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ABSTRACT

A theoretical relationship for calculating the sequent depth ratio of the hydraulic
jump formed in rectangular horizontal and roughened bed channels has been offered.
This has been achieved based on considering the effect of drag force due to bed
roughness in the momentum equation of hydraulic jumps. Two dimensionless
parameters, dimensionless drag effect and dimensionless roughness effect are
developed in order to observe the effect of roughness height on the magnitude of
drag. Also, the effect of dimensionless drag effect on drag coefficient during
hydraulic jump is achieved for different roughness heights at the bottom of channel.
Within this study, another important physical phenomena occurring during hydraulic
jumps that is the roller length as well investigated. A new model is developed for
estimating the roller length in rectangular channels in terms of conjugate depths and
upstream flow velocity. The developed equation has been tested for different type of

rectangular cross section roughened beds as well.

Keywords: Hydraulic jump, roughened bed, rectangular channel, drag force, roller

length.



Oz

Dikdortgen kesitlerde taban piiriizliiliikklerinin hidrolik sigrama iizerinde yaptig1 etki
arastirllmis ve sigrama oOncesi ve sonrast su derinlikleri ile 1ilgili bagntisi
tanimlanmaya calisilmistir. Bagintinin elde edilmesinde hidrolik sigrama aninda
momentumun Korunumu ilkesi baz alinmis ve momentumun korunumu denklemi
cozllerek kanal tabanindaki piiriizliiliik ile siiriikleme (drag) kuvveti arasinda bir
iliski kurulmustur. Boyutsuz parametreler, boyutsuz siirilkleme etkisi ve boyutsuz
puriizliliik etkisi, kullanilarak piiriiz yiiksekliginin hidrolik sigramaya yaptigi etki
gozlemlenmistir. Bu ¢alismada ayrica hidrolik sigramalar sirasinda ortaya ¢ikan bir
diger 6nemli fiziksel fenomen olan sigrama uzunlugu da bir model gelistirilerek
eslenik derinlikler ve menba akis hizi cinsinden yazilmis ve Dikdortgen kesitlerde
sigrama uzunlugunu tahmin etmek igin gelistirilmistir. Gelistirilen bu denklem farkli
plriizliiliik katsayisina sahip olan ortamlar icin test edilmis ve hidrolik sigrama

uzunlugu Dikddrtgen kesitler i¢in modellenmistir.

Anahtar Kelimeler: Hidrolik Sigrama, piiriizlii yatak, dikdortgen kanal, siirikleme

kuvveti, sigrama uzunlugu.
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Chapter 1

INTRODUCTION

1.1 Introduction

Whenever the water is not capable to control its power, it releases its excess energy
and rearranges itself into a new balanced state. This phenomenon occurs naturally
and can be easily observed while wave breaks at coastal areas and where hydraulic
jump occurs in open channel flows.

Different researchers (Chow, 1959; Munson, 1990) have defined hydraulic jump
several times and in general, all these definitions can be simplified by defining the

jump as a rapid transition of flow from a high velocity condition into slower motion.

The hydraulic jump behavior of water in open channels can be used artificially in
order to get benefits for engineering applications. It can be used for energy
dissipation purposes at hydraulic structures in order to minimize the damages caused
by scouring. The increase in water levels after the hydraulic jump helps obtaining
higher heads for water distribution purposes like in irrigation channels. The chaotic
behavior of water during the jump helps to mix different chemicals without extra
energy requirements especially at water purification works. Among these
applications, energy dissipation is the most important phenomenon; and for this
purpose, roughened beds like corrugated bed, stilling basins, gravel bed, or
combination of these are generally designed. Generally, fixing the location of the

hydraulic jump, increasing the rate of the energy dissipation during the hydraulic



jump and minimizing the cost of the hydraulic structures are the main design

motivations in hydraulics engineering.

Two dominant hydraulic jump characteristics are the length of the jump and the
conjugate depths before and after the jump. These characteristics are usually used to
illustrate the amount of energy dissipation during the jump. The length of a jump can
be defined as the interim between the front face of the jump and the point exactly
after the jump where subcritical state has been formed whereas conjugate depths are

the depths exactly before and after the jump (figure 2.1) (Chow, 1959).

Rajaratnam (1968) has shown that the roughness of the surfaces decreases the length
of the jump and the tailwater depth in open channels. The decrease in the length of
the jump on the other hand helps to decrease the length of the stilling basins just at

the dam’s downstream side and cause to minimize the cost of this structure.

Ead and Rajaratnam (2002) improved the roughness studies by using corrugated beds
and illustrated that length of the jump on corrugated beds is half of the jump length

on smooth beds.

So far, several times it is proved that rough beds lead to reduction of the length of the
jump and depth of the tailwater (Rajaratnam, 1968; Hughes and Flack, 1984; Negm,
1996; Ead and Rajaratnam, 2002). It is obvious that, whenever the interaction of the
rough bed with flow occurs, shear stress increases and more energy dissipate

consequently.



In this current study, the momentum equation is used together with the drag force
relationship to obtain a reasonable drag coefficient in different rough bed
characteristics. For applying this, a coefficient B is introduced to the momentum
equation, which is modified by the drag force as a retarding force. The B values gave
the reasonable drag coefficients (Cp), which are related to the geometry of the

roughness.
1.2 The Outcome of This Study

The substantial goal of the present study is to apprehend the influences of roughness

on hydraulic jumps by means of drag coefficient derived from momentum equations.

In chapter two, hydraulic jump characteristics in different situations were discussed.
Furthermore, the drag force and its effects explained. In addition, in literature review,
the studies carried out before related to the roughness effects on hydraulic jumps
were illustrated. In chapter 3, theoretical studies about the effect of the roughness on
the hydraulic jump characteristics, such as sequent depths ratio with respect to drag
force and the roller length and the relationship between them were expressed. In
chapter 4, graphical illustrations of the effects of roughness elements on the jump

characteristics were presented. In chapter 5, the results were summarized.

In Appendices, all experimental data, which was used for this study, is given.



1.3 Literatures Review

Rajaratnam (1968) carried out the early studies on hydraulic jump regarding rough
beds. In this work, relative roughness was considered as basin parameter and
upstream Froude number was chosen as flow parameter. His conclusion initiated new
discussions on hydraulic jump phenomena while searching for the effect of

roughness and Froude number on conjugate depths.

Later, Hughes and Flack (1984) in their laboratory experiments, assessed the effects
of impervious rough bed on hydraulic jump properties. Their experiments held in
horizontal rectangular flume with two different roughness geometries, one with
prismatic bars and another with gravels cemented on the basin. The laboratory
observation showed that both sequent depth and the length of the hydraulic jump

reduced due to the boundary roughness’s.

Huger and Bremen (1989) have studied on depth ratio change due to wall friction.
They have obtained that the Blanger equation is not valid for hydraulic jumps
occurring over rough beds. In their study, the determined limit for the scaling
deviation in between experimental data and theoretical calculation was 5 percent. It
was summed up that, observed deviation is due to scaling effects because of reducing
down the model dimensions, also those deviations exceeding these limits are brought

by the fluid viscosity effects.

Alhamid and Negm (1996) perused on hydraulic jump over rectangular, roughened
stilling basin and they have tested the effects of slope of the stilling basin on the flow

characteristic, such as the relationship in between the conjugate depths.



Ead and Rajaratnam (2002) investigated hydraulic jumps on corrugated beds for a
range of Froude number from 4 to 10 and three different relative roughness values
from 0.25 to 0.5. They concluded that the downstream water depths in hydraulic
jumps over corrugated basins are significantly smaller than jumps on smooth beds,
and the length of the jump on corrugated basins are half of the jumps on smooth

ones.

Evcimen (2005) investigated the influences of non-stuck out prismatic bars on jump
while altering the Froude numbers. He obtained that with given upstream condition,
the length of the jump and the depth of the tail water on roughened bed is shorter and

smaller than those on smooth beds.

Carollo et al. (2007) investigated the hydraulic jump on horizontal rough beds
experimentally. Experiments carried out to study the efficacy of roughened channel
surface on the sequent depths ratio and roller length. They have solved the
momentum equation and find its relationship with sequent depths, upstream Froude
number, Fry and the ratio between the roughness height, K, and the upstream flow
depth, y;. Results showed that, bed roughness diminishes the conjugate depth ratio,
also the roller length, L, decreases when roughness height, K augments. As a result,
one boundary shear coefficient that can be approximated by the ratio between the
upstream supercritical depth, y; and roughness height, Ks has been offered. They

suggested the following equation as drag roughness coefficient (Cp),

7 K\ 075
Cp = —arctan (0.8 (—S) ) (1.2)
7T V1

Afzal et al. (2011) offered an effective upstream Froude number which yields

universal predictions for sequent depth ratio, jump length, roller length, jump profile,



and the other hydraulic jump characteristics that are definitely independent of bed

roughness drag. They offered the conjugate depth ratio as

Y2

1
=32 l_l + /1 + 8Frszll (1.2)

where, Fry; is the effective upstream Froude number where

1
Fryy = [(1 - Cp)(1 + 8)]2Fry (1.3)
where, § is the kinetic energy correction factor, and also they suggested drag force

coefficient (Cp) as follows,

K 0.75
Cp= 1—exp —0.55(—5) l (1.4)

Y1




Chapter 2

FUNDAMENTAL DEFINITIONS

2.1 Hydraulic Jump

When a flow passes from super critical regime to subcritical regime in open channels
hydraulic jJump definitely occurs (Fig. 2.1). This phenomenon happens frequently in
the nature and also in man made structures such as at the regulation sluice, at the foot
of spillways or at a place where a steep slope channel suddenly changes into mild
slope. There are several hydraulic jump applications like, energy dissipation at the
downstream of a dam or at the sluice gate, or increasing the water depth within the
irrigation canal so as to divert the water to side canal or field; or to increase the water
depth in an apron to counteract the uplift pressure, also for mixing the chemicals and

for aeration in water distribution systems.

hydraulic jump
high velocity turhbulence slow velocity

<= u}‘c::--:::-\q:- =

‘ Subcritical

¥ us ﬁ Supercritical Critical depth
== depth depth

Figure 2.1: Hydraulic jump’s situation (Potter et. al., 2010)
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2.1.1 Types of Hydraulic Jump

Hydraulic jump on horizontal surface can be conveniently classified in the following
categories according to Froude numbers (Figure 2.2); where Froude number can be
defined as the ratio of inertial forces to gravitational forces.

For incoming Froude number equal to 1 (Fry = 1), the flow is critical and therefore

no jump can form.

For 1 < Fry; < 1.7, the undulations are shown by water surface and the jump is

called undular jump.

For 1.7 < Fr; < 2.5, series of small roller form and the downstream water surface
remains smooth and the energy loss during this jump is low. This jump is called

weak jump.

For 2.5 < Fr; < 4.5, an oscillating jet enters to the bottom of the hydraulic jump to

surface with no periodicity. This jump is called oscillating jump.

For 4.5 < Fr; <9, that is insensitive to downstream conditions. This jump is a

well-balanced jump that offers best performance. This jump is called steady jump.

For Fr; > 9.0, jump is intermittent but has good performance. This jump is called

strong jump.



Types of Fry range Description Energy Schematic
Jump Dissipation
Undular 1<Fr, <17 Undulation are <5% v
Jump shown by water ==
surface
Weak Jump | 1.7 < Fry < 2.5| Small roller forms | 5% - 15%
but downstream -
water surface ——
remains smooth
Oscillating | 2.5 < Fry < 4.5 Unstable, 15% - 45%
Jump Oscillating jet 2.
enters to the
bottom of the
jump, creates large
waves
Steady Jump | 45 < Fr; <9 | Wellbalanced | 45% - 70% T
jump which offers SE e
best performance
Strong Jump Fr; > 9.0 jump is 70% - 85% 5o

intermittent but
good performance

Figure 2.2: Various types of hydraulic jumps (Potter et. al., 2010)




2.1.2 Basic Characteristic of Hydraulic Jump

Hydraulic jump leads to a significant turbulence and dissipation of energy wherever
it occurs. The important parameters of the hydraulic jump are the conjugate depth,
the length of the jJump and the energy dissipation.

a) Conjugate depth

Conjugate depth refers to the upstream depth or the super critical depth (y;) and the
downstream or the subcritical depth (y,) of the hydraulic jump.

The equation (Eg. 2.1), that demonstrates the conjugate depth ratio in hydraulic

jump, is known as Belanger equation, and is valid in smooth rectangular channels.

1
Y2_2([1+8Fn2-1 2.1)
y1 2

where y; is the upstream depth and y, is the downstream depth of the jump, Fr; is

the upstream Froude number, which is

Uy

gy1

Fry = (2.2)

where “v;” is the average velocity of the upstream flow and “g” is the gravitational
acceleration.

Belanger equation is valid for smooth rectangular channels where the effect of
friction is neglected. As soon as the bed roughness’s become significant Belanger
equation needs to be modified and a new definitions must be proposed.

b) Length of the hydraulic jump and roller length

In the literature, two definitions are widely used for the length of the jump. In the
first definition, length of the jump is treated as the distance between the starting point
of the jump at the upstream of the flow and the point immediately after the last roller

at the downstream of the flow (roller length). The second definition is the distance
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from the toe of the jump in supercritical side to the point where the flow surface
states in completely level (Chow, 1959).

In most of the publications, the length of hydraulic jump is not given in terms of
equations and usually defined either as a function of conjugate depths or as a
function of Froude Numbers. An example is the jump length that varies from 4.5y,
to 6.5y, for Froude numbers between 4 and 15 (Potter et. al., 2010). In general, it is
preferred to define the length of hydraulic jump by means of experimental studies.
Seldom, there are numerical studies concentrated on proving a relationship for
hydraulic jump length (Ebrahimi et. al., 2013; Zhao and Misra, 2004; Abbaspour et.
al., 2009). Roller length is the length from the toe of the jump where the surface
roller starts until the last roller in downstream of the flow where the jump is going to

be completed at subcritical level (Figure 2.3).

Chow (1973) defines guidelines about how to estimate the roller length of hydraulic
jump as a function of upstream flow conditions. Hager et al. (1990) reviewed a wider

datasets and correlations. They suggested the following correlation (Equation 2.3) for

wide channel (i.e. §<0.10) (Chanson, 2004), as:

L, Fry
371 = 160tanh <%> —12 2<FT1<16 (23)

where L, is the roller length in meters. This equation is valid for rectangular

horizontal channels.

11
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Figure 2.3: Schematic representation of hydraulic jump with roller length

¢) Hydraulic jump as an energy dissipater

Hydraulic jump is a useful phenomenon to dissipate excess energy of upstream
supercritical flow. It quickly reduces the velocity of the flow on a paved apron to
where the flow does not have the ability for scouring the downstream channel bed
below overflow spillways, chutes, and sluice gates (Chow, 1959).

The loss of energy in hydraulic jump is the difference between the specific energies

before and after the jump as shown in Figure 2.3.

The energy loss during hydraulic jump can be obtained from the following path,

Writing down the energy terms in an open forum results in,

2 2
o Y2’ (2.5)
Y1+Zg <}’2+2g>
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And also velocity, (v) can be expressed as (Q/A), hence, equation (2.4) is redefined

as,

¢* ¢° ) (2.6)

AE= Tyt <2932y12 " 2987,
For the simplification of the above computations, unit discharge (q) can be replaced
the total discharge, Q of the flow. Unit discharge is defined as the total discharge (Q)

per unit width (B) of the channel. Hence,

2 2 2
qa” (Y2" — 1
AE = - — | == 2.7

V1 3’2+2g< ylzyzz > ( )

On the other hand, in fluid dynamics the momentum-force balance over a control
volume is
Ml + Mz = FW + Fd + Fpl +Fp2 (28)

which is shown in Figure 2.4.

Mx=p Q v2
Mi=p Q vy —-—

4

— T -
Fp2

e —
Fp1 F
———— Fd ' w

Figure 2.4: Parameters of a hydraulic jump on a rectangular prismatic channel

where, M is the momentum per unit time (mL/t%), E, is gravitational force due to
weight of water (mL/t%), F, is force due to friction drag (mL/t) and F, is pressure
force (mL/t?). Subscripts 1 and 2 represent upstream and downstream locations,

respectively and units L = length, t = time and m = mass.
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Applying the momentum-force balance in the direction of flow, in a horizontal bed
channel (i.e. F, = 0) and neglecting the frictional force (smooth channel bed and
walls) equation (2.8) can be written as follows:

My + My, = Fpiy + Fpoyx (2.9)
Substituting the components of momentum per unit time and pressure force (with
their respective positive or negative directions)

My, = myvy, = —pQuy and  Fpqy = P14y (2.10)
My, = mpvyy = — pQu, and  Fpy, = P,A,; (2.11)
Finally the equation becomes

— pQuvy + pQu, = P;A; — P,A, (2.12)
where, m; is the mass flow rate (m/t), p is the fluid density (m/L3), Q is the flow rate
or discharge within the channel (L%t), v is flow velocity (L/t), Pis the average
pressure (m/Lt?) and A is the cross sectional area of the flow (L?). Subscripts 1 and 2

represent upstream and downstream locations, respectively.

The equation 2.8, which is called the momentum equation, can be written as
Fp1 — Fpp = pQ(v2 — 1) (2.13)
where, F,, is the pressure force at upstream of the flow, F,, is the pressure force at

the downstream.

Finally, from the momentum equation (Eq. 2.13) one can have,

Y1

2

Y2

o o
: )

B =pQ 2.14
Y2 p(yzB V.B (2.14)

Pg—=y1B —pg

Dividing both side of equation by B, p and g leads to

14



2q° yl—yz]
2_y2_"21 (2.15)
N g LY)1
Simplifying this equation will give,
Q_Z _ y1Y2(y1 + y2) (2.16)
g 2
Substituting Eq. 2.16 in Eq. 2.7 results
Y1Y2(y1 + y2) V2—y1) V1 + y2)
AE =y, —
V1 Y2 + [ 4y12y22
Finally, it simplifies as
AE (y2 —y1)? (2.17)
B 4y1y2

2.2 Drag and Its Effects

When a particle passes through a fluid, an interaction happens between body of the
particle and the fluid; this effect results in forces between fluid and body joint; which
can be explained in terms of two kinds of stresses that are the wall shear stress z,,,,
due to viscous effects and the normal stresses due to the pressure (P). Any particle
passing through a fluid is experiencing a drag, F; which is a net force in the flow
direction due to the shear forces and the pressure on the surface of the particle.

2.2.1 Friction Drag and Pressure Drag

Friction drag (Fgf) occurs due to the shear stress (z,,). The friction drag on a flat

plate of width B and length L can be calculated from
1 2
Fdf = Epvav BLCD (218)

where Cj, is the drag force coefficient. The magnitude of the drag force coefficient
depends on the Reynolds number and the relative roughness. Reynolds number can

be determined from the ratio of inertia forces and viscous forces whereas the relative

15



roughness, which is the result of the boundary layer analysis, can be determined

through experiments.

Pressure drag (Fgp), is that part of the drag which is due to the pressure (P), on the
object. Pressure drag usually refers as form drag, because it depends to the shape of
the object.

2.2.2 Drag Coefficient

As it is mentioned before, the net drag is due to both pressure and shear stress
effects. In most situations, these two effects are taken into account and a drag
coefficient (Cp) which is defined in equation 2.13, is used. Information about the
drag coefficient covers compressible and incompressible viscous flows over any
shape of interest in both artificial and natural channels.

The analysis and effects of drag on objects is usually determined by means of
numerous experiments with water tunnels, wind tunnels, towing tanks etc. Almost all
of these studies concentrated on investigating drag on scale models. The gathered
data from these information can be put into dimensionless form and the results can
be further rationed for calculations. Typically, the resultant drag coefficient equation

for a special shaped object is given as

¢ = % (2.19)
5 Play“A

Munson (1990) said that, drag coefficient depends on several factors such as shape of

the surface, Reynolds number, compressibility, surface roughness and Froude

number.

2.2.3 Roughness and Drag Effects on Hydraulic Jump

Rajaratnam (1968) has done first investigations on how rough beds affect the

hydraulic jump. He mentioned that conjugate depth depends on roughness height.

16



The other researchers such as Hughes and Flack (1984), Huger and Bremen (1990),
Negm (1996) , Ead (2002), Evcimen (2005), Carollo et al. (2007) and Afzal (2011)
carried out their studies to analyze the effects of roughness in hydraulic jump and
they have concluded with different results for different bed roughness characteristics.
As a simplification, it can be said that, when hydraulic jump occurs at a rough bed,
conjugate depth y, and the length of the jump will be shorter than those jumps

passing through smooth beds.

To develop a hydraulic jump and to augment energy dissipation, roughness elements
can be utilized over a channel surface. Roughness elements are in different shapes,
such as corrugated beds, gravels (pebbles and stones) and rectangular prismatic bars

(cubic bars).

Hughes and Flacks (1984) and Evcimen (2005) analyzed the energy dissipation at
hydraulic jumps in the presence of prismatic cubic bars with height “z”, and length of
“X” (Figure 2.5a). The bars were located at the distance of “W” in strip form, coating
the total breadth of the channel bed (Figure 2.5b) or formed in reeled shape, which is

illustrated in Figure 2.5c.

17



X2 w X2
I t i
> - - Z
b 4
X+L
a. Rectangular Prismatic Bars
IW | | x Rectangular Prismatic Bars
‘ L1
W+¥X
b. Strip Form
W x Rectangular Prismatic Bars

||'|'|'|'|'|

W4 X
c. Reeleded Shape

—

A N\ |
/ \//\M/A\J/\\/

N\ /\ FT‘

Ks

d. Corrugated Shape d
50
T35 -5 i
- 5 lrt‘, N _\’,\‘ (?_‘. o . - s .‘\'\ /1'
NI OOY ){ N 4 ) o AR et e
Vo A <Y I's “) &N ;’.—‘ | Y g QO
) i ~f N2 CT A /7
S o = Sy amn 7 =~ }
0. K X {' T =
2N A R () STy
& 2 e el e 232 ( &

e. Gravel Bed

Figure 2.5: Different types of roughness at the channel bed

Ead and Rajaratnam (2002) studied the effects of corrugation with a wave shape with

wavelength of “s” and amplitude of “Ks” (Figure 2.5d). It also can be placed to cover

the whole length of the basin.

Sometimes pebbles are considered as roughness elements. Gravel is favored because

of its cheap price, its availability in natural environment and easy transportation

18



possibilities. Generally, the median diameter size, dso, agreed as estimated roughness

height, Ks, for pebbles and gravels. On the other hand, there are no definite ways to
assess the average interim between gravel grains. Thus, the most significant property
on a gravel bed is the median diameter of the gravel grains that are considered as
roughness height, Ks. Gravel grains are placed to coat the entire bed surface as can be

observed in Figure 2.5e.

There is a lack of information about friction drag coefficient in different type of bed

materials in hydraulic jump situation, which is clarified in this study.
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Chapter 3

THEORETICAL CONSIDERATION

3.1 Depth Ratio in Hydraulic Jumps

Momentum equation, which has been discussed before, is as follow,
Fpy —Fpy —Fg — F, = pQ (v, —vy)

In case of mild slope where the slope is approximately zero, weight component can
be dropped, E, = 0, in which

Fpy — Fpo — Fg = pQ v, — vy) (3.1)
Fo1 and Fp, are the hydrostatic pressure forces. Fq is the drag force as it introduced
before in Equation 2.8.
Fp1 = vhe14Aq (3.2)
Fpy = vhe A, (3.3)

where, h.; is the distance from the water surface to the centroid of the upstream

Y1

rectangular cross section (Figure 3.1) which is > h., 1s the centroid of the

downstream rectangular cross section which is % y is the specific weight of water

which is y = pg, A; is the cross sectional area of upstream part of the jump, A, is

the cross sectional area of downstream part of the jump.

m s

g ¥ 4 B A
- B ="
Figure 3.1: Schematic representation of hydraulic jump and its rectangular
Cross section
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Substituting Fy,; and Fy,, in momentum equation (Eg. 3.1) will result;

|4
Yhe1dy —Yheo Ay = EQ(UZ —v1) + Fy (3.4)
Dividing all the terms by y;
Q Fy .
he1Ay — hepdy = — (W —v1) +— (3.5)
g 14
Inserting % = v in terms of vy and v, results in;
Q> Q% Fy (3.6)
A —hpAy=———+-2 '
which can be re-arranged as,
Q? Q* Fq
+ h1 Ay = —+ h A, +— 3.7

2
The term (f—g + h.;A;) is known as specific force. In the case of rectangular channels
1

where A=By the discharge can be define in terms of unit discharge, . Then unit
discharge is the ratio between the discharge and the width of the rectangular channel.
Therefore, equation (3.7) can be re-arranged by replacing Q with gB, and since B is

constant along the channel;

2 2
q q Fy
Bl—+nh ————h == (3.8)
lylg an V29 22 Y

Substituting h.; = % and h,, = % into above equation will give;

f[yz_” v _Fa (3.9)
gl yiy2 2 2 yB
Decomposing 2™ degree y terms into 1% degree gives,
2 2
q q Fq
B+ hyyy — —— — hyyyy | = -2 (3.10)
L’lg c1Y1 V24 czyzl Y
0n = |-~ 4 2 | = 2 (311)
V1= Y2 91V > Vit Y2)| = VB :
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In rectangular open channel flows, the discharge can be defined as

Q=Byv (3.12)

which can be simplified into

q=yv (3.13)

Thus above equation can be re-written in terms of water depth and flow velocity as;

2 yl Fd
— 3.14
(1 —¥2) (Y1 +y,) — Fry .| = 7B (3.14)
Taking all the terms out of brackets,
1(2_ 2)_Fr2y_12( )_F_ (3.15)
> Yyi—Y2 1 v Vi— Y2 VB :
Collecting Froude number into brackets gives,
1 V1 1 F,
vi [E—Fﬁzy—"'Fﬁ ]—53’2 =B (3.16)
then, can be writing drag force as a subject of the formula,
2(Y2— W1 1 1
Fqy=vB [yfFrl ( ) + 5V - EYZZ] (3.17)
2(Y2—Y 1
Fa=yB |yt (Z22) 45301 - )01+ 72)] (318)

Rewriting drag force in open form and substituting in the above equation leads to

1

Fd = ECDpvavabed (319)
V2 —y

VB [ylF ( 2 . 1) —(y1 yz)(y1+yz)] = CpPVay?Apeq (3.20)

Dividing all terms by y and y? gives,

B 2 (Y 1
= |22 (2) 4 00 = v 01 4+ 92| = 22 Coea = (321)
i Y2 Vi
2 2 2
— - A
2Fr,? (yz yl) +<y1 2y2>=vazv ¢, Avea (3.22)
Y2 321 yig B
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The term on the right hand side of the equation is equal to B (dimensionless drag

effect),
g = UL ¢ Abea (3.23)
yig © B

Previous equation becomes;

_ 2 .2
2F‘r12 (3’2 3’1) + (3’1 23’2) _p (3.24)
Y2 Vi

Apeq Can be expressed as the multiplication of bottom width, B and length of the

jump, ;.
Hence,
2
1-p= (32) — 2Fr? + 2Fr,? (&) (3.25)
Y1 V2

Multiplying both side of equation with (&) will give,

1

3
(&) — 2Fr? (&) _2Fr? 4 (32) _B (32) (3.26)
V1 V1 V1 Y1
Bringing all terms to left hand side results
3
(&) — (2Fr2+1-p) (2) +2Fr2=0 (3.27)
V1 V1

If Bis0whereCpisO

y2\3 2 Y2 2 _
=) —(2Fr?+1)(=)+2Fr,* =0 (3.28)
Y1 V1

If uniform flow, then % =1andy,=y;.

If no, then

2+ -2 -1)-o

let % = x then the above equation can be written as;
1

23



[x2+x—2Fr?][x —1] =0 (3.30)
Since the second term cannot be equal to zero except at y;=y, (which means no
hydraulic jump) then [x? + x — 2Fr?] must be equal to zero. The roots of the

equation can be find simply by

—b +Vb%2 -4
X1, 0y = —— ® (331)
2a
which gives

1
2 =2=Z [—1 + 1+ 8Fr12] (3.32)
yi 2

The above equation is the famous Blanger hydrauic jump relationship for frictionless
environments.

However, If § # 0 where Cp, # 0

(;'—j)S — (2Fr +1-p) (i,;—i) +2Fr® =0 (3.33)

where

2
Vav Abed

p=5tcy el
ytg ° B
2
Vav l]
= 2w (3.34)
g 19 "y

According to Alhamid and Negm (1996), in the case of consecutive blocks as the
distributed roughness elements, the blocks are below the entire length of the jump
and the correct approach is to calculate the drag force due to each block, then
integrate them to obtain the total drag force to use in the momentum equation. The
average velocity at upstream section can be used as a representative velocity vy, as an
assumption for simplicity of driving the model, because v; can be easily determined
by dividing the measured discharge by the cross sectional area at upstream section

which is well known. Rechecking the derived model with the experimental results
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proved that this assumption works well. Therefore, the average velocity can be

accepted to be equivalent to upstream velocity (vy).

2
Therefore, substituting Fr; > instead of ;—1g causes,
1

2 lj
ﬁ == FT‘l CD; (3.35)
Suppose
Fry® li =« (3.36)
V1
Then,
B = alCp (3.37)

3.2 Roller Length in Hydraulic Jumps

The experimental studies of Pietrkowski (1932), Smetana (1937) and (Hager 1992)
suggest that one can assume roller length, L, proportional to the difference between

the sequent depths as

L
LA [& - 1] (3.38)
V1 V1

in which coefficient a is equal to 6, 5.5 and 5.2 according to Smetana (1937), Citrini
(1939), Mavis and Luksck (Hager et al. 1990) respectively. Carollo et al. (2007)
performed experiments and rewrote this equation and compared the findings with the
results of Hughes and Flack (1984) and Hager et al. (1990). Carollo et al. (2007)
concluded with one single number representing the coefficient, (a) as 4.616. Findings
attained a coefficient of determination equivalent to 0.92. In this study, a theoretical
approach will be carried out instead of experimental approach in order to define

formulation of roller length.
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The net force occurring during the action of drag force on a solid surface is the
famous Newtonian second law where drag force proportionally depends on the
velocity of the flow.

Fpet =m.a =+F; = —Kv (3.39)
Considering a column of liquid passing over a rough surface, mass can be written as

pAV and the acceleration as %, as the flow will act in the x-direction. The resultant

equation can be given as,

& 3.40
pAV — = —F, (3.40)

The drag force is function of density, p, velocity, v and the area, A as,

Fa = f(p,v,4) (3.41)
Therefore,
F, = —KpvA (3.42)

where K is retarding force coefficient. Rewriting the Equation 3.40 will give

dv
pAV P —KpvA

(3.43)

For a fluid particle of cubic shape acting on an area of AxAz, Equation 3.43 can be

rewritten as
dv
pAyAxAZE = —pvAxAzK (3.44)

Simplifying the above equation leads to Equation 3.45

dv
Av— = —vK 3.45
Y v (3.45)
d_v _ jdt (3.46)
v Ay

Solving Equation 3.46 results;
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b = pyela)t (3.47)

Since v = %; Equation 3.28 can be defined as

dx _K
FriniAe Voe( Ay)t
K
dx = Voe(_ﬁ)tdt (3.48)

Integrating equation 3.48 in which dx = x, — x; defines the roller length (L,) as

Lr 1 [)’2 ]
—=—[=-1]|y 3.49
5 Kly a (3.49)

As it is mentioned before v,,, = v;; and final roller length equation can be defined

as,

Lr 1 [)’2 ]

—=—=|=-1|v 3.50
yi Kly ! ( )

3.3 coefficient of determination, (R?)

In statistics, the coefficient of determination, (R®) is a number that indicates how well
data fit a statistical model, sometimes simply a line or curve. It is a statistic used in
the context of statistical models whose main purpose is either the prediction of future
outcomes or the testing of hypotheses, on the basis of other related information. It
provides a measure of how well observed outcomes are replicated by the model, as
the proportion of total variation of outcomes explained by the model (Glantz et. al.,
1990). The coefficient of determination ranges from 0 to 1 and it can be calculated
by the Equation 3.51.

SSres

R2=1-
SStot

(3.51)

Also SS,.; and SS;,; are total sum of squares and sum of squares of residuals

respectively and can be calculated by following equations.
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SStot = Z()’i —y)? (3.52)

SSres = Z(yi - f(xl))z (353)

L

Where ¥y is mean, y; is the i " value of the variable to be predicted, x; is the i " value
y y

of the explanatory variable, and f(x;) is the predicted value of y;.
3.4 Calculation of the Errors

Calculation of the Errors has been done based on mean absolute percentage error
(MAPE) method. In statistics, the mean absolute percentage error is the computed
average of percentage errors by which forecasts of a model differ from actual values
of the quantity being forecast.

The formula for the mean absolute percentage error is

n

100 P — a;

MAPE (%) = — Zlf‘l : d (3.54)
o 1%

where a; is the actual value of the quantity being forecast, f; is the forecast, and n, is
the number of different times for which the variable is forecast (Khan and Bartley,
2003).

Magnitude of mean absolute percentage error by considering the distance between
actual data and approximated data shows how large the error actually is; i.e, 100% of
MAPE says that the interim between forecasted value and actual value is two times
bigger than actual value; on the other hand, 1% of MAPE shows that the forecasted
value and actual value are 99% similar and the error in estimation between the
forecasted value and the actual value is negligible. It can be said that, the MAPE has
an inverse relationship with data accuracy; i.e., the smaller the mean absolute error,
the closer the forecasted data are to actual data; conversely, the larger mean absolute

percent error, the greater the difference in the forecasted value and the actual value.
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Chapter 4

RESULTS AND DISCUSSION

4.1 Friction Effect Analysis, Drag Force Coefficient and Drag Force

The relationship between parameters derived in previous chapters is analyzed in this
section. In general, the relationship between dimensionless drag effect (5) and
dimensionless roughness effects (KsA4E) are studied with respect to different
roughness heights and different Froude numbers. The relationship is developed for
the data series given by Carollo et al. (2007), Hughes and Flack (1986), Ead and
Rajaratnam (2002), and Evcimen (2005). As it can be seen in Equation 3.35,
dimensionless drag effect, (5) is a function of upstream Froude number, (Fry) also.
Hence, the relationship between upstream Froude number, (Fr;) and the
dimensionless drag effect, (8) was studied. This relationship carried out for the same
datasets. Then, according to Equation 3.37, the relationship between coefficient o
and dimensionless drag effect, (5) used for finding drag coefficient, (Cp) with respect
to all roughness heights. Finally, according to Equation 3.20, the relationship

between drag coefficient, (Cp) and the drag force, (Fg) figured out for all datasets.
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4.1.1 The obtained relationship between the dimensionless Drag Effect, (#) and
the dimensionless Roughness Effect, (Ks/4E)

The variation of the dimensionless drag effect, (#) and the dimensionless roughness
effect (KJ/4E) is given in Figure 4.1. The figure is plotted using the experimental
dataset of Carollo et al. (2007). The general trend of 8 with respect to (Ks/AE) shows
an inverse relationship. As g increases K¢/ AE approaches zero, while KJ/AE goes to
infinity as B diminishes. The solid lines in Figure 4.1 shows the best fit line through
experimental data for different K values. The equation of best fit lines for different
Ks values are given in Table 4.1. It is clear from Figure 4.1 that, the best fit line

between f and K¢/ AE through experimental data can be represented by

In which a; and n are constants with n always being less than zero. The best linear fit
equations in respect of the present empirical models along with the coefficient of
determination (R?) are given in Table 4.1. Higher values of R? associated with the 8
and KJAE reflects the fact that, their functional dependence is acceptable. For
comparative purposes, the utility of functional representation of other models
(Hughes and Flack (1986), Ead and Rajaratnam (2002), and Evcimen (2005)) were

examined and their results were interpreted as well.
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Figure 4.1: The relationship between dimensionless drag effect, £ and
dimensionless roughness effect, KJ/AE, (Carollo. et al., 2007)

Figure 4.1 is based on Carollo, et. al. (2007) dataset and it illustrates the trend line

obtained for each roughness height (Ks). Generated equations with coefficient of

determination and the mean absolute percentage error values are given in following

Table 4.1.

Table 4.1: Generated equations for dimensionless drag effect, f and dimensionless
roughness effect, Ks/AE (Carollo et al. 2007)

figure roughness equation type coefficients of equation,  data set
number; height, K; a; ,n; reference
dimensionless (cm) correlation coefficient,
drag effect R%; MAPE (%)
4.1, 5 0.46 a,= 0.0001, n" = -2.83;
R* = 0.94; MAPE=26.2
4.1, 5 0.82 a;= 9E-05, n=-3.57;
R*=0.81; MAPE=221.1
4.1, p 146 B =a(KS/AE)" &=0.0297,n=-2.08; Carolloetal.,
R?=0.97; MAPE=56.75  (2007)
4.1, 5 2.39 a;= 0.4661, n=-1.55;
R?=0.81; MAPE=22.43
4.1;p 3.2 a,=0.4736, n=-1.70;

R%?=0.97; MAPE=11.99

“n, is a constant
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Figures (4.2 - 4.4) has depicted based on Hughes and Flack’s data (1986), Ead and
Rajaratnam (2002) and Evcimen (2005) and the equation of obtained trend line for
each roughness height (Ks) value is given in Table 4.2. MAPE value for different K

magnitudes show that the suggested equations are reliable for K values except

Ks=0.82 cm.
90 .
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Dimensionless roughness effect, K, /4E

Figure 4.2: The relationship between dimensionless drag effect, £ and dimensionless
roughness effect, K/ AE (Hughes and Flack, 1984)
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Figure 4.3: The relationship between dimensionless drag effect, £ and
dimensionless roughness effect, Ks/AE (Ead and Rajaratnam, 2002)
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dimensionless roughness effect, Ks/AE (Evcimen, 2005)

Table 4.2: Derived equations for dimensionless drag effect, # and dimensionless

roughness effect, KJ/A4E (Hughes and Flack, (1984), Ead and Rajaratnam (2002),
Evcimen (2005)).

figure roughness equation type  coefficients of equation, data set
number;  height, K, a ,n; reference
dimensionless (cm) correlation coefficient,
drag effect R% MAPE (%)
4.2, 5 0.32 a;= 0.0295, n” = -1.43;
R? = 0.34; MAPE=145.21
4.2, p 0.5 a;=0.0507, n = -1.44;
R?=0.73; MAPE=81.46 Hughes and
4.2; B 061 pB=a (K /4E)" a,=0.0796,n=-1.43; Flack,
R? = 0.42; MAPE=99.83 (1984)
4.2, 5 0.64 ;= 0.1158, n =-1.31;
R?=0.22; MAPE=54.63
4.2; B 1.04 a;lz 0.9229, n =-0.92;
R =0.46; MAPE=36.86
4.3;p 13  pB=a (K /4E)" &,=0.9642, n = -0.965; Ead-
R%= 0.82; MAPE=29.46 Rajaratnam,
(2002)
4.4; 4 0.6 a;l= 0.0383, n = -1.55;
R“=0.95; MAPE=12.24
4.4, p 1 B=a; (Ks/4AE)"  a,=0.4365 n=-1.18; Evcimen,
R? = 0.48; MAPE=20.07 (2005)
4.4, 2 a;=0.2064, n = -1.65;

R?=0.82;: MAPE=20.99

“n, is a constant
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Regarding obtained R? and MAPE values for the datasets, it can be said that the
suggested equation is not satisfying results of Hughes-Flacks’ experiments.

4.1.2 The relationship between K /4E and £ with respect to type of the jump
Previous analyses demonstrate good fit while predicting the relationship between S
and Ky/4E. On the other hand, since £ is a function of dimensionless Froude number,
it should have a significant effect on the relationship between the two parameters.
Thereafter, it is decided to analyze the relationship between the g and KyAFE
parameters for different hydraulic jump conditions. This has been achieved through
working at oscillating jump (2.5<Fr<4.5); steady jump (4.5<Fr<9) and strong jump
(9<Fr) conditions. This has been applied to Carollo et al. 2007; Hughes and Flack
(1986), Ead and Rajaratnam (2002), and Evcimen (2005). For oscillating jump
condition only Carollo et al. (2007) and Hughes and Flack (1984) dataset respecting
their Froude numbers can be utilized. In steady jump condition, all datasets can be
used. Moreover, for strong jump condition where upstream Froude number should be
greater than 9, just Carollo et al. (2007) and Evcimen (2005) can be used. Similar to
previous section, as P increases K¢/ AE approaches zero, while KJ/AE goes to infinity
S diminishes. The solid lines in coming figures show the best fit line through
experimental data for different K values. In addition, the best fit line between £ and
K/ AE through experimental data can be represented by the same equation 4.1.

Figure 4.5 and 4.6 represents the relationship between £ and K¢/ AE for the dataset of
Carollo et al. (2007) and Hughes and Flack (1984), respectively. Solid lines in those
figures show the best fit line and the related equations for these lines have been given

in following table 4.3.
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Figure 4.5: The relationship between dimensionless drag effect, £ and
dimensionless roughness effect, KJ/AE in oscillating jump condition
(Carollo. et. al., 2007)
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Table 4.3: Generated equations for dimensionless drag effect, # and dimensionless
roughness effect, KJ/AE in oscillating jump condition (Carollo et al. (2007), Hughes
and Flack (1984)).

figure roughness equation type  coefficients of equation, data set
number; height, K a; ,n; reference
dimensionless (cm) correlation coefficient,
drag effect R% MAPE (%)
45; B 0.46 a,=0.0001,n" =-2.79;
R*=0.87, MAPE=32.13
45 p 0.82 N/A
45,8 146  p=a(K,/4E)"  a;= 0.0486, n =-1.83; Carollo et al.,
R*=0.9; MAPE=97.7 (2007)
45; B 2.39 N/A
4.5; p 3.2 a;= 0.829, n = -1.35;
R? = 0.99; MAPE=7.66
4.6; B 0.32 a;=0.0035, n =-2.09;
R?=0.99; MAPE=3.73 Hughes and
4.6; B 0.5 B =a; (Ks/4E)"  a;= 0.0358, n = -1.60; Flack,
R? = 0.52; MAPE=84.62 (1984)
4.6; 5 0.64 ;= 0.1649, n = -1.29;

R?=0.53; MAPE=41.68
" Represents no correlation between dependent and independent variables.
n, is a constant

Looking at Carollo’s experiment analysis shows that for Ks=1.46, MAPE value is
high even though R?=0.9. Hence the obtained equation is not proper for this
situation.

4.1.2.b Steady Jump Condition

Figures (4.7 — 4.10) bring out relationships between dimensionless drag effect, # and
dimensionless roughness height, KJ/AE for all data series when Froude number is
between 4.5 and 9 (steady jump condition). Solid lines show the best fit line and the
obtained equations for this line has been brought in following table 4.4. Similar to
previous results in this section, as g increases K¢/ AE approaches to zero, while K¢/ AE
goes to infinity as f decreases. But it is obvious that since in this situation Froude

number increases in comparison with oscillating jump condition the effect of low Ks
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values on the flow decrease and there is weaker relationship and somewhere

unpredictable relationship between £ and K¢/ AE in most of the cases.
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Figure 4.7: The relationship between dimensionless drag effect, £ and
dimensionless roughness effect, KJ/AE in steady jump condition
(Carollo et al., 2007)
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Figure 4.8: The relationship between dimensionless drag effect, £ and
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(Hughes and Flack, 1984)

37



Dimensionless drag effect, g

Steady jump Fr, =45-9
60

u
o
X

S
o

N

w
o

20

T

10

XKs=1.3cm

0 f
0 0.02 0.04 0.06 0.08 0.1
Dimensionless roughness effect, K, /4E

Figure 4.9: The relationship between dimensionless drag effect, £ and
dimensionless roughness effect, KJ/AE in steady jump condition
(Ead and Rajaratnam, 2002)

Dimensionless drag effect, g

Steady jump Fr; =45-9

70 :
A Ks=0.6cm
60 s o1 .
A % [ | X Ks=1cm
50 A\ _
A \ B Ks=2cm
X
40
%\ {
30 ¢ . L
X
20 > .
10
0
0 0.01 0.02 0.03 0.04 0.05 0.06

Dimensionless roughness effect, K /AE

Figure 4.10: The relationship between dimensionless drag effect, g and
dimensionless roughness effect, K/ AE in steady jump condition
(Evcimen, 2005)

38




Table 4.4: Generated equations for dimensionless drag effect, f and dimensionless
roughness effect, Ki/4E in steady jump condition (Carollo et al. (2007), Hughes and
Flack (1984), Ead and Rajaratnam (2002), Evcimen, (2005)).

figure roughness equation type coefficients of equation, data set
number; height, K ap,n; reference
dimensionless (cm) correlation coefficient,
drag effect R% MAPE (%)
AT, B 0.46 a,= 7E-05,n" = -2.96;
R? = 0.82; MAPE=20.27
AT, B 0.82 8= 0.0016, n = -2.72;
R?=0.57; MAPE=40.5
4.7; B 1.46 B = ai(K /AE)" a;=0.0448, n =-1.96; Carolloetal.,
R?=0.9; MAPE=15.74 (2007)
47,8 2.39 a;= 0.5815, n =-1.47;
R?= 0.77; MAPE=18.4
AT, B 3.2 a,;= 0.3488, n = -1.81;
R? = 0.89; MAPE=14.01
4.8; 0.32 N/A
4.8; 5 0.5 N/A Hughes and
Flack,
4.8, B 061 B =ay(KJAE)" N/A (1984)
4.8, p 0.64 N/A
4.8; B 1.04 a;= 1.235, n = -0.84;
R? = 0.4; MAPE=36.86
49;p 13 p=ay(K/AE)"  a=3.6228,n=-0.58; Ead-
R?=0.45; MAPE=23.56 Rajaratnam,
(2002)
4.10; p 0.6 a;= 0.0065, n = -1.94;
R?=0.81; MAPE=11.97
4.10; B 1 B =a(Ks/AE)"  a,=0.7934,n=-0.98;  Evcimen,
R?=0.52; MAPE=14.29 (2009)
4.10; p 2 a;= 0.0177, n = -2.40;

R%?=0.63; MAPE=19.83

" Represents no correlation between dependent and independent variables
n, is a constant

Considering MAPE and R? values, it is obvious that in steady jump condition the
suggested equation cannot be valid for most of the experiment results except
Carollo’s in which the R? and MAPE are illustrating a good result for suggested

equation.
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4.1.2.c Strong Jump Condition

Figures 4.11 and 4.12 show the relationship between dimensionless drag effect, § and
dimensionless roughness height, Ks/AE for Carollo et al. (2007) and Evcimen (2005)
when Froude number is greater than 9 (strong jump condition). As it is mentioned
before, in this condition high speed flow governs the flow condition and given the
figures it can be seen that there is no relationship for Carollo et al. (2007) data. Solid
lines show the best fit line and the obtained equations for this line has been brought
in following table 4.5. For strong jump conditions, it can be concluded that Froude
increases extremely in comparison with oscillating jump conditions and the effect of
small K values on the flow becomes negligible predicting uncertain relationship for

Carollo et al. (2007) data.
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Figure 4.11: The relationship between dimensionless drag effect, § and
dimensionless roughness effect, Ki/4E in strong jump condition
(Carollo et al., 2007)
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Table 4.5: Generated equations for dimensionless drag effect, # and dimensionless
roughness effect, K/ 4E in strong condition (Carollo et al. (2007), Evcimen, (2005)).

figure roughness equation type  coefficients of equation, data set

number; height, K; ai,n; reference

dimensionless (cm) correlation coefficient, R?;
drag effect MAPE (%)
4.11; 8 0.46 N/A® N/A
4.11; p 0.82 N/A N/A Carollo et al.,
4.11; 8 1.46 N/A N/A (2007)
4.11; p 2.39 N/A N/A
4.11; B 3.2 N/A N/A
4.12: 8 0.6 a,= 0.0873,n" =-1.38;
R%= 0.92; MAPE=11.04 Evcimen,

4.12; 1 B = ai(Ks /4AE)" N/A (2005)
4.12; p 2 a;=0.457, n =-1.44;

R%= 0.7012; MAPE=20.58

" Represents no correlation between dependent and independent variables
n, is a constant

With respect to R? and MAPE values for presented data, it can be said that this

equation is satisfying Evcimen’s experimental results in most of the cases.
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As it can be seen in relationship between KJ/AE and g, there is a concave shape
power type trend line with good regression for most of the data sets. Totally, as the
K¢/ AE decreases f8 tends to infinity. Even though the R® value is near to one in some
situations, high MAPE value shows that the suggested equations are not fitting the
data well.

4.1.3 Relationship between upstream Froude number, Fr; and dimensionless
drag effect, g

The performance of the formulization given for dimensionless drag effect is a
function of Froude number. Following figures show plots between g and Fr; for
different K values. Results show that for small and constant Froude numbers g
increases as the K value increases. However, as the occurrence of strong hydraulic
jump increases, steep increase on S is observed independent of the magnitude of K.
The effect of strong hydraulic jump is presented in Figure 4.16. This shows the linear
increase of dimensionless drag coefficient, £, independent of changes in K. It can be
also observed from other figures that for Fr>9 conditions the dimensionless drag
effect and Froude number behaves independent of roughness, Ks and thus the
relationship between the parameters becomes unpredictable. As a result, the scatter
of data in Figures (4.13 - 4.15) indicates that £ is not only a function of Fr but also
affected from the magnitude of K. The best fit line of experimental results,
coefficient of correlation, R? and mean absolute percentage error, (MAPE) can be

represented by power equation as given in Table 4.6.
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Table 4.6: Generated equations for dimensionless drag effects, # and upstream

Froude number

figure roughness  equation type  coefficients of equation,  data set
number; height, K, a,,as, Ny, bs; reference
dimensionless (cm) correlation coefficient,
drag effect R MAPE (%)
4.13; 8 0.46 a,= 0.0025, n, = 4.79;
R?=0.94; MAPE=22.59
4.13; 5 0.82 a22= 0.0025, n,=4.79;
R?=0.94; MAPE=94
4.13; p 1.46 B = a,(Fr)" a,= 0.0121, n,= 4.05; Carollo et
R®=0.97; MAPE=17.34 al.,
4.13; 8 2.39 a,= 0.1561, n,= 2.84; (2007)
R?=0.996; MAPE=6.29
4.13; 8 3.2 a,= 0.1372, n,= 2.93;
R?=0.97; MAPE=5.34
4.14; B 0.32 a,= 0.0045, n,= 4.14;
R®=0.62; MAPE=91.38
4.14; B 0.5 8= 0.0232, n,= 3.28; i
R?=0.78; MAPE=71.26  Hughes
4.14; B 0.61 B = a,(Fr)™ a,=0.0129, n,= 3.66;  and Flack,
R?=0.72: MAPE=64.42  (1984)
4.14; B 0.64 a,= 0.0236, n,= 3.26;
R?=0.39; MAPE=39.96
4.14; B 1.04 a,= 0.1445, n,= 2.52;
R®=0.71; MAPE=27.63
L = a,(Fry)™ a,= 0.3011 n,= 2.42; Ead-
4.15; p 1.3 R?= 0.99; MAPE=6.99 Rajaratna
m,
(2002)
4.16; 8 0.6 8= 16.465, by= 103.3;
R?=0.96; MAPE=12.94
4.16; B 1 B =as(Fr,) +b; a=12.986, b;=70.65;  Evcimen,
R?=0.62; MAPE=20.04  (2005)
4.16; B 2 a;= 17.131, by= 110.17;

R?=0.84; MAPE=21.83

", is a constant

S gradually increases with increasing upstream Froude number until some value then

it increases with steeper slope or sharper with increasing Froude number. It shows

that after some Froude numbers the effects of K; decreases and beta suddenly

increases. Also, it can be seen in Figures (4.13 — 4.15) that when K has smaller

value, the curvature of the fit lines is intense with more bend, but when the K

increases this trend line tends to shape as straight line. MAPE and R? values show
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that except some cases such as Carollo’s Ks=0.82 and Hughes and Flack’s dataset
where the MAPE value is greater than satisfactory level even with high R?, it’s an
acceptable relationship between upstream Froude number, Fr; and dimensionless
drag effect, .

4.1.4 Relationship between o and dimensionless drag effect, g

According to Equation 3.37, it comes to search about drag coefficient, Cp from
relating dimensionless drag effect, f and a. Figures (4.17 — 4.20) show the
relationship between £ and o and it is obvious as f increases a increases also. The
solid lines in coming Figures show the best fit line through experimental data for
different K values. The equation of best fit lines obtained through the regression
analysis of experimental data has been figured out in Table 4.7. The table
summarizes the magnitudes of drag coefficient, Cp during the hydraulic jump. The

result shows reliable Cp values for different K values.
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Figure 4.17: The relationship between o and dimensionless drag effect,
(Carollo et. al., 2007)
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Obtained equations from trend lines with correlation coefficients regarding their
roughness height, K value has been figured out in table 4.7. As it can be observed
from the table, obtained linear equation cannot be valid for Hughes and Flack’s
experimental results and when K is 0.82 cm for Carollo’s experimental results this is
because R? value is not near to 1 and MAPE value is high. The suggested linear

equation for fitting trend line can be valid for the other experimental data.
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Table 4.7: Generated drag coefficient, Cp, for each kind of roughness height, K.

figure roughness  equation coefficients of equation, data set
number; height, K; type Co ,bs; reference
dimensionless (cm) correlation coefficient,
drag effect R?;, MAPE (%)
4.17; B 0.46 Cp = 0.0173, b, = -1.44;
R? = 0.95; MAPE=33.81
4.17; B 0.82 Cp = 0.0231, b,=-5.28;
R’ =0.83; MAPE=129.6
4.17; B 146  B=Cp(a)+b, Cp=0.0279, h,=-3.28; Carolloetal,
R?=0.97; MAPE=31.64 (2007)
4.17; B 2.39 Cp = 0.0371, b,=-1.60;
R?=0.95; MAPE=9.95
4.17; B 3.2 Cp = 0.0351, b,=-0.21;
R?=0.97; MAPE=6.88
4.18; 8 0.32 Cp = 0.0089, b,=-2.61;
R?=0.56; MAPE=145.71
4.18; B 0.5 Cp = 0.0062, by= -0.07;
R?=0.69; MAPE=7556  Hughes and
4.18; B 0.61  p=Cp(w)*bs Cp=0.0132, b,=-5.64; Flack,
R? = 0.85; MAPE=102.75 (1984)
4.18; B 0.64 Cp = 0.0091, b,=-1.34;
R? = 0.55; MAPE=54.63
4.18; B 1.04 Cp = 0.0054, b,=-8.52;
R? = 0.35; MAPE=39.75
4.19; B 1.3 p=Cp(0)+b;  Cp=0.0164, b,=7.99; Ead-
R’=0.96; MAPE=17.54 Rajaratnam,
(2002)
4.20; 0.6 Cp = 0.0081, b,=13.94;
R?=0.94; MAPE=17.08
4.20; p 1 p=Cp(a)+tb;  Cp=0.0054, b,=35.87; Evcimen,
R? = 0.45; MAPE=26.05 (2005)
4.20; B 2 Cp = 0.0071, b,=27.01;

R%?=0.79; MAPE=27.58

" b, is a constant

4.1.5 Relationship between drag coefficient, Cp and drag force, Fq4
The relationship between drag force, F4 calculated by the help of equation 3.20 and

drag coefficient Cp is searched out in this section.

In general there is a linear relationship between the drag force and drag coefficient.
Following plots attempts to define the correlation between the two parameters in case

of hydraulic jump. In most of the plots, the data are not satisfactorily distributed
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along a solid line, derived from regression analysis. However, except small K values
of Carollo et al. (2007) and Hughes and Flack (1984), poor correlation between the
drag coefficient and drag force is observed. The equation of the best fit lines obtained

and has been brought in Table 4.8.

120
X - -
100 N X Ks=0.46cm
m&( Carollo et. al
= WKs=0.82cm -
= Carollo et. al
L
i AKs=146cm -
(&)
S Carollo et. al
= ¢ Ks=2.39cm -
S Carollo et. al
KXKs=3.2cm -
Carollo et. al
0 0.01 0,02 . .0.03 0.04 0.05
drag coefﬁuen?, Co

Figure 4.21: The relationship between drag coefficient, Cp and drag force, F4 (N)
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Obtained equations from trend lines with correlation coefficients regarding their
roughness height, Ks and mean absolute percentage error, MAPE, has been figured

out in Table 4.8.

Table 4.8: Generated drag force, Fq, for each kind of drag coefficient, Cp

figure roughness equation coefficients of equation, data set
number; drag  height, K type as ,N3; reference
force (N) (cm) correlation coefficient,
R? MAPE (%)
4.21; Fy 0.46 a,=5191.1, n; =1.79;
R?=0.93; MAPE=15.59
4.21; Fy 0.82 a,= 622.2, n;= 0.92;
R?=0.85; MAPE=34.74
4.21; Fy 1.46 F;=a,(Cp)™  a=9377.2,n,=1.47;  Carolloetal,
R?=0.93; MAPE=15.24 (2007)
4.21; Fy 2.39 N/A"
4.21; Fy 3.2 N/A
4.22: Fy 0.32 a,= 1267.3, ny= 1.13;
R?=0.84; MAPE=38.32
4.22; Fy 0.5 a,= 347.18, n;= 1.02;
R?=0.53;MAPE=67.25 Hughes and
4.22; Fq 0.61 Fy =a,(Cp)™ a,= 1248, n,= 1.20; Flack,
R?=0.7; MAPE=38.83 (1984)
4.22; Fy 0.64 a,= 342.92, ny= 0.95;
R?=0.83; MAPE=37.94
4.22; Fy 1.04 a,= 458.22, n;= 0.94;
R®=0.57; MAPE=28.09
4.23; Fy 1.3 N/A N/A Ead-
4.23; Fy4 2.2 N/A N/A Rajaratnam,
(2002)
4.24; Fy 0.6 N/A N/A
4.24; Fy 1 N/A N/A
Evcimen,
4.24; Fy 2 N/A N/A (2005)

" Represents no correlation between dependent and independent variables.

n; is a constant

Considering MAPE and R? values, from the above graphs, it can be observed that

drag force increases as drag coefficient increases and there are meaningful

relationship between them as long as K has got small values. In figure 4.21, it is

obvious that for Ks=2.39 and K;=3.2 there is no relationship between drag force and

drag coefficient.
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4.2 Roller Length

As it is mentioned in previous chapter, the roller length studies are nowadays
motivated to find an equation for roller length as a function of hydraulic jump
properties. Based on Equation 3.50 derived in Chapter 3, roller length was defined as
dimensionless, together with upstream water depth. In general, the relationship
between dimensionless roller length, L/y; and K/AE ratio in which K is the
coefficient of the equation, is searched out with respect to different roughness height
(Ks). This investigation has been done with the help of data series given by Carollo et
al. (2007), Hughes and Flack (1986). In first section of this part it showed how
dimensionless roller length, L,/y; behaves with changing K/A4E ratio. The aim was to
find coefficient K to be used in the Equation 3.50 for different bed roughnesses.

4.2.1 Relationship between dimensionless roller length, L, /y;, and K/AE

The variation of dimensionless roller length, L,/y; and K/A4E ratio is given in Figures
(4.25-4.26). The figures are depicted with all experimental results, which have been
pointed out before. The trend of L/y; with respect to (K/A4E) is obeying an inverse
relationship. As L./y; increases, K/AE approaches zero, coinciding while K/AE goes
to infinity L./y; decreases. The solid line is the best fit line for different K values.
The equation of best fit lines for different K values are given in Table 4.9. It is clear
from Figures (4.25-4.26) that, the best fit line between L./y; and K/AE through

experimental data can be represented by Equation 4.2.
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Ny

In which as and n4 are constants with n4 always being less than zero (0). The best
linear fit equations with the coefficient of determination (R?) and mean absolute
percentage error, MAPE are given in Table 4.9. Higher values of R? associated with

the L,/y; and K/AE reflects the fact that their functional dependence is acceptable.
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Figure 4.25: The relationship between K/AE and dimensionless roller
length,L/y; (Carollo et. al., 2007)
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54



Table 4.9: Dimensionless roller length equation

figure roughness equation type  coefficients of equation, Data set
number; height, K; as ,Ns; reference
dimensionless (cm) correlation coefficient, R?;
roller length MAPE (%)
4.25; L, Iy, 0.46 as= 53.137, n, =-0.84
Rz =0.9216; MAPE=5.51
4.25; L, Iy, 0.82 as= 56.558 n,=-0.81
Rz =0.7679; MAPE=8.08
4.25; L, Iy, 1.46 L, K\™ as= 39.983 n,=-0.66 Carollo
y, s (E) R?2 = 0.9557; MAPE=3.77 etal.,
4.25; L, Iy 2.39 as= 36.614 n,=-0.72 (2007)
Rz =0.8614; MAPE=3.26
4.25; L1y, 3.2 as= 40.629 n,=-0.89
R2 =0.9518; MAPE=4.81
4.26; L1y, 0.32 as= 72.243 n,=-0.66
Rz =0.8579; MAPE=8.25
4.26; L, Iy, 0.5 as= 74.906 n,=-0.78 Hughes
R2=0.9288; MAPE=10.85  and Flack,
4.26; L, Iy, 061 L, K\™  as=62.934 n,=-0.66 (1984)
E =as (E) R2=0.742; MAPE=11.38
4.26; L1y, 0.64 as= 61.538 n,=-0.64
R2 =0.9035; MAPE=7.59
4.26; L, ly, 1.04 as= 58.29 n,=-0.64

R2=0.787;, MAPE=8.9

“n, is a constant

Considering R?and MAPE values, it can be said that suggested equation (4.2) is

acceptable to calculate dimensionless roller length for the datasets.

4.2.2 Relationship between dimensionless roller length, L, /y1, and depth ratio

2/ y1-1)v1

According to Equation 3.50, a relationship between dimensionless roller length, L, /y;

and depth ratio, (y. / y1 -1)v; to figure out coefficient K and clarify how does it

behave. For this purpose, coming Figures (4.27-4.30) depicted to show the

coefficient K differences with respect to different roughness height K values. It is

clear from figures when dimensionless roller length, L, /y; increases coinciding depth

ratio, (y2/ y1 -1)vy increases. Figures show that there are linear relationship between

L/y; and (y, /y1-1)v; as follows.
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Lr V2
— =ag(=-1Dv, +b 4.3
" 6(y1 )V + bs (4.3)

The solid lines in coming Figures show the best fit line through experimental data for
different K values. The equation of best fit lines obtained through the regression
analysis of experimental data with the coefficient of correlation, R* and MAPE

values has been figured out in Table 4.10.
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Figure 4.27: Relationship between dimensionless roller length, L./y; and (y2/y1-1)vy
for all K values (Carollo et. al., 2007)
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Table 4.10: Generated equations for dimensionless roller length

figure number; roughness
dimensionless height, K

coefficients of equation,
ag, bs ; reference

equation type

data set

roller length (cm) correlation coefficient,
R*; MAPE (%)
4.27: L Iy, All K ag= 0.815, bs = 9.16
values R2=0.7634; MAPE=7.9
4.28; LIy, 0.46 as= 1.2319, bs= 3.73
R2 = 0.83; MAPE=10.06
4.28; L, Iy, 082 L, V2 as= 1.063, bs= 6.85
v 26 (; - 1) V1 +bs Re=0.6961; MAPE=9.39 Carollo
428 L1y, 146 a5= 0.6828, bs=10.10 (ZtO%"?')
R2 = 0.9292; MAPE=4.45
4.28; LIy, 2.39 as= 0.5801, bs= 12.50
R2 = 0.8309; MAPE=3.55
4.28; L, Iy, 3.2 as= 0.7329, bs= 9.12
R2 = 0.9327; MAPE=4.63
4.29; LIy, All K, as= 2.0038, bs= 9.90
values R2=0.9753; MAPE=9.05
4.30; L /y, 0.32 ag= 1.67, bs=12.82
R2 = 0.8575; MAPE=6.65
4.30; L /y, 05 L, V2 as= 2.0038, bs= 9.90
y, 26 (; N 1) V1+bs Re = 0,9753; MAPE=6.82 Hughes
4.30; L, Iy, 0.61 ag= 1.1694, bs= 17.53 FIZ(’;‘E
R2 = 0.8878; MAPE=7.39 (198 4’)
4.30; L /y, 0.64 as= 2.0386, bs=7.73
R2 = 0.8643; MAPE=7.59
4.30; L /y, 1.04 ag= 1.4862, bs= 12.40

R2 =0.9256; MAPE=4.91

" b is a constant

Considering R? and MAPE values, it can be said that suggested Equation (4.3) is

reliable to calculate dimensionless roller length for the datasets and retarding

coefficient K.

Obtaining equations from dimensionless roller length (L, /y;) versus (y. / y1 -1)vi,

leads to gain “K” value which is retarding force coefficient in Equation 3.50. In

above obtained equations, coefficient “ag” gives (1/K) amount for all kind of K

values.
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Chapter 5

CONCLUSION

This study introduced a solution for the hydraulic jump on a rough bed by integrating
the drag force equation into the momentum equation (Eqg. 3.20). Using the Initially, it
Is assumed that the well-known Belanger’s equation is not satisfactorily representing
the relationship between conjugate depth and Froude numbers. Under this
assumption, momentum equation is rewritten to integrate the effect of surface
friction on physical behavior of the hydraulic jump. The resultant relationship given
by Equation 3.23 was successful to help deriving a relationship between different
parameters enrolled in the friction effects on hydraulic jump. Using the experimental
results of previous studies like Carollo et. el. (2007), Hughes and Flack (1984), Ead
and Rajaratnam (2002), and Evcimen (2005), the parameters like dimensionless
roughness effect, (Ks /4E) and dimensionless drag effect, (8) were analyzed and
evaluated. The results show that Drag force has a significant effect on hydraulic
jumps on rough surfaces. It was important to define a relationship for drag
coefficient, Cp, in terms of S parameter. The semi-empirical equation of roller length
(Ly) is improved by means of drag force equation. The semi-empirical relationship
was showing that the coefficient of roller length increases as roughness of surfaces

increases.

Regarding the magnitudes of mean absolute percentage error, (MAPE) and

coefficient of determination (R?), it can be concluded that the power type equation
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(Eq. 4.1) is satisfying the relationship between 8 and Ks /A4E in all experimental
results except Hughes-Flack’s datasets and Evcimen’s dataset except when Kg = 1
cm. Also equation (Eqg. 4.1) expressed a good relationship between g and K /4E for
different hydraulic jump conditions; for oscillating jump condition in Carollo’s
experimental results when Ks = 3.2 cm and in Hughes-Flack’s experimental results
when Ks = 0.32 cm; for steady jump condition, in Carollo’s experimental results; and
also for strong jump condition in Evcimen’s experimental results when Ks= 0.6 cm

and Ks =2 cm.

MAPE and R? magnitudes show that, Fr; and /8 follow a good power relationship for
most of datasets except Evcimen’s experimental results which is following a linear
relationship and the reason is due to the strong jump condition (Fr; > 9) of

experiments.

The results of regression analysis depicted good correlation between o and p
(R220.83~0.97) when simulated with the dataset of Carollo’s experimental results.
The MAPE of the simulated data of regression equations were also approving the

good correlation of the results.

Considering MAPE and R? values, it can be said that there is a good power type
relationship between Cp and F4 in results of Hughes-Flack experiments and also for

smaller K values in Carollo’s experimental result except Ks = 2.39 and Ks= 3.2 cm.

With respect to regression and error analysis dimensionless roller length, (L./y;) and
K/AE are obeying a reliable power type relationship for both Hughes-Flack’s and

Carollo’s Experimental results.

60



MAPE and R? values show that there is a strong linear relationship between
dimensionless roller length, (L//y1) and (y./y. — 1)v; for both Carollo and Hughes-
Flack’s datasets and this linear equation produces coefficient K values for all K
values. Totally, it can be said that, generated equations 4.2 and 4.3 are satisfying both

Hughes-Flack’s and Carollo’s experimental results very well.

Even though in most of the analyses good trends are obtained between the
parameters, yet it is not possible to obtain only one equation representing the effect
of bed roughness on the magnitudes of dimensionless drag effect, or dimensionless
roller length. It is expected that in the future studies, the outcomes of this study can
be further developed with new generation models of optimization theories like
artificial neural network or genetic algorithm to simulate all the variables in one

relation.
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Appendix 1: Hughes, W.C and Flack, J.E’s (1984) Data

Hydraulic jump characteristics on artificially roughened beds in a rectangular
horizontal flume with smooth side walls were measured by Hughes and Flack (1984).
The test beds they used in their experiments were 0.305 wide each. The two types of
roughness elements used were a series of parallel square bars aligned perpendicularly
to the direction of the flow and closely packed gravel particles cemented to the base.
A flume, which was made up of just a plexiglas surface, served as a control section

by providing a smooth surface. The flume discharge, g, the upstream depth, Yo the
tailwater or conjugate depth, Y, and the jump length, Lj, were measured during

experiments. Two square bars (strip roughness) test beds were constructed using 3.18
mm and 6.36 mm square Plexiglas bars, with roughness elements spacing to height

ratios of 4 and 3.75, respectively. Three gravel test beds were fabricated for d50: 4.4

mm, 6.4 mm and 11.3 mm. 200 hydraulic jumps with the upstream Froude numbers
ranging from 3.0 to 10.0 were observed throughout the testing period.

The measured experimental data is tabulated below
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TABLE A.1 Hughes and Flack’s data for smooth bed
(Hughes and Flack, 1984)

Q (fts) | yi (feet) [ vy, (feet) | L, (feet) Fr,
0,34 0,082 0,256 1,30 2,53
0,33 0,069 0,292 1,50 3,23
0,33 0,061 0,315 2,00 3,89
0,33 0,057 0,331 2,20 4,30
0,33 0,054 0,338 2,50 4,71
0,33 0,041 0,377 2,80 6,95
0,35 0,073 0,285 1,40 3,12
0,36 0,060 0,328 1,80 4,27
0,35 0,054 0,354 2,10 4,93
0,35 0,048 0,374 2,40 5,82
0,34 0,043 0,381 2,70 6,80
0,38 0,068 0,325 1,60 3,78
0,38 0,059 0,354 2,00 4,73
0,38 0,054 0,374 2,40 5,37
0,37 0,047 0,407 2,80 6,47
0,41 0,074 0,335 1,70 3,64
0,41 0,065 0,361 2,00 4,40
0,41 0,061 0,394 2,10 4,81
0,40 0,052 0,423 2,60 6,02
0,41 0,060 0,387 2,30 491
0,41 0,064 0,371 - 4,48
0,41 0,071 0,344 1,90 3,87
0,41 0,080 0,322 1,60 3,23
0,41 0,065 0,348 2,00 4,35
0,41 0,065 0,371 2,20 4,37
0,41 0,058 0,377 2,20 514
0,40 0,049 0,420 2,70 6,59
0,40 0,057 0,397 2,50 5,25
0,41 0,062 0,371 2,20 4,67
0,41 0,067 0,351 1,90 4,16
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TABLE A.2: Hughes and Flack’s data for z=0.32 cm
(Hughes and Flack, 1984)

Q (ft/s) | 'y, (feet) y, (feet) | L (feet) Fr,
0,43 0,08 0,34 1,60 3,44
0,42 0,06 0,39 1,90 5,34
0,43 0,06 0,39 1,90 4,86
0,42 0,05 0,42 2,10 7,06
0,42 0,05 0,41 2,20 6,03
0,42 0,05 0,43 2,40 7,49
0,42 0,05 0,43 2,40 7,42
0,41 0,05 0,44 2,50 7,38
0,42 0,05 0,43 2,40 7,06
0,42 0,05 0,42 2,20 6,55
0,42 0,05 0,43 2,40 6,06
0,42 0,05 0,41 2,10 7,49
0,43 0,06 0,39 2,00 4,86
0,42 0,06 0,39 1,80 5,21
0,42 0,05 0,40 1,90 7,09
0,45 0,08 0,38 2,00 3,80
0,45 0,06 0,43 2,50 6,17
0,45 0,06 0,43 2,40 6,18
0,45 0,05 0,44 2,80 6,65
0,45 0,06 0,43 2,50 5,16
0,45 0,06 0,42 2,40 5,03
0,45 0,07 0,41 2,10 472
0,45 0,07 0,40 2,00 4,54
0,45 0,05 0,44 2,70 7,33
0,45 0,06 0,44 2,70 7,08
0,45 0,07 0,41 2,20 4,62
0,45 0,05 0,43 2,50 7,16
0,44 0,07 0,38 1,70 4,42
0,44 0,05 0,47 2,50 8,04
0,43 0,07 0,37 1,70 3,88
0,43 0,06 0,40 2,00 5,42
0,43 0,05 0,41 2,30 6,32
0,43 0,05 0,41 2,40 6,74
0,43 0,05 0,43 2,50 7,36
0,43 0,05 0,41 2,30 6,17
0,43 0,06 0,40 2,30 5,17
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TABLE A.3: Hughes and Flack’s data for d, =0.5 cm
(Hughes and Flack, 1984)

Q (ftls) y; (feet) y, (feet) L; (feet) Fr,
0,49 0,11 0,32 1,40 2,40
0,49 0,10 0,32 1,50 2,61
0,52 0,10 0,35 1,60 2,96
0,51 0,09 0,35 1,90 3,40
0,51 0,09 0,37 2,00 3,56
0,48 0,10 0,32 1,60 2,73
0,48 0,11 0,31 1,40 2,34
0,48 0,10 0,30 1,50 2,55
0,43 0,09 0,31 1,60 2,71
0,44 0,10 0,29 1,50 2,55
0,45 0,09 0,32 1,60 2,77
0,46 0,09 0,35 1,90 3,20
0,46 0,09 0,32 1,60 3,04
0,46 0,11 0,29 1,40 2,34
0,38 0,06 0,35 1,90 4,68
0,35 0,06 0,32 1,80 4,30
0,41 0,05 0,41 2,40 7,26
0,41 0,06 0,36 1,90 4,44
0,41 0,06 0,37 - 4,66
0,4 0,06 0,38 2,10 5,24
0,4 0,06 0,37 2,20 5,08
0,4 0,05 0,42 2,30 7,22
0,43 0,05 0,40 2,10 5,97
0,42 0,05 0,40 2,30 5,95
0,44 0,05 0,42 2,40 6,51
0,43 0,05 0,42 2,40 6,46
0,43 0,05 0,42 2,50 6,81
0,44 0,05 0,43 2,50 6,88
0,44 0,07 0,38 2,00 4,36
0,44 0,08 0,36 1,70 3,64
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TABLE A.4: Hughes and Flack’s data for d5020.61 cm
(Hughes and Flack, 1984)

Q (f'fs) | yi(feet) | 'y, (feet) L; (feet) Fr,
0,40 0,07 0,34 1,70 3,84
0,40 0,05 0,39 1,90 6,33
0,40 0,05 0,41 2,20 6,33
0,40 0,06 0,34 1,80 4,60
0,34 0,04 0,37 2,10 9,15
0,34 0,05 0,35 1,80 5,72
0,34 0,05 0,32 1,70 4,80
0,42 0,06 0,34 1,50 5,40
0,41 0,08 0,33 1,50 3,48
0,41 0,06 0,35 1,60 5,35
0,41 0,05 0,37 1,70 6,30
0,41 0,05 0,38 1,90 5,78
0,41 0,06 0,37 1,90 5,35
0,40 0,05 0,40 2,00 6,33
0,41 0,04 0,43 2,10 9,70
0,41 0,04 0,40 1,90 8,37
0,41 0,04 0,43 2,20 10,50
0,35 0,06 0,31 1,60 4,35
0,35 0,04 0,36 1,80 7,50
0,35 0,05 0,32 1,70 5,04
0,35 0,04 0,37 1,90 8,64
0,36 0,06 0,33 1,70 4,86
0,42 0,05 0,38 1,80 6,05
0,41 0,06 0,35 1,70 4,60
0,42 0,05 0,39 1,90 6,20
0,41 0,04 0,41 1,90 8,40
0,41 0,05 0,40 2,00 6,85
0,41 0,05 0,36 2,00 6,10
0,41 0,05 0,40 1,80 7,62
0,42 0,05 0,38 1,70 5,88
0,41 0,06 0,35 1,60 4,70
0,41 0,06 0,35 1,50 4,80
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TABLE A.5: Hughes and Flack’s data for z=0.64 cm
(Hughes and Flack, 1984)

Q (ft%s) | yi(feet) | y,(feet) | L, (feet) Fr,
0,44 0,08 0,36 1,60 3,42
0,44 0,07 0,38 1,90 4,27
0,44 0,05 0,40 2,30 6,29
0,44 0,06 0,39 2,00 5,24
0,44 0,05 0,39 2,00 6,37
0,50 0,08 0,40 1,90 4,30
0,50 0,06 0,43 2,20 5,57
0,42 0,08 0,32 1,50 3,33
0,42 0,06 0,35 1,60 4,88
0,42 0,08 0,34 1,50 3,60
0,42 0,06 0,36 1,70 5,27
0,42 0,07 0,36 1,60 4,04
0,41 0,05 0,38 1,80 6,51
0,41 0,06 0,38 2,00 4,79
0,41 0,05 0,39 2,30 7,56
0,41 0,05 0,40 2,10 6,86
0,41 0,06 0,38 1,80 5,33
0,41 0,05 0,38 1,80 6,48
0,42 0,07 0,36 1,60 4,32
0,42 0,07 0,38 2,10 4,11
0,42 0,05 0,39 2,50 5,87
0,42 0,05 0,41 2,70 6,98
0,42 0,05 0,39 2,20 5,96
0,42 0,06 0,38 1,90 4,68
0,42 0,05 0,40 2,20 6,43
0,42 0,07 0,37 2,00 4,27
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TABLE A.6: Hughes and Flack’s data for d5021.04 cm
(Hughes and Flack, 1984)

Q(fths) | yi(feet) [ y,(feet) | L (feet) Fr,
0,49 0,06 0,40 2,00 6,08
0,49 0,06 0,42 2,00 6,73
0,49 0,05 0,42 2,10 7,29
0,49 0,06 0,42 1,90 6,21
0,49 0,05 0,43 1,90 6,91
0,46 0,05 0,39 2,10 6,63
0,46 0,05 0,40 2,10 6,98
0,47 0,06 0,37 1,80 5,20
0,48 0,06 0,38 1,80 5,57
0,47 0,05 0,45 2,40 8,67
0,47 0,04 0,45 2,40 9,00
0,43 0,05 0,38 2,00 7,48
0,43 0,05 0,39 1,90 6,52
0,42 0,05 0,40 2,00 7,04
0,42 0,04 0,42 2,20 8,31
0,42 0,04 0,43 2,50 8,88
0,42 0,06 0,39 2,20 5,30
0,46 0,07 0,37 1,80 441
0,46 0,07 0,38 1,90 4,60
0,46 0,06 0,42 2,10 5,78
0,46 0,05 0,43 2,20 7,45
0,46 0,06 0,41 1,90 5,99
0,46 0,06 0,39 1,90 5,40
0,46 0,07 0,37 1,90 4,88
0,46 0,07 0,38 1,90 4,66
0,46 0,05 0,39 1,90 6,51
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Appendix 2: Ead, S.A and Rajaratnam, N.’s (2002) Data

Ead and Rajaratham (2002) conducted eleven experiments to study hydraulic jumps
on corrugated beds. They used a flume that was 0.446 m wide, 0.60 m deep and 7.6
m long, and had plexiglas sides. In order to ensure that the crests of the corrugations
were at the same level as the upstream bed on which the supercritical flow takes
place, two corrugated aluminum sheets were installed on the bed of the flume in a
certain way. These sheets had sinusoidal corrugations of the wavelength, s, of 68 mm

perpendicular to the flow direction, and amplitudes, ks, of 13 and 22 mm. In seven of
the experiments, the initial depth, Y, measured above the crest level of the
corrugations on the plane bed, was equal to 25.4 mm while it was 50.8 mm in four.
All the experiments were conducted for a range of upstream Froude number from 4.0

to 10.0.

The measured experimental data is tabulated below

TABLE A.7: Ead and Rajaratnam’s data for k =1.3 and 2.2 cm
(Ead and Rajaratnam, 2002)

Ksem) [ s(mm) | q(m’s/m) | yi(em) | yo(cm) | L;(cm) Fry
13 68,00 0,05 2,54 10,40 41,00 4,00
13 68,00 0,06 2,54 12,80 48,00 5,00
13 68,00 0,08 2,54 14,50 54,00 6,00
13 68,00 0,09 2,54 18,80 75,00 7,00
13 68,00 0,10 2,54 20,00 85,00 8,00
13 68,00 0,11 2,54 23,30 102,00 9,00
13 68,00 0,13 2,54 26,30 109,00 10,00
13 68,00 0,14 5,08 21,00 88,00 4,00
13 68,00 0,21 5,08 31,00 129,00 5,80
2,2 68,00 0,14 5,08 21,00 82,00 4,00
2,2 68,00 0,21 5,08 31,00 129,00 5,80
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Appendix 3: Evcimen, T.U.’s (2005) Data

Evcimen (2005) observed the effects of rectangular prismatic roughness elements on
hydraulic jump characteristics. A horizontal, rectangular open channel, which was
25.3 cm wide, 43.2 cm deep and 1000 cm long, was used in the studies. The entry
and outlet of the channel was made of concrete, whereas the middle section was
fiberglass, and 364 cm long. The roughness elements were located in the fiberglass
part of the channel. An adjustable weir placed at the end of channel controlled the
tailwater depth. The roughness elements were constructed using fiberglass. The

heights of roughness elements were 0.6 cm, 1 cm and 2 cm. All the roughness

elements had a width of 25 cm and a length of 1 cm. The longitudinal distance
between two roughness elements were taken as 4 cm and 9 cm, respectively (Figure
A.1). The incoming Froude number was between 6.8 and 16.6. A total of 81

measurements were made.

L=1cm w=4 cm

- . .l z=1 ecm
L=1em w=9em

W & V
- -:l z=1cm

L=1cm w=4 cm
b X )
. . . | z=2 cm

L=1 cm w=4 cm

. . Bl z=06cm

Figure A.1 Rectangular prismatic bars used in the experiments (Evcimen, 2005)
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TABLE A.8: Evcimen’s data for smooth bed (Evcimen, 2005)

Y1 (cm) Y2 (cm) Q(tls) |Li(cm) |Fr
1,30 21,22 15,12 134,00 12,87
1,28 23,38 15,12 148,00 13,18
1,30 22,98 16,13 141,00 13,73
1,30 24,43 16,13 146,00 13,73
1,29 25,95 16,94 164,00 14,59
1,32 23,18 16,94 164,00 14,10
1,32 24,32 18,25 161,00 15,19
1,29 28,21 18,25 169,00 15,72
1,29 20,67 13,50 131,00 11,63
1,30 18,12 13,50 123,00 11,49
1,68 14,58 11,97 96,00 6,94
1,70 13,56 11,97 89,00 6,82
1,70 15,22 13,35 112,00 7,60
1,68 16,23 13,35 110,00 7,74
1,69 17,21 14,40 112,00 8,27
1,70 15,65 14,40 117,00 8,20
1,72 18,43 16,14 126,00 9,03
1,67 22,48 16,14 128,00 9,44
1,70 22,54 16,74 144,00 9,53
1,71 21,45 16,74 145,00 9,45
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TABLE A.9: Evcimen’s data for z=1 cm, w=4 cm (Evcimen, 2005)

yiem) |yp(cm) |[Q(ltls) | Li(cm) |Fr
1,11 14,75 10,52 69,00 11,35
1,07 15,20 10,42 61,00 11,89
1,08 17,08 11,70 69,00 13,16
1,08 16,60 11,70 78,00 13,16
1,33 17,79 13,60 75,00 11,19
1,35 19,00 15,00 76,00 12,07
1,38 20,06 16,24 79,00 12,64
1,37 14,87 12,35 61,00 9,72
1,34 14,02 10,52 54,00 8,56
1,37 17,43 13,78 74,00 10,84

TABLE A.10: Evcimen’s data for z=1 cm, w=9 cm (Evcimen, 2005)

yi(em) |y,(cm) | Q(It/s) | Lij(cm) | Fry
1,36 12,74 | 13,78 38,00 8,49
1,46 13,08 | 10,68 53,00 8,88
1,54 15,56 12,41 42,00 9,25
1,44 14,98 14,01 58,00 10,23
1,35 13,76 | 14,01 58,00 10,03
1,28 13,39 | 12,46 66,00 9,47
1,02 14,44 | 10,86 77,00 13,39
1,21 14,73 | 1093 51,00 11,54
1,23 16,14 | 13,36 59,00 12,36
1,28 15,76 13,36 41,00 11,64
1,21 15,43 | 12,03 80,00 11,41
1,18 14,32 10,61 46,00 10,45
1,66 16,86 | 15,03 58,00 8,87
1,75 18,32 16,41 59,00 8,95
1,82 18,25 17,77 48,00 9,13
1,93 17,75 | 17,77 56,00 8,36
1,78 16,05 | 16,46 48,00 8,74
1,73 17,24 15,20 61,00 8,43
1,65 20,47 17,92 81,00 10,67
1,81 20,08 | 19,31 67,00 10,01
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TABLE A.11: Evcimen’s data for z=2 cm, w=4 cm (Evcimen, 2005)

yiecm) |yp(cm) |[Q(ltls) | Li(cm) |Fr
1,36 14,22 12,78 68,00 10,17
1,34 15,84 12,78 67,00 10,39
1,29 16,74 12,78 66,00 11,01
1,29 16,42 14,21 64,00 12,24
1,32 17,54 14,21 68,00 11,82
1,34 17,88 14,21 61,00 11,56
1,36 19,54 15,57 67,00 12,39
1,34 17,34 15,57 72,00 12,67
1,30 21,34 15,57 98,00 13,26
1,07 15,42 12,15 73,00 13,85
1,05 16,75 12,15 81,00 14,25
1,04 17,11 12,15 86,00 14,46
1,06 18,12 13,52 80,00 15,64
1,08 17,45 13,52 70,00 15,21
1,10 18,65 13,52 77,00 14,79
1,11 20,04 14,80 85,00 15,97
1,09 20,52 14,80 88,00 16,41
1,08 18,98 14,80 91,00 16,64
1,75 16,21 14,81 65,00 8,07
1,74 17,32 14,77 74,00 8,12
1,67 16,46 14,77 79,00 8,64
1,68 15,44 16,31 87,00 9,45
1,75 16,14 16,31 77,00 8,89
1,75 18,50 16,31 72,00 8,89
1,78 16,25 17,46 72,00 9,28
1,74 20,25 17,46 81,00 9,60
1,74 16,84 17,46 91,00 9,60

TABLE A.12: Evcimen’s data for z=0.6 cm, w=4 cm (Evcimen, 2005)

yi(cm) | yo(cm) | Q(It/s) | L (cm) Fry
1,30 17,48 14,04 70,00 11,95
1,29 17,24 14,04 84,00 12,09
1,29 21,13 16,48 97,00 14,20
1,30 23,46 18,69 102,00 15,91
1,34 22,37 18,69 85,00 15,21
1,35 22,38 18,69 96,00 15,04
1,29 21,54 17,93 97,00 15,45
1,76 20,54 19,03 96,00 10,29
1,71 20,67 19,03 78,00 10,74
1,75 20,41 19,03 85,00 10,37
1,71 18,38 16,76 89,00 9,46
1,68 18,96 16,76 85,00 9,71
1,73 16,99 16,76 74,00 9,29
1,72 18,22 15,75 69,00 8,81
1,71 17,23 14,63 76,00 8,25
2,04 17,79 16,84 66,00 7,29
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TABLE A.12 (Continued)
yi(em) | yp(cm) | Q(Itfs) | L;(cm) Fr,
1,99 17,69 16,84 72,00 7,57
1,95 17,22 16,84 80,00 7,81
1,98 19,45 19,30 88,00 8,74
1,96 19,78 19,30 93,00 8,87
1,97 18,22 19,30 96,00 8,81
1,98 17,45 17,89 79,00 8,10
1,95 16,98 17,89 83,00 8,29
1,94 18,28 17,89 87,00 8,35

Appendix 4: Carollo, F.G, Ferro, V. and Pampalone, V.’s (2007)

Data

Carollo, Ferro, and Pampalone (2007) carried out an experimental study on
horizontal rectangular rough beds. The experiments were conducted in a 14.4 m long,
0.6 m wide and 0.6 m deep rectangular flume made of glass. The measuring reach
was 3 m long. Closely packed crushed gravel particles were cemented to the bottom

of the flume. The median diameter, d_ , was used as roughness heights, k, which

were taken as 0.46 cm, 0.82 cm, 1.46 cm, 2.39 cm and 3.20 cm for each experiment,
respectively. 408 test runs were conducted using discharges ranging from 17.4 to
73.1 It/s, and incoming Froude numbers ranging from 1.9 to 9.9.

The measured experimental data is tabulated below:
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TABLE A.13: Carollo, Ferro and Pampalone’s data for smooth bed

(Carollo, Ferro and Pampalone, 2007)
dso Y1 W Q L, Fry dso 2 W Q Ly Fry
(cm) (cm) | (em) | (It/s) | (cm) (cm) | (em) | (cm) | (It/s) | (cm)
- 699 | 16,15 | 64,94 | 34,00 | 187 - 359 | 12,35 | 3541 | 38,00 | 2,77
- 6,84 | 16,72 | 64,55 | 32,00 | 192 - 332 | 12,06 | 33,54 | 47,00 | 295
- 694 | 1652 | 6528 | - 1,90 - 325 | 11,98 | 32,70 | 32,00 | 297
- 651 | 16,00 | 59,93 | 36,00 | 192 - 312 | 11,71 | 31,48 | 3500 | 3,04
- 649 | 16,13 | 59,66 | 32,00 | 192 - 294 | 11,42 | 30,03 | 43,00 | 317
- 540 | 1257 | 46,93 | 3500 | 199 - 2,83 | 11,23 | 28,45 | 30,00 | 3,18
- 7,09 | 16,71 | 70,60 | 25,00 | 1,99 - 2,78 | 11,05 | 27,79 | 41,00 | 3,19
- 568 | 14,58 | 51,13 | 34,00 | 2,01 - 284 | 11,23 | 28,87 | 34,00 | 321
- 6,14 | 1598 | 57,76 | 41,00 | 2,02 - 252 | 10,72 | 2579 | 34,00 | 343
- 6,35 | 1579 | 61,04 | 30,00 | 2,03 - 2,44 | 10,48 | 24,57 | 31,00 | 343
- 574 | 1533 | 53,24 | 40,00 | 2,06 - 411 | 18,38 | 5387 | 51,00 | 3,44
- 538 | 14,69 | 49,01 | 43,00 | 2,09 - 227 | 10,39 | 23,40 | 40,00 | 3,64
- 522 | 12,06 | 47,07 | 27,00 | 2,10 - 320 | 16,31 | 39,91 | 50,00 | 3,71
- 552 | 14,92 | 51,18 | 37,00 | 2,10 - 349 | 17,59 | 47,29 | 51,00 | 386
- 511 | 12,49 | 46,02 | 3300 | 212 - 203 | 995 | 21,52 | 31,00 | 396
- 6,17 | 16,29 | 61,63 | 3500 | 2,14 - 4,13 | 21,93 | 64,51 | 72,00 | 4,09
- 559 | 1542 | 53,65 | 34,00 | 2,16 - 187 | 10,13 | 19,80 | 39,00 | 4,12
- 582 | 1524 | 57,52 | 33,00 | 2,18 - 383 | 21,63 | 61,41 | 8500 | 4,36
- 4,84 | 14,00 | 44,02 | 41,00 | 2,20 - 353 | 21,17 | 57,96 | 70,00 | 4,65
- 4,96 | 13,77 | 4567 | 36,50 | 2,20 - 308 | 18,87 | 47,64 | 57,00 | 4,69
- 644 | 16,86 | 67,57 | 34,00 | 2,20 - 292 | 18,67 | 45,20 | 60,00 | 4,82
- 592 | 16,24 | 59,82 | 37,00 | 2,21 - 332 | 20,75 | 54,91 | 60,00 | 4,83
- 640 | 17,17 | 67,55 | 3500 | 2,22 - 2,28 | 1566 | 33,19 | 56,00 | 513
- 6,17 | 16,47 | 6538 | 31,00 | 2,27 - 3,42 | 2345 | 61,69 | 82,00 | 519
- 546 | 1505 | 54,43 | 3500 | 227 - 263 | 17,97 | 41,76 | 56,00 | 521
- 507 | 14,70 | 49,56 | 36,00 | 2,31 - 318 | 22,94 | 57,76 | 90,00 | 542
- 530 | 14,85 | 53,88 | 38,00 | 235 - 230 | 16,98 | 36,45 | 70,00 | 556
- 421 | 13,18 | 39,45 | 38,00 | 2,43 - 291 | 22,65 | 54,57 | 86,00 | 585
- 520 | 1538 | 54,37 | 42,00 | 244 - 2,13 | 16,77 | 34,70 | 58,00 | 594
- 4,14 | 12,75 | 39,26 | 31,00 | 2,48 - 2,65 | 22,06 | 50,99 | 80,00 | 6,29
- 4,67 | 14,08 | 47,03 | 3500 | 2,48 - 2,38 | 21,78 | 47,47 | 77,00 | 6,88
- 398 | 12,65 | 37,15 | 46,00 | 2,49 - 2,20 | 20,78 | 4348 | 80,00 | 7,09
- 450 | 14,22 | 4539 | 44,00 | 253 - 201 | 19,62 | 39,09 | 82,00 | 7,30
- 4,37 | 12,85 | 4343 | 32,00 | 2,53 - 220 | 21,93 | 4550 | 70,00 | 7,42
- 4,07 | 13,59 | 40,74 | 39,00 | 2,64 - 191 | 1957 | 38,05 | 78,00 | 7,67
- 367 | 1253 ] 3633 ] 3500 | 2,75
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TABLE A.14: Carollo, Ferro and Pampalone’s data for gravel beds
(Carollo, Ferro and Pampalone, 2007)

dso Y1 W Q L, Fry dso Y1 W Q L, Fry
(cm) (cm) (cm) (It/s) (cm) (cm) (cm) (cm) (It/s) (cm)

0,46 5,65 16,04 | 57,80 - 2,29 1,46 3,68 19,15 | 58,77 | 62,00 4,43
0,46 5,49 16,06 58,26 - 2,41 1,46 3,76 20,42 60,97 67,00 4,45

0,46 5,07 16,08 | 57,71 2,69 1,46 3,47 18,56 | 54,06 | 62,00 4,45

0,46 4,69 17,70 | 57,83 | 66,00 3,03 1,46 3,31 18,10 | 53,76 | 61,00 4,75

0,46 4,75 18,26 | 60,50 | 62,00 3,11 1,46 2,66 14,95 | 38,89 | 49,00 4,77

0,46 4,57 17,88 | 57,65 | 61,00 3,14 1,46 3,07 16,25 | 49,03 | 57,00 4,85

0,46 4,66 18,55 | 60,49 | 64,00 3,20 1,46 347 20,25 | 60,74 | 60,00 5,00

0,46 4,25 19,63 | 60,26 | 65,00 3,66 1,46 3,00 17,02 | 49,31 | 61,00 5,05

0,46 4,19 19,38 | 60,12 | 68,00 3,73 1,46 3,38 20,06 | 60,61 - 519

0,46 4,15 19,24 | 60,21 | 69,00 3,79 1,46 2,89 16,95 | 48,84 5,29

0,46 3,93 18,41 | 55,64 | 62,00 3,80 1,46 2,68 18,08 | 46,75 | 58,00 5,67

0,46 3,86 18,98 | 55,01 | 67,00 3,86 1,46 2,93 19,23 | 54,10 | 64,00 5,74

0,46 4,06 19,71 | 60,26 | 65,00 3,92 1,46 2,63 16,84 | 46,41 | 56,00 5,79

0,46 3,73 18,51 | 54,69 - 4,04 1,46 2,71 17,56 | 49,21 | 53,00 5,87

0,46 3,60 18,95 | 55,58 | 70,00 4,33 1,46 2,60 16,68 | 46,25 | 53,00 5,87

0,46 3,39 18,12 | 51,61 | 66,00 4,40 1,46 3,06 20,73 | 60,26 | 63,00 5,99

0,46 3,31 18,18 | 50,70 | 50,00 4,48 1,46 2,83 19,04 | 54,13 6,05

0,46 3,29 18,47 | 51,03 | 54,00 4,55 1,46 2,63 17,58 | 48,81 | 60,00 6,09

0,46 3,57 19,84 | 59,45 | 55,00 4,69 1,46 2,54 16,59 | 46,79 | 59,00 6,15

0,46 3,53 20,70 | 59,70 | 74,00 4,79 1,46 2,29 15,38 | 40,57 | 48,00 6,23

0,46 3,49 20,29 | 59,30 | 52,00 4,84 1,46 2,54 17,53 | 48,31 | 60,00 6,35

0,46 3,12 17,90 | 50,33 | 66,00 4,86 1,46 2,52 17,14 | 48,64 | 54,00 6,47

0,46 3,44 19,90 | 58,75 | 53,00 4,90 1,46 2,32 16,71 | 43,10 | 54,00 6,49

0,46 3,08 18,06 | 49,88 | 65,00 4,91 1,46 2,69 19,46 | 54,22 | 67,00 6,54

0,46 3,26 19,73 | 54,75 | 63,00 4,95 1,46 2,63 18,27 | 53,22 | 57,00 6,64

0,46 3,26 19,47 | 54,86 | 68,00 4,96 1,46 2,16 14,98 | 40,57 | 47,00 6,80

0,46 341 20,89 | 59,29 | 76,00 5,01 1,46 2,43 17,88 | 48,83 | 57,00 6,86

0,46 3,01 18,10 | 50,34 | 50,00 513 1,46 2,56 19,35 | 53,65 | 63,00 6,97

0,46 3,35 20,70 | 59,34 | 73,00 5,15 1,46 2,13 16,95 | 42,94 | 60,00 7,35

0,46 3,00 17,97 | 50,29 | 67,00 5,15 1,46 2,11 16,42 | 43,08 | 52,00 7,48

0,46 3,32 20,18 | 58,66 | 71,00 5,16 1,46 2,05 16,02 | 42,69 | 50,00 7,74

0,46 3,13 18,94 | 54,01 | 61,00 5,19 1,46 1,98 1576 | 41,36 | 54,00 7,90

0,46 2,99 18,18 | 50,62 | 50,00 521 1,46 1,84 15,61 | 40,15 | 55,00 8,56

0,46 3,09 18,94 | 53,39 | 62,00 5,23 1,46 1,77 1522 | 38,68 | 58,00 8,74

0,46 2,67 17,45 | 43,29 | 62,00 5,28 2,39 4,97 12,10 | 54,35 - 2,61

0,46 2,95 18,29 | 50,37 | 55,00 5,29 2,39 4,55 12,14 | 54,35 - 2,98

0,46 2,65 16,77 | 42,89 | 64,00 5,29 2,39 2,08 12,94 | 39,07 | 45,00 6,93

0,46 2,82 17,98 | 47,08 | 58,00 5,29 2,39 2,04 13,04 | 38,22 | 48,00 6,98

0,46 3,23 20,83 | 58,91 | 71,00 5,40 2,39 1,98 1334 | 37,12 - 7,09
0,46 3,02 19,97 | 53,46 | 71,00 5,42 2,39 2,48 16,72 | 52,26 | 61,00 7,12
0,46 3,02 19,54 | 53,95 | 70,00 5,47 2,39 5,39 12,11 | 54,32 - 2,31
0,46 2,88 18,46 | 50,33 | 56,00 5,48 2,39 4,38 12,24 | 54,09 - 3,14
0,46 2,74 17,69 | 47,48 | 68,00 5,57 2,39 4,28 13,42 | 53091 - 3,24
0,46 2,82 18,20 | 49,66 | 69,00 5,58 2,39 4,56 14,54 | 60,20 - 3,29
0,46 2,96 19,55 | 53,78 | 60,00 5,62 2,39 4,49 15,14 | 61,15 - 3,42
0,46 2,69 17,84 | 46,93 | 60,00 5,66 2,39 4,10 13,31 | 53,98 - 3,46
0,46 2,68 17,19 | 46,75 | 58,00 5,67 2,39 4,47 15,51 | 61,63 - 3,47
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TABLE A.14 (Continued)

dso Y1 Y2 Q L, Fri dso Y1 Y2 Q Lr Fry
(cm) (cm) (cm) (It/s) (cm) (cm) (cm) (cm) (It/s) (cm)

0,46 2,53 16,75 | 42,88 | 58,00 | 5,67 2,39 3,87 15,33 | 53,65 | - 3,75
0,46 2,27 1557 | 36,51 | 61,00 | 5,68 2,39 4,16 16,00 | 60,27 | - 3,78
0,46 2,66 18,48 | 47,12 | 70,00 | 578 2,39 4,11 15,87 | 61,07 | - 3,90
0,46 2,48 17,11 | 42,94 | 59,00 | 5,85 2,39 4,07 16,43 | 61,26 | 70,00 | 3,97
0,46 2,42 16,73 | 42,52 | 64,00 | 6,01 2,39 3,72 13,49 | 5393 | - 4,00
0,46 2,42 16,37 | 42,73 | 66,00 | 6,04 2,39 3,72 16,46 | 55,96 | 63,00 | 4,15
0,46 2,65 18,47 | 4953 | 67,00 | 6,11 2,39 3,33 16,21 | 52,30 | 60,00 | 4,58
0,46 2,54 17,76 | 47,09 | 70,00 | 6,19 2,39 2,75 12,20 | 39,34 | 49,00 | 4,59
0,46 2,32 16,87 | 41,37 | 65,00 | 6,23 2,39 3,55 18,05 | 59,96 | 67,00 | 4,77
0,46 2,51 18,25 | 46,56 | 64,00 | 6,23 2,39 2,95 14,04 | 46,37 | 56,00 | 4,87
0,46 2,74 19,31 | 53,19 | 69,00 | 6,24 2,39 3,28 17,20 | 55,59 | 63,00 | 4,98
0,46 2,57 19,02 | 49,86 | 60,00 | 644 2,39 3,48 17,77 | 60,88 | 72,00 | 4,99
0,46 2,15 16,36 | 38,69 | 62,00 | 6,53 2,39 2,66 13,30 | 40,76 | 47,00 | 5,00
0,46 2,24 16,47 | 41,14 | 65,00 | 6,53 2,39 3,40 17,66 | 60,68 | 70,00 | 5,15
0,46 2,26 16,56 | 42,14 | 67,00 | 6,60 2,39 2,39 12,19 | 36,04 | 41,00 | 519
0,46 2,05 15,00 | 36,46 | 58,00 | 6,61 2,39 2,80 14,60 | 46,05 | 55,00 | 5,23
0,46 2,38 17,86 | 46,58 | 67,00 | 6,75 2,39 3,18 16,94 | 55,95 | 65,00 | 525
0,46 2,07 16,27 | 39,12 | 63,00 | 6,99 2,39 2,45 12,98 | 39,06 | 48,00 | 542
0,46 2,10 16,29 | 40,15 | 63,00 | 7,02 2,39 3,12 17,77 | 56,24 | 66,00 | 543
0,46 1,75 14,04 | 31,58 | 58,00 | 7,26 2,39 3,24 17,98 | 59,73 | 69,00 | 545
0,46 2,13 17,46 | 42,94 | 64,00 | 7,35 2,39 2,97 16,55 | 52,71 | 51,00 | 548
0,46 1,44 11,82 | 24,71 | 48,00 | 7,61 2,39 2,52 14,32 | 41,35 | 50,00 | 5,50
0,46 1,84 1522 | 36,02 | 61,00 | 7,68 2,39 291 16,82 | 51,49 | 62,00 | 552
0,46 1,61 1359 [ 29,60 | 56,00 | 7,71 2,39 2,71 1533 | 46,45 | 56,00 | 554
0,46 1,69 1358 | 31,87 | 54,00 | 7,72 2,39 2,50 14,06 | 41,38 | 49,00 | 5,57
0,46 1,21 11,39 [ 21,76 | 50,00 | 8,70 2,39 2,30 13,13 | 36,91 | 45,00 | 5,63
0,46 111 10,80 | 19,16 | 44,00 | 8,72 2,39 2,30 12,37 | 36,91 | 44,00 | 5,63
0,82 347 16,86 | 43,12 | 53,00 | 3,55 2,39 2,26 12,66 | 36,27 | 44,00 | 5,68
0,82 3,56 16,59 | 4494 | 55,00 | 3,56 2,39 2,65 15,51 | 46,05 | 57,00 | 5,68
0,82 6,75 19,06 | 73,16 | 67,00 | 2,22 2,39 2,43 13,98 | 40,72 | 47,00 | 572
0,82 6,53 19,15 [ 70,56 | 70,00 | 2,25 2,39 2,35 12,11 | 39,06 | 44,00 | 577
0,82 6,25 19,34 | 70,47 | 69,00 | 2,40 2,39 2,34 13,38 | 39,08 | 48,00 | 581
0,82 6,00 20,06 | 70,71 | 69,00 | 2,56 2,39 2,42 13,33 | 41,17 | 49,00 | 5,82
0,82 5,87 19,55 | 70,29 | 73,00 | 2,63 2,39 2,58 14,00 | 4533 | 57,00 | 5,82
0,82 541 18,90 | 63,37 | 66,00 | 2,68 2,39 2,93 17,51 | 56,17 | 67,00 | 5,96
0,82 5,28 16,06 | 63,84 | 70,00 | 2,80 2,39 2,87 17,78 | 55,92 | 63,00 | 6,12
0,82 5,14 18,82 | 63,29 | 70,00 | 2,89 2,39 2,30 13,12 | 40,77 | 44,00 | 6,22
0,82 5,10 18,98 | 63,42 | 70,00 | 2,93 2,39 2,13 12,53 | 36,92 | 42,00 | 6,32
0,82 4,98 19,63 | 63,28 | 74,00 | 3,03 2,39 2,45 1491 | 46,05 | 57,00 | 6,39
0,82 4,71 18,80 | 58,40 | 71,00 | 3,04 2,39 2,92 18,26 | 60,20 | 68,00 | 6,42
0,82 4,69 18,72 | 60,13 | 70,00 | 3,15 2,39 2,65 16,33 | 52,53 | 53,00 | 6,48
0,82 4,45 18,80 | 58,04 | 67,00 | 3,29 2,39 2,15 12,85 | 38,69 | 44,00 | 6,53
0,82 4,69 20,23 | 63,37 | 76,00 | 3,32 2,39 2,59 16,38 | 51,15 | 58,00 | 6,53
0,82 4,41 18,93 | 58,13 | 66,00 | 3,34 2,39 2,35 15,36 | 45,70 | 53,00 | 6,75
0,82 4,35 19,51 | 57,29 | 66,00 | 3,36 2,39 2,02 12,15 | 36,47 | 43,00 | 6,76
0,82 4,38 19,60 | 58,05 | 64,00 | 3,37 2,39 2,30 1549 | 45,16 | 53,00 | 6,89
0,82 4,38 18,97 | 58,57 | 76,00 | 3,40 2,39 2,14 14,03 | 40,53 | 48,00 | 6,89
0,82 4,23 19,58 | 57,88 | 65,00 | 3,54 2,39 1,98 13,46 | 38,69 | 49,00 | 7,39
0,82 3,26 16,74 | 44,25 | 54,00 | 4,00 2,39 2,17 15,42 | 45,17 | 52,00 | 7,52
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TABLE A.14 (Continued)

dso Y1 Y2 Q L, Fri dso Y1 Y2 Q Lr Fry
(cm) (cm) (cm) (It/s) (cm) (cm) (cm) (cm) (It/s) (cm)
0,82 3,22 16,82 | 44,19 | 55,00 4,07 2,39 1,88 13,85 | 36,72 - 7,58
0,82 3,83 20,22 | 57,75 | 75,00 4,10 2,39 2,34 16,42 | 52,27 | 62,00 7,77
0,82 2,69 13,87 | 3540 | 41,00 4,27 2,39 2,11 15,03 | 45,16 | 50,00 7,84
0,82 3,65 19,51 | 57,53 | 66,00 4,39 2,39 1,80 13,75 | 38,26 | 48,00 8,43
0,82 3,79 21,14 | 61,70 | 60,00 4,45 2,39 1,75 14,05 | 38,02 - 8,74
0,82 3,07 17,60 | 45,39 | 57,00 4,49 32 3,93 16,09 | 56,37 | 53,00 3,85
0,82 3,58 19,09 | 57,41 | 63,00 4,51 32 3,98 16,05 | 58,04 | 58,00 3,89
0,82 2,95 16,43 | 42,94 | 53,00 4,51 32 4,06 16,10 | 60,42 | 63,00 3,93
0,82 3,74 21,09 | 61,98 | 73,00 4,56 32 3,98 16,80 | 59,39 | 58,00 3,98
0,82 3,00 17,23 | 4531 | 58,00 4,64 32 2,13 13,50 | 39,08 | 47,00 6,69
0,82 3,38 19,47 | 54,77 | 65,00 4,69 32 2,27 14,91 | 43,32 | 50,00 6,74
0,82 2,58 15,57 | 36,68 | 42,00 4,71 32 2,34 16,02 | 46,75 | 55,00 6,95
0,82 2,85 16,20 | 42,95 | 53,00 4,75 32 2,75 18,58 | 59,90 | 61,00 6,99
0,82 2,48 14,06 | 34,94 | 47,00 4,76 32 6,27 12,76 | 61,96 - 2,10
0,82 2,83 16,98 | 45,00 | 60,00 5,03 32 6,24 13,33 | 61,81 - 2,11
0,82 2,81 17,22 | 44,79 | 58,00 5,06 32 5,78 13,66 | 61,63 - 2,36
0,82 3,13 19,28 | 54,01 | 60,00 5,19 32 5,73 13,83 | 61,60 - 2,39
0,82 2,65 16,16 | 42,56 | 47,00 5,25 32 5,44 13,26 | 59,13 - 2,48
0,82 1,93 12,51 | 26,76 | 43,00 5,31 32 541 13,46 | 58,88 - 2,49
0,82 2,11 14,45 | 30,76 | 56,00 5,34 32 5,38 13,43 | 59,10 - 2,52
0,82 1,50 10,50 | 18,54 | 30,00 5,37 3,2 551 1391 | 61,25 - 2,52
0,82 2,33 15,63 | 36,49 | 51,00 5,46 32 5,34 14,42 | 61,22 - 2,64
0,82 2,27 15,22 | 3554 | 48,00 5,53 3,2 5,06 14,19 | 58,82 - 2,75
0,82 2,19 14,79 | 33,86 | 50,00 5,56 3,2 4,89 14,54 | 58,73 | 52,00 2,89
0,82 1,88 13,30 | 28,05 | 52,00 5,79 32 4,88 14,85 | 5855 | 53,00 2,89
0,82 1,74 12,45 | 25,28 | 45,00 5,86 3,2 441 15,63 | 58,48 | 55,00 3,36
0,82 1,35 9,21 17,36 | 29,00 5,89 32 4,26 15,68 | 58,00 | 53,00 3,51
0,82 2,16 14,89 | 35,38 | 58,00 5,93 32 3,89 16,21 | 57,96 | 57,00 4,02
0,82 1,58 11,05 | 22,28 | 40,00 5,97 32 3,91 16,92 | 59,14 | 58,00 4,07
0,82 1,34 9,18 17,55 | 24,00 6,02 32 3,89 16,30 | 60,12 | 63,00 4,17
0,82 1,69 11,82 | 24,98 | 42,00 6,05 3,2 3,73 16,43 | 59,84 | 60,00 4,42
0,82 1,56 11,01 | 22,45 | 37,00 6,13 32 3,60 17,11 | 59,95 | 61,00 4,67
0,82 1,68 12,65 | 26,64 | 53,00 6,51 3,2 3,29 16,19 | 53,61 | 58,00 4,78
0,82 1,27 9,08 17,51 | 25,00 6,51 32 3,23 16,35 | 56,95 | 58,00 5,22
0,82 1,25 8,98 17,44 | 18,00 6,64 3,2 3,32 17,03 | 60,59 | 61,00 5,33
0,82 1,57 12,25 | 25,55 | 45,00 6,91 32 3,16 17,04 | 56,90 | 63,00 5,39
0,82 1,59 13,25 | 26,45 | 45,00 7,02 32 3,28 17,60 | 60,39 | 62,00 541
0,82 1,50 11,88 | 24,89 | 43,00 7,21 3,2 2,98 15,97 | 53,46 | 60,00 5,53
0,82 1,50 12,11 | 25,27 | 43,00 7,32 32 2,86 16,69 | 50,63 | 57,00 5,57
0,82 1,45 11,42 | 24,81 | 40,00 7,56 3,2 2,76 15,97 | 49,98 | 58,00 5,80
0,82 1,42 12,10 | 25,31 | 42,00 7,96 32 3,03 18,09 | 58,08 | 58,00 5,86
0,82 1,36 11,75 | 24,89 | 38,00 8,35 32 3,05 17,52 | 60,16 | 63,00 6,01
1,46 4,76 18,17 | 61,87 | 66,00 3,17 3,2 2,81 16,36 | 53,38 | 58,00 6,03
1,46 4,69 18,58 | 61,84 | 65,00 3,24 32 2,72 17,30 | 53,03 | 59,00 6,29
1,46 5,68 13,17 | 56,22 - 2,21 3,2 2,70 16,85 | 53,03 | 60,00 6,36
1,46 5,49 13,69 | 55,60 - 2,30 32 2,92 18,19 | 59,92 | 62,00 6,39
1,46 5,44 13,14 | 55,80 - 2,34 3,2 2,83 18,60 | 57,89 | 59,00 6,47
1,46 5,22 13,78 | 56,26 - 2,51 3,2 2,53 15,19 | 49,99 | 58,00 6,61
1,46 5,19 15,42 | 55,99 | 65,00 2,52 3,2 2,73 17,50 | 56,37 | 63,00 6,65
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TABLE A.14 (Continued)

dso Y1 Y2 Q Lr Fry dso Y1 Y2 Q Lr Fry
(cm) (cm) (cm) (It/s) (cm) (cm) (cm) (cm) (It/s) (cm)

1,46 5,00 14,73 | 54,63 - 2,60 32 2,40 15,77 | 49,68 | 55,00 711
1,46 5,27 17,57 | 62,75 | 67,00 2,76 32 2,25 15,27 | 46,62 | 54,00 7,35
1,46 5,22 17,00 | 62,08 | 66,00 2,77 32 2,52 17,29 | 56,46 | 59,00 7,51
1,46 4,75 14,56 | 54,47 - 2,80 32 1,93 14,51 | 37,94 | 53,00 7,53
1,46 5,06 18,07 | 62,67 | 70,00 2,93 32 1,87 13,75 | 37,15 | 52,00 7,73
1,46 4,71 18,42 | 62,62 | 70,00 3,26 32 2,19 16,09 | 47,14 | 55,00 7,74
1,46 4,62 18,56 | 61,58 | 66,00 3,30 32 2,54 18,46 | 59,19 - 7,78
1,46 4,51 18,71 | 61,92 | 66,00 3,44 32 2,54 17,88 | 59,34 | 60,00 7,80
1,46 4,43 18,95 | 61,15 | 68,00 3,49 32 1,91 13,19 | 38,89 | 46,00 7,84
1,46 4,43 18,76 | 61,50 | 68,00 3,51 32 2,31 16,47 | 52,72 | 59,00 7,99
1,46 3,98 17,91 | 54,16 | 64,00 3,63 32 2,07 1594 | 4545 | 57,00 8,12
1,46 4,16 18,79 | 61,71 | 67,00 3,87 32 1,94 14,59 | 43,11 | 50,00 8,49
1,46 3,98 18,62 | 59,24 | 72,00 3,97 32 1,73 13,55 | 36,82 | 52,00 8,61
1,46 3,70 17,56 | 53,90 | 62,00 4,03 32 2,00 16,22 | 46,03 | 58,00 8,66
1,46 3,90 18,63 | 58,76 | 68,00 4,06 32 1,71 13,05 | 36,60 | 54,00 8,71
1,46 3,45 16,96 | 49,37 | 63,00 4,10 32 1,96 15,12 | 46,62 | 55,00 9,04
1,46 3,69 18,50 | 54,75 | 65,00 4,11 32 2,02 16,28 | 49,53 | 57,00 9,18
1,46 3,97 19,42 | 61,24 | 63,00 4,12 32 1,80 15,65 | 42,52 | 54,00 9,37
1,46 3,63 18,26 | 54,07 | 68,00 4,16 32 1,80 13,90 | 42,71 | 50,00 9,41
1,46 3,63 17,45 | 54,07 | 61,00 4,16 32 1,58 12,71 | 36,24 | 44,00 9,71
1,46 3,82 18,87 | 58,51 | 60,00 4,17 3,2 1,63 13,17 | 38,44 | 48,00 9,83
1,46 3,39 16,32 | 49,03 | 58,00 4,18 32 1,63 12,83 | 38,68 | 48,00 9,89
1,46 3,73 18,71 | 59,30 | 66,00 4,38
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