model was slightly better than that of the M4 model. The hydraulic performance of the M3 and M4 models was decently higher than that of the M1 model. For the M3 and M4 models, the percentages of discharge capacity increases are 15.3 and 12%, respectively, as shown in Figure 7 and Table 3.



From the results of the M2 and M1 models, as depicted in Figure 8, although the effective length (LC) of the M2 model increased by 23%, its discharge capacity, compared to the M1 model, decreased by 35.2% on average; the range was from 34.1 to 40.4%. The reduction in the discharge capacity of the M2 model might be due to the susceptibility of the model to the early interference of the falling nappe at the downstream apex, see Figure 13. Additionally, as higher water depths over the weir increased, the inadequate space of the M2 model at the downstream apex restricted the flow from the upstream apex of the model towards the downstream apex. This, in turn, created a rooster tail at the downstream end of the weir, see the right upper corner of the photo in Figure 14.




3.2. Effect of Corner Shape on the Discharge Coefficient


The results of the experiments show that the corner shape has significant effects on the discharge coefficients of the rectangular labyrinth weirs. For the discharge range used in this study, although the effective length of the models (LC) used in this study decreased, except for the M2 model, the values of CL for some models increased significantly. On the contrary, the values of CL for the M2 model decreased significantly, even though the effective length of the model was larger compared to the length of the M1 model. Furthermore, the CL values of the M1 model were smaller than those of the models having either round corners (M3 model) or beveled corners (M4 model). Figure 9, Figure 10, Figure 11 and Figure 12 show the values of CL for the models that are plotted as a function of HT/P ratios. As depicted, the results showed that the values of CL for the labyrinth models increased with an increasing HT/P ratio until a specific value of HT/P, after which a constant decrease in CL value occurred.



To formulate the experimental results, a regression analysis was performed. The best-fitting correlation between the values of CL and HT/P shows the 5th-degree polynomial trend as follows:


   C L  =  a 0  +  a 1   (     H T   P   )  +  a 2     (     H T   P   )   2  +  a 3     (     H T   P   )   3  +  a 4     (     H T   P   )   4  +  a 5     (     H T   P   )   5   



(4)







The values of a0 to a5, as well as R2, are given in Table 6. From the results, the important effect of corner shape on the CL could be seen in the range from 0.05 to 0.4 of HT/P. The results showed that the corner shapes increased the CL values by 9.9% to 41.6%, see Table 4.



From the results depicted in Figure 9, the variation of CL values could be divided into three parts. For small discharges, HT/P < 0.1, the CL values for the labyrinth weirs (M1, M2, M3, M4, and M5) were higher than those of the linear weir (M6). While for HT/P > 0.17, the CL values for the linear weir (M6) were higher than those of the labyrinth weirs (M1, M2, M3, M4, and M5). This can be attributed to the fact that the labyrinth weirs typically create larger headwater inflation, compared to the linear weirs. This, in turn, leads to an early reduction in CL values for labyrinth weirs at small discharges, for HT/P < 0.1 [4,10]. However, for small discharges (HT/P < 0.17), due to the longer effective length of the labyrinth weirs (LC), the effect of the headwater inflation was smaller for rectangular labyrinth weirs compared to the linear weir. As discharge increased at a higher head (HT/P > 0.17), due to headwater inflation, as well as nappe interaction and interferences, the CL values for the linear weir were higher than those for rectangular labyrinth weirs. The decrease in CL values for labyrinth weirs occurs due to the nappe interaction, which increases as discharge increases [10].



From Figure 10, for all labyrinth weirs, the specific value of HT/P, after which the value started to decrease, was about 0.1. The water depths at which the CL values are maximum, the water depths of flows over labyrinth weirs at which the self-aerating terminates [10]. Those water depths observed in this study were very close to 10% of the weir height (P).



The effect of the headwater inflation of rectangular labyrinth weirs can be reduced by using different corner shapes. The CL values for rectangular weirs can be increased by using a round or beveled corner shape instead of a right-angle corner shape. For the discharge range used in this study, in the range from 0.05 to 0.4 of HT/P, changing the corner shape from the right-angle shape (M1 model) to either a round or beveled shape (M3 and M4 models) increased the CL values by 16.6% and 13% (on average), respectively. However, in the range from 0.30 to 0.4 of HT/P, the changes in the CL values for the M3 and M4 models (compared to the M1 models) were similar.



The apex shape of the labyrinth weir was effective as well. For the labyrinth weir with a semi-circular shape (M5 model), although the original effective length reduced by 14%, the CL values increased by 16.7 on average; the CL values increased by 9.9% to 22.8%, see Table 4 and Figure 11.



Due to early and high jet interference effects, formed because of the corner shape, the hydraulic efficiency of the M2 model reduced greatly; it was even lower than the linear weir, see Table 4 and Figure 12. The results showed that the CL values of the M2 model reduced by 21.4 to 42.6%; 36.5% on average. The reduction in CL values of the M2 model might be due to the susceptibility of the model to early the interference of the falling nappe at the downstream apex, see Figure 13 and Figure 14. This led to smaller values of CL, which in turn led to a decline in the discharge capacity. In other words, improper folding of the side-walls of the labyrinth weir led to a significant reduction in the weir’s hydraulic performance.





4. Conclusions


The effects of the corner shape on the hydraulic performance of flow over rectangular labyrinth weirs have been investigated experimentally. Five different corner shapes were studied using six experimental models. The discharge coefficients for the rectangular labyrinth weirs were determined under different overflow discharges. The results show that the crest shape is one of the important factors that affect the discharge capacity for rectangular labyrinth weirs. In other words, the hydraulic performance of the rectangular labyrinth weirs can be significantly improved by modifying the corner shapes or the apexes. However, improper folding of the side-walls of the rectangular labyrinth weir leads to a significant reduction in the weir’s hydraulic performance. The test results also showed that rounding or beveling the corners can significantly increase the discharge capacity of the rectangular labyrinth weirs. However, the rounded corner shape was slightly better than the model with the beveled corner shape. Furthermore, changing the apex of the rectangular labyrinth weir from a flat apex to a semi-circular apex increased the discharge capacity of the model by about 19%. However, for the rectangular labyrinth weir that had an acute-angle corner shape, although the effective length (LC) of the weir increased by 23%, its discharge capacity decreased by 35.2% on average.
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Figure 1. A typical sketch of a rectangular labyrinth weir. 
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Figure 2. Armfield S6-MKII laboratory flow channel. 
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Figure 3. Plan views of the weir models used in this investigation. 
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Figure 4. Schematic diagram of flow over rectangular labyrinth weir including flow parameters. 
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Figure 5. Variation of discharge capacity (q) versus HT/P for all physical models. 
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Figure 6. Comparison of discharge performance for M1 and M5 models. 
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Figure 7. Comparison of discharge performance for M1, M3, and M4 models. 
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Figure 8. Comparison of discharge performance for M1 and M2 models. 
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Figure 9. Variation of discharge coefficient (CL) versus HT/P for all physical models. 
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Figure 10. Discharge coefficient (CL) versus HT/P for M1, M2, M3, M4, and M5 models. 
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Figure 11. Discharge coefficient (CL) versus HT/P for M1 and M5 models. 
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Figure 12. Variation of discharge coefficient (CL) versus HT/P for M1 and M2 models. 
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Figure 13. Flow condition for M1 and M2 models; Q = 0.00375 m3/s for M1 model, and Q = 0.00365 m3/s for M2 model. 
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Figure 14. Flow characteristics for M1 and M2 models, Q = 0.0226 m3/s for M1 model, and Q = 0.0229 m3/s for M2 model. 
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Table 1. Characteristics of the weir models.
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	Model
	P

(mm)
	LC (mm)
	LC/w
	w/P
	Crest Shape
	Corner Shape
	Orientation





	M1
	200.3
	900
	3
	1.50
	Flat
	Right-angle
	Inverse



	M2
	200.2
	1108
	3.69
	1.50
	Flat
	Acute-angle
	Inverse



	M3
	202.5
	836
	2.80
	1.48
	Flat
	Round
	Inverse



	M4
	200.7
	812
	2.71
	1.49
	Flat
	Beveled
	Inverse



	M5
	201.0
	772
	2.57
	1.49
	Flat
	Semi-circular Apex
	Inverse



	M6
	201.0
	300
	1
	1.49
	Flat
	Linear
	-
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Table 2. Detail of the experimental runs.
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	Model
	Lc-weir/Lc-M1
	Q, m3/s
	h, m
	HT/P
	Temperature, °C





	M1
	1.00
	0.0015–0.0326
	0.011–0.092
	0.054–0.454
	17.5–20.5



	M2
	1.23
	0.0013–0.028
	0.011–0.112
	0.049–0.581
	20–21



	M3
	0.93
	0.00144–0.033
	0.01–0.086
	0.048–0.459
	18–19.5



	M4
	0.90
	0.0015–0.033
	0.011–0.089
	0.054–0.481
	17–18.5



	M5
	0.86
	0.00151–0.031
	0.011–0.085
	0.056–0.494
	19–21



	M6
	0.333
	0.00062–0.0245
	0.013–0.112
	0.065–0.572
	19–20.5
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Table 3. Percentage changes in the unit discharge due to the corner shapes.
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Parameters

	
Changes in the Values, %




	
M1/M2

	
M3/M1

	
M4/M1

	
M5/M1

	
M3/M4






	
Length ratios

	
0.81

	
0.93

	
0.9

	
0.86

	
0.97




	
Unit discharge (q)

	
34.1–40.4

	
13.5–18.4

	
8.1–16.3

	
14.5–24.4

	
1.9–5.0




	
(35.2) *

	
(15.3)

	
(12.0)

	
(19.0)

	
(2.9)








* Average values.
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Table 4. Percentage changes in the discharge coefficients due to the corner shapes.
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Parameters

	
Changes in the Values, %




	
M1/M2

	
M3/M1

	
M4/M1

	
M5/M1

	
M3/M4






	
Length ratios

	
0.81

	
0.93

	
0.9

	
0.86

	
0.97




	
Discharge Coefficient (CL)

	
21.4–41.6

	
12.7–30.1

	
9.2–19.1

	
9.9–22.8

	
0.62–14.3




	
(36.5) *

	
(16.6)

	
(13.0)

	
(16.7)

	
(3.2)








* Average values.
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Table 5. Parameters of the regression analysis for unit discharges.
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	Model
	A
	b
	R2





	M1
	0.0875
	1.2233
	0.9994



	M2
	0.0488
	1.1506
	0.9994



	M3
	0.1066
	1.2541
	0.9983



	M4
	0.1068
	1.2762
	0.9988



	M5
	0.115
	1.283
	0.9992
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Table 6. Parameters of the regression analysis of discharge coefficients.






Table 6. Parameters of the regression analysis of discharge coefficients.





	Model
	a0
	a1
	a2
	a3
	a4
	a5
	R2





	M1
	0.0292
	14.125
	−127.7
	513.28
	−973.88
	708.17
	0.9837



	M2
	0.1505
	7.8043
	−84.449
	385.25
	−813.08
	648.89
	0.9933



	M3
	0.3651
	8.2518
	−79.003
	329.41
	−657.32
	508.78
	0.9906



	M4
	0.1048
	14.092
	−133.21
	567.34
	−1146.8
	888.8
	0.9878



	M5
	0.1558
	11.755
	−101.13
	394.12
	−736.42
	533.37
	0.9968



	M6
	−0.3453
	21.979
	−187.94
	756.75
	−1430.5
	1031.7
	0.9933
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media/file13.jpg
0.035

003

005

002

¥ oos

001

0.005

NI -Righ-angle Comer

M3 Round Comner

M - Beveled Comer
= Power (M1 -Right-n

- Power (M - Rownd Comer)
~ Power (4

D075y
R 09994

0.1066 50

R 09983

005

01

Bevcled Comer)

015

02
Hyp

025

03

035

04

045





media/file4.png
S6MKII - Teaching and research flume

Plate weir winch

Working section in 2.5m lengths

Inlet tank with water Accessory rail
stilling technology

o ————

Electrical console
and laptop stand

Recirculating
Mode Valve

Free Discharge
Mode Valve
Centrifugal Pump

Reservoir tank Water baffle

Control box plinth Flowmeter Sediment loop

Tilting jack





media/file18.png
Discharge Coefficient, C,

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

mMl
X M2
& M3
A M4
o M5

- M6 -

- Right-angle Corner
- Acute-angle corner
- Round Corner

- Beveled Corner

- Semi-circular Apex
Linear Weir

0.05 0.1 0.15 0.2 0.25 0.3
Hy/p

0.35

0.4

0.45





media/file21.jpg
045

Discharge Coefficient, C;

035

03

005

01

015

Hyp

025

04

045





media/file26.png





media/file27.jpg





media/file3.jpg
‘S6MKIl- Teaching and research flume

sndlop ot

S Fovmeer . ctmertonp





media/file22.png
Discharge Coefficient, C,

0.8

0.75

0.7

0.65

0.6

0.55

0.5

0.45

0.4

0.35

0.3

BMI - Right-angle Corner

® M5 - Semi-circular Apex

-~
~.
\‘
N
-~
. >~
29
. ~.
-~
~
-
~
-~
~.
~
. b
-t~ bR O T
. - -~
L~ . Seal
’ ~, e
. ~ -
-’ o ~l
7 ~
. ~
’ ‘ .
. ~
4 . r
/ |II
/ '~
~
~.
) ~.
{ .
.
~
~
-

0.05 0.1 0.15 0.2 0.25

~
~~—
~

~.
-
~.
~.
~.
-
-
-~

0.3

-,
~—
~e.
-
~——
-
~
-
~—.
~

-
~—.
~e
~-
-
-~
~e
-
..

0.35

-,
-
DadCIE Y R

0.4

0.45





media/file19.jpg
09

08

07

@3 - Round Comer
AN - Beveled Comner
o5 - Semircular Apex

005

01

ols

Hyp

025

03

035 04

045





media/file7.jpg
VAN

%\V[x SN AN

-

0cm 150 e FlOW
[ TR
o SN N N
Total Energy Line
P B A

P=20em

/ﬁ;ﬁzﬁ





media/file28.png





media/file10.png
g, m?/s

0.08

0.07

0.06

0.05

0.04

0.03

0.02

0.01

0

M1 - Right-angle Corner
M2 - Acute-angle Corner

M3 - Round Corner

M35 - Semi-circular Apex

[ |
X
A M4 - Beveled Corner
o

M6 - Linear Weir
Power (M1 - Right-angle Corner)
————— Power (M2 - Acute-angle Corner)
RRRIRIEEES Power (M3 - Round Corner)
——— Power (M4 - Beveled Corner)
————— Power (M5 - Semi-circular Apex)
Power (M6 - Linear Weir)

y = 0.0875x12233
R?2=10.9994

y = 0.0488x 1506
R? =(0.9994

y =0.1066x1-2341
R*=0.9983

y = 0.1068x12762
R2=0.9988

y = 0.115x!29%3
R2 =0.9992

y = 0.2451x1:59%
R2 = 0.9963

0.05

0.1

0.35

0.4

0.45





media/file14.png
0.035

0.03

0.025

0.02

g, m?/s

0.015

0.01

0.005

*

A

MI - Right-angle Corner

M3 - Round Corner
M4 - Beveled Corner

y = 0.0875x12233

R?=0.9994

y = 0.1068x12762

R2 = 0.9988 -‘/

y =0.1066x1-2341
R2=10.9983

0.05 0.1

——— Power (M1 - Right-angle Corner)
SRREIETEPES Power (M3 - Round Corner)
—— Power (M4 - Beveled Corner)

0.15 0.2 0.25 0.3

0.35

0.4

0.45





media/file11.jpg
q. mYs

0.04

0.035

0.03

0.02

0015

001

0.005

= M- Rightangle Comer

© VS Semicircular Apex.

0087525
RE= 09094

R =09992

005 01 015

035

04

045





media/file6.png
Lol

‘kaocm I 1cm

M5 Mé





media/file15.jpg
0.035

AR
003 X M2 Acut-amle Comer
—== Power (M1 - Right-angle Comer)

Poer (M2 - Acute-ngle Cornr)

0.025
o750 ‘
e "
_ R=09%94 i
pereer 2
09994
0015
001
0.005
0
0 005 01 015 02 025 03 035 04 045

Hyp





nav.xhtml


  fluids-05-00117


  
    		
      fluids-05-00117
    


  




  





media/file16.png
0.035

[ |
0.03 X

MI - Right-angle Corner
M2 - Acute-angle Corner

——— Power (M1 - Right-angle Corner)

0.025
y = 0.0875x12233
0.02 R?=0.9994
T y = 0.0488x!1506
=~ R?=0.9994
0.015
0.01
0.005
0
0 0.05

Power (M2 - Acute-angle Corner)

0.1 0.15 0.2 0.25 0.3 0.35

0.4

0.45





media/file2.png
AN ‘F”\\V MM NN

i v 7

Apex
Channel Width (Tip) <4—— FIOW

////////////////-EJ—
Sidewall——{

IR DININIRI R IR IN IR INIR IR IR I IR NI

A A S . A A . . S A A

X
X
\\ =
\\
&
X
X
X
N
N
\.\
9
N
<
&
N
NG
N
>





media/file20.png
Discharge Coefficient, C,

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

mMI

X M2 - Acute-angle corner
& M3 - Round Corner
A M4 - Beveled Corner
o MS5 -

- Right-angle Corner

Semi-circular Apex

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45





media/file23.jpg
09

08

07

06

0s

04

R

M2 Acu

005

ol

03

035

04

045





media/file5.jpg





media/file24.png
Discharge Coefficient, C,

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

BMI - Right-angle Corner

XM?2 - Acute-angle corner

-
-—-
-
- -
-

Tt

0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45





media/file1.jpg
VHHEHREEEEFFEEERF R B EHEEENNEY

f

A
Channel Width () e FloW

Lt

Sidewall ——|

RORIRIINIRIRIN IR IR RO IO RISy






media/file25.jpg





media/file12.png
0.04

0.035

0.03

0.025

0.02

g, m?/s

0.015

0.01

0.005

B Ml - Right-angle Corner

® M5 - Semi-circular Apex

y =0.0875x1-2233
R?2=10.9994

y = 0.115x!29%3
R2=0.9992

0 0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45





media/file9.jpg
4. ms

0.08

0.07

0.06

0.05

0.04

0.03

0.02

001

angle Comer)
Comer)

Power (V3 - Round
Power (Vi - Bevled Comner)
circular Apex)

= 00875120
RE=09994

¥ = 00888110
R=09994

0.1066x 20

02 025 03 035 04 045





media/file0.png





media/file8.png
NN N S N N S N S N S AN S N S AN S RN AN RN AN A AN AN NN N NN e

T

30 cm 15cM < —— FIOW

30 cmg—.{

NN RN RN R IR RN IR SRR R IR RN RN IR IR IR IR IR IR RN RN IR

Total Energy Line

|

Hy

N N N A A S N N A N A A A N N N N A N A N A AN Y A A AN Y,

s ’ ’ A s a





media/file17.jpg
0.8

07
06
0s
04
03
02 mMi-Rightangle Comer
XM2 - Acutc-angle omer
@M - Round Comer
00 AM-Beveled Comer
onis
oy
0
0 005 01 015 02 025 03 035 04 045

Hyp





