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ABSTRACT 
 
Weirs are free-surface hydraulic structures built across open channels, such as rivers or 
lakes, to control the upstream flow of water. As they are passive hydraulic control 
barriers, it is critical to understand how the geometry specifications and discharge 
efficiency contribute to the sufficiency and safety of a weir’s operation. 
 
A Labyrinth Weir is a non-linear weir which has been configurated in a zigzag geometry 
with increase in weir length within a fixed channel width. A Piano Key (PK) Weir, 
developed as an alternative for a traditional Labyrinth Weir, is another type of non-linear 
weir used particularly for free-surface flow control structures with relatively small 
channel footprints. Non-linear weirs are used rather than linear weirs due to their 
significant increase in discharge efficiency within the restricted channel and spillway 
footprints. 
 
To have a better understanding of the effects of different weir geometries on discharge 
efficiency, a laboratory-scale, 2-cycle Trapezoidal Labyrinth (TL) Weir, in both aerated 
and unaerated situations, were tested. Hypothetical data of a laboratory-scale, 2-cycle 
PK Weir were also predicted based on the physical model of hydraulics. As a result, the 
influence of the following PK and TL Weir’s geometries/modifications were recognized: 
TL Weir with normal and inverse orientation, PK Weir with and without ramps, both on 
the inlet and outlet keys. Based on the experimental and hypothetical results, the 
discharge coefficient and head-discharge relationships were evaluated.  
 
Previous research has found that the discharge rate of PK Weirs can be four times higher 
than TL Weirs. However, in this research, it was found that PK Weirs are from 23% to 
135% more efficient in discharge efficiency compared to TL Weirs. 
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GLOSSARY OF TERMS 

Terminology Definition/Comment 

Dam Structure built across a stream, a river, or an estuary to retain 
water. 

Spillway Passage for surplus water over or around a dam when the 
reservoir itself is full. 

Crest The bottom edge over which the water flows. 

Nappe The sheet of water which springs free from the crest. 

Discharge Efficiency The increase in discharge efficiency means that less reservoir 
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water storage) without compromising dam safety. 

  



 
 
 
 
 
 
 
 
 
 
 
 
 



1 
 

 
 

1 INTRODUCTION 

This thesis was done during the exchange period in Hochschule Mainz 
University of Applied Sciences but accepted as part of HAMK-degree. 
 
This chapter introduces the background to the research problem with 
particular respect to the Discharge Coefficient of a Piano Key Weir 
compared to a Trapezoidal Labyrinth Weir. The aims and objectives of the 
research along with the scope and limitations of the research are stated. 
The structure of the thesis is also explained. 

1.1  Background 

Weirs are hydraulic structures, barriers built across open channels, such as 
rivers or lakes, to control the upstream flow of water (Hillhouse, 2019). 
Weirs are used not only to measure and adjust the water level to control 
flooding, generate power, improve navigation of water but also to act as 
spillways for dams (Hanania, Stenhouse and Donev, 2017). There are two 
types of spillways: free-flow spillways and gated ones. Weirs are free-flow 
spillways, they are simpler and safer than the gated ones, according to 
Lemperiere and Ouamane (2003). 
 
Weirs are also called small dams where the major difference between the 
two structures is: the purpose of building dams is to create reservoir and 
water storage while the construction of weirs is not for storing but 
controlling (Hanania et al., 2017).  
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Figure 1. Bedford Weir in Queensland, Australia (Queensland, 2020) 
 

 
 
Figure 2. Systems of weirs below Shinner's Bridge 
(Wikipedia Commons, 2020) 

 
As a weir is a passive hydraulic control barrier, discharge efficiency and 
geometry specifications are the most critical factors contributing to the 
sufficiency and safety of a weir’s operation. There are several types of 
weirs depending on the shape of the crests such as sharp-crested weirs, 
broad-crested weir, Ogee weir. They can be classified as rectangular, 
triangular, trapezoidal, v-notch, based on the geometry of the openings. 
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Figure 3. Illustrations of a sharp-crested weir (left), a broad-crested weir 
(right) and an Ogee weir (bottom) (Engineering Notes, 2020) 

 
Figure 4. Illustrations of different weir classifications according to their 
openings (Engineering Notes, 2020) 

 
This Research focuses on two types of weirs, a Piano Key (PK) Weir and a 
Trapezoidal Labyrinth (TL) Weir. Hillhouse (2019), cited by Businge (2020), 
stated that “A Labyrinth Weir is a structure designed to convey large flows 
at low heads by increasing the effective length of the weir crest with 
respect to the channel breadth.” (p.1).  
 
Furthermore, a Labyrinth Weir, shown in Figure 7 (A), is a non-linear weir 
which has been orientated in a zigzag configuration with increased weir 
length L in a fixed channel width W (Anderson, 2011). With that 
modification in geometry, the discharge efficiency in Labyrinth Weir can 
be increased by 3 to 4 times compared to a Linear Weir (Tullis, Amanian 
and Waldron, 1995). 
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Figure 5. Photo of the Trapezoidal Labyrinth Weir in Lake Townsend dam, 
Greensboro, North Carolina, USA (Schnabel Engineering, 2020) 

 
For some spillway designs, some of the benefits of the Labyrinth Weir are 
lost due to the limited channel width (W) and control structure footprint 
length (B), as seen in Figure 5. Moreover, PK Weir has smaller foundation 
footprint than Labyrinth Weir due to their cantilevered apex geometry 
(Paxson, Tullis and Hertel, 2014). Therefore, a PK Weir is developed as an 
alternative for a traditional Labyrinth Weir, particularly for smaller control 
structure footprint applications (Anderson, 2011). The discharge rate of PK 
Weirs can be increased by four times (Lemperiere and Ouamane, 2003). 
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Figure 6. Photo of a PK Weir of Gloriettes dam in France (Schleiss, 2011) 
 

 
Figure 7. Drawings of a TL Weir (A) and a PK Weir (B) (Anderson, 2011) 
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The discharge coefficients of weirs can be determined using either the 
Poleni (Eq. 1) or Weisbach equation (Eq. 2) (Hamburg University of 
Technology, 2020).  
 

𝑄 =  
2

3
× 𝐶𝑑 × 𝐿 ×  √2𝑔 × 𝐻𝑡

3   (1) 

 
The Poleni original equation can be simplified as in Eq. 1a below: 
 

𝑄 =  
2

3
× 𝐶𝑑 × 𝐿 ×  √2𝑔 × 𝐻𝑡

3

2   (1a) 

 
where Q is the discharge, Cd is the discharge coefficient, g is the 
gravitational constant, L is the crest length, H is the piezometric head, Ht is 
the total upstream head measured relative to the weir crest plus velocity 

head 
𝑉2

2𝑔
. 

 
 

Figure 8. Weir Parameters on a Sharp-Crested Linear Weir 
(The Author, 2020) 

 
The Weisbach equation is as follows: 

𝑄 =  
2

3
× 𝐶𝑑 × 𝐿 ×  √2𝑔 × [(𝐻 +

𝑉2

2𝑔
)

3

2
−  (

𝑉2

2𝑔
)

3

2
]  (2) 

 
Geometries play an important role in increasing or decreasing the 
discharge efficiency of free-flow weirs. There are three ways to increase 
the discharge efficiency of a weir: (1) increasing the width W of the weir, 
(2) lowering the weir height P and/or (3) increase length of the weir 
structure L within the existing channel width by replacing a linear weir with 
a non-linear weir (Anderson, 2011). 
 
To have a better understanding of the differences of head-discharge 
relationships, this research compares the discharge coefficient of scale 
models of a PK Weir and a TL Weir. The comparison is made by predicting 
the outcome of a laboratory experiment using one scaled model of a PK 
Weir and comparing the findings to the previous experiment using one 
scaled model of a TL Weir (Businge, 2020). 
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1.2 Motivation for the Research 

The reasons for developing the research question are: 
 

• Compare the Discharge Coefficient of a PK Weir to that of a TL Weir 
under similar flow conditions. 

• Compare the results of this research with a similar and already 
completed experiment. 

 
Research Aim and Objectives 

 
Against the background outlined earlier, this research project is 
undertaken with the aim of Predicting the Discharge Coefficient of a scaled 
model PK Weir from hypothetical data and comparing it with a scaled TL 
Weir. To achieve this aim, the following objectives are pursued: 
 
Objective #1 - Understand the literature, methodology and findings of the 
previous study (Businge, 2020). 
Objective #2 - Adapt the methodology for collecting hypothetical data. 
Objective #3 - Predict from the hypothetical data the Discharge Coefficient 
of a PK Weir and compare to the collected data from the laboratory 
experiment of a TL Weir. 
Objective #4 - Discuss the results of the analysis/comparison. 
Objective #5 - Ensure the next researcher will be able to conduct the actual 
laboratory experiment described in this study. 

1.3 Scope of the Research 

The study is limited to one physical scaled model of a PK Weir and one 
physical scaled model of a TL Weir. 
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1.4 Chapter Summary 

This chapter has introduced the background and the need to conduct a 
laboratory experiment to determine the Discharge Coefficient of a PK Weir 
and compare to that of a TL Weir. The aim and objectives of the research 
have been stated and the scope and limitations of the research given. The 
structure of the report has also been explained. 

 

The chapter has demonstrated that there is a clear need to understand the 
literature, methodology and findings of a previous study of the Discharge 
Coefficient of a Labyrinth Weir (Businge, 2020). Due to the novel Corona 
Virus Covid-19 (HS Mainz, HAMK, 2020) Laboratory Work by the 
Researcher was not possible. Therefore, the methodology of the previous 
study has been adapted to predict from hypothetical data the Discharge 
Coefficient of a PK Weir and compare to laboratory data from the 
experiment previously performed using a TL Weir. The prediction is 
discussed with the aim that the next researcher will be able to conduct the 
actual laboratory experiment described in this thesis.  

 

The next chapter will review the extant literature. 
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2 LITERATURE REVIEW 

This chapter presents and critiques the literature in the extant body of 
knowledge. 

2.1 Overview 

A study by Anderson (2011) represents significant literature in the field and 
it describes sets of experiments conducted on the head-discharge 
relationships of different types of PK Weirs and TL Weirs.  

2.2 Place and Publication of the Significant Literature 

The research by Anderson (2011) was conducted at the Utah Water 
Research Laboratory, located in Utah State University, Logan, Utah, the 
United States of America. 

2.3 Methodology used in the Significant Literature 

2.3.1 Methodology used by Anderson (2011)  

The methodology used can be adapted for this research because: 
 

• Anderson (2011) used scaled models of PK Weirs and TL Weirs. 

• All the necessary equipment used to conduct the research were 
available at the Hydraulic Laboratory of Hochschule Mainz 
University of Applied Sciences. A similar approach would therefore 
be possible. 

 
The researcher in the found research had many different experiments with 
many PK Weirs and Labyrinth Weirs with different configurations (Figure 
9). A list of experiments in the research of Anderson (2011) are as follows: 
 

• Comparisons of discharge Q and total head Ht between different 
types of PK Weirs. 

• Comparisons of discharge coefficient Cd and ratio total head over 
weir height Ht/P between different types of PK Weirs. 

• Comparisons of discharge coefficient Cd and ratio total head over 
weir height Ht/P between different types of additional features 
such as sloped floors, fillets, raised crests, crest types. 

• Discharge efficiency comparisons with multiple geometric 
configurations. 

• Comparisons of discharge coefficient Cd and ratio total head over 
weir height Ht/P between 7 different types of TL Weir and one type 
of PK Weir. 
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Figure 9. Testing matrix of the research by Anderson (2011), not including 
other types of TL Weirs (with different angles) 

2.3.2 Differences between the Significant Research and this Research 

• The flume used by Anderson (2011) was 7.30 m long, 0.93 m wide, 
0.60 m deep while in this research it was 10 m long, 0.30 m wide 
and 0.47 m deep. 

• The research by Anderson (2011) used one pump capable of 240.70 
l/s while this research used one pump with a maximum capacity of 
21 l/s. 

• In the research by Anderson (2011), tests were run with flows 
ranging from 7.08 l/s to 240.70 l/s while in this research, the flows 
were from 1 l/s to 21 l/s. 

• The PK Weirs in Anderson’s research (2011) were designed as 4 
cycles while in this research, the weirs are designed as 2 cycles. 

• The Labyrinth Weirs in Anderson’s research (2011) were designed 
as 4 cycles while in this research, the weirs are designed as 2 cycles. 

• The research by Anderson (2011) had one PK Weir and 7 TL Weirs 
with different configurations while the current research had/has 
only one model of PK Weir and one model of TL Weir in the same 
experimental comparison. 

• In the research by Anderson (2011), the researcher experimented 
3 different type of Rectangular Labyrinth Weirs: Rectangular 
Labyrinth Weir (RL), Rectangular Labyrinth Weir with ramps in 
outlet keys (RLRO) and Rectangular Labyrinth Weir with ramps in 
inlet keys (RLRI). This research used similar types of weirs but 
different in naming system, PK Weir rather than Rectangular Weir. 
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2.3.3 The Weaknesses in the Research of Anderson (2011) 

The weaknesses found in the research by Anderson (2011) that have been 
strengthened in this research are: 
 

• In Anderson’s research (2011), a rolling point gauge (readability of 
0.0005-ft – 0.1524 mm) instrumentation carriage were used to 
measure the nappe height and water depth in various locations while 
in this research, the sophisticated-level-wave-measurement device 
UltraLab ULS HF54/58 was used. 

• The research by Anderson (2011) did not mention the Labyrinth 
Weir’s orientation and therefore an assumption was made that the 
found research used normal Labyrinth Weir orientation while in this 
research, both orientations (normal as M-shape and inverse as W-
shape) were tested. The weir orientation will be explained in chapter 
2.4.3 below. 

2.3.4 Results of the Research of Anderson (2011) 

Results of the discharge coefficients Cd versus total head over weir height 
ratio Ht/P were plotted in Figure 10 and 11 by Anderson (2011). 

 

 
Figure 10. Cd vs. Ht/P data for TL Weirs of various  and PKRFH 
(PK Weir with raised crest, fillets, and half round crest type) 
(Anderson, 2011) 
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As seen in Figure 10, discharge per unit weir length (Cd) of Labyrinth Weir 
decreases when the sidewall angle (a) decreases. A PK Weir is similar to a 
Labyrinth Weir with a = 0° (Anderson, 2011). Therefore, PKRFH’s Cd curve 
is more consistent to Labyrinth Weir’s with smaller angles such as a = 7° 
and a = 8°. Moreover, PK Weir has smaller Cd than most of Labyrinth Weir’s, 
specifically with a > 7°.  
 
In general, the curve of Labyrinth Weir increases to a specific point then 
decreases while PK Weir has a distinctive decreasing curve since beginning. 
The graph of Labyrinth Weir a = 20° and the graph of PKRFH from the 
research of Anderson (2011) will be used to compare with the results from 
this experiment, which as similar scaled models Labyrinth Weir of a = 19.1° 
and PK Weir a = 0°. 

 

 
Figure 11. Cd vs. Ht/P data for several types of Rectangular Labyrinth Weirs 
(RL, RLRO, RLRI, RLR) and one type of PK Weir (PK 1,25) (Anderson, 2011) 
 
In this research, PK Weir will be comparable with RL Weir in Anderson’s 
research (2011). As seen in Figure 11, RL Weirs have the same curve trend 
as TL Weir (in Figure 10) as increasing to a specific point then decreasing. 
The difference is Rectangular Labyrinth Weir’s curve tends to decrease 
more than that of TL Weir’s. There is not such a big difference between 
multiple types of RL Weirs, with or without ramps. 
 
The simplified and combined graph of Rectangular Labyrinth Weir with 
ramps in outlet keys RLRO, Rectangular Labyrinth Weir with ramps in inlet 
keys RLRI, Rectangular Labyrinth Weir RL and TLW a = 20° were plotted in 
Figure 12 (The Author, 2020). This graph will be compared with the graph 
from this experiment in Chapter 5. 
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Figure 12. A graph of Rectangular Labyrinth Weir with ramps in outlet keys 
RLRO, Rectangular Labyrinth Weir with ramps in inlet keys RLRI, 

Rectangular Labyrinth Weir RL and Trapezoidal Labyrinth Weir TLW =20° 
(Anderson, 2011) 

2.4 Other Relevant Findings from Other Researchers 

2.4.1 Literature on the Different Types of PK Weirs 

Schleiss (2011) cited Lemperiere and Ouamane, (2003) about two main 
developed types of PK Weirs, Type-A and Type-B as shown in Figure 13. 
 
Type-A (A): Features both upstream and downstream cantilever cycles 
(Bi/Bo = 1 typically) (Anderson, 2011). This type of PK Weir may be used for 
discharges up to 20 m3/s (20,000 l/s) and preferably made using precast 
concrete elements. A foundation with small footprint allows placing this 
configuration on existing gravity dam crests to increase the flood release 
capacity. 
 
Type-B (B): Features longer upstream cantilever cycles (Bi + Bo = constant 
typically) and no downstream cantilever cycles (Bi/Bo = 0) (Anderson, 
2011). This configuration is attractive for new dam projects due to lesser 
structural loads with high discharges. Discharges up to 100 m3/s (100,000 
l/s) are possible. 
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Figure 13. PK Weir Type-A (A) and Type-B (B) Geometric Parameters 
(Anderson, 2011) 

 
Many additional features have been developed and added to the existing 
configuration with the purpose to increase the discharge efficiency as well 
as lower the cost while maintaining the safety issues (Schleiss, 2011; 
Anderson, 2011) such as: parapet walls, fillets, different crest type. 
 
Parapet walls are vertical walls placed on top of the crest of the 
conventional PK Weir, transforming its upper part to a rectangular 
labyrinth weir (Schleiss, 2011). The total weir height is increased without 
increasing the length of the cantilevers. Study by Ribeiro et al. (2009) found 
that there was a 15% increase in discharge efficiency when increasing the 
total PK Weir height by 12.3% with the additional parapet walls. 
 
Machiels, Erpicum, Archambeau, Dewals and Pirotton (2012) 
acknowledged that it is more convenient and cost-effective to use 
standard (without parapet walls) PK Weir. Research by Machiels et al. 
(2012) found that the discharge capacity does not increase when parapet 
walls are placed on a PK Weir having an optimal weir height already. 
Results also show that the discharge capacity does not change for PK Weirs 
having the same total height, with or without parapet walls. The 
researchers concluded that adding parapet walls is efficient only when the 
total weir height is not optimal yet and PK Weir with parapet walls can be 
used for new rehabilitations. 



15 
 

 
 

 

 
Figure 14.  Illustration of a PK Weir with additional parapet walls 
(Machiels et al. 2012) 

 
Sidewall angle is among many optional features that have been developed 
for PK Weir. A sidewall angle is built to narrow the inlet key and widen the 
outlet key. Discharge capacity is likely improved (Schleiss, 2011). 
 
Lemperiere and Ouamane (2003) and Ouamane and Lemperiere (2006) 
reported that there were increases of 10% and 7%, respectively, in 
discharge efficiency when using fillets (e.g. triangular, rounded, etc.) under 
the upstream overhangs. Studies have also shown the improved hydraulic 
shapes when PK Weir featuring fillets. 

 

 

 
Figure 15. A model of PK Weir with Round Fillets in the upstream 
overhangs, Raised Crest (Parapet Walls) and Half Round Crest (Anderson, 
2011) 
 

Anderson (2011) found out that in Barcouda et.al. (2006) and Ribeiro, 
Boillat, Schleiss, Laugier and Albalat’s studies (2007) the crest shape (e.g., 
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flat crest, half round crest, etc.) has affected the discharge efficiency. 
Barcouda et al. (2006) and Riberio et al. (2007) experimented three 
different PK Weir crest geometries: an upstream quarter round, a 
downstream quarter round and a flat crest. Results showed that upstream 
quarter round is the most efficient among the three. However, discharge 
efficiency relative change, particular to each crest shape, was not 
recognized. 

2.4.2 Literature on Vented and Unvented Overflow 

Insufficient aeration or non-aeration, whether by poor sidewall geometry 
or insufficient vertical drop from the weir crest to the downstream water 
surface can increase discharge by as much as 25%, resulting in flow 
readings that are dramatically different than would otherwise be obtained 
by an aerated weir nappe. To avoid the nappe collapses against the face of 
the weir, air must be allowed to replenish that which is entrained by the 
nappe. In other words, weir should be vented or aerated (Open Channel 
Flow, 2020). 

 
 

Figure 16. Illustrations of unaerated, partially aerated, and aerated 
situations (Open Channel Flow, 2020) 

 
Study by Young (2018) showed that nappe behavior is classified depending 
on the weir type. With Labyrinth Weirs, study recognized four types of 
nappe behavior: clinging, aerated, partially aerated, and drowned. For PK 
Weir models, five nappe behaviors were observed: clinging, partially 
clinging, aerated, partially aerated, and drowned.  
 
Aerated refers to a detached nappe with an air cavity between the nappe 
and the weir crest. Partially aerated indicates a non-uniform and unstable 
air cavity. Drowned (unaerated) describes a thick nappe without an air 
cavity, as shown in Figure 16. Clinging refers to flow adhering to the 
downstream wall of the weir, as in Figure 17. Finally, partially clinging refers 
to the stable nappe condition where water clings to the downstream 
sloped wall yet detaches from the vertical side walls near the sharp corners 
(Young, 2018). 
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Figure 17. Different kinds of nappe behavior (Codecogs, 2020) 

 
Truong, Ho and Dinh (2006) found that, in general, PK Weirs are better at 
nappe aeration than TL Weirs due to their cantilever (or overhang) 
configurations. 

2.4.3 Literature on the effect of weir orientation of Labyrinth Weirs 

Experiments on the effect of normal and inverse orientation of Labyrinth 
Weirs were done by Idrees, Al-Ameri and Das (2016) who concluded that 
weir orientation does not significantly affect the Discharge Efficiency and 
Discharge Coefficient, as seen in Figure 16. In the study by Idrees et al. 
(2016), the normal orientation was W-shape Labyrinth Weir and the 
inverse orientation was M-shape. In the contrary, the normal orientation 
was M-shape Labyrinth Weir and the inverse orientation was W-shape 
Labyrinth Weir in Businge’s study (2020).   

 

 
Figure 18. Labyrinth Weir Orientations (Idrees, Al-Ameri and Das, 2016) 
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Figure 19. Comparison Cd versus Ht/P values between normal and inverse 
Labyrinth Weirs (Idrees, Al-Ameri and Das, 2016) 

 
A similar conclusion was drawn in the laboratory experiments of Businge 
(2020). This research considers both findings by conducting testing 
experiments with both normal and inverse orientation of Labyrinth Weirs 
to find out whether a similar conclusion can be made. 

2.4.4 Literature on the cost comparison between PK Weir and Labyrinth Weir 

PK Weirs and Labyrinth Weirs are both folded in plan to increase the 
discharge capacity within a given channel width. Due to their cantilevered 
overhangs as seen in Figure 6, PK Weirs have smaller foundation footprint 
than Labyrinth Weirs. Therefore, when limited footprint is applicable, 
using PK Weirs is more practical and economical (Paxson, Tullis and Hertel, 
2014). 
 
Study by Paxson et. al. (2014) compared the construction cost of a PK Weir 
and a Labyrinth Weir. The configurations of weirs were as follows: 
 

• PK Weir: 4 cycles, total spillway width W = 14.2 m, total weir length 
L = 72.3 m, total upstream to downstream footprint Bt = 7.4m and 
base B = 3.8 m.  
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• Labyrinth Weir: 2 cycles Trapezoidal type, sidewall angle a = 15°, 
total spillway width W = 14.1 m, total weir length L = 44.8 m and 
total upstream to downstream footprint B = 10.8 m. 

• Both weirs had the same height P = 3 m and similar head-
discharge relationships. Computed discharge for a design head Ht 

= 2.4 m was 186 m3/s = 186000 L/s. The training walls were 5.4 
m. 

 

 
 
Figure 20. Construction volume and cost comparison between a PK Weir 
and a Labyrinth Weir in terms of concrete material only, unit cost in 
US$/m3 (Paxson, Tullis and Hertel, 2014) 
 
As seen in Figure 20, with similar head-discharge relationships, PK Weir’s 
total concrete volume was 35% less than that of Labyrinth Weir and 
therefore, the cost was estimated 45% less than Labyrinth Weir’s. This is 
because PK Weir has reduced foundation (base) with the same width B 
(check Figure 7). 

 

 
 
Figure 21. Estimated concrete volumes and costs of PK Weir and Labyrinth 
Weir with fixed channel dimensions, assuming the concrete volumes for 
the slab and training walls for the PK Weir are replaced with those of 
Labyrinth Weir (Paxson, Tullis and Hertel, 2014) 
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However, that cost difference decreases to 10% with PK Weir having 
cheaper construction cost than Labyrinth Weir when channel application 
has fixed spillway channel length and requires a concrete lining (slab) and 
training walls, as seen in Figure 21. 

2.4.5 Literature on the physical modelling and Froude number 

Physical hydraulic model is a smaller-size, laboratory-scaled 
representation of a full-scale hydraulic structure. Hydraulic structures 
could be dams, weirs, flumes, water wheels, etc. Similarities in form 
(geometric), motion (kinematic) and forces (dynamic) between laboratory 
models and full scape prototypes are critically required (Chanson, 1999). 
 
Physical modelling is used during design phases to optimize and ensure 
safety in operations of the structure. It is also helpful in experiencing and 
visualizing the structure before constructing and operating in real life 
(Chanson, 1999). 
 
The Froude number, naming after the French researcher William Froude, 
is a dimensionless number used typically for free surface flows, hydraulic 
structures such as weirs and open spillways scaling methods (Chanson, 
1999). 
 

𝐅𝐫 =  
𝐕

√𝐠 × 𝐋
 

 
where V is velocity, g is acceleration of gravity and L is length  
 
A scale ratio should be determined for each circumstance where Froude 
number of full-scale prototypes (p) is proportional to laboratory-scale 
models (m) Frp = Frm. Other derived scale ratios (r = p/m) are: 
 

1. Velocity 𝐕𝐫 = √𝐋𝐫 
 

2. Discharge 𝐐𝐫 = 𝐕𝐫 × 𝐋𝐫
𝟐 = 𝐋𝐫

𝟓

𝟐 
 

3. Force 𝐅𝐫 =
𝐌𝐫×𝐋𝐫

𝐓𝐫𝟐
= 𝐩 × 𝐋𝐫

𝟑 

 

4. Pressure 𝐏𝐫 =
𝐅𝐫

𝐋𝐫𝟐 = 𝐩𝐫 × 𝐋𝐫 
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Table 1. Summary of Literature Search 

 

Citation Type Significant Outcome 

Anderson, 2011 Thesis  Gives insights about the 
similar experiments on Piano 
Key Weirs and Trapezoidal 
Labyrinth Weirs. 

Businge, 2020 Thesis Gives guidelines and 
recommendations about the 
similar study. Provides 
results and analyses for the 
experiments on a Trapezoidal 
Labyrinth Weir. 

Barcouda et al., 2006  Conference 
prodceedings 

Explains the effects of crest 
shape on PK Weir’s discharge 
efficiency. 

Chanson, 1999 Book Explains the physical 
modelling of hydraulics. 

Engineering Notes, 
2020 

Article Classifies types of notches 
and weirs. 

Hillhouse, 2019 Article Explains the definition of 
weirs. 

Hanania et al., 2017 Article Explains the definition of 
weirs. 

Idrees, Al-Ameri and 
Das, (2016) 

Article Explains the impact of 
Labyrinth Weir orientations 
on the discharge efficiency. 

Lemperiere and 
Ouamane, 2003 

Article Explains PK Weir. 

Machiels, Erpicum, 
Archambeau, Dewals 
and Pirotton, 2012 

Article Explains different types of 
PK Weirs and their 
discharge efficiency. 

Open Channel Flow, 
2020 

Article Explains aerations of weir 
nappes. 

Ouamane and 
Lemperiere, 2006 

Article Explains the effects of 
fillets on PK Weir. 

Peter, 1994 Article Recommends the discharge 
coefficients for different 
crest shapes. 

Paxson, Tullis and 
Hertel, 2014 

Article Compare PK Weir with 
Labyrinth Weir in terms of 
hydraulics, cost, 
constructability, and 
operations. 
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Ribeiro et al., 2009 Article Explains different types of 
PK Weirs and their 
discharge efficiencies. 

Ribeiro, Boillat, 
Schleiss, Laugier and 
Albalat, 2007 

Article Explains the effects of crest 
shape on PK Weir’s 
discharge efficiency. 

Riberio et al., 2007 Article Explains the effects of crest 
shape on PK Weir’s 
discharge efficiency. 

Schleiss, 2011 Article Explains different types of PK 
Weirs. 

Truong, Ho and Dinh, 
2006 

Article Explains different nappe 
behaviors of PK Weir. 

Young, 2018 Thesis Explains different nappe 
behaviors of PK Weir. 

 

2.5 Summary of Chapter 

This chapter has presented the overview of the extant literature, its place 
of publication, the methodology used, the differences between the 
literature and the proposed research, the weaknesses in the found 
literature that have been strengthened in this research and the results of 
the found literature. 
 
Topics such as different type of PK Weirs, vented versus unvented 
overflow, effect of weir orientation on Labyrinth Weirs and cost 
comparison between PK Weir and Labyrinth Weir have been discussed. 
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3 METHODOLOGY  

This chapter describes the methods adopted from the extant research in 
the literature review chapter. The methodology adopted here is a 
laboratory experiment that is done with the same aim as the found 
research, which is to predict the discharge coefficient of a PK Weir and 
compare it with a Labyrinth Weir. 

3.1 Experimental setup 

Laboratory experiments in this research were carried out in a rectangular 
flume in the Hydraulic Laboratory of Mainz University of Applied Sciences, 
Germany. 

 

 
 

Figure 22. The hydraulic equipment of Mainz University of Applied 
Sciences’ Hydraulic Laboratory for this research (HS Mainz, 2020) 

 
In this research, laboratory models of a PK Weir and a Labyrinth Weir were 
examined in a rectangular flume with the dimensions of 10 m long, 0.30 m 
wide and 0.47 m deep. Transparent glass flume side walls allowed visual 
observations such as water surface profile and flow conditions (HS Mainz, 
2020). The flume and flume equipment used in this research are shown 
below in Figures 22 and 23. 
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Figure 23. Scheme of the Testing Flume setup 
 

The water supply for Mainz University of Applied Sciences Hydraulic Lab is 
provided by City of Mainz. The water is fed and cycled throughout the 
flume using a pump with the maximum capacity of 21 l/s. 
 
Measuring devices used in this research were an Ultrasonic Sensor Device 
UltraLab ULS HF54/58 with multiple sensors, a Propeller Flow Meter, and a 
Magnetic Flow Meter (HS Mainz, 2020). According to General Acoustics 
(2017), “UltraLab ULS HF54/58 is a Sophisticated Level and Wave 
Measurement for Labs.”. It is a high speed, calibration-free measurement 
system based on General Acoustics’ innovative ultrasound technology. 
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Figure 24. UltraLab ULS HF54/58 setup with the monitor to record the 
readings (HS Mainz, 2020) 

 
 

 

 

Figure 25. The sensors located along the flume to measure the water level. 
There are 4 ultrasonic sensors and 2 velocity meters, in blue 
(HS Mainz, 2020) 
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Propeller Flow Meter is a fluid velocity measuring device using a propeller. 
Fluid’s mechanical energy is used in rotating the pinwheel (rotor) while 
blades on the rotor are angled to transform energy from the stream into 
rotational energy. The rotor spins proportionally faster when the fluid 
moves faster accordingly (Universal Flow Monitors, 2020). 

 

 
 

Figure 26. Propeller Flow Meter used to measure the fluid velocity 
(HS Mainz, 2020) 

 
Magnetic Flow Meter measures the flow of the fluid in a pipe by using 
Faraday’s Law of Electromagnetic Induction (Universal Flow Monitors, 
2020). In this experiment, the Meter enabled to set the water flow in the 
flume at required discharges. 

 

 
 

Figure 27. Set up of Magnetic Flow Meter and Propeller Flow Meter 
(HS Mainz, 2020) 

 
Models of weirs were made of acrylic sheets and were cut out by CNC 
machine according to the design specifications. The weirs were assembled 
with glue. Weirs were attached to the base using gum. 
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Figure 28. Model of the PK Weir used in the research, with ramps in the 
outlet cycle (HS Mainz, 2020) 

 

 
 
Figure 29. Explanation of the geometries in the PK Weir, without ramps 
 
PK Weir dimensions (HS Mainz, 2020): 
 

• Number of cycles N = 2 

• Total weir height P = 200 mm, including the base 20 mm 

• Length of control footprint structure B = 200 mm 

• Total width of the weir W = 300 mm 

• Effective length of the weir L = 1100 mm 
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• Wall thickness t = 5 mm 

• Angle of the weir  = 0 
 

 
 
Figure 30. Model of the Trapezoidal Labyrinth Weir used in the research 
(HS Mainz, 2020)  
 

 
 

Figure 31. Explanation of the geometries in the Trapezoidal Labyrinth Weir 
(Businge, 2020) 

 
Trapezoidal Labyrinth Weir dimensions (HS Mainz, 2020): 
 

• Number of cycles N = 2 

• Weir height P = 184 mm 

• Length of control footprint structure B = 156 mm 

• Total width of the weir W = 300 mm 
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• Length along crest of one arm of the weir L1 = 158.7 mm 

• Effective length of the weir L = 2*N*(A+L1) = 714.8 mm. (Coleman 
and Lindell, 2004) 

• Width of interior apex A = 20 mm 

• Wall thickness t = 6 mm 

• Angle of the weir  = 19.1 
 

 
 

Figure 32. Overview of PK Weir setup in the flume (HS Mainz, 2020) 
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Figure 33. Overview of Labyrinth Weir setup in the flume 
(HS Mainz, 2020) 

3.2 Experimental procedure 

The experimental procedure is as follows (HS Mainz, 2020): 
 

1. Fit the weir to the weir carrier which is bonded in the channel and 
tighten it with a thumb nut below to make it firm enough inside the 
flume. 

2. Gum is placed on the sides and underneath the weir to allow water 
flowing only over the weir crest. 

3. Place the UltraLab ULS HF54/58 sensors and Propeller Flow Meters 
in their respective positions and make necessary adjustments with 
the help from the measuring software to make accurate 
measurements for the water level. 

4. Start the pump, increase the discharge till water is circulated in the 
flume and starts to flow over the weir. The discharge is re-adjusted 
to the required flow for measurement. 

5. (For the vented cases only) Place the nappe venting devices. These 
should be placed above the maximum water level of the weir to 
ensure the nappe stays aerated for all flows. 

6. For each discharge ranging from 1 l/s to 21 l/s, the corresponding 
water levels and velocities, both upstream and downstream were 
recorded to the UltraLab software. 

7. Replace the PK Weir with the Labyrinth Weir and repeat the same 
procedure. 

8. All data were collected from the UltraLab software’s sheets in order 
to make calculations for the Discharge Coefficients and Head over 
Height of Weir ratios. 

3.3 Number of Experiments 

From the Poleni equation (1a), it can be transformed below to calculate 
the Discharge Coefficient of both PK Weir and Trapezoidal Labyrinth Weir: 
 

𝐶𝑑 =  
𝑄

2

3
×𝐿×√2𝑔×𝐻𝑡

3
2

  (3) 

 
Adding the dimensions from the scaled models of PK Weir and TL Weir, we 
have the Cd equation used for PK Weir and TL Weir, in equation (3a) and 
(3b) respectively below: 
 

substituting L = 1100 mm, g = 9.81 m/s2 give 𝐶𝑑 =  
𝑄

3.25 × 𝐻𝑡

3
2

 (3a) 
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substituting L = 714.8 mm, g = 9.81 m/s2 give  𝐶𝑑 =  
𝑄

2.11 × 𝐻𝑡

3
2

 (3b) 

 
where  Cd is discharge coefficient 

Q is discharge 
 L (mm) is total effective length of weir 
 g (m/s2) is gravitational constant = 9.81 

Ht (mm) is the total head 
 

Table 2 below shows the testing matrix for this experiment. In this 
research, Piano Key Weir (PK) terms are comparable with Rectangular 
Labyrinth Weir (RL) in Anderson (2011). 

 
Table 2. Testing Matrix 

 

 Experiment Abbreviation 

1 Flow over a PK Weir without ramps and without 
aeration vents (U = Unvented) 

PK-U 

2 Flow over a PK Weir with ramps in the outlet, 
without aeration vents 

PKRO-U 

3 Flow over a PK Weir with ramps in the inlet, 
without aeration vents 

PKRI-U 

4 Flow over a Trapezoidal Labyrinth Weir, normal 
orientation (M-shape) without aeration vents 

TLM-U 

5 Flow over a Trapezoidal Labyrinth Weir, inverse 
orientation (W-shape) without aeration vents 

TLW-U 

6 Flow over a PK Weir without ramps, with aeration 
vents (V = Vented) 

PK-V 

7 Flow over a PK Weir with ramps in the outlet and 
with aeration vents 

PKRO-V 

8 Flow over a PK Weir with ramps in the inlet and 
with aeration vents 

PKRI-V 

9 Flow over a Trapezoidal Labyrinth Weir, normal 
orientation (M-shape) with aeration vents 

TLM-V 

10 Flow over a Trapezoidal Labyrinth Weir, inverse 
orientation (W-shape) with aeration vents 

TLW-V 

 

3.4 Summary of Chapter 

 
This chapter has described the methodology adopted from the found 
literature and explained the reasons why it was adopted, and included a 
description of the experimental setup and the experimental procedure. 

4 DATA PRESENTATION AND ANALYSIS 
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This chapter presents the results from the hypothetical data of the PK Weir 
and the results from the previous experiments conducted in the laboratory 
for this research. 
 

In Chapter 2.4.5, the discharge scaling ratio 𝐐𝐫 = 𝐋𝐫
𝟓

𝟐 was presented, with 
r being the ratio between the full-scale model and the smaller scale model. 
In Figure 12, there is a difference in Trapezoidal Labyrinth Weir (TL) and 
Rectangular Labyrinth Weir (RL) curves (Anderson, 2011). The discharge 
coefficient of TL is higher than that of RL. Based on that, the scaling ratio is 
drawn using the weir heights (P, in mm) of TL and RL from Anderson’s 
research (2011). 
 

𝐐𝐓𝐋, 𝐀𝐧𝐝𝐞𝐫𝐬𝐨𝐧
𝐐𝐑𝐋, 𝐀𝐧𝐝𝐞𝐫𝐬𝐨𝐧

= (
𝐏𝐓𝐋, 𝐀𝐧𝐝𝐞𝐫𝐬𝐨𝐧
𝐏𝐑𝐋, 𝐀𝐧𝐝𝐞𝐫𝐬𝐨𝐧

)𝟐.𝟓 

 
Then 

𝐐𝐓𝐋, 𝐀𝐧𝐝𝐞𝐫𝐬𝐨𝐧 = (
𝐏𝐓𝐋,𝐀𝐧𝐝𝐞𝐫𝐬𝐨𝐧
𝐏𝐑𝐋,𝐀𝐧𝐝𝐞𝐫𝐬𝐨𝐧

)𝟐.𝟓 × 𝐐𝐑𝐋, 𝐀𝐧𝐝𝐞𝐫𝐬𝐨𝐧 = 𝐱𝟐.𝟓 ×

𝐐𝐑𝐋, 𝐀𝐧𝐝𝐞𝐫𝐬𝐨𝐧  
 
where x is the scaling ratio. Replacing PTL, Anderson = 8.75” = 222.25 mm and 
PRL, Anderson = 7.75’’ = 196.85 mm (Anderson, 2011) gives x = 1.357. 
 

One scale ratio derived from Froude number (Chanson, 1999) is the water 

depth: 

Ht, TL, Anderson = x * Ht, RL, Anderson 

Likewise, the scaling ratio method was adapted to this research as follows: 

1. The discharges of PK-U and PK-V were predicted by adapting from 
the discharge of TLW-U, TLM-U, TLW-V and TLM-V (Businge, 2020) 
since the flume and the pump capacity were similar. 

2. The water depth of PK-U and PK-V were predicted by calculating 
from the water depth of TLW-U, TLM-U, TLW-V and TLM-V 

(Businge, 2020) using formula 𝐇𝐭, 𝐏𝐊, 𝐕𝐢𝐧𝐡 =
𝐇𝐭,𝐓𝐋,𝐁𝐮𝐬𝐢𝐧𝐠𝐞

𝒙
. 

3. The discharge coefficients were predicted by calculating from the 
equation (3a) above. 

4. Lastly, the predicted results of PKRO and PKRI (vented and 
unvented) were calculated using the same method, with the 
addition of 1% and 2% respectively. 

4.1 Tables of Predicted Results for PK Weir (The Author, 2020) 

 



33 
 

 
 

 
Table 3. Results of Unvented PK Weir, without ramps (PK-U) 

 

 

Table 4. Results of Unvented PK Weir, with outlet ramps (PKRO-U) 
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Table 5. Results of Unvented PK Weir, with inlet ramps (PKRI-U) 

 

Table 6. Results of Vented PK Weir, without ramps (PK-V) 
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Table 7. Results of Vented PK Weir, with outlet ramps (PKRO-V) 

 
 

Table 8. Results of Vented PK Weir, with inlet ramps (PKRI-V) 
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4.2 Tables of Results for Trapezoidal Labyrinth Weir (Businge, 2020) 

Table 9. Results of Unvented Trapezoidal Labyrinth Weirs (TLM-U and 
TLW-U). Both had the same results (Businge, 2020) 

 
 
Table 10. Results of Vented Trapezoidal Labyrinth Weirs, normal 
orientation (TLM-V) (Businge, 2020) 

 
 



37 
 

 
 

Table 11. Results of Vented Trapezoidal Labyrinth Weirs, inverse 
orientation (TLW-V) (Businge, 2020) 

 

 

4.3 Summary of Chapter 

This chapter has presented Tables of Predicted Results for PK Weir (The 
Author, 2020) and Table of Results for Trapezoidal Labyrinth Weir 
(Businge, 2020). Results and analysis will be discussed in the next chapter. 
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5 DISCUSSIONS AND RECOMMENDATIONS 

This chapter discusses the results and reviews the methodology used. 

5.1 Discussion of Results 

This research project was undertaken with the aim of Predicting the 
Discharge Coefficient of a scaled model Piano Key Weir from hypothetical 
data and comparing it with a Trapezoidal Labyrinth Weir. 
 

𝐶𝑑 =  
𝑄

2

3
×𝐿×√2𝑔×𝐻𝑡

3
2

  (3a) 

 
In the equation (3a) above, the discharge efficiency of a weir is not only a 
function of the discharge per unit weir length (Cd) but also the amount of 
weir length that will fit within a given restricted footprint (i.e., fixed width 
of weir W and/or footprint length B).  Moreover, if more L can fit within 
the given fixed W and B, an increase in discharge efficiency at a given value 
of Ht may be recognized even if the Cd values are lower for that particular 
weir geometry (Anderson, 2011). 
 
From the tables of results in Chapter 4, the following graphs will be 
explained: 
 

1. A graph of discharge versus water level for both PK Weir and TL 
Weir in vented situation (PK-V, PKRO-V, PKRI-V, TLM-V, TLW-V). 

2. A graph of discharge versus water level for both PK Weir and TL 
Weir in unvented situation (PK-U, PKRO-U, PKRI-U, TLM-U, TLW-U). 

3. A graph of discharge coefficient versus head over weir height for 
the vented situation (PK-V, PKRO-V, PKRI-V, TLM-V, TLW-V). 

4. A graph of discharge coefficient versus head over weir height for 
the unvented situation (PK-U, PKRO-U, PKRI-U, TLM-U, TLW-U). 

5. A graph of discharge coefficient versus head over weir height for 
PK Weir (PK-U, PKRO-U, PKRI-U, PK-V, PKRO-V, PKRI-V). 

6. A graph of discharge coefficient versus head over weir height for 
the M-shape and W-shape TL Weir (TLM-U, TLW-U, TLM-V, TLW-V). 
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Graph 1. Discharge Q versus water level Ht of vented situations for both 
PK Weir and TL Weir 

 
From Graph 1, the water levels of TL Weir and PK Weir start to differ from 
1 l/s where the water level for TL Weir is 10 mm and for PK Weir is 9 mm, 
making a 1 mm difference. The differences start to increase as the 
discharges increase until the maximum reaching the maximum discharge 
at 21 l/s. The differences in water levels at discharges equal to 5 l/s, 10 l/s, 
15 l/s and 21 l/s are 3 mm, 5.1 mm, 7.1 mm, and 9 mm, respectively.  
 
From Graph 2 below, the water levels of TL Weir and PK Weir start to differ 
from 1 l/s where the water level for TL Weir is 10 mm and for PK Weir is 9 
mm, making a 1 mm difference. The differences start to increase as the 
discharges increase until the maximum reaching the maximum discharge 
at 21 l/s. The differences in water levels at discharges equal to 5 l/s, 10 l/s, 
15 l/s and 21 l/s are 2.5 mm, 5 mm, 7 mm, and 8.7 mm, respectively. 
 
 



40 
 

 
 

 

Graph 2. Discharge Q versus water level Ht of unvented situations for 
both PK Weir and TL Weir. TL Weir had the same results with both normal 
and inverse orientation 

 
From the above observations from Graph 1 and 2, the following deductions 
are made: 
 

• TL Weir experiences higher water levels than PK Weir for the same 
discharges, under similar flow conditions, in both vented and 
unvented situations. 

• The differences in water levels varies between the weirs, in both 
vented and unvented situations. However, in general, the 
differences in water levels between TL Weir and PK Weir in vented 
situations are slightly higher. 

• There are little differences between different configurations of PK 
Weir (with or without ramps) and TL Weir (normal and inverse 
orientation), both in vented and unvented situations. 

 
The graphs below (from Graph 3 to Graph 6) provide clear understandings 
of the investigation on the effect of the shape of the weirs and the height 
of the water over the weir crest on the weir’s hydraulic performances and 
the discharge coefficient of PK Weir and TL Weir in the same flume. 
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Graph 3. Discharge coefficient Cd versus head over weir height Ht/P of 
vented situations for both PK Weir and TL Weir 

From Graph 3, TL Weir has higher discharge coefficient than PK Weir’s. 
Both weirs have the maximum value of Cd at Ht/P=0.1 and have the same 
trend in their curves: increase from Ht/P=0.05 to Ht/P=0.1 then slightly 
decrease and continue to rise again and finally maintain decreasing. The 
differences in discharge coefficient between two weirs are maintained 
between 0.08 and 0.13. 
 
The highest value of discharge coefficient of PK Weir, in vented situation, 
is 0.4260 at Ht/P=0.1018 (PK-V, without ramps) when the lowest is 0.2831 
at Ht/P=0.4017 (PKRI-V, with inlet ramps). The highest value of discharge 
coefficient of TL Weir, in vented situation, is 0.5538 at Ht/P=0.1033 
(inverse orientation) when the lowest is 0.3749 at Ht/P=0.4837 (normal 
orientation) for discharges ranging from 1 to 21 l/s. 
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Graph 4. Discharge coefficient Cd versus head over weir height Ht/P of 
unvented situations for both PK Weir and TL Weir. TL Weir had the same 
results with both normal and inverse orientation 

 
In Graph 4, TL Weir has higher discharge coefficient than PK Weir’s with 
the same trend with vented situations above. The differences in discharge 
coefficient between two weirs are maintained between 0.09 and 0.13. 
 
The highest value of discharge coefficient of PK Weir, in unvented 
situation, is 0.4959 at Ht/P=0.1062 (PK-U, without ramps) when the lowest 
is 0.3164 at Ht/P=0.3611 (PKRI-U, with inlet ramps). The highest value of 
discharge coefficient of TL Weir, in unvented situation, is 0.6374 at 
Ht/P=0.1304 when the lowest is 0.4190 at Ht/P=0.4348 for discharge 
ranging from 1 to 21 l/s. 
 
From the Poleni equation (3a) and Graph 3 and 4, the following 
calculations are made to analyze the relationship between discharge 
coefficient and head to weir height in this experiment: 
 

Table 12. Unvented situations PK Weir and TL Weir comparison 
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In Table 12, with the same head over weir height Ht/P, unvented, PK Weir 
experiences higher discharge Q with lower discharge coefficient Cd, except 
for the ratio Ht/P=0.05 where PK Weir’s Cd is higher than TL Weir’s. The 
differences in discharge percentages vary: 
 

• At Ht/P=0.05, PK Weir discharges 135% more than TL Weir. 

• At Ht/P=0.10, PK Weir discharges 47% more than TL Weir. 

• At Ht/P=0.13, PK Weir discharges 25% more than TL Weir. 

• At Ht/P=0.30, PK Weir discharges 30% more than TL Weir. 
 

Table 13. Vented situations PK Weir and TL Weir comparison 

 
 
In Table 13, with the same head over weir height Ht/P, vented, PK Weir 
experiences higher discharge Q with lower discharge coefficient Cd. The 
differences in discharge percentages vary: 
 

• At Ht/P=0.05, PK Weir discharges 44% more than TL Weir. 

• At Ht/P=0.10, PK Weir discharges 36% more than TL Weir. 

• At Ht/P=0.13, PK Weir discharges 23% more than TL Weir. 

• At Ht/P=0.30, PK Weir discharges 26% more than TL Weir. 
 
From the above observations in Graph 3 and 4, the following deductions 
are made: 
 

• TL Weir has higher discharge coefficients than PK Weir, both in 
vented and unvented situations, under the same ratio head to weir 
height. 

• With the same head over weir height Ht/P, in both vented and 
unvented situations, PK Weir experiences higher discharge Q with 
lower discharge coefficient Cd. PK Weir discharges, from 23% to 
135% more than TL Weir. 

• PK Weir has higher discharge efficiency than TL Weir with more 
length L can fit within the given fixed width W and breath B at a 
given value of Ht/P. 

 



44 
 

 
 

 

Graph 5. Discharge coefficient Cd versus head over weir height Ht/P of PK 
Weir, both vented and unvented situations 

 
In Graph 5, it is seen that additional ramps have almost no effect on the 
discharge coefficient of PK Weir, both in vented and unvented situations. 
In general, PK Weir in unvented situations has slightly higher values of 
discharge coefficients with the same head to weir height values, compared 
to vented PK Weir situations. 
 
The range of discharge coefficient of PK Weir in unvented situations are 
0.3259-0.4959 for PK-U, 0.3211-0.4885 for PKRO-U and 0.3164-0.4814 for 
PKRI-U. The range of discharge coefficient of PK Weir in vented situations 
are lower, 0.2916-0.4260 for PK-V, 0.2873-0.4197 for PKRO-V and 0.2831-
0.4136 for PKRI-V. 
 

There is some sudden increase – decrease in discharge coefficients of 
unvented PK Weir, between head to weir height values of 0.06-0.15. The 
discharge coefficient increases from 0.4055 at Ht/P=0.06 to 0.4581 at 
Ht/P=0.08, then slightly decreases to 0.4543 at Ht/P=0.0974 then 
drastically jumps to maximum 0.4959 at Ht/P=0.1062 and finally continues 
decreasing as Ht/P increasing. 
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Graph 6. Discharge coefficient Cd versus head over weir height Ht/P of TL 
Weir, both vented and unvented situations 

 
In Graph 6, it is seen that weir orientation has no effect on the discharge 
coefficient of TL Weir, both in vented and unvented situations. In general, 
TL Weir in unvented situations has slightly higher values of discharge 
coefficients with the same head to weir height values, compared to vented 
TL Weir situations. 
 
The range of discharge coefficient of TL Weir in unvented situations are 
0.4190-0.6374 for TLM-U, similar for inverse orientation. The range of 
discharge coefficient of TL Weir in vented situations are slightly lower, 
0.3749-0.5476 for TLM-V and 0.3813-0.5538 for TLW-V. 

 
A similar increase – decrease trend in discharge coefficients of unvented 
TL Weir, between head to weir height values of 0.08-0.18, is recognized. 
The discharge coefficient increases from 0.5212 at Ht/P=0.08 to 0.5888 at 
Ht/P=0.1, then slightly decreases to 0.5839 at Ht/P=0.1250 then drastically 
jumps to maximum 0.6374 at Ht/P=0.1304 and finally continues decreasing 
as Ht/P increasing. 

5.2 Limitations of the Research 

1. The pump capacity limited to only 21 l/s. Therefore, this experiment 
was repeated only 21 times and the central limit theory could not be 
done since it requires 30 samples. 

2. The propeller flow meter provided, at times, unexpected velocity 
values downstream. However, this was solved by getting the propeller 
flow meter out of the flume and using of a cloth to clean the propeller 
and placing it back. 
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3. The same positions of the sensors for the entire measurement process 
could not be achieved since it was difficult to adjust them to their initial 
positions with the help of the software. Therefore, the new positions 
were used and recorded for each experiment. 

4. The experiment was limited to two models only, one PK Weir and one 
TL Weir. If this study was undertaken again, PK Weirs with overhang 
cantilevers and other additional configurations should be considered. 

5.3 Comparison of this study with the found research 

 
 
Graph 7. Discharge coefficient Cd versus head over weir height Ht/P of the 
found research from Anderson (2011) and this research 

5.3.1 Similarities between Anderson’s curves and this research’s curves 

• TL Weir has higher values of discharge coefficients compared to PK 
Weir for both experiments. 

• PK Weir has higher discharge efficiency than TL Weir. 

5.3.2 Differences between Anderson’s curves and this research’s curves 

The research by Anderson (2011) has higher values of discharge 
coefficients and larger Ht/P range for both PK Weir and TL Weir than this 
research. This is attributed to the following reasons that already 
mentioned in chapter 2.3.2 above: 
 

• The flume used by Anderson (2011) was 7.30 m long, 0.93 m wide, 
0.60 m deep while in this research it was 10 m long, 0.30 m wide 
and 0.47 m deep. 

• The research by Anderson (2011) used one pump capable of 240.70 
l/s while this research used one pump with a capacity of 21 l/s. 
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• In the research by Anderson (2011), tests were run with flows 
ranging from 7.08 l/s to 240.70 l/s while in this research, the flows 
were from 1 l/s to 21 l/s. 

• The PK Weirs in Anderson’s research (2011) were designed as 4 
cycles while in this research, the weirs are designed as 2 cycles. 

• The Labyrinth Weirs in Anderson’s research (2011) were designed 
as 4 cycles while in this research, the weirs are designed as 2 cycles. 

5.4 Summary of Chapter 

This chapter has explained the graphs of Discharge (Q) versus Water Level 
above the weir crest (Ht), the Discharge Coefficient (Cd) versus Head to 
Weir Height (Ht/P) for both vented and unvented situations for PK Weir 
and TL Weir. A comparison of results of the found research with this 
experiment was carried out. 

6 CONCLUSIONS 

The first chapter of this thesis introduced the background and the need to 
conduct a laboratory experiment to determine the Discharge Coefficient 
of a PK Weir and compare to that of a TL Weir. 
 
To achieve this aim, the following objectives were pursued: understand the 
literature, methodology and findings of the previous study by Businge 
(2020), adapt the methodology for collecting hypothetical data, predict 
from the hypothetical data the Discharge Coefficient of a PK Weir and 
compare to the collected data from the laboratory experiment of a TL 
Weir, discuss the results of the analysis/comparison, ensure the next 
researcher will be able to conduct the actual laboratory experiment 
described in this study. 
 

The second chapter presented the overview of previous literature, its place 
and publication, the methodology used, differences between the previous 
research and this research, weaknesses in the previous research that have 
been strengthened in this research and results of the previous research. 
Topics such as different types of PK Weirs, vented versus unvented 
overflow, effect of weir orientation on TL Weirs and cost comparison 
between PK Weir and TL Weir have been discussed. 
 
The third chapter described the methodology adopted from the previous 
literature and the reasons why it has been adopted, description of the 
experimental setup and the experimental procedure. 
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The fourth chapter presented Tables of Predicted Results for PK Weir and 
Table of Results for TL Weir (Businge, 2020). That led to the plotting of the 
graphs of: 
 

1. A graph of discharge versus water level for both PK Weir and TL 
Weir in vented situation (PK-V, PKRO-V, PKRI-V, TLM-V, TLW-V). 

2. A graph of discharge versus water level for both PK Weir and TL 
Weir in unvented situation (PK-U, PKRO-U, PKRI-U, TLM-U, TLW-U). 

3. A graph of discharge coefficient versus head over weir height for 
the vented situation (PK-V, PKRO-V, PKRI-V, TLM-V, TLW-V). 

4. A graph of discharge coefficient versus head over weir height for 
the unvented situation (PK-U, PKRO-U, PKRI-U, TLM-U, TLW-U). 

5. A graph of discharge coefficient versus head over weir height for 
PK Weir (PK-U, PKRO-U, PKRI-U, PK-V, PKRO-V, PKRI-V). 

6. A graph of discharge coefficient versus head over weir height for 
the M-shape and W-shape TL Weir (TLM-U, TLW-U, TLM-V, TLW-V). 

 

Finally, the fifth chapter explained the graphs of Discharge (Q) versus 
Water Level above the weir crest (Ht), the Discharge Coefficient (Cd) versus 
Head to Weir Height (Ht/P) for both vented and unvented situations for PK 
Weir and TL Weir. A comparison of results of the previous research with 
this experiment was carried out. Deductions were made from graph 
observations: 
 

• TL Weir experiences higher water levels than PK Weir for the same 
discharges, under similar flow conditions, in both vented and 
unvented situations. 

• The differences in water levels varies between the weirs, in both 
vented and unvented situations. However, in general, the 
differences in water levels between TL Weir and PK Weir in vented 
situations are slightly higher. 

• There are little differences between different configurations of PK 
Weir (with or without ramps) and TL Weir (normal and inverse 
orientation), both in vented and unvented situations. 

• With the same head over weir height Ht/P, in both vented and 
unvented situations, PK Weir experiences higher discharge Q with 
lower discharge coefficient Cd. PK Weir discharges, from 23% to 
135% more than TL Weir. 

• PK Weir has higher discharge efficiency than TL Weir with more 
length L can fit within the given fixed width W and breath B at a 
given value of Ht/P. 

• The range of discharge coefficient of PK Weir in unvented situations 
are generally 0.3259-0.4959. The range of discharge coefficient of 
PK Weir in vented situations are lower, around 0.2916-0.4260. 
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• The range of discharge coefficient of TL Weir in unvented situations 
are generally 0.4190-0.6374. The range of discharge coefficient of 
TL Weir in vented situations are slightly lower, around 0.3749-
0.5476. 

RECOMMENDATION 

In the future research, one could run the actual experiment of PK Weir 
based on the predicted data from this research and compare again with 
those data. 
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