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ABSTRACT

CHARACTERISTICS OF FLOW THROUGH MULTI-CELL BOX
CULVERT COMBINED WITH BROAD CRESTED WEIR

MOHAMMED, Hemn
MSc Thesis in Civil Engineering
Supervisor: Prof. Dr. Mustafa GUNAL, Co-Supervisor: Dr. Adil RAHEEM
August 2013, 84 Pages

This study contains experimentally investigation of the hydraulic characteristics of
flow over a broad crested weir and through multi-cell box culverts and both
simultaneously, also to identifying the effect of parameters, such as upstream head,
length, culvert inlet shape, culvert internal dimension, weir crest height, weir side
slope angle, weir width, on the performance of combined structures .And so, it is
aimed observe the discharge coefficient (Cd) variation of the combined structure.
Finally, the equations are derived to the flow rate estimation through the combined
structure. For this purpose twelve (12) glass material models of combined broad
crested weir and multi-cell box culvert was manufactured and tested in a laboratory
flume. These models were divided into four groups based on the box culvert

dimensions; each group consisting of three models.

The experiments were conducted in three stages, flow through the box culvert, flow
over the broad crested weir, and flow through both the box culvert, and over the

broad crested weir simultaneously.

Dimensional analysis was performed to get the dimensionless parameters that the
discharge coefficient depends on. Discharge coefficient prediction equations as a
function of the dimensionless terms were developed using (a) multivariable linear

regression and (b) multivariable power regression.

Keywords: Broad-crested weir, Multi-cell, Box, culvert, coefficient of discharge,
combined structure, physical model.



OZET

GENIS YUZEYLI SAVAK ILE KOMBINE EDILMI$S COK HUCRELI
MENFEZ YAPISINDA OLUSAN AKIM OZELLIKLERI

MOHAMMED, Hemn
YiikseklisansTezi, Insaat Miihendisligi
Danigman: Prof. Dr. Mustafa GUNAL,Yarmdici Danisman: Dr. Adil RAHEEM

Agustos 2013, 84 Sayfa

Bu calisma, ¢ok hucreli menfez yolyuyla genis yiizeyli savak yapisinda olusan akim
karakteristiklerini deneysel olarak arastirmaktadir. Menba yiiksekligi, menfez
uzunlugu, menfez geometrisi, menfez i¢ yaricapi, savak tepe yiiksekligi, savak yan
egim acisi, savak genisligi gibi en etkili parametrelerin yapinin performansi
izerindeki etkileri incelenmistir. Bununla birlikte, yapinin debi katsayisi (Cd) nin
degisiminin irdelenmesi hedeflenmektedir. Son olarak, yapi debisini tahmin eden
denklemler elde edilmistir. Bu amagla, yapimin 12 cam-modeli gelistirilerek bir
laboratuvar kanali icinde modellemeler yapilmistir. Bu modeller, menfez boyutlarina

bagli olarak 4 gruba ayrilmistir, her grupta 3 farkli model bulunmaktadir.

Deneysel calisma ii¢ asamada gerceklestirilmistir: sadece menfez akimi, sadece genis
tepeli savak akimi, ve birlesik menfez-genis tepeli savak akimi. Fiziksel degiskenler
izerinde boyut analizi yapilarak debi katsayisi iizerinde en etkili boyutsuz
parametreler elde edilmistir. Elde edilen bu boyutsuz parametrelere bagl olarak, debi
katsayisim1 tahmin eden denklemler (i) ¢oklu lineer regresyon ve (ii) ¢oklu iistel

regresyonanalizi kullanilarakeldeedilmistir.

Anahtar Kelimeler: Genis tepeli savak, Cok hiicreli, Kasa, menfez, desarj katsayisi,

kombine yapisi, fiziksel model.
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CHAPTER 1
INTRODUCTION

1.1 General

Stream flow is the volume of water that moves over a designated point over a
fixed period of time. The flow of a stream is directly related to the amount of
water moving off the watershed into the stream channel. It is affected by weather,
increasing during rainstorms, and decreasing during dry periods. It also changes
during different seasons of the year [1].

Stream scientist categorizes streams based on the balance and timing of the storm

water runoff and base flow components. There are three main categories:[2]

. Ephemeral streams flow only during or immediately after periods of

precipitation.

They flow less than 30 days out of the year and appear as dry river beds
throughout most of the year.

. Intermittent streams flow only during certain times. Seasonal flow in an

intermittent stream usually last longer than 30 days per year.

. Perennial streams flow continuously during both wet and dry times.

Water resource professionals have categorized the streams in the river system
as in Figure 1.1:

1- Streams that have no tributaries flowing into them are called first order
streams.

2- Streams that receive only first order streams are called second-order
Streams.

3- When two second-order streams meet, the combined flow becomes a third
order streams.



Figure 1.1 River system orders

In Iraq generally 90 percent of the annual rainfall occurs between November and
April, most of it in the winter months from December through March. The remaining
six months, particularly the hottest ones of June, July, and August, are dry. Except in
the north and northeast, mean annual rainfall ranges between ten and seventeen
centimetres. Rainfall in the mountains is more abundant and may reach 100

centimetres a year in some places [3].

In general, the climate of Iraq is hot and dry in the summers, and cool and a bit rainy
in the winters. Except for the mountainous areas, the rainfall in Iraq qualifies it as a
desert [4].

Most of the water resources in the area (Iraq) are perennial while others are
intermitted or ephemeral [5].



The four causes for choose and construction the structure:

1-When ephemeral, intermittent streams which have a peak flow for a few hours,
cross a roadway it needs to be provided with a passage for vehicles and foot
passages. The culvert cannot convey all of the flood water at large flows or peak of

floods.

2-In bank-full conditions more than 58% of the culvert systems located on the road-
stream crossings is incapable of evacuating flood waters, a percentage which
increases to 88.2% when the flow reaches the flood-prone stage. However, the
drainage capacity of these works is often greatly reduced due to the obstruction

caused by the bed-load transport.

3-For the stream ford (a shallow place with good footing) passages the greatest

hazard is found.

4-Uncertainty surrounding peak flows due to the Global warming is predicted to
cause significant changes to the world’s climate, To address the uncertainty
surrounding this issue, Defra (The Department for Environment, Food and Rural
Affairs )guidance on flood defense scheme appraisal currently suggests sensitivity
allowances for climate change, for example a 20% increase in peak flows over the

next 50 years.

DHI (Danish Hydraulic Institute) will carry out detailed flood studies to determine
the highways potential impact on the flood plains and villages located within the
zone. The study will also include an assessment of the designed highway

underpasses/culverts [6]



These four causes lead to three choices for construction the structure:

Choosing a bridge with dimensions capable for maximum discharge of the stream of
great return period which may equal to the economic life of the bridge construction,
since bridges are high level crossing structures which are expensive for wide streams,

in this case it needs more construction time and cost, or

Choosing a culverts for normal stream flow (Fig 1.2) and allow the water to flow
over the road during peak flood which occur a few times in the year or rarely during

the economic life (usually 25 years) of the culvert (Fig 1.3).

Third alternative is constructing as a combined structure the upper part of this
structure worked as a weir when the lower part un able to convey this flood water.
This choice needs construction time and cost less than former, but traffic may be

restricted during the big flood events.

Figure 1.2 Image of roadway culverts during normal stream flow



Figure 1.3 Image of roadway culverts during floods

The aim in highway drainage (culvert or bridge) is to prevent on-site water standing
on the surface and convey the off-site storm runoff from one side of the roadway to

the other.

The main operational differences between culverts and bridges may be described in

terms of [7]:

e Economics.
e Hydraulics.
e Structural aspects.

¢ Maintenance attention requirement

Economically, the initial and operating costs of culverts are considerably less than

that of bridges.

Roadway overtopping will begin when the headwaters rises to the elevation of the

roadway. The overtopping will usually occur at the lowest point of the sag vertical



curve on the roadway. The overtopping flow will be similar to flow over a broad

crested weir.

For the purpose of studying flow characteristics over submerged culverts it is

necessary to describe both culverts and broad crested weirs individually in detail.

If the available fill height of the culvert limits the vertical size of the culvert, multiple

cells used, and the number of separate culvert cells shall be kept to the minimum.

1.2 Culverts

Culverts are closed conduits sized hydraulically to convey surface water runoff under
a highway, railroad, and others. Understanding the variety of flow regimes through
culverts is necessary to evaluate their hydraulic performance in flood studies,
operation of irrigation systems, and environmental studies, during rainstorms
overtopping of roadways may occur. Combined broad crested weir and culvert flow
would result, and the discharge carrying capacity of the culvert barrels may be

affected [8].

A short passage way to flow under a highway, railroad, or other embankment is
referred to as a culvert. The culvert may be circular, rectangular, arch, or elliptical in

shape. A rectangular culvert is referred to as a box culvert [9].

Although a culvert is a simple hydraulic structure, the computation of flow
conditions through it may be somewhat complex. This is because several different
flow conditions are possible and these conditions depend upon several parameters.
The culvert may flow full, or partially full throughout its length, or in part of the

length. The control may be at the upstream end (called an inlet control) or it may be



at the downstream end (called an outlet control). Depending upon the head and tail
water levels, the control may shift from the inlet to the outlet and vice versa as these

water levels change.

A variety of flow types can occur in a culvert, depending on the upstream and
downstream conditions, the inlet geometry, and the conduit characteristics. A culvert
may flow full, partially full (in subcritical or supercritical flow conditions), or a

combination of both. Partially full flow can be subcritical or supercritical. [10]

There are definitions of six flow types through culverts based on the relative heights
of the upstream head and tail waters, these six flow types are summarized in Figure

1.4 [11].

— e E = 3]
Type 1§ Outlet ﬁ

Submerged Type 4 Sub
critical flow

H

Type 2 Outlet

unsubmerged Type 5 Sub critical flow

Cortrol at outlet

H

Type 3 Outlet

unsubmerged Type 6 Sub critical flow

Cantrol at entrance

Figure 1.4 Types of culvert flow.



Type(1) Outlet Submerged H>d, yt>d flow full

e Type(2) Outlet Un-Submerged H>H*,yt<d flow full

¢ Type(3) Outlet Un-Submerged H>H*,yt<d Partly full

e Type(4) Outlet Un-Submerged H<H*,yt>yc Subcritical flow

e Type(5) Outlet Un-Submerged H<H*,yt<yc Subcritical flow Control at outlet

e Type(6) Outlet Un-Submerged H<H*,yt<yc Subcritical flow Control at
entrance

H*= (1.2 to 1.5) d, depending on the entrance geometry of the culvert

1.3 Weirs

Weir is a barrier across a river or stream designed to alter the flow characteristics.
In most cases, weirs take the form of a barrier, smaller than most conventional dams,
across a river that causes water to pool behind the structure (not unlike a dam) and
allows water to flow over the top. Weirs are commonly used to alter the flow regime

of the river, prevent flooding, measure discharge and help render a river navigable

A weir is a low dam or an overflow structure built across an open channel. It has a
specific size and shape with a unique free-flow, head-discharge relationship. The
edge or surface over which the water flows is called the crest. Discharge rates are
determined by measuring the vertical distance from the crest to the water surface in

the pool upstream from the crest.

Weirs can be used for both high flows with the discharge measured by the water
stage in the pool behind the weir or for volumetric flows in extremely low flow
conditions that are too small to measure by current meter. One disadvantage of using
weirs is that in sediment laden streams weir will allow sediment depositions in the

pool above the weir.



Many formulas and shapes and sizes of weirs are used to compute the discharge rate.
Some commonly used weirs will be described here. Materials are typically aluminum

or stainless steel.

The weir is an obstruction constructed across a river or stream for the purpose of
rising water surface or for water flow measurement. Weirs are extensively used in
hydraulic structures to control the flow depth and discharge. They are classified in
two branches of sharp crested and broad crested weirs. The crest of the weirs may

also be straight or curved.

1.4 Broad-Crest Weirs

A broad crested weir is a structure with a horizontal crest above which the fluid
pressure may be considered hydrostatic. If such a situation is to exist, then with

reference to (Fig 1.5) the following inequality must be satisfied, [12]..

=0.5 1.1

Vo2/2g

TEL

Figure 1.5 Broad crested weir



If the upstream corner of the weir is sharp then the flow will separate and then
reattach enclosing a separation bubble. But if the upstream corner is rounded this

separation bubble will not exist.

1.4.1 Classification of Broad Crest Weirs

A sharp crested, rectangular weir is a flat plate obstruction in an open channel flow
flume or natural channels, with a straight; it allows water flow over the weir. It is
used to meter the flow of water over the weir (and through the open channel) by
measuring the head of water over the weir crest because this type is more accurate.
There are rectangular weir and several other types of weirs and flumes for measuring

open channel flow rate.

Depending on the value of (h/L) the flow over a broad crested weir with an upstream

sharp corner has these classifications as below [13].

1. (h/L) £0.1: In this range the critical flow control section is at the downstream end

of the weir and the resistance of the weir surface plays as important role in
determining the value of (Cg) (Fig 1.6a) this kind of weir, termed as long-crested

weir, finds limited use as a reliable flow measuring device.

2. 0.1 £ (h/L) < 0.35: The critical depth control occurs near the upstream end of the
weir and the discharge coefficient varies slowly with (h/L) in this range (Fig 1.6b)

this type called a true broad crested weir.

3. 0.35 < (h/L) < about 1.5: The water surface profile will be curvilinear all over the

weir. The control section will be at the upstream end (Fig 1.6¢) the weirs of this

10



type called a narrow crested weir. The upper limit of this range depends on the

value of (h/P).

4. (h/L) > About 1.5: The flow separates at the upstream corner and jumps clear
across the weir crest. The flow surface is highly curved (Fig 1.6d), and the weir

can be classified as sharp crested
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(c) r (d) L

Figure 1.6 Flow types of broad crested weir

1.5 Objective of Study

The main objective of this research is to study relations between variables weir crest
height (P), weir side slope angle (0), internal box culvert dimension (D)and the height
of water over the weir crest (h) of the combined structure. The procedures for

reaching this objective are as follows:

1. Studying the head discharge relations for each structure separately (weir, culvert

and combined structure).

2. Studying the effect of weir crest height (P), weir side slope angle (6) and internal

box culvert dimension (D) on the discharge coefficient (Cy).

3. Finding experimental rational equations for the discharge coefficient (Cq) for each
flow condition (weir, culvert and combined structure).

11



CHAPTER 2

LITERATURE REVIEW
2.1 General
This chapter presents a brief review of the most important experimental studies with

the following subjects:

1. Culverts.
2. Broad Crested Weir.

3. Simultaneous Flow over and under Hydraulic Structures

2.2 Reviews of Works Carried on Culverts

Culverts have been used for thousands of years as a structure to transmit water under

walkways and roadways.

Several researchers performed model tests on scour downstream of culverts and the

combined results suggest the following Formulas [14], [15]:

e Scour depth below bed level, (y):

L

U\
= - 2.1)
——r
e Scour width, (Bs):
Bs=7.5D Fr /A (2.2)
e Scour length,
Ls = 15DFr /3 2.3)

12



where: U,: flow velocity at exit in(m?%sec) ; Usx.: shields critical shear velocity
. Va: .. . .
in(m?%sec), Uxc= (1/p) ’ T.: critical shear stress in(N/ m?) ; (p): mass density of

1
water in(kg/m3) ;( D): culvert height (in m) ;(Fr): Froude number; Fr=U,/ (gD)/z.

Ehab A. Meselhe and K. Hebert, presented a study to simulate flow through culverts

for the different flow conditions with and without weir overtopping.

The culvert configurations used was a low weir (overall height of 154 mm above the
flume floor) with two (76.2) mm diameter round culverts with inlet inverts of (43.2
mm) and outlet inverts of (38.1 mm) for a slope of (0.01333) over the (0.381 m)
length of the culvert. The two culverts were placed symmetrically about the
centerline of the structure with their centers at (76.2 mm) from the overall structure

center line as shown in Figure 2.1.

2
R4

=
; Bt
-
=
_—sg+

v

O Q) |istem

1419 1542 141.9
mm mm mm

Figure 2.1 Profile of the flume, showing locations of the water level sensors.[9]
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Figure 2.2 Steady free flow experiment (Upstream head versus discharge).

2.3 Reviews of Works Carried on Broad Crested Weir

Engineering hydraulics terms a “weir” as structures that divert the flow or control the
level of a waterway. The investigators study of weirs since the 18th century, the
general equation of discharge for rectangular weirs was first suggested by Poleni

(1717) as:
Q = ZCayZgln’h
3 (2.4)

Where:Ca :discharge coefficient of the weir, L: width of the weir; h: head of water on

the weir crest; g: the gravitational acceleration.

The upstream approach velocity effect of the was considered by Weisbach (1846), he
included the average approach velocity head in the Poleni Eq. (2.4), and then

develops the new equation.[16],[17] :
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3 3
2 VA (vEY
o ==C Pl lln2) - (2
Vo= gladie ‘( +ZE) GE)] 2.5)

where: v,: average approach velocity of the incoming flow upstream the weir.

Francis (1852), studied the of side contractions effects for rectangular weirs, and he
concluded the effect of horizontal curvature of the streamlines by developing a new

equation [18]:

3]
3]

VZ
Qe = 1. E4[h 2 u.:m(h + Z_g)]

] (2.6)

(v+32) - G

Kindsvater, C.E. and R.W (1957). Carter had given a modified version of Eq. (2.4),
based on their wide experimental investigations covering a wide range of variables,

as [19]:

_2 3y
Q = 3 cchz_gLEHj_g (27)

Where:ﬂde:discharge coefficient of the contracted weir;Le: effective width of the
contracted weir, Le=L+Kp:; Hi.: effective head of water on the weir,His
=H; +KyH, :head of water on the weir, L:width of contracted weir,Kz &Kr: are

coefficient to account for the combined effect of viscosity and surface tension.

A series of experiments were conducted in Iranian the Water Research Centre of the
Ministry of Energy. Broad crested weirs with straight and curved shapes were studied
by A. Khosrojerdi, M.R. Kavianpour(2002), The study was relies on hydraulic model

studies for different wide and curvature of the weir. [20].

They have done their experiments in two steps. In the first step, straight weirs were

15



used to determine the discharge coefficient, the position of the critical depth and the

water surface profile over the weir.

Second step, experiments were performed with curved weirs. Variation of water

surface and discharge were measured to determine the discharge coefficient of the

weirs. Tables (2.1) and (2.2) show details of the weir models tested.

Table (2.1) Characteristics of straight weirs

Weir R (cm) L(cm) | Hmax (cm) B (cm) P (cm)
1 5 20 20 75 20
2 5 35 20 75 20
3 5 50 25 75 20
Table (2.2) Characteristics of curved weirs
Weir P (cm R(cm) H max 7 (cm) L (cm) R (cm)
1 20 High 20 20 5
2 20 122.5 20 20 5
3 20 72.1 20 20 5
4 20 -122.5 20 20 5
5 20 72.1 20 20 5

* The Negative sign represents the convex weirs.

Where: P: weir height; L: width of the weir in the direction of flow; Hnax: maximum

depth of water over the weir; B: length of the weir; R: radius of the weir corners.

Khosrojerdi, and Kavianpour (2002)get a new relation for the discharge coefficient
for straight broad crested weirs, which is a function of the height (P) and width (L) of

the weir and the depth of water over it (h).

The overall results were used to develop a new equation using optimization methods

16



(within 5% error) in the following form:

0.0&
Cq = (ﬂ.5+ﬂ.33—+—)

L (2.8)

Where : h:head of water above the weir.

2.4 Review of the Works Carried on Combined Flow

Abdul Azim M. Negm (2002) had conducted an experimental investigation on
simultaneous flow through box culvert and over the broad crested weir. The flow at
the culvert outlet is considered as submerged flow. Both the culvert and the broad
crested weir (BCW) widths are smaller than the channel width [21] as shown in

Figure 2.3.\

S

_ =t r T [

Se

IS AAIAA /I II SIS Ao

A

Figure 2.3 Definition sketch for simultaneous flow through box culvert and over
the contracted broad crested weir

A typical tested model consisted of a contracted broad crested weir combined with
one vent box culvert with the same total length from entrance to exit of 40 cm. and

30.5 cm width, and the height of the culvert barrel was kept constant to 6 cm.

The flow at both inlet and outlet of the culvert were submerged and the culvert is
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flowing full. The approaching discharge to the structure was more than the capacity
of the culvert and thus a flow over the weir was expected. The recorded
measurements include the flow depth at 40 cm upstream from the culvert inlet and
just downstream of the culvert to ensure that the flow over the weir is free. The tail-
water depth was recorded several times for each discharge to account for the effect of

submergence

H b, b, b,
F=1.375-0.03765-0.0675=-+40.0124— 4 0.0953 — - 0.3815— 4 16. 2655,
D D D b, (2.9)

where: F: factor to account for the interaction between the flow over the weir and that
through the culvert; S: the submergence ratio (S= tail water depth / depth of culvert

opening); H: the upstream head of water above the canal bed; D: the culvert
height;bw : the width of the weir;Pe: the width of the culvert; S,: the longitudinal
slope of the canal.

The simultaneous discharge over the weir and through the culvert then obtained by

equation:

B

2g(H—h,)
1+ (29C3n2L/RY?)

2 2 /2
=Cq4Cyby, [=gh¥? + CpA,

3 3 ....2.10)

where: Q:discharge over weir;Ca :coefficient of discharge:Cv : coefficient of velocity
;:Cv= (Ho/hw) 1.5;Ha: total energy head over the weir; Ho=hw+ (Va) 2/2g;Va:
velocity of approach;Va= Q/ (BH);Q: total incoming discharge; B: width of the
approaching channel; H: depth of flow in the approaching channel; 5. :width of weir;

h.; : head of water over the weir; @¢ : discharge through the culvert;4s: cross

18



sectional area of the culvert;fo: hydraulic radius of the culvert; Cop: discharge
coefficient of the culvert was taken as (0.75); n: Manning roughness coefficient of
the culvert material; L: length of the culvert; k:: tail-water depth downstream the

culvert.
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CHAPTER 3
THEORETICAL ANALYSIS

3.1 General

Since the 19th century several theoretical calculations of discharge measurement for
weirs and culverts were developed. The theoretical part of this work presents an
analysis of the free flow through and over the combined structure, the upper part of
the structure acts as a broad crested weir, while the lower part acts as a culvert.
Dimensional analysis was performed to obtain the dimensionless parameters that
effect on the coefficient of discharge. To obtain the theoretical discharge through the
combined structure, equations of flow over a broad crested weir and flow through

culverts were used.

3.2 Flow Through the Culvert

The hydraulic performance of culvert flow is based on the characteristics of the
barrel flow (free surface flow, orifice flow or pipe flow) conditions which depend on

its length, roughness, gradient and upstream and downstream water levels [22]

Datum

A, A

Figure 3.1Culvert flow.[22]
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Based on the factors mentioned above and with reference to (Fig. 3.1), the flow

through the culverts can be classified into seven types as shown in table (3.1) below.

Table (3.1) Types of flow through Culvert.[22]

Culvert | Longitudin Culvert
No. Yo /D YoYc,Y2,D length al slope behaviour Flow type
@) (So)
Free entrance conditions
any mild open .
1 Yo/D< 1.2 Yo>Yc< Yo< D length Slope channel subcritical
any mild open o
2 Yo/D<1.2 Yo>Yc> Yo< D length Slope channel subcritical
any steep open o
3 Yo/D<1.2 Yo<Yc> Yo< D length Slope channel supercritical
any steep open o
4 | yo/D<1.2 Yo<Yc< Yo< D length Slope channel supercritical
Submerged entrance conditions
any .
5 Yo/D>1.2 yo< D short slope orifice flow |  .......
any :
6 | yo/D>1.2 yo< D long slope pipe flow | ...
any any :
7 Yo/D>1.2 yo> D length slope pipe flow |  .......

Applying the energy equation to the free surface flow of Figure 3.1 between sections

(A) & (B), obtaining:

zn+ccn(v—g)+&= Zy +oory (v—iz)+p—i+h;
2g) v 2g/ v 3.1

2/
The velocity varies across the section, the mean of the velocity head ( g mean 1S
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z
v
not equal to( / ZE), where the subscript mean refers to the mean value over the
cross section. The ratio of these quantities is called the Coriolis coefficient

[23],denoted, a, which is equal or larger than (1) but rarely exceeds (1.15). For a

uniform velocity distribution o=1.

If the energy Equation (3.1) is rewritten in term of the mean velocity head, the later

must be transformed as:
MEFC1 e T z
2g " Y 2g vy (3.2)

SincePo = P2 = Patmosphere | and for horizontal bedZe = ¥o&Z3 = ¥1

2 z
Vi Vo

W g gt (33)

The head loss (Bf) was expressed by Darcy and Weisbach as:

Lv2
DIg (3.4)

he = f
The effect of frictional head loss (B¢ ) was neglected, since the bed plate of the flume
is smooth and the distance (L) between sections (A) & (B) is short, Eq. (3.2) will

reduce to:

v
vy = zg(‘fn —-¥i +2—)
g 3.5)

From the continuity:
Q =Av (3.6)
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2
Vo

e gl
Substituting Eq. (3.5) in Eq. (3.6), and for (Y ZE) by (Y) results:
M2 Faty =

Experimental results showed that the actual discharge Qacr is smaller than the

theoretical discharge Qtheo= Qc that obtained from Eq. (3.7) for the following two

reasons:
1. The jet size that left the culvert entrance is smaller than the actual culvert size.

2. The shear effect of the viscous between the orifice edge and the water.

When the effect of the two reasons account a discharge coefficient (Cd), is

introduced to Eq. (3.7).

French (1986), gave the discharge equation for culvert flow when it acts as an
orifice which is the same as the derived equation (3.7), and he takes the upstream
total head from the bottom of the culvert (i.e. he cancelled the &1)term) as given

bellow [24]:

T
i 2 III ﬂ!r
{Qc}act = Cd 4D zg ] (38)

3.3 Flow over the Broad Crested Weir

The flow in open channel may become critical if the channel bottom is raised by a
specified amount. If the raised part of the channel is sufficient length in the direction
of flow, then may be critical flow and may be parallel streamlines to the weir. This

may be used for flow measurement .
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Figure 3.2 Flow over broad crested weir (M. Hanif Chaudhry).

Assume that the flow on the weir in Figure (3.2) is critical, and the weir crest is

horizontal, applying the energy equation to the free surface flow between points 1 &

2, obtaining:

2 2
Va P1 Ve P2
hfa,— 1 =% —F—+h
T T oTZg p e (3.9)

Assuming that head losses{ (h]f)between sections (1) and (2) are negligible, velocity
distributions are uniformi(&]s = @ = 1) and all streamlines are straight and parallel

to each other, then the energy Eq. (3.9) will reduce to:

V.2
29
w2 w2
PRLUN L I B (3.10)
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2
¥,
Pi =Pz = patmnsp]:ere&-H = (h-'l'_l:II

Since ZE), then Eq. (3.10) gives:

v = 22l - ¥.) 3.11)

For trapezoidal weir section:

Figure 3.3 Broad crested weir with trapezoidal cross section
By taking a horizontal strip in the flow section at height¥e of lengthX and width d¥e:
x=b4+2Zy,tan® (3.12)
Area of this strip is then determined by:
dA = xdy, (3.13)

From Eq. (3.11) the critical velocity in this strip element is given by

l2g(H - y,)
Ve = — ¥ . .
F Ye) and the discharge (dQ) is:
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dQ =v.dA, = vZg(H —y. )b + 2 y,. tan 8) dy, (3.14)

Integrating (d¥: ) through the section of flow, gives:

H
Q. = j; V29T =y )@ + 2y tan)dy,

(3.15)
Evaluating of the integration results:
Q JZ_[ Z{h 2 6)(H ]E . 6 H ]EH
w = gl zlb+=y . tan —¥:J)?2 —gztan — ¥ 2]
4 e o (3.16)
Substituting limits of the integration gives:
Q. = (3Z@0H°% + 2 /2gn: tan o)
3 15 (3.17)

Since Eq. (3.17) had derived depending on the assumption that all streamlines of
water flowing on the weir crest are horizontal, and the effect of viscosity and surface
tension were neglected. Hence the discharge obtained from Eq. (3.17) is greater than
the actual discharge; therefore a discharge coefficient is to be added to this equation,

resulting:

3y 8 5
ot = CaloJ2ZgbH 2 + — J2gH =2t &)

Subramany, K. (1986), gave the discharge equation for trapezoidal cross section of

weirs which is like the derived equation (3.18)

3.4 Combined Structure Flow

The flow through the combined structure Fig (3.4) may be free when both the flow
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over weir and the flow through the culvert are free and it is termed submerged when
the flow through the culvert is submerged (and the flow over the weir may or may

not be submerged).

Vo3f2g

TEL

Figure 3.4 combined structure flow(M. Hanif Chaudhry)

The simultaneous discharge can be obtained by summing the overflow discharge

over the broad crested weir and the under flow culvert discharge.

Q,=0Q,+0Q. (3.19)

Substituting for Qw and Q. by Eqns. (3.17) and (3.7):

2 8
Q. = Cq [(Jz_gﬁbﬂafz + JZ_gEHEfZ tanﬂ)-rgﬂzﬁ,fZgY] (3.20)

Where(Cs) is a coefficient discharge to account for the combination between the
flow over the weir and that through the culvert. The combined discharge coefficient

(€4) is to be determined experimentally.
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3.5 Dimensional Analysis

There are powerful tools like dimensional analysis and m-theorem which may solve
many theoretical and experimental physical studies. The dimensional analysis is
working to reduce the number of separate variables involved in a particular type of
physical system into a smaller number of non-dimensional groups of the variable.
The arrangement of the variables in the groups is generally chosen so that each group
has a physical significance. All physical parameters can be expressed in terms of a
number of basic dimensions, in engineering the basic dimensions, Mass (M), Length

(L) and Time (T) are sufficient for this purpose . The Buckingham (Pi Theorem) was

used to develop dimensionless parameters, the Pi () terms, from the variables.

Five parameters are used to describe the geometry of the broad crested weir and the

culvert as shown in Fig (3.5)

=y

&]

50 Cm |
|

Figure 3.5 Definition of symbolism for the combined structure
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The discharge over a broad crested weir and through the culverts depends on:

1- The geometry of the structure, which is described by:

Bottom width of the weir (b) .

o
1

b- Weir height (P).

Weir side slopes (tan@),

(@]
1

d- Upstream total head above the weir crest (H).

(¢]
I

Weir length (L).

f- Diameter of the culvert (D).

2- Fluid (water properties) which they are:

o
1

Weight density (Y ).

b

Surface tension (O ).

o
1

Viscosity (U ).

d- Mass density ((2) ).

3-Fluid characteristics which are: the gravitational acceleration (& ).
The discharge passed through the combined structure depends on the variables

mentioned above, and can be expressed as the following relation:

Q = ¢plg.H.P.b, L. tan6. D, p. u. ol (3.21)

Taking variables (H) from the geometry of the structure,(?) from fluid water

properties and (@) from fluid characteristics as repeating variables
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, the () terms can be expressed as:

ﬁlZP;g;H;Q: T[z:p_lg,H,P ﬁazPJgJHJh
my=p,g,H,L;7s=p,gH.D; Te=p,g H tanb m; =p,g,H.p
;g =p.g . H,o

For Ty :

m, = MOI°TO = (ML3)* (LT 2)P v (dT-1)"™

-1
0=—26-1;f=—

f Q
1 =
JeH' 2

ForTtz ;2 = MPLOT? = ML) ar 2 ara

ForM:@=0 ;ForT:0=-2p; =0 ;ForL0=-3a+B+y+1;y=-1:
P

H

T[z=

b L
T =g'™~§{ and m; =

By the same manner: H H

For Mg : Ty = p=gfHYtan®

Since (tan® ) is a dimensionless variable; e = tan®

ForTty : T, = MOIOT® = (ML3)*(LT-2) @yr (ML 1T 1)

=-28-1; =~

b

0
ForM:0=a+1,a=-1 :ForT:

B B
=-3a+B+y-Lliv= " pgu’h pJegHH

For L: v
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1] 1
Ty = — = ——
Substituting for V = +gH; 77 pVH  Re

For Ts - g = MOL2T® = (ML3)*(LT-2)° @)y*(MT-2)

. S _ o ( 1 )3
ForLO=-3a+B+y; y=-2. ° pgHZ pVZH \W
The functional relationship then becomes:
my = s, m3, Ty, M5, g, T7, Mgl (3.22)

Substituting the () terms obtained into Eq. (3.22):

. M- [g,g,%,g,tanﬂ, RE,WE]
JgH /2 (3.23)

Dimensionless parameters (n7 & 7T8 ) shows that both Reynolds number (Re) and
Weber number (We) are varies proportionally with (V), and (V) varies proportionally
with (H) and (Re& We) inversely varies with ( @ & o ) respectively, therefore the
effect of viscosity and surface tension decrease with increase in (H) and it can be
neglected if the head (H) is not too small (not less than 6mm) [25], for these reasons
and using same fluid in which ( p, o & | ) are constant , terms (Re) and (We) can be
terminated from Eq. (3.23) to form the new relation:

Q I'H HHH ]
—— T _J_J_J_Jtane
gk A I

(3.24)
Since (€4l is a dimensionless parameter and similar in form to the dimensionless
term (73] it can be substituted for (71 in the evaluation of the problem. This allows

the evaluation of the coefficient of discharge as a function of the geometrical
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parameters:

H
Ci= —,—.—.—, tanB
? ¢[I:’ b’L’'D ] (3.25)

Equation (3.25) is for the Discharge coefficient through the combined structure, and
for the Broad Crested Weir, terms concerned with the culvert flow to be removed,

then it will be reduced to:
HHH
Cd = ¢[FJFJEJtan&] (326)

And for the flow through the culvert pipe, terms concerned to the Broad Crested

Weir flow to be removed and the equation will be:
|':’ X 27
Ca=¢ L J—D] (3 )

Determination of the actual form of these functions done by statistical analysis of

the experimental data
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CHAPTER 4

EXPERIMENTAL SET-UP AND METHODOLOGY

4.1 General

Experiment works were conducted in the flume of the Hydraulic Laboratory of
Engineering College, Salahaddin University. Simulate flow over broad crested weir
and through multi-cell box culvert has been done by using Laboratory apparatus to

record measurements discharge and water depth.

The methodology used in this study is designed to apply the objectives of the study
based on the described in the scope of work. The measurements presented in this
study are prepared to provide data regarding the variety of flow conditions (which

include overtopping, through the box culverts and over the broad crested weir).

4.2 Experimental Setup

The apparatus and instruments used in this study described below each in detail.

4.2.1 The Flume

The experiments were done on a toughened smooth glass sided and the bed is smooth
painted steel plate flume working length is 12 m. The flume cross sectional area is 50
cm wide and the depth is 50 cm. The two hydraulic jacks which can adjust
longitudinal slope of the Flume mechanically by raising and lowering manually to set
the required slope. At the downstream end, the flume has a vertical moving tail gate

to control the tail-water depth. For fixing the point gages a pair of steel pipe rails
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was fixed on the top of the side walls. The upstream end of the flume connected to
the stilling basin of internal dimensions (2.5 m length, 0.70 m width and 0.87 m
depth) made with smooth thin steel plate, having a serious of alternate mesh screens
to dissipate the energy of the incoming overhead tank flow. Water supplied to the
flume from an underground concrete storage tank of internal dimensions (7.5 m
length, 2.5 m width and 1.0 m depth). by an electrically driven centrifugal pump

through a 6 inch diameter steel pipe to the overhead tank of a total discharge of (50

lit/sec). Fig (4.1) and Fig (4.2) show the Flume.

e
e |

Figure 4.1 The Flume used in the study

34



discharge controlling valve
e ge g

/—vemier scale
Vll e V notch weir
o,

‘ calibration tank vernlerscale
0.6m % / ‘y
l fstiltingtank \
—37m—A
NI T TIoTy
05m| ———™ _""
0.817 m | [ ﬂ
N /
e m
|
: under ground —
1-0"?: storage tank
L I -
Ty I

35



4.2.2 The Overhead Tank

It is box shape tank having internal dimensions 3.7 m length, 0.8m width and 0.6 m
depth, made from thick steel plate elevated to the required height on a steel frame.
Pumped water into the overhead tank passes through a number of alternate mesh
screens to dissipate its turbulence and energy before reaching the V-notch weir
upstream and overflowing to the flume, to control the discharge there is two control

valves one of 6" dia. and the another of 1.5" dia.

Figure 4.3 The Overhead tank and the V-notch weir used in the study
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4.2.3 The V-notch weir

The Flume discharge was measured by V-notch weir (Fig (4.4)) located at the end of
the overhead tank. The head of water above the V-notch was measured by a point
gage with a vernier (metal tube) scale of 0.05mm accuracy located 80 cm upstream
of the V-notch weir placed in a small box tank fixed to the side of the overhead tank
and connected to the overhead tank so that the water depth in the side tank and the

overhead tank are the same and the water surface is in static condition.

Figure 4.4 Details of the V- notch weir
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4.2.4 The Measuring Tank

A box shape tank manufactured for calibrating the head-discharge relation of the V-
notch weir, having internal dimensions (1.5 m length, 1 m width and 0.3 m height) to
store about 300 litres, the tank have(three rollers in each side) to make it’s movement

easier. shown in figure.(4.5).

The calibration tank placed downstream of the V-notch weir. In each run the volume
of water, time (by a stop watch of 0.01 sec accuracy) and the head above the V-notch

was recorded.

m——"

g

==

Figure 4.5 The measuring tank for the calibration of the V-notch weir flow

For several water depths above the V-notch weir between (5 to about 26 cm), the

measuring tank placed under the V-notch weir slot and for enough volume of water
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the time was recorded, by repeating this procedure two times for each depth of water
above the V-notch and the data Table (4.1), plotted to the curve shown in Fig (4.6),

and the following relation was determined which has a determination coefficient (R2)

of 0.995.

[ =305k,

Where: Q: discharge in I//sec, and; hv: head of water above the V-notch weir in cm.

Table 4.1 Calibration Data of the V-notch weir.

Trial one Trial two Average
time volume 0; time | volume 02 Ql/sec
hy(cm) | (sec) (1) (I/sec) (sec) (1) (I/sec)
0 0.00000 0.00000 0

5.135 235.75 | 231.45 0.98176 | 285.54 | 282.1 0.98795 | 0.98486

9.345 57.53 1220.725 ] 3.83669 72.54 [ 274.205 [ 3.78005 | 3.80837

11.955 29.75 1272925 | 9.17395 32.84 | 307.643 | 9.36794 [ 9.27094

15.03 16.54 ]201.032 [ 12.15429 [ 18.75 | 221.794 | 11.82901 | 11.99165

16.415 17.02 | 281.954 | 16.56604 | 16.33 | 245.725 | 15.04746 | 15.80675

17.985 14.56 | 289.068 | 19.85357 | 12.44 | 232.664 | 18.70289 | 19.27823

19.605 11.43 | 257.487 | 22.52730 | 10.03 | 249.432 | 24.86859 | 23.69795

21.765 7.56 | 232.783 | 30.79140 7.02 [ 245.001 [ 34.90043 [ 32.84591

23.385 6.25 230475 | 36.87600 7.42 | 243.695 [ 32.84299 [ 34.85950

24.685 5.72 | 243.895 | 42.63899 3.96 160.168 | 40.44646 | 41.54273

25.87 5.35 | 271.789 | 50.80168 7.02 | 342.999 | 48.86026 | 49.83097
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Figure 4.6 Calibration curve of the V- notch weir

4.2.5 Point Gages for Depth Measurement

The water depth along the test flume was measured by three accurate gauges figure
(4.7). The vernier scale of the point gages allows depth readings with an accuracy of
0.05 mm. The point gauges were set on a carriage which moved on two rails fixed on
the top of the side walls of the flume. This crossing arrangement enables freedom of

movement and enabled the gage reading at any arbitrary point along the flume.
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Figure 4.7 Point gauges with its carrier

4.3 Construction of the Models
The selection of models material and dimensions depend on the facilities of the
laboratory and for minimize models roughness models were constructed from glass and

fixed with adhesive materials like silicon.
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Figure 4.8 One of the models

Numbers of constructed models are (twelve), these models divided into (4) groups of
same culvert dimensions but each group have three different side slopes of the weir

(tan 0).

Figure 4.9 Dimensions and symbols of the models
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4.4 Testing Procedure

Firstly, the flume leveled by using level instrument to make the longitudinal bed slop
set to zero. Models placed at a distance of (9 m) from the upstream end, the models
assembled in the canal and fixed with the flume sides by a special paste to prevent
seepage of water.

For each model, the testing program was done in three phases:

1. Only flow through the culvert, this was achieved by fixing a play wood block

piece on the upstream top corner of the model to prevent flow over the weir.
2. Only flow over the weir, this was achieved by closing inlet of the culvert.

3. Flow through the culverts and over the weir.

In each case of flow the discharge is increased gradually such that the behavior of the
flow is clearly be recognize, a number of runs done for each flow case. For each run,
the depth of water above the V-notch weir (hv) and the uniform water depth in the
canal upstream of the tested model (yo) were measured. Table 4.2 shows Numbering
and Dimensions of the models .

Table 4.2 Numbering and Dimensions of the models.

w

Model No. He (em) *We (em)| b (cm) 0
i 50 0
5 4%4 10 6°
9 10 90
2 50 0
6 6%6 10 6°

10 10 90
3 50 0
7 38 10 6°
11 10 90
50 0

10%10 10 6°

12 10 90

43



CHAPTER 5
DATA ANALYSIS AND DISCUSSION OF RESULTS

5.1 General
Developing an equation for discharge coefficient (Cy) is the main objective of data

analysis as a function of parameters which obtained from dimensional analysis
performed in Chapter three for each of the three flow states (culvert, weir and
combined flow),for this issue use several equation forms, then by using SPSS®
program choose the best one having best hydraulic characteristics mainly we use
which model having greater coefficient of discharge(Cd).Detailed data in the

appendixes.

5.2 Head - Discharge Relations

Measurements of open channel flow typically depend on measurements of flow
depth, which are then -correlation done with head-discharge curves. Flow
measurement in open channels is necessary for improving the management of limited
water supply. Accurate measurement practices help to provide a fair distribution of
water between increasing demands. Most flow measurement structures are placed in
a channel. They are used to determine the discharge indirectly from measurements of
the flow depth. In combined structures, it is expected that there is always a cut out in
the head-discharge rating at the point that the flow begin to overflow the upper
structure and the flow behavior changes from culvert flow to the combined flow. The
head-discharge relations for each model are plotted into three curves for the three

flow states (culvert, weir and combined) as shown in Fig (5.1).
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It may be noted from the figures that at a given head (Y), adding the flow through

the culvert to the flow over the weir equal to the combined flow measurements.
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Figure 5.1 Head Discharge Relations for Models 1-4
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Figure 5.1 Continued, Head Discharge Relations for Models 5-8
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Figure5.1 Continued, Head Discharge Relations for Models 9-12

The intersection points between culvert curves and broad crested weir curves showed
in Fig (5.1) indicate that at these points both discharges are equal, below these
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intersection point the culvert discharge are greater than broad crested weir discharge,
and above it the weir discharge is greater, and in both cases cumulating the weir and

culvert discharge equals the combined structure discharge at a certain head (Y).

5.3 Effect of Weir Height (P)

There is not easy to determine the effect of weir height (P) in the case of the
combined structure flow, while it contains the bottom part (culvert) and the culvert
height varies with the weir height. So it was studied in the state of weir flow only.
The discharge values of weir models having the same lower weir crest width (b) and
the same side slope angles (0), but the difference in weir crest heights(P), were
considered as a single data group and were plotted against the total head (H) in Fig
(5.2) for observing the effect of (P) on the discharge coefficient. Coincides of curves
of different values of (P) indicates that there is no direct important relation between

weir height (P) and (Q).

H (Cm)

8.00

6.00

4.00

2.00

0.00

0.00 5.00 10.00 15.00 20.00
Q (lit/sec)

—p—Modell —E—Model?2 Model 3 —=—Muodel4

Figure 5.2 Effect of weir height (H) on the Discharge for the BCW
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5.4 Effect of the Side Slope (0)

The side slope effect () was analyzed by drawing a relation between the discharge
coefficient (Cy) and the ratio of the head above the weir to the crest height (H/P) for

all the tested angles of weir side slopes (6) as shown in Fig (5.3).

BCW side slope

0.60

0.55

=]
o
0.50
0.45
0.0 0.1 0.2 0.2 0.4 0.5 0.6
H/P
#tan O MW tan 6 tan 9

Figure 5.3Side slope effect on the Discharge coefficients for the various models of
the combined structure

Curves of Fig (5.3) show that for a certain value of (H/P) the (Cd) value increases

with decreasing in the side slope angles, this is because of decreasing the wetted

parameter with decreasing in side slope angles (tan).
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5.5 Effect of the Culvert Dimension (D)

The discharge coefficient (Cd) plotted against the ratio of upstream water depth to
the culvert diameter (Y/D) together with the data obtained from the literature[ Table

(5.1)] for the same culvert flow condition, as shown in Fig (5.4).

0.71
0.66

0.61 J ______________ ______________ _________

0.56

Cd

¢ present study

0.51
A Bodhaine 1976

046 |

0.41

13 1.8 13 2.8 33 3.8 43
Y/D

Figure 5.4 Head Discharge Coefficient Relations for culvert flow

Table 5.1 Coefficient of discharge as a function of Y/D for type 5 flow in a
culvert with a flared — pipe end section [31]

Y/D Cd Y/D Cd
1.4 0.48 2.0 0.57
1.5 0.50 2.5 0.59
1.6 0.52 3.0 0.61
1.7 0.53 3.5 0.63
1.8 0.55 4.0 0.65
1.9 0.56 4.5 0.66

For the effect of the box culvert dimension investigate, the discharge coefficient (Cd)
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plotted against the upstream water depth (Y) for the box culvert dimension used in
the study as shown in Fig (5.5), which indicates that the discharge coefficient (Cd
increases with a decrease in the culvert dimensions for a certain upstream water

depth (Y).

0.80

0.20

0.00

a 8 12 16 20 24 28 32
Y (cm)

# culvet dimen.=4%*4 cm A culvert dimen.=6%6 cm
A culvertdimen.=8*8 cm A culvert dimen.=10*10 cm

Figure 5.5 Head Discharge Coefficient Relations for culvert flow

It can be indicate from Fig (5.5) that (Cd) increases with (Y/D) for the culverts, this

can be explained by the following reasons:-

1. An increase in the head (Y) reduces the viscosity effect which increase the
boundaries resistance of the flow.

2. At low values of (Y) the effect of surface tension is clearly seen which
make water particles clinging to the structure body which cause

decreasing the velocity of flow and the value of (C).
3. For constant value of (Y) the ratio of (¥/D) can be increased by reducing the

value of (D) which also leads to increase the discharge coefficient (Cy) which

can be seen clearly from Fig (5.6), this is because the decrease in culvert

dimensions decreases its parameter and then decrease in boundary resistance
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5.6 Correlations for Discharge Coefficient (Cd)

To obtain equations for the discharge coefficient (Cd), (SPSS20®) statistical
software was used for obtaining two types of regressions between the discharge
coefficient (Cd) and dimensionless parameters obtained by dimensional analysis

were tested to find the best one, they are:

1. Linear relationship between (C,) and the rest of the parameters:

Cd=a+bm, + ey +dmy +eng + frr, (5.1)

Where (a) to (f) are regression coefficients to be obtained from a multivariable

regression of the experimental data.

2. Power function relationship between (C,) and the rest of the parameters:

Cd= EET[::]E[:TEEJE (7[431&{7[5)&(7[5)E (5.2)

Where (a) to (f) are regression coefficients to be obtained from a multivariable

regression of the experimental data.

5.6.1 Discharge Coefficient Regressions for the Culvert

The linear regression yielded the following equation:

Cq = 0.451—0.387 +0.087 = (5.3)

R Squared=0.851
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The power regression yielded the following equation:

{\.\}DS

SI T
@

R Squared=0.941
5.6.2 Discharge Coefficient (Cd) for the Broad Crested Weir

The multivariable linear regression yielded the following equation

Cs = 0.422+0.0412 — 0.0391 +0.213 = — 0.001tan

R Squared=0.47

The multivariable power regression yielded the following equations:

A- For tan(0) =0.

[ ‘}D O {H-}l 11

Cd = ':' 553 E’H}‘"‘E

R Squared=0.832

B- For tan(0) >0.

I:H\}D D8 {H-} D.1B5

DDE-E EI 0,183
g ()

C, = 0.384

R Squared=0.324

(5.4)

(5.5)

(5.6)

(5.7)

=

H H H Hy*
C,=2905+ IJ.EIE‘SIF 2 0.6?23 o 1.?863 — 245.7tanf — 0.02 (E)

—052 (%) +8976 (?) + 52.75(tan@)?

R Squared=0.65
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5.6.3 Discharge Coefficient (Cd) for the Combined Structure

The multivariable linear regression yielded the following equation:

Cq = 0.490 —1.4522— 0.0727 + 1.032—+ 1.028 = — 0.016tand (5.9)

R2=0.712

The multivariable power regression yielded the following equations:

A- For tan(0) =0

C.=0 BS-&L—EL}LIM(% . (5.10)
UTETET
R =0.744
B- For tan(0) >0.
H-D.D:Z H 0.0BS H 1.312
Gy= 0.421[‘1-} D (tan@)®% (5.11)

[%-}‘_.525

R2 =0.693
After regressions were done, the data plotted to charts of Figures (5.6), (5.7) and
(5.8) which shows the relation between the measured discharges versus the

discharges that predicted by applying regression equations to the experimental data.

55



jay
=

Qpredicted (I/s)
© = N W s ;Y N W

a)Linear Regression

0 1 2 3 4 5 6 7 8 9

Qmeas. (I/s)

10

Model 1

Model 2

Model 3

Model 4

10

Qpredicted(l/s)
9y}

______________________________________________

A

_________________________________

b)Power Regression

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

i 2 3 4 5 6 7 8 9

Qmeas. (I/s)

4 Model 1
B Model 2
A Model 3

Model 4

Figure 5.6 Relation between measured and predicted discharges for the culvert

(a) Linear regression (b) power regression
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Figure 5.7 Relationship between measured and predicted discharges for the BCW
(a) Linear regression (b) power regression
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Figure 5.8 Relationship between measured and calculated discharges for
the combined structure (a) linear regression (b) power regression

In order to illustrate the variation of discharge coefficients (Cd) with the
dimensionless parameters related with it, for each model (Cd) plotted against (H/P),

(H/Y), (H/D) and (H/L) as shown in Fig (5.9).
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Figure 5.9 Variation of (Cd) with (H/P), (H/Y), (H/D) and (H/L) for models 1-4
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Figure 5.9 Continued, Variation of (Cd) with (H/P), (H/Y), (H/D) and (H/L)

for models (5-8)
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Figure 5.9 Continued, Variation of (Cd) with (H/P), (H/Y), (H/D) and (H/L)
for models 9-12
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CHAPTER 6

CONCLUSIONS AND RECOMMENDATIONS

6.1 General

This research contains a series of laboratory experiments conducted for investigation
the effect of interaction of flow over broad crested weir and multi-cell box culverts
on the discharge coefficient. The effect of the total head of water upstream of the
combined structure (Y), the weir crest height (P), the weir crest width (b), angle of
weir side slopes (0), of the broad crested weir and internal dimension of the culvert

(D), on the discharge coefficient (Cd) were studied.

6.2 Conclusions

There are several conclusions extracted from the analysis of the experimental

findings of the study [26],[27],[28] as below:

1. It was observed that for a certain head (Y), the simultaneous discharge passed

through the combined structure (Q;) equals to combining the discharge through the

culvert (Q.) with the discharge passed over the weir (Q,,) equals.

2. The measured discharge (Q) values taken from the experiments done on the broad
crested weirs has no significant relation to the weir height (P) for each group of
models having the same cross section shape and crest length (L).

This conclusion is the same with the results obtained. M. Gogiis, Z. et al. (2006).
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. The value of coefficient of discharge (C,) increases as the ratio (H/P) increases

for all the tested models and for each flow state (weir and combined). This
conclusion agreed with the results obtained by Amir HosseinAzimi et al (2009),

Kassem Salah EI- Alfy (2005) .

. For a certain value of the ratio (H/P), the (Cd) value increases with the decreasing
of the angle of weir sides (0), for all the tested models and for each flow state

(weir and combined) .

. The (Cd) value increases as the ratio (Y/D) increase for all the models tested as
culvert flow only, this conclusion agreed with results obtained by (Bodhaine,

1976) .

. For a certain upstream water height (Y) the discharge coefficient (Cd) values
increases with decreasing in the culvert dimension (D) obtained from the

experiments performed on the culvert flow.

. There is good agreement between the measured and predicted discharges for the

tested models.
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6.3 Recommendations for further Investigations

There is a wide area which requires further study of combined hydraulic structures
especially combination of broad crested weirs and multi cell culverts. The following

items are recommended for further studies:

1. Studying the characteristics of flow through the combined structure

experimentally and using the Computational Fluid Dynamics (CFD) software.

2. Studying the flow characteristics of the combined structure broad crested weir

and different shape culverts.

3.Studying the flow characteristics through combined broad crested weir and

ellipse and semi-ellipse shape culverts.
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Appendix A: Sample of Calculation

Sample of calculation for Model (2), test run (3) as combined structure flow:
From the equation of the V-notch weir for (hy=13.1 cm):

= 0.0195(13.1)*%* = 9.316 1/Sec

Qmeas .

Approach velocity in the Flume upstream of the test Model (v,) for (y,=10.04 cm) &

width of the Flume (B=50 cm):

Quuess. _ 9316 1000
Bxy, 50x10.04

Vv, = = 18.557 cm/Sec

Approach velocity head in the Flume upstream of the test Model:

v (18557)%

2g 2%9806

0.18 cm

Upstream total head of water on the inlet of the culvert (Y):

Y=y, —T+—=10.04—0.8+ 0.18 =9.42cm

Q,=3%(D=D,/2gY) =3 = (6%6y2*980.6 *9.42
/1000 )=14.679 1/sec.

Upstream total head of water on the weir crest (H):
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H=Y-P=942-87=072cm

2 8 — 2 |
Q. = (E,fngnﬂ-t + E{ZgHs‘ztanﬂ) - (EJE(QEU.EJ{S{J}[{J.?E}“+ n)

=0.89 l/sec

Q,=Q, +Q.=0.89+ 1468 = 1557 I/sec
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Appendix B: Measured Data and Calculated Results.

Table (B-1) Measured and calculated data for combined structure flow

Model 1 D=4*4 c¢m, b=50 cm tan 8=0
2

hycm | Qpeasl/sec | yocm | vocm/sec v cor/sg cﬁr{n Ci Qul/sec | Qcl/sec 1 /?;C H/P | Hb | H/L | H'Y | HD | Cd
8.65 3.44 7.12 9.67 0.05 6.37 | 0.47 0.47 5.36 5.84 | 0.079 | 0.009 | 0.007 | 0.073 | 0.117 | 0.590
10.64 5.66 8.44 13.41 0.09 7.73 | 1.83 3.66 5.91 9.57 | 0.310 | 0.037 | 0.026 | 0.237 | 0.458 | 0.591
11.46 6.76 8.82 15.33 0.12 8.14 | 2.24 4.95 6.06 11.01 | 0.380 | 0.045 | 0.032 | 0.275 | 0.560 | 0.614
12.3 8.01 9.24 17.34 0.15 8.59 | 2.69 6.52 6.23 12.76 | 0.456 | 0.054 | 0.038 | 0.313 | 0.673 | 0.628
12.87 8.93 9.70 18.41 0.17 9.07 | 3.17 8.34 6.40 14.75 | 0.538 | 0.063 | 0.045 | 0.350 | 0.793 | 0.606
13.16 9.42 9.82 19.18 0.19 9.21 | 3.31 8.88 6.45 15.33 | 0.561 | 0.066 | 0.047 | 0.359 | 0.827 | 0.614

Model 2 D=6*6 cm, b=50 cm tan 8=0
12.13 7.75 | 9.52 16.28 0.14 | 8.86 | 0.16 0.09 14.23 | 14.32 | 0.018 | 0.003 | 0.002 | 0.018 | 0.026 | 0.541
12.54 839 | 9.85 17.04 0.15| 9.20 | 0.50 0.52 14.51 | 15.02 | 0.057 | 0.010 | 0.007 | 0.054 | 0.083 | 0.558
13.10 9.32 | 10.04 18.56 0.18 | 9.42 |0.72 0.89 14.68 | 15.57 | 0.082 | 0.014 | 0.010 | 0.076 | 0.119 | 0.598
15.53 14.01 | 11.98 23.39 0.28 | 11.46 | 2.76 6.76 16.19 | 22.96 | 0.317 | 0.055 | 0.039 | 0.241 | 0.460 | 0.610
17.86 19.59 | 13.83 28.33 0.41 | 13.44 | 4.74 15.23 17.53 | 32.76 | 0.545 | 0.095 | 0.068 | 0.353 | 0.790 | 0.598
18.82 22.21 | 13.90 31.96 0.52 | 13.62 | 4.92 16.11 17.65 | 33.77 | 0.566 | 0.098 | 0.070 | 0.361 | 0.820 | 0.658
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Table (B-1) Continued

Model 3 D= 8*8cm, b=50 cm tan =0
2

hocm | Queasl/sec | yocm VOCICn/se vcofnZg c\r(n H cm | Q,l/sec I/?éc I/?(:c H/P H/b H/L H/Y H/D cd
16.80 17.04 | 13.11 25.99 0.34 | 12.65 1.55 2.86 | 30.25 | 33.11 0.14 0.03 0.02 0.12 0.19 | 0.515
17.01 17.43 13.6 25.63 0.33 | 13.13 2.03 4.29 | 30.82 | 35.10 0.18 0.04 0.03 0.15 0.25 | 0.497
18.20 20.50 | 14.43 28.41 0.41 | 14.04 2.94 7.45 | 31.86 | 39.31 0.27 0.06 0.04 0.21 0.37 | 0.521
19.90 25.39 | 15.36 33.06 0.56 | 15.12 4.02 11.89 | 33.06 | 44.95 0.36 0.08 0.06 0.27 0.50 | 0.565
20.43 27.03 | 15.81 34.18 0.60 | 15.61 4.51 14.14 | 33.59 | 47.74 0.41 0.09 0.06 0.29 0.56 | 0.566
21.53 30.67 | 16.63 36.88 0.69 | 16.52 5.42 18.65 | 34.56 | 53.21 0.49 0.11 0.08 0.33 0.68 | 0.576
23.15 36.49 17.9 40.78 0.85 | 17.95 6.85 26.45 | 36.02 | 62.47 0.62 0.14 0.10 0.38 0.86 | 0.584

Model 4 D= 10*10 cm, b=50 cm tan A=0
19.33 23.68 | 14.81 31.98 0.52 | 14.53 0.93 1.33 | 50.65 | 51.97 | 0.068 | 0.019 | 0.013 | 0.064 | 0.093 | 0.456
20.40 26.95 | 15.74 34.24 0.60 | 15.54 1.94 3.98 | 52.37 | 56.35 | 0.142 | 0.039 | 0.028 | 0.125 | 0.194 | 0.478
20.90 28.56 16.1 35.48 0.64 | 15.94 2.34 5.29 | 53.05 | 58.34 | 0.172 | 0.047 | 0.033 | 0.147 | 0.234 | 0.490
21.20 29.55 | 16.39 36.06 0.66 | 16.25 2.65 6.38 | 53.56 | 59.94 | 0.195 | 0.053 | 0.038 | 0.163 | 0.265 | 0.493
22.15 32.83 | 1641 40.01 0.82 | 16.43 2.83 7.01 | 53.85 | 60.86 | 0.208 | 0.057 | 0.040 | 0.172 | 0.283 | 0.539
22.50 34.09 | 17.21 39.61 0.80 | 17.21 3.61 10.13 | 55.12 | 65.24 | 0.265 | 0.072 | 0.052 | 0.210 | 0.361 | 0.522
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Table (B-1) Continued

Model 5 D=4*4 cm, b=10 cm tan £=9.515
h,em | Qpessl/sec | yocm | voem/sec Y H Q. l/sec Q H/Y | H/D cd
cm cm I/sec
8.21 3.04 | 7.475 8.14 6.71 | 0.81 0.35| 5.51 0.121 | 0.202 | 0.520
8.73 3.53 | 7.935 8.89 7.18 | 1.28 0.84 | 5.69 0.178 | 0.319 | 0.540
8.97 3.76 | 8.11 9.26 7.35 | 1.45 1.09 | 5.76 0.198 | 0.363 | 0.548
9.15 3.95| 8.23 9.59 7.48 | 1.58 1.29 | 5381 0.211 | 0.394 | 0.556
9.27 4.07 | 8.32 9.78 7.57 | 1.67 145 | 5.85 0.220 | 0.417 | 0.558
9.54 4.36 | 8.575 10.16 7.83 | 1.93 1.95| 5.95 0.246 | 0.482 | 0.551
10.97 6.08 | 9.30 13.08 8.59 | 2.69 396 | 6.23 0.313 | 0.672 | 0.597
14.83 12.53 | 11.85 21.15 11.28 | 5.38 18.76 | 7.14 0.477 | 1.345 | 0.484
Model 6 D=6%6 cm, b=10cm tan #=9.515
11.49 6.80 | 9.50 14.32 8.80 | 0.10 0.01 14.19 0.012 | 0.017 | 0.479
11.59 6.95 | 9.61 14.45 8.92 | 0.22 0.03 14.28 0.024 | 0.036 | 0.485
12.15 7.78 | 10.58 14.70 9.89 | 1.19 0.73 15.04 0.120 | 0.198 | 0.493
12.72 8.68 | 11.11 15.63 10.43 | 1.73 1.56 15.45 0.166 | 0.289 | 0.510
13.73 10.43 | 11.87 17.57 11.23 | 2.53 3.47 16.03 0.225 | 0.421 | 0.535
14.70 12.28 | 12.50 19.65 11.90 | 3.20 5.79 16.50 0.269 | 0.533 | 0.551
22.36 12,651 3.95 931 17.01 03131 0.659-1 0.561
15.87 14.76 13.20
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Table (B-1) Continued

Model 7 D=8*8 cm, b=10 cm tan £=9.515
v2/2g 14 H Q. Qt
h,em | Quedsl/sec | yocm | v,cm/sec om om om Qul/sec ysec | Isec H/P H/b H/L H/Y | H/D cd
15.86 14.74 | 13.05 22.58 0.26 1251 | 1.41 1.02 30.07 | 31.10 | 0.127 | 0.141 | 0.020 | 0.113 | 0.176 | 0.474
15.79 14.58 13.09 22.28 0.25 1254 | 1.44 1.07 30.11 | 31.19 | 0.130 | 0.144 | 0.021 | 0.115 | 0.180 | 0.467
16.21 15.53 13.46 23.06 0.27 1294 | 1.84 1.76 30.58 | 32.34 | 0.165 | 0.184 | 0.026 | 0.142 | 0.230 | 0.480
16.33 15.80 | 13.67 23.12 0.27 13.14 | 2.04 2.20 30.83 | 33.03 | 0.184 | 0.204 | 0.029 | 0.155 | 0.255 | 0.479
16.28 15.69 13.70 22.90 0.27 13.17 | 2.07 2.26 30.85 | 33.11 | 0.186 | 0.207 | 0.030 | 0.157 | 0.258 | 0.474
16.73 16.75 14.04 23.86 0.29 13.53 | 2.43 3.19 31.28 | 34.46 | 0.219 | 0.243 | 0.035 | 0.180 | 0.304 | 0.486
18.86 22.32 15.85 28.17 0.40 1545|435 | 11.58 | 33.43 |45.00 | 0.392 | 0.435 | 0.062 | 0.282 | 0.544 | 0.496
Model 8 D=10*10 cm, b=10 cm tan 8=9.515
19.07 22.93 14.47 31.69 0.51 14.18 | 0.58 0.19 50.03 | 50.22 | 0.043 | 0.058 | 0.008 | 0.041 | 0.058 | 0.456
19.2 23.30 | 14.70 31.70 0.51 14.41 | 0.81 0.35 50.44 | 50.79 | 0.060 | 0.081 | 0.012 | 0.056 | 0.081 | 0.459
19.48 24.11 15.11 31.91 0.52 14.83 | 1.23 0.78 51.16 | 51.94 | 0.090 | 0.123 | 0.018 | 0.083 | 0.123 | 0.464
19.69 24.75 15.47 32.00 0.52 15.19 | 1.59 1.31 51.78 | 53.10 | 0.117 | 0.159 | 0.023 | 0.105 | 0.159 | 0.466
19.95 25.54 | 15.70 32.54 0.54 1544 | 1.84 1.77 52.20 | 53.97 | 0.135 | 0.184 | 0.026 | 0.119 | 0.184 | 0.473
22.24 33.15 16.68 39.75 0.81 16.69 | 3.09 5.36 54.27 | 59.63 | 0.227 | 0.309 | 0.044 | 0.185 | 0.309 | 0.556
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Table (B-1) Continued

Model 9 D=4*4 cm, b=10 cm tan 6=6.314
v2o/2g 14 H Q. Qt
h.cm | Quedsl/sec | yocm | voem/sec om om om Q. l/sec Vsec | Isec H/P H/b H/L H/Y | H/D cd
8.30 3.12 7.60 8.21 0.03 6.83 | 0.93 0.39 5.56 5.95 | 0.158 | 0.093 | 0.013 | 0.137 | 0.234 | 0.524
8.67 346 | 8.10 8.55 0.04 7.34 | 1.44 0.88 5.76 | 6.64 | 0.244 | 0.144 | 0.021 | 0.196 | 0.359 | 0.522
9.10 3.89 | 8.33 9.33 0.04 7.58 | 1.68 1.19 5.85 7.04 | 0.285 | 0.168 | 0.024 | 0.222 | 0.420 | 0.552
9.26 405 | 8.47 9.57 0.05 7.72 | 1.82 1.39 5.90 | 7.29 | 0.308 | 0.182 | 0.026 | 0.235 | 0.454 | 0.556
9.34 414 | 8.70 9.53 0.05 7.95 | 2.05 1.76 5.99 7.75 | 0.347 | 0.205 | 0.029 | 0.258 | 0.512 | 0.535
9.73 457 | 8.92 10.24 0.05 8.18 | 2.28 2.18 6.08 8.26 | 0.386 | 0.228 | 0.033 | 0.279 | 0.570 | 0.553
14.71 12.29 | 12.20 20.15 0.21 11.61 | 5.71 15.63 7.24 | 22.87 | 0.967 | 0.571 | 0.082 | 0.492 | 1.427 | 0.537
Model 10 D=6*6 cm, b=10 cm tan #=6.314
12.09 7.69 | 10.41 14.77 0.11 9.72 | 1.02 0.46 | 14.91 | 15.37 | 0.117 | 0.102 | 0.015 | 0.105 | 0.170 | 0.500
12.25 7.92 | 10.61 14.93 0.11 9.93 | 1.23 0.65 | 15.07 | 15.72 | 0.141 | 0.123 | 0.018 | 0.124 | 0.205 | 0.504
12.47 8.28 | 10.92 15.15 0.12 | 10.24 | 1.54 1.01 | 1531 |16.31 | 0.177 | 0.154 | 0.022 | 0.151 | 0.257 | 0.507
12.93 9.02 | 11.35 15.90 0.13 | 10.68 | 1.98 1.64 | 15.63 | 17.27 | 0.227 | 0.198 | 0.028 | 0.185 | 0.330 | 0.522
13.50 10.01 | 11.89 16.84 0.14 | 11.23 | 2.53 2.72 | 16.03 | 18.75 | 0.291 | 0.253 | 0.036 | 0.226 | 0.422 | 0.534
14.62 12.12 | 12.72 19.05 0.19 | 12.11 | 3.41 5.06 | 16.64 | 21.71 | 0.392 | 0.341 | 0.049 | 0.282 | 0.568 | 0.558
18.13 20.31 15.01 27.05 0.37 14.59 5.89 16.76 18.27 35.03 0.677 0.589 0.084 0.404 0.981 0.580
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Table (B-1) Continued

Model 11 D=8*8 cm, b=10 cm tan §=6.314
h,em | Queasl/sec | yo.cm | voecm/sec \fﬁg c)/n c’;ln Q.l/sec | /?;c | /?Zc H/P H/b H/L H/Y | H/D cd
15.7 14.38 12.87 22.35 0.25 | 12.32 | 1.22 0.65 | 29.85 | 30.50 | 0.110 | 0.122 | 0.017 | 0.099 | 0.153 | 0.472
15.77 14.54 12.95 22.45 0.26 | 1241 | 1.31 0.73 | 29.95 | 30.68 | 0.118 | 0.131 | 0.019 | 0.105 | 0.163 | 0.474
16.14 15.37 | 13.435 22.88 0.27 | 12.90 | 1.80 1.36 | 30.54 | 31.91 | 0.162 | 0.180 | 0.026 | 0.140 | 0.225 | 0.482
16.29 15.71 13.65 23.02 0.27 | 13.12 | 2.02 1.71 | 30.80 | 32.51 | 0.182 | 0.202 | 0.029 | 0.154 | 0.253 | 0.483
16.56 16.34 | 13.975 23.39 0.28 | 13.45 | 2.35 2.33 | 31.19 | 33.52 | 0.212 | 0.235 | 0.034 | 0.175 | 0.294 | 0.488
16.99 17.38 14.5 23.97 0.29 | 13.99 | 2.89 3.58 | 31.81 | 35.38 | 0.261 | 0.289 | 0.041 | 0.207 | 0.362 | 0.491
20.31 26.66 17.1 31.19 0.50 | 16.80 | 5.70 15.56 | 34.85 | 50.41 | 0.513 | 0.570 | 0.081 | 0.339 | 0.712 | 0.529
Model 12 D=10*10 cm, b=10 cm tan §=6.314
19.07 2291 14.5 31.60 0.51 | 14.21 | 0.61 0.18 | 50.08 | 50.26 | 0.045 | 0.061 | 0.009 | 0.043 | 0.061 | 0.456
19.37 23.78 14.99 31.73 0.51 | 14.70 | 1.10 0.53 | 50.94 | 51.48 | 0.081 | 0.110 | 0.016 | 0.075 | 0.110 | 0.462
19.62 24.53 15.44 31.77 0.51 | 15.15 | 1.55 1.02 | 51.72 | 52.74 | 0.114 | 0.155 | 0.022 | 0.103 | 0.155 | 0.465
20.00 25.70 | 15.825 32.48 0.54 | 15.56 | 1.96 1.62 | 52.41 | 54.03 | 0.144 | 0.196 | 0.028 | 0.126 | 0.196 | 0.476
20.40 26.95 16.38 32.90 0.55 | 16.13 | 2.53 2.71 | 53.36 | 56.07 | 0.186 | 0.253 | 0.036 | 0.157 | 0.253 | 0.481
20.95 28.72 16.86 34.07 0.59 | 16.65 | 3.05 4.00 | 54.21 | 58.22 | 0.224 | 0.305 | 0.044 | 0.183 | 0.305 | 0.493
21.94 32.07 17.805 36.02 0.66 17.67 4.07 7.39 5584 63.24 0.299 0.407 0.058 0.230 0.407 0.507
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Table (B-2) Measured and calculated data for the Broad Crested Weir flow

Model 1 P=5.9 cm,b=50 cm tan 6=0
h,em | Qpedsl/sec | yocm | voecm/sec \fﬁg c:/n Hem | Qu/sec | H/P | H/b | H/L cd
7.15 2.18 8.18 5.33 0.01 7.39 1.49 2.70 | 0.25| 0.03 | 0.02 | 0.809
7.33 2.32 8.2 5.65 0.02 7.42 1.52 2.76 | 0.26 | 0.03 | 0.02 | 0.840
7.88 2.75 8.5 6.48 0.02 7.72 1.82 3.63| 0.31|0.04| 0.03|0.759
8.62 341 8.9 7.67 0.03 8.13 2.23 492 | 0.38 | 0.04 | 0.03 | 0.695
11.28 6.51 | 10.14 12.84 0.08 | 9.42 3.52 9.77 | 0.60 | 0.07 | 0.05 | 0.666
11.96 7.49 | 10.56 14.18 0.10| 9.86 3.96 11.64 | 0.67 | 0.08 | 0.06 | 0.643
14.13 11.17 | 11.71 19.08 0.19 | 11.10 | 5.20 17.48 | 0.88 | 0.10 | 0.07 | 0.639
Model 2 P=8.7 cm, b=50 cm tan 8=0
10.10 4.99 12.3 8.12 0.03 | 11.53 2.83 7.04 | 0.33 | 0.06 | 0.04 | 0.709
12.50 8.33 | 13.61 12.23 0.08 | 12.89 | 4.19 12.64 | 0.48 | 0.08 | 0.06 | 0.658
13.57 10.14 | 14.26 14.22 0.10 | 13.56 | 4.86 15.83 | 0.56 | 0.10 | 0.07 | 0.640
14.38 11.65 | 14.85 15.69 0.13 | 14.18 5.48 1891 | 0.63 | 0.11 | 0.08 | 0.616
16.03 15.12 15.8 19.14 0.19 | 15.19 6.49 2439 | 0.75] 0.13 | 0.09 | 0.620
16.78 16.87 16.35 20.63 0.22 15.77 7.07 27.73 081 0.14 0.10 0.608
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Table (B-2) Continued

Model 3 P=11.1 cm, b=50 cm tan 6=0
h,em | Qpedsl/sec | yocm | voem/sec Ve/29 Y H Qul/sec | H/P | H/b | H/L cd
cm cm cm
6.90 2.00 | 13.69 2.93 0.00 | 12.89 | 1.79 3.55(0.16 | 0.04 | 0.03 | 0.564
11.47 6.77 16 8.47 0.04 | 15.24 | 4.14 12.42 | 0.37 | 0.08 | 0.06 | 0.545
12.77 8.76 | 16.82 10.42 0.06 | 16.08 | 4.98 16.38 | 0.45 | 0.10 | 0.07 | 0.535
14.27 11.44 | 17.78 12.87 0.08 | 17.06 | 5.96 21.50 | 0.54 | 0.12 | 0.09 | 0.532
15.62 14.21 | 18.63 15.25 0.12 | 1795 | 6.85 26.46 | 0.62 | 0.14 | 0.10 | 0.537
16.01 15.07 | 18.84 16.00 0.13 | 18.17 | 7.07 27.75 1 0.64 | 0.14 | 0.10 | 0.543
Model 4 P=13.6 cm, b=50 cm tan #=0
7.25 2.25 | 16.23 2.78 0.00 | 15.43 | 1.83 3.67 | 0.13 | 0.04 | 0.03 | 0.615
8.86 3.65 | 16.92 4.31 0.01 | 16.13 | 2.53 5.94 | 0.19 | 0.05| 0.04 | 0.614
11.17 6.36 | 18.18 6.99 0.02 | 17.40 | 3.80 10.96 | 0.28 | 0.08 | 0.05 | 0.580
12.70 8.65 | 19.11 9.05 0.04 | 1835 | 4.75 15.29 | 0.35 | 0.10 | 0.07 | 0.566
13.87 10.68 | 19.69 10.85 0.06 | 1895 | 5.35 18.27 | 0.39 | 0.11 | 0.08 | 0.585
15.62 14.21 | 20.82 13.65 0.09 | 20.11 | 6.51 24,55 | 0.48 | 0.13 | 0.09 | 0.579
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Table (B-2) Continued

Model 5 P=5.9cm, b=10 cm tan 6=9.515
h,em | Qpessl/sec | yo.cm | v,em/sec vzg/rjg Y cm c,;ln Qul/sec | H/P | H/b | H/L cd
2.10 0.12 7.22 0.32 0.00 6.42 | 0.52 0.15 | 0.09 | 0.05| 0.01 | 0.748
1.89 0.09 7.24 0.25 0.00 6.44 | 0.54 0.17 | 0.09 | 0.05| 0.01 | 0.543
4.00 0.54 8.1 1.34 0.00 7.30 | 1.40 1.01| 0.24 | 0.14 | 0.02 | 0.536
5.43 1.13 8.48 2.66 0.00 7.68 | 1.78 1.66 | 0.30 | 0.18 | 0.03 | 0.680
7.08 2.13 9.1 4.68 0.01 831 | 241 3.13 | 0.41 | 0.24 | 0.03 | 0.680
8.46 3.27 9.7 6.74 0.02 8.92 | 3.02 5.12 | 0.51 | 0.30 | 0.04 | 0.638
12.84 8.87 | 12.04 14.74 0.11 | 1135 | 545 19.35 | 0.92 | 0.55| 0.08 | 0.459
Model 6 P=8.7 cm, b=50 cm tan £=9.515
2.09 0.11 | 10.005 0.23 0.00 9.21 | 0.51 0.15 | 0.06 | 0.05 | 0.01 | 0.779
2.81 0.23 10.13 0.46 0.00 9.33 | 0.63 0.22 | 0.07 | 0.06 | 0.01 | 1.063
3.22 0.32 | 10.195 0.63 0.00 9.40 | 0.70 0.26 | 0.08 | 0.07 | 0.01 | 1.230
4.37 0.67 | 10.71 1.25 0.00 991 | 1.21 0.76 | 0.14 | 0.12 | 0.02 | 0.886
5.72 1.28 | 11.465 2.23 0.00 | 10.67 | 1.97 2.04 | 0.23 | 0.20 | 0.03 | 0.629
7.33 2.32 11.93 3.88 0.01 | 11.14 | 2.44 3.21 | 0.28 | 0.24 | 0.03| 0.721
9.03 3.82 12.65 6.04 0.02 | 11.87 | 3.17 5.68 | 0.36 | 0.32 | 0.05| 0.672
11.11 6.27 | 13.925 9.00 0.04 | 13.17 | 4.47 12.26 | 0.51 | 0.45| 0.06 | 0.511
13.36 9.77 15.27 12.79 0.08 14.55 5.85 22.81 0.67 059 0.08 0.428
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Table (B-2) Continued

Model 7 P=11.1 cm, b=10 cm fan 6=9.515
h,em | Qpessl/sec | y,cm | voem/sec Ve/29 Y H Qul/sec | H/P | H/b | H/L cd
cm cm cm
2.57 0.19 12.81 0.29 0.00 | 12.01 | 0.91 0.43 |1 0.08|0.09| 0.01]0.432
3.93 0.52 13.25 0.78 0.00 | 12.45 | 1.35 0.94|0.12 | 0.14 | 0.02 | 0.553
4.50 0.72 13.77 1.04 0.00 | 12.97 | 1.87 1.8310.17 | 0.19| 0.03| 0.392
5.62 1.22 14.08 1.74 0.00 | 13.28 | 2.18 2.5310.20| 0.22 | 0.03 | 0.484
8.15 2.99 15.24 3.92 0.01| 14.45 | 3.35 6.42 | 0.30 | 0.33 | 0.05 | 0.466
12.57 8.44 17.46 9.67 0.05| 16.71 | 5.61 20.66 | 0.51 | 0.56 | 0.08 | 0.409
Model 8 P=13.6 cm, b=10 cm tan £=9.515
1.84 0.08 14.93 0.11 0.00 | 14.13 | 0.53 0.16 | 0.04 | 0.05 | 0.01 | 0.526
1.47 0.05 | 14.955 0.07 0.00 | 14.16 | 0.56 0.17 | 0.04 | 0.06 | 0.01 | 0.285
3.92 0.52 15.29 0.68 0.00 | 14.49 | 0.89 0.42 |1 0.07 | 0.09 | 0.01 ] 1.244
6.76 1.91 16.72 2.28 0.00 | 15.92 | 2.32 289 |0.17| 0.23 | 0.03 | 0.659
8.38 3.19 17.6 3.63 0.01 | 16.81 | 3.21 5.83|0.24 | 0.32 | 0.05 | 0.547
12.87 8.93 20.16 8.86 0.04 19.40 5.80 22.33 043 0.58 0.08 0.400
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Table (B-2) Continued

Model 9 P=5.9 cm, b=10 cm tan 6=6.314
h.cm | Queasl/sec YoCm v,cm/sec sz/rjg Y cm c/;/n Qul/sec | H/P | H/b | H/L cd
2.16 0.12 7.375 0.34 0.00 6.58 | 0.68 0.22 | 0.11 | 0.07 | 0.01 ]| 0.563
2.84 0.24 7.47 0.64 0.00 6.67 | 0.77 0.28 | 0.13 | 0.08 | 0.01 | 0.860
5.54 1.18 8.365 2.82 0.00 7.57 | 1.67 1.17 | 0.28 | 0.17 | 0.02 | 1.006
6.06 1.47 9.04 3.25 0.01 8.25 | 2.35 232 | 040 | 0.23 | 0.03| 0.633
8.30 3.12 | 10.025 6.22 0.02 9.24 | 3.34 486 | 0.57 | 0.33| 0.05| 0.642
9.70 4,53 | 10.735 8.44 0.04 9.97 | 4.07 741 | 0.69 | 041 | 0.06| 0.611
Model 10 P=8.7 cm, b=10 cm tan 8=6.314
2.25 0.14 9.83 0.28 0.00 9.03 | 0.33 0.07 | 0.04 | 0.03 | 0.00 | 2.087
3.41 0.37 | 10.295 0.72 0.00 9.50 | 0.80 0.29 | 0.09 | 0.08 | 0.01 | 1.259
5.45 1.14 | 11.315 2.01 0.00 | 10.52 | 1.82 1.39| 0.21 | 0.18 | 0.03 | 0.820
6.70 1.87 | 12.055 3.10 0.00 | 11.26 | 2.56 277 | 0.29 | 0.26 | 0.04 | 0.673
7.59 2.52 | 12.545 4.01 0.01 | 11.75 | 3.05 400| 035 | 0.31| 0.04 | 0.629
8.57 3.37 13 5.18 0.01 | 12.21 | 3.51 540 | 040 | 0.35| 0.05]| 0.624
12.83 8.85 15.245 11.62 0.07 14.51 5.81 16.29 0.67 0.58 0.08 0.543
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Table (B-2) Continued

Model 11 P=11.1 cm, b=10 cm tan 6-6.314
h,ecm | Qmeasl/sec | yocm | voecm/sec Ve/29 Y H Q.l/sec | H/P | H/b | H/L cd
cm cm cm
2.15 0.12 | 12.765 0.19 0.00 | 11.97 | 0.87 0.34 | 0.08 | 0.09 | 0.01 | 0.358
2.98 0.27 13 0.41 0.00 | 12.20 | 1.10 0.53 | 0.10 | 0.11 | 0.02 | 0.505
4.34 0.66 13.8 0.95 0.00 | 13.00 | 1.90 1.52 |1 0.17 | 0.19 | 0.03 | 0.435
5.57 1.20 | 14.255 1.68 0.00 | 13.46 | 2.36 234 |0.21|0.24 | 0.03 | 0.512
6.60 1.80 | 14.815 2.43 0.00 | 14.02 | 2.92 3.64 | 0.26 | 0.29 | 0.04 | 0.494
7.465 2.42 | 15.215 3.18 0.01 | 14.42 | 3.32 478 | 0.30 | 0.33 | 0.05 | 0.506
12.85 8.90 18.03 9.87 0.05 | 17.28 | 6.18 18.69 | 0.56 | 0.62 | 0.09 | 0.476
Model 12 P=13.6 cm, b=10 cm tan 8=6.314
1.90 0.09 15.13 0.12 0.00 | 14.33 | 0.73 0.25 | 0.05| 0.07| 0.01 | 0.361
3.105 0.30 15.26 0.39 0.00 | 14.46 | 0.86 0.34 | 0.06 | 0.09 | 0.01 | 0.874
5.10 0.97 16 1.21 0.00 | 15.20 | 1.60 1.08 | 0.12 | 0.16 | 0.02 | 0.897
6.35 1.64 | 17.105 1.92 0.00 | 16.31 | 2.71 3.11 | 0.20 | 0.27 | 0.04 | 0.528
9.23 4.03 18.36 4.39 0.01 | 17.57 | 3.97 7.02 1 0.29 | 0.40| 0.06 | 0.574
12.84 8.87 20.525 8.64 0.04 19.76 6.16 1858 0.45 0.62 0.09 0.477
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Table (B-3) Measured and calculated data for the Culvert flow

Model 1 D=4 cm
h,cm Quneasl/sec Yo€m vo,cm/sec VZC"/ng Y cm | /?éc Y/L Y/D cd

9.55 4.37 10.8 8.09 0.03 10.43 6.87 0.15 2.608 0.636
9.80 4.65 11.97 7.76 0.03 11.60 7.24 0.17 2.900 0.642
9.84 4.69 12.59 7.45 0.03 12.22 7.43 0.17 3.055 0.631
11.89 7.38 24.64 5.99 0.02 24.26 | 10.47 0.35 6.065 0.705
11.90 7.40 26.28 5.63 0.02 2590 | 10.82 0.37 6.474 0.684
12.63 8.53 28.68 5.95 0.02 28.30 | 11.31 0.40 7.075 0.755

Model 2 D=6 cm
11.10 6.26 8.8 14.23 0.10 8.50 | 13.95 | 0.1215 1.417 0.449
11.90 7.40 9.63 15.37 0.12 9.35 | 14.63 | 0.1336 1.558 0.506
13.79 10.54 12.99 16.22 0.13 12.72 | 17.06 | 0.1818 2.121 0.618
15.39 13.71 17.42 15.74 0.13 17.15 | 19.80 | 0.2449 2.858 0.692
15.80 14.60 19.23 15.19 0.12 18.95 | 20.82 | 0.2707 3.158 0.701
17.83 19.51 29.25 13.34 0.09 28.94 | 25.73 | 0.4134 4,823 0.758
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Table (B-3) Continued

Model 3 D=8 cm
Vo/2g Q.
h,cm Qpeasl/seC YoCm v.cm/sec om Y cm sec Y/L Y/D cd
15.41 13.75 12.23 22.49 0.26 12.09 | 29.56 | 0.17268 1.511 0.465
15.81 14.62 13.1 22.33 0.25 12.95 | 30.60 | 0.18506 1.619 0.478
16.79 16.89 154 21.94 0.25 15.25 | 33.20 | 0.21779 1.906 0.509
17.20 17.90 16.1 22.23 0.25 15.95 | 33.96 | 0.22789 1.994 0.527
17.95 19.83 18.76 21.14 0.23 18.59 | 36.66 | 0.26554 2.323 0.541
18.77 22.07 21.19 20.83 0.22 21.01 | 38.98 | 0.30016 2.626 0.566
20.50 27.27 28.26 19.30 0.19 28.05 | 45.03 | 0.40071 3.506 0.605
Model 4 D=10cm
15.12 13.14 10.04 26.18 0.35 9.99 | 41.99 | 0.14271 0.999 0.313
16.58 16.39 11.47 28.58 0.42 11.49 | 45.03 | 0.16409 1.149 0.364
17.18 17.85 12.13 29.43 0.44 12.17 | 46.35 | 0.17388 1.217 0.385
17.32 18.20 12.29 29.62 0.45 12.34 | 46.67 | 0.17625 1.234 0.390
17.81 19.46 12.82 30.36 0.47 12.89 | 47.70 | 0.18414 1.289 0.408
17.89 19.67 12.83 30.66 0.48 12.91 | 47.73 | 0.18442 1.291 0.412
18.49 21.29 13.63 31.24 0.50 13.73 | 49.22 | 0.19611 1.373 0.432
19.17 23.21 14.82 31.33 0.50 14.92 | 51.32 | 0.21315 1.492 0.452
20.16 26.19 16.8 31.18 0.50 16.90 | 54.61 | 0.24137 1.690 0.480
21.53 30.67 19.11 32.10 0.53 19.24 | 58.27 | 0.27479 1.924 0.526
22.30 33.36 21.3 31.33 0.50 21.40 | 61.46 | 0.30572 2.140 0.543
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