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ABSTRACT

Characteristics of Curvilinear Flow Past Circular-Crested Weirs

Ngoc Diep Vo, Ph.D.

Concordia University, 1992

A program of study has been carried out to obtain the characteristics of curvilinear
flow past circular-crested weirs. These weirs are used to measure and regulate the flow of
water. The discharge coefficient of such weirs was obtained experimentally as a function
of the dimensionless total head of the approaching flow. Effects of weir side slopes and
nappe ventilation on the weir discharge coefficient are reported. The minimum pressure on
the circular weir crest surface which indicates the cavitation potential of the weir and the
crest pressure are also determined. The experimental data indicate that the circular-crested
weir behaves like a sharp-crested weir when the dimensionless total head is extremely
large. Some of the main characteristics of circular-crested weirs and standard spillways are
qualitatively compared using an appropriate scale factor for the dimensionless approaching

flow head.

Laser Doppler Velocimetry (LDV) measurements were obtained for a wide range of
hydrodynamic and geometric variables characterising the curvilinear flow. The velocity
profiles over the weir crest in the curvilinear region of the flow were obtained and
integrated to get the weir discharge coefficient independently on the basis of a new semi
empirical model. The weir coefficient obtained on the basis of this model agrees very well
with the weir coefficient based on other proposed mode'«. The test results were also used
to confirm the basic assumption related to the irrotationality of the flow over the weir which

is generally made in the theoretical analysis of weir flows.



The weir discharge coefficient was also determined on the basis of a simple
momentum analysis and compared with results obtained from direct discharge
measurements. Water surface profiles were obtained for the flow over the weir crest. These
data, in turn enable one to determine the depth of flow over the crest and the radius of
curvature of the surface streamline at the crest section. The latter is an important geometric

parameter of the streamline pattern in the analysis of theoretical weir flow models.

Dressler Equations were used to analyse the curvilinear flow past circular-crested
weirs. Specifically, the lower range of the flow depth over the weir crest was considered in
the theoretical analysis, so that the shallow depth model could be adopted. The weir
discharge coefficient based on this theoretical model was verified with the help of

experimental data.

The measured velocity profile data in the curvilinear flow region over the weir crest
were ilso used to get the flow pattern, the slope and the curvature of the streamlines. The
results indicate that the theoretical assumptions of linearity related to both the streamline
slope and the streamline curvature in the region above the weir crest appear to be quite

valid, except in a narrow segment below the free-surface.
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NOMENCLATURE

The following notations are used in the present thesis:

A¥*

m

n

Uy

it

ares, normalized velocity profile

width of channel

coefficient of discharge

coefficient of discharge based on theoretical model of Dressler
coefficient of discharge based on momentum balance model
coefficient of discharge based on velocity profile model
crest diameter (2R)

function of

Froude number

acceleration due to gravity

piezometric head, flow depth above crest level

total head reckoned above crest level

curvature (k = 1/r)

cocfficient for pressure

experimental parameter

normal distance from bed, coefficient

flow depth normal to bed

weir height

pressure

discharge per unit width

flow discharge

radial distance, radius of curvature

radius of curvature parameter (Fig.2b)



Xi

R = weir crest radius

Re = Reynolds number

TEL = totalenergy line

s = distance along curved bed, s - direction

u = horizontal velocity component

U = reference velocity (U = ~/2gH | )

U, = maximum velocity at crest, ideal flow U, = v 2g\H, - (P/Y)LJ )
v = vertical velocity component (v = u tan ¢)

\Y = average velocity, tangential velocity , resultant velocity
We = Weber number

X = X - axis, horizontal distance

y =y - axis, vertical distance, depth from bed
Y = total flow depth

o = upstream slope angle

B’ = momentum coefficient

B = downstream slope angle

) = boundary layer thickness

Y = specific weight of water

\ = kinematic viscosity of water

c = surface tension coefficient of water

0 = angular position, 8 - direction

o = inclination angle to horizontal, of strcamline
Y = streamline value

T, d,¥( )= function of

Subscripts:



xii

1 = approach section 1, index

[
I

= downstream section 2, index

cr = at weir crest

CW = circular-crested weir

D = design

max = maximum value

min = minimum value

m = point of minimum pressure
sep = separation of nappe

S =t free surface

SW = sharp-crested weir

w = will

y = at depth y above weir crest
8 = at edge of the boundary layer (y = )

Note: Additional notations are used in the tables and are defined as

they appear .
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CHAPTEK I

CHARACTERISTICS OF CURVILINEAR FLOW PAST
CIRCULAR-CRESTED WEIRS

INTRODUCTION

1.1 - General remarks: In hydraulic engineering, one comes across many situations
where the flow is highly curvilinear. In the present study, the case of the flow past a
circular-crested weir is considered to illustrate the characteristics of curvilinear flow.
Measurement and control of flow form important aspects of the transportation and
distribution of water. They contribute to the efficient management of water to meet the
municipal, agricultural and industrial needs. To control water pollution, data related to
water quantities and water qualities can be collected from measuring stations, which permit

the monitoring of both quality and quantity of flow.

1.1.1- Classification of hydraulic structures: Weirs, flumes and orifices (Fig.la
and 1b) are among the common units of discharge mieasuring structures which have a
known head-discharge relationship. Weirs are classified according to the shape of the crest
in the flow direction and are further sub-divided according to the different cross-sections of

the crest.

i) Broad-crested weirs (Fig.1a-i) have sufficient crest lengths L to allow straight
and parallel streamlines at least over a short distance above the crest length.
ii) Sharp-crest weirs (Fig.1a-ii), also known as thin-plate weirs have a crest length

of 1 to2mm. The streamlines above the weir crests are strongly curved.



iii) Short-crested weirs (Fig.la-iii,iv) possess characteristics of both the broad-
crested weirs and the sharp-crested weirs. Over their crest surface, the streamlines are
highly curved and the pressure across the flow nappe strongly deviates from hydro-
static conditions. Among these weir shapes, the circular-crested weir (Fig.1a-vi)

is commonly used to measure and control open channel flows.

iv) Flumes (Fig.1b-i) have some functional resemblance with weirs, but are less
restricted with respect to crest height (Parshall flume). Generally, their downstream
section gradually diverge to regain energy.

v) Orifices (Fig. 1b-ii) have some resemblance to weirs but possess closed perimeters.
vi) Lateral weirs (Fig.1b-iii) are mainly used to divert the flow and serve as flow

control devices.

The above units of hydraulic structures, used for measurement and control of open

channel flow, are designed to perform the following particular functions:

1) Discharge measuring structures measure the flow passing through the channel in
which they are placed. There are no movable parts unless the structures are required to
fulfil another function, such as varying water-level control.

2) Discharge regulating structures assist in maintaining an efficient distribution of
flow. They are generally equipped with movable parts, such as weirs with movable
crests. The regulating structures can also serve as flow measuring structures in some
cases.

3) Flow dividers distribute the incoming flow into two or more channels. This can

be casily achieved by a group of weirs with different control widths.

4) Flow totalizers measure the cumulative volume of water passing a particular section

in a given period. They commonly include rotating parts and revolution counters.



1.1.2- Design and selection of structural units for flow measurement and
regulation: In the design and selection of a suitable structure, the hydraulic performance
is of fundamental importance. However, considerations should also be paid to other criteria
such as construction costs, standardization and other non-technical demards. Thus,
besides carrying out the functions of measuring and controlling flow, the hydraulic design

should also be based on the following factors:

i) The hydraulic properties of the structure which includes the loss of head imposed by
the structure, its measuring range, sensitivity and accuracy in measurement, flexibility
due to change in distribution conditions, ability to transport solid material and giving
passage to floating debris and also, the possibility to regulate the discharge or control
water levels.

ii) The actual field conditions such as available head, range of discharge, water level in
the stream, sediment loads, floating materials, pollutants and other topographic infor-
mations of the site,

iii) Other non-technical demands such as availability of construction materials,
personnel and training, and importance of standardization for large number of

construction projects in the system area.

1.1.3- Advantages and disadvantages of some typical hydraulic structures:
Some of the main advantages and disadvantages of some of the hydraulic structures used

for measurement and control of flow are summarized below:

-Flumes: The more commonly used critical flumes are the Parshall flumes. Since
the data collected for thesc flumes do not belong to geometrically similar units, one has to
use a large number of graphs and tables for their selection. Further, their construction is
more complex. Throatless flumes, grouped generally with critical depth flumes, can be

used to measure the discharge of open channel flow. Owing to their simple streamlined



geometry and level bed, throatless flumes have very good capacity for passing floating
materiuls and bottom sediments. They are easy to design and simple to construct (Keller,

1984; Rumamurthy, 1985; Ramamurthy,1987).

- vroad-crested weirs can be equipped for both measurement and control of
flows. With a high vertical upstream face and a square edge, the weir will retain bottom
sediment which may affect the weir characteristics. When floating debris are present,

rounded-nose weirs are preferred.

-Trapezoidal profile weirs can operate as either the broad-crested or the short-
crested weirs depending on the values of the crest breadth L and the approach flow head
Hy. Triangular profile weirs are similar to trapezoidal shaped weirs where the crest

breadth vanishes (L—>0).

-Sharp-crested weirs behave like orifices with a free water surface. In the air-
filled arca below the outflowing jet, atmospheric prescure should prevail to ensure flow

stability.

-Water Experimental Station (WES) Standard spillway crests are shaped
according to the lower surface of the nappe produced by the flow over a sharp-crested
weir. It can be equipped with gates for flow regulation. However, while dealing with the
safety aspects of the design of spillway for high dams, an uncontrolled overflow crest has

always bee:. recognized as the safest type (Cassidy and Elbert, 1984).

-Circular-crested weirs (Fig.la-iv) are grouped generally with the short-crested
weirs. The flow over their crest sections possesses curved streamlines and the pressure
variation across the overflow nappe deviates largely from hydrostatic conditions. They are
commonly constructed with a vertical upstream face tangential to a horizontal circular

cylindrical crest of radius R which is perpendicular to the flow direction and, a downstream
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sloping face (B=45°). Using existing data from various sources, Bos (1978) related the
weir discharge coefficient Cq with the dimensionless total head parameter /R of the
approaching flow. He found the maximum value of Cq to be 1.48 at H1/R=5.0. The
recommended limits of application for these weirs are as follows (Bos, 1978): i) The
approach flow head hy (Fig.2) should be measured upstream from the weir face at a
distance 2 to 3 times the maximum of hy, and h should be greater or equal to 0.06m. ii) To
prevent water surface instability, p/h1 should be greater than 0.33. Here p denotes the weir
height. iii) To reduce side wall boundary layer effects, generally the dimensionless channel
width parameter B/H; should be greater or equal to 2.0. iv) The ratio hy/R should be
limited to avoid the local minimum pressure head at crest to be not less than -4m water
column. v) To prevent the tailwater channel bottom from influencing the flow pattern over
the weir, the ratio pp/Hj should be greater or equal to unity. vi) The modular limit Ha/H | is
0.33. Here, p2 and H» are the weir height and the total head in the section downstream of
the weir.

Besides the above structures, under some circumstances, one also uses floor slots,

branch channels and lateral weirs to control the flow in open channels.

1.2 - Objective of the present investigation: The objective of the present
investigation is to study the characteristics of curvilinear flow past circular-crested weirs in
detail, covering a wide range of geometric and hydrodynamic parameters. The following
main weir characteristics are determined on the basis of theoretical and experimental

studies:

A: i) Water surface profiles of curvilinear flow past circular-crested weirs, ii) The
effect of ventilation and the effect of side slopes on the weir discharge coefficient, iii)
Pressure at the crest and minimum pressure on the weir crest surface, iv) Velocity and

pressure profiles for flow over the weir crest.



B: i) Weir discharge coefficient over a very wide range of hydraulic and geometric
parameters based on a) direct discharge measurement, b) integrated velocity profile model
and ¢) momentum balance model, ii) Behaviour of circular-crested weir as sharp-crested

weirs when the head causing flow is relatively very large compared to the crest radius.

C: Discharge coefficient of the weir on the basis of Dressler theory which is
applicable to curvilinear flow.

For the analysis of the flow over circular crested weirs, earlier theoretical models
assumed that the flow is irrotational and that the radius of curvature and inclination of the
streamlines varied linearly from the crest to the surface. This will be verified using limited

amount of test data.

-Motivation: With increasing values of H1/R, previous data for Hi/R<10 related to
circular-crested weirs clearly indicate that Cy reaches a peak at or near Hj/R=5.0 and drops
gradually to the value of Cy for sharp-crested weirs (Hj/R—>e0). This fact has been
missed in the earlier studies. Data related to the effects of upstream slopes and nappe
ventilation on the discharge coefficient of circular-crested weirs were not available (Bos,
1978). Correlation between the crest pressure with the weir discharge coefficient has not
been explored in the past. Fuither, the location of minimum pressure on the circular weir
crest surfuce which indicates the cavitation potential of the weir was not determined in
previous studies. Previous studies were not successful in relating the characteristics of
pressure at the crest for curvilinear flow over circular-crested weirs and standard spillway
crests, using proper scale factors,

Application of the momentum equation to curvilinear flow situations is rendered not
casy by the difficulty in determining the pressure distribution at the end sections
considered. The non-intrusive LDV system can be used effectively to determine the velocity

ficld at these scctions. This in turn can be used to determine the pressure field at these




sections where the flow is curvilinear, if the flow is irrotational. It was desirable to adopt
this technique to solve the curvilinear flow past circular-crested weirs and thereby validate
this procedure. Existing curvilinear flow theories such as Dressler's theory have not been
used to obtain exact solutions of weir flow models. All these facts provided the motivation

to pursue the present program of study.



CHAPTER I

REVIEW OF EXISTING LITERATURE



CHAPTER II

REVIEW OF EXISTING LITERATURE

2.1 - General remarks: This chapter deals with the review of existing literature
devoted to the study of circular-crested weirs and the closely related topic of standard
spillways. Discussions related to each study dealing with the determination of weir

discharge coefficient based on a number of methods are also included.

2.2 - Flow past standard spillways and other related types of weir: Cassidy
(1965) has presented approximate solutions (numerical) for flow past standard spillways.
His numerical solutions have been slightly improved by Ali (1972). For standard
spillways, the point of minimum pressure associated with incipient cavitation occui. at the
point of maximum curvature (Cassidy-1965, 1984). A rational procedure to pass the
maximum flood flow with a particular minimum crest pressvre for these spillways was
proposed by Cassidy (1970). Sinniger and Hager (1985) have also reported an interesting
experimental study related to the characteristics of both gated and ungated standard
spillways. Delgado et al (1984) used the finite element method to solve the problem of
flow past a curvilinear leaf gate. Ackers et al (1978) have presented a comprehensive
account of flow past weirs dealing with practical applications.

Using different forms of pitot tubes, Rajaratnam and Muralidhar (1971) have reported
detailed static pressure and velocity distributions for the curvilinear flow over a sharp-
crested weir. Following the same procedure, Udoyara (1986) used pitot spheres and static
pitot tubes to obtain the pressure and velocity distribution in the nappe section of sharp-

crested plate weirs to determine Cy4 using the momentum principle. It should be noted that



there are no flow reversal {flow separation) in the curvilinear flow region over sharp-

crested weirs.

2.3 - Flow past circular-crested weirs: Circular-crested weirs are used for flow
measurement and have wide applications in hydraulic engineering, where they serve as
overflow structures (Bos, 1978, Cassidy, 1990). They can be used to control the water
level in farm ponds and reservoirs. Verwoera (1941) determined the effects of the various
parameters suchas h|/R and p/R on Cj (Fig. 2a). Escande and Sananes (1959) showed
that suction slots on the crest enhance the value of Cg. In the theoretical studies of Jaeger
(1956) and Sananes (1957), the non-dimensional pressure head (P/yH )., at the crest C
(Fig.2a) was taken as the minimum pressure head (P/YH|)p,;, over the crest surface BCE.
The latter can be expressed in terms of flow depth Y, at the crest, the total head Hj, the
crest radius R and a parameter m related to the radius of curvature ry of the streamlines.

Accordingly (Bos, 1978),

Based on the measurements of Fawer (1937), Jaeger (1956) suggested a value of 2 for m

in Eq. 1. In Fig. 2a, the radius of curvature parameter ry along the vertical through the

crest is defined as:

r

............................... )

r). =
cos ¢

where, ¢ denotes the slope of the streamline at a height y above the crest C. The
parameter 1y which depends on the streamline curvature is assumed to vary linearly

(Jaeger, 1956) from the crest C to the free-surface A (Fig.2b). Hence, at ry=R,y= 0 and
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for any depth y above the weir crest, one assumes the relation given by Eq. 3:

Approximate variation of the radius r of the streamline can be obtained by graphical
methods (flow net). Sananes (1957) used optical methods to determine the water surface
profile for the weir flow. Using these data, he obtained the streamline parameters r,
and m for the flow over the weir crest. The studies of Jaeger (1956) and Sananes (1957),
indicate that the parameter m is independent of H; and R. Eq. 4 was suggested (Bos,

1978) torelate m and the weir downstream slope (:
m= 1.6+ 035¢cotf -------omvmrnnnann 4)

For flow over circular-crested weirs for which Hj/R £1.0, Matthew (1963)
outlined a simple theory which clearly explains the influence of surface tension, viscosity
and the radius of curvature r of the streamline on Cy for flow over the weir crest. He

assumed a linear variation of the streamline curvature 1/r from the crest to the free-surface.

Approximate solutions (numerical) have been obtained for some forms of circulur-
crested weirs (Cassidy, 1965). Circular-crested weirs and sharp-crested weirs were
studied by Sarginson (1972) who determined the influence of surface tension on Cy using
the theory of Jaeger (1956). Based on the experimental weir nappe profile data, he reported
the value of the parameter m as 1.8 for circular-crested weir and 2.5 for sharp-crested
weir. Seshadri et al (1981, 1984) experimentally studied the characteristics of circular-

crested weirs, which had low weir heights.
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2.4 - Discharge coefficient C4 of circular-crested weirs:

2.4.1- Discharge coefficient from direct discharge measurement: From direct
measurement of the discharge passing over the weir model, the weir discharge coefficient

C4 can be evaluated using Eq.5 (Bos, 1978):

2 2 .
q = Cag A/ FEHI ~ormmmr 5)

Here, q = the discharge / unit length of the weir crest, g = the acceleration due to gravity
and H; = the total head of the approaching flow reckoned above the weir crest level.

Bos (1978) has analysed existing data in detail to present a relationship between Cy
and H/R for circular-crested weirs for which P = 450. He showed that C4 based on test
data increases continuously from a low value of 0.64 at H;/R = 0.05 to a high value of
1.48 at Hy/R = 5.50 and that Cy remains unchanged for 5.50 < H;/R < 9.50. According to
him, the crest pressure (P/Y)¢, also denotes the minimum pressure (P/Y)min Over the
crest. Setting Yo = 0.7 Hy (Jae-er, 1956), and using the data of Escande and Sananes
(1959), Bos (1978) related (P/yH )., with Hi/R. When the downstream slope of the weir

B = 45°, and Hy/R < 10, this relation can be rewritten as,

1.026
H
(—f——) = 1—03 (1 + 1365 ——‘) --------- ©6)
YH, R
cr

Py L I
(le)c, = 071 —0aa(RY) <o ™

2.4.2- Discharge coefficient from momentum models: Momentum principle was

or,

generally applied as a global approach to analyse the flow past sharp and broad-crested

weirs (Chow, 1959; Henderson., 1956). In curvilinear flow fields such as the flow in the
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weir crest section, the pressure deviates from hydrostatic distribution. One can obtain
experimentally the pressure and velocity data to determine the correction factors required to
balance the momentum between the control section on the weir crest and an upstrezm

section of the channel where the pressure is assumed to be hydrostatic. An expression for

the discharge coefficient, namely Cgpnjom can be derived (Ramamurthy, 1980, 1986, 1988).

2.4.3- Discharge coefficient from theoretical flow models: Analysis of
curvilinear flow fields is very much of interest to the hydraulic engineer. Such flow fields
occur over weirs and spillways, which are used for measurement and control of water
flow. Theoretical models have been developed to obtain the characteristics of flow past
curvilinear boundary. Among them, the more common ones are (1) based on irrotational
flow (Cassidy, 1965; Matthew, 1963; Sarginson, 1972), (2) shallow curvilinear flow
theory (Jaeger, 1956; Dressler, 1978; Sivakumaran, 1981, 1983), and (3) the free-vortex
model (Henderson, 1956; Morris and Wiggert, 1972; Featherstone and Nalluri, 1982).
Based on ideal flow theory, Dressler (1978) derived governing equations for
shallow, two-dimensional flow over a curved channel floor of radius r = 1/k for which the
flow depth normal to the floor is N. His theory is applicable when the local shallowness
parameter kN is in the range -0.85 kN <£0.50. Negative values of kN refers to the
convex profiles such as spillways. For flow over standard spillway crests, Sivakumaran et
al (1981, 1983) stated that Dressler equations yield accurate crest pressure data in the range
-2.0 < kN £0.54. Dressler equations can be adapted to determine the weir char .cteristics
such as the velocity distribution at the crest section and the weir discharge coefficient,

namely CdTh‘

2.4.4- Basic theoretical assumptions: For weirs flow with no end contraction, the
theoretical models commonly assume the flow to be two-dimensional. Other basic

assumptions can be cited as the following: - the weir flow is irrotational (Cassidy, 1965;
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Matthew, 1963; Sarginson, 1972, .)), - the water surfaces can be expressed as cubics (Ali,
1972), - the flow depth Y7 at weir crest is constant and approximates 0.7H; for free flow
(Bos, 1978), - the linear variation of the radius of curvature r or curvature 1/r, the radius
of curvature parameter ry (Eq.3) and the slope ¢ of streamlines, from their values at crest
boundary to their values at the free surface (Jaege', 1956; Sananes, 1957; Matthew, 1963;
Sarginson,1972; ..). Also, the parameter m, rate of change of the radius of curvature ry,
was reported to be a constant (Jaeger, 1956; Sarginson, 1972), and independent of weir
flow parameter Hy/R, but varying (Eq.4) with weir downstream slope B (Sananes, 1957,

Bos, 1978).

2.5 - Thesis lay-out: Chapters 1 and 2 dealt with the introduction and survey of
existing literature. Chapter 3 will deal with the weir discharge coefficient obtained from
direct discharge measurement. Chapter 4 will deal with the weir coefficient obtained from
direct velocity measurement. Chapters 5 will deal with the weir coefficient obtained from
momentum principle. Chapter 6 will deal with the theoretical curvilinear flow model.
Chapte: 7 will summarize the results of the present study and Chapter 8, the scope for

future investigation.
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CHAPTER III

DISCHARGE COEFFICIENT OF CIRCULAR-CRESTED WEIRS
FROM DIRECT DISCHARGE MEASUREMENT

3.1 - General remarks: The discharge characteristics of circular-crested weirs are
determined experimentally over a wide range of H;/R. The dependence of the discharge
coefficient Cy4 on the other parameters such as upstream, downstream side slopes and
ventilation of the nappe are also determined. The range of H;/R covered in the study is

very large and enables one to determine the limiting value of Cy4 for Hi/R — oo . The weir

crest pressure and the minimum pressure on the crest surface are determined as functions

of H/R. The present data are compared with earlier experimental and theoretical results.

3.2 - Theoretical considerations: The following assumptions are made in the
development of the model for the circular-crested weir (Figs. 2a and 2b):

1) The flow upstream of the weir is steady, two-dimensional and sub-critical.

2) The dimensionless weir height p/H; is large and its effect on the weir

discharge is negligible (p/H; 23).

The Froude number Fr = V]/\/g(h1+p), the Reynolds number Re = 2R\/(2gH1)/v and the
Weber number We = YH2/0 for the approach flow. Here, v, ¥ and o, respectively
denote the kinematic viscosity, specific weight and surface tension of water, while Vy, hy,
R and p, respectively, denote the velocity in the approach flow, the depth of the approach
flow above the crest, the crest radius and the weir height, Letting f( ) denote a function,

the relutionship between the main variables can be expressed as,




15

H
Cd=—————-q—-—=f( ,HLI,Fr,Re,We,a,B ------ 8)

g9
2.7 0 R
3 3g HT

Since p/Hj 23 in the present tests, the effect of velocity head in the approach flow related
to p/H, is negligible (hy = Hj). The effects of surface tension and viscosity on Cq were

eliminated to a large extent by keeping h; (Fig.2a) in the range 5cm <h; <18 cm .

Hence, Eq. 8 can be recast as follows:

Here, © () denotes a function. Similarly, the normalized pressure head at the crest

(P/yH;)., and the normalized minimum pressure head (P/yH (), on the crest surfuce can

be expressed as:

P} cp(ﬁi) ------------------------- 10

(le)cr R (10
and

-J-’—) -y H'—) ---------------------- (11)

(YHl min R

Eqgs. 9to 11 represent the weir flow characteristics and ®() and ‘¥() denote functions.

3.3 - Experimental set-up and procedure: Machined plexiglass weir models were
set in a smooth stainless steel flume (Fig.3). The radii of the weir models were 0.95 ¢m,
2.54 cm, 3.81 cm, 7.54 cm, 10.08 cm and 15.16 cm, and were true to the ncarest 0.05
mm. The test section was 25.4 cm wide, 180 cm high and 250 ¢cm long. The side walls

were equipped with transparent windows for flow visualization. Sufficient stilling arrange-
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ments were provided to obtain smooth flow without large scale turbulence. To study the
effects of weir slopes on Cy, tests were performed on weir models with combinations of
upstream slopes a and downstream slopes B . The slopes were o = 90°, 75° and 60° in
combination with downstrear- slopes B = 75°, 60° and 45°. For the weir with § = 75°, an
intermediate upstream slope o = 85° was also used. For the weir without the downstream
slope, a ventilation duct provided full aeration of the nappe. Tests were also conducted on
sharp-crested weir models with an edge of 1.5 mm. These denoted the limiting case of a

circular-crested weirs (R/Hy — 0).

All models were equipped with sufficient pressure taps of diameter 0.5 mm to record the
pressure distribution along the centre line of the models. On the vertical upstream weir
face, pressure taps were spaced at every 5 c¢m along the centre line. For models with
R 2 2.54 cm, pressure taps were spaced at § degree intervals on the weir crest. The
pressure head was recorded to the nearest 0.5 mm. The water surface profiles over the
weir crest and the flow depth upstream of the weir (Fig. 3) were measured by means of
point gages to the nearest 0.3 mm. The flow rate was measured with the help of a standard
60¢ V-notch. The maximum error in the estimation of the discharge was 3%.

Besides the test equipment and test procedures described above, information related to
additional equipment and procedures are provided in subsequent sections which are

relevant to the tests carried out.

3.4 - Discussion of results:

Tables 1 to 21 contain data used to plot the re ults (Figs.4 to 40).
3.4.1- Variation of Cg with Hy/R: Fig.4a shows the experimentally determined
relationship between Cyq and Hy/R for circular-crested weirs for whicho = 90° and 8 =
45°. The present test data agree very well with the previously published results for

H{/R < §.5 (Fig.da). For larger Hy/R, Bos (1978) used the data of Escande (1959)
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whose weir had a slot and shows that Cy4 attains an upper limiting value of 1.49 near
Hy/R =5 and remains unchanged for large H;/R (Curve A, Fig.4a). The present data
shows that C4 attains a maximum value of 1.50 as H{/R is increased to 5.5 and then
decreases with a further increase of H{/R (Curve B, Fig.4a). This discrepancy may be
traced in part to the effect of the slot on Cq in the tests of Escande (1959). Fig.4b denotes
the expanded scale version of all the earlier data used by Bos (1978) to form the Cq - H{/R
relation. It indicates that, even in the earlier studies, Cy4 in fact, increases gradually with an
increase in H{/R, attains a maximum value and later decredses with a further increase in
H/R. Fig.4c also includes the results of more recent studies (Seshadri, 1981), which
confirm qualitatively the fact that Cq4 for a circular-crested weir increases from low values,
attains a maximum as H{/R increases and later decreases with a further increase in Hy/R.
The present experimental values of Cy for the sharp-crested weirs (o = 907, B = 459) are

also included in Fig.4a to indicate that the circular-crested weirs behave like a sharp-.. iwed

weir when (Hj/R — oo ).

The data of Sinniger and Hager (1985) shown in Fig.4c are related to standard

spillway grofiles. For these spillways, the crest pressure is atmospheric at hy/hpy = 1.
Here, hp denotes the design head. For circular-crested weirs, the crest pressure will be
shown to be atmospheric at H;/R = 1.5 in a subsequent section. As such, a factor of 1.5
was used to relate the H;/R scale withthe hj/hp scale to compare the flow characteristics
of the two weir profiles. It must be noted that a minor correction for the velocity head in
the approach flow is also required to relate the parameters hy/hp and Hy/R, when the weir
height parameter p/H; is small. Since a specific value of [ cannot be attributed to the

standard spillway, the results of Sinniger and Hager (1985) should be compared only

qualitatively with the present data of the circular-crested weir for which 3 = 45°.

3.4.2- Effects of upstream weir slope o« on Cyq: Curves E, D and B in Figs.
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Sa, 5b and Sc, respectively, show the variation of Cy4 with H{/R for weirs with fixed
downstream slope [3 and varying upstream slope o. The data indicate that the variation
of o does not significantly change C4 atfixed H;/R and fixed B. For instance, the
deviation in Cy is at most 2% (Fig.5c) when a is changed from 900 to 60° in the entire
range of tests (0.45 <H;/R <18.5) for the weir with a fixed downstream slope
(B = 459). This result compares favourably with the nearly constant value of the slope
correction factor for C4 (Bos, 1978) reported for the Waterways Experimental Station
(WES) spillways in which the upstream slope was changed (o =90° to o = 459,

p/H; > 1.5).

3.4.3- Effects of downstream weir slope B on C4: For 0<H;/R<3.5 and
o =909, curves E, D and B of Fig.6 indicate that C4 does not vary with downstream
slope (459 < B < 759). For H}/R > 3.5 and a fixed upstream slope o = 909, a steeper
downstream slope increases Cq. The peak value of Cy occurs at a higher H;/R value, as
B increases gradually (Fig.6). Escande and Sananes (1959) too observed that a steeper
downstream slope improves the weir performance. It should be noted that the flow at high
H /R is less stable when B values are very large (B > 600). The ideal flow model
relating C4 and Hy/R given by Cassidy (1965) for circular-crested weir (¢ = 90° and B =
60°) is also shown in Fig.6 as a thick line. The small (< 5%) deviation between the
numerical results based on ideal flow and the results of the present experiments can be
traced in part to the presence of wall and crest boundary layers and the existence of flow
separation in real flows. The data for two sharp-crested weirs which indicate the limiting

case of the circular-crested weir (H;/R—eo ) are included in Fig.6.

3.4.4- Effect of nappe ventilation on Cg: Fig.7 shows the effect of nappe

ventilation on the variation of Cy with Hy/R for the weirs with a vertical upstream face

(o0 = 90°) and without downstream slope. When the vent is shut, the overflow nappe
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clings to the weir crest surface and the streamlines are more curved. At higher Hy/R,
very low crest pressures develop. These in turn accelerate the flow over the crest result-
ing in a higher C4. However, instability of flow occurs at higher Hy/R, if ventilation is

absent.

Direct visual observations showed that the under nappe separates from the weir
surface easily when it is ventilated and the nappe separation point inoves upstream
gradually from 6 = 1700 at H;/R=0.7 to 6 = 65° at H{/R=18. However, the
flow remains stable when the nappe is fully ventilated. For a ventilated nappe, the
pressure at the crest is nearly atmospheric and this reduces Cy4. The effects of nappe
ventilation are observed only after Cy reaches its peak value (H{/R 225, Fig.7). A
decrease in Cy4 of about 4% is attributed to nappe ventilation. Fig.7 also includes Cy for
a ventilated sharp-crested weir which indicates the limiting value for the corresponding

circular-crested weir when Hy{/R—eo .

3.4.5- Sharp-crested weir as the limiting case of a circular-crested weir
(H{/R — eo): For R/H| — O, the circular-crested weir resembles a sharp-crested weir.
Tests were performed on sharp-crested weirs with various combinations of o and 3.
For 0.05 <h;/p<0.20, the variation of Cq with hy/p of sharp-crested weirs is
insignificant (Curves 2 to 7, Fig.8). Even for ventilated vertical sharp-crested weirs, the
variation of Cy with hy/p is insignificant, when 0.05 <h;/p £0.20. Figs.4, 5, 6 and
7 show that the limiting values of Cy4 at very large Hy/R for a circular-crested weir are
the same as those for a sharp-crested weir when o, 3 and ventilation conditions are

matched.

3.4.6- Pressure distribution: For circular-crested weirs with varying degrees of side

slopes and R22.54 c¢m, the normalized minimum pressure head (P/YHj)p,;, on the crest
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surface and the normalized crest pressure head (P/YH;)., denoting the pressure at C,the
highest point of the crest (Fig.2b) are both shown as functions of H;/R in Figs.9a, 10a
and 11a. Figs.9b, 10b and 11b indicate the weir surface locations at which the crest
surface pressure was either minimum or atmospheric. The normalized minimum pressure
head (P/Y Hj)min On the crest surface of the theoretical model of Cassidy (1965) are
lower than that of the present case (Fig.11a). This can be attributed in part to the facts that
the theoretical model weir crest heights were much smaller (p/D =3) and the theoretical
minimum pressure on the crest surface was assumed to occur at the fixed downstream
point of tangency. It may be added that Bos (1978) too assumed that the minimum
pressure occurs at a fixed location of the weir crest. However, the present data (Figs.9b,
10b and 11b) indicate that the location of the minimum pressure on the crest surface moves
upstream as H/R increases n the range 0 < Hy/R < 8. This range of H;/R also denotes

the values encountered in practice (Bos, 1978).

As stated earlier, for standard spillways, the pressure on the weir surface is
atmospheric when hj/hp = 1, while, for circular-crested weirs, the crest pressure is
atmospheric when H/R = 1.5 (Figs.9b, 10b and 11b). For the standard spillways, when
hy/hp > 1, the minimum pressure occurs at the section upstream of the crest, where the
curvature is maximum (Fig.11c). For the circular-crested weirs, the curvature is constant
on the crest surface and the minimum pressire occurs at a section downstream of the crest
for low values of Hy/R and moves upstream towards the crest as Hy/R increases (Figs.
9b, 10b and 11b). In the context of cavitation potential of the weir, the pressure
distribution on the crest of a standard spillway is clearly superior to the pressure
distribution over the crest of a circular-crested weir (Fig.11c). Since circular-crested weirs
are used as parts of small irrigation systems, cavitation potential of the weirs is not a major
factor when Hjp is not very large. Further, it should be noted that circular-crested weirs

are much simpler in design and easier to construct. These features render them useful
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devices to measure and control flow in small irrigation systems.

Figs.9a, 10a and 11a also show that the dependence of (P/yH;)., with Hy/R agree
well with the relation suggested by Bos (1978). The downstream slope is more influential
than the upstream slope in affecting C4 and (P/y H,).;. Hence, existing experimental
results of Seshadri (1981) related to the crest pressure over symmetric circular-crested
weirs (ot = B = 63.4°) are also included in Fig.11a for purposes of comparison. His data
compare well with the relation proposed by Bos (1978) and the present data for o = 90°
and B = 60°. This further confirms the earlier statement that (P/yH;)., and hence, C4do
not depend very much on o. The present crest pressure data (Fig.11a) also agree well

with the results of the ideal flow mode! of Cassidy (1965).

For purposes of comparison, Fig.11a also includes previous experimental crest
pressure data for standard spillways (Chow, 1959, H;/R < 2.0; Henderson, 1966,
H{/R <4.5). As before, the scale correction from hy/hp to H{/R was applied and the
comparison is quite good. However, the comparison should be viewed as qualitative since
the precise equivalent downstream weir slope 3 cannot be prescribed to the standard

spillways.

3.4.7- Correlation between Cy and (P/y Hy)¢r: The boundary layer thickness &
on the crest is small (8 << H;) and the flow outside the boundary layer is assumed to be

irrotational. Hence, the crest pressures (P/y H;).; are expected to be related directly with

the maximum theoretical velocity U1= vy (H1- P¥a] at the edge of the boundary layer
and influence the weir performance in terms of C4. By allowing very low pressures to
exist at the crest, Cassidy (1970) successfully proposed a rational method of
underdesigning the spillway crest which ensures an economical and yet safe design to puss

floods.
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The insert of Fig.11a shows the variation of the crest pressure for circular-crested
weirs with various types of side slopes. Curves b, d, e, f and g should be viewed with the
corresponding curves B, D, E, F and G of Figs.6 and 7. Up to a value H{/R close to 2.5,
(PiyH )., and Cy are essentially the same for all the models tested. Further, they also
indicate that for H{/R > 2.5, variations in Cy values are directly correlated with the
crest pressures attained at various Hy/R values. Lower crest pressures are associated
with higher Cy values. One also notes that (P/yH{)min, and (P/YH;)., are nearly identical
(Figs.9a, 10a and 11a) at H;/R values which correspond to the maximum values of Cy4
(Fig.6) for the different weir types. For circular-crested weirs without the downstream
slope and o =909, curves f and g of the insert of Fig.11a indicate that the crest pressure
increases due to ventilation. This fact is also inferred from the corresponding curves F and

G of Figs.6-7 in which Cy appears to decrease due to ventilation of the nappe.

3.5 - Summary: The following conclusions can be drawn:

1) In the range 0 <H,/R <5.5, for weirs with o =900 and 3 =459, the variation
of C4 with Hy/R generally agrees very well with the results of previous studies.
However, for Hj/R > 5.5, after attaining a maximum, Cy decreases and, for very large
H|/R, reaches the limiting value of C4 for a corresponding sharp-crested weir. A
somewhat similar trend in the Cy - Hy/R relationship is noticed for weirs with other

upstream and downstream slopes.

2) For a circular-crested weir without the downstream slope and o = 900, a ventilated

nappe reduces Cgy slightly for 2 < Hy/R < 18.

3) For atixed downstream slope, the effect of upstream weir slope on Cg4 is marginal. For
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a fixed upstream weir slope, for 3 < Hy/R, C4 improves when the downstream slope is

increased.

4) The minimum pressure on the crest surface occurs at a location downstream of the crest
for low Hj/R values and moves upstream towards the crest as Hy/R increases. This
minimum pressure generally occurs very near the crest when Cy attains its maximum value,
The variation of the crest pressure with Hy/R agrees very well with previous theoretical

and experimental data.

5) Using an appropriate scale factor for hy/hp and Hy/R, some of the main characteristics

of circular-crested weirs and standard spillways can be qualitatively compared.
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CHAPTER IV

WEIR COEFFICIENT FROM
DIRECT VELOCITY MEASUREMENT

4.1 - General remarks: Curvilinear flow fields are associated with rapidly varied
flows in open channel such as the flow over circular-crested weirs used for measurement of
discharge and regulation of flow. Velocity profiles are easily obtained, using non-intrusive
laser Doppler velocimetry (LDV) techniques in laboratory tests. A new semi-empirical
approach is used to determine the discharge coefficient, namely Cyvyel, of circular-crested

weirs by integrating non-dimensional velocity profiles at the weir crest.

4.2 - Theoretical considerations: The following assumptions are made in the

development of the model for flow over a circular-crested weir (Fig.2):

(1) The flow upstream of the weir is steady, two-dimensional and sub-critical;

(2) Compared to the total head H; reckoned above the weir crest, the height p of the
crest C above the pstream horizontal channel bed is large (p/H; > 3);

(3) Frictional losses along boundaries of the approach channel and the weir surface
are negligible;

(4) The crest boundary layer thickness & (Fig.2c) is extremely small (§/1]) << 1);

(5) At the crest, in the region above the boundary layer (y 2 ), the curvilincar flow

is irrotational and the total head is constant.

Traditionally, the weir discharge coefficient Cg is evaluated from direct measurement
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of discharge (Eq. 5). The velocity profile data over the model weir crest C (Fig.2c)

provides an alternate way of determining Cy , namely Cqvel, using Eq. 12;

where, u is the horizontal velocity component measured at a depth y above the crest

(Fig.2c). Using the parameter U = Y2gH; and the flow depth at crest Y, to normalize

u and y, Eq. 12 can be reduced to the following form:

q__ LN B A
¥,0 - [U d(YZ) (13)

The above integral represents the area of the dimensionless velocity profile. Denoting it as

A* , one obtains Eqs. 14 and 15:

S

Y,0 A (14)
3V3 (Y3

Cava = = (.H_:) A¥ e (15)

To verify this model, test data related to three different circular-crested weirs were

obtained.

4.3 - Experimental set-up and procedure: The weir models and the setup used are
the same as described previously (Ch.3). The accuracies in the measurement of water

surfuce profiles, flow depths, pressure heads and flow discharges remain unchanged.

A N AP
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Laser velocimetry: The pitot tube is a sluggish instrument and is insensitive to changes
in streamline orientation. The accuracy of velocity measurement with a pitot tube is quite
limited. The pitot tube itself disturbs the flow when piaced in the thin boundary layer on
the crest, only LDV systems are emminently suited to determine the velocity profiles in
curvilinear flow regions, without disturbing the flow field. As such, a Helium-Neon Laser
Doppler Velocimeter (LDV) System [TSI 9100-3] was used to survey the horizontal
velocity distribution in the curvilinear flow field above the weir crest. The velocity
calibration data supplied by the LDV manufacturer (TSI) was verified (Balachandar, 1990)
by determining the velocity in the potential core region of an axisymmetrical jet (12.50 mm
diameter) set-up. The uncertainties in the velocity measurement were estimated to be close

to 0.5%.

Two-dimensionality of the flow: To verify the two-dimensionality of the flow, the
horizontal velocity distributions along the vertical cross-section were obtained on the crest
C (Fig.2c) at span-wise locations 12.5 ¢cm, 8.0 cm, 1.5 ¢cm and 0.5 cm from the side wall
for a fixed depth Y32. These four velocity distributions indicated that the profiles were

similar and the deviation in the average velocity was of the order of 1%.

4.4 - Discussion of results: Thirty profiles of the horizontal velocity component u

were recorded at the crest section C (Fig.2c), covering the range 0.5 <H,/R £5.0 for

the three weir models:
(i) o =909, no downstream slope and nappe ventilated,
(i) a =900, B =459 and

(iii) o =609, B =450

4.4.1- Weir with a = 909, no downstream slope and nappe ventilated: For a
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weir with o = 909, no downstream slope and a ventilated nappe, Figs.12a, 12b and 12¢
show the dimensionless velocity profiles at the crest section C (Fig.2c). The insert of Fig.
12b shows the variations of the non-dimensional crest pressure (P/y Hy),, and the non-
dimensional minimum pressure (P/y Hy)mi, on the crest surface with H;/R. The non-
dimensional minimum pressure (P/y Hy)nmin for this weir decreases from -0.4 to -1.3, as
Hy/R increases from 0.55 to 1.38. For Hi/R 2 1.38, (P/y Hy)p;, increases rapidly till
Hy/R 22.2. For Hy/R > 2.2, (P/Y Hy),,, increases gradually to the atmospheric pressure.

These variations are shown as curve abcd in the insert of Fig.12b.

For 0.5<H,/R £ 5.0, (P/y Hy), drops from a high value of 0.5 at H;/R = 0.5
to a minimum value of - 0.3 at Hy/R = 2.2, then increases to attain a value of - 0.1 at
H /R = 5.0 (Insert Fig.12b). For this weir, at very large Hj/R, the limiting value of
(PAH1)¢r is zero (atmospheric) and this weir shape denotes the flow over a ventilated
sharp-crested plate weir. It should be noted that for standard spillways, the crest pressure
is atmospheric on the entire surface of the crest, when the head over the spillway

corresponds to the design head hp.

As H,y/R increases from 0.55 to 1.38 (Fig.2c), the velocity component u at the free-
surface maintains the value 0.52 Y22 Hi. Its maximum value Umayx at the edge of the crest
boundary layer (y = §) continues to increase with H;/R and attains a value close to U =

V22 Hy. Since the elevation difference & between the crest and the edge of the boundary
layer is extremely small (H; >> 8), the pressure recorded at the crest (y = 0) is
representative of the pressure at y = 8. Figs.12a, 12b and the insert of Fig.12b show that
the increase of uy,,y with H{/R occurs at the expense of the drop in the crest pressure with
increasing Hy/R up to Hi/R =2.2. As H/R continues to increase further to 4.40, u .,
decreases with incv=asing Hy/R. while the pressure at 'y =8 and hence the crest pressure

mcreases with Hy/R (Insert, Fig.12b). Fig.12¢ shows that the non-dimensional velocity

i 1.8 Mt Tosn Il S
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profiles for 2.01 < Hj/R <4.40 collapse to a single curve when u is normalized by
Ut = ¥ 2g(Hy - ®cr,

Fig.13a shows the variation of the area A* denoting the non-dimensional velocity
profiles (Fig.2c). Fig.13b shows the variation of the weir discharge coefficient Cyye with
H;/R. Cg4ve was computed using the data of Fig.13a and Eq. 15. A* attains a maximum
at Hi/R close to 2.2 which also corresponds to the value of Hy/R at which the minimum
value of the crest pressure occurs for 2.01 <H{/R £4.40 (Insert, Fig.12b). The value
of Yo/H; is essentially equal to a constant value of 0.715 for H/R <2.0. For
2.01 <H{/R £4.40, Yo/H; continues to increase slightly (Fig.13a). However, the drop
in the value of A* in this range of H{/R is insignificant. Hence, the resulting variation of
Cgve; With H{/R causes the discharge coefficient to attain a relative maximum near
H;/R =2.5. Fig.13b also shows the data points corresponding to Cyy,| based on the
velocity profile integration model (Eq. 15) which agree with the values of Cy (solid line-

Fig.13b) obtained from direct discharge measurements.

4.4.2- Weir with o = 90° and B = 45°: Figs.14a and 14b show the non-dimensional
velocity profiles for the second weir model with o = 900 and a downstream slope
B =450, The insert of Fig.14b shows the non-dimensional crest pressure (P/y H,) ., and
the non-dimensional minimum pressure (P/y Hy) i on the weir crest surface for this weir.
The recorded crest pressure continues to decrease with an increase in H /R and agrees very

well with the relationship proposed by Bos (1978).

As Hj/R increases from (.44 to 1.35 (Fig.14a), the velocity at the free-surface
maintains the value 0.52 Y28 Hi. Again, the value of up,,, continues to increuase with
increasing Hi/R and attains a value close to Y28 Hi at H;/R = 1.35. This increase in

Uy comes at the expense of the crest pressure which continues to drop with an increase
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in Hy/R. The increase in ug,, with an increase in H;/R continues also in the range
2.29<H /R £4.78. However, except for the narrow region y/Y, <0.1, all the
dimensionless velocity profiles collapse into a single curve, for 2.29 < H;/R <4.78
(Fig.14b).

Figs.15a and 15b show the variation of the area A*, Y,/H; and Cyy, with Hy/R.
A* continues to increase from a low value of 0.57 at H{/R =0.44 to the value of 0.74 at
H{/R =2.29. In the range, 2.29 <H;/R < 4.78, A* increases slowly and attains a
limiting value of 0.78. The value of Y5/H; is essentially constant at 0.715 for
H /R £1.35 and increases gradually to the limiting value of 0.73 at H{/R = 4.78.
Using the data of Fig.15a and Eq. 15, C4ye) was determined. The resulting data points
denoting Cyy, based on Eq. 15 agree very well with the values of C4 (solid line, Fig.15b)

determined by present direct discharge measurements based on Eq. 5.

4.4.3- Weir with o = 60 and § = 459: Although the upstream slope o of the third
weir (o = 60° and B = 459) is different from the second weir (o = 900 and B = 459),
the dependence of the various parameters such as (P/y Hy)or , (P/YHDmins Umax/U, A*,
Yo/Hy, and Cyy, on H{/R appear to be nearly identical (Figs.14, 15, 16 and 17) for
0.5 <H|/R<5.0. The insert of Fig.17b shows the dependence of Cqye on H;/R for
all the three weirs tested. Clearly, for H/R <2, all the three weirs possess the same
variation of Cqyer with Hy/R. This observation is consistent with the nearly identical
variation of (P/y Hy),, with Hy/R (segments c’c) for all the three weirs in the lower H{/R
range (Inserts, Figs.12b, 14b and 16b). For all the weirs, it should be noted that the crest
pressure (P/yHy). =0at H /R = 1.5 (Inserts, Figs.12b, 14b, and 16b), which is close

to the upper limit of the lower range of H;/R (Fig.12a, 14a and 16a).

The variation of Y2/Hy with Hy/R is not very large for the range of H/R covered

(Figs.18a, 18b and 18c). rence. the variation of the velocity head \752/2gH1 at the surface
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with Hy/R is also not very large (Fig.18). On the other hand, the pressure at the crest and,
hence, the pressure at the edge of the boundary layer decreases substantially with an
increase in H{/R. As such, for the two weirs with B = 45°, the maximum velocity head
V§2/2gH | increases considerably with an increase in H/R (Figs.19b and 19c). For the
weir with o = 90°, with no downstream slope and a ventilated nappe, this velocity head
increases with Hy/R, attains a maximum at H{/R = 2.2 and then decreases with further
increase in Hy/R (Fig.19a). For this weir, (P/y H,), attains a minimum (Fig.19a) and
Cavel attains a maximum (Fig.13b) near H;/R = 2.2. The minimum pressure on the crest
surface (P/Y H{)pin Shown in inserts of Figs.12b, 14b and 16b are useful in determining

the cavitation potential of the weirs.

The flow over the weir crest is treated as irrotational (assumption 5). Verification of

this assumption wili be discussed further in chapter 6.

4.5 - Summary: Non-intrusive LDV techniques enable one to obtain accurate velocity
profiles in the curvilinear flow field above the weir crest. This, in turn, yields the weir
discharge coefficient. The value of Cyye determined on the basis of this procedure is
found to agree very well with the previous results related to Cy obtained from direct
discharge measurements and numerical studies (Cassidy, 1965). The data of the minimum
pressure on the crest surface can be used to determine the cavitation potential of the weir.
The alternate method suggested in the present study to determine the discharge
coefficient of circular-crested weirs can be adopted for the case of other weir types, since
the determination of the velocity distribution over other weir crest sections using LDV
technique is quite straight-forward. Lastly, the ability to measure the velocity ficld
precisely in curvilinear flows enables one to determine the precise pressure distributions in

those regions where the flow field is also irrotational, as in the case of flow over weirs.
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CHAPTER V

MOMENTUM MODEL OF THE WEIR FLOW

5.1 - General remarks: A momentum balance model of the flow past the circular-
crested weir is developed to determine the weir discharge coefficient, namely Cgmom. To
this end, profiles of the water surface, pressure and velocity distributions at various
locations of the control surface MNDBCA (Fig.2d) are determined. The experimental
values of the weir discharge coefficient CygMom are compared with previously published
data based on direct discharge measurement methods and the ideal fluid flow models of

Cassidy (1965).

5.2 - Theoretical considerations: The momentum balance model can be used to
determine the characteristics of flow past a weir (Henderson, 1966 and Udoyara, 1986).
Figs.2a and 2d show the flow past a circular-crested weir for which MNDBCA denotes a

control volume. The following assumptions are made in the development of the model:

(1) The flow approaching the weir is steady, subcritical and two-dimensional,

(2) The frictional force at the solid boundary between sections 1 and 2 is negligible,

(3) The channel bed is horizontal,

(4) The weir crest is horizontal and perpendicular to the flow direction,

(5) For section 1, the pressure distribution is hydrostatic and the momentum
coefficient B is unity,

(6) The boundary layer thickness 8 at section 2 (crest C) is very small (6/H << 1),

The flow in the region above it {y 2 8) is irrotational and the total head is
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constant,

Considering a discharge per unit length q for the weir which has a downstream slope,
the momentum equation for the control volume between sections 1 and 2 (Fig.2d) can be

written as follows:

where, Y = flow depth, V = average velocity, K = correction coefficient for pressure,
p = weir height, B'= momentum coefficient, and subscripts 1, 2 and w denote the
sections 1, 2 and the weir face (Fig.2d). For a weir having no downstream slope and
ventilated nappe, the downstream section of the control volume is taken at the location
where the lower nappe profile attains the maximum elevation. Noting that q = VY and,

using Eq. § in Eq. 16 and simplifying, one gets:

27 H (]+HE' Y 2
= ] ! 12 P (9,P ). --
CdMum “ 1716 P Y, 1 (Hl) K.‘!"T.I—T(z*'Hl)(] Ku) (17)

From velocity and depth measurements at sections 2 and 1, B'y and Y,/H; can be found.
Based on assumption 6 and the measured velocity distribution, the static pressure
distribution in the region above the boundary layer (y 2 d) at section 2 was obtained.
Further, the pressure head at y =8 and the measured pressure head at the crest (y = 0)
generally do not differ very much, since & << Hj. K2 can be determined, using the
pressure distribution derived from the measured velocity distribution. Ky, can be obtained

directly from the pressure distribution on the weir face.
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5.3 - Experimental set-up and procedure: The set-up and equipments used are the
same as described previously in chapters 3 and 4. The accuracies in measurement remain
unchanged. On the upstream face of some weir models, additional pressure taps were
provided atevery 5 cm along the centre line to obtain the data to determine pressure force
correction factors. Laser velocity measurement data of mainly three weir shapes were used
to verify the application of the momentum analysis of the weir model. One of the weirs had
a vertical upstream slope with no downstream slope. The two other weirs had a

downstream slope of 45° and upstream slopes of 90° and 60",

5.4 - Discussion of results:

5.4.1- Pressure correction coefficients: The static pressure distribution at the crest
section is not hydrostatic. It was obtained indirectly from the measured velocity
distribution. As stated earlier, this is possible, as the flow above the thin crest boundary
layer (y 2 8) is irrotational (as will be shown in chapter 6). The elevation y above the weir
crest and the corresponding pressure head (P/y) are normalized by Y;. The velocity
component u is normalized by U = Y2gH,, For 044< H{/R €£4.88, Figs.20a,
20b and 20c show the static pressure profiles at the crest section for the three weirs derived
from experimental velocity data (Figs.12, 14 and 16). The inserts of Figs.20a, 20b and
20c indicate the experimental velocity profiles (Figs.12b, 14b and 16b) in the upper H;/R
range (2.01 < H;/R <4.88). In the lower H;/R range (0.44 < H,/R <£1.38), both the
static pressure distributions (Fig.20) and the velocity distributions (Figs.12, 14 and 16)
change with Hy/R. Further, in this Hy/R range, the value of (P/YY;) at y = 8, which is
nearly equal to (P/YY2)¢r, decreases from a positive value of =+0.7 to 0.0

(atmospheric) as H/R increases from 0.44 to 1.38 (Figs.204, 20b and 20c).
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For the weir with o = 90°, no downstream slope and a ventilated nappe, Fig.20a
also shows that (P/YY2). decreases from 0.00 to -042 as Hj/R increases from 1.38
to 2.01. However, in the upper Hj/R range (2.01 < Hi/R £ 4.40), aty/Y2=0
(Fig.20a), (P/YY7)cr increases from -0.42 to -0.12 as Hy/R increases from 2.01 to 4.40.
Both the velocity (Insert Fig.20a) and the static pressure profiles (Fig.20a) of this weir do
not merge into a single curve even in the upper range of H;/R. For the other two weirs
for which B =45" and o =60" and 90°, a single curve denotes the velocity
distribution (Inserts of Figs.20b and 20c) and hence, a single curve also denotes the
pressure distribution (Figs.20b and 20c) for the upper range of Hy/R. Further, in this
range of Hj/R, forthe two weirs with 3 = 45°, (P/yY7)cr decreases continuously as

Hy/R increases to 4.88 from 2.29 (Figs.20b and 20c, y/Y2 = 0).

Figs.21 and 22 respectively show the variations of the pressure coefficient K2 and
Ky with H)/R and the weir height parameter p/H; for all the three weirs in the complete
Hy/R range (0.44 < H|/R £4.88). Insert of Fig.22 shows a typical pressure distribution
on the upstream face of the weir with no downstream slope and o = 909. In all the
present tests, the weir height p is very large compared to H; and R. Hence, the pressure
on the weir face is essentially hydrostatic and Ky is close to unity (Fig.22). The velocity
and pressure distributions at the weir crest section and the pressure distributions on the

upstream weir face yielded B's, K> and Ky of Eq. 17.

5.4.2- Water surface profiles and flow depth above the crest: The total head
H; was used to normalize the distance variables x and y of the water surface profiles (Fig.
2a). For the lower Hy/R range (0.44 <H)/R < 1.38), the water surface profiles
essentially merge into a single curve for all the three weirs (Fig.23a). At the higher Hy/R
range (2.01 < H|/R < 4.88), the water surface profile of the weir with no downstream

slope and o = 90" is slightly higher than the water surface profiles of the weirs with
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B = 450 (Fig.23b). Insert of Fig.23b shows the water surface profiles of all the weirs

tested for the range 2.01 < H;/R £5.08. For weirs with fixed downstream slopes, the

upstream slope o has no significant effect on the water surface profile over the Hi/R range

0.44 <H)/R <488 (Fig.23a: Curve 1 and Fig.23b: Curve 3). However, unlike the
upstream slope o, the downstream slope P does influence the water surface profile
(Insert Fig.23b: Curves 3 and 4). The experimental water surface profile for the weir with
oo =90° and P =60"° shown as Curve 4 in the Insert of Fig.23a is close to the

theoretical water surface profile (Cassidy, 1965).

Fig.24 shows the variation of Yo/H; with H{/R for the three main weir types.
Once again, the two weirs with fixed downstream slope (f = 45°) behave similarly and
have nearly identical values of Yo/H; over the entire range of H/R (Fig.24). In the low

H1/R range (0.44 < Hy/R < 1.38), for all the three weirs shown, Y2/H = 0.715.

The water surface profile also enables one to determine the curvature and inclination
of the surface streamline at the weir crest section C (Fig.2). Further information will be

found in the analysis of curvilinear characteristics of the weir flow (chapter 6).

5.4.3- Discharge coefficient Cypom: Fig.25 shows the relationship between
CdMom and Hj/R. Here, the solid curved lines LMT, LMS (present) and LMN
(Bos,1978) of Fig.25 denote the mean trend of the relation between Cy¢ and Hy/R derived
from direct discharge measurements using Eq. 5. The segment LM is common to all weir
types in the lower Hi/R range (Bos, 1978 and present). The segment MN refers to the
weirs with o =90°, B=45" (Bos, 1978) while segment MT refers to the weir with
B=45 and o =90° & 60° (present). The segment MS refers to the weir with no

downstream slope and « = 90° (present).
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The experimentally determined values of the parameters on the right hand side of Eq.
17 were used to relate Cgpnjom With Hi/R on the basis of the momentum equation. The
data points pertaining to this relationship shown in Fig.25 agree very well with the
corresponding solid lines denoting the results of direct discharge measurements. Insert of
Fig.25 shows that the theoretical values of Cy (Cassidy, 1965) are slightly lower than the
present data. For a qualitative comparison, the insert also contains the test data of Hager
(1985) related to standard spillways. These data are adopted for comparison by using a
scale factor of 1.5 to convert the scale hy/hp to Hy/R, based on the fact that the crest
pressure is atmospheric for circular-crested weir at Hi/R =1.5 and for standard

spillways at h;/hp = 1.0.

5.5 - Summary: The experimentally determined velocity profiles in the region of
curvilinear flow over the weir are shown to provide useful pressure distribution data
needed for the momentum analysis of flow past a circular-crested weir. For the range
0.44 <H|/R <£4.88, the weir discharge coefficient Cygmom based on momentum analysis
agree very well with Cq based on direct discharge measurement of past and present studies.
The agreement of the present data with the earlier ideal flow model of Cassidy (1965) is
also reasonable. The general procedure outlined in the momentum model can be used to

analyse {low past other types of weirs.
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CHAPTER VI

THEORETICAL CURVILINEAR FLOW MODEL

6.1 - Application of Dressler theory to circular-crested weirs:

6.1.1- General remarks: In this section, Dressler equations are adapted to determine
the weir flow characteristics such as the velocity distribution at the crest section C (Fig.2c)

and the theoretical weir discharge coefficient, Cyry,. These results are verified using past
and present test data for three types of circular-crested weirs in the range Hyj/R € 2.28 or -

1.6 <kN. The shallow depth model is applicable in these ranges of Hy/R.

6.1.2 - Theoretical considerations: The following assumptions are made in the
development of the Dressler theory model for flow past a circular-crested weir (Figs.2a and

2c):

1) The approach flow is steady, two-dimensional and sub-critical,

2) The effects of fluid properties such as surface tension and viscosity on the weir
flow characteristics are not significant,

3) For the accelerating flow on the crest surface upstream of C (Fig.2c), the crest
boundary layer thickness & is negligibly small compared to Y, and H;. Typically,

O/H is of the order of 0.02.

Following the procedures outlined by Dressler (1978) and Sivakumaran et al (1981,

1983), the equation for steady flow at a rate of q per unit crest length of the weir (Fig.2c)
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may be written as:

Y
q=UlR1n(l+—R3) ------------------------- (18)

where, Uy =V 2g (Hl '(P/Y)cr) is the maximum velocity at the crest for the ideal flow.

For this flow, the horizontal velocity u at a depth y over the crest C can be expressed as

follows (Dressler, 1978):

Inreal flows over a circular-crested weir, the maximum velocity Uy is not at the crest but at
the edge of the thin boundary layer (assumption 3). As such, for 6 <y < Y3 the horizontal

velocity component u (Fig.2c) is given by the following approximate relation:

U,
ey e R (20)
1+G-®

(R+ 8)

Excluding the crest boundary layer , the converging flow over the weir in the region (y > 8)

is assumed to be irrotational. Hence, the total head is constant across the section AC"
(Fig.2c). At C" where y = 3, u = Uy, using assumption 3 and applying the encrgy

equation between sections 1 and 2 (Fig.2a), one gets:

ul ey dp.] U gp
H1=8+7g‘-+[(—) -—_—a]z-i—H(—) --------- 1)
Y/ YAY g Y/cxr

Hence, rewriting Eq.21:
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U, = ,\ﬁg(l-l,—(g)) -------------------- 22)
Y/er

For the flow over the weir crest for which 8 is extremely small (8/H; << 1, O/R << 1), the

normalized velocity profile can be written as:

S SR (23)

gx

Alternatively, u can also be normalized by U = ~/2gH; . Hence, using Eq. 22:

REG

T (24)

T

Using Eqs. 18 and 22 in Eq. 5 and simplifying, CgTh can be expressed as follows:

L
U,

Y,
05 In{1+==
Cqm = g’i._?’—_ [1 _(__P__) :] __QP___IT]B_) ........ (25)
g ]

Tests were mainly conducted to verify the above expression for Cyrp, for 0<H;/R<2.28,

which is in the praciical range of application and where Dressler theory is applicable.

6.1.3 - Experimental set-up and procedure: The set-up and equipments used are
the same as described previously (Ch.3 and Ch.4). The accuracies in measurement remain

unchanged.
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6.1.4 - Discussion of results:

- Flow characteristics: Figs.26a, 26b and 26¢ show the selected velocity profiles

for the three weir models in the range 0.44 <H/R £2.28. Here, the depth y and the

horizontal velocity u are normalized by R and U1 = Vg (H, —IP/Y)"), respectively.
Experimental velocity distributions agree very well with the theoretical profiles (Eq.19) for
the flow up to Yo/R < 1.0. One can recall that Dressler (1978) recommended the use of his
equations for Y2/R < 0.85 for a convex bed. Y,/R = 1.0 approximately corresponds to
Hi/R = 1.40. Fig.27 shows the water surface profiles for the three weirs as in Fig.23a
with additional data for the extended range 0.44 < H;/R < 2.28. The total head H; was
used to normalize the depth h above the crest level and the horizontal distance x (Fig.2c).
Fig.27 also shows that the water surface profiles for all the three weirs essentially merge

into the same average curve, and the mean flow depth at the crest Y2 = 0.715 Hy.

- Range of applicability of Dressler equations: As H{/R is increased from
low values, the center of curvature of the segment of the surface profile above the crest C
(Fig.2¢) begins to drift away from the center of the circular crest surface. When Hy/R is
large (H1/R > 1.4), the center of curvature of the streamlines between C" and A (Fig.2c¢),
will be very far from the center of the crest surface. Consequently, the formulation of Eq.
19 which implies that the crest surface and the streamlines above it are concentric (Fig.2c¢),
begins to be strongly violated. Hence, the limit to obtain the accurate velocity distribution
from Dressler theory appears to be Hy/R < 1.4, which is nearly the same as Y,/R < 1.0
Fig.28 provides a comparison between the predicted maximum velocity U; (Eq. 22) and
the measured maximum velocity up,,, at the weir crest. At the crest, the variation of the
dimensionless flow depth Y»/R with Hy/R is given in Fig.29. This relationship is almost
linear and identical for all the weirs up to Hj/R = 1.4. Beyond this value, data for the weir

with o = 90° and with no downstream slope and a ventilated nappe show a slight deviation,
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- Nappe separation and minimum pressure: Fig.30 shows the results of
visual observation of the point of nappe separation from the crest surface for the weir with
« = 90° , no downstream slope and a ventilated nappe. The minimum pressure (P/Yld{)min
and its angular location recorded on the crest surface of all the three weirs are given in the
upper and lower inserts of Fig.30 respectively. They indicate that the dependence of these
parameters on Hy/R is essentially the same for the two weirs with the downstream slope
B = 459, In this regard, their behaviour differs significantly from the weir with o = 90°
and with no downstream slope and a ventilated nappe. Further, the minimum pressure data
needed for the determination of cavitation potential on the weir crest surface are important
only for the two weirs with a downstream slope, since (P/YH1)min continues to drop as
H/R increases. For these two weirs , the lower insert of Fig.30 shows that the angular

locations of the points of minimum pressure occur downstream of the crest (6 = 90°) for

the entire recorded data range.

- Discharge coefficient CyqTp: Eq. 25 based on Dressler theory was used to
compute Cypy, for the weirs. Fig.31 shows these data points plotted as a function of Hy/R.
The solid line LM in this figure denotes the average relationship between Cg basedon Eq. §
(direct discharge measurement) of the present and existing (Seshadri, 1981 and Bos, 1978)
studies. Insert of Fig.31 also provides a comparison of the present results with the existing
ideal flow model of Cassidy (1965) for circular-crested weirs which, like Dressler’s model,
excludes effects due to boundary layer growth and flow separation. Hager (1985) has
presented the values of Cy for standard spillways as a function of hy/hp (dashed line, Fig.
31). To qualitatively compare the present results with the results of Hager (1985), a scale
factor of 1.5 was used to account for the fact that the cre : pressure is atmospheric for

standard spillways at hy/hp = 1.0 and for circular- crested weirs at H;/R = 1.5.

In the range H1'R £ 2.28 or Y2/R £ 1.6, for all the weirs, the variations of Cypy, With
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H{/R based on Eq. 25 (Dressler theory) and Eq. 5 (direct discharge measurement) agree
very well. Hence, the model based on Dressler theory appears to be valid in a larger range
of H}/R for CqTh than for the velocity distribution. This, in part, can be traced to the fact
that the velocity distribution refers to the detailed flow structure, while Cay, refers to the

gross flow characteristic.

6.1.5 - Summary: Dressler equations can be adapted to formulate the theoretical model
for curvilinear flow past circular-crested weirs. For the prediction of the velocity
distribution over the weir crest, the Y2/R range of applicability of Dressler theory appears
to be 1.0. However, the predicted values of Cytp, based on this model agree well with Cy
determined from direct discharge measurements, in the range H/R £2.28 or Y2/R £ 1.6.

This corresponds to -1.6 £ kN (Convex bed).

6.2 - Examination of the basic assumptions in the theoretical curvilinear

flow models:

6.2.1- General remarks: Theoretical curvilinear flow models are used to analyse the
behaviour of the flow past various hydraulic structures. Among them, the commonly used
model to study the characteristics of the flow past a circulur-crested weir is considered and
the validity of the main assumptions made in the development of the model are discussed in

the following sections.

6.2.2- Basic theoretical assumptions: In the ti-eoretical study of curvilinear flow
past a weir, some of the basic assumptions related to the weir flow characteristics are listed
as below:

(1) The flow upstrcam of the weir is steady, two-uimensional and sub-critical,

(2) The flow over the weir crest is irrotational ,



(3) The slope and radius of curvature of the streamline pattern vary linearly from the
weir crest C (Fig.2b) to the free-surface.

As stated carlier (chapter 4), Fig.32 denotes the velocity distributions for the flow
over the crest in the cross-sectional direction. The factors U = Y2g Hi and the depth Y,
over the crest were used to normalize the velocity u and depth y above the crest. The
velocity profiles were nearly identical. At section 1.5 cm away from the channel wall, the
discrepancies in velocity near the boundary were generally within 1%, compared to other
profiles in the mid-section. Only for the profile taken at 0.5 cm from the wall does one
note @ maximum deviation of 3% in the velocity component u. Further, besides the
velocity profiles similarity, the deviation in the average velocity was of the order of 1%.

These results support assumption (1) above.
6.2.3- Determination of streamline curvature parameters: For flow over the

weir, defining x and y as the horizontal and vertical axis through the crest C (Fig.2b),

the functional representation of the streamlines for the flow over the crest can be written as,

For any single streamline passing through a location y above the crest, knowin, the form

of {(x), the radius of curvature r and inclination ¢ can be found. Thus,

R 'S WU @7

5 Rl
‘e [1 + (f. (X)):} _______________________ (28)

f" (x)
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Where, f(x) and f'(x) denote the first and second derivatives of f(x), respectively for the
streamline considered. It is easy to determine r at the free surface using the water surface
profile. However, to obtain r at the interior points over the crest section, one needs to
know the nature of f(x). Hence, for a two-dimensional flow, the difference ya - y; = udy
between adjacent streamlines denotes the discharge passing between these streamlines.
Determining the velocity distribution accurately at the vertical section over the crest and at a
few other vertical sections in its neighbourhood (Insert, Fig.34), one can determine the
general form of f(x) which denotes the pattern of all streamlines for the flow passing over
the crest. Following this, the parameters r and ry related to the curvature of the streamlines

above the crest can be determined easily, using Eqs.28 and 2.

- Streamline geometry: Fig.33 shows the locations of velocity measurement for
the flow at a total head of Hy= 0.100m. The velocity profiles shown in Fig.34 were taken
along a vertical section through the weir crest and four other sections located at
Ax=40.02m and #0.01m from the crest C and along the centre line. Here, Ax denotes the
horizontal distance from the crest to the other four vertical sections. The dimensionless
discharge [u/\/(Zng)xdy/Y] corresponding to the subsection dy/Y shown for curve 'a’ in
Fig.34 is denoted by the hatched area. Hence, the total computed area of the velocity
distribution diagram related to curve 'a’ denotes the total dimensionless discharge passing
through x = -0.02m. Similar area computations were done for four other vertical sections
over the crest surface BCE. Using these data, the actual discharges were computed for the
five sections and they agreed among themselves within 2%. Fig.35 shows the incremental
discharge passing through various vertical sub-sections. Using this, the streamline pattern
was generated and plotted (Fig.36). Based on the streamline pattern, values of r, ry and ¢
at the vertical section through the weir crest were determined with the help of Egs. 28, 2
and 27 respectively. The specific data corresponding to the free-surface profiles included

in Figs.36-39 were obtained from direct point gage measurement. Figs.37 and 38 indicate
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that the streamline radius r and the radius parameter ry do not vary linearly with depth in

a wide section close to the free-surface, although this deviation is not very large. The

deviation from the linear model is restricted to the region 0.6Y, <y <Y, for bothrand r,.

- Streamline inclination ¢ : Fig.39 shows that ¢ deviates slightly from the
linear variation along the depth at the crest section C. A maximum deviation of the order of
10% in the ¢ value occurs at the mid-depth of the flow over the crest. Since ¢ has generally
a low value (0.2 — 0.3 rad), the corresponding variation of cos ¢ in Eq. 2 for the range of
maximum deviation is of the order of 1%. Hence, the theoretical assumption of linear

variation of ¢ with depth will not lead to erroneous results.

- The parameter m: As stated earlier (Ch.2), Jaeger (1956) assumed a linear
variation of ry across the flow depth and stated that ry, = R + mY, with m=2. For
the tested weir with a downstream slope [ = 459, Eq. 4 (Bos, 1978) gives m = 1.95, while
Sarginson (1972) found m = 1.80 for circular-crested weirs (0.1<Hi/R<10) and 2.50 for
sharp-crested weirs (Hj/R —>0). However, using the experimental data related to the
present section (Hy = 0.100m, Y2 = 0.071m, (P/Y)cr = -0.105m and R = 0.025m), Eq.1
which does not consider Hj/R as a parameter yielded m =1.87. Fig.40 shows the variation

of m with Hy/R for circular-crested weirs with a=90° and B=45° (Table 17).

6.2.4- Water surface profiles: Water surface profiles are outermost streamlines of
flows past a weir crest, but precise data are required to determine experimentally the
streamline pattern for the interior regions of the flow field. The free-surface profile data
included in Fig.37 were obtained from direct point gage measurement, which are then fitted
to a third degree curve (Ali, 1972). The values of r, ry and ¢ at the free surface point A on
the vertical section through the weir crest C were determined with the help of Eqs. 28, 2

and 27 respectively.
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The characteristics of water surface profiles for the flow past circular-crested weirs

and the flow depths above the weir crests were discussed previously in chapter 5.

6.2.5- Irrotationality of the flow: The flow over the weir crest is treated as
irrotational in the theoretical models. To indirectly verify the validity of this assumption,
the velocity profile data was analysed. For the accelerating flow over the crest, 8 << Ya2.
In the present tests, 8/H, is of the order of 0.02. As such, one can assume (P/y)§ = (P/Y)¢r,
while computing the total head Hj at the edge of the boundary layer C" (Fig.2¢). In other

words, Hg can be expressed in terms of the measured quantities. Thus,

2 2

Vi A%
H5=-,—’—-8—+ (E) -—d—-l-)—S +0 = 7,—8+(E) ------- (29)
<8 Y/er YAy <8 Y/er

At the location A (Fig.2c) of the free surface, setting v = vertical component of velocity and

¢ = inclination of the free surface, the resultant velocity head at A is V,2/2g =
(u24v2)/2g = u2(1+ tan20)/2g. Hence, the total head Hg at the free surfuce can be

expressed as:

The necessary condition for the flow to be irrotational in the region AC" (Fig.2c) is that
Hg/H; = Hy/H;. Figs.18 and 19 show that these ratios are in fact equal and hence
indirectly confirm the irrotationality of the flow (assumption 2). For complete validation of
irrotationality of the two dimensional flow in the region AC" (Fig.2c), one can
independently obtain accurate static pressure and velocity distributions at many locations

above the crest, compute the local total head values and compare them with the total heads
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at the free-surface and at C".
Alternatively, one can experimentally determine the vorticity components at

different locations in the region AC" and show that their sum is equal to zero (Table 18f).

6.2.6- Summary: Laser Doppler velocimetry was used to obtain detailed velocity
profiles for the flow over the weir crest. This information and the measured water surface
profile data enables one to determine the curvature and inclination of the surface streamline
at the weir crest section. In the existing theoretical models, the slope and curvature of the
streamline pattern of the flow over the weir are assumed in general to vary linearly from
the weir crest to the free-surface. The present results indicate that the linearity assumption
of streamline slope and curvature appears to be quite valid over a wide range of depths,
except in a narrow segment below the free-surface. The parameter m appears to be function
of the flow parameter Hi/R. The region of crest flow above the boundary layer is verified
to be irrotational. Hence, the basic assumption related to the development of existing
theoretical weir models is validated. Lastly, the use of velocity profiles, taken along the
channel axis and over the weir crest and its vicinity, to determine the geometry of
streamlines in an two-dimensional flow field appears to be successful. Similar procedure

can be applied to generate the corresponding potential lines.
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CHAPTER VII

SUMMARY AND CONCLUSIONS

The major conclusions of the present investigation related to the characteristics of

curvilinecar flow past circular-crested weirs are summarized below:

I.- 1) Circular-crested weirs will behave as a sharp-crested weir when the head
causing flow is relatively very large compared to the crest radius.

2) For a circular-crested weir without the downstream slope and o = 909, a
ventilated nappe reduces Cy slightly for 2<H;/R<18, but improves flow stability and
reduces the possibility of cavitation.

3) For all the combinations of weir slopes of the tested models, for a fixed
downstream slope, the effect of upstream weir slope on Cq4 is marginal. For a fixed
upstream weir slope, for Hi/R > 3, Cy4 improves when the downstream slope is increased.

4) The minimum pressure on the crest surface occurs at a location downstream of the
crest for low Hy/R values and moves upstream towards the crest as H/R increases. This
minimum pressure generally occurs very near the crest when Cgy attains its maximum value.
The variation of the crest pressure with Hy/R agrees very well with previous theoretical and
experimental data.

5) Using an appropriate scale factor for hy/hp and Hy/R, some of the main
characteristics of circular-crested weirs and standard spillways can be qualitatively

compared.

1L.- LDV techniques enable one to obtain accurate velocity profiles in the curvilinear
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flow field above the weir crest. This, in turn, yields the weir discharge coefficient. The
value of Cgye determined on the basis of this procedure is found to agree very well with
the previous results related to Cy obtained from direct discharge measurements and
numerical studies (Cassidy, 1965). The data of the minimum pressure on the crest surface
can be used to determine the cavitation potential of the weir.

The alternate method suggested to determine the discharge coefficient of circular-
crested weirs can be extended to the case of other weir types, since the determination of the
velocity distribution in other weir crest section using LDV techniques is quite straight-

forward.

III.- The experimentally determined velocity profiles in the region of curvilinear flow
over the weir are shown to provide useful pressure distribution data needed for the
momentum analysis of flow past a circular-crested weir. For the range of data analysed
(0.44<H/R<4.88), the weir discharge coefficient Cgmom based on momentum analysis
agree very well with Cq4 based on direct discharge measurement of past and present studies.
The general procedure outlined in the momentum model can be used to analyse flow past

other types of weirs.

IV.- Dressler equations can be adapted to formulate the model for curvilinear flow
past circular-crested weirs. For the prediction of the velocity distribution over the weir
crest, the Yo/R range of applicability of Dressler theory appears to be 1.0. However, the
predicted values of CqTp based on this model agree well with Cy determined from direct
discharge measurements, in the range Hi/R £ 2.28 or Y2/R £ 1.6. This corresponds to -

1.6 £ kN (Convex bed).

V.- Detailed velocity profiles for the flow over the weir crest and the measured water

surface profile data enable one to determine the streamline pattern on the weir crest section.
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In the existing theoretical models, the slope and curvature of the streamline pattern of the
flow over the weir are assumed in general to vary linearly from the weir crest to the free-
surface. The present results indicate that the linearity assumption of streamline slope and
curvature appears to be quite valid over a wide range of depths, except in a narrow segment
below the free-surface. The basic assumption related to the development of existing

theoretical weir models is validated.
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CHAPTER VIII

SCOPE FOR FUTURE INVESTIGATIONS

The present study on the hydraulic characteristics of circular-crested weirs can be
extended to the following additional studies:

i) study the streamline pattern in detail over a wide range of H1/R, to determine the

dependence of dimensionless parameters ry/R, ¢ and m on Hy/R,

ii) extend the range of applicability of Dressler theory to larger values of Hy/R,

iii) study the effect of air entrainment in the downstream section of the weir,

iv) determine the modular limit of the weir for submerged flow conditions and

v) incorporate information of field data to verify and improve the theoretical results.

vi) The use of LDV techniques described to obtain indirectly the pressure distribution

in the region of irrotational flow on the basis of measured velocity distribution can be

adopted to solve the problems related to end depth analysis of flows in circular pipes

and trapezoidal channels using the momentum balance model.
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Fig.2: Flow Past a Circular-Crested Weir.
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Fig.15a: Characteristics of Weirs with D/S Slope = 45°
(0.44 S Hy/R < 4.78).

(a) Variation of Y,/H; and A* with H;/R- a = 90°, B = 45",
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Fig.17a: Characteristics of Weirs with U/S and D/S Slopes
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(a) Variation of Y, /H; and A* with H;/R,a =60°,p =45,
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Fig.17b: Characteristics of Weirs with U/S and D/S Slopes
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(b) Variation of C g4 and Cqve with H /R, (a =60°, B =45°);
Insert: Qv versus Hy/R for three types of weirs).
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(b) Weir with « =90°, B =45".

Wz«:" e



_ AF
%i

3N
oz

1.00F ‘-‘-—‘—Ytz/ ® [ ] N ]

Y2 'ﬂ'l'

H | oe58 B—a—a8—]
050 f Ve -
2 F /2?‘1 1

Vi | AAMAA A A__AA A
000, 1 2 1 ;3 4 5

Fig.18c: Variation of Y2/H 1, VJ2gH; and HJ/H; with Hj/R.
(c) Weir with o =60°, B =45°,

o T



89

2.0 pr—v=——v—r—

: T
H. 15k H Hy= g +[GPe= 759 +8 A ]
w Ol 72
5 1OF " e =¥
H-l-- - FEFEFENCELNE/
v2 O5F fr 3
-y " 1 ]
2§llo.o: E—EE%W .
(_l)cr H: +Y. 1
YH{ | 2.8 N -
~0.5F 2. -
5 Eo”éﬁ%ﬁv‘ (YH[er ]
-1.0F : : giv L L
0 1 2 = 3 4 5

Fig.19a: Variation of &Hj1, Vi/2gHy, (P/ YHp , and
Hs/H; with Hy/R.

(a) Weir with oo =90°, no D/S Slope- Ventilated.



C

Fig.19b: Variation of &/H3 V§/2gH 1, (P/ YH1D ., and
HSIHI with Hy/R.

(b) Weir with o =90°, =45,
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Fig.19c: Variation of &Hy Vg/2gH 1, (P/ YHy) ¢, and
Hs/H; with Hy/R.

(c) Weir with o =60°, B =45°.
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Fig.20a: Static Pressure Distributions &t the Crest Section-
(0.44<H1 /R<4.88).

Insert: Velocity Profiles at the Crest Section (2.01<H; /R<4.40).
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(b) a =90°, p =45",

Fig.20b: Static Pressure Distributions at the Crest Section-
(0.44<H /R<4.88).

Insert: Velocity Profiles at the Crest Section (2.29sH,/R<4.78).




94

1.0 Lot —
0.53
[ 0./8
0.8 0.98
08r y 1.35
5
06f 04r 220}
4.88
04r 0.0 1
021 1
0.0
-2 1

(©) o =60° B =45°.

Fig.20c: Static Pressure Distributions at the Crest Section-

(0.44sH1 /Rs4.88).

Insert: Velocity Profiles at the Crest Section (2.68<H;/R<4.88).
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Fig.22: Variation of Pressure Coeffient K wwith p/Hj.

(0.44<H; /R<4.88).

Insert: Typical Pressure Distribution on U/S Weir Face-
(o =90°, No D/S Slope- Ventilated).
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Fig.23a: Water Surface Profiles over the Weir Crest.

Insert: Weire witha =90°, B =60° (2.03 < H;/R < 5.39).
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Fig.23b: Water Surface Profiles over the Weir Crest.

Insert: Weirs with o =90° & 60°, P =45° & 60° and
(0.44<H; /R<5.08).

a =90°, no D/S Slope, Ventilated
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Fig.24: Crest Depth Y,/H; versus H /R.
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Fig.25: Weir Discharge Coefficient Cq4 and Camom versus Hi/R-
(0.44<H 1/R<4.88).

Insert: Gy versus Hi/R for 0<Hj /R<10).
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Fig.26a: Experimental Velocity Distribution at Crest Section-
(0.44<H,/R<2.68).

(a) Variation of y/R with wU; -(a =90°, No D/S Slope- Ventilated).
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Fig.26b: Experimental Velocity Distribution at Crest Section-
(0.44<H{/R<2.68).

(b) Variation of y/R with wUj-(a =90°,p =45).
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Fig.26c: Experimental Velocity Distribution at Crest Section-
(0.44< Hy/R <2.68).

(c) Variation of y/R with w/Uj-(o =60°, B =45°).
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Fig.27: Water Surface Profiles over the Weir Crest
( 0.44 < Hi/R < 2.28).
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Fig.30: Point of Separation on Crest Surface (Visual Observation)-
(a =90°, No D/S Slope- Ventilated).

Upper Insert: Variation of Minimum Pressures with Hi/R (A1l Weirs).

Lower Insert: Points of Minimum and Atmospheric Pressures over Crest
Surface (All Weirs).
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Fig.31: Variation of C 41, with H1/R - (0.44<H yR<2.28).
Insert: Cq for Circular-Crested Weirs and Cy of WES-

Standard Spillways.
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Fig.33: Velocity Measurement along Weir-Crest Center Line.
® —(x,y) locations for free surface profile measurement.
+ —(x,y) locations for velocity measurement (see Table 20f).

The values of u are shown only for the section above C.
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APPENDIX III

TABLES

Note: Some additional notations used in the tables are defined near the tabulations.
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Table 1: -Range of test variables.

Overallranges: 0.5 %1 < 18.5

to
024sRe x 1052 6.9

(Re = 12, v = V5H;)
Radlus P

Weir # (cm) (em) Hy/R Re x 108
1 15.16 116.44 S0-14 3.9-69
2 10.08 116.92 70-1.8 24-41
3 7.54 101.68 1.2-25 1.9-29
4 3.81 105.49 21-49 1.0-12
5 2.54 104.18 2.0-6.6 0.5-10
6 0.952 105.49 6.7 -18.5 0.24-04

s.w.* * (114.30 0.05 < hy/p < 0.20 .

(114.91

*Sharp-crested weirs. Actual edge thickness e=1.5mm.
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Table 2a: -Experimental data: Discharge coefficient from direct discharge
measurement:
(a) Weir models with R=15.16cm.

P=3.82' 116.43cm, R=0.4974',15.16cn
RUN} Qecfs Q (1) hl ft H1l £t H1/R P/H1 cd 1 Y2 £t y2/H1

9000FA
407 0.392 11.10 0.272 0.272 0.54 14.04 1.07 0.196 0.719
408 0.766 21.69 0.405 0.406 0.81 9.40 1.15 ©0.292 0.719
409 1.062 30.07 0.496 0.497 0.99 7.68 1.17 0.357 0.718
410 1.365 38.65 0.576 0.578 1.16 6.60 1.19 0.415 0.718
411 1.825 51.67 0.683 0.687 1.38 5.56 1.24 0.493 0.718

9045
413 0.279 7.90 0.221 0.221 0.44 17.28 1.04 0.158 0.715
414 0.629 17.81 0.361 0.362 0.72 10.55 1.12 0.259 0.71%
415 0.905 25.62 0.449 0.450 0.90 8.48 1.16 0.324 0.720
416 1.334 37.77 0.568 0.570 1.14 6.70 1.20 0.408 0.716
417 1.776 50.29 0.670 0.673 1.35 5.67 1.24 0.481 0.715

6045
419 0.371 10.50 0.261 0.261 0.52 14.63 1.08 0.187 0.717
420 0.718 20.33 0.388 0.389 0.78 9.82 1.15 0.279 0.717
421 1.038 29.39 0.485 0.486 0.97 7.86 1.18 0.349 0.71s
422 1.784 50.51 0.669 0.673 1.35 5.67 1.25 0.480 9.713
423 1.231 34.85 0.538 0.540 1.08 7.07 1.20 0.387 0.717

Note: hl=hj, H1=H;, H1/R=H,/R, P/H1=p/H;, Cd 1=C4 (based on direct discharge measurement), Y2=Y>
and Y2/H1=Y2/H|. 9000FA, 9045, 6045, - - -: Tests Nos. @ (1)= Qin liters.
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Table 2b&c: -Experimental data: Discharge coefficient from direct discharge
measurement:

(b) Weir models with R=10.08cm.

P=3.836', 116.92cm, R=0.331', 10.08cm

Run § Qcfs Q (1) hl £t H1 £t H1I/R Cd 1 Y2, (0) ¥2/H1
9000FA

002 0.325 .9.20 0.233 0.233 0.70 1.12 0.169 0.725
003 0.781 22.11 0.393 0.393 1.18 1.22 0.276 0.702
004 1.321 37.40 0.541 0.543 1.64 1.28 0.394 0.726
007 0.476 13.47 0.292 0.292 0.88 1.17 0.207 0.709
,008 1.580 44.74 0.604 0.607 1.83 1.29 0.441 0.727

(c) Weir models with R=7.54cm.

P=3.336', 101.68cm, R=0.2474"', 7.54cm

Run f Q cfs Q (1) hl ft Hl ft Hi/R cd 1 Y2, (0) Y2/HL
9000FA
015 0.490 13.87 €.290 0.291 1.17 1.21 0.207 0.711
016 0.919 26.02 0.423 0.425 1.71 1.29 0.311 0.732
017 1.636 46.32 0.607 0.611 2.46 1.33 0.463 0.758
023b 1.132 32.05 0.479 ©0.481 1.94 1.31 0.356 0.740

Note: See notations of Table 2a.



Table 2d: -Experimental data:

measurement:
(d) Weir models with R=3.81cm.

Pml . 461, 105.49cm, R=0.125', 3.81cm
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Discharge coefficient from direct discharge

Run § Qefs Q (1) hl £t H1 £t H1/R ca 1 Y2, (0)
9000FA
044a 0.622 17.61 0.322 0.322 2.57 1.32 0.244
045a 1.086 30.75 0.47) 0.473 3.78 1.29 0.368
046a 1.422 40.26 0.571 0.574 4.58 1.27 0.451
048a 1.534 43.43 0.604 0.607 4.85 1.26 0.478
059 0.449 12.71 0.261 0.261 2.08 1.30 0.193
060 0.811 22.96 0.384 0.385 2.07 1.31 0.295
061 1.267 35.87 0.528 0.530 4.24 1.27 0.412
9000NA
063 0.458 12.96 0.262 0.263 2.10 1.32 0.196
064 0.803 22.73 0.379 0.380 3.03 1.33 0.292
065 1.095 31.00 0.466 0.468 3.74 1.33 0.360
066 1.404 39.75 0.551 0.554 4.43 1.32 0.428
067 1.622 45.93 0.607 0.611 4.88 1.32 0.463
9060
072 0.603 17.07 0.305 0.306 2.44 l1.38 0.223
073 0.881 24.94 0.385 0.387 3.09 1.42 0.281
074 1.277 36.16 0.482 0.485 3.87 1.47 0.347
075 1.553 43.97 0.543 0.546 4.37 1.49 0.389
076 1.736 49.15 0.581 0.585 4.67 1.50 0.417
080 0.504 14.27 0.275 0.275 2.20 1.35 0.196
081 0.913 25.85 0.394 0.395 3.16 1.43 0.285
082 1.397 39.55 0.510 0.513 4.10 1.47 0.365

Y2/H1

0.758
0.778
0.786
0.787
0.739
0.766
0.777

0.745
0.768
0.769
0.773
0.758

0.729
0.726
0.715
0.712
0.713
0.713
0.722
0.712

Note: See notations of Table 2a.
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(¢) Weir models with R=2.54cm.

P=3.418', 104.18cm, R=0.0833', 2.34cm

Run § Qecfs Q (1) hl ££ H1l £t Hi/R cd 1 ¥2,(0)
9000FA
136 0.547 15.48 0.298 0©.298 31.%8 1.20 0.232
137 0.927 26.25 0.435 0.436 5.23 1.25 0.342
(AC)0.927 26.25 0.435 0.436 5.23 1.25% 0.316
138 1.290 36.%2 0.551 0.%53 6.64 1.21 0.451
(A'C)1.290 36.52 0.551 GC.5%53 6.64 l1.22 0.412
8O00O0FA
144 0.616 17.44 0.322 0.322 3.86 1.30 0©.251
143 0.983 27.8) 0.448 0.449 5.39 1.26 0.354
(AC)0.983 27.83 0.448 0.449 5.39 1.26 ©0.336
146 1.440 40.77 0.%84 0.387 7.04 1.24 0.464
(A'C')1.440 40.77 0.584 0.587 7.04 1.24 0.419
7000FA
151 0.766 21.69 0.367 0.368 4.42 1.33 0.291
152 1.338 37.88 0.541 0.543 6.52 1.29 0.438
6000FA
174 0.502 14.21 0.275% 0.275 3.30 1.35 0.212
175 0.862 24.40 0.399 0.400 4.79 1.32 0.311
176 1.154 32.67 0.487 0.489 S5.86 1.31 0.385
177 1.614 45.70 0.617 0.620 7.44 1.28 0.491
S000NA
186 0.564 15.97 0.299 0.299 3.58 1.33 0.234
187 0.983 -27.83 07436 0.438 5.25 1.31 0.345
188 1.390 39.356 0.558 0.560 6.72 1.28 0.443
7JO00NA
157 0.351 9.939 0.218 0.218 2.61 1.34 0.163
158 0.383 10.84 0.230 0.230 2.75 1.34 0.174
159 0.821 23.24 0.384 0.385 4.61 1.33 0.302
160 21.227 34.74 0.508 0.510 6.11 1.31 0.400
161 1.676 47.45 0.632 0.635 7.62 1.28 0.491
S000NA
166 0.564 15.97 0.297 0.297 3.56 1.35 0.225
167 ©0.933 26.42 0.418 0.420 5.03 1.33 0.325
168 1.311 37.12 0.530 0.532 6.38 1.31 0.416
169 1.637 46.35 0.618 0.622 7.46 1.29 0.485
9075
192 0.631 17.86 0.304 0.305 3.65 1.45 ©0.212
193 1.018 28.82 0.405 0.407 4.87 1.52 0.280
194 1.372 38.85 ©0.485 0.488 5.85 1.56 0.335
195 1.756 49.72 0.564 0.569 6.82 1.59 0.393
8075
199 0.399 11.29 0.229 0.229 2.75 1.41 0.160
200 0.808 22.88 0.350 0.351 4.21 1.50 0.244
201 1.287 36.44 0.464 0.467 5.60 1.56 0.322
202 2.017 57.1) 0.614 0.619 7.42 1.60 0.430
7575
206 0.776 21.97 0.340 0.341 4.09 1.51 0.240
207 1.237 235.02 0.453 0,455 5.46 1.56 0.313
208 1.809 51.22 0.571 0.575 6.90 1.61 0.401

Table 2¢: -Experimental data: Discharge coefficient from direct discharge
measurement:

Y2/R1

0.779
0.784
0.723
0.816
0.745

0.780
0.788
0.748
0.790
0.714

0.791
0.807

0.771
0.778
0.787
0.792

0.783
0.788
0.791

0.748
0.757
0.784
0.784
0.773

0.758
0.774
0.782
0.780

0.695
0.688
0.686
0.691

0.699
C.695
0.690
0.695

0.704

0.688
0.697

(Cont'd)

Note: Sce notations of Table 2a. (A'C’) denotes data for section A'C', Figs.1&2.



Table 2e: (continued)
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P=3.418"', 104.18cm, R»0.0833', 2.54Cm

e ot v = -

Y2/H1

0.718
0.709
0.698
0.705

0.710
0.695
C.696

0.702
0.698
0.699

0.738
0.756
0.742
0.723

0.744
0.734
0.715

0.729

0.727
0.711

(Cont'd)

Y2 ft Y2/H1

0.125
0.149
0.184
0.228
0.289

0.140
0.191
0.247
0.292

0.161
0.205
0.253

Run # Qcfs Q (1) hl ft Hi ft HI/R cd 1  Y2,(0)
9060
218 0.647 18.32 0.308 0.309 3.70 1.46 0.222
219 1.077 30.49 0.422 0.423 S5.08 1.51 0.300
220 1.553 43.97 0.533 0.537 6.43 1.53 0.375
221 1.987 56.26 0.625 0.630 7.56 1.54 0.444
7560
212 0.865 24.49 0.367 0.369 4.42 1.50 0.262
213 1.280 36.24 0.469 0.472 S.65 1.53 0©.328
214 1.888 53.46 ©.600 0.605 7.26 1.55 0.421
6060
226 0.754 21.35 0.338 0.339 4.06 1.48 0.238
227 1.271 34.57 0.454 0.457 S5.47 1.53  0.319
228 1.809 51.22 0.581 0.585 7.02 1.57 0.409
9045
245 0.463 13.11 0.252 ©.252 3.02 1.42 0.186
246 0.855 24.21 0.367 0.369 4.42 1.48 0.279
247 1.163 32.93 0.448 0.450 5.40 1.49 0.334
248 1.550 43.89 0.545 0.548 6.57 1.48  0.396
7545
238 0.708 20.04 0.327 0.328 3,93 1.46 0.244
239 1.157 32.76 0.446 0.448 5.37 1.49 0.329
240 1.629 46.12 0.558 0.561 6.73 1.50 0.401
6045
232 0.749 21.20 0.338 0.339 4.06 1.47  0.247
233 1.126 31.88 0.438 0.440 '5.27 1.49 0.320
234 1.587 44.93 0.546 0.550 6.59 1.51 0.391
Table 2e: (continued) P=3.844, 117.2cm, R=0.0833'. 2.54cm
RUN¢ Q cfs Q (1) hl ft H1 ft H1/R P/H1 cd 1
9000FA
453 0.232 6.56 0.167 0.167 2.00 22.96 1.31
454 0.300 8.49 ©n.197 0.197 2.36 19.51 1.33
4544 0.396 11.21  0.239 0.239 2.86 16.10 1.31
455 0.527 14.92 0.290 0.291 3.48 13.22 1.30
456 0.727 20.58 0.366 0.366 4.39 10.48 1.27
9045
459 0.290 8.21 0.190 ©0.190 2.28 20.18 1.35
460 0.485 13.73  0.260 0.260 3.12 14.75 1.41
461 0.710 20.10 0.329 0.330 3.95 11.65 1.45
€04 62 0.960 27.18  0.357 0.398 4.77 9.65 1.48
467 0.378 10.70 0.223 0.223 2.68 17.21 1.39
468 0.557 15.77 0.284 0.284 3.41 13.52 1.42
469 0.780 22.08 0.349 0.350 4.19 10.99 1.46
470 0.989 28.00 0.405 0.406 4.87 9.45 1.48

0.295
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Table 2f: -Experimental data: Discharge coefficient from direct discharge
measurement:

(f) Weir models with R=0.95cm. Note: (A'C') denotes data for section A'C', Figs.1&2.

P=3.461', 105.49cm, R=0.03125°, 0.932Scm

Run § Qecfs Q (1) hl £t Hl fLt Hi/R cd 1 ¥Y2,(0) T2/H1
9000rA
2885 ©.307 8.693 0.212 0.212 6.773 1.23 0.170 0.802
2%6 0.%18 14.66 0.305 0.306 9.777 1.19 0.249 0.814
(AC)0.518 14.66 0.305 0.306 9.777 1.19 0.317 0.709
2%7 0.703 19.90 0.377 0.378 12.09 1.17 0.314 0.8
258 0.897 2%5.4 0.444 0.445 14.34 1.17 0.371 0.834
(AC)0.897 25.4 0.444 0.44> 14.24 1.17 0.318 0.710
259 1.086 30.75 0.%07 0.509 16.27 1.16 0.430 0.843
260 1.267 35.87 0.563 0.%565 18.07 1.1% 0.473 0.837
(AC)1.267 35.87 0.363 0.365 18.07 1.1i5 0.3%3 0.623
7500FA .
264 0.%33 15.09 0.303 0.304 9.726 1.23 0.249 0.819
265 0.706 19.99 0.369 0.370 11.83 1.21 0.302 0.816
266 0.474 13.42 0.280 0.280 8.967 1.24 0.228 0.814
267 0.927 26.25 0.445 0.446 214.28 1.20 0.367 0.823
268 1.400 39.64 0.592 0.595 19.03 1.18 0.486 0.817
6000FA
272 0.512 14.49 0.290 0.291 9.30%5 1.26 0.232 0.797
273 ©0.763 21.60 0.383 0.384 12.28 1.24 0.307 0.799
274 1.021 28.91 0.4€69 0.471 15.06 1.22 0.378 0.803
275 1.300 36.81 0.556 0.558 17.87 1.21 0.454 0.814
9000NA
293 0.449 12.71 0.269 0.269 B8.619 1.24 0.223 0.829
294 0.718 20.33 0.372 0.373 11.94 1.22 0.314 0.842
295 0.989 28,00 0.465 0.466 14.92 1.20 0.390 0.837
296 1.227 34.74 0.540 0.542 17.33 1.19 0.450 0.830
7500NA
285 0.321 9.089 0.210 0.210 6.72% 1.29 0.169 0.805
286 0.627 17.75 0.336 0.337 10.78 1.24 0.277 0.822
287 0.916 25.93 0.438 0.439 14.05 1.22 0.362 0.825
288 1.163 32.93 0N.516 0.518 16.57 1.21 0.422 0.815
289 1.443 40.86 0.597 0.€00 19.19 1.20 0.483 0.805
6000NA
279 0.508 14.38 0.288 0.288 9.220 1.27 0.230 0.799
280 0.796 22.54 0.393 0.394 12.59 1.25 0.311 0.789
281 1.056 .29.90 0.478 0.480 15.34 1.23 0.376 0.783
282 1.334 37.77 0.561 0.563 18.03 1.22 0.433 0.763
9075
301 0.547 15.48 ©0.264 ©0.265 B8.466 1.59 0.203 0.766
302 0.763 21.60 0.331 0.332 10.63 1.54 0.25%9 0.780
303 0.961 27.21 0.395 0,397 12.69 1.49 0.307 0.773
304 1.192 33.75 ©0.463 0.465 14.8B6 1.46 0.3%4 0.761
305 1.465 41.48 0.535 0.538 17.20 1.44 0.410 0.762
302 1.688 47.79 0.591 0.594 15.02 1.43 0.451 0.73%9
807
311 0.442 12.51 0.225 0.226 7.223 1.60 0.17 0.737
312 0.706 19.99 0.308 0.309 9.894 1.59 0.23; 0.770
313 0.922 26.20 0.381 0.382 12.22 1.51 0.290 0.759
314 1.195 33.83 0.462 0.464 14.83 1.47 0.353 0.761
315 1.516 42.92 0.546 0.549 17.53 1.44 0.420 0.765%
7575
319 0.562 15.91 0.262 0.263 8.415 1.61 0.202 0.768
320 0.836 23.67 0.353 0.3%4 11.32 1.54 0.272 0.768
321 1.231 34.85 ©.471 0.473 15.23 1.47 0.358 0.757

322 1.505 42.61 0.541 0.545 17.42 1.45 0.414 (Contd) ©-760
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P=3.461', 105.49cm,

Run § Q ct
9060

334 0.502
335 0.773
336 0.998
337 1.297
338 1.576
7560

326 0.497
327 0.754
328 1.024
329 1.317
330 1.622
6060

343 0.586
344 0.905
345 1.218
J46 1.494
9045

361 0.732
362 0.961
363 1.195
364 1.450
378 0.431
379 0.493
380 0.593
381 0.685
Jg2 0.806
383 0.873
384 1.065
385 1.241
7545

369 0.537
370 0.756
371 1.006
372 1.224
373 1.494
6045

351 0.480
382 0.754
353 0.966
354 1.224
355 1.538

14.21
21.88
28.26
36.72
44.62

14.07
21.35
28.99
37.29
45.93

16.59
25.62
J4.49
42.230

20.72
27.21
33.83
41.05
12.20
13.96
16.79
19.39
22.82
24.72
30.15
35.14

15.20
21.4¢C
28.48
34.66
42.30

13.59
21.35
27.35
34.66
43.55

0.25)
0.347
0.418
0.505
0.581

0.248
0.335
0.422
0.505
0.584

0.279
0.384
0.476
0.550

0.344
0.418
0.489
0.561
0.236
0.259
0.295
0.328
0.369
0.3%0
0.451
0.503

0.272
0.349
0.429
0.494
0.568

0.249
0.345
0.413
0.490
0.576

0.253
0.348
0.420
0.508
0.584

0.248
0.336
0.423
0.508
0.588

0.279
0.385
0.478
0.553

0.345
0.420
0.491
0.564
0.237
0.260
0.296
0.329
0.370
0.392
0.453
0.505

0.273
0.350
0.430
0.496
0.571

0.250
0.346
0.415
0.493
0.579

8.097
11.12
13.43
16.24
18.69

7.939
10.73
13.54
16.24
18.80

8.941
12.32
15.29
17.68

11.05
13.43
15.70
18.04
7.569
8.307
9.467
10.52
11.84
12.53
14.48
16.16

8.729
11.20
13.77
15.86
18.26

7.992
11.08
13.27
15.76
18.52

R=0.03125', 0.9525cm

cd 1

1.83
1.46
1.42
1.39
1.37

1.56
1.50
1.44
1.41
1.39

1.54
1.47
1.4)
1.41

1.40
1.37
1.35
1.33
1.45
1.44
1.43
1.41
1.39
1.38
1.35
1.34

1.46
1.41
1.38
1.36
1.34

1.49
1.43
1.40
1.37
1.35

¥2, (0)

0.197
0.269
0.325
0.393
0.450

0.197
0.261
0.328
0.390
0.448

0.211
0.291
0.358
0.411

0.281
0.336
0.392
0.449
0.185
0.205
0.235
0.263
0.296
0.313
0.361
0.402

0.216
0.277
0.337
0.392
0.447

0.193
0.268
0.322
0.381
0.446

Y2/H1

0.779
0.773
0.774
0.774
0.771

0.794
0.777
0.775
0.768
0.762

0.756
0.756
0.749
0.743

0.814
0.800
0.798
0.796
0.781
0.788
0.794
0.799
0.800
0.798
0.797
0.796

0.791
0.791
0.784
0.790
0.783

0.772
0.775
0.776
0.773
0.770

Note: See notations of Table 2a.
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Table 3a: -Experimental parameters:
(a) Weir models with a=90°, no D/S slope and vent open.

P0FA.Datf

HI/R  P/H1 C/R*1.S5 F CpCR Cp Min Teta Teta Cpo Y2/H1

0.55 14.04 4.04 0.47 0.45 -0.53  17s 122 0.72
0.82 9.41 5867 0.61 0.32 -0.99 180 110 0.72
1.00 7.69 671 0.88 0.22 -1.12 180 103 0.72
1.16 6.61 T.74 0.75 0.13 <1.29 180 97 0.72
1.38 S8.51 9.11  0.83 0.04 -0.54 185 92 0.72
2.01*% 22.96 12.63 1.02 -0.31 0.7s
2.38 19.52 1460 1.10 -0.30 0.76
2.87 16.10 16.95 1.19  -0.28 0.77
3.49 13.22 19.85 1,28  -0.19 0.78
4.40 10.49 2423 1,40  -0.09 0.79
5.53 B8.35 29.62 1.54 -0.08 0.80
0.70 16.48 4.98  0.55 0.33 .0.80 185 110 0.72
1.19 9.76 8.12 0.78 0.07 -0.41 127 94 0.70
1.64 7.08 10.62 0.92 -0.10 -0.29 111 B4 0.73
0.68 13.14 6.17  0.65 0.24 -0.63 148 103 0.71
1.83 6.32 11.78 0.98  .0.17 -0.33 108 81 0.73
1.18 11,46 7.86 0.76 0.09 -0.48 134 85 071
1.72 7.85 11.01 0.94 -0.12 .0.29 108 83 0.73
2.47 546 1512 112  -0.21 -0.23 99, 71 0.76
1.94% 6.94 12.38 1.01 .0.16 0.74
2.58 10.75 15.60 1.14 -0.33 0.76
3.78  7.32 21.49 1.33 -0.21 0.78
4.59 6.03 25.27 1.44 -0.11 0.79
4.86 570 26.47 1.46 -0.08 0.79
2.09 13.26 13.06 1.03 -0.21 031 103 75 0.74
3.08 899 18.17 1.23 -0.19 .0.20 86 84 0.77
4.24 6.53 23.60 1.39 -0.09 .0.20 75 55 078
3.58 11.47 20.52 1.30 -0.14 -0.19 80 58 078
524 7.84 28.39 1.52 -0.07 .0.16 87 a7 0.78
6.64 6.18 3465 1.66 .0.07 -0.17 58 39 082
6.77 16.32 35.81  1.69 <0.11 .0.20 60 3s 0 80
9.78 11.31 51.30 2.03 .0 08 .0.17 46 25 081
12.10 916 63.57 2.27 -0.06 .0.20 40 18 083
14.24 7.78 76.26 2.51 .0.05 018 37 12 083
16.27% 6.80 87.64 2.70 -0.05 017 30 084
18.08 6.13 98.97 2.90 -0.05 .0.18 30 0.84

PR L TR L LI DL Dt et b b i s e Dt L L L L emescescsssccasvencavenn

Note: H1/R=H)/R, P/H1=p/Hj, columns 3 and 4 are not used, CpCR=(P/yH )¢, pressure bead at crest C
(Fig.1a), Cp Min=(PAH})min, minimum pressure head on crest surface, Teta= angular Jocation of
(PAH1)min, Teta CpO= angular location where the pressure is atmospheric and Y2/H1=Y2/H;.

* Additional tests to check only specific parameters.
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Table 3b-3e: -Experimental parameters:

(b) Weir models with a=90°, no D/S slope and vent shut.

HIR

2.10*
3.04
3.74
4.43
4.88

3.599
8.25
8.72

P/K1

13.18
9.19
7.39
6.2%
5.66

11.43
7.00
8.10

C/R*1.8

13.19
18.10
21.93
25.68
20.44

21.05
28.97
37.64

Cp CR Cp Min
-0.21

-0.27

-0.24 .0.29

-0.43 .0.45

<0.33 -0.38

-0.24 .0.24

<0.29 .-0.41

(c) Weir models with a=90", p=75".

H1IMR

J.66
4.88
5.85
6.82

P/H1

11.24
8.40
7.00
8.01

C/R*1.8

24.09
34.51
42.45
$0.28

F

1.58
1.89
2.14
2.38

Cp CR

-1.45
-2.51
-3.30
-4.00

(d) Weir models with =90°, f=60°.

HIR

2.45%
3.09
3.88
4.97
4.68
2.20
3.16
4.10

an
5.08
6.44
7.56

P/H1

11.31
8.04
7.14
6.34
5.92

12.59
8.76
6.75

11.06
8.08
6.37
5.42

C/R*1.8

15.99
20.31
28.10
29.82
32.13
14.51
20.87
27.77

24,87
35.23
45.47
53.76

F

.

- ah wd oh b mh wh b
DW= BNGNW
AWNOWW~NW

1.85
1.90
2.19
2.40

Cp CR

-0.69
-1.10
-1.58
-1.90
-2.11
-0.53
-1.16
-1.74

-1.42
-2.37
-3.24
-3.83

(e) Weir models with a=90°", B=45°.

H1/R

0.44
0.73
0.91
1.15
1.35

2.29 %
3.13
3.96
4.78

3.02
4.42
5.41
6.58

P/H1

17.29

10.55
8.49
8.70
5.68

20.19
14.76

11.66
9.65

13.56
9 26
7.60
6.24

C/R*1.5

3.46
5.14
6.18
7.61
8.98

14.69
20.31
25.72
31.82

19.70
29.04
38.03
44.22

F

0.42
0.56
0.64
0.74
0.83

1.2
1.36
1.56
1.77

1.34
1.67
1.89
2.12

Cp CR

0.51
0.3s
0.28
0.15
0.05

-0.60
-0.99
-1.06
-1.21

-0.82
-1.08%
-1.78
-2.47

Cp Min

~2.14
-3.15
-3.99
-4.69

Cp Min

-1.04
-1.58
-2.13

-1.81
-2.70
-3.55
-4.05

Cp Min

0.00
-0.12
-0.18
-0.28
-0.36

-0.93
-1.07
-1.78
~2.49

Teta

80
70
83

a3

Teta

120
120
122
122

Teta

128
121
116

113
ARE!
109
107

Teta

130
128
127
125
123

105
83
90
87

86
48
30

TetaCpo Y2/H1

0.74
0.77
0.77
0.77
0.7¢

0.78
0.79
0.79

Teta Cpo Y2/H%

37 0.69
22 0.69
17 0.69
12 0.69
Teta Cpo Y2/H1
0.73

0.73

0.71

0.71

0.71

67 0.71
45 0.72
31 0.71
38 0.72
23 0.71
12 0.70
6 0.70

Teta Cpo Y2/H1

130
118
108
100
93

52
33
22
12

0.71
0.71
0.72
0.72
0.71

0.74
0.73
0.73
0.73

0.74
0.76
0.74
0.72

Note: See notations of Table 3a.

* Additional tests to check only specific parameters.
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Table 3f-3m: -Experimental parameters:

(f) Weir models with @=80°, no D/S slope and vent open.
HYR  PH1 CR1.S F  CpCR CpMin  Tea TetaCpo YZ/HI

3.87 10.62 22.13 1.36 -0.13 -0.20 78 37 0.78
$.39 7.81 29.80 1.8 -0.08 -0.17 8r 48 0.79
7.04 5.82 38.19 1.77 -0.07 -0.19 -1:] 42 0.79
(g) Weir models with a=75°, no D/S slope and vent open.

8.73 11.38 $2.78 2.10 -0.12 -0.24 77 37 0.82
11.84 9.35 84.80 2.34 -0.09 -0.20 83 34 0.82
8.97 12.36 48.67 2.01 -0.12 -0.22 $8 42 0.81
14.29 7.18 79.12 2.60 -0.06 -0.27 34 27 0.82
19.04 5.82 108.36 3.08 0.82

(h) Weir models with @=70°, no D/S slope and vent open.

4.42 9.29 25.45 1.47 -0.09 -0.17 73 56 0.79
6.52 6.29 36.42 1.75 -0.10 -0.20 87 46 0.81

(i) Weir models with a=60°, no D/S slope and vent open.

3.30 12.43 19.80 1.30 -0.28 -0.34 as 62 0.77
4.80 8.54 27.68 1.54 -0.14 +0.22 78 53 0.78
5.87 6.99 33.37 1.69 -0.11 -0.19 67 82 0.79
7.44 5.51 41.73 1.89 -0.10 -0.21 82 47 0.79
9.30 11.89 $2.19 .12 -0.%1 -0.23 66 $2 0.80
12.28 9.03 89.59 2.48 -0.13 -0.20 63 40 0.80
15.06 7.35 86.22 2.76 -0.10 -0.22 60 44 0.80
17.87 6.20 102.97 3.03 -0.09 -0.21 58 39 0.81

() Weir models with «=70°, no D/S slope and vent shut.

2.681 15.68 16.16 1.17 -0.30 -0.32 85 67 0.75
2.76 14.86 16.95 1.20 -0.91 -0.31 90 85 0.76
4.62 8.88 26.76 1.81 -0.14 -0.22 73 82 0.78
6.12 6.70 34.84 1.73 -0.28 -0 38 83 42 0.78
7.62 5.38 43.34 1.94 -0.32 -0.44 63 36 0.77

(k) Weir models with a=60°, no D/S slope and vent shut.

3.57 1.5 21.52 1.37 -0.23 -0.28 82 60 0.78
5.04 8.14 29 3¢ 1.59 -0.14 -0.27 72 32 078
6.39 6.42 36.55 1.78 -0.26 -0.39 67 45 0.78
7.46 5.50 42.56 1.92 -0 18 -0.32 82 44 0.78

(1) Weir models with a=80°, B=75".

2,75 14,93 18.89 1.31 -0.97 -1.72 130 54 0.70
4.22 974 29.48 1.73 -2.06 -2.73 124 30 0.69
5.6Q0 7.32 40.61 2.09 -3.05 -3.70 118 22 0.69
7.43 552 $5.38 2.50 -4.18 -4.60 11S 12 069

(m) Weir models with a=p=75".

4.09 10.02 28 57 1.70 -1.99 -2.70 124 30 070
5.46 7.51 39.59 2.06 -2.93 -3.87 120 22 0.69
6.90 5.94 51,31 2.40 -3.96 -4.51 118 13 070

Note: See notations of Table 3a.



129

Table 3n-3r: -Experimental parameters:

(n) Weir models with a=75°, f=60°.

H1/R P/H1 C/R*1.8 F CpCR Cp Min Teta TeaCpo Y2UH1

4.42 9.20 30.37 1.74 -1.69 -2.189 112 32 0.71
s.66 7.24 40.02 2.08 -2.69 -3.04 110 23 0.69
7.26 $.65 352.34 2.39 -3.58 -3.89 108 14 0.70

(p) Weir models with a=8=60".

4,07 10,08 27.89 1.68 -1.57 -2.03 117 44 0.70
.48 7.48 38.7 2.01 -2.82 -2.95 113 33 0.70
7.02 5.04 $0.83 2.38 -3.42 -3.81 110 29 0.70

(9) Weir models with a=75°, §=45°.

3.94 10.42 -0.95 -0.99 os 43 0.74
538 7.63 -1.64 -1.64 94 29 0.73
8.74 6.09 -2.50 .2.%53 93 20 0.71

(r) Weir models with a=60°, f=45".

o.:: 194.8824 0.45 -0.02 130 130 0.72
g.“ 7'36 0.32 -0.13 128 113 0.72
1.35‘ s.ea 0.24 -0.21 126 105 0.72
1.09 7.07 g.?s -0.37 123 93 0.714
. . .18 0.72
2.68% 17.21 .

a3 it
4.20 11,00 -1.01 0.72
4.88 9.48 <1.17 o'73
;.g; 170.7078 <1.10 -1.21 100 0.73
e'oo 3'21 -1.72 -1.76 108 0.73
. . -2.34 -2.43 100 0.71

Note: See notations of Table 3a. *Additional tests to check only specific parameters.
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Table 4a-4b: -Variation of discharge coefficient based on direct discharge
measurement with Hi/R for circular-crested weirs:
(a) Weir models with varied U/S slopes, no D/S slope and vent open.

Note: (H/R1, Cd1), (H/R2,Cd2), . . (H/R8, Cd8) refer to weir models with a=90° and R= 15.16cm,
10.08cm, 7.54cm, 3.81cm, 2.54cm and 0.95cm; numbers 80, 75, 70 and 60 following H/R and Cd
refer to U/S slopes a=80°, 75°, 70° and 60" respectively.

H/R1 Cdt H/IR2 Cd2 H/R3 Cdd H/RS CdS H/R8 Cds
0.55 1.07 0.70 1.12 1.18 $.22 2.58 1.32 3.59 1.30
0.82 1.15 1.19 1.23 1.72 1.29 3.78 1.30 §.24 1.25
1.00 1.18 1.64 1.28 2.47 1.33 4.59 1.27 6.64 1.22
1.16 1.20 0.88 1.17 1.94 1.32 4.068 1.26 2.00 1.32
1.38 1.25 1.83 1.30 2.78 1.32 2.09 1.3 2.36 1.33
J.08 1.32 2.87 1.32

4,24 1.27 3.49 1.3

4.40 V.27

H/R8 Cds H/R80 Cdso H/R7S Cd75 H/R70 Cd70 H/R60 Cdeo

6.77 .22 J.87

9.73

1 1.3 1.24 4,42 1.33 3.30 1.35

9.78 1.19 5.39 1.27 11.84 1.22 6.52 1.30 4.80 1.32
12.10 1.18 7.04 1.24 8.97 1.24 8.14 1.27 5.87 1.31
14.24 1.17 8.70 1.22 14.29 1.21 9.39 1.25 7.44 1.28
16.27 1.16 9.85 1.21 19.04 1 9.30 1.27
18.08 1.18 12.28 1.25
15.06 1.23

17.87 .21

(b) Weir models with varied U/S slopes, no D/S slope and vent shut.

Note: See notations of Table 4a; numbers 75, 70 and 60 following (H/R, Cd) refer to U/S slopes a=75",
70° and 60° respeclively.

H/RS Cds H/R6 Cdé H/R8 Cdse H/IR7S cd7s H/IR70 Cd70

2.10 1.32 3.59 1.34 8.62 1.25 6.72 1.29 2.61 134

3.04 1.33 5.25 1.32 11.94 1.22 10.78 1.25 2.76 135

3.74 1.33 6.72 1.29 14.92 1.21 14,05 1.22 4.62 1.34

4.43 1.32 17.34 1.20 16.58 1.21 6.12 1.3

19.20 1 7.62 1.29

B 85 127
H/R60 Cd60
0.22 1.28
12.60 1.25
15.35 1.24
18.03 1.23
3.57 1.35
5.04 1.33
6.39 1.31
7.46 1.30
8.56 1.28
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Table 4c-4d: -Variation of discharge coefficient based on direct discharge
measurcment with Hi/R for circular-crested weirs:
(c) Weir models with varied U/S slopes and constant D/S slope f=75".

Note: See notations of Table 4a; numbers 80 and 75 following (H/R, Cd) refer to U/S slope a=80° and 75°
respectively.

H/R8 Cde H/R8 Cds H/R80 Cdso H/R?75 Cd7s

3.68 1.46 8.47 1.80 2.75 1.41 8.41 1.62
4.08 1.52 10.63 1.5§ 4.22 1.51 11.32 1.54
§.85 1.87 12.70 1.49 5.60 1.57 15.14 1.47
6.82 1.59 14.87 1.48 7.22 1.60 17.42 1.48
17.21 1.44 9.89 1.59 4.09 1.51

19.02 1.43 12.22 1.52 5.46 1.57

14.84 1.47 8.90 1.61

1758  1.45
(d) Weir models with varied U/S slopes and constant D/S slope p=60".

Note: See notations of Table 4a; numbers 75 and 60 following (H/R, Cd) refer to U/S slope a=75° and 60°
respectively.

H/RS Cds H/RB Cdé H/R8 Cds H/R?7S Cd7s H/RE0 Cdéeo
2.45 1.39 3.7 1.46 8.10 1.53 4.42 1.50 4.07 1.48
3.09 1.42 5.08 1.82 11.13 1.47 5.66 1.54 5.48 1.54
3.88 1.47 6.44 1.54 13.43 1.43 7.28 1.66 7.02 1.57
4.37 1.49 7.56 1. 16.25 1.39 7.94 1.56 8.94 1.54
4.68 1.51 18.69 1.37 10.74 1.51 12.32 1.47
2.20 1.35 13.54 1.45 15.29 1.43
3.16 1.43 16.25 1.42 17.68 1.41
4.10 1.48 18.80 1.40

5.21 1.51

(¢) Weir models with varied U/S slopes and constant D/S slope p=45".

Note: See notations of Table 4a; columns 7-8 refer to weir models with @=75°", $=45° and columns 9-10
refer 1o weir models with a=60°, §=45°",

H/R1 Cd1 H/Ré Cdé H/R8 Cds H/R 7545 Cd H/R 6045 Cd
0.44 1.04 3.02 1.42 11.05 1.40 8.73 1.46 0.53 1.08
0.73 1.12 4.42 1.48 13.43 1.37 11.21 1.42 0.78 1.18
0.91 1.7 5.41 1.50 15.71 1.35 13.77 1.38 0.98 1.19
1.15 .21 6.58 1.48 18.05 1.33 15.87 1.36 1.35 1.26
1.35 1.25 7.45 1.47 7.57 1.46 18.26 1.38 1.09 1.21
2.29 1.36 8.31 1.45 3.94 1.46 4.07 1.47

3.13 1.42 9.47 1.43 5.38 1.50 5.28 1.50

3.96 1.46 10.52 1.41 6.74 1.50 8.60 1.51

4.78 1.49 11.84 1.39 7.99 1.49

12.53 1.38 11.08 1.44

14.49 1.36 13.27 1.40

16.16 1.94 15.76 1.38

18.53 1.36

2.68 1.39

3.41 1.43

4.20 1.47

4.88 1,48
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Table 5: -Peak Cg values of circular-crested weirs - Present study.

(Fitted values)

Slope Angles

a [ H,/R Ca (Peak) Remarks
degree (%) | degree (%

90 75 8.0 1.60

90 60 7.0 1.54

90 45 5.5 1.50 Cd max = 1.48 (Bos, 1978)

90 (vent shut) 35 1.34

90 (vent open) 2.5 1.33 (Nappe fully ventilated)

80 75 8.0 1.61

80 (vent open) 2.7 1.34 (Nappe fully ventilated)

75 5 8.3 1.62

75 60 7.5 1.56

75 45 6.5 1.50

75 (vent shut) 3.5 1.35

75 (vent open) 3.0 1.34 (Nappe fully ventilated)

70 (vent shut) 3.5 1.35

70 (vent open) 3.0 1.35 (Nappe fully ventilated)

60 60 1.0 1.57

60 45 6.5 1.51

60 (vent shut) 3.5 1.35

60 (vent open) 3.5 1.35 (Nappe fully ventilated)
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Table 6: -Variation of discharge coefficient based on direct discharge
measurement for sharp-crested weirs.

Aoy QM ht(m) huP P/h1 Cd  Cd (Bos)
90FA Eq.5

23 11.98 009 0.08 1321 108 1.08
26 3494 018 0.8 6.44  1.07 108
29 1492 010 009 1149 110 1.0%
30 2801 015  0.13 7.2 109 1.08
386 1438 010 009  11.79  1.09 1.05
387 2602 014  0.12 7.98 1.10  1.06
388 34.68 0.7  0.1% 6.60  1.10 1.06
9060

88 1744 010  0.09 11.63  1.30

89 21.83 011 0.10 9.96  1.29

90 27.67 014  0.12 8.48  1.28

91 33.864 015  0.13 7.43  1.29

92 4262 018  0.18 6.38  1.28
9045

126 7.31 006 0.05  20.27 1.26

127 13.65 009  0.07  13.31  1.25

128 2064 041  0.10  10.04  1.24

129 2563 013  0.12 8.71 1.24

130 3075 015  0.13 7.70  1.23

131 3777 017 0.15 6.78 1.2
7560

94 833 006  0.05  19.24  1.32

95 1427 009  0.07 1332 1.3

96 2093 0411  0.10 10.51  1.34

97 27.44 013 0.12 8.71 1.32

98 33.67 045  0.13 7.58  1.32

99 4148 017  0.15 6.62  1.32
7545

118 7.67 006 0.05  19.91  1.28

119 1450 009  0.08 1273  1.24

120 2247 012  0.10 9.74  1.27

120 2073 014 0.12 7.99  1.26

122 3741 017  0.14 6.88  1.26
6060

102 7.6  0.06 0.05 2070  1.34

103 1484 009  0.08 13.24  1.34

104 2189 031  0.10  10.22  1.34

105  28.66  0.13  0.12 8.56  1.35

106 3673 016  0.14 7.25  1.24
6045

110 8.01 006  0.05 19.41  1.29

111 1981 011 0.09 10.65  1.30

112 2673 0143 0.11 8.77  1.30

113 3285 015  0.13 7.60  1.30

114 41.06 017  0.15 6.60  1.30

Note: Alpha-numerics 90FA , 9060, 9045, 7560,7545, 6060 and 6045 of column 1 refer to values of US
(first two digits) and D/S (last two digits) slope angles in degrees of tested sharp-crested weirs having
cquivalent heights to the corresponding circular-crested weirs cited above: hi=hy; hi/P=hy/p; Phl=p/hy;
Cd<C¢ (Eq. 5) and Cd (Bos)=Cy (for rectangular sharp-crested weirs, Bos 1978).
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Table 7: -Average Cq values of sharp-crested weirs - Present study
(0.05shy/p<0.20). Results of preliminary tests calibration.

Slope Angles
a B Cg (Present) Cq (Existing)
degree () | degree () Eq.5

90 (Vent open) 1.08 1.06 1))
1.080)

90 60 1.28

90 45 1.24 1.25(4)

75 60 1.32

75 45 1.26 ~1.27(4)

60 60 1.34

60 45 1.30 ~ 1.30(4)

[1) Ackers etal (1978), [2] Bos (1978), [3] Kandaswamy
and Rouse (1957), (4) Brater and King (1976)
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Teble 8a: -Dimensionless velocity profiles and pressure distributions across
the flow depth at weir crest C:
(3) Weir models with a=90", no D/S slope andvent open.- R=15.16 cm.

Note: Y/Y2=y/Y2, wU, P/gaY2=P/yY7. Data are grouped in cluster of 3 columns.
*407, 408, . . 411: Run Nos. *‘Interpolated value.

viv2 407° u/U Piga¥Y2 Y/Y2 408 uw/U  Prga¥2 Y/Y2 409 w/U  PigaY2

0.000 ¢.000 0.811 0.000 0.000 0.449 0.000 0.000 0.313
0.025 0.716  0.641 0.028 0.812 0.443 0.023 0.869 0.318
0.050 0.722 0.603 0.056 0.802 0.435 0.046 0.861 €.307
0.083 0.715 0.582 0.112 0.783 0.417 0.092 0.834 0.322
0.165 0.693 0.538 0.225 0.738 0.392 0.184 0.787 0.326
0.330 0.655 0.436 0.337 0.697 0.356 0.322 0.729 0.300
0.495 0.619 0.330 0.506 0.644 0.280 0.480 0.872 0.267
0.660 0.585 0.217 0.674 0.597 0.186 0.551 0.642 0.225
0.825 0.554  0.097 0.843 0.556 0.082 0.689 0.597 0.160
0.932 0.537 0.013 0.955 0.533 0.001 0.827 0.563 0.075
11'000 0.528 0.000l 11.000 0.524 0.000, 0.956 0.531 0.000

(1.000 0.522 0.000;

YryYz 410 /U Plga¥Y2 YIN2 411 uw/U PIga¥Y2

0.000 0.000 0.183  0.000 0000  0.054
0020 0.910 0.221  0.017 0977  0.045
0040 0.903 0218 0.032 0.966  0.055
0080 0.884 0.220 0.067 0.939  0.087
0199 0812 0267 GC.134 0.889  0.141
0318 0750 0280 0.234 0.816  0.206
0438 0694 0270 0.335 0.761  0.220
0557 0647 0238 0469 0.696  0.211
0667 0.608 0185  0.602 0.641  0.177
0796 0570 0129  0.736  Q.589  0.131
0.047 0.534 0032 0870 0.549  0.058
(1.000 0522 0000, ,1.000 0511  0.000

(Cont'd)
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Table 8a: (continued).- R=2.54 cm.
Note: See notations of Table 8a.
*453, 454, . , 457: Run Nos.
yi¥2 4G3® /U Piga¥2 y/¥2 454 w/U PigaY2 yiY2 iy figay2
0.000 0.000 -0.420 0.000 0.000 -0.398 0.000 0.000 +0.339
0.008 0.536 _.0.420°* 0.007 0.415 -0.390%% 0.005 0.540 .oM35°*
0.013 1.124 -0.368 0.012 t.100 -0.290 0.024 1.091 -0.275
0.019 1.129 -0.390 0.0168 1.114 «0.33¢9 0.03t 1.085 -0.287
0.024 1125  -0.384 0.020 1.112 -0.336 0.041 1.078  -0.251
0.035 1.410 -0.352 0.007 1.008 -0.132 c.188 0.894 0.070
0.120 1.010 -0.170 0.205 0.889 0.042 0.348 0.744 0.201
0.251% 0.876 0.022 0.423 0.724 0.168 0.527 0.650 0.187
0.513 0.699 0.117 0.643 0.818 0.1298 0.705 0.579 0.119
0.776 0.586 0.044 0.863 0.53¢9 0.025 0.883 0.520 0.024
11.000 0.520 0.000; 4.000 0.502 0.000; ,1.000 0.404 O.OEQJ
yry2 458 /U Plga¥2 Y/¥2 456 w/U Pigay2
0.000 ©0.000 -0.245 0.000 0.000 -0.119
0.006 O.116 ~0.240%* 0,005 0.091 -0.1104¢*
0.008 1.054 -0.150  0.007 0.91¢ .0.100%%
0.012 1.070 -0.199  0.012  1.018  -0.059
0.015 1.066 -0.190 0.014 1.021 -0.070
0.084 0.998 -0.068 0.018 1.020 -0.068
0.136 0.902 0.087 0.023 1.017 -0.069
0.280 0.772 0.214  0.048  0.974 0.012
0.496 0.649 0.215 0.109 0.893 0.137
0.712 0.562 0.129 0.222 0.780 0.259
0.884 0.509  0.029  0.392  0.674 0.278
{1.000 0.474 0.000, 0.562 0.589 0.241
0.733 0.534 0.148
0.931 0.476 0.022
11.000 0.452 0.000,
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Table 8b: -Dimensionless velocity profiles and pressure distributions
across the flow depth at weir crest C:
(b) Weir models with 0=90*, B=45°.- R=15.16 cm.

YIY2 413 u/V PigaY2 Y2 414  wU  Plga¥2 Y/Y2 415  wU  PigaY2

0.000 0.000 0.697 0.000 0.000 0.488 0.000 0.000 0.385
0.051 0.886 0.677 0.032 0.783 0.507 0.025 0.844 0.371
0.102 0.681 0.633 0.063 0.774 0.492 0.051 0.836 0.383
0.205 0.863 0.561 0.127 0.752 0.472 0.101 0.809 0.369
0.307 0.644 0.490 0.190 0.732 0.448 0.152 0.789 0.35¢9
0.512 0.606 0.244 0.317 0.892 0.393 0.254 0.747 0.340
0.717 0.572 0.189 0.444 0.656 0.329 0.355 0.707 0.313
0.922 0.542 0.028 0.634 0.606 0.221 0.507 0.654 0.255
1 1.000 0.534 0.000, 0.824 0.581 0.099 0.859 0.610 0.17¢

0951 053¢ 0.012 0811 0568 0.088
{1000 0523  0.000, 0963 0532  0.000
(1.000  0.524  0.000;

YI¥2 416 WU PlgaY2 YIY2 417 wiU PlgaY2

0.000 0.000 0217 0.000 0.000 0.068
0.020 0.913 0209 0.017 0.974 0.053
0.040 0.905 0.208 0.034 0.962 0.064
0.080 0.878 0.229 0.068 0.937 0.092
0.121 0.850 0.251 0.136 0.887 0.143
0.201 0.805 0.267 0.239 0.815  0.202
0.281 0.764  0.272  0.341  0.757  0.221
0.402 0.710  0.254  0.443  0.709 0.212
0.523 0.662  0.221  0.546 0.664 0.192
0.643  0.621 0.170  0.648  0.625 0.158
0.764 0.582 0.112  0.750 0 588 0.116
0.884 0550 0039 0.853  0.560 0.057
0.965  0.531 0.000 0.900 0.547 0.028
(1.000 0.523  0.000, 1.000 0.511 0.000

(Cont'd)

Note: See notations of Tabls 8a.
®413, 414, . . 417: Run Nos.
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y/Y2 459* u/l PigaY2 y/¥2 460 w/U PigaY2 yr¥2 461 w/U PlgaY2

0.000 0.000 -0.820  0.000 0.000 -1.349 0.000 0.000 -1.421

0.010 0.567 -0.200%¥ 0.007 0.442 .(.340"% 0.0086 0.808  ~[.4{0%®

0.015 1.240 -0.750 0.010 0.919 .7.320%4 0.007 1.417 -1.387

0.019 1.249 -0.784 0.012 1.385 -1.265 0.008 1.415 «1.351

0.02¢4 1.241  -0.765 0.014 1.394 -1.305 0.0%0 1.421 -1.374

0.109 1.114 -0.485 0.016 1.385 -1.273 0.011 1.410 -1.338

0.224 0.965 -0.178  0.020 1.374 .1.237 0.014 1.409 -1.333

0.457 0.754 0.068 0.024 1.365 -1.210 0.022 1.396 -1.297

0.692 0.610 0.100 0.080 1.237 -0.827 0.03) 1.372 -1.219

11.000 0.511 0.000;, O0.164 1.082 .0.438 0.057 3.287 -0.951

0.336 0.865 -0.047 0.127 1.127 -0.517

0.508 0.733 0.061 0.259 0.920 -0.093

0.679 0.626 0.088 0.458 0.753 0.071

0.851 0.561 0.019 0.657 0.624 0.108

11.000 0.509 0.000] 0.896 0.535 0.007

13.000 0.502 0.000|
yiv2 482 uly PlgaY¥Y2
0.000 0.000 -1.646
0.004 1.435  -1.450
0.008 1.442 -1.480
0.010 1.430  -1.438
0.051 1.322 -1.089
0.104 1.171% -0.641
0.220 0.9%2 -0.243
0.380 0.807 0.032
0.558 0.688  0.103
0.726 0.604 0.081
0.951 0.519 0.010 %%
11.000 0.509 0.000,

Ncte: See notations of Tabls 8a.
*459, 460, . . 465: Run Nos.
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Table 8c: -Dimensionless velocity profiles and pressure distributions across
the flow depth at weir crest C:
(c) Weir models with a=60°, B=45".- R=15.16 cm.

Yryz 418% y/U PigaY¥2 Y/Y2 419 y/U Plga¥2 YIiY2 420 u/U PigaY¥Y2

0.000 0.000 0.753 9.000 0.000 0.625 0.000 0.000 0.447
0.045 0.368 0.813 0.028 0.448 0.842 0.024 0.243 0.447
0.060 0.575 0.836 0.043 0.704 0.652 0.029 0.808 0.4S6
0.075 0.621 0.747 0.069 0.718 0.596 0.035 0.806 0.451
0.105 0.839 0.685 0.104 0.708 0.578 0.059 0.797 0.446
0.120 0.638 0.672 0.174 0.693 0.535 0.118 0.774 0.434
0.151 0.632 0.650 0.280 0.672 0.483 0.17¢ 0.751 0.420
0.101 0.631 0.621 0.347 0.852 0.430 0.235 0.731 0.399
0.301 0.616 0.523 0.521 0.816 0.314 0.353 0.692 0.352
0.452 0.598 0.399 0.694 0.583 0.191 0.529 0.639 0.270
0.602 0.581 0.273 0.868 0.552 0.062 0.706 0.592 0.169
0.753 0.564 0.146 0.938 0.540 0.009 0.882 0.551 0.055
0.904 0.548 0.018  ;1.000 0.530 0.000; 0.941 0.539 0.013

§1.000 0.537 0.000y4 11.000 0.527  0.000;
Y/Y2 421 u/U Piga¥Y2 Y/Y2 422 u/U PigaY?2
0.000 0.000 0.338 0.000 0.000 0.068
0.019 0.772 0.329 0.014 0.889 0.034
0.038 0.865 0.308 0.021 0.982 0.026
0.056 0.858 0.305  0.027 0.977 0.032
0.094 0.837 0.312 0.034 0.969 0.046
0.141 0.812 0317 0.041 0.966 0.048
0.235 0.768 0.314  0.068  0.941 0.081
0.376 0.741  0.281 0.137  0.887 0.142
0.517 0.662 0.228 0.239 0.819 0.192
0.658 0.614 0.167 0342 0.763 0.207
0.799 0.577 0.085 0.444 0.711 0.207
0.940 0.541 0.015%% o 55 0.656 0.171
0.968 0.534 0.005%% 0.718 0.603 0.125
{1.000 0526 0000, 0.854  0.563 0.051
0.902  0.553 0.018
(1:000  0.526 0.000,

Note: See notations of Tabls 8a.
*418, 419, .. 422: Run Nos.
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Table 8c: (continued).- R=2.54 cm.

yIY2 467¢ uiU

Prga¥2 y/¥Y2 488 uw/U PigaY2 yrvyz2 489 WU PigaY2
0.000 0.000 -1,100 0.000 0.000  -1.384 0.000 ©.000 -1.404
0.007 1.084 -1 100 ¥* 0,008 1.058 -1.395%% 0004 0.884 .-~1.400%%
0.0i0 1.328 -1.072 0.009 1.425  .1.440 0.008 1.378 -1.250
0.014 1.323 1,058 0.011 1.401 -1.349 0.007 1.408 -1.360
0.017 1.311 -1.018 0.014 1.389  -1.309 0.009 1.403 -1.353
0.031 1.288 -0.955 0.021 1.374  .1.260 0.010 1.397  -1.331
0.092 1.176 <0.650 0.078 1.231 -0.818 0.017 1.376 -1.258
0.197 1.009 -0.268 0.158 1.078  -0.421 0.062 1.259 -1.313
0.398 0.809 0.022 0.316 0.885 -0.069 0.124 1.110 -0.4786
0.802 0.686 0.066 0.556 0.710 0.069 0.257 0.928 -0.103
0.848 0.579 0.005 0.796 0.592 0.039 0.452 0.764 0.070
{1.000 0.528 0.000, 0.876 0.562 0.007 0.648 0.650 0.095
(1.000 0.529 0.000, 0.908 0.549 0.003
(1.000  0.522  0.000;
y/Y2 470 w/U PrgaY¥Y2
0.000 0.000 -1.605
0.004 0.360 <(.600%%
0.006 1.462  -1.571%
0.008 1.464  -1.582
0.010 1.449  -1.526
0.020 1.435 -1.485
0.054 1.33¢ -1.132
0.107 1.164  .0.622
0.219 0.978  -0.199
0.385 0.817 0.020
0.552 0.702 0.090
0.719 0.620 0.070
0.919 0.544 0,005 %%
11.000 0.520 0.00(1J

Note: Sce notations of Tabls 8a.

*467, 468, . . 473: Run Nos.
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Table 9a: -Samples of velocity distribution data for flow over the crest C

(Fig.2a):
(a) Weir models with a=90°, no D/S slope and vent open.

Run § y u y/yo Y/R H1 y/H1 u/U  A*(4) CulA+

407L 0.000 0.000 0.000 0.000 8.291 0.000 0.000 - -
0.150 0.913 0.025 0.010 8.291 0.018 0.716 0.009 0.009
0.300 0.921 0.050 0.020 8.291 0.036 0.722 0.018 0.027
0.500 0.912 0.083 0.033 8.291 0.060 0.715 0.024 0.050
1.000 0.884 0.165 0.066 8.291 0.121 0.693 0.058 0.108
2.000 0.836 0.330 0.132 8.291 0.241 0.655 0.111 0.220
3.000 0.789 0.495 0.198 8.291 0.362 0.619 0.105 0.325
4.000 0.746 0.660 0.264 8.291 0.482 0.585 0.099 0.424
5.0¢ 0.707 0.825 0.330 8.291 0.603 0.554 0.094 0.518
5.650 0.685 0.932 0.373 B8.291 0.681 0.537 0.059 0.577
6.060 0.673 1.000 0.400 8.291 0.731 0.528 0.036 0.613

SUM= 0.613

408L 0.000 0.000 0.000 0.000 12.375 0.000 0.000 - -
0.250 1.265 0.028 0.016 12.375 0.020 0.812 0.011 0.011
0.500 1.250 0.056 0.033 12.375 0.040 0.802 0.023 0.034
1.000 1.220 0.112 0.066 12.375 0.081 0.783 0.045 0.079
2,000 1.150 0.225 0.132 12.375 0.162 0.738 0.085 0.164
3.000 1.086 0.337 0.198 12.375 0.242 0.697 0.081 0.245
4.500 1.003 0.506 0.297 12.375 0.364 0.644 0.113 0.358
6.000 0.931 0.674 0.396 12.375 0.485 0.597 0.105 0.462
7.500 0.866 0.843 0.495 12.375 0.606 0.556 0.097 0.559
8.500 0.831 0.955 0.561 12.375 0.687 0.533 0.061 0.621
8.900 0.817 1.000 0.587 12.375 0.719 0.524 0.024 0.644
SUM= 0.644

409L 0.000 0.000 0.000 0.000 15.149 0.000 0.000 - -
0.250 1.498 0.023 0.016 15.149 0.017 0.869 0.010 0.0l0
0.500 1.485 0.046 0.033 15.149 0.033 0.861 0.020 0.030
1.000 1.437 0.092 0.066 15.149 0.066 0.834 0.039 0.069
2,000 1.357 0.184 0.132 15.149 0.132 0.787 0.074 0.143
3.500 1.257 0.322 0.231 15.149 0.231 0.729 0.105 0.248
5.000 1.158 0.460 0.330 15.149 0.330 0.672 0.097 0.344
6.000 1.107 0.551 0.396 15.149 0.396 0.642 0.060 0.405
7.500 1.030 0.689 0.495 15.149 0.495 0.597 0.085 0.490
9.000 0.970 0.827 0.594 15.149 0.594 0.563 0.080 0.570
10.40 0.916 0.956 0.686 15.149 0.687 0.531 0.070 0.641
10.88 0.900 1.000 0.718 15.149 0.718 0.522 0.023 0.664
SUM= 0.664

(Cont'd)

Note: Tables 9a, 9b and 9c consist of 26 columns to be read horizontally. y in cm, u in m/sec, y/yo=y/Y2,
Hi=Hj, A* (4)= arca of velocity diagram between two layers of thickness dy (Fig.2c), CulA®=  A*(4),
%= % of A*(4), Umax=Upnax, A*(5) and A*(7) sre intermediate results (not relevant), UCR=U; (Eq.22),
P/gaCR=P/y at crest, Vi=V {tangential velocity u/sing, Fig.2b), Vt2/2g=V?/2g, Hc= computed total
head, %AHc= % deviation between He and Hy, H1-Zi= Hy-Z (intermediate results), Pi/ga=PAy,
Pi/gah=PHh, P/gaYo=P/yY7, A(4)= arca of elemental pressure diagram and K2=K3. The sum (PAi+2) for
y=0 is assumed to bc equal to measured wall pressure at the crest (Col.17). For other regions (y>3) the
pressure is computed using Bemoulli's equation (Col.23).
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Y u/Umax A#*(S) A#(7) u/UCR A#(S) P/gaCR Vt
- 0.000 — - 0.000 - 3.700 0.000
1.445 0.991 0.0065 0.009 0.962 0.00S 0.914
4.348 1.000 0.010 0.018 0.970 0.010 0.923
8.217 0.990 0.013 0.024 0.961 0.013 0.915
17.694 0.960 0.032 0.059 0,931 0.031 0.889
35.846 0.908 0.062 0.113 0.881 0.060 0.846
52.994 0.857 0.058 0.106 0.831 0.056 0.803
69.194 0.810 0.055 0.101 0.786 0.053 0.764
84.527 0.768 0.052 0.095 0.745 0.050 0.729
94.076 0.744 0.032 0.059 0.722 0.031 0.709
99.952 0.731 0.020 0.036 0.709 0.019 0.000 0.698
: 0.339 0.620 0.329
- 0.000 - - 0.000 - 4.000 0.000
1.771 0.996 0.008 0.010 0.987 0.008 1.267
5.291 0.984 0.016 0.020 0.975 0.016 1.253
12.205 0.961 0.032 0.039 0.952 0.032 1.227
25.473 0.906 0.062 0.075 0.897 0.061 1.162
37.991 0.855 0.058 0.071 0.847 0.058 1.104
55.534 0.790 0.081 0.100 0.782 0.081 1.028
71.776 0.733 0.075 0.092 0.726 0.075 0.962
86.866 0.682 0.070 0.086 0.676 0.069 0.902
96.367 0.654 0.044 0.054 0.648 0.044 0.871
100.058 0.643 0.017 0.021 0.637 0.017 0.000 0.858
0.464 0.569 0.460
— 0.000 - —  0.000 _ 3.400 0.000
1.503 0.999 0.008 0.008 0.987 0.008 1.500
4.497 0.990 0.016 0.016 0.978 0.016 1.489
10.362 0.958 0.032 0.032 0.946 0.032 1.445
21.579 0.905 0.061 0.061 0.894 0.061 1.373
37.320 0.838 0.086 0.086 0.828 0.085 1.283
51.862 0.772 0.080 0.080 0.763 0.079 1.192
60.955 0.738 0.050 0.050 0.729 0.049 1.147
73.824 0.687 0.070 0.071 0.678 0.070 1.077
85.867 0.647 0.066 0.066 0.639 0.065 1.023
96.467 0.611 0.058 0.058 0.603 0.057 0.975
99.966 0.600 0.019 0.019 0.593 0.019 0.000 0.960
0.547 0.548 0.541

vta/29
0.000
4.256
4.339
4.264
4.030
3.648
3.288
2.975
2.705
2.560
2.48)

0.000
8.178
8.007
7.668
6.887
6.209
5.381]
4.716
4.149
1.863
3.751

0.000
11.47
11.30
10.64
9.606
8.389
7.248
6.703
5.909
5.336
4.841
4.701

(Cont'd)



8.543 3.041

12.428 0.428

12.651 2.227

15.120 ~0.188

15.581 2.853

Table 9a: (continued)

H1-2i Pi/ga

8.291
8.141
7.991
7.791
7.291
6.291
5.291
4.291
J3.291
2.641
2.231

12.37
12.12
11.87
11.37
10.37
9.375
7.875
6.375
4.875
3.875
3.475

15.14
14.89
14.64
14.14
13.14
11.64
10.14
9.149
7.649
6.149
4.749
4.269

3.700
3.885
3.652
3.527
3.261
2.643
2.003
1.316
0.586
0.081
0.000

4.000
3.947
3.868
3.707
J.488
3.166
2.492
1.659
0.726
0.012
0.000

3.400
J.429
3.344
3.501
3.543
3.260
2.901
2.446
1.740
0.813
0.000
0.000
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Pi/gah
0.611
0.657
0.634
0.634
0.644
0.651
0.654
0.639
0.553
0.199
0.000

0.449
0.456
0.461
0.469
0.505
0.537
0.566
0.572
0.519
0.030
0.000

0.313
0.323
0.322
0.354
0.399
0.442
0.49)
0.501
0.515
0.432
0.000
0.000

/gaYo A (4)
0.611 -
0.641 0.015
0.603 0.015
0.582 0.020
0.538 0.046
0.436 0.080
0.330 0.063
0.217 0.045
0.097 0.026
0.013 0.006
0.000 0.000

SUM= 0.318

K2= 0.635
0.449 —
0.443 0.012
0.435 0.012
0.417 0.024
0.392 0.045
0.356 0.042
0.280 0.054
0.186 0.039
0.082 0.022
0.001 0.005
0.000 0.000

SUM= 0.256

K2= 0.513
0.313 —
0.315 0.007
0.307 0.007
0.322 0.014
0.326 0.030
0.300 0.043
0.267 0.039
0.225 0.023
0.160 0.027
0.075 0.016
0.000 0.005
0.000 0.000

SUM= 0.211

K2= 0.422

Bl ol 7,
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Table 9b: -Samples of velocity distribution data for flow over the crest C:
(v) Weir models with a=90°, f=45° (9045).

Note: See notations of Table 9a,

Run § vy u y/yo Yy/R Hl y/H1 u/U A+ (4) u/Umax

- —— . oy - @S G e

416L 0.000 0.000 0.000 0.000 17.37 0.000 0.000 - 0.000
0.250 1.686 0.020 0.016 17.37 0.014 0.913 0.009 0.998
0.500 1.670 0.040 0.033 17.37 0.029 0.9%505 0.018 0.988
1.000 1.621 ©.080 0.066 17.37 0.058 0.878 0.036 0.959
1.500 1.570 0.121 0.099 17.37 0.086 0.850 0.035 0.929
2.500 1.487 0.201 0.165 17.37 0.144 0.805 0.067 0.880
3.500 1.410 O©0.281 0.231 17.37 0.201 0.764 0.063 0.834
5.000 1.311 0.402 0.330 17.37 0.288 0.710 0.089 0.776
6.500 1.222 0.523 0.429 17.37 0.374 0.662 0.083 0.723
8.000 1.146 0.643 0.528 17.37 0.460 0.621 0.077 0.678
9.500 1.075 0.764 0.627 17.37 0.547 0.582 0.073 0.636
11.00 1.016 ©0.884 0.726 17.37 0.633 0.550 0.068 0.601
12.00 0.981 0.965 0.792 17.37 0.691 0.531 0.043 0.580
12.44 0.965 1.000 0.821 17.'37 0.716 0.523 0.019 0.%571

417L 0.000 ©0.000 0©.000 0.000 20.51 0.000 0.000 -— 0.000
0.250 1.953 0.017 0.016 20.51 0.012 0.974 0.008 0.996
0.500 1.9, 0.034 0.033 20.51 0.024 0.962 0.017 0.985
1.000 1.880 0.068 0.066 20.51 0.049 0.937 0.032 0.959
2.000 1.779 0.136 0.132 20.51 0.097 0.887 0.062 0.908
3.500 1.635 ©.239 0.231 20.5% 0.171 0.815 0.087 0.834
5.000 1.518 ©0.341 0.330 20.51 0.244 0.757 0.080 0.774
6.500 1.422 0.443 0.429 20.51 0.317 0.709 0.075 0.726
8.000 1.332 0.546 0.528 20.51 0.390 0.664 0.070 0.680
9.500 1.25) 0©0.648 0.627 20.51 0.463 0.625 0.066 0.639
11.00 1.179 0.750 0.726 20.51 0.536 0.588 0.062 0.602
12.50 1.123 0.853 0.824 20.51 0.609 0.560 0.059 0.57)
13.20 1.097 ©0.900 0.871 20.51 0.643 0.547 0.026 0.560
14.66 1.025 1.000 0.967 20.51 0.715 0.511 0.053 0.523

(Cont'd)
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A%(5) A#(7) u/UCR A+*(5) P/gaCR Vt Vt2/29 Hc ‘$AHe  Hi-24

— — 0.000 -— 2.700 0.000 0.000 17.37
0.008 0.007 0.994 0.008 1.688 14.52 17.474 0.576 17.12
0.016 0.014 0.984 0.016 1.674 14.28 16.87
0.032 0.028 0.95% 0.032 1.629 13.52 16.37
0.031 0.027 0.92% 0.031 1.582 12.7S 15.87
0.060 0.052 0.876 0.059 1.506 11.55% 14.87
0.057 0.049 0.831 0.056 1.435 10.49 13.87
0.080 0.070 0.773 0.079 1.344 9.210 12.37
0.074 0.065 0.720 0.074 1.263 8.125 10.87
0.069 0.060 0.675 0.069 1.193 7.256 9.374
0.065 0.057 0.634 0.065 1.128 6.485 7.874
0.061 0.053 0.%99 0.061 1.074 5.884 6.374
0.039 0.034 0.578 0.039 1.043 5.543 5.374
0.017 0.015 0.569 0.017 0.000 1.028 5.389 17.829 2.617 4.934
0.609 0.531 0.607

— - 0.000 - 1.000 0.000 0.000 20.51
0.008 0.006 1.123 0.009 1.9855 19.48 20.732 1.070 20.26
0.016 0.012 1.110 0.018 1.934 19.06 20.01
0.032 0.024 1.081 0.036 1.888 18.17 19.51
0.062 0.046 1.023 0.069 1.794 16.41 18,51
0.086 0.064 0.940 0.097 1.660 14.04 17.01
0.08G 0.059 0.873 0.090 1.551 12.26 15.51
0.074 0.055 0.318 0.084 1.463 10.91 14.01
0.070 0.051 0.766 0.078 1.380 9.702 12.51
0.065 0.048 0.720 0.074 1307 8.701 11.01
0.061 0.045 0.678 0.069 1.238 7.809 9.513
0.058 0.043 0.646 0.065 1.187 7.182 8.013
0.026 0.019 0.631 0.029 1.163 6.897 7.313
0.052 0.039 0.589 0.059 0.000 1.094 6.103 20.763 1.219 5.853
0.691 0.510 0.778

(Cont'd)
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P/ga¥o , A (4)

2.700
2.600
2.589
2.848
J.122
3.320
3.381
3.164
2.749
2.118
1.389
0.490
0.000
0.000

1.000
0.781
0.946
1.342
2.100
2.967
3.244
3.102
2.811
2.312
1.704
0.831
0.416
0.000

0.217
0.213
0.217
0.249
0.285
0.334
0.378
0.425
0.463
0.477
0.472
0.340
0.000
0.000

0.068
0.054
0.067
0.098
0.166
0.266
0.336
0.380
0.422
0.448
0.466
0.385
0.285
0.000

0.217
0.209
0.208
0.229
0.251
0.267
0.272
0.254
0.221
0.170
0.112
0.039
0.000
2.000
SUM=
K2=
0.068
0.05)
0.064
0.092
0.143
0.202
0.221
0.212
0.192
0.158
0.116
0.057
0.028
0.000
SUM=
K2=

0.004
0.004
0.009
0.010
0.021
0.022
0.032
0.029
0.024
0.017
0.009
0.002

0.181
0.362

0.001
0.001
0.003
0.008
0.018
0.022
0.022
0.021
0.018
0.014
0.009
0.002
0.001

0.278

0.000

0.139
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Table 9c: -Samples of velocity distribution data for flow over the crest C:
(c) Weir models with a=60°, f=45".
Note: Sec notations of Table 9a.

Run § vy u y/yo Y/R H1 y/H1 u/u A*(4) u/Umax

421L 0.000 ©0.000 0©0.000 0.000 14.81 0.000 0.000 -— 0.000
0.200 1.31¢ 0.019 0.013 214.81 0.014 0.772 0.007 0.892
0.400 11.475 0.038 0.026 14.81 0.027 0.865 0.015 1.000
0.600 1.462 0.056 0.040 14.81 0.041 0.858 0.016 0.991
1.000 1.427 0.094 0.066 14.81 0.068 0.837 0.032 0.967
1.500 1.385 0.141 0.099 14.81 0.101 ¢.812 0.039 0.939
2.500 1.309 0.235 0.165 14.8B1 0.169 0.768 0.074 0.887
4.000 1.212 0.376 0.284 14.81 0.270 0.711 0.104 0.822
5.500 1.128 0.517 0.363 14.fY 0.371 0.662 0.097 0.765
7.000 1.047 0.658 0.462 14.81 0.473 0.614 0.090 0.710
8.500 0.983 0.799 0.561 14.81 0.574 0.577 0.084 0.666
10.00 0.922 0.940 0.660 14.81 0.675 0.541 0.079 0.625
10.30 0.910 0.968 0.679 14.81 0.695 0.534 0.015 0.617
lo.64 0.897 1.000 0.702 14.81 0.718 0.526 0.017 0.608

SUM= 0.669

422L 0.000 0.000 0.000 0.000 20.51 0.000 0.000 - 0.000
0.200 1.784 0.014 0.013 20.51 0.010 0.889 ©0.006 0.906
0.300 1.970 0.021 0.020 20.51 0.015 0.982 0.006 1.000
0.400 1.960 0.027 0.026 20.51 0.019 0.977 0.007 0.995
0.500 1.944 0.034 0.033 20.51 0.024 0,969 0.007 0.987
0.600 1.938 0.041 0.040 20.51 0.029 0.966 0.007 0.984
1.000 1.888 0.068 0.066 20.51 0.049 0.941 0.026 0.958
2.000 1.780 0.137 0.132 20.51 0.097 0.887 0.062 0.904
3.500 1.644 0.239 0.231 20.51 0.171 0.81y 0.087 0.835
5.000 1.531 0.342 0.330 20.51 0.244 0.763 0.081 0.777
6.500 1.427 0.444 0.429 20.51 0.317 0.711 0.076 0.724
8.500 1.316 0.581 0.561 20.51 0.414 0.656 0.093 0.668
10.50 1,210 0.718 0.693 20.51 0.512 0.603 0.086 0.614
12.50 1.130 0.854 0.824 20.51 0.609 0.563 0.080 0.574
13,20 1.109 0.902 0.871 20.51 0.643 0.553 0.027 0.563
14.63 1.056 1.000 0.965 20.51 0.713 0.526 0.053 0.536

SUM= 0.704

(Cont'd)
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Table 9c: (continued)

A% (5) A*(7) u/UCR A*(S) P/gaCR Vt Vt2/29 Hc SAHc  Hi-Zi
—_ — 0.000 — 3.600 0.000 0.000 14.81
0.006 0.006 0.887 0.006 1.317 8.846 14.61
0.012 0©0.013 0.994 0.012 1.478 11.13 15.137 2.186 14.41
0.013 0.013 0.985 0.013 1.467 10.96 14.21
0.026 0.026 0.962 0.026 1.435 10.49 13.81
0.031 0.032 0.934 0.031 1.396 9.937 13.31
0.060 0.062 0.883 0.060 1.327 8.974 12.31
0.085 0.087 0.817 0.084 1.239 7.821 10.81
0.078 0.080 0.760 0.078 1.162 6.888 9.313
0.073 0.075 0.706 0.073 1.088 6.034 7.813
0.068 0.070 0.663 0.068 1.030 5.410 6.313
0.064 0.065 0.622 0.064 0.975 4.841 4.813
0.012 0.013 0.614 0.012 0.964 4.732 4.513

0.014 ©.014 0.605 0.014 0.000 0.952 4.616 15.256 2.988 4.173

—_— — 0.000 - 1.000 0.000 0.000 20.51
0.006 0.004 0.912 0.006 1.786 16.25 20.31
0.006 ©6.005 1.007 0.006 1.973 19.83 21.132 3.017 20.21

. 0.007 0.005 1.002 0.007 1.963 19.64 20.11
0.007 0.005 0.994 0.007 1.948 19.34 20.01
0.006 0.005 0.990 0.007 1.943 19.24 19.91
0.026 0.019 0.965 0.026 1.896 18.32 19.51
0.061 0.045 0.910 0.062 1.796 16.43 18.51
0.086 0.064 0.840 0.087 1.669 14.20 17.01
0.080 0.059 0.782 0.080 1.565 12.48 15.51
0.074 0.055 0.729 0.07S l1.468 10.98 14.01
0.092 0.068 0.673 0.092 1.366 9.514 12.01
0.085 0.063 0.618 0.085 1.268 8.189 10.01
0.078 0.058 0.578 0.079 1.195 7.274 8.013
0.026 0.919 0.567 0.026 1.176 7.051 7.313
0.052 0.038 0.540 0.052 0.000 1.127 6.478 21.108 2.900 5.883
0.692 0.511 0.696

(Cont'd)
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Table 9c: (continued)

Pi/ga Pi/gah P/gaYo A (4)



150

Table 10: -Variation with Hj/R of experimental parameters related to tests
with measured velocity profiles.

Runs  HIR P/H1  YZH1 A (4) K2 () m Kw
407  0.547 14.04 0.719  0.613 0.635 0.786  0.998
408 0816  9.40 0.719  0.644 0.513  1.250 0.995
409 0999 7.68 0.718  0.664 0.422  1.312  0.993
410 1.162  6.80 0.718  0.680 0.399  1.313  0.989
41 1.381  5.56 0.718  0.8697 0.284  1.460 0.987
453 2.000 22.96 0.749  0.744 -0.003  1.406  0.999
454 2,364  19.51 0.756  0.720 0.095 1.689 0.998
4542 2.865 15.10 0.770  0.699 0.183  2.000 0 997
455  3.489 13.22 0.784  0.683 0.231  2.528  0.997
456 4383 10 48 0.790  0.653 0.341 2.980 0.996
413 0.444 17.28 0.724  0.593 0.69+  1.051 0 999
414 0728  10.55 0.715  0.634 0.561 1.061  0.996
415  0.905 6.48 0.720  0.658 0.454  1.280  0.994
416 1.146  6.70 0.716  0.679 0.362  1.418  0.989
417 1.353  5.87 0.715  0.698 0.278  1.467  0.987
459  2.285 20.18 0.737  0.777 .0.183  1.346  0.998
460  3.126 14.75 0.735  0.797 -0.300 1528  0.996
461 3.957 11.65 0.735  0.787 -0.254 1847  0.993
462 4778  9.65 0.734  0.797 .0.297  2.018 0 991
419  0.525 14.83 0.717 0609 0.640 0.786 0.998
420 0.782  9.82 0.717  0.638 0.523  1.090 0 996
421 0.977 7.86 0.718  0.669 0.407  1.346  0.993
422 1.353  5.87 0.713  0.704 0.261 1.480 0 989
423 1.086  7.07 0.717  0.682 0.405¢* 1 333

467  2.680 17.21 0.722  0.799 -0.274 1.439

468  3.411  13.52 0.722  0.807 -0.319  1.665

469 4.195  10.99 0.723  0.801 -0.290  1.979

470  4.877  9.45 0.727  0.802 .0.297  2.082

Note: Run#= identification codes of tests, H1/R=H;/R, P/H1=p/H), Y2/H1=Y2/H;, A*(4)=total A®,
K2(4)=K3 (correction factor for pressure distribution across flow depth at crest), m= computed m using Eq.1
and Kw=K,, (correction factor for wall pressure force). **Interpolated value.
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Table 11a*: -Variation with H;/R of Hy/H,,Hg/H;y,Y2/Hy, 0/H; and
(P/yH})cr -Verification of irrotationality of flow over the weir crest.
(a) Weir models with a=90°, no D/S slope and vent open.

Run # H1/R H1 Y2 d Plgm)er  u max ufs Pi v 2/2g
407 0.58 8.29 8.08 0.34 3.70 0.92 0.87 0.28 4.34
408 0.82 1238 890 0.29 4.00 1.20 0.82 0.31 8.18
409 1.00 15.18  10.88 0.27 3.40 1.50 0.90 0.33 11.47
410 $.16 17.62 12.56 0.2% 2.30 1.69 0.97 0.35 14.59
411 1.38 2094 14.94 0.23 0.80 1.98 1.03 0.38 20.02
433 2.01 3.09 3.81 0.07 -1.80 1.13 0.52 0.39 8.50
454 2.36 6.00 4.54 0.07 -1.80 1.21 0.55 0.37 7.47
431 2 87 7.28 5.81 0.13 -1.90 1.30 0.59 0.35 8.89
455 3.49 8.87 6.95 0.08 -1.70 1.41 0.62 0.32 10.17
456 4.40 11.16  8.81 0.12 -1.08 1.81 0.67 0.30 11.65
(Cont’d)

v*2/2g {s Hd His Hd/HMfs  Hd/H1  HIs/H1  Y2/H1 d/H1  P/gacrH1
2.48 8.34 8.54 0.98 1.01 1.03 0.73 0.04 0.45

g 3.75 12.43 12,65 0.98 1.00 1.02 0.72 0.02 0.32

£ 470 15.12 15.58 0.97 1.00 1.03 0.72 0.02 0.22

§ 5.10 17.14 17,66 0.97 0.97 1.00 0.71 0.01 0.13

> 6.23 21.07 21,17 1.00 1.01 1.01 0.71 0.01 0.04

o 1.58 4.97 5.39 0.92 0 98 1.06 0.75 0.01 0.3

- 174 5.74 6.28 0.91 0.96 1.08 0.76 0.01 -0.30

8 2.00 6.92 7.61 0.91 0.9% 1.08 0.77 0.02 -0.26

o 2.21 8.55 9.16 0.93 0.96 1.03 0.78 0.01 -0.19

& 251 10.72 11.32 0.95 0.95 1.01 0.79 0.01 -0.09
Vd/H1  VIH1 (Cont'd)
0.52 0.30

§ 0.66 0.30

g o0.76 0.31

§ 0.83 0.29
0.96 0.30

w 1.28 0.31

= 1.24 0.29

L 1,19 028

L 1.15 0.25

C 1.04 0.22

*Note: Tables 11a, 11b and 11c consist of 21 columns to be read horizontally. H1/R=Hy/R, H1=Hj in cm,
Y2=Y3 in cm, d=3 in cm, P/ga)cr=PA)¢, in cm, u max= upgx in m/sec, )

u fs=ug at free surface in m/sec, Pi=¢ at free sutface in radian, v*2/2g=Va2/2g in cm, v2(2g=Vs?/2g in cm,
Hd=Hp in cm, H fs=Hg in cm, P/gactH1=PAH, at crest, P/gaminH=P/yH; at minimum pressure location,
Vd/H1=normalized velocily head al y=0 and V{/H1=nomalized velocity heed at free surface.
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Table 11b: -Variation with Hj/R of Hy/H;,Hs/H;,Y 2/H;, 8/H; and

(P/yHy)cr -Verification of irrotationality of flow over the weir crest.
(b) Weir models with @=90°, $=45°.

Note: See notations of Table 11a.

Run # HY/R H1 Y2 d Pigs)cr U max utfe Pi v'2d2q VU I
413 0.44 6.74 4.88 0.36 3.40 079 0.61 0.26 3.18 208
414 0.73 11.03 7.89 0.30 3.85 1.15 0.77 0.30 8.78 3.31
415 0.91 13.72 9.86 0.27 3.80 1.39 068 0.32 9.80 422
418 1.18 17.37 12.44 0.2% 2.70 1.69 0.96 0.33 14.52 3.39
417 1.35 20.81 14.66 0.23 1.00 1.98 1.02 0.37 19.48 8.10
459 229 879 4.27 0.08 -3.50 1.33 0.55 0.41 9.06 1.79
480 313  1.92 582 0.08 .7.85 1.74 0.64 0.40 15.43 2.41
481 3.96 1006 7.53 0.07 <10.70 2.00 0.70 0.37 20 33 2.92
462 4.78 12.13 8.90 0.07 -14.40 2.22 0.79 0.39 23%.33 3.67

(Cont'd)

Hd His Hd/Hts  Hd/M1  His/H1 Y2/Ht  d/H1  P/gacrH1 VA/HY ViKY

g 6.83 6.93 0.99 1.01 103 0.72 0.05 0.50 0.47  0.30
‘3 10.88 11.20 0.97 0.99 1.02 0.72 0.03 0.338 0.61 0.30
§ 13.85 14.08 0.98 1.01 1.03 0.72 0.02 0.28 0.71 o
Y 17.47 17.83 0.98 .01 103 0.72 0.01 0.18 0.84 0.3

£20.73 2076 1.00 1.01 101 0.71 0.01 0.05 0.95 0.30
~ 5 64 6.08 0.93 0.97 1.05 0.74 0.01 -0.60 1.56 0.31
g 7.66 8.23 0.93 0.97 1.0¢ 0.73 0.01 -0.99 1.95 030
o 971 10.45 0.93 0.96 1.04 0.75 0.01 -1.06 2.02 029
Ci0.99 1257 0.87 091 104 0.7 0.01 -1.19 2.09 0.30



Table 11c: -Variation with Hy/R of Ha/H;,Hs/H;,Y2/H;, 3/H; and
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(P/yH})cr -Verification of irrotationality of flow over the weir crest.

(c) Weir models with a=60", p=45".
Note: See notations of Table 11a.

RAun #

419
420
421
422
423
487
468
489
470
474

v'2/3g s

2.42
3.60
4.62
6.48
§.32
2.23
2.84
3.36
3.87
3 24

(Table 11c - continued)

Vd/H1

0.52
0.65
0.75
0.97
0.81
1.77
2.03
1.98
2.14
1.97

(Tahle 11c - continued)

H1/R

0.53
0.78
0.98
1.33
1.09
2.68
3.41
4.20
4.88
3.84

Hd

8.12
11.78
15.14
21.13
16.50
6.686
9.01
10.40
12.17
9.41

VI/H1

0.30
0.30
0.31
0.32
0.32
0.33
0.33
0.31
0.31
0.32

H1

7.96
11.88
14.81
20.51
18.48
6.80
8.86
10.87
12,37
10.03

His

8.18
12.10
18.26
21.11
17.12

7.14

9.09
11.07
12.86
10.34

Y2

5.76
8.50
10.64
14.63
11.80
4.91
8.25
T.71
8.90
7.10

Hd/Hls

0.99
0.97
0.99
1.00
0.97
0.93
0.99
0.94
0.95
0.91

d

0.34
0.29
0.26
0.23
0.25
0.0%
0.06
0.06
0.07
0.08

Hd/H1

1.02
0.99
1.02
1.03
1.01
0.98
1.04
0.97
0.98
0.94

P/ga)cr

3.60
3.80
3.60
1.00
2.90
-5.40
-8.65
-10.82
-14.42
-10.45

His/H1

.03
.02
.03
.03
.04
.05
.05
.04
.04
.03

P L e T I T Y

0.90
1.23
1.48
1.97
1.62
1.53
1.86
2.04
2.28
1.97

Y2/H3

0.72
0.72
0.72
0.7
0.72
0.72
0.72
0.72
0.72
0.71

ufs

0.88
0.80
0.90
1.08
0.96
0.61
0.69
0.76
0.91
0.74

d/H

0.04
0.02
0.02
0.01
0.02
0.01
0.01
0.01
0.01
0.01

Pi

0.27
0.30
0.33
0.37
0.34
0.40
0.39
0.38
0.38
0.38

P/gacrH1

0.45
0.32
0.24
0.05
0.18
-0.79
-1.00
-1.01
-1.17
-1.04

{Cont'd)

v 2/29

4.12
7.73
11.14
19.83
13 38
12.01
17.60
21.17
26.52
19.78

(Contd)
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Table 12a: -Pressure distribution measured on U/S vertical walls:
(a) Weir model with R=15.16 cm.

Z Cwit

0.00
25.08
30.16
35.24
40.32
45.40
50.48
56.38
60.64
65.72
70.80
75.88
80.96
86.04
91.12
96.20
101.28
102.60
103.91
105.22
106.47
107.69
108.87
109.97
111.04
112.01
112.90
113 69
114.42
115.03
115.52
115.92
116.22
116.37
116.43

P/ga407

124.72
59.24
04.15
89.10
84.00
78.91
73.68
68.76
83.67
58.62
53 52
48.43
43.38
38.28
33.14
28.09
22.97
21.63
20.22
18.86
17.56
16 24
14.96
13.81

12.59
11.42
10.38
9 54

8.61

7.60

671

5.91

5.11

4.46

3.70

408

128.80
103 34
98.25
93.20
88.10
83.01
77.96
72.86
67.77
62.72
§7 62
52.53
A7 48
42.38
37.19
32.04
26.84
25.43
24,02
22.61
21.06
19.74
18.21
16.86
1559
14.32
13.13
11.84
10.66
9.55
8 36
7.21
6.21
5.06
4.00

409

131.58
106.19
101.10
96.05
90.95
85.86
80.81
7571
70.62
65.57
60 47
55.38
50.28
45.18
J9 89
34.74
29.49
27.98
26.42
24.91

23.31
21.89
20.26
18 86
17.39
15.82
14.43
13.04
11 56
10.20
8.76

7.46

6.16

4.76

3.40

410

134.05
108.74
103.65
98.60
93.50
88 41
83 36
78 28
73.17
68.12
63.02
57 83
52.68
47.48
42.29
37.14
31 64
29.93
28 32
26 61
24 96
23.44
21.76
20.16
18 54
16.92
15 43
13 64
11.96
10.64
871

7.21

561

3 96

230

411

137.37
112.04
106 95
101.90
96.80
91.71
86 66
81.56
76.47
71.42
66.27
61.13
56.908
50.88
45.69
40.24
34.54
3263
30.82
29 01

27.16
25 34
23.56
21.66
19.79
17.82
1593
13.94
12.01

10.20
8 21

6.41

4.51

2.56

0 80

413

123.17
97.94
92.85
87.80
8270
77.81
72.56
87.46
62 37
§7.32
852 22
47.08
42.03
36.88
31.79
26 74
21.59
20.26
18 82
17.61
16 31
15.04
13.86
1276
11.64
10 52
9.53

8.54

7 61

6.80

6 11

5 31

4 61

3.96

3.40

414

127.48
102.04
96.95
91.90
86.80
81.71
76.66
71.58
66 47
61.42
56 32
51 18
46 13
40.98
3579
30 74
25.59
24.23
22.82
21 41
19 96
18.64
17.18
15 86
14.59
13.42
12.18
11 14
9.91

8.90

7.81

6.71

581

4.86

3.85

413

13018
104.79
92 70
94 65
89.53
84 46
79.41%
74 31
89 22
64 17
59 07
$3.93
48.88
4378
38 59
33 44
28 14
26 63
25.12
23 61
22 06
20 69
19.21
17 86
16 49
12 02
1373
12 39
11.01
9 80

8 51

72

6 11

4.86

3 80

418

133.80
108 54
103.43
98.40
93.30
88 21
83.18
78.06
7297
67 92
62 82
$7.713
52 68
47 48
42 29
37.04
31 54
29 83
28 17
26 51
24 86
23 24
21.56
20,08
18.39
16 82
1513
13 34
12 01
10 40
87
731
S 81
4.16
270

Additional columns - continued in subsequent two pages.

Note: Table 12a consists of 22 columns to be rcad horizontally. Z CW1= elevation z in cm from channel
bed, Col.2-11=P/y values and the three-digit numbers (408, 409,..) are identification codes of tests, Col. 12
(y=2/p): normalized distance from channel bed, other coordinates x () columns denote normalized pressure
head; the number in () such as .547, .816,..denote values of corresponding Hy/R.
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Table 12a: (continued)

417 ysz/P  x{.547/ x(.818) x(.999) x(1.18] x(1.38) x(.444/ x(.728) x{.90%)
136.94 0.00 1.00 1.00 1.00 100  1.00 1.00 1.00 1.00
111.74 0.22 0.80 0.30 0.81 0.81 0.82 0.80 0.80 0.81
106.85 0.28 0.75 0.76 0.77 0.77 0.78 0.7% 0.76 0.77
101.60 0.30 0.71 0.72 0.73 0.74 074 o.M 0.72 0.73
96.50 0.35 0.87 0.88 0.69 0.70 0.70 0.67 0.68 0.69
91.41 0.39 0.63 0.64 0.65 0.66 0.67 0.63 0.64 0.65
86.38 0.43 0.59 0.61 0.61 0.62 0.63 0.59 0.60 0.61
81.21 0.49 0.55 0.57 0.58 0.58 0.59 0.%% 0.%8 0.87
76.07 0.52 0.51 0.53 0.54 0.55 0.56 0.81 0.52 0.53
71.02 0.568 0.47 0.49 0.50 0.51 0.52  0.47 0.48 0.49
65.92 0.61 0.43 0.45 0.46 0.47 0.48 0.42 0.44 0.45
60.78 0.65 039 0.41 0.42 0.43 0.45 0.38 0.40 0.41
85.68 0.70 0.35 0.37 0.38 0.39 0.4 0.34 0.36 0.38
30.48 0.74 0.21 0.33 0.34 0.35 0.37 0.30 0.32 0.34
45.28 0.78 0.27 0.29 0.30 0.32 0.33 0.26 0.28 0.30
39.94 0.83 0.23 0.25 0.26 0.28 0.29 0.22 0.24 0.26
34.14 0.87 0.18 0.21 0.22 0.24 0.25 0.18 0.20 0.22
32.23 0.88 0.17 0.20 0.21 0.22 0.24 0.18 0.18 0.20
30.57 0.89 0.16 0.19 0.20 0.21 0.22 0.15 0.18 0.18
28.686 0.90 0.15 2.18 0.19 0.20 0.21 0.14 0.17 0.18
26.96 0.91 0.14 0.16 0.18 019 0.20 0.13 0.16 0.17
25.14 0.92 0.13 0.15 017 0.17 0.18 0.12 0.15 0.16
23.26 0.94 0.12 0.14 0.15 0.16 0.17 0.11 0.13 0.15
21.46 0.94 0.11 0.13 0.14 0.15 0.16 0.10 0.12 0.14
19.59 0.95 0.10 0.12 0.13 0.14 0.14 0.09 0.11 0.13
17.82 0.96 0.09 0.11 0.12 0.13 0.13  0.09 011 0.12
16.73 0.97 0.08 0.10 0.11% 0.12 0.12 0.08 0.10 0.11
13.84 0.98 0.08° 0.09 0.10 0.10  0.10  0.07 0.09 0.10
12.01 0.98 0.07 0.08 0.09 0.09 0.09 0.06 0.08 0.08
10.30 0.99 0.06 0.07 0.08 0.08 0.07 0.06 0.07 0.08
8.31 0.99° 0.05 0.06 0.07 0.06 0.06 0.05 0.06 0.07
6.51 1.00 0.05 0.06 0.08 0.05 0.05 0.04 0.05 0.06
4,71 1.00 0.04 0.05 0.05 0.04 0.03 0.04 0.05 0.05
2.71 1.00 0.04 0.04 0.04 0.03 0.02 0.03 0.04 0.04
1.00 1.00 0.03 0.03 0.03 0.02  0.01 0.03 0.03 0.03

(Cont'd)
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Table 12a: (continued)

x(1.15) x(1.3%)

1.00 1.00
0.81 0.82
0.77 0.78
0.74 0.74
0.70 0.70
0.68 0.87
0.82 0.83
0.58 0.59
0.55 0.56
0.51 0.32
0.47 0.48
0.43 0.44
0.39 0.41
0.35 037
0.32 0.33
0.28 0.29
0.24 0.25
0.22 0.24
0.21 0.22
0.20 0.21
0.18 0.20
0.17 0.18
0.16 0.17
0.15 0.16
0.14 0.14
0.13 0.13
0.11 0.12
0.10 0.10
0.09 0.09
0.08 0.08
0.07 0.06
0.05 0.05
0.04 0.03
0.03 0.02
0.02 0.01

Note: See Table 12a for nolations.
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Table 12b: -Pressure distribution measured on U/S vertical walls:
(b) Weir model with R=10.08 cm.

2 (€m) ys=2/P HIR=.704 x(.704) H/Ra1.19 x{1.19) H/Ra1.64 x(1.64) H/Ra.883 x(.883)

0.00 0.00 124.02 1.00 126.90 1.00 133.47 1.00 128.82 1.00
28.01 0.24 95.89 0.77 100.69 0.78 105.34 0.79 97.59 0.78

33.18 0.28 90.71 0.73 95.61 0.74 100.26 0.78 92.51 0.74
38.28 0.33 83.73 0.69 §0.53 0.70 9s.18 9.71 87.43 0.89
43.34 0.37 80.558 0.6S 85.42 0.66 90.10 0.68 82.35 0.65
48.42 0.41 75.47 0.81 80.37 0.62 83.02 0.64 77.27 0.61
§3.50 0.48 70.39 0.57 75.26 0.58 79.54 0.60 72,49 0.87
598.58 0.50 €5.31 0.53 70.16 0.54 74.81 0.56 87.11 0.53
63.66 0.354 80.23 0.49 83 08 0.50 69.73 0.52 82.03 0.49
66.74 0.39 55.15 0.44 60.90 0.47 64.65 0.48 56.95 0.45
73.82 .63 50.07 0.40 54.92 0.43 59.57 0.45 51.87 0.41
78.90 0.67 44,99 0.36 49.82 0.39 54,46 0.41 46.79 0.37
83.98 0.72 39.91 0.32 44.74 0.35 49.31 0.37 41.71 0.33
88.0¢ 0.76 34,83 0.28 39.63 0.31 44.13 0.33 36.63 0.29

94.14 0.81 29.75 0.24 34.55 0.27 38.95 0.29 31.85 0.25
89.22 0.85 24,57 0.20 29.32 0.23 33.67 0.25 26.44 0.21

104,30  0.89 19.59  0.16 24.09 019  28.24 0.21 21.29 0.17
106.84  0.91 16.85 0.14  21.25 016  24.95 0.19 18.55 0.1%
107.72  0.92 15,87 0.13  20.04 0.6  23.57 0.18 17.57 0.14
108.59  0.93 15.00 0.12  18.90 015  22.10 0.17 16.65 0.13
109.45  0.94 1404  0.11  17.89 014  20.74 0.16 15.74 0.13
110.29  0.94 13.20 0.11 16,80 0.13  19.45 0.15 14.67 0.12
111,10  0.95 1229 0.10 1549 012 17.84 0.13 13.79 0.11
111,88  0.96 11,41 0.09 1441 011 1644 0.12 12.78 0.10
112.62  0.96 10.57 0.09  13.34 010  15.04 0.11 11.77 0.09
113.32  0.97 9.67 0.08 11.87 009  13.37 0.10 10.87 0.09
113.97  0.97 8.72 0.07 10.92 008  11.87 0.09 9.92 0.08
114.56  0.98 803 0.06 988 008 1038 0.08 $.03 0.07
115.10  0.98 719 0.06 8.62 007  8.74 0.07 '7.99 0.06
115.57  0.99 6.42 0.05 7.49 006 7.32 0.05 7.22 0.06
115.98  0.99 5.81 0.05 634 005  5.91 0.04 6.41 0.05
116.31  0.99 508 0.04 518  0.04 4.28 0.03 5.38 0.04
116.58  1.00 431 0.03 424 003 2.7 0.02 4.56 0.04
116.77  1.00 372 0.03 317  0.02 1.32 0.01 3.79 0.03
116.88  1.00 3.01 0.02 196 002 -0.29  -0.00 2.94 0.02
116.92  1.00 237 0.02 087 007 -1.63  -0.01 2.14 0.02

{Cont'd)

Notc: See Table 12a for notations.



Table 12b: (continued)

H/R=1.83 x(1.83)

135.42
107.39
102.31
97.23
92.1%
87.07
81.99
76.88
71.78
66.65
81.52
56.39
51.28
46.08
40.95
35.57
29.89
26.55
24.97
23.50
22.01
20.50
18.79
17.21
15.77
13.62
11.92
10.38
8.49
6.82
5.21
d.28
1.71
0.22
-1.69
-3.13

1.00
0.79
0.76
0.72
0.88
0.64
0.61
0.57
0.33
0.49
0.45
0.42
0.38
0.34
0.30
0.26
0.22
0.20
0.18
0.17
0.16
0.15
0.14
0.13
0.12
0.10
0.09
0.08
0.08
0.05
0.04
0.02
0.01
0.00
-0.01
-0.02
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Note: See Table 12a for notations.
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Table 12¢: -Pressure distribution measured on U/S vertical walls:
(c) Weir model with R=7.54 cm.

z (cm) yw=2/P H/R=1.18 x{1.18) H/Ra1.72 x(1.72) H/R=2.47 x(2.47)

0.00 0.00 110.85 1.00 114,83 1.00 120.30 1.00
17.98 0.18 92 73 0.84 96.78 0.84 102.73 0.85
23.01 0.23 87.87 0.79 91.72 0.80 97.67 0.81
28.10 0.28 82.38 0.7% 86.63 0.76 92.58 0.77
33.19 0.33 77.49 0.70 81.54 0.71 87.4y 0.73
J8.23 0.38 72.38 0.65 768.48 0.87 82.43 0.69
43.34 0.43 67.29 0.61 71.34 0.82 77.24 0.64
48.43 0.48 62.20 0.56 66.25 0.58 72.15 0.60
53.49 0.53 57.09 0.52 61.19 0.53 67.09 0.56
$8.58 0.58 $2.00 0.47 58.10 0.49 61.95 0.51
63.67 0.63 46.91 0.42 51.01 0.44 56.86 0.47
88.73 0.68 41.80 0.28 45.85 0.40 51.70 0.43
73.82 0.73 36.71 0.33 40.71 0.36 46.51 0.39
78.91 0.78 31.62 0.29 35.62 0.31 41.37 0.34
83.97 0.83 26.54 0.24 30.51 0.27 36.11 0.30
89.06 0.88 21.34 0.19 25.22 0.22 30.42 0.25
91.59 0.90 18.56 0.17 22.49 0.20 27.44 0.23
94.15 0.93 15.88 0.14 19.28 0.17 23.43 0.19
94.79 0.93

95.46 0.94 14.22 0.13 16.97 0.15 20.02 0.17
96.10 0.95 13.38 0.12 15.93 0.14 18.58 0.15
96.71 0.95 12.57 0.11 14.97 0.13 17.07 0.14
97.32 0.96 11.76 0.11 13.66 0.12 15.26 0.13
97.90 0.96 10.83 0.10 12.58 0.11 13.68 0.11
98.45 0.97 10.03 0.09 11.43 0.10 12.03 0.10
99.00 0.97 9.08 0.08 10.08 0.09 10.08 0.08
99.46 0.98 8.22 0.07 9.02 0.08 8.52 0.07
99.91 0.98 7.57 0.07 7.97 0.07 6.97 0.06
100.31 0.99 6.57 0.06 6.57 0.06 5.02 0.04
100.68 0.99 5.80 0.05 5.40 0.05 3.40 0.03

100 98 0.99 4.95 0.04 4,20 0.04 1.90 0.02
101.22 1.00 4.06 0.04 2.96 0.03 0.16 0.00
101.44 1.00 J3.24 0.03 1.84 0.02 -1.21 -0.01
101.56 1.00 2.62 0.02 0.72 0.01 -2.38 -0.02

101.65 1.00 1.63 0.01 -0.47 -0.00 -3.47 -0.03
101.68 1.00 0.80 0.01 -1.50 -0.01 -4.00 -0.03

Note: See Table 12a for notations.
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Table 12d: -Pressure distribution measured on U/S vertical walls:
(d) Weir model with R=3.81 cm.

z (cm) y»z/P  H/R=2.09 x(2.09) H/R=3.08 x(3.08) H/R=4.24 x(4.24) HR=2.20/ x(2.20)

0.00 0.00 113.45 1.00 117.22 1.00 121.64 1.00 113.87 1.00
28.01 0.27 85.88 0.78 89.48 0.768 93.83 0.77 85.83 0.78
33.10 0.31 80.59 0.71 B4.39 0.72 88.74 0.73 80.74 0.71
3Je8.18 0.38 75.50 0.67 79.30 0.88 83.65 0.69 75.83 0.88
43.25 0.41 T0.44 0.62 74.24 0.63 78.59 0.65 70.59 0.62
48.24 0.48 88.35 0.58 69.12 0.59 73.48 .60 65.53 0.58
53.43 0.51 60.26 0.53 64.03 0.55 68.36 0.56 60.46 0.53
58.49 0.85 5$6.17 0.49 58.97 0.50 83.25 0.52 55.3% 0.49

63.58 0.60 50.06 0.44 53.86 0.46 58.16 0.48 50.21 0.44
68.67 0.65 44.92 0.40 48.77 0.42 53.02 0.44 45.07 0.40
73.73 0.70 39.86 0.35 43.66 0.37 47.96 0.39 40 01 0.35
78.82 0.78 34.74 0.31 38.54 0.33 42.67 0.35 34.92 0.31
83.91 0.80 29.65 0.28 33.43 0.29 37.48 0.31 29.83 0.26
88.97 0.84 24.57 0.22 28.32 0.24 32.32 0.27 24.72 0.22
94.06 0.89 19.43 0.17 .23.08 0.20 27.03 0.22 19.63 0.17
96.59 0.92 16.80 0.15 20.30 0.17 24.10 0.20 16.95 0.15

99.15 0.94 14.14 0.12 17.44 0.18 20.74 0.17 14.14 0.12
100.40 0.95 12.69 0.11 15.69 0.13 18.84 0.13 12.69 0.11
101.68 0.96 10.81 0.10 13.11 0.11 18.31 0.13 10.81 0.09
102.35 0.97 9.54 0.08 11.04 0.09 12.24 0.10 9.34 0.08
102.99 0.98 8.20 0.07 8 90 0.08 9.20 0.08 7.80 0.07
103.60 0.98 6.69 0.06 6.99 0.06 6.49 0.05 6.29 0.08
104.12 0.99 5.27 0.05 4.82 0.04 3.67 0.03 4.57 0.04
104,81 0.99 3.68 0.03 2.68 0.02 1.08 0.01 2.88 0.03
104,97 1.00 2.22 0.02 0.72 0.01 -1.08 -0.01 1.12 D0.01
105.25 1.00 0.79 0.01 -0.96 -0,01 -2.76 -0.02 -0.76 <0.01
105.37 1.00 0.07 0.00 -1.58 -0.01 -3.18 -0.03 -1.68 -0.01t
105.43 1.00 -0.54 -0.00 © .2,04 -0.02 -2.54 +3.02 -2.64 -0.02
105.48 1.00 -1,19 -0.01 -2.29 -0.02 -1.59 -0.01 -3.59 -0 03
105.49 1.00 -1.70 -0.01 -2.20 -0.02 -1.40 -0.01 -4.40 -0.04
(Cont'd)

Note: See Table 12a for notations.
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Table 12d: (continued)

H/Rx3.16 x{3.16) H/R=4.50 x(4.10)

117.53 1.00 121.13 1.00
89.68 0.76 93.28 0.77
84.59 0.72 88.22 0.73

79.50 0.68 83.13 0.69
74.44 0.63 78.07 0.64
69.335 0.59 72.98 0.60
64.26 0.55 87.88 0.56
59.20 0.50 62.80 0.52
54.11 0.46 5§7.68 0.48
48.99 0.42 $2.52 0.43
43.91 0.37 47.41 0.39

38.72 0.33 42.17 0.35
33.58 0.29 36.93 0.30
28.42 0.24 31.72 0.26
23.13 0.20 26.23 0.22
20.30 0.17 23.10 0.19
17.19 0.15 19.54 0.16
15.39 0.13 17.29 0.14

12.41 0.11 12.81 0.11
9.74 0.08 8.74 0.07
7.10 0.06 4.70 0.04
4,59 0.04 0.49 0.00
1.57 0.01 -4.08 -0.03
-1.32 -0.01 -8.72 -0.07
-4.43 -0.04 -13.58 -0.11

-7.76 -0.07 -18.36 -0.15
-9.28 -0.08 -.20.78 -0.17
<11.04 -0.09  -23.14 -0.19
-12.34 -0.10 -25.09 -0.21
-13.90 -0.12 -27.20 -0.22

Note: See Table 12a for notations,
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Table 12e: -Pressure distribution measured on U/S vertical walls:
(¢) Weir model with R=2.54 cm.

z (cm) y=2/P HR=3.58/ x(3.58)90 H/Rx5.24 x(5.24) H/R=6.84 x(6.64) HR=3.59/ x(3.59)90
000 000 113.26 1.0 11747 1.00 121.04 1.00 113.29  1.00

22.90 0.22 90.39 0.80 94.49 0.80 98.49 0.81 90.49 0.80
27.98 0.27 85.30 0.75 89.40 0.76 93.40 0.77 85.40 0.75
33.07 0.32 80.21 0.71 84.31 - 0.72 88.31 0.73 80.31 0.71
38.13 0.37 75.15 0.66 79.2% 0.67 83.25 0.69 75.25 0.66

43.22 0.41 70.06 0.82 74.16 0.63 78.18 0.65 70.16 0.62
48.21 0.48 64.97 .57 69.07 0.59 73.07 0.80 65.07 0.57

$3.37 0.51 59.86 0.53 63.96 0.54 68.01 0.56 60.01 0.53
58.46 0.56 54,72 0.48 $8.87 0.50 62.87 0.52 54.92 0.48
63.5% 0.81 49.83 0.44 §3.78 0.46 $7.78 0.48 49.83 0.44
68.61 0.66 44,57 0.39 48.72 0.41 82.67 0.44 44.77 0.40
72.70 0.71 39.48 0.35 43.58 0.37 47.48 0.39 39.68 0.35
78.79 0.76 34,39 0.30 38.49 0.33 42.34 0.35 34.54 0.30
83.85 0.80 29.33 0.26 33.38 0.28 37.23 0.31 29.48 0.26
88.94 0.85 24.19 0.21 28.24 0.24 32.04 0.26 24 .34 0.21
94,03 0.90 19.0% 0.17 22.80 0.19 26.55 0.22 19.15 0.17
96.56 0.93 16.32 0.14 20 02 C.17 23.42 0.19 16.47 0.15
99.09 0.95 13.49 0.12 16.89 0.14 19.89 0.16 13.54 0.12
100,37 0.96 11.86 0.10 14.81 0.13 17.51 0.14 11.81 0.10
101.65 0.98 9.33 0.08 11.43 0.10 13.03 0.11 9.33 0.08
102.08 0.98 7.60 0.07 8.40 0.07 8.90 0.07 7.50 0.07
102.50Q 0.98 5.58 0.05 5.78 0.05 5.18 .04 5.88 n oS
102.90 0.99 4.28 0.04 3.43 0.03 2.18 0.02 4.18 v.04
103.27 0.99 2.81 0.02 1.4 0.01 -0.19 -0.00 2.61 0.02
103.57 0.99 1.21 0.01 -0.49 -0.00 -2.09 -0.02 0.91 0.01
103.85 1.00 -0.32 -0.00 -1.97 -0.02 -2.87 -0.02 -0.67 «0.01
104,03 1.00 -1.30 -0.01 -2.15% -0.02 -1.65 -0.01 -1.75 -0.02
104.09 1.00 -1.56 -0.01 -1.61 -0.01 -1.31 -0.01 -1.91 -0.02
104 14 1.00 -1.76 -0.02 -1.16 -0,01 <1.26 -0.01¢ -3.16 -0.03
104 17 1.00 -1.64 -0.01 -0.94 -0.01 -1.19 -0:01 «3.19 -0.03
104,18 1.00 -1.30 -0.01 -1.00 -0.0t -1.10 -0.01 -3.00 -0.03
(Cont'd)

- - - —————— .o

Note: See Table 12a for notations.



Table 12e: (continued)

H/R=5.25 x(%.25)

117.83
94.79
89.70
84.61
79.55
74.46
69.37
64.31
$9.22
54.03
48.97
43.88
38.69
33.53
28.39
22.95
20.12
16.99
14.91
11.33
8.40
5.68
3.08
0.91
-1.19
-2.97
-2.55
-2.81
-3.26
-3.09
-3.20

1.00
0.81
0.76
0.72
0.68
0.63
0.58
0.85
0.50
0.46
0.42
0.37
0.33
0.29
0.24
0.20
0.17
0.14
0.13
0.10
0.07
0.05
0.03
0.01
-0.01
-0.03
-0.02
-0.02
-0.03
-0.03
-0.03

H/R=6.73 x(6.73)

121.25
98.49
93.40
88.31
83.25
78.16
73.07
68.01
62.92
57.73
52.67
47.48
42.29
37.13
31.94
26.35
23.22
19.69
17.1
12.23
7.40
3.28
0.08
-2.99
-5.39
-7.07
-6.05
-5.31
-4.86
-4.79
-4.90

1.00
0.81
0.77
0.73
0.69
0.64
Q.80
0.56
0.52
0.48
0.43
0.39
0.35
0.3
0.26
0.22
0.19
0.16
0.14
0.10
0.06
0.03
0.00
-0.02
-0.04
-0.06
-0.05
-0.04
-0.04
-0.04
-0.04

163

HR23.71/ x(3.71)90 H/R=5.08 x(5.08)

113.60
90.74
85.65
80.56
75.50
70.44
65.27
60.21
§5.12
$0.03
44.97
39.78
34.69
29.63
24.44
19.25
16.52
13.69
11.61
8.93
6.50
3.88
1.48
-0.79
-3.59
-6.47
-8.45
-10.21
-11.76
-12.19
-13.40

1.00
0.80
0.75
0.71
0.66
0.62
0.87
0.53
0.49
0.44
0.40
0.35
0.31
0.26
0.22
0.17
0.15
0.12
0.10
0.08
0.06
0.03
0.01
-0.01
-0.03
-0.06
-0.07
-0.09
«0.10
-0.11
-0.12

117.07
94.29
89.20
84.11
79.05
73.86
68.77
63.71
$8.52
53.43
48.37
43.28
38.09
33.03
27.84
22.15
19.22
15.69
13.21
8.43
4.10
-0.62
-4.72
-8.99
-13.89
-19.17
-22.55
-25.31
-27.26
-28.39
-30.60

1.00
0.81
.78
0.72
0.68
0.63
0.59
0.54
0.50
0 48
0.41
0.37
0.33
0.28
0.24
0.19
0.18
0.13
0.11
0.07
0 04
-0.01
-0 04
-0.08
0.12
-0.16
0.19
-0.22
-0.23
-0.24
-0.26

H/Ru8.44 x(0.44)

120.5%
97.59
92.50
87.41
82.35
T77.16
T2.07
87.01
61.82
$8.73
51.67
46.58
41.38
36.13
30.74
24.95
21.62
17.39
14 01
8.93
0.20
-8 12
-14 22
-20 79
-28.39
-36 27
-41.85
-45 31
-41.86
-50.59
-53.10

1.00
0.81
0.77
0.73
0.68
0.64
0 60
0.56
0 51
0.47
0.43
0.39
Q34
0.30
0.25
0.21
0.18
0.14
0.12
0.07
0.00
-0.07
-0 12
-0.17
-0.24
-0.30
-0 35
-0.38
-0.40
-0.42
-0.44

(Cont'd)

Note: See Table 12a for notations.
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Table 12e: (continued)

MH/A=7.56 x(7.856) HA=3.0Y/ x(3.02)90 H/R=4.42 x(4.42) H/R=5.41 x(5.41) H/R=6.58 x{6.58)
123.38 1.00 111.86 1.00 115.43 1.00 117.90 1.00 120.88 1.00

100.49 0.81 89.24 0.80 92.74 0.80 95.29 o0.21 97.99 0.81
95.40 0.77 84.15 0.75 87.65 0.76 90.20 0.77 92.90 0.77
*90.21 0.73 79.06 0.71 82.56 0.72
85.2% 0.69 73.95 0.66 77.50 0.7 80.0S 0.68 82.78 0.68
80.06 0.63 65.86 0.62 72.41 0.83
74.97 0.81 83.77 0.57 67.27 0.58 69.77 0.59 72.57 0.60
69.91 0.57 88.71 0.52 62.21 0.34
64.72 0.52 1 53.52 0.48 $7.12 0.49 59.62 0.51 62.42 0.52
$9.63 0.48 48.43 0.43 $2.03 0.45
54.57 0.44 43.32 0.39 46.92 0.41 49.37 0.42 52.17 0.43
49.38 0.40 34.23 0.34 41.83 0.3¢6
44.29 0.36 33.09 0.30 368.69 0.32 39.09 0.33 41.89 0.35
38.83 0.31 28.03 0.2% 31.58 0.27
33.34 0.27 22.94 0.21 26.44 0.23 28.74 0.24 31.24 0.26
27.25 0.22 17.7% 0.16 21.05 0.18
23.82 0.19 15.02 0.13 18.22 0.16 20.12 0.17 22.12 0.18
18.49 0.15 12.29 011 15.19 0.13
14.31 0.12 10.61 0.09 13.01 0.11 14.01 0.12 14.81 0.12
9.93 0.08 8.33 0.07 9.53 0.08 9.03 0.08 7.93 0.07
-4.10 -0.03 6.60 0.06 6.40 0.06 4.50 0.04 1.10 0.01
-15.42 -0.12 5.18 0.05 3.58 0.03 -0.42 -0.00 -6.12 -0.05
-23.72 -0.19 3.48 0.03 0.78 0.01 -4.12 -0.03 +11.72 -0.10
-32.69 -0.26 1.91 0.02 +1.89 -0.02 -7.79 -0.07 -17.59 -0.15
-41.19 -0.33 0.21 0.00 -4.5% -0.04 -12.69 -0.11 -23.79 -0.20
-52.97 -0.43 -1.77 -0.02 -7.47 -0.06 -17.07 -0.14 -30.57 -0.25
-59.35 -0.48 -3.35 -0.03 -9.75 -0.08 -19.65 -0.17 -34.85 -0.29
-64.01 -0.52 -4.21 -0.04 -10.51 -0.09 -21.51 -0.18 -37.01 -0.31
-66.76 -0.54 -4.96 -0 04 -10.96 -0.09 -21.96 -0.19 -38.76 -0.32
+70.39 -0.57 -5.69 -0.05 -11.99 -0.10 -23.79 -0.20 -39.99 -0.33
-73.60 -0.60 -6.30 -0.086 -11.80 -0.10 -24.40 -0.21 -41.30 -0.34

Note: See Table 12a for notations. *Additional information obtained for more detail.
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Table 12f: -Pressure distribution measured on U/S vertical walls:
(f) Weir model with R=0.95 cm.

2z (cm)

0.00
21.34
31.82
41.67
$6.91
87.06
77.24
87.39
97.54
102.63
103.91
104.55
104,70
104.88
105.03:
105.16
105.28
105.37
105.43
105.48

' 105.49

(Table 12f - continued)

y=2/P  HR=6.77/ x(6.77) H/R=9.7 x(9.78) H/R=12. x(12.10) H/Rw14. x(14.24) H/Re18.

0.00
0.20
0.30
0.40
0.54
C.64
0.73
0.83
0.92
0.97
0.99
0.99
0.99
0.99
1.00

.00

- b eh b b
o
o

111.98
90.50
80.32
70.17
54.93
44.78
J34.60
24,30
14.08
8.56
6.68
4.34
2.89
1.71
0.56
-0.57
-1.09
-1.28
-0.94
-0.69
-0.71

x(16.27 H/R=18.

1.00
0.83
0.74
0.66
0.53
0.45
0.36
0.28
0.19
0.13
0.10
0.05
0.01
-0.01
-0.02
-0 01
-0.01
-0.01
-0.01
-0.01
-0.01

122.71
101.65
91.37
81.22
65.93
55.78
45.55
35.20
24.25
16.96
13.08
5.64
1.09
-1.89
-3.09
-2.37
-1.29
-1.28
-1.04
-1.09
-0.81

1.00
0.81
0.72
0.63
0.49
0.40
0.31
0.22
0.13
0.08
0.06
0.04
0.03
0.02
0.01
-0.01
-0.01
-0.01
-0.01
-0.01
-0.01

x(18.08)

1.00
0.83
0.74
0.66
0.54
0.45
0.37
0.29
0.20
0.14
0.1
0.05
0.01
-0.02
-0.03
-0 02
-0.01
-0.01
-0.01
-0.01
-0.01

114,82
03.45
83.27
73.12
87.88
47.73
37.35
27.10
18.75
10.96

8.48
4.84
2.69
0.81
-0.64

-1.87
-1.89
-0.98
-0.64
-0.80
«0.71

1.00
0.81
0.73
0.64
0.50
0.42
0.33
0.24
0.15
0.10
0.07
0.04
0.02
0.01
-0.01
-0.01
-0.01
-0.0t
-0.01
-0.01
-0.01

117.01
95.65
88.47
78.32
59.98
49.83
39.65
29.40
18.85
12.66

9.78
5.24
2.39
0.11
-1.44
-2.27
-1.49
-0.98
-0.84
-0.99
-0.71

1.00
0.82
0.73
0.64
0.51
0.43
0.34
0.25
0.16
0.11
0.08
0.04
0.02
0.00
-0.01
-0.02
-0.01
-0.01
-0.01
-0.01
-0.01

119.08
87.70
87.52
77.37
82.08
51.93
41.78
31.50
20.85
14.28
10.98

S.44

2.09
-0.59
-2.14
-2.47
-1.29
-1.08
-0.94
-1.09
<071

1.00
0.82
0.74
0.63
0.32
0.44
0.33
0.26
0.17
0.12
009
0.05
0.02
<0.00
-0.02
-0.02
<0.01
-0.01
-0.01
-0.01
-0.01

121.00
99.85
8%.67
79.52
64.23
54.08
43.85
33.50
22.85%
15.868
12.18

5.64

1.49
-1.29
-2.69
<1.87
-1.29
-1.18
-0.94
-1.09
-0.76

(Cont'd)

Note: See Table 12a for notations.
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Table 13a: -Pressure distribution measured on weir crest surfaces.
(a) Weir models with a=90°, no D/S slope and vent open.

TETA #1 H/R=.54 H/R= 816 H/R«.999 H/Rx1.16 H/R=1.38 TETA #2 H/R=.70 H/Ra1.19 H/R=1,64

30 14.96 18.21 20.26 21.76 23.58 30.00 11.41 14,41 16.44
3s 13.81 16.86 18.86 20.18 21.66 35.00 10.57 13.34 15.04
40 12.59 15.59 17.39 18.54 19.79 40.00 9.87 11.97 13.37
45 11.42 14.32 15,82 16.92 17.82 45.00 8.72 10.92 11.87
s0 10.38 13.13 14.43 16.43 15.93 §0.00 8.03 9.88 10.38

35 9.54 11.84 13.04 13.64 13.94 55.00 7.19 8.62 8.74
60 8.61 10.66 11.86 11.96 12.01 80.00 8.42 7.49 7.32
85 7.60 9.55 10.20 10.40 10.20 85.00 5.81 6.34 5.91
70 8.71 8.36 8.78 8.7 8.21 70.00 5.08 8.18 4.28
78 35.91 7.2% 7.48 7.21 6.41 75.00 4.31 4.24 2.7
80 $.11 8.21 6.16 5.681 4.51 80.00 3.72 3.17 1.32
85 4.46 5.06 4.76 3.96 2.56 85.00 3.01 1.96 -0.29
90 3.70 4,00 J3.40 2.30 0.80 90.00 2.37 0.87 -1.83
95 3.06 3.01 2.06 0.76 <1.04 95.00 1.81 «0.24 -2.%9
100 2.21 1.9% 0.71 -0.99 -2.69 100.00 1.12 -1.43 -3.88
105 1.71 0.91 -0.59 -2.59 «4,29 105.00 0.51 -2.28 -4.49
110 1.01 -0.09 -1.89 -4,09 -5.49 110.00 -0.02 -3.19 -4.82
1158 0.60 -1.10 -3.30 -5.70 -6.00 115.00 -0.79 4,14 -4,39
120 0.11 -2.09 -4.69 -7.39 -6.79 120.00 -1.18 -4.73 -3.48
125 -0.46 -2.96 -5.78 -8.76 -7.86 125.00 -1.91 -4.96 -2.21
130 -1.07 -4.07 -7.07 -10.57 -8.27 130.00 -2.37 -4.87 -4,27
135 -1.%8 -4,88 -8.28 -12.08 -3.28 135.00 -2.98 -3.68 -2.78
140 -2.01 -5.81 -9.51 -13.51 +7.81 140.00 +3.53 -2.28
145 -2.69 -6.64 -10.64 -14.94 ~5.74 145.00 -4,03 -1.48
150 -2.94 -7.64 -11.64 <16 34 -8.34 150.00 -4.39 -0.82
155 -3.16 -8.36 -12.56 -17.56 -11.26 155.00 -4.81 -0.88
160 -3.84 -9.34 -13.64 -18.84 -9.74 160.00 -5.30 -1.13
(Cont'd)

Note: Table13a consists of 30 columns to read horizontally. Cols. 1, 7, 13, 17, 21 and 29 are angular
locations 6°. Other cols. denote the values of (P/y) in cm for various values of Hj/R.
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H/R=.883 H/R=1.83 TETA #3 H/Rat.1 H/R=1.72 H/R«2.47 TETA #5 H/R=2.09 H/R=3.08 H/R=4.2

12.78
11.77
10.87
9.92
9.03
7.99
7.22
6.43
5.38
4.56
3.79
2.94
2.14
1.41
0.32
-0.19
-1.02
-1.89
-2.61
-3.26
-4.02
-4.63
-5.13
-5.53
-5.59
-5.06
-3.50

17.21
18.77
13.62
11.92
10.38
8.49
6.82
§.21
3.28
1.71
0.22
-1.89
-3.13
-4,19
-5.38
-5.89
-6.12
-4.99
-4.68
-3.21
-2.17
-1.58

0
3s
40
45
50
L]
60
65
70
75
80
8s
90
95
100
105
110
115
120
125
130
135
140
145
150
155
160

Table 13a: (continued)
TETA ¥6 H/R=3.,58 H/Rx5 24 H/R26.64 TETA#8 H/R=26.77 H/R=978 H/R=12

30
40
50
60
70
75
80
85
90
95
100
105
110
120
130
140

4.28

2.81

1.21
-0.32
-1.30
-1.56
-1.76
-1.64
-1.30
-0.99
-0.86
-0.71
-0.75
-0.77
-1.19
-0.99

3.43

1.4,
-0.49
-1.97
-2.15
-1.61
-1.16
«0.94
-1.00
-0.89
-0.96
-0.81
-0.85
-0.17
-0.99
-1.19

10.83
10.03
9.08
8.22
7.57
6.57
3.80
4.95
4,08
J.24
2.62
1.83
0.80
0.03
-0.78
-1.61
-2.24
-3.10
-3.50
-4.03
-4.23
-4.28
-3.62
-1.97
-1.52
-0.94

2.18
-0 19
-2.09
-2.87
-1.65
-1.3
-1.26
-1.19
-1.10
-2.19
-0.06
-0 31
-0 85
-0.07

12.58
11.43
10.08
9.02
7.97
8.57
$.40
4,20
2.96
1.84
0.72
+0.47
-1.50
-2.37
-3.08
-J.88
<3.74
-3.40
-2.40
-1.73
-1.23
-0.58
-0.92

30
40
50
60
70
80
90
100
110
120
130
140

13.88
12.03
10.08
8.52
8.97
5.02
3.40
1.80
0.16
-1.2%
-2.38
-3.47
-4,00
-4.27
-4.28
-2.18
-1.94
-1.70
-1.40
-1.03
-0.63
-0.18
-0.28

0 56
-0.57
-1.09
-1.28
-0.94
-0.69
-0.71
-0.59
-2 04
«1.78
-0 69
-0.47

30
40
$0
680
70
75
80
85
90
85
100
108
110
118
120
128

-0.64
-1.87
-1.59
-0.98
-0.64
-0.80
071
-0.63
-1.94
-1,83
-079
-0 47

6.89
$.27
3.68
2.22
0.79
0.07

-0

-1.
-1.
-2.
-2.
-2.
-2.

-1
-1
-1

-1
-2
-1
-0

-0.
-0.
-0.
-0.

-1
-1

-0.

-0

.54
19
70
19
44
48
26
T4
.28
.05

.44

27
.49
.98
84
99
7
65
.94
.88
89
47

6.99
4.82
2.68
0.72
-0.96
-1.58
-2.04
-2.29
-2.20
-1.89
-1.24
-0.88
-0.86
-0.84
-0.33
-0 80

.1 H/Ra14

-2.14
-2 47
-1.29
-1.08
-0.94
-1.09
-0.79
-0 65
.2 04
-1.88
-0.89
.Q 47

6.49
J3.687
1.08
-1.08
-2.78
-3.18
-2.54
-1.%9
-1.40
-1.29
-1.14
-g¢ 78
-v.28
-0.94
-0.02

(Cont'd)

.2 H/R=16 2

-2 69
-1.97
«1.29
-1.18
-0.94
-1.09
-076
-0 69
-2.04
-1 88
-0 89
<047
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Table 13b: -Pressure distribution measured on weir crest surfaces.
(b) Weir models with a=90°, B=45" (9045).

TETA #1 H/Ra. 444 y( 444) H/R=.728 y(.728) H/R=.90 y(.905) H/R=1.15 y(1.13) H/R=1.35 y(1.39)

30 13.86 2.06 17.186 1.56 19.21 1.40 21.56 1.24 23.26 1.13
3s 12.76 1.89 15.86 1.44 17.86 1.30 20.06 1.18 21.46 1.08
40 11.684 1.73 14.59 1.32 16 49 1.20 18.39 1.08 19.89 0.96
45 10.52 1.58 13.42 1.22 15.02 1.09 16.82 0.97 17.82 0.87
s0 9.83 1.41 12.10 1.10 12.73 1.00 15.13 0.87 16.73 0.82
55 8.54 1.27 11.14 1.01 12.39 0.90 13.54 0.78 13.84 0.67
60 7.81 1.13 2.91 0.90 11.01 0 80 12.01 0.89 12.01 0.59
85 6.80 1.01 8.90 0.81 9.80 0.71 10.40 0.60 1030 0.%0
70 6.11 0.91 7.81 0.71 8.51 0.82 8.71 0 50 8.31 0.41
75 $.31 079 6.71 0 61 7.2% 0.53 7.31 0.42 6.51 0.32
80 4.61 0.88 5.81 053 6.11 0.4% $.81 0.33 4.71 0.23
(13 3.96 0.59 4.86 0.44 4.86 0.35 4.18 0.24 2.71 0.13
90 3.40 0.50 3.85 0.35 3.80 0.28 2.70 0.16 1.00 0.05
99 2.86 0.42 3.06 0.28 2.76 0.20 1.26 0.07 -.0.79 -0.04
100 2.21 0.33 2.21 0.20 1.61 0.12 -0.29 -0.02 .2.59 -0.13
108 1.81 0.27 1.51 0.14 0.51 0.04 -1.54 -0.09 -4.19 -0.20
110 1.31 0.19 0.71 0.06 -0.49  -0.04 -2.79 -0.16 .5.49 -0.27
115 1.00 0.15 -0.10 -0.01 -1.40  -0.10 -3.90 -0.22 -6.70 -0.33
120 0.51 0.08 -0.69 -0.06 -2.09 -0.15 -4.79 -0.28 .7.39 -0.36
125 0.24 0.04 -1.16 -0.11 -2.46 <0.18 -4.86 -0.28 .7.46 -0.386
130 0 03 0.00 -1.27 -0.12 -2.47 -0 18 -4.57 -0.26 .6.87 -0.33
135 0.12 0.02 -0.58 -0.05 -1.38 -0.10 -2.88 -0.17 -4.68 -0.23
(Cont'd)

TETA #8 H/R=3.0 y(3.02) H/R=4.42 y(4.42) H/R=5.41 y(5.41) H/R=658 y(6.58)

30 J.48 0.45 0.78 0.07 -4.12 -0 30 -11.72 -0.70
g 40 1.91 0 2% -1.89 -0.17 -7.79 -0 57 -17.59 -1.05
= 50 0.21 0.03 -4.59 -0.41 -12.69 -0.92 -23.79 -1.42
a 60 -1.77 -0.23 -7.47 -0.66 -17.07 -1.24 -30.57 -1.83
§ 70 -3.35 -0.44 -9.75 -0.87 -19.65 -1.43 -34.85 -2.09
f 75 -4.21 -0 55 <10 51 -0.93 -21.51 -1.57 -37.01 -2 22
;% 80 -4.96 -0 65 -10.96 -0.97 -21.96 -1.60 -38.76 -232
i BS -5.69 -0 74 -11.99 -1.07 -23.79 -1.73 -39.99 -2.39
:g 90 -6.30 -0.82 -11 80 -1.05 -24 40 -1.78 -41.30 -2.47
o 95 -6.59 -0.86 ~11.39 -1.01 -22.59 -1.85 -41.59 -2.49
c 100 -6 96 -0.91 -11.26 -1.00 -23 36 -1.70 -41.46 -2.48
105 -7.11 -0.93 -10.91 -0.97 -22.71 -1.66 -40 83 -2.44
110 -6.95 -0.90 -10 05 -0.89 -21 65 -1.58 -39 35 -2.36
120 -5.77 -0.75 -10.67 -0.95 -21.87 -1.59 -36 57 -2.19
130 -5.19 -0.68 -10 39 -0.92 -20.99 -1.83 .33 09 -2 04
140

Notc: Table13b consists of 20 columns to read horizontally. Cols. 1 and 12 arc angular locations 6%, Other
cols. denote the values of (PA) in cm for various values of Hy/R.
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Table 13c¢: -Pressure distribution measured on weir crest surfaces.
(c) Weir models with a=60°, B=45° (6045).

TETA¥! H/R=.92% y(.325) H/Ra.78 y(.782) HW/R=.877 y(.977) H/R=1 33 y(1.38)

s 13.01 L3 1088 .42 y9e 1.29 .
40 12.49 1.57 1549 131 17.59 1.:9 :: :: :)‘slmo
43 11.32 1.42 1722 1.20  18.02 1.08 18.42 0.90
50 10.23 129 1283 1.08 14 43 097 16.33 0.80
ss 9.34 17 11,84 0.98  13.04 0.88 14.34 0.70
60 8.3 1.04 1041 088 11.61 0.78 12.41 0.81
L1 7.40 093 930 078 1020 069 10.48 0.51
70 6.51 082 811 o068 8.71 0.59 8.56 0.42
75 5.74 0.72 691 0S8 7.36 0.50 8.71 0.33
80 5.01 0.63 591 0.50 6.06 0.41 4.81 023
85 4.26 0.54 488 0.41 4.81 0.32 2.76 0.13
80 3.60 0.45  3.80 0.32 3.60 0.24 1.00 0.0
9s 286 036 296 025 236 016  .0.84  -0.04
100 2.11 0.27 211 0.18 1.11 0.07 -2.59 -013
108 1.81 0.20 131 011 .0.09 -0.01 -4.29 -0.21
110 1.11 0.14  0.41 003 -1.19 -0.08 -5.59 027
115 0.70 0.09 .0.50 .0.04 .2.20 -0.18 -6.80 -0 33
120 0.31 0.04 -1.09 .0.09 .2.79 -0.19 -7.49 -0.27
125 -0.06  -0.01 -1.46 -0.12 .316  .0.21  .7.56 .0 37
130 -0.17 -0.02  .1.57 .0.13  .3.07 -0 21 -6.87 -0.33
135 -0.03 -0.00  .0.78 -0.07 .1.88 013 -4.68 -0 23
(Cont'd)
TETA #6 H/R=4.0 y{4.07) H/R«5.28 y(5.28) H/R=6.60 y(6 60)
o~ 40 2.51 0.24 -0 39 -0.03 .649  -039
§ 50 -1.09 -0.11  -6.49  .0.48 -15.79  -0.94
g 60 -4.87  -0.47 -12.17 -0.91 <24 47 -1.46
e 70 -7.45 -0.72 -15.95 -1.19 .29.75 -1.78
8 s .8.61 -0.83  -18.5%  -1.38 -33.11  -1.98
‘80 .5.86 -0.95  -20.56 -1.53 .35 86 -2 14
§ 8s -10.99 -1.06 -21.59 -1.61 .37.39  .2.23
o 90 1140 110 -23.00 172 -3930 -2 34
£ 985 1229 119 2279 170 -39 89 2 38
[ 100 .12.46 -1.21  .22.86 -1.70 .40 76  -2.43
105 -11.71  -1.13  .23.61 -1.76 -40 61  -2.42
110  -11.45 -1.11 -22.85 -1.70 3965 -2 37
120 -11.07 -1.07  .20.47  -1.53 .36 47 218
130 -1059 -1.03 79  .1.48 .33 69 2 01

Note: Table 13c consists of 16 columns to read horizontally. Cols. 1and 10 are angular locations 8°. Other
cols. denote the values of (P/y) in cm for various values of Hi/R.
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Table 14a: -Normalized water surface profiles of flow over the crest
section:

(Table 14a - continued)

(Table 14a - continued)

(Table 14a - continued)

(a) Weir models with @=90°, no D/S slope and vent open.

x 407 y 407
-1.21 0.92
-0.80 0.85
-0.24 0.78
0.00 0.72
0.24 0.65
0.48 0.%8
0.72 0.44
0.87 0.31,
x 002 y 002
-1.41 0.97
-0.85 0.91
-0.56 0.86
-0.28 0.80
«0.14 0.78
0.00 0.73
0.14 0.67
0.28 0.62
0.42 0.58
0.56 0.48
070 049,
x 23b y 23b
-0.48 0.87
-0.27 0.83
-0.14 0.79
¢ oo 0.7¢
0.14 0.68
0.27 0.82
0.41 0.54
0.55 046
x 137 y 137
075 093
-0.45% 0.89
-0 30 0 86
-0.18 083
0.00 0.78
0.15 0.74
0.30 0.67
LO 45 0.60l

x 408 y 408 X 409 y 409 x 410 y 410 x 411 y 411
-0.81 0.90 -0.86 0.88 -0.57 0.86 -0.48 0.84
-0.40 0.83 -0.33 0.81 -0.28 0.80 -0.24 0.79
-0.18 0.77 -0.13 0.78 -0.11 0.75 -0.10 0.7%
0.00 0.72 0.00 0.72 0.00 0.71 0.00 0.7
0.16 0.87 0.13 0.66 0.1 0.67 0.10 0.68
0.32 0.80 0.26 0.61 0.23 0.62 0.19 0.64
10.49 0.52, ,0.40 0.53, ,0.34 0.56, ,0.29 0.59,
(Contd)
x 003 y 003 x 004 y 004 x 007 y 007 x 008 y 008
<0.75 0.89 -0.54 0.87 <1.12 0.93 -0.54 0.87
-0.50 0.83 -0.36 0.84 -0.87 0.88 -0.43 0 85
-0.33 G.81 -0.24 0.80 -0.45 0.83 «<0.32 0.82
-0.17 0.76 <0.12 0.77 -0.22 0.78 -0.22 0.80
0.00 0.70 0.00 0.72 0.00 0.71 -0.11 0.77
0.17 0.64 0.12 0.68 0.22 0.62 0.00 0.73
0.33 0.55 0.24 0.62 10.43 0.51 0.11 0 89
10.42 O.SOI 0.30 0.57 0.22 0.64
|0.42 0'52I 0.32 0.58
0.43 0.52
(Cont'd)
x 059 y 059 x 060 y 060 x 061 y 061 x 136 y 136
-1.26 0.96 -0.85 0.94 -0.62 0.90 -1.10 0.96
-0.63 0.90 -0.68 0.92 «0.49 0.88 -0.66 0.92
-0.38 0.85 -0.51 0.89 -0.37 0.87 -0.44 0.88
-0.25 0.82 -0.34 0.86 -0.25 0.84 -0.22 0.84
.0.13 078 V.17 0.82 -0.12 0.81 0.00 0.78
0.00 074 -0.09 0.80 -0.06 0.79 0.22 0.69
0.13 0.69 0.00 0.77 0.00 0.78 0.44 0.59
0.25 0.63 0.09 0.74 0.06 0.75 L(1.66 0.45|
0.38 0.57 0.17 0.71 0.12 0.73
0.50 0.49 0.26 0.67 0.19 0.71
0.63 0.39 0.34 0.63 0.25 0.69
0.75 0.27 0 51 0.54 0.31 0.66
. B ~ 037 063, (Cont'd)
x 138 y 138 x 255 y 255 x 256 y 256 & 257 y 257
-0 59 0.93 -1.55 0.98 -1.07 0.96 -0.87 0.95
-0.30 089 -0.78 0.94 <0.54 0.92 -0.43 0.91
-0.12 0.84 -0.47 0.91 -0.32 0.88 -0 26 0.83
0.00 0.82 -0.31 0.88 -0.21 0.85 -0.17 0.87
0.12 0.78 -0.16 Q.85 -0.11 0.24 -0.09 0.85
0.24 0.73 0.00 0,80 0.00 0.82 0.00 0.83
LQSG 0.68, 0.16 0.76 0.11 0.79 0.09 0.80
0.3t 0.70 g.21 0.75 0.17 0.78
IO.G2 0.53, 0.43 0.66 0.35 071
M 0.52 0.63
10.69 0.53,
(Cont'd)

Note: Grouped every two columns per profile with x=horizonta) distances and y= vertical distances above
crest. Th.. origin of coordinates is at crest C (Fig.2a) and Hj is used to normalized x and y. The three-digit
numbers are identification codes of lests,
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Table 14a: (continued)

x 258 y 258 x 259 y 253 x 260 y 260 x 453 y 453 x 454 y 434

"g‘ .0.74 0.95 -0.65 0.95 .0.58 0.94 -0.39 0.87 -0.33 0.86

.0.37 0.90 -0.32 0.91 .0.29 0.90 .0.20 0.82 0.00 0.76
.0.22 0.88 -0.13 0.87 .0.12 0.86 0.00 0.7% 0.33 0.60
.0.07 0.8%5  0.00 0.85 0.00 .84 0.20 0.88 10.87 0.38,

? 0.00 0.83  0.13 0.81 0.12 0.81 10.39 0.55,

g 0.15 0.79  0.26 0.76 0.23 0.77

— 0.29 0.74  0.39 0.71 0.33 0.73

= 0.44 0.67 0.52 0.65 0.46 0.68

elo. 89 0.60, 0.65 0.58, ,0.58 0.62, (Cont'd)

X 4548 y 4542 x 455 y 458 x 458 y 458

-0.27  0.85 -0.23  0.85  .0.18  0.84
000 077 000 078  0.00 0.79
027 065 023 070  0.18 0.72
,0.55  0.49 045 059  0.36 0.64
(0.54 085,

Cable 14a - continued)
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Table 14b: -Normalized water surface profiles of flow over the crest

section:
(b) Weir models with a=90°, B=45° (9045).

¥ 245  y 245
-1.30 0.98
-0.65 0.91
-0.26 0.83
0.00 0.74
0.26 0.61
0.52 0.44
2l T
i
g
[]
g
-t
L2
]
e

X 246 y <246 X 247 y 247 X 248 y 248
-0.89 0.94 -0.73 0.91 -0.60 0.88
-0.45 0.88 -0.36 0.8% -0.30 0.82
-0.18 0.81 -0.1% 0.79 -0.12 0.77
0.00 0.76 0.00 0.74 0.00 0.72
0.18 0.68 0.18 0.67 0.12 0.67
0.36 0.58 0.29 0.59 0.24 0.60
0.3 0.44 0.44 0.49 0.36 0.83
,0.80 0.21, ,0.66 0.30, ,0.54 0.37,
x 460 y 460 x 461 y 461 x 462 y 462
<0.25 0.82 -0.20 0.82 -0.18 0.80
0.00 0.73 0.00 0.7% 0.00 0.73
0.2% 0.61 0.20 0.66 0.18 0.67
l0.50 l).43l 0.40 0.54 0.33 0.87
[0.60 0.37, 10.49 0.45

Note: See Table 14a for notations.

x 459 y 459

+0.34 0.85
-0.17 0.79
0.00 0.74
0.17 0.85
0.34 0.54
oy om,
(Cont'd)




173

Table 14c: -Normalized water surface profiles of flow over the crest

section:
(c) Weir models with a=90°, f=60° (9060).

x#80 y#80 x y#218  yW#219  y#220  yW221 X/H1/2.2 YIH1/2.2 R/H1/2.7
-20.00 8.17 -20.00 9.30 12.74 15.18 17.88 -2.39 0.97 -2.12
<10.00 7.83 -15.00 9.14 12.04 14.78 17.10 -1.19 0.93 <189
-8.00 7.65 -10.00 8.87 11.58 12.8% 16.43 -0.95 0.91 -1.08
-6.00 7.41 -5.00 8.20 10.67 13.20 15.30 -0.72 0.8 -0.53
-4.00 7.07 .2.00 7.44 9.88 12.25 14.20 .0.48 0.84 -0.21
-2.00 8.61 0.00 6.77 9.14 11.43 13.53 <0.24 0.79 0.00
-1.00 6.28 2.00 5.73 8.08 10.52 12.59 -0.12 0.73 0.21
0.00 5.97 4.00 4.38 6.83 9.33 11.48 0.00 0.71 0.42
1.00 5.52 8.00 2.26 5.09 7.89 10.18 0.12 0 86 0.04
2.00 8.03 9.00 4.79 7.56 0.24 0.80 0.96
4.00 3.69 0.48 0.44 -
.00 1.68 19.72 0.20

* (Cont'd)

Y/H1/3.7 x/H1/5.0 Y/HA/S. ¥/H1/6.4 ¥/H1/8.4 xIH1/7.8 YIH1/7.5

S 099 -1.55 099 -1.22 083  -%.04  0.92

% 0.97 -1.18 0.93 -0.92 0.90 -0.78 0.89

‘2 0.94 -0.78 0.90  -0.61 0.77 -0.52 0.86
0.87 -0.39 0.83  -0.31 0.81 -0.26 0.80

v 0.79 -0.16 0.77  -0.12 0.75 -0.10 0.74

g ar2 0.00 0.71 0.00 0.70 .00 0.70

o 0.61 0.16 0.63 0.12 0.64 0.10 0.66

B 0.46 0.31 0.53 0.24 0.57 0.21 0.60

é 0.24, 19:47 0.3y, 0.3/ 0.48 0.31 0.53
- 10-55 0.29, 0.47 0.39

Note: Table 14c consists of 17 columns. The first seven columns are horizontal distances (x* in ¢cm) and

vertical distances above pae weir crest (y* in cm) , the remaining columns are corresponding normalized
values x=x"/H} and y=y'/H; for various values of H;/R.
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Table 15: -Variation of Ky with p/Hj.

p/H; Kw

14.04 0.993

9.41 0.992

7.69 0.9M

6.61 0.989

5.56 0.988

20.51 0.998 Table 16: -Variation of Ky and K
16.46 0.997 .

0.76 0.994 with H;/R.
7.08 0.991

5.05 0.985

24.91 0.959 HiR Kw K2
13.14 0.9¢8 0.999  0.991  0.508
6.32 0.850 1.162 0.989 0.412
4.96 0.985 1.381 0.988  0.413
26.42 0.999 1.189  0.994  0.410
13.26 0.999 0.468  0.999  0.780
8.99 0.998 0.882 0.996 0.522
6.53 0.993 1.050  0.999  0.324
5.33 0.988 5.201 0.988  0.231
5.33 0.988 $.201 0.988  0.139
11.47 0.996 3.582  0.996  0.291
7.84 0.992 5235  0.992  0.302
7.84 0.992 5235  0.992  0.235
6.18 0.995 6.640  0.995  0.168
6.18 0.995 8.638  0.987  0.330
475 0.987 6.773  0.996  0.364
475 0.987 9.777  0.896  0.412
1..32 0.996 9.777  0.995  0.306
11.31 0.996 14.242  0.996  0.321
11.31 0.995 18.076 0.995 0.300
7.78 0.996

6.13 0.995

Table 17: -Variation of Y2/H; and m
with Hj/R {(a=90°, B=45")

Hy/R Y2/Hi m

J3.02 0.74 1.33
4.42 0.76 1.86
5.41 0.74 1.84
8.58 0.72 1.78
0.44 0.71 1.05
0.73 0.71 1.06
0.91 0.72 1.28
1.18 0.72 1.42
1.35 0.71 1.47
2.29 0.74 1.38
3.13 0.73 1.53
3.96 0.73 1.85
4.78 0.73 2.02
5.45 0.72 1.7

6.47 0.72 1.68
7.14 0.72 1.72
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Table 18a: -Streamline pattern of flow over the weir crest (Fig33):
(a) Nomalized velocity profiles and their area distributions.

YCR ylY u {m/s) u/{(2gH1 %XACum y -tem y/Y (-1) u (m/s) u/(2gH1 %A Cum-1
7.10 1.00 0.74  0.53 0.00 7.47 1.00 0.70  0.%0 0.00
6.92 0.97 0.75 0.83 1.68 7.32 0.98 0.71 0.51 1.32
5.92 0.83 0.82 0.358 11.82 6.92 0.93 0.74 0.53 4.96
4.92 0.69 0.90 0.84 22.29 5.92 0.80 0.80  0.57 14.81
3.92 0.55 1.00 0.71 34.20 4.92 0.87 0.86  0.61 25.01
2.92 0.41 1.12 o0.80 47.48 3.92 0.54 0.95 o0.68 38.38
1.92 0.27 1.28  0.92 62.55 2.92 0.41 1.06 0.78 48.94
1.12 0.16 1.49 1.08 76.48 1.92 0.28 1.20 0.86 33.10
0.62 0.09 1.67 1.19 86.36 1.12 0.17 1.34 0.96 75.83
0.37 0.05 1.80 1.28 91.79 0.62 0.11 1.44 1.03 34.34
0.17 0.02 1.90 1.35 96.43 0.22 0.06 1.56 1.1 92.08
0.14 0.02 1.91 1.36 97.14 0.18 0.05 1.56 1.11 92.84
0.11 0.02 $.9% 1.39 97.87 0.15 0.0s 1.57 1.12 93.43
0.08 0.0% 1.97 1.40 98.61 0.12 0.04 1.59 1.13 94.02
0.05 0.01 1.84 1.38 99.34 0.09 0.04 1.80 1.14 94.682
L().00 0.00 .00 0.00 99.95, 0.00 0.03 - - $5.53
(-0.20 0.00 0.00  0.00 100.00,
(Cont'd)
o= y -2cm y/Y (-2) u (m/s) u/(2gH1)*. %A Cum-2 y +1cm y/Y(+1) u (m/s) u/(2gH1)*. %A
8 777 1.00 0.68 0.48 0.00 6.64 1.00 0.79 0.56 0.00
E 772 0.99 0.68 0.48 0.42 6.52 0.58 0.79 0.56 1.18
£ 8.92 0.90 0.71 051 7.39 5.92 089 0.63 0.59 7.27
S 5.92 0.79 0.76 0.54 16.60 4.92 0.75 0.91 0.65 18.18
o‘:é’ 4.92 0.67 0.82 0.58 26.50 3.92 0.60 1.02 0.73 30.27
= 3.92 0.56 0.89 0.63 37.22 2.92 0.46 1.15 0.82 43.86
2 2.92 0.45 0.96 0.68 48.81 1.92 0.31 1.31 0.93 59.28
S 192 0.33 1.04 0.74 61 34 1.12 0.19 1.50 1.07 73.38
£ 112 0 24 1.09 0.78 72.03 0862 0.12 1.66 1.18 83.26
0.82 0.18 i.10 0.79 78.92 0.37 0.08 1.73 1.23 88.57
0.32 0.15 1.09 0.78 83.05 0.22 0.08 1.78 1.27 91.87
0.27 0.14 1.09 0.78 83.73 0.17 0.05 1.80 1.28 92.99
0.22 0.14 1.09 0.78 84.42 0.11 0.05 1.81 1.29 84 35
0.17 0.13 1.09 0.78 85.10 0.08 0.04 1.82 1.30 95.03
0.07 012 1.08 0.77 86.46 0.05 0.04 1.82 1.30 95.71
0.01 0.11 1.08 077 87.27 0 00 0.03 185 1.32 96.86
-0.02 0.11 1.07 0.77 87.68 -0.20 0.00 0.00 0.00 100.00,
-0.05 0.11 1.07 0.76 88.08
-0.08 0.10 1.06 0.76 88.48
,-0-97 0.00 0.00 0.00 100 00,
(Cont'd)

Note: Table 18a consists of 25 columns to be read horizontally, y CR= vertical above crest C (Fig.33
provides grid location for velocity survey), Y= total depth above crest surface, u/(2gH1)".5=w/U, %A
Cum=X area of velocity distribution. -1cm, -2cm, +1cm and +2cm are horizontal distances with respect to
crest C as origin of coordinates.
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y +2cm y/lY u (m/s) u/(2gH1 %A
6.16 1.00 0.82 0.58 0.00
5.92 0.97 0.83 0.59 2.48
4.92 0.83 0.91 0.6% 13.38
3.92 0.68 1.00 0.71 25.34
2.92 0.54 1.12 0.80 38.63
1.92 0.40 1.27 0.91 $3.60
1.12 0.29 1.41 1.00 67.03
0.62 0.22 1.81 1.08 76.18
037 0.18 1.86 1.11 80.99
0.17 0.18 1.60 1.14 84.95
0.1 0.15 1.61 1.15 86.16
0.08 0.14 1.81 1.18 84.76
0.05 0.14 1.62 1.18 87.37
0.02 0.14 1.63 1.16 87.98
-0.0% 0.13 1.84 1.17 88.59
-0.04 0.13 1.64 1.17 89,21
«0.07 0.12 1.64 1.7 89.83
-0.10 0.12 1.65 1.18 90.45
-0.13 0.11 1.65 1.18 91,07

L-O.!M 0.00 0.00 0.00 100.00,
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Table 18b-18¢c: -Streamline pattern of flow over the weir crest:
(b) Cordinates of water surface and streamlines.

Note: Table 18b coasists of 16 columas to be read horizontally. WS(SLO)=y of =0, SL10= y of y=10, ..,
xCR and yCR are coordinates of crest surface.

x WS(SLO)  SLs SL10 sL1s SL20 SL30 SL40  SL30  SLEO
-2.00 7.77 7.18 6.62 .07 s.55 458  3.08 2.84 2.04
-1.00 7.47 6.92 8.38 5.87 5.38 447  3.82 2.8%5  2.13
0.00 7.10 6.57 6.07 5.59 5.13 426  3.47 2.74 2.08
1.00 6.64 6.14 5.66 $.20 4.76 3.94 3.9 2.51 1.89
© 2.00 6.16 5.65 5.20 475 434 3.6  2.84 2.17 1.54
3.00 5.5 1 L ate
.00 «.ss | From water surface profile. (Cont'd)

g‘ SL70  SLB0  SL90  SL100  xCR yCR

g 1.28 0.4 -0.20 -0.99  .2.83 -2.54

§ 1.48 0.88 0.32  -0.20 -2.20 -1.27

> 1.48 0.94 0.45  0.02 -1.00  -0.20

o 1.31 079 0.30 -0.15 0.00 0.00

L o.9s 0.40  -0.07 -0.50 1.00 -0.20

[}] -

5 Data from crest surface [ 189 0.74

g 3.60 .2.54

(c) Streamline inclinations.

Note: Table 18c consists of 16 columns to be read horizontally. Col.1,, STL=1 (474=test code). For Col.2-
11,y in em, -Pi=-¢ in rad. (-2, -1, cr, +1 and +2 are horizontal distances in cm). For col. 12-16, y=y/Y.

-——— v - omm-—- -

STL 474 y -2 Pl -2 y -1 -Pi -1 y cr -Pier y +t -Pi +1 y 42  -Pl 2

0 7.78 027 7.47  0.33 7.10  0.38  6.64 0.44 6.16  0.50

5 7.18 021 692 030 6.57 0.37 6.14 0.43 5.65 0.48

10 6.62 018 638  0.27 6.07 0.35 566 0.41 520 0.48

15 6.07 0.14 587  0.24 559 0.33 5.20 0.46  4.75  0.46

20 5355 010 538  0.21 513  0.30 4.76 0.38 434 043

30 4.58 0.04 447  0.16 4.26 0.26 3.94 0 34 3.56 0.39

40 368 0.0 3.62 011 3.47 0.21  3.19 0.30 2.84 0.38

s0 2.84 -0.07 2.85 005 2.74  0.17 2.5 0.29 217 0.38

60 2.04 -0.15 213  -0.02 2.08 0.12 1.89 0 26 1.54 0.4

70 1.28 -0.28 1.48  -0.10 1.48  0.09  1.31 0.26 095 0.42

80  0.54 -0.44 0.88  -0.20 094 0.05 0.79 0.27 040  0.45

90 -0.20 -0.63 0.32  -0.30 045 002 030 0.27  -0.07 042

100 -0.99 -0.86 -0.20  -0.44 002 001 -01S 028 -050 0.35
. . cr +1 +2

y 62y 6N vlen v y(e2) (Contd)

1.00 1.00  1.00 1.00 1.00
S 093 093 093 0.93 0.92
5 087 086 085 0.86 0.86
H o081 079 079 0.79  0.79
g 075 o073 072 072  0.73
7 0.64 0.61  0.60 0.66  0.61
& o0.53 0.50 0.49 0.49 0.50
~ 0.44 0.40  0.39 033  0.40
£ 035 03 029 030 031
@ 026 0.22  0.21 022  0.22
€ 017 o014 o013 0.14 0.14
0.09 0.07  0.06 0.07 0.06

0.00 0.00 0.00 0.00 0.00
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Table 18d: -Streamline pattern of flow over the weir crest:
(d) Computation of streamline inclination and curvature parameters.

Note: Table 18d consists of 12 columas to be read horizontally. Col.1 , SL=y (474=test code ). Col. 3-6
are constants of fitted cubics of streamlines (Eq.25), Pi=-¢ in rad. (Eq.27), K=r (Eq.28), Kz=ty (Eq.2).

Run # Rem Ao Al A2 A3 Pi rad cos Pi X e Kz cm
6045

474 WS 2.54 7.095 ~0.403 -0.034 =0.0008 =~0.383 0.9274 ~18.29 ~19.72
SL S5 2.%54 6.569 «0.39) -0.038 0.002 ~«0.374 0.9309 -16.07 ~17.26
SL 10 2.54 6.063 -0.362 -0.038 0.00166 =~0.347 0.9404 -15.5%9 -16.58
SL 15 2,54 5.%583 +=0.337 ~0.043 0.00166 ~0.325 0.9477 =13.48 ~14.22
SL 20 2.%4 5.120 =-0.313 =-0.044 0.002 =0.303 0.9545 -12.98 =123.6
SL 30 2.54 4.254 ~0.268 -0.046 0.00333 -0.262 0.9658 -11.95 ~12.38
SL 40 2.54 3.461 ~-0.217 -0.050 0.00166 =0.213 0.9773 -10.56 -10.81
SL 50 2.54 2.739 =~0.171 -0.058 0.00083 ~0.169 0.9857 ~-8.913 -9.042
SL 60 2.54 2.081 -Q.118 ~0.072 =-0.0016 ~0.118 0.9931 -7.007 =-7.056
SL 70 2.54 1.484 -0.086 -0.092 0.00083 ~0.086 0.9963 =5.486 -5.507
SL 80 2.54 0.948 -0.048 -0.119 0.00333 -0.048 0,9988 =4.206 -4.211
SL 90 2.54 0.454 =-0,024 ~-0.147 0.01416 =~0.024 0.9997 -=3.401 =3.402
SL 100 2.54 0.016 =-0.015 -0.190 0.034 ~0.014 0.9999 =2.621 ~2.621

(Table 18d - continued)

7.198 7.762
6.327 6.797

6.13 6.526
5.307 5.600
5.111 5.355
4.705 4.872
4.153 4.254
3.509 3.559
2.753 2.778

2.1 2.16
1.65 1.637
1.33 1.339

1.03. 1.031
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Table 18e: -Streamline pattern of flow over the weir crest:

(¢) Variation of streamline inclination, radius of curvature r and ry

PLE

SL 05
st 10
sL 15
SL 20
SL 30
SL 40
SL 50
SsL 60
SL 70
SL 80
SL 90
SL 100
Crest

from crest Cto the water surface.

ye

7.10
6.57
6.06
5.58
5.12
4.25
3.48
2.74
2.08
1.48
_0.95
0.45
0.02
0.00

y/Y CR Pl rad

1.00
0.9
0.8%
0.79
0.72
0.60
0.43
0.39
0.29
0.21
0.13
0.06
0.02
0.00

0.38
0.37
0.38
0.33
0.30
0.28
0.21
0.17
0.12
0.09
0.05
0.02
0.01
0.00

K cm

18.29
16.07
15.59
13.48
12.98
11.98
10.56
8.9
7.01
5.49
4.21
J.40
2.62
2.54

Kz cm

19.72
17.26
18.58
14,22
13.60
12.38
10.81
9.04
7.06
S.51
4.1
3.40
2.62
2.54

K/R

7.20
6.33
6.14
3.31
8.1
4.71
4.18
3.51
2.76
2.18
1.66
1.34
1.03
1.00

Note: SL=y, y2=Y2 CR= at crest C (Fig.2a), Pi=¢, K=r and Kz=ry.

Kz/R

7.76¢
6.80
6.53
5.60
8.36
4.87
4.25%
3.56
2.78
2.17
1.66
1.34
1.03
1.00
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Table 18f: -Velocity distribution over the weir crest surface:
1) u-components in m/sec and coordinates x,y in mx10-2,

X =2 xm-l |x=0(CrestCy x=1 X= 2
y u y u u y u y u
7771068 | 747 {070 | 710 | 0.74 | 6.64 | 0.78 | 6.16 | 0.82
7721068 | 732 1071 1 692 0.75 { 652 | 0.79 | 592 | 0.83
6921071 16921074 )5921082]592)]083]492] 091
5921076 15921080 ]492]109 | 4921091 ]3.92] 1.00
4921082 492086 1392|1001} 392] 1022921 112
3921089 1392095 )2921 1122521115192} 1.27
2921096 | 2921106 1192|128 11921311121 1.41
1921104 1192 {120 ] 1.12]| 149 | 1.12 | 1.50 | 0.62 § 1.51
1.1211.09 } 1.12 1 1.34 1 062} 1.67 | 062 ] 1.66 | 037 | 1.56
0621110 ]0.62 {144 1 037 1.80 | 037 ] 1731017 | 1.60
0327109 | 022 156 | 017 1.90 § 022 | 1.78 | 0.11 | 1.61
0271109 {018 [ 156 ] 014 ] 1.91 | 0.17 ] 1.80 | 0.08 ] 1.61
0221109 ]015 157 j011] 194 | 0.11 ] 1.81 | 0.05 | 1.62
017}109 10121159 ] 00810 197 { 008 | 1.82 ] 0.02 | 1.63
0071108 |0.09 {160 ¢ 005] 194 | 0.05] 1.82 ]-0.01 ] 1.64
0.01 ] 1.08 | 0.00 0.00 ; 0.00 | 0.00 | 1.85 {-0.04 | 1.64
-0.02 | 1.07 {0.20 | 0.00 -0.20 | 0.00{-0.07 | 1.64
-0.05 | 1.07 -0.10 | 1.65
-0.08 } 1.06 <0.13 | 1.65
-0.97 | 0.00 -0.94 § 0.00

*Crest geometry allows only part of table to be filled.

2) Typical v-components in m/sec
and coordinates x, y in mx10-2,

x=1 x= 2

y y v
6.04 {-0.37 | 5.74 | -0.45
5.54 1-0.38 | 5.44 1.0.46
5.04 |-0.38 | 4.94 | -0.47
4.54 1-0.40 | 4.44 1-0.49
4.04 |-0.41 | 3.94 -0.51
3.54 1-0.41} 3.51-0.53
3.04 |-0.41 | 3.01]-0.56
2.54 |1-0.43 ] 2.51 |-0.58
2.04 |-0.44 | 2.01 |-0.61
1.54 }-0.451 1.51 |-0.66
1.04 |-0.51 ] 1.01]-0.74
0.54 {-0.56 1} 0.51{-0.77

3) Check for irrotationality of {low; x,and y in mx10-2;

uand v in m/sec; du/dy and dv/dx in secl.

Check y x=0 x=1 x =09
points u v u v | du/dy {dv/dx
6.92}1 0.75 0.78
a |6.50 -0.30 0371 7 | -7
5.921 0.82 0.83
x=1 x=2 x=1.5
5.92] 0.83 0.83
b |5.50 -0.38 -0.46] -8 -8
4.921 0.91 0.91
4.9210.91 0.91
¢ [4.50 -0.40 -0.49] -10 | -9
3.92] 1.02 1.00
2921115 1.12
d {250 -0.43 -0.58/-15.51 -15
1.92} 1.31 1.27
1.9211.31 1.27
e }1.50 -0.45 -0.66] -21 | -21
1.121] 1.50 1.41

Locations a, b, ¢, d and ¢ are shown in Fig.33.
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Table 19: -Samples of computation of weir coefficient Cg and Cgvel.

Note: bl=h;, Hi=H;, P/H1=p/H}, Cd 1=Cq (EqQ.5), Y22Y;, A*=velocity diagram area, Cd 2.1=Cqyy
(Eq.15), %Dev=deviation between Cqand Cave in %. '

RUN$¢ Q ¢<fs hl £t Hl £t H1/R P/H1 Ca Y2 £t ¥Y2/R

9000FA

407 0.392 0.272 0.272 0.547 14.044 1.073 0.196 0.393
408 0.7656 0.405 0.406 0.816 9.409 1.151 0.292 0.587
409 1.062 0.496 0.497 0.999 7.686 1.176 0.357 0.718
410 1.365 0.576 0.578 1.162 6.609 1.198 0.412 O0.828
431 1.825 0,683 0.687 1.381 5.560 1.246 0.490 0.985
9045
413 0.279 0,221 0,221 0.444 17.285 . 1.043 0.158 0.318
414 0.629 0,361 0.362 0.728 10.552 1.124 0.259 0.520
415 0.905 0.449 0.450 ©0.905 8,489 1.165 0.324 0.650
416 1.334 0,568 0.570 1.146 6.702 1.205 0.408 0.821
417 1.776 0.670 0.673 1.353 S5.676 1.248 0.481 0.967
6045
41% 0.371 0.261 0.261 0.525 14,636 1.081 0.187 0.2376
420 0.718 0.388 0.389 0.782 9.820 1.151 0.279 0.561
421 1.038 0.485 0.486 0.977 7.860 1.189 0.349 0.702
422 1,784 0.669 0.673 1.353 5.676 1.257 0.480 0.965
423 1.231 0.538 0.540 1.086 7.074 1.206 O0.387 0.778

(Cont'd)

Fitted Fitted
A* Y2/H1 Cavel tDev

0.599 0.715 1.114 3.780
0.634 0.715 1.177 2.260
0.657 0.715 1.220 3.757
0.678 0.715 1.259 5.062
0.708 ©0.715 11.310 5.161

0.586 0.715 1.089 4.435
0.622 0.715 1,156 2.870
0.645 0.715 1,198 2.834
0.676 0.715 1.255 4.138
0.702 0.715 1.304 4.46)3

(Table 19 - continued)

0.597 ©0.715 1.108 2.532
0.629 0.715 1.169 1.563
0.654 ©0.715 2.215 2.187
0.702 ©0.715 1.304 3.715
0.6683 0.715 1.241 2.878
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Tabie 19a: -Samples of computation of weir coefficient Cgq and Cavel.

Note: See Table 19 for notations.

-

RUN¢ Q cfs hl ft Hl ft Hl/R P/H1 Cq Y2 £t Y2/R
9000FA
453 0.232 0.167 0.167 2.009 22.963 1.317 0.125 1.500
454 0.300 0.197 0.197 2.364 19.515 1.332 0.149 1.788
45440.396 0.239 0.239 2.865 16.102 1.318 0.184 2.208
455 0.527 0.290 0.291 3.489 13.222 1.307 0.228 2.736
456 0.727 0.366 0.366 4.398 10.489 1.273 0.289 3.468
9045
459 0.290 0.190 0.190 2.285 20.189 1.356 0.140 1.680
460 0.485 0.260 0.260 3.126 14.757 1.418 0.191 2.292
461 0.710 0.329 0.330 3.957 11.659 1.458 0.247 2.964
462 0.960 0.397 0.398 4.778 9.655 1.485 0.292 3.504
6045
467 0.378 0.223 0.223 2.680 17.215 1.391 0.161 1.932
468 0.557 0.284 0.284 3.411 13.526 1.429 0.205 2.460
469 0.780 0.349 0.350 4.195 10.998 1.467 0.253 3.036
470 0.989 0.405 0.406 4.877 9.459 1.483 0.295 3.540
(Cont'd)
Fitted Fitted
At Y2/H1  Cgavel tDev
jg 0.703 0.734 1.341 1.802
2 0.694 0.747 1.347 1.111
8  0.681 0.766 1.354 2.752
§ 0.664 0.775 1.338 2.384
é 0.641 0.785 1.307 2.686
‘; 0.739 0.715 1.372 1.214
s 0.753 0.715 1.399 -1.339
£ 0.767 0.715 1.425 -2.246
0.781 0.715 1.451 -2.277
0.758 0.715 1.408 1.209
0.770 0.715 1.430 0.038
0.782 0.715 1.453 =0.965
0.793 ©0.715 1.473 -0.667
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Table 20: -Samples of computation of weir coefficient Cq and Camom-

RUN# Qecfs hl ft H1l ft H1/R P/H1 Ca ¥2 £t Y2/R Y2/H1

9000FA
407 0.392 0.272 0.272 0.547 14.044 1.073 0.196 0.393 0©0.719
408 0.766 0.405 0.406 0.816 9.409 1.151 0.292 0.%87 ©0.719
409 1.062 0.496 0.497 0.999 7.686 1.176 0.357 0.718 0.718
410 1.365 0.576 0.578 1.162 6.609 1.198 0.415 0.828 0.718
411 1.825 0.683 0.687 1.381 5.560 1.246 0.493 0.98%5 ©0.718

413 0.279 0.221 0.221 0.444 17.285 1.043 0.158 0.318 O0.715
414 0.629 0.361 0.362 0.728 10.552 1.1i24 0.259 0.520 O0.715%
415 0.905 0.449 0.450 0.905 8.889 1.165 0.324 0.6% 0.720
416 1.334 0.568 0.570 1.146 6.702 1.205 0.408 0.821 O©.716
417 1.776 0.670 0.673 1.353 5.676 1.248 0.481 0.967 0.715

419 0.371 0.2612 0.261 0.525 14.636 1.081 0.187 0.)76 0.717
420 ©0.718 0.388 0.389 0.782 9.820 1.151 0.279 0.561 0.717
421 1.038 0.485 0.486 0.977 7.860 1.189 0.349 0.702 0.718
422 1.784 0.669 0.673 1.353 5.676 1.257 0.480 0.965 0.713
423 1.231 0.538 0.540 1.086 7.074 1.206 0.387 0.778 0.717

(Table 20 - continue)
Uo h CR 2gH".5 Beta2 K2 Kf X1 X2 CiMom  tDev

0.921 3.700 1.275 1.178 0.635 0.998 0.636 1.122 1.098 2.300
1.265 4.000 1.558 1.161 0.513 0.995 0.659 1.271 1.189 3.281
1.498 3.400 1.724 1.189 0.422 0.993 0.649 1.303 1.195 1.618
1.691 2.300 1.859 1.204 0.399 0.989 0.647 1.415 1.243 3.755
1.980 0.800 2.027 1.208 0.284 0.987 0.653 1.412 1.248 0.134

0.798 3.400 1.150 1.162 0.694 0.999 0.637 0.979 1.025 -1.687
1.152 3.850 1.471 1.163 0.561 0.996 0.650 1.243 1.167 3.852
1.385 3.800 1.640 1.191 0.454 0.994 0.646 1.299 1.190 2.115
1.686 2.700 1.846 1.196 0.362 0.989 0.649 1.441 1.256 4.247
1.953 1.000 2.006 1.191 0.278 0.987 0.659 1.423 1.258 0.832

0.897 3.600 1.249 1.152 0.640 0.998 0.648 1.158 1.125 4.111
1.230 3.800 1.525 1.158 0.523 0.995 0.657 1.311 1.206 4.755
1.475 3.600 1.705 1.180 0.407 0.993 0.653 1.333 1.212 1.95)
1.970 1.000 2.006 1.194 0.261 0.987 0.656 1.432 1.259 0.181
1.620 2.900 1.797 1.190 0.334 0.991 0.651 1.406 1.243 3.041

Note: Table 20 consists of 20 columns to be read horizontally. hi=hy, H1=H}, P/Hl=p/H;, Cd 1=Cg
(Eq.5), Y2=Y2, Uo=umax, CR=2t crest, 2gH".5=U, Betal=f3, K2=K2, Kf=Kyw, X1&X2=intermediate
results, Cd 3=CyMom (Eq.17), %Dev=deviation between Cq and Capmom in %.



184

Table 20a: -Samples of computation of weir coefficient Cqg and CdMom.
Note: See Table 20 for notations.

9000FA

453 0.232 0.167 0.167 2.009 22.963 1,317 0.125 1.500 0.749
454 0.300 0.197 0.197 2.364 19.515 1.332 0.149 1.788 0.756

45640.396 0.239 0.239 2.865 16.102 1.318 0.184 2.208 0.770
455 0.%27 0.290 0.291 3.489 13.222 1.307 0.228 2.736 0.784
456 0.727 0.366 0.366 4.398 10.489 1.273 0.289 3.468 0.790

9045
459 0.290 0.190 0.150 2.285 20.189 1.356 0.140 1.680 0.737
460 0.485 0.260 0.260 3.126 14.757 1.418 0.191 2.292 0.735
461 0.710 ©0.329 0.330 3.957 11.659 1.458 0.247 2.964 0.748
462 0.960 0.397 0.398 4.778 9.655 1.485 0.292 3.504 0.734

6045
467 0.378 ©0.223 0.223 2.680 17.215 1.391 0.161 1.932 0.722
468 0.557 0.284 0.284 3.411 13.526 1.429 0.205 2.460 0.722
469 0.780 0.349 0.350 4.195 10.998 1.467 0.253 3.036 0.723
470 0.989 0.405 0.406 4.877 9.459 1.483 0.295 3.540 0.727

RUN¢ Q cfs hl ft Hl ft H1/R P/H1 Ca Y2 ft Y2/R Y¥Y2/Hl1

(Table 20a - continued)
vo h CR 2gH .5 Beta2 K2 Kf X1 x2 CdMom %Dev

1.128 -1.600 0.999 1.399 0.000 0.999 0.547 1.860 1.311 -0.490
1.209 -1.800 1.085 1.325 0.095 0.998 0.587 1.851 1.354 1.664
1.304 -1.900 1.196 1.317 0.183 0.997 0.605 1.766 1.343 1.898
1.412 ~-1.700 1.319 1.336 0.231 0.997 0.612 1.563 1.270 -2.829
1.511 =~x.050 1.479 1.289 0.341 0.996 0.647 1.377 1.226 =3.679

1.331 -3.500 1.066 1.457 -0.183 0.998 0.518 2.219 1.393 2.724
1.738 -7.850 1.247 1.471 -0.300 0.996 0.516 2.151 1.368 =3.50%
1.996 -10.700 1.405 1.441 -0.254 0.993 0.542 2.257 1.436 -1.487
2.225 ~-14.650 1.543 1.362 -0.297 0.991 0.567 2.190 1.448 =—2.487

1.534 -~5.400 1.155 1.421 -0.274 0.997 0.523 2.159 1.380 -0.796
1.856 <-8.650 1.303 1.409 -0.319 0.995 0.531 2.257 1.422 -0.489
2.0)7 -10.825 1.447 1.336 -0.290 0.993 0.567 2.219 1.457 -0.714
2.280 -14.425 1.558 1.345 ~-0.297 0.991 0.570 2.180 1.448 -2.378
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Table 21:. -Sample of compuiation of weir coefficient Cg and CdaTh.

clo+Cs Pritted
RUN# Qcfs hl ft Hl £t HI/R R/HL Gy ¥y2 £ Y2/R  Y2/H1
S000FA
407 0.392 0.272 0.272 0.547 14.044 1.073 0.196 0.391 0.718
408 0.766 0.403 0.406 0.816 9.409 1.151 0.292 0.583 0.719%
409 1.062 0.496 ©.497 0.999 7.686 1.176 0.357 0.714 0.715
416 1.383 0.576 0.578 31.162 6.609 1.198 0.415 0.831 0.71%
41% 1.825 0.683 0.687 1.381 5.560 1.246 0.493 0.987 0.715%
453 0.232 0.167 0.167 2.009 22.963 1.317 0.125 1.475 0.734
454 ©.300 0.197 0.197 2.364 19.515 1.332 0.149 1.767 0.747
9045
413 0.279 0.221 0.221 0.444 17.285 1.043 0.158 0.317 0.715
414 0.629 0.361 0.362 0.728 10.552 1.124 0.259 0.521 0.715%
415 0.905 0.449 0.450 0.905 B8.489 1.165 0.324 0.647 0.715
416 1.334 0.568 0.570 1.146 6.702 1.205 0.408 0.819 0.71S5
417 1.776 0.670 0.673 1.353 5.67% 1.248 0.481 0.967 0.715
459 0.290 0.190 0.190 2.285 20.18s 1.356 0.140 1.634 0.715
460 0.485 0.260 0.260 3.126 14.757 1,418 0.191 2.235 0.715
6045
419 0.371 0.261 0.261 0.525 14.636 1.081 0.187 0.375 0.715
420 0.718 0.388 0.389 0.782 9.820 1.151 0.279 0.559 0.715
421 1.038 0.485 0.486 0.977 7.860 1.189 0.343 0.699 0.715
422 1.784 0.669 0.673 1.353 5.676 1.257 0.480 0.967 0.715
423 1.231 0.538 0.540 1.086 7.074 1.206 0.387 0.776 0.715
467 0.378 0.223 0.223 2.680 17.215 1.391 0.161 1.916 0.71%
468 0.557 0.284 0.284 3.411 13.526 1.429 0.205 2.439 0.715

(Cont'd)
Uo d h Cr S CdTh tDev
/g\ m/s cm ow T
2 0.921 0.300 3.700 1.391 1. 187 8.727
S 1.265 0.250 4.000 1.583 1.204 4.fug
§ 1.498 0.250 3.400 1.714 1.234 4.963
' 21.691 0.250 2.300 1.831 1l.261 &, 24z
< 1.980 0.250 0.800 1.987 1.267 1.700
o 1.128 0,072 -l.BU0 2 474 1.344 2.029
S -1.209 0.074 -1.800 2,757 1.275 -4.265
c
0.798 0.250 3.400 1,317 1.135 B.Hu|
1.152 0.250 3.850 1.521 1.207 .34y,
1.385 0.250 3.800  1.647 1.218 4.44Yy
1.686 0.250 2.700 1.819 1.247 3.43y
1.953 0.250 1.000 21,967 1 257 1.149
1.331 0,082 -3.L00 £.634 1.39% 2.851
1.738 0.083 =-7.850 3.235 1.377 -2.915
0.897 0.400 3.600 1.375 1.167 7.947
1.230 0.250 3.800 1.s59 1.216 5.673
1.475 0.400 J.8U0 1,699 1.226 3.u8h
1.970 0.300 1.000 1.967 1.267 0.822
1.620 0.300 2.900 1.776 1.248 3.459
1.5314 0.050 -L.400 2.915 }.390 -y.08%
1.856 0.057 -8.65¢ 3.439 1.330 -§.915

-----------------------------------------------------

Note: Table 21 consists of 16 columns to be read horizontally. hi=hy, Hi=H}, P/H1=p/H,, Cd 1=Cy
(EqQ.5), Y2=7Y2, Uo=tmax, d=8, h CR=PA)cr, S=intermediate results, Cd (3)=Cymh (Eq.25),
% Dev=deviation between Cq and Cqy, in %.
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APPENDIX 1V
EXPERIMENTAL UNCERTAINTIES

A.IV.1.- Uncertainty in the measurands: The uncertainties in the measurands for
the present study are listed below:
1. Model sizes: Radius = R% 0.02 mm
Height = p £ 0.5 mm
Width =B+ 0.3 mm
2. Depth, using point gauge: y £ 0.3 mm
dial gauge: 1t 0.01 mm (LDV-linear, x and y)

3. Pressure head: P/g+ 0.5 mm (water column)

4. LDV measurements:
Average velocity (typical value) V+05%
5. Discharge, using standard (ASME)
V-notch: Q=*3%

A.IV.2.- Uncertainty in computed results: The uncertainties in the computed
results were obtained by the method given by Fox and McDonald (1985). The maximum
uncertainties in the computed results for the present study are listed as the following:

1. Dimensionless parameters: Yo2/R * 1.2% max.

Hi/R * 1.2% max.
Yo/Hy £ 1.7% max.
u/U * 5% max.
PiyH| £ 5% max.

2. Average velocity: V £ 3% max.



2. Discharge coefficient:
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Cd £ 3% max.

A.IV.3.- Example of uncertainty estimation : The following is an example of

uncertainty estimation for the discharge coefficient of circular-crested weir based on direct

discharge measurement (Eq.5):

2 [2
Q=Cd§ 38

Here, q=Q/B.

For the test data set:

Uncertainty in discharge:
Uncertainty in head:

Uncertainty in flume width:

0.0111 m3
0.0829 m
= 0254 m
3%

T e
1l

0.4%
0.12%

i+

The uncertainty in Cg can be estimated as below:

ucd = £ {{(1E0.03)12 + [(1.5)(-1)(£ 0.004)]2 + [(-1)(+0.0012)]2}0.5

=10.0306

i.e. uncertainty of Cgq is close to 3%.
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A.V.l: -Sample of LDV measurement output (#460).
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A.V.1: (continued).
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A.V.1: (continued).
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A.V.1: (continued).
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A.V.1: (continued).

IFN 556 AFNL.TINF DISPLAY

L L L e

Ao o e b mtn et
1S

- ZZmMIRmN
A

———

Bailer Sefecliwn
Haml plic
e R
Harduare

.58

— r —_
v:ux!i 1 (VS

.7932 /S SIAN. DEV. = _ 8883 M/S
SPRACING = 1.704 HICRONS

HEAN =
SHIFT = 6888 MiZ

IFA 550 REALTINE DISPLAY
A e i

A o

, Filter Seleclion

125"

—ZmOIBmMT
1

tode : cﬁg@m

larduace

[ 4 Y T T Y v

.580 1.008
VELOCITY (H/S)

SIAN. DEV. 0072 H/5

HERN = = _ .
SPACING = 1.704 MICRONS

SIIFY =

.6333 H/S
.0800 MiZ



193

A.V.2: BOUNDARY LAYER THICKNESS AT WEIR CREST.

For a limited range of Hy/R, the experimentally determined values of the boundary
layer thickness Sexp were compared with the theoretical values 81y computed from
Pohlhausen method (Schlichting). The computation of 81y, was initiated from the tangent
point (6=0") of the weir. The stagnation point itself was always slightly below the tangent
point and it was not clearly determined. The use of the tangent point (6=0") as the starting
point for computation provide only approximate values of the boundary layer thickness &
and underestimate it.

Fig. A.V.2.1 show the values of d based on theory and experiment for a limited
range of data. When H1/R was very small (Hi/R<1.5), the velocity Unax(x) at the edge of
the boundary layer along the crest was such that U’(x)>0. This prevents one to compute &
using the available standard tables of the shape factors of the boundary layer profile. Partly
due to this reason, the computations based on theory were limited to higher ranges of
Hj/R. Further more, for the weir with no downstream slope, the flow was generally not
very stable near the maximum discharge coefficient, in the range of Hi/R close to 2.25 as
such Fig. A.V.2.1 shows the result of boundary layer computations for the weir with

downstream slope, the corresponding maximum value of C4 was at very much larger Hy/R.

0.3() [rere—re—pmrepfe—p—p——pomeepe— e ——p— N

E O Experimental (QO:0=90",®: a=60") \

:F ® Theoretical/Pohlhausen ( a=90") ]
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O cm — , ;
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Fig. A.V.2.1: Theoretical and experimental boundary layer thickness.



