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Abstract

A labyrinth weir 15 an attractive alternative for water level control in flat land
where the head is usually limited. It is also useful in a river wherc the weir width is
confined by the topography. The advantages occur because the crest length of a labyrinth
weir is significantly longer than the width of the river. This is achieved by having a plan
form which consist of repeating geometric cycles, typically trapezoidal in form. As a
result large flows can be released at relatively low heads. Trapezoidal and triangular
forms have become the favoured geometric cycles for designers.

This study on a labyrinth weir was undertaken to confirm the operating

parameters as well as to investigate different plan shapes including rectangular,

with a semi-circul ion and reverse i i and

results that the trapezoidal shape with the side wall angle, o« =
0.68 o, and the length magnification, I/w = 2.65 gave the best hydraulic performance
among other labyrinth weir plan forms which were tested in this study. The cffect of
varying the crest width was also investigated in this study. This part of the study focused
on the trapezoidal shape. It was shown that increasing the width of the crest up to 10 mm
(in this case 10% of weir height, P) was not significant in decreasing the flow despite
some frictional losses on the crest. Such a crest is useful when a river has a large

quantity of debris.



The economic advantages of labyrinth weirs were also studied with reference to
the Ciwadas trapezoidal labyrinth weir which was constructed in Indonesia in 1988. This
labyrinth weir was designed to handle the flood flows of 200 m%/s and control water
depths between 1.6 m and 2.35 m. Comparison with a typical weir with gate shows that
this labyrinth weir was more than 25% less expensive.

A computer code for analytical studies was also established. It was shown that for

trapezoidal plan forms, a good between ical results and

data could be achieved. This also confirms the previous theoretical solution proposed by
Hay and Taylor although there is a little difference (0.1) in defining the value of the

energy loss coefficient (contraction) at the entry to the weir.
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Chapter 1

Introduction

1.1. Weirs as control structures

Weirs are constructed to increase water levels by the effect of the backwater
They can also be used to change the distribution of a river’s discharge through its
branches, and to provide suitable conditions for recreation and fisheries, etc. In addition
to this, weirs are also utilized to pass the flood flows by allowing water to overtop.
Raising the water level of a river allows water to enter the intake of an irrigation system,
as well as the intake of a domestic or industrial water supply.

Straight weirs and barrages are two types of control structures which have wide
application in irrigation systems. Although the purpose of both is to increase water
levels, straight weirs differ from barrages in structure. A straight weir is built to maintain
satisfactory water levels behind the weir. When the flood occurs, the water is allowed
to flow over the crest and a gate is not provided (Figure 1-1). A barrage, consisting of

a weir with an undershot gate, is usually built on the flatland area of a river where the
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ratio of maximum flow to minimum flow is quite high. A small, unrestricted, weir is
provided to pass the maximum flow without excessive increase in depth. However water
elevations are likely to be too low with the unrestricted weir at low flows and a gate is
therefore provided (Figure 1-2). This can be closed as the flow reduces to ensurc

satisfactory water levels at all flows between minimum and maximum.

1.2. The sharp crested labyrinth weir

The sharp crested labyrinth weir performs the same function as a barrage in the

sense that an ini| elevation is maintained at low flows without having

excessively high elevations at large flows. However no gate is required and, unlike a
straight weir, a labyrinth weir is distinguished by the plan shape. The geometric design
is not linear. Rather it is varied by using a repeating plan form (see Figure 1-3). As a
result, the weir will consist of a number of cycles. Hence, the water flow is presented
with a greater length of crest as compared with a straight weir occupying the same space.
Because the crest length of a labyrinth weir is significantly longer than that of a straight
weir, the discharge for a given operating head is significantly increased.

The development of labyrinth weirs has been supported by these following
advantages :
a). Due to the increase in the crest length, it provides a lower operating head than a
conventional weir. Thus, the inundation area can be decreased.
b). In case of a sudden change in the flow magnitude the fluctuation of water surface

elevations can be reduced since this weir is suited for use where the ratio of flow
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Figure 1-1 A straight weir
After Slagter (1975).
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Figure 1-2 A barrage
After Slagter (1975).



maximum to minimum is quite high (see Figure 1-4),

c). The energy of the flow is partially dissipated by the interaction of the flows from
adjacent cycles (see Figure 1-3). Therefore a simpler stilling basin floor can be designed.
As a result, the costs of the stilling basin are reduced.

d). If the labyrinth weir is made of reinforced concrete, it will be a lighter structure than
a conventional weir which is usually a massive structure. Consequently, a simpler
foundation of the structure can be designed even though the bottom soils arc poor.
e). Finally, it can be shown (see Chapter 2) that the labyrinth weir is more economical

than a barrage.

1.3. The use of labyrinth weir in Indonesia

‘The Ciwadas labyrinth weir was the first, and is currently the oniy, labyrinth weir
constructed in Indonesia. It is situated at Karawang, West Jawa, 300 km east of Jakarta,
capital city of Indonesia, an area known for its shrimp products. Construction on the
labyrinth weir began on November 27, 1987, and was completed on October 6, 1988,
before the contract completion date on March 3, 1989. The contractor was P.T. Hutama
Karya of Jakarta, Indonesia. The primary purpose of the weir is to provide 12 m'/s
freshwater for a shrimp pond area. For that purpose 1.6 m elevation of water is required
by the intake. This reinforced concrete weir is able to pass the 50 year return period
design flood of 200 ms at a water surface elevation of 2.35 m.

Besides the Ciwadas weir, five other weirs have been designed but construction

is currently on hold. These are, the Maloso Weir in South Sulawesi, Batanghari Weir in
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Figure 1-4 A stage-discharge (Q-H) relationship of the weirs
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West Sumatra, Tami Weir in Irian Jaya, Ubrug Weir ,and Karedok Weir in West Jawa,
Figure 1-5 shows the location of these labyrinth weirs. This study was designed to
enhance the understanding, and therefore the further development, of labyrinth weirs in

Indonesia.

PACIFIC OCEAN

hilippines

Batanghari ¢

INDIAN
OCEAN

Ciwadas, Ubrug
Earedok

FIGURE 1-5 Location of the labyrinth weirs

1.4. The objective of this study

There are several objectives of the present study. The first is to check previous
experimental data of the hydraulic model studies of labyrinth weirs which have been done
by other researchers. The second is to consider and examine the combination of

rectangular and half circle plan form as an alternative geometry (see Figure 1-6). A third
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is to study the cffect of variation in crest width for the trapezoidal plan form. All of these
were based on experimental work. A further objective was to develop a spreadsheet
analysis to provide an analytical solution of the flow over the labyrinth weir crest.

These original objectives were modified during the experimental work because of
some initial findings. When a rectangular plan form was investigated at high flows, an
undular jump was found to occurr over the crest (see Figure 1-7). This was thought to
be due to blocking of the downstream flow. Therefore, a reverse trapezoidal plan form

which increased the blocking was used to study this phenomenon (see Figure 1-8). It was

also found that the ytical solution was and time
and a computer program model was then developed in QuickBASIC to rectify the

spreadsheet one.

downstream

flow
upstream

Figure 1-6 A combination of rectangular and half circle plan form
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Figure 1-7 Flow description over the rectangular shape labyrinth weir at high flows
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Figure 1-8 A reverse trapezoidal plan form



Chapter 2

Economic Analysis of a Labyrinth Weir

2.1. Introduction

Indonesia, the fifth most populous country in the world, has a population which
is estimated to rise to not less than 196 million people by the end of 1995 (World Bank,
1990). According to a ministerial report (Indonesian Ministry of Transmigration, 1988),
more than 80 percent of the people are dependent on agriculture. Water resources
development and irrigation programmes therefore play an important role in improving
the quality of life through a better income distribution and by helping the poor farmer.

The important role of irrigation in i ing rice p ion is d and was

proved by the achi of self i in rice p ion in 1984.

In 1985 the Ciwadas project was launched in accordance with planning and
programming of water resources development to promote fish and shrimp cultivation
through irrigation programmes. The project is situated at the Ciwadas River, Karawang,

West Java, in the lowlands of Java, where the bulk of the rice is grown. Total annual
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rainfall varies from about 1500 mm up to about 2500 mm (Water Resources
Development, 1988). The rainy season, during which 70 percent of the rainfall occurs,
extends from September to March (West monsoon) and the dry season from April to

August (East (Water D 1988). This amount of rainfall

is usually insufficient to grow a wet season crop. The onset of rains is sometimes delayed
and much of the rainfall occurs in high intensity storms.

The Ciwadas River is situated on a flatland area with an average river bed slope
of 4.84x10™. Fifty years of flow records on the Ciwadas River show that the maximum
discharge was 196.25 m’/s whereas the minimum was 4.15 m%s. Thus, the ratio of
maximum to minimum flow is high (47.30). This is a typical value in most rivers in
Indonesia (average value is in excess of 40). Based on those situations, it was decided

that a barrage was the best structure to offer maximum water level control in these

and i iti With a barrage, the water level behind the
weir could be controlled at both low flows and high flows (Hutama Karya, 1985).
However due to expensive construction costs, this alternative was not approved by the
project steering committee.

An optimization cost analysis was carried out using a labyrinth weir as a second
alternative because this weir results in a lower maximum water level than that of a
conventional weir. From the analysis, it was estimated that the labyrinth weir could
reduce the construction costs by 50 percent (Hutama Karya, 1985) and the labyrinth weir
was therefore adopted in this project. As shown in Table 2.6, this estimate was, perhaps,

too optimistic. The two alternative descriptions are displayed in Figure 2-1.
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A detailed economic analysis of a labyrinth weir is presented here to demonstrate
the benefits of using this type of weir. Due to the availability of the Ciwadas project

data, the Ciwadas labyrinth weir was selected as a study case.

2.2. The Ciwadas labyrinth weir and barrage description
2.2.1. Labyrinth Weir

The Ciwadas Labyrinth Weir was completed in 1988. As constructed the weir
consists of seven cycles with a total crest length of 176.60 m within a river width of
61.00 m and has repeated, symmetrical trapezoidal shapes (Figure 2-2 and Figure 2-3).
It is constructed of reinforced concrete with a crest width of 0.30 m and a crest height
of 1.60 m. After the completion of this project, it became possible to provide freshwater

for 600 ha of shrimp ponds by gravitati irrigation. The is conveyed by

the primary freshwater channel and is distributed to two secondary channels through a
distribution structure. Then, the freshwater is conveyed to several ponds where

freshwater and seawater are mixed.

2.2.2. Barrage

Based on a 50 year return period, a design flood of 200 m*/s and 1.6 m minimum
water elevation required by the intake, were used to design the dimensions of the
alternative system. Design calculations (Hutama Karya, 1985) showed that a 1.00 m
height of unrestricted weir and 10 radial gates were required. Each gate would be 5.00

m wide and 1.00 m high (Figure 2-1).



Figure 2-2 A situation of Ciwadas labyrinth weir
After Hutama Karya (1989).
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Figure 2-3 A plan of Ciwadas labyrinth weir
After Hutama Karya (1989).
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2.3. Cost comparison of barrage and labyrinth weir
In this analysis, costs are defined in two ways. The first is in terms of

construction costs while the second is in terms of operation and maintenance costs.

2.3.1. Construction Cost

The analysis of construction costs is broken into two parts. The first is for the
labyrinth weir, and the second is for the barrage. The costs of two sluice gates (2.36 m
x 1.75 m and 2.36 m x 2.35 m) for sediment flushing, removal of the existing weir,
trash racks, an access road, lighting for works, a diversion channel, a cofferdam,
dewatering, and a bridge for works were excluded from cach analysis, because all of
these were required both by a labyrinth weir and by a barrage. The contractor’s report
(Hutama Karya, 1989) showed that the actual construction costs for those works was
US $ 377,094 (based on 1988 prices and an exchange rate of Rp.1650/US $).

Both designs would require dykes to be constructed upstream. These would be
located on either side of the river and would protect the surrounding land against flooding
at the higher water levels. However both alternatives were designed for the same
maximum water level. The dykes required by the labyrinth weir and the barrage would
therefore be of the same size. Design calcuiations (Hutama Karya, 1985) showed that a
3.00 m height and 2500 m length of dykes were required. The cross section of the dykes
was trapezoidal with 2.00 m top width and 6.00 m base width for both alternatives. Costs
would therefore be the same and dyke costs are therefore not given in this analysis. The

contractor’s report (Hutama Karya, 1989) showed that the actual construction costs for



17
a dyke was US $ 88,712 (based on 1988 prices and a1 exchange rate of Rp.1650/US $).

The labyrinth weir

Details of actual construction costs incurred by the labyrinth weir are listed in
Table 2.1. The unit, number of units, unit price, and total costs were all taken from the
contractor’s final report (Hutama Karya, 1989). 'Extras’, given in row 15 Table 2.1,
refers to the costs discussed above. As shown in Table 2.1 the total specific cost of a
labyrinth weir was US $ 659,432.36. When the extra costs noted above are added the
real total cost of a labyrinth weir becomes US $ 1,036,527. Dyke costs would be in

addition to this amount.

The barrage

The initial design report (Hutama Karya, 1985) which compared capital costs of
a barrage with a labyrinth weir did not give detailed costs of the barrage. Total costs of
a barrage were estimated without detailing the number of units and unit prices of each
item of works. Instead of accepting thesc total costs, it was decided to attempt a more
accurate estimate of unit numbers and unit prices. Therefore the design of the New
Rentang barrage in Cimanuk River, West Java (Puslitbang Pengairan, 1973) was used
as a reference to estimate the number of unit costs and some of the unit prices of a
barrage. The numbers of units of each item of work were estimated by adjusting
according to the dimensions of the Ciwadas barrage relative to that of the New Rentang

barrage. These are shown as items 1, 2, 3, 5, 6, 7, 8, 13, 14, 15 and 16 in Table 2.2.
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Some of the unit prices were taken from the final report of contractor (Hutama Karya,

1989) since some of the barrage works were also reuired for the labyrinth weir works,
such as items 1, 6, 8, 14 and 15 in Table 2.2. The remaining unit prices, for items 2,
3, 5,7, 13 and 16, were taken from the design of the New Rentang barrage (Puslitbang
Pengairan, 1973) with an adjustment made to transfer from 1972 prices to 1988 prices.

‘The number of units and unit prices of items 4, 9, 10, 11, and 12 in Table 2.2
were estimated in consultation with the staff of P.T. Barata, an Indoresian metal works
company (Wibowo, personal communication, 1993).

Estimated construction costs are displayed in Table 2.2. *Extras’, given in row
17 Table 2.2 again refer to the costs discussed in Section 2.3.1. As can be seen from
Table 2.2 the total estimated cost required only by a barrage is US $ 826,827.68. If the
extra costs detailed earlier are added the total estimated cost of a barrage becomes US
$ 1,203,922. Dyke costs are again additional to this amount. The design calculation
(Hutama Karya, 1985) estimated the total construction costs of a barrage at US §
1,607,818 which is about 34 percent higher than author's estimation. Presumably this
difference is because the contractor over-estimated the number of units in some works.
It is considered that the estimate given here is more accurate since it is based on actual

construction costs at another barrage which has been constructed in a similar area.

Discussion
As can be seen from Table 2.1 and Table 2.2 the capital costs of a labyrinth weir

and a barrage are US $ 1,036,527 and US $ 1,203,222 respectively. Thus the capital cost
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of the barrage is about 20 percent higher than that of the labyrinth weir. This assumes
that both alternatives have the same life time. However, as shown in Table 2.2, one of
the major costs relating to the construction is the cost of the gate and its facilities (items
4,9, 10, 11, and 12) which amounts to US $ 362,341. This is approximately 30 percent
of the cost of the barrage. These items are not required for the labyrinth weir. Whereas
the labyrinth weir is comprised entirely of civil works (with the assumption of a life time
of 50 years), part of the barrage (the gates and power equipment) is mechanical works
with a life time of only 25 years (Lye, 1992). Therefore, the different life time should
be taken into account, by reducing both capital costs to an annual cost of debt

repayments.

‘The annual capital cost

In this calculation the capital costs of the barrage will be broken into two parts.
Part one deals with the civil works, and part two deals with mechanical works. The total
cost of these mechanical works, items 9, 11, and 12 in Table 2.2 is US $ 293,347. If the
total costs for mechanical works are subtracted from the total then the estimated cost of
the civil works of the barrage becomes US $ 910,575. The annual cost of both
alternatives at different interest rates has been obtained and displayed in Table 2.3. As
shown in Table 2.3, the cost ratio tends to decrease as the interest rate increases. It is
likely that the difference of annual capital cost between both alternatives is significant at

lower interest rates (<8%).



TABLE 2.1

‘Table of actual construction cost of the labyrinth weir
(Based on 1988 prices and exchange rate of Rp.1650/US $)
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No. ITtem Unit No. of Unit Total
units Price (us$)
(Us §)
(0] ) (] “@ ) ©)
THE LABYRINTH WEIR
L=1766m W=6lmP=16m
1. | Structure excavation works o 23,892.00 5.43 | 129,733.56
2. | Soil improvement o 3,764.00 13.19 | 49,647.16
3. | Wooden sheetpile works, constructing no. 46,446.00 1.87 86,854.02
from circular piles 8 cm diameter
and 5 m long.
4. | Concrete works, 1:3:5 o 654,00 40.98 |  26,800.92
cement/sand/gravel mix
5. | Concrete works, 1:2:1 w 1,632.00 85.13 | 138,932.16
cement/sand/gravel mix
6. | Steel used as reinforcement kg | 237,755.00 039 | 92,724.45
7. | Wooden sheetpile for foundation, no. 2,875.00 2.85 | 8,193.75
constructing from circular piles 10 cm
diameter and S m long.
8. | Masonary works for the flank walls, o 596.00 3172 | 18,905.12
with 1:4 cement/sand mix as a filler
material; stone 30 cm in diameter
9. | Finishing mortar, m? 831.00 131 1088.61
-1:2 cement/sand mix
10. | Finishing mortar, o 174.00 1.40 243.60
-1:3 cement/sand mix
11. | Rip-rap; stone, diameter = 30 cm m 686.00 30.15 20,682.90
12. | Backfill without compaction w 5,910.00 1.43 8,451.30
13. | Bamboo weave wall m 49.00 1.53 74.97
14. | Excavation of mud m 16,096.00 4.79 | 77,099.84
Sub Total 659,432.36
15. | Extra costs - - [ - | 377,094.00
1,036,527




TABLE 2.2
Table of estimated construction cost of the barray
(Based on 1988 prices and an exchange rate of Rp.. lGSGIUS $)
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No. Item Unit | No.of Usit | Total
units Price wss)
Uss)
[} @ [©) @ (O] ®)
THE BARRAGE
W=6.00m,P=10m
1. | Main structure excavation o | 26285.00 5.43 | 142727.55
2. Steel sheetpile cut-off m 1220.00 53.24 64952.80
3. | Concrete in the stilling basin floor, w 76250 | 55.66 | 42440.75
1:2:3 cement/sand/gravel mix
4. | Concrete in the piers, and the slabs o 53625 | 70.85 | 37993.31
-1:2:2 cement/sand/gravel mix
5. | Concrete in the main weir, w 468.75 | 70.85 | 3321094
-1:2:2 cement/sand/gravel mix
6. | Concrete in the bridge decks, 1:2:1 w 14640 | 8513 | 12463.03
cement/sand/gravel mix,(61x810.3)m?
7. | Backfill & Compaction w 4920.00 195 |  9594.00
8. | Masonary works m 1260.00 | 3172 | 39967.20
9. | The equipment to operate the 10 radial | no. 10.00 | 12130.0 | 121300.00
gates
10. | Housing for control and operation of 10 | no. 10.00 | 3100.00 | 31000.00
radial gates
11| (a) 10 radial gates: Smx 1 m kg | 2253000 455 | 102511.50
(®) 10 gate hoists 11265.00 6.09 | 68603.85
12. | Synthetic rubber waterstop m 75.00 | 1242 931.50
13. | Handmils m 22600 | 2893 | 653818
14. | Excavation of mud w 17705.60 479 | 84809.82
15. | Rip-rap; stone, diameter = 30 cm ™ 823.50 | 3015 | 2482855
16. | Filter-materials @ 38125 7.75 2954.70
Sub Total 826827.68
17. | Extra costs = | - -| 377094.00
Total 1,203,922
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‘TABLE 2.2 (continued)
Note : W = crest length; P = crest height
: Unit prices were taken from Hutama Karys, 1989 & Puslitbang Pengairan, 1973, and No. of units
were calculated as indicated in text.

TABLE 2.3
Table of annual cost of the barrage and the labyrinth weir
(Based on 1988 prices and exchange rate of Rp.1650/US $)

Inte- | Capital | Annual | Capital | Annual | Annual Annual | Cost
rest Recovery Cost of Recovery Cost of Cost Cost Ratio
rate | Factor | Mechani- | Factor Civil of of
n=125 cal n=5 | Works a (biw)
(%) years Works years | abarrage | nbarrage || labyrinth
(Riggs | abarrage | (Riggs | (US$) (US $) weir | (6):(7)
etal, | (US$) | eal, @+6) | ws$)
1986). 1986).
o @ [©)] @ ) ©) m ®)
0.05743 | 16846.92 | 0.03887 | 35394.05 | 52240.97 [l 40289.80 | 1.30

3

5 0.07095 | 20812.97 i 0.05478 | 49881.30 | 70694.27 56780.95 1.25
7 0.08581 | 25172.11 1 0.07246 | 65980.26 91152.37 75106.75 1.
8

9

0.09368 | 27480.75 1 0.08174 | 74430.40 10191115 || 84725.72 1.20
0.10181 | 29865.66 1 0.09123 | 83071.76 112937.42 || 94562.36 1.19
10 0.11017 | 32318.04 i 0.10086 | 91840.59 124158.63 || 104544.11 1.19

11 0.11874 | 34832.02 1 0.11060 | 100709.60 | 135541.62 | 114639.89 | 1.18
12 0.12750 | 37401.74 1 0.12042 | 109651.44 | 147053.18 || 124818.58 1.18
13 0.13643 | 40021.33 1 0.13029 | 118638.82 | 158660.15 || 135049.10 | 1.17

15| 0.15470 | 45380.78 1 0.15014 | 136713.73 | 182094.51 | 155624.16 | 1.17
Note : (3) = (2) * tolal cost mechanical works of a barrage.

(5) = (4) * total cost civil works of a barrage.
(7) = (4) * total cost of a labyrinth weir.

2.3.2. Operation and Maintenance Cost

Due to the absence of detailed actual costs for operation and maintenance of both

alternatives, it was decided to use the costs for operation and maintenance of a labyrinth
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weir given in the contractor’s final report (Hutama Karya, 1989). These gave costs for

the labyrinth weir directly but needed some interpretation to be used for the barrage.

Labyrinth Weir

Two people are required to operate and maintain the sluice gate (Hutama Karya,
1989). As displayed in Table 2.3, the estimated operation and maintenance costs for the
labyrinth weir is only US $ 5,321. Most of this is for painting, grass cutting and salaries.
All of the maintenance works (items 3 to 8) are usually contracted out since these works

require many people and are part time in nature.

Barrage

An estimation of annual operation and maintenance costs of a barrage was not
prepared by the contractor. All of the estimated unit prices in this analysis were then
made with reference to the contractor’s final report (Hutama Karya, 1989). This was
decided because in general the operation and maintenance works required by a barrage
are similar to those for the labyrinth weir except for operating the radial gates.

‘The number of units required in each item was considered to be the same as those
calculated for the labyrinth weir except that it was considered that at least four people
would be required to operate 10 radial gates as well as to maintain the sluice gate. In
addition, the annual operation cost of the gate and hoist was estimated as 1.5% of the
capital cost of gate and hoist (Lye, 1992). As shown in Table 2.4, the estimated cost is

US $ 8,977, which about twice that of the annual costs of operation and maintenance for
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the labyrinth weir. Most of this is for operation and maintenance of 10 radial gates,

salaries, painting and grass cutting.
All of the maintenance works (items 4 to 9) are usually contracted out since these

work require many people, and are again part time.

TABLE 2.4
Table of estimated annual operation and maintenance cost of the labyrinth weir

(Based on 1988 prices and an exchange rate of Rp.1650/US $)
No. ITtem Unit No. of Unit Total
units Price. (Us $)
(uss$)

m @) 3) (O] ®) ©

THE LABYRINTH WEIR

Operation Cost
1. [ Lubrication oil r kg l;zoml 3.03 r 60.60
2. I Personnel cost no [ z.ooJ 544.50 I 1089.00

i Cost
3. | Painting works m? 200.00 9.08 1816.00
4. | Grass cutting o 10000.00 0.16 1600.00
5. | Repair of masonary works o 500 | 3025 151.25
6. | Repair of soil works o 100.00 1.51 151.00
7. | Sediment excavation o 50.00 3.2 151.00
8. | Debris cleaning m 100.00 3.02 302.00
Total 5,320.85

Source : Hutama Karya, DB,



TABLE 2.5
Table of estimated annual operation and maintenance cost of the barrage
(Based on 1988 prices and an exchange rate of Rp.1650/US $)

No. Item Unit No. of Unit Total
units Price s s)
uss)
m @ (O] @ ®) ©)
THE BARRAGE
Operation Cost

1. | Lubrication oil kg 20.00 3.03 60.60
2. | Personnel cost no 400 | 544.50 2178.00

(author's

estimation)
3. | Gate & Hoist - - - 2567.00
(Lye,'92)
Maintenance Cost

4. | Painting works m 200.00 9.08 1816.00
5. | Grass cutting o 10000.00 0.16 1600.00
6. | Repair of masonary works o 5.00 | 3025 151.25
7. | Repair of soil works o 100.00 1.51 151.00
8. | Sedimeat excavation o 50.00 3.02 151.00
9. | Debris cleaning o 100.00 3.02 302.00

Total 8,976.85
jurce : Hutama ‘except

Total Annual Cost

Since the annual operation and maintenance cost of each alternative is different,
this difference should be taken into account by adding the annual cost to the annual
operation and maintenance costs as shown in Table 2.6. Then the cost ratio of each
alternative can be computed. As can be seen in Table 2.6, the cost ratio of the barrage
to the labyrinth weir varies from 1.19 to 1.34. Again, the labyrinth weir would be a

more attractive alternative than the barrage, especially when the interest rate is low. For
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example, in Indonesia, the interest rate for water resources projects is usually about 7%
(Water Resources Development, 1984). At that interest rate the total annual cost of the
barrage is US $ 100,129 and that of the labyrinth weir is US $ 80,428 (Table 2.6.). The

cost ratio of the barrage to the labyrinth weir is thus 1.24.

TABLE 2.6
Table of total annual cost of the barrage and the labyrinth weir
(Based on 1988 prices and an exchange rate of Rp.1650/US $)

Interest | Annual capital | Total annusl || Annual capital | Total annual | Cost ratio
rate cost of cost of cost of cost of (b/w)
(%) a barrage a barrage a labyrinth a labyrinth

s ) ws$) weir weir 3):5)
s $) s $)
[0 @ ®) @ ®) ©)
3 52240.97 61217.82 40289.80 45610.65 1.34
s 70694.27 79671.12 56780.95 62101.80 1.28
7 91152.37 100129.22 75106.75 80427.60 1.24
8 101911.15 110888.00 84725.72 90046.57 1.23
] 112937.42 121914.27 94562.36 99883.21 1.22
10 124158.63 133135.48 104544.11 109864.96 121
11 135541.62 144518.47 114639.89 11996074 1.20
12 147053.18 156030.03 124818.58 130139.43 1.20
13 158660.15 167637.00 135049.10 140369.95 119
15 182094.51 19107136 155624.16 160945.01 119
2) + aonual O+ M cost of the barrage,

[&]
(3) = (4) + annual O+M cost of the labyrinth weir.
2.4. The prospect of applying the labyrinth weir

Table 2.6 showed that the total annual cost of debt repayments ratio of the barrage
to a labyrinth weir is between 1.19 and 1.34. On average the labyrinth weir annual cost

is about 25 percent lower than that of a barrage. This is less than the 50 percent
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difference estimated by P.T. Hutama Karya as discussed in Section 2.1. Reasons for the
difference were suggested in Section 2.3.1. Thus, it can be said that in situations where
funding is the only consideration, the labyrinth weir is a better alternative because it
requires a lower cost than a barrage. However, a barrage may be a better political
alternative since it can help to develop and support the development of a metal works
industry.

As a comparison, on a large project such as the Ute Dam in the United States of
America, the United States Department of the Interior Bureau of Reclamation (USBR)
estimated the cost for the labyrinth spillway (1984 prices) at US $ 10 million compared
to a gated spillway costed at US $ 34 million (Hinchliff and Houston, 1984).

In conclusion, the benefits of using a labyrinth weir in a small project such as
Ciwadas and in a large project such as Ute Dam are significant and it is likely that the
benefits exist over a range of sizes.

Finally, it also can be concluded that a labyrinth weir is the best alternative for
Indonesia, and its use should be encouraged in Indonesia due to a number of reasons.
These include :

a). It requires a low technology of operation and maintenance.

b). It is easier to build than the barrage.

c). All materials and labour required by a labyrinth weir are available locally.

d). It requires a lower capital cost than that of a barrage as shown in Table 2.6. This
capital cost in developing countries such as Indonesia is the main consideration since the

funding is usually borrowed.



Figure 2-5 An upstream view of Ciwadas labyrinth weir
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Chapter 3

Literature Review

The major papers, reports or investigations directly pertaining to labyrinth weirs
which have been carried out prior to the current study will be reviewed separately in this
chapter. Experimental work is emphasized in this chapter, and details of theoretical work
are provided in chapter 4. Before the review of prior works is discussed, it is useful to
describe briefly the existing labyrinth weirs which have been installed up to now. At the

end of this chapter, a discussion is provided to summarize previous work.

3.1. Labyrinth weirs which have been constructed

Among the geometries of labyrinth weirs, the symmetrical triangular and
trapezoidal plan form have been developing since the 1940s. However, the trapezoidal
plan is the form most used in many countries, because it is easiest to construct. Table 3.1

presents some trapezoidal planform labyrinth weirs which have been built to date.
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TABLE 3.1
Existing trapezoidal shape labyrinth weir installations
No. Name of Year of n P w I Reference
Location completion ) | ()
m (] [©)] (G ) © (U] ®)

1. | Avon Dam, Sydney 1970 10 3.00 | 13.54 | 26.46 | Darvas,
New South Wales 1971y
Australia

2. | Hyrim Dam - 2 | 366 | 9.14 | 4572 | Houston.
Hyrum, Utah (1983)
USA

3. | Mercer Dam 1972 4 | 457 | 549 | 17.60 | Lux lkand
Dallas, Oregon Hinchliff,
USA (1985)

4. | Ute Dam 1984 14 | 9.4 | 18.29 | 73.16 | Houston,
Logan, New Mexico (1982)
USA

5. | Ciwadas Weir 1988 7 1.60 | 7.70 | 25.00 | Hutama
Karawang, Jawa Barat Karya,
Indonesia (1989)

6. | South Heart Dam 1988 2 4.00 [ 1175 | 60.20 | Tacail
Northern Alberta, etal.,
Alberta-Canada (1990)

crest height; A of one-cyc Teveloped crest Ten

3.2. N. Hay and G. Taylor experimental and theoretical works
Taylor (1968) performed a series of experiments using various labyrinth weir

geometries : trapezoidal, triangular, and rectangular plan forms. Parameters which

influenced the labyrinth weir flow and would be examined in the experimental study were

determined before the model test was started (sce Figure 3-1). These include :

® The flow magnification, Q./Qy, which is the ratio of discharge over a sharp crested

labyrinth weir, Qy, to the discharge over a sharp crested straight weir, Qy. The flow Qy

was calculated from a standard weir equation (Eq. 4.1) using the experimental values of
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NOMENCLATURE

w = width of one-cycle
W - total width of two-cycle

a = hall length of tip sections
normal to the flow direction

b = length of one side wall

o - engle of side walls lo
malin flow direction

| = developed crest length
of one-cycle

L = total developed crest
length

I=4a+2b n=2
L=8a+4b

We2w

[ water surface profile |

downstream water surface profile

SECTION X-X'

P = weir hsight

H - depth over the crest

Figure 3-1 Diagram indicating the notation used in Hay and Taylor experimental
and theoretical works. Modified from Taylor (1968).



n

H and P corresponding to the value of Q.. Q_ was the experimental value of labyrinth
weir discharge. This flow magnification will here be used to represent the performance
of a labyrinth weir.
® The length magnification, L/W. This is the ratio of length of the labyrinth weir to the
length of presumptive straight weir. Alternatively W may be considered as the width of
the channel containing the labyrinth weir.
® The flow depth to weir height ratio, H/P, which is the ratio of the flow depth over the
weir crest to the height of the labyrinth weir.
® The vertical aspect ratio, w/P, is the ratio of the width of one-cycle of the labyrinth
weir to the height of the labyrinth weir.
® The side wall angle, « is the angle of the side wall of the labyrinth weir to the main
direction of the flow. Rectangular geometry will result if « = 0°.
© The number of weir cycles in plan, n.

The domain of Taylor’s experiment is briefly described below :
a). The flow depth to crest height ratio (H/P) varied from 0 to 0.5.
b). The length magnification (L/W) ranged from 2 to 8.
c). The vertical aspect ratio (w/P) presented values between 2 and 4.5.
d). The side wall angle () tested varied from 0° to 20°.
). The crest height (P) varied from 12.88 cm to 18.03 cm.
f). The number of weir cycles (n) observed varied from one to three.

They compared the flow over the labyrinth weir with the flow over a presumptive

straight weir of a length equal to the total width of the labyrinth weir channel. Values
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of Q,/Qy must always be in excess of 1.0. Half inch thick perspex sheet weir models
were set in a test channel 4.9 m long, 0.91 m wide, and 0.36 m high. Developments to
the models, such as change in channel bed elevation, presence of aprons, nappe
interference, and alternative crest sections were noted.

The results of all model tests were plotted in the form of flow magnification
(Q/Qy) against depth to crest height ratio (FH/P) for each value of the length
‘magnification (L/W), vertical aspect ratio (w/P), side wall angle (c), and number of weir
cycles (n).

From the experimental work, the following general conclusions can be drawn.
a). Generally, the flow magnification, Q./Qy of all labyrinth weirs tends to decrease as
the value of flow depth to crest height ratio increases (Figure 3-2 and Figure 3-3). This
is as expected, since at low flow depth the interaction between flow from adjacent cycles
is not significant. On the other hand, as the flow depth increases, the interference of the
flow from adjacent cycles is serious. As a result the flow capacity of each cycle reduces.
Hence the flow magnification decreases. However, in the rectangular plan form, it was
found that a small increase in flow magnification value occured at particular points on
the curves.

b). As the length i ion increases, the i ss of the weir’s performance

declines. Also, it was observed that the weir behaves best when the value of the length
magnification, L/W = 2. This is because at L/W = 2, the labyrinth weir acts almost as
a straight or linear weir for which L/W = 1.

). The effect of the vertical aspect ratio, w/P is not significant in changing the labyrinth
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Figure 3-2 Hay and Taylor design chart for triangular
plan form labyrinth weirs constructed without aprons,
w/P=2.5, with downstream interference (zero change
in bed elevation), side wall angle, o=, .

After Hay and Taylor (1970).
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Figure 3-3 Hay and Taylor design chart for trapezoidal
plan form labyrinth weirs constructed without aprons,
w/P22.0, with downstream interference (zero change
in bed elevation), side wall angle, & = 0.75 0y, .

After Hay and Taylor (1970).
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weir’s performance if the value of w/P = 2.5 for a triangular ptan form, and if the value
of w/P = 2.0 for trapezoidal geometry.

d). The flow magnification value improves with a rise in the value of « for a given L/W.
It was recommended, for maximum performance, that the side wall angle, o should be
as large as possible. The maximum value, a,,, is the angle produced by a triangular
shape.

). The number of weir cycles, n does not effect the value of Q,/Qy.

f). The presence of aprons in both upstream and downstream channels (Figure 3-4)

decreases the i of the flow

g). A decrease in channel bed elevation downstream (Figure 3-5) causes a small
improvement in performance.
h). An alteration in crest section shape from sharp to semi-circular (Figure 3-6) improves
the performance by up to 20 percent compared to that of a sharp crest. This increase
accurred under conditions of full acration when the flow springs free over the total length
of the labyrinth weir crest (Tacail et al., 1990).

In addition, Hay and Taylor (1969) developed a computer program to predict the
performance of labyrinth weirs. Results from the computation agreed with the results

from the model tests with a di between ical and i around 4

percent except for a rectangular geometry. One of these comparisons is given in Figure
3-7. The computer model analysis was based on a momentum approach given by Nimmo
(Taylor,1968), and was coded in ALGOL. This computer model was proposed to help

designers in pre-design of the labyrinth weir. Details are given in Chapter 4.
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crest

n
upstream ypstrea™ L
channel bed

downstream
channel bed

upstream apron means apron located
on upstream channel bed

crest

upstream
channel bed

downstream
channel bed

downstream apron means apron located
on downstream channel bed

Figure 3-4 Sketch illustrating the presence of aprons in both upstream and downstream
channel. Modified from Taylor (1968).
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A decrease In channel bed elevation
(no downstream Inter ference)

Figure 3-5 Sketch illustrating a decrease in channel bed elevation.
Modified from Taylor (1968).

Flow +«—— Flow

Sharp crest section Semi-circular crest section

Figure 3-6 Model crest sections tested in Taylor’s experimental work.
Modified from Taylor (1968).
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V is velocity, for triangular plan form labyrinth weirs and
no downstream interference. After Hay and Taylor (1969).
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Due to the better performance of triangular and trapezoidal plan forms compared
to rectangular geometry and a close agreement between theoretical and experimental
results for both geometries, Taylor recommended the use of triangular and trapezoidal
plan forms for the design of a labyrinth weir. Two design charts were provided for
triangular (o = o, ) and trapezoidal (o = 0.75 a,, ) plan form sharp crested labyrinth

weirs constructed without aprons as shown previously in Figure 3-2 and 3-3.

3.3. Discussion by Louis A. Darvas

To some extent Darvas (1971) agreed with Hay and Taylor's analysis that
parameters L/W, w/P, o, and H/P determined the flow capacity of the labyrinth wcir.
However, he criticized the method of presentation which was proposed by Hay and
Taylor as an indirect presentation of the performance of the labyrinth weir. In particular
he criticized the use of a presumptive linear weir to calculate the flow magnification
values. Thus he proposed to simplify the method of calculation by excluding the
presumptive linear weir.

As an alternative he promoted a more direct design chart in which a labyrinth
weir discharge coefficient, C,, is plotted against the length magnification, L/W for a
series of constant values of the flow depth to crest height ratio, H/P. In other words, he
preferred to express the efficiency of a labyrinth weir in terms of the discharge
coefficient, C,, rather than by flow magnification, Q,/Qy as can be seen in Figure 3-8.

Then, the labyrinth weir discharge was obtained using (Darvas, 1971) :
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where Q, is the discharge over the labyrinth weir crest in ft'/s, C, is Darvas’ discharge
coefficient, W is the total width of the labyrinth weir in ft, and H is the flow depth over
the crest of the labyrinth weir in ft.

This design chart was based on three dimensional hydraulic model studies of
Avon and Woronora labyrinth weir spillways. These were conducted at the Metropolitan
Water Sewerage and Drainage Board (MWS&DB) Hydraulic Laboratory, Sydney,
Australia. Darvas showed that the results of these model tests were in close agreement
with the results given by Hay and Taylor.

Darvas’ tests were carried out under the following conditions :
a). The length magnification (L/W) ranged from 1 to 8.
b). The flow depth to crest height ratio (H/P) covered was from 0.2 to 0.6.
). The side wall angle (cx) was greater than 0.80 times opy,.
d). The vertical aspect ratio (w/P) was greater than 2.0.
¢). There was free flow over the weir.
f). The shape tested was a trapezoidal plan form with a horizontal channel bed and a
quarter of a circle crest (see Figure 3-9).

Darvas only proposed an altemative way of presentating the labyrinth weir’s
performance rather than further improvement of the labyrinth weir design. Darvas’
design chart however can be used in a straightforward manner without knowledge of the

flow over the linear weir.
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24

22

Figure 3-8 Darvas design chart for quarter-round crest
trapezoidal plan form labyrinth weirs constructed without
aprons, w/P = 2, and side wall angle, o = 0.8 o, .
After Darvas (1971).
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+————  Flow +~——— Flow

Sharp crest section Quarter-round crest section

Figure 3-9 Sketch illustrating sharp crest section and quarter-round crest section.
Modified from Houston (1982 and 1983).

3.4. USBR Hydraulic Model Study of Ute Dam Labyrinth Spillway

Along with a hydraulic model study of the Ute Dam Labyrinth Spillway, the
United States Department of the Interior Bureau of Reclamation (USBR) reviewed the
Hay and Taylor design curve (Houston, 1982). Two points regarding the previous design
curve were criticised by them. The first was the use of only 1 depth measurement (H)
without consideration of the velocity head (H, = V?/2g) when the design curves were
developed. The second was the limitation in using these design curves, since they only
covered H/P values from 0 to 0.5 (Figure 3-2 and Figure 3-3).

Because of these « riticisms half inch thick and 0.1524 m high aluminum labyrinth

weir models were tested in a flume 10.97 m long, 0.76 m wide, and 0.61 m high. The
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model tests were run for trapezoidal and triangular planform sharp crested labyrinth

weirs. The results of all model tests were also plotted in the same way as Hay and
Taylor’s design curves. Modified design curves were then developed for the value of w/P
= 2.5. The Q,/Qy and L/W values ranged from 2 to 5, and the H,/P values where H,
= (H + H,) were between 0 and 1.0 as shown in Figure 3-10. Because there was a
different concept in determining the head values, the bureau design curves have a lower
discharge magnification, Q./Qy than Hay and Taylor’s design curves at the same value
of L/W and H/P. Houston attributed this difference entirely to the difference used in
defining the value of H. In Hay and Taylor's work H was taken as the depth of flow
above the crest whereas Houston used depth plus velocity head (H,). These two head
concepts were investigated in the present work (see Appendix E) and there was little
difference in results.

From the experimental results, Houston also found that the triangular planform
was the best geometry and recommended the use of this plan in the design of the
labyrinth weir. The reason for this is that the triangular plan gave a slightly higher flow
than the trapezoidal geometry under the same total head and length magnification.

The other interesting result from the model tests was the use of a splitter pier on
the crest of each cycle of the labyrinth weir (Figure 3-11). The benefit of using this pier
was to provide aeration along the full length of each side wall, so the negative pressure
which usually occurs at a low discharge could be reduced.

A modified design curve then was used to design the 14-cycle Ute Dam labyrinth

spillway. This labyrinth spillway was tested in a 1:80 scale model. The result of the
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experimental study showed that this 14-cycle labyrinth spillway was able to pass the

desired maximum discharge. The first 10-cycle labyrinth spillway designed using Hay

and Taylor's (1970) design curves could not pass this maximum discharge.

n
0 0.2 0.4 0.6 0.8 1

H/P or HOIP

Figure 3-10 A comparison of USBR and Hay & Taylor design
curves for triangular plan form weir, w/P = 2.5, side w:

angle, @ = ap,,, with downstream interference (zero change

in bed elevation). After Houston (1982), Hay and Taylor (1970).
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Figure 3-11 Splitter pier location and dimensions.
After Houston (1982).
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3.5. USBR Hydraulic Model Study of Hyrum Dam Auxiliary
Labyrinth Spillway

‘The United States Department of the Interior Bureau of Reclamation (USBR) also
performed 1:30 scale model tests on a two-cycle Hyrum Dam labyrinth spillway with a
trapezoidal plan form of a crest height, P, equal to 3.66 m and length magnification,
L/W equal to 5 (Houston, 1983). The study was initially focused on determining the
effect of the direction of the labyrinth spillway, ie to locate one apex downstream and
two apexes upstream or vice versa. The effect of approach conditions on the spillway
orientation was also studied (Figure 3-12).

From the results of the investigation, it was shown that the labyrinth weir, which
had a length magnification of five and two apexes located upstream, was less efficient
hydraulically than the labyrinth weir with two apexes located downstream. Nevertheless,
based on a study of the effect of approach conditicns, it was concluded that the use of
a good entrance condition had more significant effects on the efficiency of the spillway
than the orientation of spillway. A good entrance condition is a curved approach as
indicated in Figure 3-12. Thus the labyrinth spillway entrance conditions are more

meaningful than the labyrinth spillway orientation.
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Figure 3-12 Schematic of the spillway approach condition and labyrinth weir orientation
tested in the hydraulic model studies. (Flow direction from top to bottom).
After Houston (1983).
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3.6. J. Cassidy et al. on Hydraulic Model Study of Carty Dam
Labyrinth Spillway

The main objective of this hydraulic model study was to verify the labyrinth
spillway design for Carty Dam. This was based mainly on Hay and Taylor's work
(Cassidy et al., 1983). A triangular plan form with a semi-circular crest was chosen for
the design of the Carty dam labyrinth spillway. Model tests were carried out by the
Albrook Hydraulics Laboratory at Washington State University.

The results of the model test were plotted in the form of flow rate over the
labyrinth spillway against the reservoir water surface elevation. The experimental results
indicated that, at the higher flow depths, the flow capacity of the labyrinth spillway
proved to be 20 percent to 25 percent lower than values extrapolated from the Hay and
Taylor design curve. It was pointed out that the chute width of the labyrinth spillway
depend on the developed length of labyrinth spillway. Increase in the developed length
of the labyrinth spillway without increasing the chute width of the spillway reduced the
effectiveness of the labyrinth spillway, particularly at higher flow. The model tests also

agreed with the results of the hydraulic model study of Hyrum Dam (Houston, 1983) that

the use of a curved approach channel is signi: ini ing the weir’s eff

especially at higher flow rates.
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3.7. A.P. Magalhdes
In his paper, Magalhdes (1985) reported the results of hydraulic model studies of
Harrezza Dam, Dungo Dam, and Keddara Dam Labyrinth Spillways which were carried
out at the Portuguese National Laboratory of Civil Engincering (LNEC) in 1980, 1981,
and 1984 respectively (Magalhdes,1985). In the case of the Harrezza Dam Labyrinth
Spillway, for H/P > 0.54, the actual discharge was 17 percent lower than the predicted
discharge from the Hay and Taylor, and the Darvas design curves. This difference
underlined the necessity of hydraulic model tests to verify the design of labyrinth weirs.
Furthermore, Darvas’ design chart was revised by Magalhdes by presenting a
dimensionless coefficient of discharge, u,, as shown in Figure 3-13. Then, the discharge

over the labyrinth weir was calculated using (Magalhaes, 1985) :

P 3.2

Note that :

c, =yzg n, 3.3)
in which C,, is Darvas’ discharge coefficient, g is the acceleration due to gravity = 32.2
ft/s?, (both Darvas and Magalhdes presented their data in FPS units), and p, is

Magalhdes’ discharge coefficient.



Figure 3-13 Discharge coefficient for quarter-round
crest trapezoidal shape labyrinth weirs, constructed
without aprons, w/P > 2, and side wall angle,

a = 0.8 ay,. After Magalhdes (1985).
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3.8. Frederick Lux III and David L. Hinchliff

In this paper (Lux and Hinchliff, 1985) the design and construction of labyrinth
spillways was discussed. The work was based on the hydraulic model studies conducted
by the USBR and tests by other investigators such as Taylor and Darvas. They pointed
out that, in general, the main factors which influence the performance of the labyrinth
weir are the plan form, the maximum discharge, and the design head. Usually, in the
design stage, the maximum discharge and the design head are already settled. Therefore,
the choice of the labyrinth geometry becomes important in order to obtain the best
performance.

Normally, the flow pattern over a labyrinth weir passes through four basic stages
as the upstream head increases. These stages were defined as : fully acraled, partially
aerated, transitional, and suppressed (Figure 3-14). It was observed that the labyrinth
weir behaves ideally in fully aerated stages when the flow falls freely over the total
length of the labyrinth crest.

The general considerations for hydraulic design of a labyrinth spillway were
summarized. These included spillway approach conditions and placement, upstream and
downstream flow conditions, number of labyrinth cycles and nappe interference, and
labyrinth low flow conditions.

In the design chart (Figure 3-14), C.y, was plotted against the total head to crest
height ratio, H/P for a series of constant values of the length magnification, L/W. The
value of C,y, H,/P and L/W were obtained from the hydraulic flume studies conducted

by USBR (Houston, 1982) and Taylor (1968). Data were also obtained from site-specific
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hydraulic models at Hyrum dam labyrinth spillway (Houston, 1983). Then, the discharge

over the labyrinth weir could be estimated (for w/P >2) using (Lux & Hinchliff, 1985):

P
o = cu B v h, T, 6.

where k has the value of 0.18 for triangular and 0.10 for trapezoidal (with a/w =
0.0765) plan forms. It was shown that the use of a quarter-round crest increased the
discharge coefficient, Cyy; above that of a sharp crest. This is shown in Figure 3-15. An
increase of discharge coefficient, C, occurred under conditions of full aeration when the
flow springs free over the total length of the weir crest (Tacail et al., 1990).

Lux and Hinchliff presented this result using a discharge coefficient as indicated
in equation 3.4. This is somewhat similar to Darvas’ approach. However Lux and
Hinchliff's discharge coefficient, C,y differed from Darvas’ discharge coefficient, C,
according to
(w/P + k)

Wi Vg

In addition the method of presentation was similar to that of Hay and Taylor except that

Cur @5

the head term included the velocity head, H, (see Figures 3-14 and 3-15).

Finally, the structural design and construction considerations for a labyrinth
spillway were discussed on the basis of the USBR's experience with Ute Dam. For
structural design, the stability analysis of a labyrinth cycle should be investigated. This
includes overtuning, sliding, and foundation bearing pressures subject to normal load at

normal waler surface level and extreme load at maximum water surface level.
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Figure 3-14 Design curves for sharp crest trapezoidal
labyrinth weirs. After Lux & Hinchliff (1985).
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Figure 3-15 A comparison of discharge coefficient, Cy

between quarter-round crest and sharp crest trapezoidal
plan labyrinth weir. After Lux and Hinchliff (1985).

3.9. A. Afshar
In his paper entitled "The development of labyrinth spillway designs", Afshar
(1988) discussed the development and the benefits of using a labyrinth spillway mainly

by reviewing the Lux and Hinchliff paper (Lux & Hinchliff, 1985). The Hay and Taylor
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works (Hay & Taylor, 1970) and Darvas discussion paper (Darvas, 1971) were also

discussed in this paper.

Moreover, some examples of the main characteristics of some labyrinth spillways
which have been constructed to date were stated briefly. Afshar emphasized the economic
value of labyrinth spillways. He also recommended the use of this spillway in situations

where the head is limited or the spillway width is confined by the topography.

3.10. Indonesian Institute of Hydraulic Engi ing (THE), Band

Indonesia experimental works

The aim of this study was to find the most suitable geometry of labyrinth weir for
use in Indonesia (Memed and Sadeli, 1990; Puslitbang Pengairan, 1991). This took into
account the need for a low cost design giving good flow capacity with a small length
magnification. The range of the experimental work is described below :

a). The flow rates ranged from 0.1 m¥/s to 1 m¥s.
b). The labyrinth weirs were tested for one, two, four, and eight cycles.
¢). Triangular and trapezoidal shapes were observed.

A mahogany labyrinth weir, with a crest height of 0.20 m was used on the model
tests. Modifications to the models, such as change in the crest sections, alteration of the
different crest heights, and the effects of sedimentation downstream of the weirs were
also examined.

The results of all model tests were as follows :

a). The most suitable geometry was established as shown in Figure 3-16.
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b). Alteration in crest sections from 2.0 cm to 3.0 cm top width, and 3.0 cm to 4.0 cm
top width slightly decreases the flow over the labyrinth weir. They recommended that
crest section with 1.0 cm top width gives the maximum flow capacity under the same
operating depth.
c). As the number of weir cycles increases while the value of L/W held constant, the
Mow over the labyrinth weir falls (Figure 3-17).
d). Change in crest height is not significant in changing the flow capacity of the labyrinth
weir.
e). Effects of sedimentation with an increased depth of sediment of 5 cm up to 10 cm in
the upstream channel, do not influence the flow capacity of labyrinth weir.

In the end of the study, a design chart was established for practical use in the
field. This is reproduced in Figure 3-17. The design chart was developed for the most
suitable geometry which proved to be a trapezoidal plan form with a=0.68a,, as
indicated in Figure 3-16. The discharge over the weir crest, Q was plotted against the
total head of the approaching flow, H for various values of the number of cycles as

shown in Figure 3-17.



050 T

_

026 T

L/W - 2.66

O 1408

o
[ R 7

O/ O oy 068

Figure 3-16 A most suitable geometry of the labyrinth weir. Modificd
from Puslitbang Pengairan (1991).
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Figure 3-17 ITHE design chart for trapezoidal shape labyrinth weirs,

1/w=2.56, side wall angle, @ = 14.04°. After Puslitbang Pengairan (1991).



3.11. Tacail et al. on hydraulic model study of South Heart Dam
Labyrinth Spillway

This paper (Tacail e al., 1990) reported experience in the design and hydraulic
model study of South Heart Dam Labyrinth Spillway in northern Alberta, Canada. The
objective of the laboratory experiment was to investigate different weir cycles including
two cycles and three cycles. Experiments were also done to study the effects of changing
the crest height and shape.

From their experiments, they summarized some important factors relating to the
labyvinth weir performance. These include :

a). An increase of vertical aspect ratio, w/P was able to eliminate the effect of
downstream interference and submergence. Thus, the labyrinth weir capacity increased.
This was proved by reducing the number of weir cycles from three to two, thus
increasing the w/P value. The increase in discharge occured because increasing the value
of w/P provides a larger space in the downstream channel.

b). An increase in weir height, P while keeping the head constant was significant in
increasing the labyrinth weir discharge. This increase occurred when the value of H/P
ranged from 0.25 to 0.33.

c). An increase in the side wall angle, o was significant in increasing the labyrinth weir
flow capacity. This was shown by reducing the number of cycles and therefore increasing
the value of . It was emphasized then that the side wall angle is an important factor in
influencing the flow capacity of labyrinth weir. Also, the model study corroborated Hay

and Taylor's recommendation to adopt the side wall angle, o = 0.75 iy -
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d). The effect of changing the crest shape increased the discharge 23 percent above that
of a sharp crested labyrinth weir. It was observed that the labyrinth weir flow capacity
is sensitive to a change in crest shape and height only under free-flow conditions.

It was concluded that for the same spillway width, the two-cycle was better than
the three-cycle labyrinth weir. Thus the two-cycle was adopted in the South Heart Dam
labyrinth spillway. The study also underlined the importance of hydraulic model studies

in confirming the parameters influencing the flow capacity of a labyrinth weir.

3.12. Discussion

In general it has been shown that the discharge over the labyrinth weir is not
determined only by the crest shape and depth or total head to weir height ratio (H/P or
H,/P) as at straight weir. Other parameters are also important. These include the length
magnification (L/W), and the side wall angle () which depends on the labyrinth weir
shape (Hay and Taylor, 1970; Darvas, 1971; Houston ,1982 and 1983; Lux and
Hinchliff, 1985; and Magalhdes, 1985).

Hay and Taylor (1970) observed that for a value of the length magnification, L/W
< 2 the performance of the weir was relatively unaffected by changes in the value of
H/P. Memed and Sadeli (1990) found similar results for the trapezoidal shape shown in
Figure 3-16 with a length magnification, L/W < 2.56.

Lux & Hinchliff (1985) insisted that the choice of the labyrinth weir shape was
an important step in the design of the weir. Most authors recommended the use of a

triangular or trapezoidal shape in the design of labyrinth weir plan form. Hay and Taylor
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(1970) suggested the use of a triangular shape with ce=a,,, or a trapezoidal gecmetry
with @=0.75¢,,,. The USBR also suggested the use of a triangular shape
(Houston, 1982) and Darvas (1971) recommended the use of trapezoidal geometry with
@>0.80,,. The Indonesian Institute of Hydraulic Engineering (ITHE) Bandung,
Indonesia also proposed the use of a trapezoidal shape (Figure 3-16). A trapezoidal plan
form with &=0.68a,,, was established and recommended in the design of the weir
geometry (Memed & Sadeli, 1990; Puslitbang Pengairan, 1991). These studies showed
that the flow capacity of the specified triangular and trapezoidal plan forms increases in
direct proportion to an increase in crest length.

It was shown that, in general, the flow capacity of a labyrinth weir decreases as
the depth or total head over the crest increases. This was thought to be due to the
limitation of space either in the approach channel at the upstream side or in the receiving
channel downstream. Hydraulic model studies have been carried out to improve these
conditions. Taylor (1968) showed that a decrease of channel bed elevation downstream
slightly increases the flow over the labyrinth weir. The USBR (Houston, 1983) also
showed that the use of a curved approach in the spillway entrance, upstream channel
(Figure 3-12) was significant in improving the labyrinth spillway’s flow capacity. Cassidy
et al. (1983) agree that the use of this curved approach in the spillway entrance increases
the discharge over the labyrinth spillway as discussed in Section 3.6.

Some authors added that the choice of the number of weir cycles (n) will affect
the quantity of the flow over the labyrinth weir. Two hydraulic model studies (sections

3.10 and 3.11) showed that an increase in the number of weir cycles decreases the flow
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capacity of each cycle. Thus the overall performance of labyrinth weir with a smaller
number of cycles would be better than a greater one. This did not confirm the result
obtained earlier by Taylor (1968) that the behaviour of the labyrinth weir is independent
of the number of weir cycles (Section 3.2.).

Among the previous works, only Hay & Taylor developed a theoretical solution
to predict the flow capacity of a labyrinth weir. Other workers relied on the results of
hydraulic model studies. However Taylor's model was based on ALGOL which is now
seldom used. Thus in this thesis an attempt is made to develop the theoretical solution
as done by Hay and Taylor but using different code and revised theory. When no funding
is available for hydrautic model testing, this theoretical solution will be very useful for
designers.

The importance of hydraulic model studies was also emphasized by some authors
(Magalhdes, 1985; Lux and Hinchliff, 1985; and Tacail et al., 1990). Hydraulic model
studies will confirm the important parameters influencing the labyrinth weir flow capacity
and will confirm design estimates of discharge.

The economic value of labyrinth weirs was discussed by some authors (Hay and
Taylor, 1970; Hinchliff and Houston, 1984; and Afshar, 1988). However none of them
provided an economic analysis for a labyrinth weir. This thesis has shown the economic
advantages by giving the case of one labyrinth weir which has already been constructed
in Indonesia (see Chapter 2).

Finally, a number of generalized design curves for pre-design purposes were

proposed. Hay and Taylor’s (1970) design curves express the flow magnification as a
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function of the length magnification and the flow depth to crest height ratio (Figure 3-2
and 3-3). On the other hand Darvas' (1971) design chart describes a discharge coefficient
as a function of the length magnification and the flow depth to weir height ratio (Figure
3-8). Magalhdes (1985) revised Darvas’ design chart by presenting a dimensionless
coefficient of discharge as indicated in Figure 3-13. The USBR (Houston, 1982) also
promoted design curves in which the velocity head (H,) was taken into account as shown
in Figure 3-10. Using the experimental data from Taylor (1968), Darvas (1970), and
Houston (1982), Lux and Hinchliff presented design curves expressing the relationship
between the discharge coefficient and the total head (H, = H + H,) to crest height ratio
for a constant value of the length magnification. This design curve was completed for the
four basic stages of the flow over a labyrinth weir (Figure 3-14). Finally, IIHE Bandung,
Indonesia advanced the design chart for a particular size of trapezoidal geometry (Figure

3-17).



Chapter 4

Theoretical Background and Computer
Modelling

4.1. Theoretical background
4.1.1. The general weir equation

To best understand how much water can flow over a sharp crested weir, normal
and labyrinth, one must be aware of the following equation used in calculating water flow
(Daily and Harleman, 1973; Vennard and Street, 1975; Daugherty and Franzini, 1977;

and Chadwick and Morfett, 1986) :
Q:c,g 75 LHS .0

in which Q is the discharge over the weir crest in m*/s, L is the net crest length in m,
C, is the weir discharge coefficient, H is the depth of the approaching flow in m, and g
is the acceleration due to gravity = 9.81 m/s. Many textbooks suggest that C, should

be predicted by the Rehbock equation (Daugherty and Ingersoll, 1954; Vennard and
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Street, 1975; Daugherty and Franzini, 1977) as shown below :

H, 1
c,-os0s 008 Ko 1 “2)

where H is in feet. In order to use the S.1. system, equation (4.2) should be modified to

become :

¢, - 0605+ 008 “3)

1
1000.7 H

From equation (4.1), the total the weir is i to

the length of crest. Therefore, the flood flows which pass the weir can be increased

without increasing the depth by extending the length of the crest. However, on a narrow-

width river, it is impossible to make the crest longer. In periods of high discharge, the
raised water level may cause unwanted inundations in the flood plain, and require local
protective action by raising the crest of a levee. These problems could not be prevented
through the use of a normal weir where the crest length cannot be increased. Those
problems however can be solved by the use of a labyrinth weir in which the crest length
can be increased. This weir is particularly suited for use at sites where the depth over

the crest is limited or the weir width is restricted by the topography.

4.1.2. Theoretical solution
Hay and Taylors' (1969) theoretical solution.
Nimmo's momentum equation (Nimmo, 1928) was applied by Hay and Taylor

(1969) in their theoretical solution. They chose this equation because it described the
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general case of side weir flow. A sloping channel with the channel width and side wall
slope varying from section to section (Figure 4-1) was considered in Nimmo’s eouation
(Taylor, 1968). The equation was based on consideration of momentum principles and

is given below :

0,040 _ (Q+ad' _ (W +aW) (H*+2 Hah)
gA gA g@A+a) 2

o awm
53

+ (s, + as,) SR *_33”2 ) wzm -

s
= f’s_ —ax (S, -s5) (WH =5, I @4

where : Q is the flow past a downstream section across the channel; AQ is the overllow
between the sections; A is the area of cross section of flow at downstream section; AA
is the difference in area of cross section of flow between the sections; g is the
acceleration due to gravity; W is the width of channel bed at downstream section; AW
is the difference in channel width between the sections; H is the flow depth at
downstream section; Ah is the difference in depth between the sections; s,,, is the slope
of side wall at downstream section; As,, is the difference in slope of side wall between
the sections; Sy is the friction slope between the sections; and s, is the slope of the
channel bed between the sections.

Since this original equation was general, Taylor simplified it in order to be used

in the case of labyrinth weir flow (Figure 4-2). The final equation is expressed by :
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s
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where : Ah is the predicted difference in depth between 2 sections; Ax is a transverse

element of channel length; Q is the discharge over the weir crest downstream of the
section; H is the depth downstream of the section; P is the crest height; w is the average
channel width between two sections; o is the side wall angle; C, is the coefficient of

discharge between two sections; and g is the acceleration due to gravity.

Q+4aQ
VeQAdv
A+ AaA
Wedw
H+ Ah

s+
sw 4 Sow

Figure 4-1 Sketch illustrating the notation used in Nimmo's equation,
After Taylor (1968).
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Figure 4-2 Flow description over the trapezoidal shape labyrinth weir.
(modified from Hay and Taylor, 1969).
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If the depth, H and flow, Q are known at one particular section, then the water
surface profile throughout the channel and the total flow can be determined by equation
(4.5). This solution was obtained by a marching method using finite differences as
described below.

(1) Consider the flow over the labyrinth weir shown in Figure 4-2. The channel is
divided into a number of sections each separated by Ax.
(2) Assume that the flow depth, H, at section 1 is known. Therefore, Q, can be
calculated from the standard weir equation (equation 4.1) using the local depth at section
I and the crest length downstream of section 1, ie 1;.
(3) Calculate the slope of the water surface at section 1 using equation (4.5). Then, Ah,,
can be determined by defining the value of Ax. Then H, = H, + Ah,,.
(4) The average depth between two sections = (H; + H,)/2, and the overflow between
sections | and 2 is given by :

w0, - 102 2 g BBy “o
then, Q, = Q; + AQy,.

(5) Using geometrical considerations,

w oMW una @n
Ax AY

or

wy, = w, +2 Ax tan o .8

The flow conditions are then known at section 2. The procedure is repeated in a similar
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way to determine the flow and depth at the next section (section 3, Figure 4-2) and so
on for the entire length of labyrinth weir crest or until the end of the upstrcam channel
entry section (section 4, Figure 4-2).

Finally, energy conditions are satisfied between sections 4 and 5. Therefore,

v 4.9
"5=H‘+c"2_g .9

where C,, is a cor.ricient of energy loss due to sudden contraction of the flow at entry
to the upstream channel, and V, is the flow velocity at section 4, Figure 4-2. From Hay
and Taylors’ (1969) investigation C,, was found to be equal to 0.2. The theoretical values

agree very well with experimental results as discussed previously in Chapter 3.

Author’s theoretical solution,

Basically, the flow over the labyrinth weir is a typical case of flow over a side
channel spillway since the discharge along the labyrinth crest changes in the dircction of
the flow. In determining the side channel spillway flow characleristics, the theory of
spatially varied flow with decreasing discharge has been applied by many experimenters.
Therefore, in this theoretical works, the momentum equation for spatially varied flow
with decreasing discharge will be adopted to predict the water surface profile. Figure 4-2
shows the flow description over a labyrinth weir. The momentum equation (Chow, 1959)

for the control volume between sections 1 and 2 Figure 4-2 can be written as follows :
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where Ah is the predicted difference in depth between sections 1 and 2; @ is the energy
cocfficient; Q, is the total discharge over the labyrinth weir crest downstream of section
1; AQ/2 is the discharge over one side of the labyrinth weir per unit length of the crest
between sections 1 and 2; Q, is the total discharge over the labyrinth weir crest
downstream of section 2 (equal to Q, + AQ); g is the acceleration due to gravity; V, is
the velocity at section 1; V, is the velocity at section 2; AV is the difference between
velocities at sections 1 and 2; S is the friction slope; and Ax is the distance between
sections | and 2 measured along the center line of the channel (Figure 4-2).

Some assumptions are made in this solution. These include :
1). The flow is uniform and steady.
2). The energy coefficient, § in equation (4.10) is taken equal to one. For greater
accuracy the value of 8 must be obtained experimentally from the velocity distribution
in the channel cross section.
3). At any section, the water surface across the section is horizontal.
4). Frictional forces are negligible provided Ax is small. Then the friction slope, S, in
equation 4. 10 can be neglected.
5). The overflow per unit of crest length at any section may be calculated from the
standard weir equation using the local depth at that section.

Equation (4.10) can then be simplified to :
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a= S TR a0

80 +0) 20,

n

[CALY]

The solution is started by defining the local depth at a particular section. Section

1 in Figure 4-2 was chosen as a starting point of this solution. Let the local depth at

section 1 be H,, and the crest length up to section 1 be 1;. The total flow up 1o section

1, Q, thus can be determined using :

0 - LET L

in which :
H,
C, =0.605+0.08 1+ L
" P 10007 1,
and :

Ax

L=2a+2
€os o

Then the flow velocity V, at section 1, can be calculated using :

where A, is the area of the cros, section of flow at section 1 and is given by :

A =(H +P) 2a~+2axtan o)

“.12)

.13)

d.14)

(4.15)

(4.16)

Let, the overflow between sections | and 2 be AQ,,. Then AQ,,/2 is the flow over onc

side of the weir and can be calculated from the standard weir equation using the average

local depth between sections 1 and 2 as expressed by :
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The flow depth H, at section 2 is unknown but can be obtained by assuming a value of
Ah and adding this to the value of H,. The difference in flow, AQ, between sections |
and 2 can then be obtained from equation 4.17, thus giving the total flow Q, at scction

2. From H,, Q, and the known geometry it is then possible to calculate V,.

4.11 can then be used to calculate Ah which can be compared to the assumed value. If
the calculated value differs from the assumed value a new estimate must be made and the
procedure must be repeated until the calculated value agrees with the assumed value. The
calculation can then move as to obtain conditions between sections 2 and 3, and so on.
This procedure is repeated in a similar way until the channel upstream entry section is
reached (section 4 in Figure 4-2). To obtain the flow depth at section 5, Figure 4-2, the
energy condition must be satisfied between sections 4 and 5. In this solution, Hay and
Taylor’s approach was adopted. However, the value of the coefficient of energy loss duc
to sudden contraction, C,. was found to be equal to 0.1. This value is lower than the

value of 0.2 determined by Hay and Taylor (1969).

4.2. Dimensional Analysis

Dimensional analysis is used to provide guidance to experiments and presentation
of experimental results by incorporating all of the relevant variables into a dimensionless
equation (Sharp, 1981). The experimental investigation presents either the design charts

or the numerical constants, and assists in checking the correctness of the analysis.
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The total discharge per cycle, Q, (Figure 4-2) can be expressed by the function:

0 =¢(lLawPHopgpoa) 4.18)

where :
Q, = total flow over one-cycle of the labyrinth weir
| = developed crest length of one-cycle
a = half length of tip section normal to the flow
w = cycle width
P = crest height
H = upstream depth above the crest
p = density of water
g = gravitational acceleration
= viscosity
o = surface tension
Since the flow in nature is turbulent, and occurs at a relatively large head, it can
be assumed that viscosity g, and surface tension ¢ are insignificant variables (Sharp,
1981). Therefore, they can be dropped from equation (4.18). Thus, equation (4.18)

becomes :
Q =¢(LawPHopg) @19

In order to make the equation dimensionally homogenous, the density should be

eliminated since it is the only variable which has a mass dimension. Then, equation
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(4.19) becomes :
Q =0 (hawPHyg) (4.20)
Using the Indicial Approach or Rayleigh's Method, several combinations of
dimensionless numbers can be obtained from equation (4.20), so that equation (4.20) can

be written in terms of the dimensions to give :

Q, =ki*a* wePiH g/ .20
where k, a, b, ¢, d, ¢, and f arc undefined constants. Rewriting the cquation (4.21) in

terms of the length [L] and time [T] dimensions gives :
R g e wr wre By
n (¢
Equating exponents of [L], and [T] :
[L] 3=a+b+c+d+e+f
[T -1=2 =f=%
e=2%-a-b-c-d
Substituting in equation (4.21), these values lead to :
0,

[
g'n?

_ I a w P
I 3 -2 @.22)

Compounding equation (4.22) , in order to have a convenient solution, gives :
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_ !  H a H w_H H
e # 7-¢(—ﬁ *SE R 7'7) 4.23)
gt
Therefore, cquation (4.22) can be rewritten as :
0 =ClHJgH @.24)
where
1 a w H
g=rtl, 2, ¥, H, @29

Equation (4.24) is the general weir equation. This equation uses the crest length
per cycle, I, as the characteristic length for the labyrinth weir. In equation (4.25), all
dimensionless ratios except the last one are fixed for a given labyrinth weir. Thus, C,
in this case is known as the coefficient of discharge of the labyrinth weir. In other words,
the labyrinth weir discharge coefficient, C, is given as a function of dimensionless
parameters I/w, a/w, w/P, and H/P. If the values of I/w, a/w, and w/P are already fixed,

then, equation (4.25) could be expressed by the function :

H
C,=¢(_’;) (4.26)

Equation (4.26) is the Rehbock equation (see equations 4.2 and 4.3).
An alternative equation can be obtained to describe the performance of a sharp
crested labyrinth weir of constant geometry in terms of flow magnification. The total

discharge per cycle, Q, (Figure 4-2) may be expressed by the function :
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0 =6(0y,H, P Iw) “.27
where :
Qy = total flow over a sharp crested normal or linear weir
H = upstream depth above the crest
P = crest height
1 = crest length of labyrinth weir
w = crest length of linear or normal weir

Rearranging equation (4.27) as before gives :
Q, =k Q7 H* P I w* (4.28)
where k is a constant. Equation (4.28) in dimensional form can be rewritten as :
Ly _ [py (L) 4.29)
= () (L L) L) L) .29
m m

Equating exponents of [L] and [T] :

L] 3 =3a+b+c+d+e
0 =b+c+d+e
b =-c-d-e

Substitute these values into equation (4.28) gives :
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Qo 1 H w H, .31
[N P'H w'H P
Thus, equation (4.30) can be rewritten as :
S g H Low, @32)
oy I3 w P

From equation (4.32), the comparison of the labyrinth weir flow, Q,, with the
corresponding straight weir flow, Qy is expressed directly. Hay and Taylor (1970) used
equation (4.32) to present the results of their model test. On the other hand, Darvas
(1971) expressed the results of his experiment by equation (4.25). In the present
experiments, the results of the model test will be plotted in terms of flow magnification
(Q,/Qy) against flow depth to weir height ratio (H/P) for a constant value of the length
magnification (I/w) and vertical aspect ratio (w/P). This is similar to the way in which

Hay and Taylor presented the results of their model tests.

4.3. Computer Modelling Programme

The momentum equation (eq. 4.11) describes one-dimensional steady, spatially
varied flow. It can be used to compute the flow profile of a spatially varied flow with
decreasing discharge based on a method of numerical integration. Because the numerical

solution is repetitive, it was decided to develop a computer program to increase the speed
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of the process. Then, numerical predictions of labyrinth weir performance could be made

directly without model tests.

4.3.1. An attempt to develop a computer model

As discussed in the previous chapter, Hay and Taylor (1969) established
computer model to predict the performance of a labyrinth weir and compared their
solution with experimental work.

Hay and Taylor's computer program in ALGOL is relatively complex and difficult
to understand. Also, ALGOL has largely been replaced by other programming languages.
Therefore, an alternative formulation was developed using equation (4.11). Initially, it
was thought that the use of a spreadsheet, or tabular method, to compute the water
surface profile would be easier than the use of computer program. Using a spreadsheet,
the analysis could be developed easily by a trial and error procedure.

However following this development it was found that the use of spreadsheet was
cumbersome and time consuming. A computer program in QuickBASIC was then set up

based on the spreadsheet procedures.

4.3.2. Spreadsheet work

The computational procedures to get one value of H/P corresponding to one value
of Q/Qy are described below (see Figure 4-3 and Table 4.1) :
1). Specify the length of one-cycle, 1; the width of one-cycle, w; half length of tip section

normal to the flow, a; weir height, P; acceleration due to gravity, g; and number of
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Figure 4-3 Sketch to illustrate the theoretical analysis of flow over the labyrinth weir.

(modified from Hay and Taylor, 1969).
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sections, n. As shown in Table 4.1,1 = 71.98 cm; w = 28.1 cm; a = 3.5125cm; P =
10 cm; g = 981 cm/s%; and n = 12,

2). Then, I/w; w/P; y; b; X; a; Ax; and Al are calculated. These notations are illustrated

in Figure 4-3.
y is obtained by :

y= (% -2a) (4.33)
b is expressed by :

pim L EHEY 'z“ L .39

X is given by :

X =TT 39

« is calculated by :

= 4 (4.36)
@ = arc tan ( X)
Ax and Al are estimated by :
ar=X g a2 @371
n cos a

3). The solution is started from section 1 (column 1, row 1). The transverse distance of
section 1 from the tip section at the downstream end of the labyrinth weir, X, is obtained

by setting n = 1 in the general equation :



X, =@ -1 ar+ar (4.38)

The value of X, (equal to 2.3417 cm) is shown in column 2, row 1.
4). The flow depth H, at section 1, is specified. In this example H, was set cqual to
0.3048 cm (column 3, row 1).
5). The coefficient of discharge, C, is then predicted using the Rehbock equation with
the depth = H,. Experimental work will later (Chapter 6) be described regarding the use
of the Rehbock equation to predict the theoretical discharge coefficient of the labyrinth
weir. This is estimated by :

C, = 0.605 + 0.08 % . Tﬁo—s'ls‘sTTf, @.39)
Here Cyq-yy = 0.9353 (column 4, row 1).

6). The length of weir crest I, downstream of section 1, is then calculated from :
L=(2a+2%, (4.40)
€os

In column 5, row 1, |, is shown equal to 11.8525 cm.
7). The flow Q, at section 1, is then estimated using the standard weir equation applicd

to the length of weir crest downstream of section 1, l,. This is given by :

o-c, i u» kg @40

From this equation Q, = 55.0865 cm”/s (column 6, row 1).

8). Next the channel width w, at section 1 is calculated with n = 1 in the equation :



w,={2a+2X tan o) (4.42)
Then, W,.; = 8.1958 cm (column 9, row 1).
9). The area A, of the cross section of flow at section 1, is calculated from :
A, =(H +P) w, (4.43)

giving A,., = 84.4564 cm? (column 10, row 1).

10). Then the velocity V, at section 1, can be calculated by .
v-% @44

Then V,., = 0.6522 cm/s as shown in column 11, row 1.

L1). The solution of the momentum equation requires a trial and error procedure and it
is necessary to estimate Ah. This assumption is specified at column 15, row 1. Once
A, i (0.0001 cm) was entered in column 15, row 1, AQ; ,; (ie from n=1to n=2)

can be calculated using the standard weir equation given by :

Hyt,, ' 2
gy =2 € —= (2 2 g (4.45)

€os & 2 3
in which :
HH,,
C, ., =0.605 +0.08 ’2, . 1"’ 40
10.006562 ”T""
andn = |

This gave AQ,, = 22.4396 cmYsec (column 7, row 1).



85

12). Caleulate X, = X; + Ax (It is obtained by setting n = 2 in equation (4.38)). The
value of X, (equal to 4.6834 cm) is shown in column 2, row 2,

13). Calculate the flow depth H, at section 2. This is estimated by :

Hoy = Hy v ol W
in which Ah above is the assumed value of Ah given in column 15, row 1. Thus H, =
0.3049 cm (column 3, row 2).

14). The discharge Q, at section 2, is estimated (n=1) from :

Qi = Q, * 88y a8
Then Q, = 77.5260 cm¥/s (column 6, row 2).
15). Sum Q, + Q,. This is needed to simplify the calculation of Ah using the momentum
equation (see step 22). Q, is the total flow at the downstream section 1 and Q, is the total
flow at the upstream section 2. In column 8, row 2, Q, + Q, is shown cqual to 132.6125
cm?/sec.
16). Calculate the width w; at section 2 (see step 8).
17). Calculate the area A, of the cross section of flow at section 2 (sec step 9).
18). Calculate the velocity V, at section 2 (see step 10).
19). Sum V, + V, (see step 15). V, is the velocity at the downstream section 1 and V,
is the velocity at the upstream section 2.
20). Calculate the difference in flow AQ between the two sections. AQ = Q, - Q,
(column 13). Actually this equals to AQ at step 11 for all sections except the last row

(see step).
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21). Calculate the difference in velocity AV between sections 1 and 2. AV = V, - V,
(column 14).
22). Compute Ah using the momentum equation. This is calculated, with n=1, from :

2. (VutV,) 8V,

L AR )

w1 Ay (4.49)
20,

"This cquation gives AN, g between sections 1 and 2, Ah,, and is entered automatically
in column 15, row 2. The value calculated is 0.0001 and matches the assumed value of
step 11 entered in column 15, row 1. Because of the match, the trial and error
calculation is finished between sections 1 and 2. If Ahgppues did not match Ah,yppicn, it
is necessary to return to step 11 and substitute Ahyyumpicn DY Ahcompuea- Then step 11
would be repeated. This process continues until the calculated value of Ah printed in
column 15, row 2 is equal to the assumed value entered in column 15, row 1.

The whole process is then repeated from section 2 to 3 and is started by entering
the assumed value of Ahyy in column 15, row 3. The spreadsheet goes through the
calculation and prints the calculated value of Ah in column 15, row 4. The operator
checks and reenters as necessary. This is repeated for each section up to section 12
(shown as section n in Figure 4-3).

23). The total flow Qy, at section 12, is the total flow without including the flow over
the two tip sections, each of length a, at the upstream end of labyrinth weir crest. Thus

the total flow Q,, at section 12, becomes :
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0y =0, +C,

Qo HY* ; i g (4.50)

This gives Qi = 335.0773 (column 6, row 12" and column 20, row 13).

24). Calculate X;; = X, + Ax (It is obtained by setting n = 13 in the equation (4.38)).
This gave X;; = 30.4419 cm (column 18, row 13). It is necessary (o satisfy energy
conditions between sections 12 and 13 to obtain the depth Hy at section 13. This is given

by :

v,
Hy = Hy + C, 2%
2¢

2
:] 4.51)

where C,; is the energy loss coefficient due to sudden contraction. A number of C,
values were investigated. This was required in order to match the author's theoretical
results with the Hay and Taylor’s theoretical results. The author assumed that Hay and
Taylor's theoretical solution was the correct one. However author's theoretical solution
will also be compared to author’s experimental results. As shown in Table 4.1, C,. values
equal to 0.1, G.15, 0.2 and 0.25 were tried and gave depths H,; at section |3 as shown
in column 19. These depths (column 19) were then used (step 5) to calculate the
discharge coefficients shown in column 21.

25). The total flow over the normal or straight weir applying the local depth H; at

section 13, and the width of one-cycle labyrinth weir, w is given by :

o -c, w2 TE wys @s2)

These results are given in column 22.
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26). Finally, the flow magnification, Q./Qy Was calculated along with the depth to weir

height ratio, H/P. These results are given in columns 23 and 24 respectively. Note that
the whole procedure only provides one value of Q,/Qy and one corresponding value of
H/P depending on the value specified for C,.. To get another value of Q,/Qy and H/P
for the same dimension of labyrinth weir, steps 4 to 26 except step 6 must be repeated.
If the dimensions are changed, then the solution must be started from step 1.

A comparison of results with Hay and Taylor’s theoretical solution showed that
a value of C, equal to 0.1, gave the best fit. Details of the comparison are given in

section 4.3.5.

Table 4.1 provides only ple of the dsh ion and gives data
for H/P = 0.0306. Other examples are provided in Appendix A where Tables C.1 to C.8
give data for eight different values of H/P with values varying from 0.03 to 0.58. In each
case the dimensions of the labyrinth weir are given by | = 71.98 cm, w = 28.1 cm, a

= 3.5l cm, and o« = 14.04°.

4.3.3. Flow charts

A flow chart to illustrate the operations which must be carried out by the
computer was developed for the QuickBASIC program. This is shown in Figure 4-4.
This flow chart is designed to obtain a series of values of Q,/Qy and a series of
corresponding values of H/P for particular design dimensions. The range of H/P values
is set from O to 0.6. The flow charts consist of three nested loops. The inner loop

represents the iteration of flow depth at a section. The middle loop repeats this
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calculation over the length of the labyrinth weir to provide one value of H/P and one
corresponding value of Q./Qy. The outer loop repeats the entire calculation for a range
of specified values of H/P.

The flow chart starts with the specification of the design dimensions of the
labyrinth weir. These include : the developed length of one-cycle (1), the width of one
cycle (w), the half length of tip section (a), and the weir height (P). It is then nccessary
to specify the number of sections (n), gravitational acceleration (g), and encrgy loss
coefficient due to sudden contraction (C,.). Next the labyrinth weir parameters are
calculated. These include : the length magnification (I/w), width to weir height ratio
(wl/P), and side wall angle («). The geometrical dimensions which will be required for
the next caleulation are also calculated,

The flow chart then comes to the outer loop which calculates the different values
of H/P and corresponding values of Q;/Qy. This starts by defining the depth at the initial
section (H,), the initial assumption of difference of depth between the two sections
(Ah,yumpiicn), the level of acceptable error (E), and the amount by which this initial depth
is increased for each repetition of the entire calculation. This outer loop will be re-
executed automatically with different values of H, and will stop automatically when the
value of H/P is greater than or equal to 0.6.

After that, flow chart comes to the middle loop which computes the different
values of depth at each adjacent section. This middle loop will be re-executed
automatically once Ah is established in the inner loop. The number of repetitions in this

second loop depends on the number of sections, n, which were defined. Once the last
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section is reached, the computation goes back automatically to the outer loop.

Next, the flow chart comes to the inner loop. This loop repeats the calculation of
the depth difference between two sections (Ah) until the computed value agrees with the
assumed value. The calculation uses the momentum equation. If the error between

Ay pumpion AN Algrpie is greater than the level of acceptable error (E), then this inner

loop will be re-executed. This is done y by ifying the next estimation of
Ah by setting the assumed value equal to the computed value. Once the value of
Ayumpion AETEES With A, pueq this inner loop will jump back automatically to the middle
loop.

Finally, the output of the program is printed. This includes the flow magnification

(Qu/Qy) and depth to weir height ratio (H/P) of one design dimension of labyrinth weir

with one-cycle. A typical output of the QuickBASIC program is shown in Appendix C.

4.3.4. QuickBASIC Program

The computer program was designed for practical use in the design of labyrinth
weirs and to compute the relationship between flow magnification values, Q,/Qy and
depth to weir height ratios, H/P. These values are computed for one-cycle of the
labyrinth weir. As shown in Appendix B, the program consisted of 142 lines. These
include :
(1) Lines 10-90 clear screen, and give the program title.
(2) Line 100 is a dimension statement.

(3) Lines 110-210 print the heading.
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(4) Lines 220-310 inputdata. This includes the developed length of labyrinth weir, width

of one-cycle, half length of tip section, gravitational acceleration, weir height, number
of increments, and energy loss coefficient due to sudden contraction.

(5) Lines 320-390 print the labyrinth weir geometry.

(6) Lines 400-510 calculate the length magnification, depth to weir height ratio, side wall
angle, and other geometrical dimensions of labyrinth weir.

(7) Lines 520-600 print the labyrinth weir design parameters.

(8) Lines 610-720 print the heading of output.

(9) Lines 730-780 specify the initial value of the depth Ah difference between two
sections, the level of acceptable error (E), the minimum value of initial depth (H,), the
maximum value of initial depth (H,), and the desired increment of initial depth.

(10) Line 790 starts the calculation in loop | for different initial depths.

(1) Lines 800-920 calculate the total flow at the initial section.

(12) Line 930 starts the calculation in loop 2 for different adjacent depths until to the last
section.

(13) Lines 940-960 stores Ahjypy 4, and calculates the width,

(14) Lines 970-1110 give the calculation in loop 3 to match Ay g With Ahgpueq.
(15) Line 1120 stores the adjacent depth after getting the matched Ah,

(16) Line 1130 is the end of loop 2.

(17) Lines 1140-1170 stores the depth, flow, discharge coefficient, and velocity at the
last section.

(18) Line 1180 calculates the flow over two tip sections at the upstream end of the



labyrinth weii

(19) Line 1190 calculates the total flow of a labyrinth weir for one initial depth value.
(20) Lines 1200-1210 calculate the total depth in the approach channel.

(21) Lines 1220-1230 calculate the total flow over the normal weir.

(22) Lines 1240-1250 calculate the flow magnification and depth to weir height ratio.

(23) Lines 1260-1420 print output and stop the program.

4.3.5. Comment on Spreadsheet vs QuickBASIC

In the author’s experience, five minutes was required to obtain one value of
Q//Qy and the corresponding value of H/P using the spreadsheet. This duration was
largely because a trial and error method was applied. Thus, to get a series of values (0. 1
< H/P < 0.6) would require, on average, half an hour.

Unlike the spreadsheet, QuickBASIC only requires a few seconds to obfain a
series of values of Q/Qy and H/P. Thus, QuickBASIC is more advantageous (han the
spreadsheet with respect to time.

The outputs of the spreadsheet and the QuickBASIC program are shown in Figure
4-5 and are very close. Further details of spreadsheet output are given in Appendix A.
The output of the QuickBASIC program is shown in Appendix C. The QuickBASIC
program is to be preferred as the method of obtaining a theoretical solution.

The author’s results were compared with those of Hay and Taylor (1969). Three
models in Taylor’s work were reproduced in the author's theoretical solution. These were

considered to be representative of Hay and Taylor’s results and were considered lo be
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sufficient for comparison. The comparison is illustrated in Figure 4-6. This showed
satisfactory agreement with the condition that the energy loss coefficient, C,. was equal

to 0.1 rather than 0.2 which was obtained earlier by Taylor (1968).

3
asp Ty toa oy
o4 +oy
o+
z 2
g 2k . P« weir height
6: I/w = 2.5616
b o ; wiP = 2.81
a 0 14,0362
*i4a e
151 W
—_—t
' Spreadsheel -+ QuickBASIC
l 1 1 1 1 1
0 01 0.2 03 04 05 0.6
H/P

Figure 4-5 A comparison of the output obtained from spreadsheet
and QuickBASIC.
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Figure 4-6 Comparison between Hay and Taylor theoretical results and
author theoretical results for 3 trapezoidal planform labyrinth weirs
with downstream interference (zero change in bed elevation).

(modified from Hay and Taylor, 1969).
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Chapter 5

Experimental Procedures

5.1. Weir models

The trapezoidal geometry (Figure 3-16) which was proposed by ITHE, Bandung-
Indonesia, would be retested in this present experiment. Experiments were required to
confirm previous experimental data obtained in hydraulic model studies of this weir.
Based on the dimensions of the testing flume facility at the Hydraulics Laboratory,
Memorial University of Newfoundland, the size of the trapezoidal geometry was
designed. The resulting two-cycle trapezoidal plan form labyrinth weir had dimensions
:w =281 mm,| = 720 mm, a = 35 mm, « = 14.04°, and P = 100 mm as indicated
in Figure 5-1 and noted as model no.1.

Based on the dimensions of this trapezoidal geometry, a rectangular geometry

with a semi-circul: ion between the two-cycles was ped by the author as

an alternative geometry. It was thought that this might give a better performance than the

trapezoidal plan form because the geometry with a semi-circul;
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provides a longer crest than the trapezoidal shape. Thus it might give a larger flow than

the trapezoidal shape at the same operating depth. The re. tangular geometry with a semi-
circular connection was designed with : w = 281 mm, | = 752 mm, a = 70 mm,R =

70 mm, « = 0°, and P = 100 mm as shown in Figure 5-1 and noted as model no.5. It

was al: i 'y to retest the geometry in order to compare the

performance of a rectangular geometry with that of a rectangular geometry with a semi-

circular ion. This t ycl geometry was designed with : w = 281
mm, | =843 mm,a = 70 mm, o« = 0°, and P = 100 mm as displayed in Figure 5-1
and noted as model no.4.

To avoid the possibility of scale errors a trapezoidal geometry similar to model
no.l was developed but with four-cycles. The shape was exactly the same as that of
model no.1 but the size were reduced by a factor of 2.0. This is shown in Figure 5-1 and
noted as model no.2.

A decrease in the side wall angle, o for a trapezoidal geometry also was examined

by ing another idal shape with ycles. The di ions were, w = 281
mm, 1 =757 mm, a = 47 mm, a = 9.42°, and P = 100 mm as illustrated in Figure
5-1 and noted as model no.3. This model would confirm whether a decrease in the side
wall angle, o for a trapezoidal geometry would also significantly reduce the flow capacity
at the same operating depth conditions.

As discussed in section 4.2 the results of the model test would be presented in
terms of flow magnification (Q./Qy) against flow depth to weir height ratio (H/P) for a

constant value of the length magnification (L/W) and vertical aspect ratio (W/P).



99

Therefore, to produce the correlation between them, the experiment should be conducted
with a variation in the value of I, w, and P. Variation in | was oblained by developing
models no.3, 4, and 5. A variation in w also was noted by developing model no.2.
Variation in P was considered by developing model no.la (sec Figure 5-2). The
dimensions were similar to model no. 1 except that the crest height, P was reduced to 50
mm.

It was decided to use 2 mm thick aluminum to construct the labyrinth weir models
in this cxperimental study. This was chosen because aluminum is easy to fabricate and
there is no warping problem. Also, since the thickness of the aluminum is 2 mm, it is
not necessary to chamfer the downstream edges of the crest. Such material has already
been considered as a sharp crested weir (Kraatz, 1975).

After initial tests (model no. 1) were run, it was observed that the value of Q/Qy
exceeded the value of L/W. This was peculiar, because the maximum Q;/Qy value of a
labyrinth weir should be equal to the value of L/W (see section 3.2). It was thought that
this might due to under estimation of the discharge coefficient using the Rehbock
equation in calculating the total flow of a straight weir, Qy, from the standard weir
equation. This could have resulted in a lower value of Qy than was expected and
therefore a higher value of Q,/Qy than was expected. Consequently, it was necessary lo
evaluate the use of the Rehbock equation to predict the discharge coefficient in
calculating Qy. A straight weir (model no.6, Figure 5-2) then was established with crest
length, L = 562 mm and P = 100 mm.

Further developments of weir shape were done again during the experimental
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work because of some initial findings. When a rectangular geometry (model no.4) was
investigated at high flows, a small undular jump was found to occur over the crest. This
was thought to be due to blocking of the downstream flow due to insufficient cross
sectional area in the downstream flow passages. Thus, a reverse trapezoidal shape (model
no.7, Figure 5-2) which increased the blocking by further restricting the downstrcam
width was used to study this phenomenon. After model no.7 was run, it was shown that
the jump did indeed occur due to blocking of the downstream flow. Then, efforts were
made to increase the area of the downstream receiving channel by developing another
reverse trapezoidal shape (model no.8, Figure 5-2) and examining whether it would
decrease the size of the jump or perhaps eliminate the jump altogether.

From past experience in the field, sharp crests are sensitive to large quantities of
debris. Sometime this could damage the sharp crest and as a result, reduce the
effectiveness of the weir to pass the flow. For this reason, it was thought necessary to
study the effect of varying the crest thickness. Among the four models of labyrinth weirs
(model no.1, 3, 4, and 5), model no.l proved to be the model which gave the largest
flowrate per unit of crest length. Therefore, model no.l was retested with different
values of the crest thickness. These are shown as models no. 1B, IC, ID, and IE in

Figure 5-3. A photograph of all weirs model is given in Figure 5-4.

5.2. Range of flows required

Based on the dimensions of the labyrinth weir models, the range of flows required

could be determined by specifying the range of depths, H, which would be tested in this
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Legend :
- LIW = length magnification
- « = side wall angle
« B = crest height

Figure 5-3 Schematic of the trapezoidal labyrinth weirs with different top width
tested in the flume. (Flow direction from bottom to top).




Figure 5-5 Initial test in progress
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experiment. Initial tests (Figure 5-5) proved that the minimum depth which could be
measured in the model was 10 mm. When a lower depth than 10 mm was run, it was
found to be difficult to take the measurement since in this condition the depth fluctuated.
In addition, it was also shown that the maximum depth which could be measured was 60
mm. When a higher depth than 60 mm was run, it was observed that a submerged flow
occurred.

Therefore, the range of depth to weir height ratio, H/P which would be investiged
in this experiment was between 0.1 and 0.6. Then the maximum depth, H.. which
would be observed for all models was 60 mm except for model no.la (P = 50 mm) H,,,,
= 30 mm. The minimum depth, H,, which would be covered for all models was 10
mm. The range range of flows was estimated from the standard weir 2quation (equation

4.1) and is summarized in Table 5.1 below.

TABLE 5.1
Range of flows, Q required in the experiment
Model Total crest Ho Ho. Minimum Maximum

No. length,L (cm) (cm) (cm) flow, (I/s) | flow, Q (i)
1 143.96 1.0 6.0 3.03 41.84

2 143.95 1.0 6.0 3.03 41.84

3 151.49 10 6.0 3.19 44.03

4 168.60 1.0 6.0 3.55 49.00

s 150.51 L0 6.0 317 43.74

6 56.20 1.0 6.0 1.18 16.33

7 200.16 1.0 6.0 4.21 58.17

8 143.96 1.0 6.0 3.03 41.84
1A 143.96 1.0 3.0 3.06 15.16
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1B 143.96 1.0 6.0 3.03 41.84
ic 143.96 1.0 6 3.03 41.84
1D 143.96 1.0 6 3.03 41.84

6 3.03 41.84

S estimated from Standard Weic equation (equation (4.1)).

5.3. Size and design of flume

The initial experimental arrangement attempted to make use of an existing facility.
This facility was a recirculating sand flume and a new channel was constructed of wood
to hold the model weirs. The intention was to place this new channel on top of the
existing flume so as to make use of the pump, flow measurement device and recirculating
pipework. The new channel was constructed to be 4.12 m long, 0.32 m deep and 0.56
m wide. Photographs are shown in Figures 5-6 and 5-7.

The initial experiments showed however that the maximum flow ratc of the pump
was not sufficient to cover the maximum flow rate required by this experiment.
Therefore, the old wooden flume was modified and removed. A completely new flume
was designed as shown in Figures 5-8 to 5-12. In this new set up, it was intended that
water would be supplied to the flume from an underground tank by a constant speed
centrifugal pump connected to the flume through an 203 mm diameter pipe with
appropriate control valves. The exit flow from the flume was discharged into a tail flume
fitted with a calibrated V-notch weir, from where it discharged into the main sump.

The flow entering the flume was led into the bottom of a vertical box with a

trapezoidal cross section. Aluminum honeycomb was placed in this box to minimise
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Figure 5-7 Photograph of initial testing facility (downstream view)
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Figure 5-9 Photograph of the new testing facility (downstream view)
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eddies as the water rcse and to provide a smooth flow at the upstream end of the flume.
This system later proved to be unsatisfactory, particularly at high flow, for it produced
waves in the flume. Then, some sheets of wire mesh were placed beyond the honeycomb,
and this new flow straightener resulted in a smooth ripple free surface (Figure 5-13).

The weir model was placed 915 mm from the downstream end of the main flume.
To avoid leakage between the bottom and edges of the weir and the flume walls, the very
small gaps between weir model and the channel bed were secured by a thin layer of
duxseal along the bottom and sides (Figure 5-14). This did not affect the flow capacity
of labyrinth weir.

Finally, depth ing sections were i (Figure 5-15), 25 cm

(=4xH,,,) from the weir model (Albertson ef al.,1960; Kraatz,1975). This depth, H
would then be used in equation (4.1) and would be plotted as the value of H/P. Also a
survey was conducted of the channel bed to ensure that the flume had been set up with

a horizontal bed.

5.4. Provision of flow

‘When the second run of the model test was being carried out, it was observed that
the lowest flow rate of the centrifugal pump was too large to supply the minimum flow
rate required by this experiment. Therefore, it was decided to use the centrifugal pump
only for high flows. Under these conditions the flow rate would be adjusted by valve and
the flow magnitude would be measured by the V-notch weir (Figure 5-16). Model tests

showed that the range of these high flows varied from 8.20 I/s to 39.15 I/s.



Figure 5-14 Photograph of a thin layer of duxseal along the bottom and sides




113

1550 L/s
=327 ¢cm

Figure 5-15 Photograph shows the location of depth measuring section

= “

Figure 5-16 Photograph of the V-notch weir
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Following this it was decided to supply low flows using the laboratory freshwater
supply. The flow rate could be adjusted by valve and the flow magnitude could be
controlled by the rotameter. Flows from this rotameter were delivered to the flume
through a 102 mm diameter pipe. Experiment showed that the range of the low flow was

between 2.43 I/s to 8.1 I/s.

5.5. Flow measurement and depth measurement
5.5.1. Flow measurement

A sharp sided 90° V-notch weir (Figure 5-17) was designed to measure the
discharge. This was chosen for ease of construction and for accuracy over the design
range of flows (8.2 I/s to 39.15 l/s). The flow depths at the downstream end were
measured 900 mm upstream from the weir crest by a fixed point gauge (Figure 5-18).
A wooden board 20 mm thick, 400 mm high together with aluminum honeycomb
approximately 100 mm thick, 445 mm high was set at 1.31 m from the downstream end

to provide the necessary stilling.

5.5.2. Depth measurement

Water surface profiles over the model were measured by a movable point gauge
to the nearest 0.001 ft (0.305 mm). This avoided the need for more than one point-
gauge, since the measurement point varied along the length and width of the channel
(Figure 5-19).

The flow depth upstream of the V-notch weir was measured by a fixed point
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Figure 5-19 Depth measurement at the weir model in progress

116
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gauge to the nearest 0.001 ft (0.305 mm). This fixed point gauge was placed 0.9 m

upstream of the weir crest.

5.6. Calibration works

Because the flow and depth measurements were the main data that would be
collected in the model tests, it was very important to ensure accurate calibration of the

point gauge, the rotameter, and the standard 90° V-notch weir.

5.6.1. Calibration and check on accuracy of the point-gauges

A calibration of point-gauges (see Figure 5-20) showed that 328 counts on the
counter was equivalent to 100 mm. Alternatively each count measured 0.001 ft. Although
a calibration of point-gauges was done, it is necessary to check the accuracy of the point-
gauges. This was done by taking the flow depth measurement using the point-gauges and
a vertical manometer connected to the tail flume (see Figure 5-21).

Several readings of the flow depth over the sharp sided 90° V-notch weir were
taken 0.90 m upstream of the V-notch weir crest, together with readings of the vertical
manometer. Comparisons showed that the maximum variation in the determination of the
flow depth was 4.18 percent as displayed in Figure 5-22. Also, it can be seen that the

error decreases with increasing discharge, Q.
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Point Gauge

Qauge reading

@ Polnt Gauge

gauge reading
- 1311

100 mm

1639 - 1311 = 328 counts

m—f> 1 count = 0.001 it

328 counts = 100 mm = 0.328 ft

Figure 5-20 Sketch to illustrate a calibration of point gauge

0.90 m upstream of the

Point Gauge ™y _notch welr crest

Vertical

Tall flume

Figure 5-21 Sketch to illustrate a check an accuracy of point gauge using manometer
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Figure 5-22 The discharge-depth (Q-H) relationship at the v-notch weir
measured by point gauge and vertical manometer.

5.6.2. Calibration of rotameter

A number of flow rates were run and measured using the rotameter. These were

d with a i This is a simple way to check the accuracy
of the rotameter by discharging a measured volume of water within a particular time.
This was done by discharging water into a tank of known cross sectional area and
measuring the increase in depth over a measured time.

The test result is shown in Figure 5-23. It was observed that the maximum error
of the rotameter was only 1.56 percent. A photograph to show the calibration of

rotameter is given in Figure 5-24.
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Measured flow rate (/a)
N

2 3 4 5 6
Flow rate at rotameter (Thousand Imperisi gph)

Figure 5-23 The calibration test result of rotameter

5.6.3. Calibration of the V-notch weir

A total of six flows were run to calibrate the V-notch weir using the rotameter
(Figure 5-25). Four readings for each flow were taken using the fixed point gauge to
measure the flow depth over the V-notch weir. Flowrates were measured using the
rotameter. The results are presented in Figure 5-26 which shows the plot of flowrate,

measured by rotameter, against head over the V-notch weir. This correlation gives the

relationship for the V-notch weir as :

Q = 15.21 H¥S 5.0
where Q is discharge in 1/s; and H is the depth over the crest in cm.

Equation (5.1) may be rewritten as :



n of the V-notch weir in progress
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0= % V2g ¢, tan ¢ B** (5.2)

where C, is a discharge coefficient = 0.64 and 6 is the angle of each side of the V-notch
to the vertical = 45°. Usually C, = 0.58-0.61 (Novak,1990)

Although equations 5.1 and 5.2 were obtained under the low flowrate condition,
it was considered that they can be used also for the high flow condition, because of the
known accuracy of V-notch weirs. Operational problems did not permit direct calibration

of the higher flows.

8

6
o
S44
o

24

o T T T —T" T T

s 6 1 8 9 10 1 12
H (cm)
* Measured —Q = 1521 H~2.5

Figure 5-26 The discharge-depth (Q-H) relatmnshlp at Lhe v-notch weir,
a comparison of measured and predicted by Q = 15.21 H!
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5.7. Experiments
The general procedures used are described in this section which also includes

some details of the model tests.

5.7.1. A typical experiment

Methods of collecting the experimental data will be discussed in two sections
according to the magnitude of the flow (see section 5.4).
(1) Low flows

First, the valve at the freshwater supply was opened. Then, the flowrate Q, at
rotameter was set. The valve was adjusted until the flowrate at the rotameter was stable
at the desired flowrate, Q. It was then necessary to wait until the water surface on the
flume was stable. Usually, ten minutes was enough to get this condition. Then, the
depths were measured using the point gauge 250 mm upstream from the weir model
(discussed previously in section 5.3 and see Figure 5-27). Three depths were measured
across the channel. The mean depth, H, was taken as the average value of these depth
measurements. One value of Q; and one value of H were obtained from each test.
(2) High flows

First, the valve downstream of the centrifugal pump was opened. Then, the depth
over the weir crest was set. This was done by adjusting the valve until the depth over the
crest was established at the desired flow depth. As before it was then necessary to wait
about ten minutes until the water surface on the flume and tail flume were stable. Then,

the flow depths were measured using the point gauge 250 mm upstream from the weir
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model (discussed previously in section 5.3 and see Figure 5-27). Last, the flow depth

was measured 900 mm upstream of the V-notch weir in order to obtain the flowrate, Qr,
which was calculated using equation 5. 1. As before one value of Qg and one value of H
were obtained from each test.

The water surface profiles for low and high flows were obtained from depth
measurements along the lines 1 and 2 shown in Figure 5-28. Typically, ten depth
measurements were made along the line at 50 mm intervals. This was varied as necessary

to give sufficient detail. Measured data are given in Appendix D.

et ot 20 mm
11080 mn
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z
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Figure 5-27 Measurement sections of depth, H
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Figure 5-28 Measurement sections to obtain the water surface profile

5.7.2. Model test data

The number of flow runs and the flow ranges for each of the weir models is
summarized in Table 5.2. As shown in Table 5.2 the maximum flow in these
experiments was 39.15 I/s and the minimum flow was 2.43 I/s. Details of the flow and
depth for each weir model are given in Appendix D which also summarises the
calculations. A total of 205 experiments were run using the 8 basic models and the 5

modifications of model no.1.
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TABLE 5.2
Range of flows for each weir model in the experiment
Model No. Number of tests Flow range (litre/second)

(O] 3)

1 21 3.53-37.92
2 15 3.86 - 29.31
3 11 4.73 - 35.27
4 24 4.24 - 37.00
5 24 3.37 - 36.87
6 15 2.43 - 17.66
7 14 5.07 - 23.80
8 14 4.73 - 24.19
la 12 2.90 - 13.52
b 13 4.84 - 38.00
Ic 14 4.95 - 39.15
1d 14 4.92 - 38.89
le 14 4.92 - 35.76

5.7.3. The range of the Froude and Reynolds number in the model test

Since the flow in open channels results under the action of gravitational forces
which influence the resistance it is useful to check the values of the Froude, F, and
Reynolds number, R, (Sharp, 1981). However, it is not necessary to check the Froude
and Reynolds number for each flow rate in all experiments. Rather it is possible to use
minimum and maximum flow rates in order to obtain a range of values for F and R,. In

the experiments reported here the maximum flow was 39.15 I/s at a total flow depth
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equal to 158 mm. The minimum flow was 2.43 I/s at a total flow depth equal to 115

mm. The Froude number, F is expressed by :

5.3)

in which F is the Froude number; V is velocity; g is gravitational acceleration; and H
is the flow depth. Using equation (5.3) the maximum Froude number is 0.35 while the
minimum Froude number is 0.035.

The Reynolds number, R, can be estimated from :
R=YH (5.4

where R, is Reynolds number; V is velocity; H is the flow depth; and v is kinematic
viscosity assumed to be 10 m’s". Using equation (5.4) the maximum value of R, was
6966 and the minimum value was 433. Thus it can be concluded that the model flows
were rough turbulent since rough turbulent flow occurs when R, > 400 to 800 (de Vries,

1971 quoted in Sharp, 1981).



Chapter 6

Results and Discussion

The results of the tests on each model will be given separately. A discussion to
compare these results will also be provided in this chapter. As discussed in the previous
chapter (4.2) the experimental results were plotted in terms of flow magnification, Q./Qy
and flow depth to weir height ratio, H/P. This will represent the performance of each

labyrinth weir model. The results of the investigation however will also be plotted in

terms of a i ip between the disch: i C, and the flow depth to weir
height ratio, H/P. This is to confirm the assumption made in the theoretical solution that

the discharge coefficient could be predicted by the Rehbock equation (see section 4.1).

6.1. The linear weir (model no.6)
After fifteen flow runs (see Appendix D for experimental data in Table D.6) the
results of the test were plotted in terms of discharge coefficient, C, against depth to crest

height ratio, H/P as shown in Figure 6-1. Three theoretical formulas to predict the C,
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values were compared to experimental values of C,. These include :

(1) The Rehbock equation (modified from Daugherty and Ingersoll, 1954; and quoted in

Vennard and Street, 1975; and Daugherty and Franzini, 1977).

c,=o0.605 +0.08 X . __ 1 6.1
7 To.007 8

in which H is in cm.

(2) The Rouse equation (quoted in Daily and Harleman, 1973).
Co=0.61+0.08 % (6.2)
(3) The Kindsvater and Carter formula (modified from Albertson et al., 1960).
C, = 0.6019 +0.0748 % 6.3)

As shown in Figure 6-1, among those equations, the Rehbock formula showed the
best agreement with the author's C, experimental values, although the experimental
discharge coefficients were slightly higher than theoretical values predicted by the
Rehbock formula. This difference however was observed to be not more than 10% on
average (see Table D.6). Thus the experimental values were considered to be still
predicted reasonably well using the Rehbock equation. This confirms the previous
assumption made in section 4.1. and this equation (6.1) was used to predict the value of
C, for a linear weir. This value of C, was also required to estimate the theoretical

flowrate over the straight weir (Qy) using equation (4.1).
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)_ * Model No. ¢ == Renbock
— Rouse === Kindsvater&Carter

. L s L
01 032 0.34 0.46 058 07
H/P

Figure 6-1 Comparison of theoretical and experimental results of

discharge coefficient, C, vs H/P of the straight weir (model no.6).
6.2. The trapezoidal labyrinth weirs (model no.1, 1a, 2, and 3)
6.2.1. Coefficient of discharge

The results of all the trapezoidal labyrinth weir model tests were plotted in terms

of discharge coefficient, C, against depth to crest height ratio, H/P as shown in Figures
6-2 (model no. I-data in Table D. 1, model no.la-data in Table D.9, model no.2-data in
Table D.2, and model no.3-data in Table D.3). It can be seen that C, results are

scattered but still may be predicted reasonably well using the Rehbock equation.
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However, when the value of H/P > 0.4 the experimental values of C, decreased and
could not be predicted by Rehbock formula. This was as expected. At higher values of
H/P there is more interference in the flows leaving each cycle and as a result the
discharge coefficient decreases.

The good agreement between theory and experiment for discharge coefficient
values at H/P < 0.4 suggests that, provided L/W is also less than about 2.7, the
discharge can be predicted by equation 4.1, the standard weir equation. At values of L/W
> 2.7 and H/P > 0.4 the QuickBASIC program would give a more accurate solution.

1

Legend :
09 Mdi 1.2,3,and 1a = Model No.1:2,3, and 1a
Rbk = Rehbock equation
0.8 K&C = Kindsvater & Carter
+H
L ot s vV
R A e A ;
3
06 + +§ £
Model P L/w
o8
o 1 10cm 256
o4r 2 10om 256
0.3 3 0cm 269
02l 1a 5 cm 2.56
ailk * Mdll — Rbk - Rouse + Mdl2
) © K&C V. MdI3 A Mdlla
° L L L s
o1 02 03 04 05 0.6
H/P
Figure 6-2 C ison of

results of discharge coefficient, C, vs H/P of models
no. 1, 2, and 3 (Figure 5-1) and model no.la (Figure 5-2)
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6.2.2. Scale errors

Scale effects were checked by comparing the values of flow magnification
between model no.l (data in Table D.1) and model no.2 (data in Table D.2). These
weirs were geometrically identical (see Figure 5-1) but model no.2 was half the size of
model no.l. As illustrated in Figure 6-3, scale effects or errors were insignificant and
both models gave the same results. This suggested that the models were large enough to

be used for prediction purposes.

Model No.2  + Model No.1  “*** Theoretical

Note :
Theorsticel resuits from QuickBASIC program

~
=3

o Model P L/N W/P @ n
= 1 10 cm 2.56 5.62 14.0¢ 2
o 2z 10 cm  2.56 5. .0
Sl 2 5.62 14.04
—
(<]
a

ol 0.2 0.3 G4 05 0.6
H/P
Figure 6-3 Comparison of flow magnification between
model no.1 and model no.2 which have different sizes
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6.2.3. Effect of changing the side wall angle (a)

The effect of changing the side wall angle (a) was observed by comparing the

values of flow magnification of model no.1 (data in Table D.1) and model no.3 (data in

Table D.3). Model no.1 had a side wall angle of 14.04° while the side wall angle in

model no.2 was 9.42° (see Figure 5-1). As indicated in Figure 6-4, this change did not

affect the flow Note however that there is a slight
This was smaller than the experimental scatter.
9
Model No. 3 +  Model No.1
33 Theoratical 3 * Theoretical |
Note :
7 Theoretical results from QuickBASIC program
o Modet P L/" WP @ n
- 1 10 cm 256 562 14.04 2
o 3 10 cm 269 5.62 9.42 2
NS5
)
af
1 e i L .
01 0.2 03 04 0.5 0.6
H/P

Figure 6-4 Comparison of flow magnification between
model no.1 and model no.3 with different value of the
side wall angle () and the length magnification (L/W).
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6.2.4. Effect of varying the crest height (P)

Models no.1 (data in Table D.1) and no.la (data in Table D.9) were identical
geometrically except that the crest height of model no.la (S0 mm) was half that (100
mm) of model no. 1 (see Figures 5-1 and 5-2). These models were used to investigate the
effect of varying the crest height. As can be seen in Figure 6-5, it was obvious that the
change of this parameter was not significant and there was no change in labyrinth weir

performance either theoretically or experimentally.

9
+ Model No. 1 Thaoretical 1
8F * Model No. la Theoretical la
Note :
7k Theoretical results from QuickBASIC program
Model P /W WP @ n
z 1 10 em 2.56 5.82 14.04 2
<3
86 1la S5Scm 2.56 11.24 14.04 2
=
<
ar
= = SN
N s . n L

01 02 0.3 04 0.5 0.6

Figure 6-5 Comparison of flow magnification between
model no.1 and model no.1a with different value of the
weir height (P).
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6.2.5. Discussion

In all trapezoidal labyrinth weir models, the coefficient of discharge, C,, could
be predicted reasonably well using the Rehbock equation except for H/P > 0.4 (sce
Figure 6-2). This confirmed the previous assumption that the Rehbock equation could be
used to predict the theoretical values of C, in a theoretical solution. It was also observed

that the i values of flow ification agreed very well with the theoretical

values predicted by the QuickBASIC program.
In addition, the curve of Q/Qy against H/P tends to be relatively flat at the low
values of Q./Qy studied in these experiments. This is as expected and confirms the

results obtained by previous experimenters.

6.3. The rectangular labyrinth weir (model no.4, Figure 5-1)
6.3.1. The discharge coefficient (C)

As can be seen in Figure 6-6 (data in Table D.4), the experimental discharge
coefficient for the rectangular geometry labyrinth weir decreased rapidly as the depth to
crest height ratio, H/P, increased. Thus, the theoretical value of C, could not be
predicted very well either using the Rehbock, the Rouse or the Kindsvater & Carter
formulas. This decrease in discharge coefficient is thought to be due to the weir's
geometry. Because the sidewalls of the rectangular shape are parallel to the flow
direction the flow over the side wall crests has a velocity component parallei to the crests

and therefore the flow may be reduced.
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6.3.2. The flow magnification
As displayed in Figure 6-7 (data in Table D.4), the experimental values of the
flow magnification at this type of weir were satisfactorily predicted by the theoretical
computer solution although the experimental values were slightly higher. This did not

confirm Taylor's work (1968) which showed a signi i between

and experimental results. However, the author’s experiments were based on a lower
length magnification value (I/w = 3) than Taylor's model (I/w = 6 and I/w = 8) and
this may be the reason for the better agreement.

The trend of both theoretical and experimental values showed that the flow
magnification decreases as the depth to crest height increases. This corroborated Taylor’s

experiment for a rectangular shape labyrinth weir.

'
oo
o8
o7
s U e
vﬂ.l o i
o Model No.4 Is a rectangular geometry,
ae L/W =3.00,P » 10 cm
o3
oaf
o1r
°
ol 0a 0.3 04 0.5 06
H/P
Figure 6-6 C ison of ical and

results of discharge coefficient, C, vs H/P of model no.
4 (rectangular shaped labyrinth weir, two-cycle).
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* Model No.4 - Theorstical A_]
o}
mw Model No.4 is a rectangular geometry,
L/W =3.00,P =10 cm
sl
cz
Zsl Note:
o"’ Theoratical results from QuickBASIC program
af

ol 0.2 0.3 04 05 06
H/P
Figure 6-7 The flow magnification at rectangular shape
labyrinth weir (model no.4, Figure 5-1), both experimental
and theoretical values.

6.3.3. The water surface profile
The water surface profile along the centre line of one cycle is shown in Figure

6-8 (data in Tables D.14, D.15, and D.16). As can be seen from Figure 6-8, an undular

jump occurred in this shape. The was parti noticable at
high flows (H/P = 0.40). Also the height of the jump rises as the flow increases. In

addition the jump location moves in the downstream direction as the flow increases.
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X = distance
P = welr helght

€ = water surface elevation relative to crest

H/P=Q.41 H/P-0.48 H/P=0.68
- . 2.64 42,48 e Q /aq, *233
o./a, a /1, -248 L/ ay
0.4
0.2
Labyrintn weir's Crest
o o
<
w
-0.2 Rectangular geometry
Lw-3
-0.4}
— Flow
-0.8r
d/s ~iocation of
waler surtace profile
-0.81
-1 ! 1 o L
-4 -3 -2 -1 o

X/p

Figure 6-8 Water surface profile along the centre line of one-cycle on
rectangular plan form labyrinth weir (model no.4, Figure 5-1).

6.4. The rectangular geometry with a semi-circular connection (model
no.5, Figure 5-1)
6.4.1. The discharge coefficient, C;
The relationship between the discharge coefficient, C;, and the depth to crest
height ratio, H/P, is shown in Figure 6-9. This indicates that the experimental values are
in good agreement with the theoretical values predicted the by Rehbock equation except

at higher flows (H/P = 0.4) where there is a discrepancy.
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09

08

Model No.5 is a rectangular shape with

0.5
J’ a semi-clrcular connection,
0.4 L/W =268, P =10 cm
0.3
02
o1 = Model No. § — Rehbock
] == rouse “* Kindsvater&Carter
0 L L L L
o1 0.2 03 04 05 0.6
H/P
Figure 6-9 C ison of ical and

results of discharge coefficient, Cy, vs H/P of model no.5
(rectangular geometry with a semi-circular connection, two-
cycle labyrinth weir).
6.4.2. The flow magnification
The experimental data and computed results of the QuickBASIC program were
plotted and displayed in Figure 6-10. As shown in Figure 6-10 (data in Table D.5), the
computed results compared well with the experimental data. Note however that there is

a discrepancy between the experimental and theoretical curves. This was not considered



to be significant since the difference was smaller than 10 percent.

140

r * Model No.§ ' Theorstical 51

Model No.5 Is & rectangular shape with
a semi-circular connectlon,

L/W =268, P =10 cm

Note :

Theoretical results from QuickBASIC program

0.6

Figure 6-10 The flow magnification data at rectangular ge: . netry
with a semi-circular connection, two-cycle labyrinth weir (model
n0.5), both experimental and computed results.

6.4.3. The water surface profile

The water surface profile is shown in Figure 6-11. As can be seen from Figure

6-11 (data in Tables D.17, D.18, and D.19), an undular jump also occurred at this

geometry especially at higher flows. Also the height of the jump rises as the flow

increases and the jump location moves downstream as the flow increases.
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Although this model behaved similarly to model no.4 (Figure 5-1) with respect

to the jump, the height of the jump which occurred with this model was lower than that

of a rectangular shaped labyrinth weir. A comparison is shown in Figures 6-12 (data in

Tables D.15 and D.17) and 6-13 (data in Tables D. 16 and D.19). Notice in Figure 6-13,

that although model no.5 had a higher value of H/P and Q than model no.4, the height

of the jump on model no.5 was slightly lower than that of model no.4. This suggests that

the semi-circular connections help to increase the effectiveness of the sidewalls to pass

the flow. As a result the height of the jump decreases.

08

0.6

£ « water surface clevation relative to crest.

X « dlatance.

P« welr helgnt.

H/P«0.48 H/P+0.51 H/P=0.69
-262 e ) - 2.4 0,/Q,-233
| 0 /0y~ 2562 0/0y-248 Qy
[ u/’s
F
Rectangular geometry
with a semi-clrcular
= connection
L L/W - 2,68
a’se locatlon of
[ “*"|water surtace profile
s L L L n L
-6 -4 -3 -2 -1 o 1 2 3
X/P

Figure 6-11 Water surface profile along the centre line of one-cycle on
rectangular plan form with a semi-circular connection, two-cycle labyrinth

weir (model no.5, Figure 5-1).
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Flow, Q = 29.09 I/s ; H/P = 0.48

I Model Mo.§ -
0.8
04
0.2
walr's creat
0 7
0.2 /
0.4} / i
-0.6 -
d/s
-0.8|
-4 -3 -2 -1 0 1
X/P
Figure 6-12 Water surface profiles on model no.4 and model no.5
Model No.5 Model No.4
H/P - 0.60 - H/P - 0.66
- X Q = 34.43 I/
6 Q-36871/s s
0.4}
—— Flow
u/s
0.2 -
walr'a creat
0
E 0.2 |
-0.4
—0.6
d/e
~0.8
-4 -3 -2 -1 0 1 2
x/P

Figure 6-13 Water surface profiles on model no.4 and model no.5
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6.5. The reverse trapezoidal shapes (model no.7 and no.8, Figure 5-2)
The primary purpose of these experiments was to study the undular jump. Also,

this study investigated whether the undular jump occurred because of the blocking in the
downstream channel or because of the angle of the side walls to the main flow direction.

As in other experiments, flows and flow magnifications were also measured.

6.5.1. The discharge coefficient

As can be seen in Figure 6-14 (data in Tables D.7 and D.8), the effect of
reversing the trapezoidal shape decreased the discharge coefficient rapidly and none of
the proposed theoretical equations could predict this value. However, reducing the length
of the side wall crest by constructing model no.8 was significant in increasing the

discharge coefficient to some degree.

ModeiNo. LW P
o 7 ase  foem
o 8 260 1oem

4

o R o o6
u/e

Figure 6-14 Comparison of discharge coefficient,
C,, between model no.7 and model no.8.
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6.5.2. The fiow magnification

As shown in Figure 6-15 (data in Tables D.7 and D.8), the reverse trapezoidal
effect changed the trend of flow magnification. The labyrinth weir behaves ideally at low
flow and as height increases the flow magnification decreases rapidly. This is because

the cffectiveness of the side walls to pass the flow decreased, especially at high flow.

* Model No.7 -+ Theoretical 7
8 + Model No.8 —— Theorettcal 8

Note :
Theoretical results from QuickBASIG program

6F ModsiNo.  L/W
F 7 356 reverse trapszoldal
Ner 8 266 reverse trapezoldal
<o

bk

o 0l 02 E‘F}P 04 05 0.6
Figure 6-15 Comparison of flow magnification-depth
to crest height ratio relationship between model no.7
and model no.8.
6.5.3. Water surface profile
The water surface profile at model no.7 is shown in Figure 6-16 (data in Tables
D.20, D.21, and D.22). Similarly, the water surface profile at model no.8 is shown in

Figure 6-17 (data in Tables D.23, D.24, and D.25).
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Q-20861/s
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water surface profile
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Figure 6-16 Water surface profile at model no.7

o8 H/P=0.43 H/P-0.60 H/P-0.67
0.6} Q1742 1/s Q -20771/8 ” Q-24191/8
04r
o2
o
-0.2F Model no.8
ol L/W . 258
-08
-0.8 L locatlon of
“* water surface profile
<9 s L
-6 1 2 3

Figure 6-17 Water surface profile at model no.8
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Model no.7 was designed to increase the blocking in the downstream flow by
decreasing the size of the openings in the downstream channel (ie 70 mm in Figure 6-
16). It was expected that this would increase the size of the jump. Model no.8 was
similar in shape but had larger openings (125 mm in Figure 6-17). This was expected to
decrease the jump size below that of model no.7. A comparison of the jumps on
upstream channel for these shapes and for model no.4 (the rectangular planform) is
shown in Figure 6-18 (data in Tables D.23, D.24, and D.25).

Jumps formed with all three models. There is little difference between the jumps
which formed at models no.4 and no.7 but the jump which formed at model no.8 was
much shorter. All jumps were of approximately the same height. This makes it difficult
to draw any definite conclusion but the reduction in jump length when the downstream
openings were increased (ie model no.8) does suggest that blocking was important,
However a comparison of the jumps on downstream channel (see Figure 6-19-data in
Tables D.26, D.27, and D.28) showed obviously that blocking was also important.
Model no.7 which had openings 70 mm in the downstream channel had the highest and
the longest jump, while model no.8 which had larger openings (125 mm) had a lower and
a shorter jump than model no.7. The widest downstream opening occurs for the normal
trapezoidal plan form in which jumps were never observed. It was concluded again that

this shape (model no. 1-see Figure 5-1) was the ideal shape for a labyrinth weir.
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Model No.4 Model No.8 Wodel No.7
pmgeaces o) HIP-0.67 H/P-0.67
- Q- 20,00 /s 0 1/a
L
Labyrinth Welr's Crest

Model No.4  Model No.7 Model No.8

L/W=-3.00 L/W =368 L/IW - 2,68

X/P

Figure 6-18 A comparison of watersurface profile at models no.4, 7 and 8
along the centre line of one-cycle (most on upstream channel).

Model No.4 Model No.8 Model No.7
——— W0 e HIPROS 1/P-0.67
r Q2000 1/ Q241018 Q + 20.80 70
u/s
L ——Flow
B Model No.4  Model No.7 Model No.8
L L/W=-3.00 L/W-368 L/W-266
/8
L L L ' L L L
-4 -3 -2 -4 o 1 2 3
X/P

Figure 6-19 A comparison of watersurface profile at models no.4, 7
along the centre line between two cycles (most on dowmstream channel)
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6.6. Comparison between model no.1, 4 and 5

A comparison between trapezoidal (model no.1), rectangular (model no.4) and

with a i-circul ion (model no.5) plan forms was made to

evaluate those models in terms of total flowrate and flow magnification. In this
comparison, model no.1 was chosen to represent the trapezoidal geometries.

As shown previously in Figure 5-1, model no.4 was 17% longer than model no. 1,

while model no.5 was 4% longer than model no.1. As can be seen from Figures 6-20

and 6-21 (data in Tables D.1, D.4, D.5 and D.6), the increase of the crest length at

model no.4 and model no.5 was not significant in increasing the flow capacity over the

labyrinth weir (see equation 4.1).

50
—— ModelNo.1 - Model No. &
* Model No. 4
dol
L/w
Model No.1 2.56
3o Model No.a 3.00
@ Model No.&
=
(=]
20 }‘
101
° "
o 1 2 3 4 B 6 7 8

H (cm)
Figure 6-20 Comparison of stage-discharge relationship
at models no.1, no.4, and no.5.
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o 1 10cm 256 5.62 14.04 2
(=2 4 10cm 3.00 562 0.00 2
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Figure 6-21 C ison of flow ification-depth to
crest height ratio relationship at models no.1, no.4 and no.5.

As shown in Figure 6-21, the theoretical results from the QuickBASIC program
show a small difference in values of the flow magnification, especially at low values of
H/P. Similarly, the experimental results showed that the difference in the magnitude of
flow magnification among the three models was small except at low values of H/P. These

differences were not considered to be significant from a practical viewpoint.
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Again, it can be concluded that the trapezoidal shape (model no. I-see Figure 5-1)

is the most suitable shape from a hydraulic point of view. Also it is easier and cheaper

to build than shapes or shapes with ji-circul:

(models no.4 and no.5-see Figure 5-1).

6.7. The trapezoidal shapes with different crest widths (Model No.1b,
1c,1d, and le)
6.7.1. The discharge coefficient
As indicated in Figure 6-22, the increase of the crest width from 7 mm (model
no. lb, data in Table D.10) to 10 mm (model no. Ic, data in Table D.11) did not change

the disch: i igni . The i ined values were still

predicted reasonably well using the Rehbock equation. However when the crest width
was expanded to 15 mm (model no.1d, data in Table D.12) and 20 mm (model no. le,
data in Table D.13), the discharge coefficient decreased. In this case, models no.1d and
le did not act as a sharp crested weir. The frictional losses over the crest were

significant and hence the discharge coefficient decreased.

6.7.2. The flow magnification

The flow magnification values were not affected by increasing the crest width
when the width was smaller than [0 mm. However, as shown in Figure 6-23, for model
no. 1d and no. le with crest width 15 mm and 20 mm respectively, the value of the flow

magnification was likely to decrease at low flow.
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Figure 6-22 Comparison of discharge coefficient

amongst model no.1b, Ic, 1d, and le with 7 mm,
10 mm, 15 mm, and 20 mm top width respectively.

6.7.3. Discussion

As indicated in Figure 6-22 and 6-23, it can be concluded that model no. b and
Ic with crest widths of 7 mm and 10 mm respectively still behave reasonably similar to
model no.1 which had a crest width of 2 mm. In practice, a really sharp crest is seldom

used since this would make the crest sensitive to damage by floating debris.
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Figure 6-23 C ison of the flow
amongst model no.l1b, Ic, 1d, and le with 7 mm,
10 mm, 15 mm, and 20 mm top width respectively.

6.8. General discussion

The experimental results showed that the value of the discharge coefficient, C,
depends on the geometry of the labyrinth weir and the crest width of the labyrinth weir.
It was shown that for all trapezoidal geometries (models no.l, la, 2, and 3) the
experimental data were fitted reasonably well by the Rehbock equation, except for higher

values of H/P (see Figure 6-2). The discharg ient for a geometry

could not predicted by the Rehbock equation (see Figure 6-6). This was thought to be
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because the sidewalls of the rectangular shape are paralle! to the flow direction. The flow

over the side wall crests then has a velocity component parallel to the crests and the
discharge coefficient may therefore be reduced. However, for a rectangular geometry
with a semi-circular connection (model no.5-see Figure 5-1), the experimental discharge
coefficient was still predicted well by the Rehbock equation, except at higher values of
H/P (see Figure 6-9). This was thought to be because the semi-circular connection liclps
to increase the discharge coefficient, C,.

In addition, increasing the crest width from 2 mm (model no. 1, data in Table
D.1) to 10 mm (model no. lc, data in Table D.11), had little effect on the relationship
between the experimentally measured values of the discharge coefficient and those given
by the Rehbock equation. However the expansion of the crest width from 10 mm to 15
mm (model no. 1d, data in Table D.12) and from 10 mm to 20 mm (model no. le, data
in Table D.13), showed that the experimental discharge coefficient did not fit the
Rehbock equation for these crest widths.

It was also shown that the experimental flow magnification values generally have
a good agreement with the theoretical results from the QuickBASIC program (see Figures
6-3, 6-4, 6-5, 6-15, 6-23). However at the rectangular geometry (model no.4) and the
rectangular geometry with a semi-circular connection (model no.5), it was shown that the
experimental flow magnification values are always slightly higher than the theoretical
results ob!;ined from the QuickBASIC program (see Figures 6-7, 6-10). Nevertheless
both experimental and theoretical resuits show the same trend, namely that the flow

magnification tends to decrease as the head over the weir increases.



Chapter 7

Conclusions and Recommendation

7.1. Conclusions

Within the limitations of this i work, the g can
be advanced.
® The use of a labyrinth weir with a and semi-circul: geometry
(model no.5, see Figure 5-1) does not signi increase the of a

labyrinth weir relative to that with a trapezoidal plan form. Although theoretically the

performance should be improved because the crest length of this labyrinth weir is 4%

longer than the trapezoidal shape (model no. 1, see Figure 5-1), the experiments showed

that there were no significant differences between the two shapes.

® It was found that the trapezoidal geometry with the side wall angle, @ = 0.68 o,

(model no.1 or model no.2, see Figure 5-1) gave the best hydraulic performance among

other labyrinth weir geometries which were tested in this study. This confirms the result

obtained by ITHE, Bandung, Indonesia (Memed and Sadeli, 1990; Puslitbang Pengairan,
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1991).

® The reverse trapezoidal geometries (models no.7 and no.8, see Figure 5-2) were used

to show that the existence of the jump obtained with model no.4 (rectangular shape) and

model no.5 with a semi-circul: ion geometry) was probably due o
blocking of the flow in the downstream channel. Also it was shown that allowing a larger
space in the downstream channel (model no.8) decreased the dimensions of the jump.
® The experimental discharge coefficient at weir models no.4 (rectangular geometry,
L/W = 3.00), no.7 (reverse trapezoidal, L/'W = 3.56), no.8 (reverse trapezoidal, L/W
= 2.56), no.1D (trapezoidal geometry with crest width = 15 mm, L/W = 2.56), and
no. IE (trapezoidal geometry with crest width = 20 mm, L/W = 2.56) could not be
predicted well using Rehbock equation. Thus the QuickBASIC program would give a
more accurate solution in predicting the performance of those models.

® However at weir models no. 1 (trapezoidal geometry, L/W = 2.56), no. la, no.2, no.3
(trapezoidal geometry, /W = 2.69), and no.5 (rectangular plan form with a semi-
circular connection, L/W = 2.68) when the value of H/P < 0.4, the discharge
coefficient could be predicted well by the Rehbock equation. Thus when the value of the
length magnification, L/W < 2.7 and the value of H/P < 0.4, the theoretical flowrate
over the labyrinth weir can be estimated using the standard weir formula (equation 4.1)
by applying the Rehbock equation (6.1) to predict the theoretical discharge coefficient,
While the QuickBASIC program should be used to predict the performance of the
labyrinth weir when the value of H/P > 0.4.

@ The ability of the computer program to predict the performance of the labyrinth weir
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has been demonstrated in this thesis. The results showed that in all cases the theoretical
flow magnifications have close agreement with the experimental data. Also, the
theoretical values showed a good agreement with the ones obtained earlier by Hay and
Taylor (1969). This condition was achieved with the energy loss coefficient (due to a
sudden contraction) equal to 0. 1. This value differs from the value (0.2) obtained by Hay
and Taylor.

® The economic advantages of labyrinth weirs have also been demonstrated in this thesis.
It has been shown that the Ciwadas trapezoidal labyrinth weir, which was constructed in

Indonesia, was more than 25% less expensi to the ive of a straight

weir with gate.

7.2. Recommendation

Based on the experimental results, it is possible to encourage the use of a
trapezoidal geometry with : @ = 0.68 o, , length magnification /w equal to 2.65, and
the crest width approximately 10% of weir height P (see model no. 1c, Figure 5-3). The

increased width of the crest is not signi in ing the disch

despite some frictional losses on the crest. Such a crest is useful when a river has a large
quantity of debris.

Since the QuickBASIC program was capable of predicting the performance of the
labyrinth weir, especially for use with the trapezoidal geometry in this study, it is
recommended that this QuickBASIC program is used in the preliminary design of

labyrinth weirs in Indonesia.
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APPENDIX B

Listing of QuickBASIC program
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30
40
50

70
80
90

110
120
130
140
150
160
170
180
190
200
210

220
230
240

250
260
270
280
290
300
310

320
330
340
350
360
370
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CLS

"This QuickBASIC program computes the flow magnification (Q,/Qy) and the depth
’to crest height ratio (H/P) of one cycle labyrinth weir.

*The program is modified from Hay and Taylor computer program, pp.214-221,
*October 1968, Faculty of Applied Science, University of Nottingham.
*Modification is made by Adolf Tommy Sitompul, Faculty of Engincering and
*Applied Science, Memorial University of Newfoundland.

DIM H(200), X(200), w(200), A(200), V(200), CD(200), Q(200), delh(200),
delha(200), delQ(200), delQa(200), delV(200)

LPRINT

LPRINT

LPRINT

LPRINT " DESIGN DATA "
LPRINT " "
LPRINT

TI$ =" - Length Magnification
T2 =" - Vertical aspect ratio .
T3$ =" - Angle of side walls
T4$ =" QL/QN = ##.i#h# "
TS$ =" H/IP = H.H4H"

Awo = R
WWIP = HERRE "
alpha = ##.#H44 "

TRRERAAXEREELS

’DATA INPUT
SEEEXREIREEERE

INPUT "Length of labyrinth weir, I(cm) =
INPUT "Width of labyrinth weir, w(cm) :
INPUT "Half length of tip section of labynnlh weir, a(cm) =
INPUT "Gravitational acceleration, g(cm/det2)
INPUT "Crest height of labyrinth weir, P(cm) =

INPUT "Number of sections, n = "; n

INPUT "Energy loss coefficient, CSC = "; CSC
LPRINT " 0 Labyrinth weir geometry : "
LPRINT " "
LPRINT

LPRINT " - Length of labyrinth weir .
LPRINT " - Width of labyrinth weir .

LPRINT " - Crest height of labyrinth weir



380
390

410
420

430
440
450
460
470
480
490
500
510

520
530
540
550
560
570
580
590
600
610
620
630
640
650
660
670
680
690
700
710
720

73

5

740

750

LPRINT " - Half length of tip section of labyrinth weir .

LPRINT

*CALCULATION OF PARAMETERS

LWR =1/w

WPR =w/P

y=w/2-2*a)

1-(4*a)/2
X=(®"2-(0"2".5

ALPHA = ATN(y / X)

delX =X /n

delL = delX / COS(ALPHA)

ALPHAL = ALPHA * 57.29577951308232#

LPRINT

LPRINT " o Design Parameter : "
LPRINT " "
LPRINT

LPRINT USING T1$; LWR

LPRINT USING T2$; WPR

LPRINT USING T3$; ALPHA1
LPRINT " - Energy loss coefficient
LPRINT " - Gravitati i
LPRINT

LPRINT

173

...a(em) =" a

LPRINT " HYDRAULIC CALCULATION - RESULTS "

LPRINT "

LPRINT

LPRINT " QL/QN vs H/P Relationship "

LPRINT "

LPRINT

LPRINT " H1 QL/QN  H/P
LPRINT "

LPRINT

LPRINT

INPUT "Initial delta h, delh = "; delh

INPUT "The level of acceptable error, E = "; E

INPUT "The minimum value of initial depth, Hminimum = "; HMIN
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760 INPUT "The maximum value of initial depth, Hmaximum = "; HMAX

770 IF HMAX < P THEN 810 ELSE PRINT "Sorry, the value exceeds the maximum
value allowed, Please Try again ": GOTO 790

780 INPUT "The increment of desired initial depth, Increment = "; INC

790 FOR H1 = HMiN TO HMAX STEP INC

800

810 *CALCULATION OF INITIAL DISCHARGE

820

830 H(l) = HI

840 X1 = delX

850 X(1) = X1

860 11 = (2 *a + 2 *dell)

870 wl = (2 *a + 2 * X1 * TAN(ALPHA))

880 w(l) = wl

890 CDI1 = .605 + .08 * (H! / P) + 1/ (10.006562# * HI)

900 CD(1) = CDI

910 QI =CDI*II *(HI*1.5)*(2/3)*(2*g) .5

920 Q(l) = QI

930 FORI=2TOn

940 delh(I - 1) = delh

950  X() = X(I- 1) + delX

960  w(l) = (2 *a + 2 * X(I) * TAN(ALPHA))

970 WHILE ABS(delh(I - 1) - detha(I - 1)) > E

980 delh(I - 1) = delha(I - 1)

990 H(I) = H(I - 1) + delh(I - 1)

1000 CD(I) = .605 + .08 * ((H(I- 1) + H(I))/2)/ P)

+ 1/ (10.006562# * ((H(1 - 1) + H(1)) / 2))
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1010 delQ(I - 1) = CD(I) * delL * (H(I - 1) + HA)/2) * 1.5) * 2/ 3)
*@2=g".5)

1020 Q) = Q- 1) + 2 *delQ( - 1)

1030 AQ-1) =HI-)+P)*wl-1)

1040 A() = (H(D) + P) * w(D)

1050 V(- 1) =QU-1)/AQ-1)

1060 V(D) = Q) / A(D)

1070 delV(I- 1) = V(1) - V(I - 1)

1080 delQa(f - 1) = Q) -Q(I- 1)

1090 delha(l - 1) = ((QU - 1) = (V(I - 1) + V(D) * delV(I - 1))
/& * (QU-1) + QM) * (1 - (delQa(T- 1) / 2 * QI - 1))

1100 delhfix = delha(l - 1)

1110 WEND

1120 H() = H( - 1) + delhfix
1130 NEXT I

1140 HL = H(n)
1150 QLWL = Q(n)

1160 CDLWLS = CD(n)
1170 VLWLS = V(n)

1180 delQtip = CDLWLS *a* (HL* 1.5) *(2/3) *((2*g) * .5)
1190 QL = QLWL + 2 * delQtip

1200 ELOSS = CSC * ((VLWLS " 2)/ (2 * g))

1210 HTOT = HL + ELOSS

1220 CDNW = .605 + .08 * (HTOT / P) + 1/ (10.006562# * HTOT)
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1230 QN = CDNW * W * (HTOT ~ 1.5) * 2/3) * (2 *g) * .5)

1240 QLQNR = QL / QN
1250 HPR = HTOT / P

1260 IF HPR > .6 GOTO 1320

1270 *3sxss3ss3T3388%

1280 'DATA OUTPUT
1290 ***rxxsasanzarss

1300 LPRINT USING " HEARRE  REAHRE #4444 ", H1; QLQNR; HPR
1310 NEXT H1

1320 LPRINT

1330 LPRINT " =

1340 LPRINT

1350 LPRINT * The level of acceptable error :"; E

1360 LPRINT

1370 IF ALPHAL = 0 THEN LPRINT " Rectangular Shape " ELSE LPRINT
Trapezoidal Shape "

1380 LPRINT

1390 LPRINT " Filename : COMPUTEI.BAS "
1400 LPRINT

1410 LPRINT * End of Results "

1420 END



APPENDIX C

Input and output of QuickBASIC program



o

o

DESIGN DATA

Labyrinth weir geometry :

Crest height of labyrinth weir

Half length of tip section of labyrxnth wexr

Design Parameter :

Length Magnification ..
Vertical aspect ratio .
Angle of side walls ..
Energy loss coefficient ...
Gravitational acceleration

HYDRAULIC CALCULATION - RESULTS

QL/QN vs H/P Relationship

HL QL/QN H/P

0.4000 2.5557 0.0401
0.7500 2.5457 0.0756
1.1000 2.5317 0.1117
1.4500 2.5141 0.1485
1.8000 2.4937 0.1862
2.1500 2.4708 0.2249
2.5000 2.4459 0.2646
2.8500 2.4193 0.3056
3.2000 2.3915 0.3479
3.5500 2.3627 0.3914
3.9000 2.3332 0.4364
4.2500 2.3033 0.4827
4.6000 2.2732 0.5305
4.9500 2.2431 0.5797

The level of acceptable error : .00005

Trapezoidal Shape

Filename

End of Results

COMPUTE1.BAS

(em)
(cm)
(cm)
(cm)
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2.5616
2.8100




APPENDIX D

Experimental data of

all weir models



180

Remarks

(for Table D.1 to Table D.13)

1). Column 1 indicates the number of the test.

2). Column 2, Qyy_ is the experimental total flowrate at the labyrinth weir regardless of
the number of cycles. (Note that Q, is the flowrate over one cycle. At low flow rates
(less than 8.1 I/s) Qq, was measured directly by rotameter. At higher flows Q, was

estimated from equation 5.1 whic is :

Qn = 15.21 H*S
where H is the experimental average flow depth over the V-notch weir crest in cm.
3). Column 3, H is the experimental mean depth over the weir model crest. Three depth
measurements were taken 250 mm upstream of weir model (see Figure 5-27). The mean
depth, H, is the average.
4). Column 4 indicates the experimental value of C,. This is calculated by rearranging
the standard weir equation (equation 4.1) to give :

Qp x 1000

; V2 g LES

C, =

where Q, is the experimental total flowrate at labyrinth weir (column 2) in I/s; L is the
total developed length of labyrinth weir in cm ; g is the acceleration due to gravity =
981 cm/sec’; and H is the experimental mean depth over the weir model crest (column

3) in cm.
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5). Column 5 indicates the theoretical value of C,. This is estimated from the Rehbock

equation (equation 4.3) ic :

- H 1
€, =0.605 +0.08 2+ S

where H is the experimental mean depth over the weir crest (column 3) in cm; and P is
the weir height in cm.

6). Column 6 indicate, the di between i and ical values of C,.

This value, AC,, is obtained from the equation :

(Experimental C, - Theoretical C,)

c =
S (Theoretical C,)

X 100 %

7). Column 7 indicates the theoretical flowrate Qqy a straight weir constructed across the
channel width (sometimes called the presumptive linear weir). This is estimated from the
standard weir equation (equation 4.1) using the total channel width, W, and the

theoretical value of C,. This gives by :

C,.;\/zg WS

O 1000

where Qqy is the theoretical flowrate at the straight weir (column 7) in Us; C, is the
theoretical discharge coefficient (column 5) and H is the experimental mean depth over
the weir crest (column 3) in cm.

Note that Qqy is the flowrate calculated on the basis of full channel width, the value of
Qu, used previously, refers to a straight weir with a crest length equal to the channel

width for one cycle only.
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8). Column 8 indicates the flow magnification, Qp/Qmny. This, of course, is equal to
Q./Qy. This is calculated from column (2) divided by column (7).
9). Column 9 indicates the depth to weir height ratio, H/P. This is calculated from
column (3) divided by weir height, P.

Table D.6 refers to a straight weir and therefore does not have values for flow

magnification (Qry/Qm or Q,/Qy) and theoretical Qy.
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TABLE D.1
Experimental data of model no.1 (see Figure 5-1)
‘Trapezoidal two-cycle
P = 10.00 cm W = 56.20 cm g = 981 cm/sec?
L = 143.96 cm L/W = 2.56 a = 14.04°
Test | Qpn H Experi- | Theore- | Diffe- | Theore- | Qu/Qny | H/P
no. (Us) (cm) mental tical rence tical or
C in Cy Q/Qx
(%) sy

[{)] [&)] 3) @ ®) ®) (G ®) ®
[ 3.53 114 0.68 0.70 2.67 1.42 2.49 0.11
% 4.19 127 0.69 0.69 -0.37 1.64 255 0.13
3. 4.94 141 0.69 0.69 0.86 1.91 2.58 0.14
4. 5.57 1.68 0.60 0.68 -11.11 2.44 228 0.17
55 5.63 157 0.67 0.68 0.95 222 254 0.16
6. 6.39 1.68 0.69 0.68 1.73 2.45 261 0.17
% 7.18 184 0.68 0.67 0.23 2.79 2.57 0.18
8. 7.61 193 0.67 0.67 0.75 2.99 2.54 0.19

3.61 2.20 0.62 0.67 -1.09 3.62 238 0.22
1. | 1ot 237 0.71 0.67 6.77 4.03 273 0.24
1. | 1189 2.51 0.70 0.66 5.83 4.39 271 0.25
12. | 12,98 267 0.70 0.66 5.28 4.81 270 | 027
13. | 14.54 300 0.66 0.66 0.47 5.70 255 0.30
| 153 3.00 0.68 0.66 3.36 5.71 2.65 0.30
15. | 16.80 3.14 0.71 0.66 7.05 6.13 274 031
16. | 19.31 349 0.70 0.66 5.35 7.16 2.70 0.35
17. | 2138 3.80 0.68 0.66 264 8.13 2.63 0.38
18. | 278 474 0.62 0.66 .79 11.38 239 0.47
19. | 27.94 4.17 0.63 0.66 5.02 11.48 2.43 0.48
20. | 3000 | 498 0.64 0.66 4.45 12.26 245 0.50
21 | 3192 6.04 0.60 0.67 -1038 | 1652 230 | 0.60
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‘TABLE D.2
Experimental data of model no.2 (see Figure 5-1)
T four-cycl
P = 10.00 cm W = 56.20 cm g = 981 cm/sec?
L = 143.95cm L/W = 2.56 o = 14.04°
Test | Q H Experi- | Theore- | Diffe- | Theore- | Qu/Qm | H/P
no. | (ils) (cm) | mental | tical rence tical or
Ce [+ in C, Qny Q/Qu
(%) (s)

[0 @ [©) “@ 6) ©) U] ® )
L | 386 1.28 0.63 0.69 9.74 167 231 0.13
2. | 459 1.42 0.64 0.69 -7.03 1.93 2.38 0.14
3. | 52 1.54 0.64 0.68 5.50 2.16 2.42 0.15
4. | 596 1.68 0.64 0.68 529 2.46 2.43 0.17
5. | 736 1.78 0.73 0.68 7.97 2.66 2.77 0.18
6. | 814 1.91 0.73 0.67 8.13 2.94 2.77 0.19
7. | 962 2.18 0.70 0.67 5.16 3.57 2.69 022
8. | 1291 2,65 0.70 0.66 6.12 475 2712 0.26
9. | 15.50 3.09 0.67 0.66 1.64 5.96 2.60 0.31
10. | 19.81 3.65 0.67 0.66 1.05 7.65 2.59 0.36
1. | 227 4.15 0.63 0.66 4.45 9.30 2.45 0.42
12. | 2487 4.50 0.61 0.66 153 10.50 2.37 0.45
13. | 26.16 471 0.59 066 | -1096 | 11.47 2.28 0.48
14. | 27.19 4.98 0.58 0.66 | -13.46 | 1227 2.22 0.50
15. | 29.31 534 0.56 067 | -16.07 | 13.63 2.15 0.53




TABLE D.3
Experimental data of model no.3 (see Figure 5-1)

‘Trapezoidal two-cycle

P = 10.00 cm W = 56.20 cm g = 981 cm/sec?

L = 151.49 cm L/W = 2.69 a=9.42°
Test | Qn H Experi- | Theore- | Diffe- | Theore- | Qn/Qn | H/P
no. | Qs (cm) | mental | tical rence tical or

C, Ce inC, Qn Q/Q«
(%) Ws)

m @ [©) @ ) © m ® (O]
1. | am 1.34 0.68 0.69 -1.30 178 2.66 0.13
2. | 624 1.59 0.70 0.68 2.62 2.25 277 0.16
3. | 760 1.84 0.68 0.67 1.08 279 272 0.18
4. 9.46 2.14 0.67 0.67 0.89 3.48 2.72 0.21
5. | 169 | 251 0.66 0.66 -1.45 4.40 2.66 0.25
6. | 1687 | 3.10 0.69 0.66 a7 6.01 2.81 0.31
7. | 2139 | 3.6 0.71 0.66 7.56 .38 2.90 0.36
8. | 2390 | 385 0.71 0.66 6.83 8.30 2.88 0.39
9. | 2909 | 4.60 0.66 0.66 0.74 10.87 2.68 0.46
10. | 3175 4.99 0.64 0.66 420 12.30 2.58 0.50
1. | 3527 | 551 0.61 0.67 -8.68 14.33 2.46 0.55




TABLE D.4

Experimental data of model no.4 (see Figure 5-1), rectangular-two cycle
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P = 10.00 cm W = 56.20 cm § = 981 cm/sec?
L = 168.60 cm LW =3.00
Test | Qnu H Experi- | Theore- | Diffe- | Theore- | Qu/Quy | HIP
no. (1s) (cm) mental tical rence in tical or
C, Cy Cy (%) | Quy (Us) Q/Q

(0] @) 3) @ ®) [Q) m (8) ()
1. 4.24 1.16 0.68 0.70 -3.04 1.46 2.91 0.12
2. 4.88 1.28 0.68 0.69 -2.40 1.67 2.93 0.13
3. 5.49 1.39 0.68 0.69 -1.83 187 294 fou
4. 6.28 1.50 0.69 0.68 0.30 2.9 3.01 0.15
5. 6.94 1.61 0.68 0.68 0.37 231 3.01 0.16
6. 7.70 174 0.67 0.68 -0.60 2.58 298 {017
7. 9.05 1.98 0.65 0.67 2.53 3.10 292 | 020
8. 10.71 2.27 0.63 0.67 -5.74 3.79 2.83 0.23
9. 11.88 2.50 0.60 0.66 9.49 437 212|025
0. | B2 | 27 0.61 0.66 8.57 5.0 274 o
1. | 1603 3.01 0.62 0.66 | .80 57 280 | 0.30
2. | 190 | 327 0.61 0.66 .97 6.48 276 [om
13. | 1905 3.45 0.60 0.66 9.72 7.03 271 |03
4. | 2175 3.77 0.60 0.66 9.7 8.04 211|038
15. | 2258 3.98 0.57 066 | -13.65 | 8m 259 | 040
6. | 2399 4.08 0.58 0.66 | -11.83 | 0.0 265 | 041
17. | 2497 420 0.58 0.66 | -11.93 | 945 264|042
18. | 2119 452 0.57 0.66 | -1436 | 1058 257 | o4s
19. | 2866 417 0.55 0.66 | -1666 | 11.46 250 | o048
20. 29.09 4.84 0.55 0.66 -17.30 11.73 2.48 0.48
21 | 3119 5.08 0.55 0.67 | -17.65 | 12.62 247|051
2. | 343 5.63 0.52 0.67 | 2245 | 1480 23 | 056
2. | 35.03 5.68 0.52 0.67 | 2229 | 150 235|057
2. | 300 5.96 0.51 0.67 | -23.80 | 16.18 229 | 060
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TABLED.5
Experimental data of model no.5 (see Figure 5-1), recangular with a semi-circular connections,2 cycle
P = 10.00 cm W = 56.20 cm g = 981 cm/sec’
L = 150.51 cm LIW =268 a=0°
Test o H Experi- | Theore | Diffe- | Theore- | Qu/Qpy | HIP
no. (ls) (cm) | mental tical | rencein | tical Qry or
Gi c, C, (%) (U5) Q/Qu

[0} 2 @) @) [S)) © ) ®) (9]
b 337 1.06 0.70 0.71 -1.48 128 264 | o011
2 428 1.22 0.71 0.70 197 157 273 0.12
3 4.86 1.36 0.69 0.69 0.42 181 269 | 014
4. 6.28 1.63 0.68 0.68 029 235 2.67 0.16
5. 7.58 1.88 0.66 0.67 212 2.8 262 | 0.19
[3 9.19 221 0.67 0.67 0.68 3.6 270 0.22
7. 1.13 2.37 0.68 0.67 2.8 4.04 2.75 024
8. 1245 2.59 0.67 0.66 142 4.58 272 | 026
9. 13.45 275 0.66 0.66 -0.17 5.03 2.67 0.28
10. 15.58 3.00 0.67 0.66 1.75 572 272 0.30
1. 17.38 3.26 0.66 0.66 0.41 6.46 2.69 0.33
12. 19.51 3.54 0.66 0.66 -0.39 7.32 2.67 0.35
13. | 2086 3.74 0.65 0.66 -2.10 7.95 262 0.37
4. | 204 4.00 0.65 0.66 -2.10 8.79 262 040
15. | 2516 429 0.64 0.66 -3.87 9.7 2.57 0.43
16. | 2698 4.52 0.63 0.66 -4.63 10.56 2.55 045
17. | 2861 472 0.63 0.66 -5.54 1131 2.53 047
15 | 2000 4.79 0.63 0.66 -5.86 1154 2.52 048
19. | 3007 5.00 0.61 0.66 -9.01 12,34 244 050
2. | 3175 5.15 0.61 0.67 -8.06 12.90 246 051
2. | 3250 5.26 0.61 0.67 9.13 13.35 243 053
2. | 341 5.50 0.60 0.67 | -10.56 | 14.28 240 055
2. | 355 5.68 0.59 0.67 | -11.74 15.03 236 057
2. | 3687 5.86 0.58 0.67 | -12.64 | 1576 234 0.59




TABLE D.6

Experimental data of model no.6 (see Figure 5-2)

Straight Weir
P = 10.00 cm W = 56.20 cm g = 981 cm/sec’
L = 56.20 cm L/W = 1.00 a=90°
Test Q. H Experi- Theore- Diffe- H/P
no. Ws) (cm) mental tical rence in
Cs Cq C,
(%)
(O] @ [€)] ) ®) 6) (U]
1. 2.43 1.52 0.78 0.68 14.11 0.15
2 2.71 1.76 0.70 0.68 3.28 0.18
3. 3.77 2.08 0.75 0.67 12.72 0.21
4. 413 2.32 0.71 0.67 5.83 0.23
S 4.30 2.51 0.65 0.66 2.22 0.25
6. 4.87 2.56 0.71 0.66 257 0.26
7. 5.46 2.77 0.71 0.66 7.73 0.28
8. 6.21 3.01 0.72 0.66 8.16 0.30
9. 6.22 3.13 0.68 0.66 2.29 0.31
10. 6.94 3.23 0.72 0.66 9.12 0.32
11. 7.63 3.44 0.72 0.66 8.83 0.34
12. 9.43 3.87 0.75 0.66 12.69 0.39
13. 13.55 5.03 0.72 0.67 8.95 0.50
14, 16.69 5.82 0.72 0.67 7.07 0.58
15. 17.66 5.95 0.73 0.67 9.45 0.60




‘TABLE D.7

Experimental data of model no.7 (see Figure 5-2)

89

Reverse trapezoidal shape two-cycle
P = 10.00 cm W =56.20 cm g =981 cm/sec?

L = 200.16 cm L/W = 3.56 a = 14.04°

Test Qn H Experi- | Theore- | Diffe- | Theore- | Qu/Qn | H/P
no. mental tical rence tical or
(Uls) (cm) (iR [oA inC, Qe Qu/Qx
(%) Ws)

m @ [€)] “@ (5) ©) @ ® Q)
1. 5.01 1.38 053 0.69 -23.33 1.86 2.7 | ol
2 6.41 L65 051 0.68 2437 | 238 2.69 | 0.16
B 7.89 2.00 047 0.67 29.45 | 3.14 2.51 0.20
4. 8.92 2.6 045 0.67 3326 | 3.75 238 | 0.3
5. 10.07 2.57 041 0.66 3776 | 4.54 222 | 026
6. 12.19 3.07 038 0.66 4217 | 592 2.06 | 031
7. 12.26 3.16 037 0.6 4422 | 617 1.9 | 0.32
8. 14.78 375 0.34 0.6 4196 | 1.97 1.85 | 0.37
9. 16.03 3.9 0.34 0.66 48.66 | 8.77 1.83 | 0.40
10. | 17.18 4.28 033 0.66 5049 | 9.75 1.76_| 0.3
11 | 18.80 4.5 0.3 0.66 5096 | 10.76 1.75_ | 0.46
12. | 20.95 5.01 0.32 0.67 5247 | 12.37 1.69 | 0.50
13. | 22.67 5.4 0.30 0.67 5468 | 14.05 1.61 | 0.54
14. | 23.80 5.69 0.30 0.67 5559 | 15.05 1.58 | 0.57
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TABLE D.8
Experimental data of model no.8 (see Figure 5-2)
Reverse trapezoidal shape two-cycle
P =10.00 cm W = 56.20 cm g = 981 cm/sec?
L = 143.96 cm LW =256 o = [4,04°
Test | Qn H Experi- | Theore- | Differ | Theore- | Qu/Quy | 1P
no. mental | tical | recein | tical or
is) (em) Cy < C, O Q/Qx
(%) sy

(0] @ (€] @ ®) © m ®) ()
1 473 1.47 0.62 0.68 9.05 203 233 [ous
2, 624 1.82 0.60 0.67 | -1169 276 226 | 018
3 .65 2.19 0.56 0.67 | -1688 3.59 213|022
4 865 2.48 0.52 0.67 | 2158 431 201|025
5. 1095 | 297 0.50 0.66 | 2408 563 194 | 030
6. 1245 | 332 0.48 0.66 | 267 6.63 188 | 033
7. 1449 | 3.64 0.49 0.66 | -2589 763 190|036
8 1573 3.93 0.48 0.66 | -28.11 855 184 | 039
9. 1742 | 428 0.46 0.66 | -309 973 179 {043
0. | v6s | 475 0.45 0.66 | -32m | 141 172 {048
| w77 4.98 0.44 0.66 | -39 | 18 169 | 050
2. | 239 5.25 0.44 0.67 | -3431 1331 168|053
. | 814 5.47 0.43 0.67 | 3615 | 1415 164 {055
14 | 219 5.73 0.42 0.67 | 3185 | 1509 159 | 057
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TABLE D.9
Experimental data of model no.la (see Figure 5-2)
‘Trapezoidal two-cycle
P=5.00cm W = 56.20 cm g = 981 cm/sec’
L = 143.96 cm L/IW =256 o =14.04°
Test | Qn H | Exped- | Theor- | Diffe | Theore- | QuQui | HIP
no. mental tical rence in tical or
sy (em) Cy < Cy Qv QQx
(%) s

() @) [©) “@ ®) © m ® (2]
1 2.90 1.04 0.64 | 0.72 | -1033 1.26 2.30 0.1
% 344 1.18 0.63 | 0.71 | -1106 151 228 0.24
3 424 1.32 065 | 070 | 668 17 2.39 0.26
4 492 1.46 0.66 | 0.70 | -5.56 203 242 0.29
S 5.59 1.59 0.66 | 0.69 | -5 230 243 032
6 637 1.75 0.65 | 0.69 | 6.3 2.65 2.40 035
7. 7.08 1.84 0.67 | 0.69 | -27 2.8 249 037
8. 7.84 1.98 0.66 | 0.69 | -3.71 3.8 247 0.40
9. 9.85 239 063 | 0.69 | -8.74 421 234 048
10 042 | 249 0.62 | 0.68 | -8.38 446 23 050
no | e | 274 061 | 0.69 | =110 | 517 226 055
2. | 1352 | 302 061 | 0.69 | -1171 | 5% 2.26 0.60
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TABLE D.10
Experimental data of model no. Ib (see Figure 5-3)
Trapezoidal two-cycle
P = 10.00cm W=5620cm | g= 98l csect
L = 143.96 cm L/W = 2.56 o = 14.04°
Top width = 0.7 cm
Test Qn H Experi- | Theore- | Diffe- | Theore- | Qu/Qn | H/P
no. ‘mental tical rence in tical or
Ws) (cm) Co C Cy Qe Qu/Q«
(%) 75y

m @ (€] @ ) ©) m @ ©®
1. 4.84 1.40 0.69 0.69 035 1.88 2.57 0.14
2. 6.45 1.64 0.72 0.68 6.38 2.37 27 0.16
% 7.9 1.93 0.70 067 472 298 2.68 0.19
4 9.96 220 072 0.67 7.57 3.62 2.76 0.22
3 12.26 253 072 0.66 7.87 4.44 2.76 0.25
6. 17.82 3.14 0.75 0.66 1392 | 611 292 0.31
7 19.47 3.49 0.70 0.66 6.17 7.16 21 0.34
8. | 2121 3.2 0.69 0.66 5.05 7.88 2.69 0.37
9. | 2448 4.14 0.68 0.66 321 9.26 2.64 0.41
0. | 2721 452 0.68 0.66 233 1057 | 26 0.44
1| 3221 5.09 0.66 0.66 073 | 1267 | 254 0.50
2. | 3540 5.43 0.66 0.67 121 1399 | 253 0.53
1. | 3800 5.74 065 0.67 249 | 1521 2.50 0.56
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TABLE D.11
Experimental data of model no. 1c (see Figure 5-3)
‘Trapezoidal two-cycle
P=1000cm | W=5620em | g =98l cmsed?
L=14396cm |  LIW=256 = 14.04°
Top width = 1 cm

Test | Qu H Experi- | Theore- | Diffe- | Theore- | Qu/Qne | H/P
no. mental tical rence in tical or

rs) (em) Cy [ [ Qmy Q/Qu
ay (%) sy

@ 3 “@ ®) ©) a ®) ®
i: 4.95 1.50 0.64 0.68 706 | 2.08 238 0.15
2. 6.39 173 0.66 0.68 2.56 | 2.56 2.50 0.17
3. 7.99 197 0.68 0.67 123 3.08 2.59 0.19
4. | 1042 | 232 0.69 0.67 401 3.91 2.66 023
5. | 1298 | 262 0.72 0.66 8.37. | 4.67 278 026
6. | 17.58 3.26 070 | 066 6.18 6.46 272 032
7. | 2258 3.85 0.70 0.66 6.30 8.29 272 038
8. | 2497 412 070 | 066 635 9.16 212 040
9. | 2834 | 448 0.70 0.66 6.12 10.43 272 0.44
0. | 3052 | 4m 0.70 0.66 540 | 1130 | 270 046
1. | 3467 5.2 0.67 0.67 124 | 13.37 | 259 052
12. | 3467 | 527 0.67 0.67 124 13.37 [ 259 052
13. | 3813 | se4 0.67 0.67 042 | 1482 | 257 055
14. | 395 | sm2 0.66 0.67 -1.83 | 1557 | 251 0.57




TABLE D.12

Experimental data of model no. 1d (see Figure 5-3)

‘Trapezoidal two-cycle
P =10.00 cm W = 56.20 cm g = 981 cm/sec?
L = 143.96 cm L/W = 2.56 a = 14.04°
Top width = 1.50 cm
Test | Qn H Experi- | Theore- | Diffe- | Theore- | Qu/Qu | H/P
no, mental tical | renceiin | tical or
Ws) (cm) C <, C4 O | Q/Q
(%) s)

m @ 3) “@ ®) ©) (U] 8) (]
1 4.92 1.52 0.62 0.68 -9.50 2.12 2.32 0.15
2. 6.50 1.75 0.66 0.68 2.55 2.60 2.50 0.17
3 8.04 2,01 0.66 0.67 -L11 3.7 2.53 0.20
4. 9.02 2.22 0.64 0.67 -3.84 3.66 2.46 0.22
5. | 1048 247 0.64 0.66 4.43 4.28 2.45 0.24
6. | 15.06 3.02 0.68 0.66 2.15 5.76 2.62 0.30
7. | 1695 3.26 0.68 0.66 2.37 6.46 2.62 0.32
8. | 1922 3.50 0.69 0.66 4.67 707 2.68 0.34
9. | 2.6 3.95 0.68 0.66 2.83 8.61 2.63 0.39
10. | 2077 423 0.67 0.66 1.32 9.54 2.60 0.41
1. | 2678 4.48 0.67 0.66 0.42 10.41 2.57 0.44
12. | 31.98 4.99 0.68 0.66 1.65 1228 | 2.60 0.49
13. | 3576 5.46 0.66 0.67 -1.05 14.11 2.53 0.54
14. | 38.89 5.81 0.65 0.67 2.08 | 1551 2.51 0.57




TABLE D.13

Experimental data of model no. le (see Figure 5-3)

T yel
P =10.00cm W = 56.20 cm g = 981 cm/sec
L = 143.96 cm L/W =256 o = 14.04°
Top width = 2.00 cm
Test | Qn H Experi- | Theore- | Diffe- | Theore- | QuiQny | HIP
no. mental | tical | rencein | tical or
rs) (cm) Cs Cs Cy Qn Q/Qu
(%) s

m @ ®) @ ®) ® m ® (0]
1. 492 1.62 0.56 0.68 | -17.10 | 2.3 212 0.16
2. 6.54 1.92 0.58 0.67 | -13.98 2,91 2.20 0.19
3. 7.89 2.13 0.60 0.67 | -10.89 346 2.28 021
4. 8.60 2.29 0.59 0.67 | -12.18 3.82 2.25 022
s. 10.25 2.53 0.60 0.66 | -9.83 4.4 231 025
[ 12,91 2.96 0.60 0.66 | -9.76 5.59 231 029
% 15.50 3.27 0.62 0.66 | -6.79 6.49 239 032
8. 17.50 3.49 0.63 0.66 | -4.48 7.15 2.45 0.34
9. | ua 3.99 0.63 0.66 | -5.26 8.74 243 039
0. | 2.4 422 0.63 0.66 | -5.18 9.53 243 041
1 | 67 438 0.63 0.66 | -4.35 10.07 245 043
1. | %4 5.00 0.62 0.66 | 6.78 | 1232 239 0.49
3. | By 5.44 0.62 0.67 | -7.14 | 1403 2.38 053
4. | 3576 5.66 0.62 0.67 | 6.46 | 1492 240 056
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TABLE D.14
Depth profile data taken along the centre line
of one—cycle on rectangular plan form,
model no.4 (see Figure 5-1)

HP = 0.41 QL/ON= 2.64
QTL= 2399 I/s
P= 10.00 cm
Lw = 3.00
No. X E XP | EP
(em) (cm)
1 0.00 350 0.00 0.35
2 -3.00 313 ~0.30 0.31
3 —6.00 273 —~0.60 0.27
4 -9.00 252 -0.90 0.25
5| -12.00 270 -1.20 0.27
6| -15.00 377 ~1.50 0.38
7 -16.30 4.26 -1.63 0.43
8 ~18.00 426 ~-1.80 043
9/ -20.00 362 ~-2.00 0.36
10 -23.00 3.65 -2.30 0.36
1 -26.00 3n ~2.60 037
12| -28.10 334 ~2.81 0.33
13 ~32.00 112 -3.20 0.11
14 -35.00 —275 ~3.50 -0.28
15 -37.00 —550 -3.70 ~0.55

*E = water surface elevation relative to crest.
*X = distance.

*P = waeir height.

*QTL. = total flowrate over the labyrinth weir.



197

TABLE D.15
Depth profile data taken along the centre line
of one—cycle on rectangular plan form,
modelno.4 (see Figure 5—1)

H/P = 0.48 QL/QN = 248
QrL= 29.09Us
P= 10.00 cm

LW = 3.00
No. X ETT P P |

1 (cm) fom)_{
1 0.00 447 0.00 0.42
2| -300 377( =030 0.38
3| -6.00 325/ -0.60 033
4 -9.00 279|  -0.90 0.28
5| -12.00 267  -1.20 0.27
6| -15.00 304  -1.50 0.30
7| -18.30 474  -1.83 0.47
8| -20.00 505  -2.00 0.50
9| -23.00 456|  -2.30 0.46
10 -25.00 426)  -2.50 0.43
1 -28.10 3.74 -281 0.37
12| -30.00 310{  -3.00 0.31
| 13 -32.00 1.67|  -3.20 0.17
i 14| 3620 -4.43) -362| —0.44

*E = water surface elevation refative to crest.
*X = distance.

*P = weir height.

*QTL = total flowrate over the labyrinth weir.



model no.4 (see Figure 5-1)

TABLE D.16
Depth profile data taken along the centre line
of one~cycle on rectangular plan form,

H/P = 056 QLQN = 233
QTL = 34.43 s
= 10.00 cm
LW = 3.00
No. X X/P EPTT
(cm) S

1 0.00 0.00 0.48

2 -3.00 -0.30 0.43

3 —6.00 —0.60 0.38

4 —-9.00 -0.90 0.33

5 —12.00 -1.20 0.29!

5 —15.00 -1.50 0.30!

7 ~18.00 -1.80 0.36

8 -21.00 -2.10 0.47

9 —23.70 -237 0.58

10 —25.00 -250 0.59

11 —27.00 -270 0.53

12 —28.10 —2.81 0.47

13 —30.00 -3.00 0.38

14 —33.00 -3.30 0.18
15 —35.00 —3.50 -0.10

16 —37.50 -3.75 -0.38
urface elevation relative to crest. T

istance.
*P = weir height.

*QTL = total flowrate over the labyrinth weir.
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TABLE D.17

Depth profile data taken along the centre line
of one—cycle on rectangular gesometry with a semi—circular

connection, model no.5 (see Figure 5—

1)

HIP = 048 QUQN = 252
QTL= 29.091s
P= 10.00 cm
Lw = 268
[ No. X/P EP
1 0.00
2 —0.30
3 —0.60
4 -0.80
5 -1.20
6 -1.50
74 —1.80
8 -2.10
9 -240
10 -270
1 -2.81
12 -3.20
13 —-3.50
14 —3.80
15 —4.10
16 —4.40
17 0.30
18 0.60
19 0.90
20 1.20
21 1.50 X
22 1.80 0.48
*E = water surface elevation relative to crest.
*X = distance.

*P = weir height.
*QTL = total flowrate over the labyrinth weir.
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connection, mode! no.5 (see Figure 5-1)

TABLE D.18
Depth profile data taken along the centre line
of one—cycle on rectangular geometry with a semi—circular

H/P = 0.51 QLGN = 2.46
QTL = 31.75 /s
P= 10.00 cm
uw = 268
No. X X/P E/P
(em) | (cm)
1 0.00 4.62 0.00 0.46
2 -3.00 4.35 -0.30 0.43
3 —6.00 3.95 -0.60 0.40
4 —9.00 3.65 —-0.90 0.36
5 -12.00 3.56 -1.20 0.36.
6 —15.00 3.83 -1.50 0.38
7 —18.00 4.50 -1.80 0.45
8 -21.00 520 -2.10 0.52
9 -24.00 4.96 -2.40 0.50
10 —-27.00 4.35 ~-2.70 0.43
1 —28.10 4.04 -2.81 0.40
12 —32.00 212 -3.20 0.21
13 —35.00 —-0.28 -3.50 -0.03
14 —38.00 =211 -3.80 =021
15 —-41.00 -3.30 -4.10 -0.33
16 —44.00 -3.97 -4.40 -0.40
17 5.00 4.93 0.50 0.49
18 10.00 5.05 1.00 0.50
19 15.00 5.08 1.50 0.51
20 20.00 5.11 2.00 0.51

*E = water surface elevation relative to crest.

*X = distance.

*P = weir height.
*QTL = toral flowrate over the labyrinth weir.
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TABLE D.19
Depth profile data taken along the centre line
of one—cycle on rectangular geometry with a semi—circular
connecticn, model no.5 (see Figure 5—1)

HP = 059 QUQN = 2.34
QTL= 36.87 /s
10.00 cm
uw = 288
No. X E X/P E/P
em | (om)
1 0.00 5.20 0.00 0.52
2 -3.00 4.93 -0.30 0.49
3 —6.00 4.56 -0.60 0.46
4 -9.00 417 -0.90 0.42
5 -12.00 3.98 -1.20 0.40
6 —15.00 395 -1.50 0.40
7 —18.00 4.50 -1.80 0.45
8 —21.00 5.32 -2.10 0.53
9 —24.00 5.87 -2.40 0.59
10 —27.00 5.42 -2.70 0.54
1 -28.10 5.08 -2.81 0.51
12 -32.00 319 -3.20 0.32
13 -35.00 1.0 -3.50 0.11
14 —38.00 -0.80 -3.80 -0.08
15 -41.00 -2.02 -4.10 -0.20
16 5.00 5.54 0.50 0.55
17 10.00 572 1.00 0.57
18 15.00 578 1.50 0.58
19 20.00 5.87 2.00 0.59
surface elevation refative to crest.

*X = distance.
*P = weir height.
*QTL = total flowrate over the labyrinth weir.



TABLE D.20
Depth profile data taken along the centre line
of one—cycle on reverse trapezoidal plan form,
model no.7 (see Figure 5—-2)

HP = 043 QUQN= 1.76
QTL= 17.18 s
P= 10.00 cm
W= 356

No X E XP TEP
(cm) (cm) -

1| -45.00 -5.55 -4.50

2| -40.00 -6.37 ~4.00

3| -37.00 -7.38 -370

4| -3200 049 -320

5| -31.00 1.62 -3.10

6 -30.00 1.77 -3.00

7| -28.10 250 -2.81

8| -25.00 244 -2.50

9| -20.00 274 -2.00

10/ -15.00 256 ~1.50

11| -10.00 1.28 -1.00

12|  -500 2.41 -0.50

13 0.00 357 0.00

14 5.00 4.02 0.50

15 10.00 415 1.00

16 15.00 4.21 L 1.50

17 20.00 424| 2,00/
*E = water surface elevation relative to crest. -

*X = distance.
*P = weir height.
*QTL = total flowrate over the labyrinth weir.
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TABLE D.21

Depth profile data taken along the centre line
of one—cycle on reverse trapezoidal plan form,
model no.7 (see Figure 5—2)

H/P = 050 QL/QN = 1.69
QTL = 20.951/s
P= 10.00 cm
Luw = 3.56
No. X E X/P EP
(cm) (cm)
1 —-45.00 -7.68 —4.50 -0.77
2 -40.00 -7.22 -4.00 -0.72
3 —38.00 —-6.89 -3.80 —0.69
4 -32.00 1.74 -3.20 017
5/ -381.00 210 -3.10 0.21
6 —30.00 265 -3.00 0.27
7. -28.10 323 —-2.81 0.32
8 —-25.00 3.29 -2.50 0.33
9 -20.00 3.75 -2.00 0.37
10 -15.00 207 -1.50 0.21
1 -10.00 177 —1.00 0.18
12 —-5.00 3.14 ~0.50 0.31
13 0.00 4.33 0.00 0.43
14 5.00 4.79 0.50 0.48
15 10.00 4.82 1.00 0.48
16 15.00 5.00 1.50 0.50
17 20.00 5.03 . 0.50
*E = water surface elevation rolative to crest.

*X = distance.
*P = weir height.

*QTL = total flowrate over the labyrinth weir.
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Depth profile data taken along the centre line

TABLE D.22

of one—cycle on reverse trapezoidal plan form,
model no.7 (see Figure 5-2)

HP = 057 QUQN= 1.58
QTL= 23.80 I/s
P 10.00 cm
uw = 356
No. X E XIP E/P
cm) [cm;
1| -45.00 -5.79 -0.58
2| -40.00 -7.68 -0.77
3| -38.00 -5.97 -0.60
4| -3200 1.98 0.20]
5 -31.00 2.80 0.28]
6| -30.00 2.99 0.30
7| -28.10 3.47 0.35
8| -25.00 4.18 0.42
9| -20.00 441 0.41

*X = distance.
*P = weir height.
*QTL = total flowrate over the labyrinth weir.




TABLE D.23
Depth profile data taken along the centre line
of one—cycle on reverse trapezoidal plan form,
model no.8 (see Figure 5-2)

HP = 0.43 QU/QN = 1.79
QTL= 17.42\/s
10.00 cm
= 256
No. X E XIP EP
(cm) (cm)

1 —40.00 -6.24 -4.00

2 —35.00 —6.76 -3.50

3 —28.00 -7.64 -2.80

4 —27.00 -6.33 -270

5 —24.50 -2.18 -2.45

6 -21.00 1.47 -210

7 —-20.00 220 -2.00

8 -19.00 251 -1.90

9 -17.20 321 -1.72

10 —-15.00 3.33 -1.50

11 -10.00 2.30 -1.00

12 —5.00 260 -0.50

13 0.00 358 0.00

14 5.00 4.03 0.50

15 10.00 4.16 1.00

16 15.00 4.19 1.50

17 20.00 4.22 2.00

*E = waler surface elevation refative 1o crest.

*X = distance.
*P = weir height.
*QTL = total flowrate over the labyrinth weir,
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TABLE D.24
Depth profile data taken along the centre line
of one~cycle on reverse trapezoidal plan form,
model no.8 (see Figure 5-2)

H/P = 050 QUQN = 1.69

QL= 20.77 s

10.00 cm
2.56
No. X E
(cm) (cm)

1 —40.00 -5.99
2 —35.00 =21
3 —29.00 -7.24
4 —-27.00 —4.07
5 —24.50 -0.48
6 —21.00 242
7 —20.00 291
8 —19.00 3.39
9 —17.20 3.88
—15.00 3.70
—10.00 224
—5.00 3.18
0.00 4.19
5.00 4.67
10.00 4.77
15.00 4.92

204 4.92 )

urface elevation refative 1o crest.

*X = distance.
*P = weir height.
*QTL = total flowrate over the labyrinth weir.
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TABLE D.25
Depth profile data taken along the centre line
of one~cycle on reverse trapezoidal plan form,
model no.8 (see Figure 5-2)

HP = 0.57 QUGN = 1.59
QTL = 24.191/s
10.00 cm
ww = 256

*X = distance.
*P = weir height.
*QTL = total flowrate over the labyrinth weir.
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TABLE D.26
Depth profile data taken along the centre line
between two cycles on rectangular plan form,
model no.4 (see Figure 5-1)

HP = 041 QUON= 264
QTL= 23991/s
P= 10.00 cm
W= 3.00
No. E XJP
(cm)
1 353 0.00
2 237 -0.30
3 0.14 ~0.60
4 -1.90 -0.90
5 0.11 -1.85
6 -0.56 —2.46
7 -1.29 -281
8 —4.06 -3.25
9 -5.47 -3.50

*E = water surface elevation relative to crest.
*X = distance.

*P = weir height.

*QTL = total flowrate over the labyrinth weir.
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TABLE D.27
Depth profile data taken along the centre line
between two cycles on reverse trapezoidal plan form,
model no.7 (see Figure 5—2)

HP = 0.57 QUQN = 1.58
QTL= 23801/s
P= 10.00 cm
uw = 3.56
No. X E X/P E/P
1 —40.00 —-6.16 ~4.00 -0.62
2 —-35.00 -1.77 -3.50 -0.18
3 —30.00 1.92 -3.00 0.19,
4 -28.10 3.60 -2.81 0.36.
5 —25.00 378 -2.50 0.38,
6 —-15.00 1.43 -1.50 0.14.
7 -9.50 1.16 -0.95 0.12]
8 —6.00 259 -0.60 0.26
9 —4.00 3.60 -0.40 0.36
10 —2.00 4.36 -0.20 0.44.
1 0.00 4.94 0.00 0.49
12 5.00 5.46 0.50 0.55
13 10.00 5.55 1.00 0.55
14 15.00 5.61 1.50 0.56
15 20.00 5.64 2.00 0.56

b
*E = water surface elevation relative to crest.
*X = distance.

*P = weir height.

*QTL = total flowrate over the labyrinth weir.



TABLE D.28
Depth profile data taken along the centre line
between two cycles on reverse trapezoidal plan form,
model no.8 (see Figure 5—2)

HIP = 057 QUQAN= 1.59
QTL= 24.191/s
P= 10.00 cm
uw = 2.56
No. X E XP
em | (em)

1 —35.00 -5.93 -3.50

2 —28.00 -5.26 -2.80

3 —21.00 -1.12 -2.10

4 -17.20 0.83 -1.72

5 —15.00 1.02 -1.50

6 —12.50 -2.76 -1.25

7 -9.00 -1.15 —0.90

8 -7.00 0.68 -0.70

9 -5.20 2.30 -0.52

10 -3.00 3.76 -0.30

1" -2.00 4.09 -0.20

12 -1.00 4.49 -0.10

13 0.00 4.70 0.00

14 5.00 5.44 0.50

15 10.00 5.50 1.00

16 15.00 5.56 1.50

17 20.00 5.62 2.00

*E = water surface elevation relative 1o crest.

*X = distance.
*P = weir height.
*QTL = total flowrate over the labyrinth weir.
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Appendix E

This appendix contains a number of graphs which showed a different plotting of
the relationship between flow magnification, Q,/Qy and depth to crest ratio, H/P; and
the relationship between flow magnification, Q/Qy and total head to crest ratio, H/P

(see section 3.4).



9
* Modell with H — Theorelical
8f | + Modell with Ho
7k Note
Theoretical results from QuickBASIC program
6} Model No. LW P Shape
=z
=] 1 2.656 10 cm Trapezoldal
~sF
= Legend :
g 0

4 Ho =H+VvZ%/2g9 .
where V Is velocity and g is gravitational
acceleration

b R L

2k
1 L L L L
01 02 03 04 05
H/P or Ho/ P
Figure E-1 A ison of the flow

06

values plotting with H/P and H/P for model no.1
(trapezoidal shape, two-cycle-see Figure 5-1).
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9
* Model 4 with H —— Theorstical
8 + Model 4 with Ho
gL Note:
Theoretical results from QuickBASIGC program
6} Model No. uw P Shape
Z
[«] 1 8.00 10 cm  Rectangular
~5F
- Legend :
<]

4fF Ho =H+v2/2g
where V s velocity and g Is gravitational

1 s . i
01 02 0.3 04 0.5 0.6

H/P or Ho/ P
Figure E-2 A comparison of the flow magnification

values plotting with H/P and H/P for model no.4
(rectangular shape, two-cycle-see Figure 5-1).
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:
* Model 5withH — Theoretical
8l | + moder s wimuo
7k Note :
Theoretical results from QuickBASIC program
&b Model No. uw P Shape
z
05 1 2.68 10cm  Rectangular
st
with a semi-circulal
% iBgend’: th a semi-circular
connection

af Ho=Hs+v?/2g
where V Is veloclty and g Is gravitational
acceleration

3
**‘—“‘-*\ ofrts "‘w,

1 L . L 2

ol 02 03 04 05 0.6
H/P or Ho/P

Figure E-3 A ison of the flow i
values plotting with H/P and H/P for model no.5

shape with a semi-circul: i
two-cycle-see Figure 5-1).
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