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SYNOPSIS

This thesis is an investigation into the water surface profiles found in
side channel spillways. The classical method proposed by Hinds is
investigated, with specific reference to the water surface slope equation.
A literature review is given on the evolution of the theory, from the
concepfua] ideas of Hinds through to a systematic method of analysis.
Experimental methods used over the years are also discussed.

A computer program called WSPISCS (water Surface Profiles In Side Channel
Spiliways), is developed to calculate the water surface profile. This in
turn alleviates the laborious and tedious hand calculations necessary in the
past. An iterative, step by step calculation of the water surface profile
from a known control point is conducted. A Runge Kutta fourth order
algorithm is employed for the numerical integration.

The program is verified with previous hand calculated examples, including
the classical example calculated by Hinds. A thorough sensitivity analysis
is conducted with regérd to the magnitude of the step length, and also to
the location of the starting point. Comparisons are made with experimental
resulté obtained over a number of vyears of undergraduate research. The
correlation between the calculated and experimental profiles 1is generally
good. The only exception 1is a horizontal receiving channel with a
hydraulically steep outflow chute, where the experimental profile falls
below the calculated one as the inflow rate increases.
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1.1

1 INTRODUCTION

Side channel spillways have been employed in many dams over the last
century. Table 1.1 lists the names and construction dates of a number of
dams with this particular type of spillway. Figure 1.1 1illustrates a
typical side channel.sp111way. From this diagram it'can'be seen that in
essence a side channel spillway is one in which the receiving channel’s axis
lies parallel to the spillway crest. In effect, the spillway crest forms a
side wall of the receiving channel. This geometric arrangement leads to
spatially increasing discharge within the receiving channel. .

Historically, the methods employed for determining the water surface profile
within the receiving channel are laborious and tedious. The hydraulic
theory does not lend itself to quick analytical solution. Calculations are
based on an iterative procedure, starting at a control point and then
implementing a step by step calculation to derive the water surface profile.

Since the advent of the computer, the daunting task of large iterative
calculations 1is greatly simplified. Ihcorporated in this thesis 1is
therefore the creation of a computeri program capable of célcu]ating the
water surface profile within a side channel spillway.

This thesis follows the evolution of the hydraulic %heory concerning side
channel spillways, up until the development of the program WSPISCS (Water
Surface Profiles In Side Channel Spillways). The program algorithims are
then portrayed along with verification and operation examples. Finally this
calculated water surface profile is compared with the profiles obtained in
previous experiments conducted in the department of Civil Engineering at the
University of Cape Town.



Table 1.1 Examples of Side Channel Spillways

Name and Location

Solingen, Germany

Quielle, France

New Croton, New York City
Wachusett, Boston, Mass.
Rochebut, France

Coldsprings, Oregon

Concully, Washington

Croton Falls, New York City
Sweetwater, San Diego, Calif.
Ashokan, New York City

Mauer, Germany

Oakley, Idaho

Moehne, Germany

K1ingenberg, Bohemia
Cedar Lake, Seattle, Washington
Morena, San Diego, Catlifornia
Arrowrock, Idaho

pDon Pedro, California
Burrinjuck, New South Wales
Teiton, Washington

McKay, Oregon

Boulder, Nevada

Dorena, Oregon

Townsend, New England

North Hartland, Vermont
Nooitgedacht, Carolina, RSA
Nuane, Lobatsi, Botswana
Loerie, Cape, RSA

Ida’s valley, Stellenbosch,RSA
Spitskop, Cape, RSA

Mtata, Transkei, RSA

Middle Leteaba, Gazankulu,RSA
Oxkraal, Ciskei, RSA

Construction Date

1902
1904
1906
1906
1909
1910
1910
1910
1911
1912
1912
1913
1913
1914
1914
1915
1915
1915
1916

1933

1963
1965
1968
1968
1974
1978
1984
1989

1

.2

Design Discharge

11

by

133
424

310
560

700
850
736

45
700
430
850
660

m3/s
m3/s

m3/s
m3/s

mi/s
m3/s
m3/s
m3/s
m3/s
m3/s
md/s
m3/s
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FIGURE 1.1 PLAN OF A TYPICAL SIDE CHANNEL SPILLWAY




2.

2. EVOLUTION OF THE HYDRAULIC THEORY

In this chapter the historical progression of research relating to side
channel spillways is explored. Particular attention 1is paid to the
literature relating to the calculation of the water surface profile within
the receiving channel. Before rev1eﬁ1n9 this accumulated knowledge, the
concept of spatially varied discharge needs to be defined.

2.1 Spatially Varied Discharge

In essence, spatially varied discharge is a situation in which water
depth, velocity and discharge vary with respect to space (ie.
position along the channel), but are constant with respect to time.
This is in contrast to spatially constant discharge where depth and
velocity (but not discharge) may vary in respect to space and all are
constant with respect to time. Figure 2.1 illustrates the principal
differences between these two cases.

There.‘are two types of spatially varied discharge, spatially
increasing discharge and spatially decreasing discharge. A side
channel spillway is an example of spatially increasing discharge.
Roof gutters, wash water troughs in filters and effluent channels
around sewage tanks also form part of this group. A main channel with
side weirs is the most common example of spatially decreasing
discharge.

"In the case of a typical side channel spillway, the inflow per metre
length of the receiving channel is constant. This simplifies the
water surface profile calculation. In the following sections the
avolution of this calculation is explored, along with the growth of
understanding in the subject.






2.2

2.3

2.3

Early Develdpments

Prior to 1926 the research into side channel spillways was almost
exclusively experimental. These consisted mainly of spillway models,
constructed to observe the expected behaviour of the full scale
structure. Dare [1] in an article on the Burrinjuck Dam, highlighted
the lack of theoretical understanding of the subject at that time.
The scope of research on side channel spillways was specific to a
particular dam and all results were of an empirical nature.

The water surface slope equation

An article published by the American Society of Civil Engineers in
1926, established the fundamental hydraulic theory associated with
side channel spillways. This classical baper written by Hinds [2]
forms the basis of all further research.

Hinds' derivation was based on the following assumptions :

The velocity distribution over a given cross-section is
uniform.
The incoming water has no momentum component parallel to the
receiving channel’s axis.

. The pressure distribution in the receiving channel is
hydrostatic. '

. The effect of the channel friction is negligible.

. The principle of conservation of momentum is more applicable
than that of the conservation of energy. |

Hinds considered two sections, a small distance apart (Ax) in the
receiving channel. The inflow rate is g m3/s per metre. Therefore the
inflow between the sections is q Ax . The velocity and discharge at

the upstream section are denoted by V and Q respectively. Similarly

at the downstream section the velocity and discharge are V + AV and
Q+qglx.
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The respective momentum flux equations are -

. waQv '
Upstream Mu = 3 o | (2.1)

Downstream Mg = 5@+ a0+ Ay | (2.2)

Subtracting eqtn. (2.1) from (2.2) yields the change in momentum f1lux

AN = !;. [@ AV + g Ax (V + AV)) (2.3)

As Ax approaches zero, AV:Ax becomes insignificant in comparison with
V, leading to the differential equation.

M _ W dv ‘
I _ 3 [Q xt Vq] (2.4)

Using the relationship gg- = g; . g% =V g; ; eqtn. (2.4) becomes

gg- = %-{V Q g¥-+ q VQ] (2.5)

The rate of change of momentum flux with respect to time is also
equal to w Q dy/dx , therefore eqtn. (2.5) divided by w Q yields the
water surface slope :

dy _ 1 dv , qv?
= - E[VEi*T] (2.6)
. Later research by Favre [4] and subsequently Camp [6] led to the
inclusion of a friction term. Camp’'s derivation is identical to that
of Hinds, up to and including eqtn. (2.5). '

Figure 2.2 illustrates the channel geometry used by Camp. Consider
the two sections m and n , a distance Ax apart. Equation (2.5) is
related to the net force action on the water prism between sections m






2.6
Po =Py * Py = wbydy (2.10).

The slope of the receiving channel has no effect upon the value of
the net pressure. It may also be shown that changing the width b has
no influence on the value of this force.

The frictional drag force is

Pe = r(b+ 2y)Ax = I_Eﬁz_éi (2.11)

in which r is the frictional drag per unit area of channel wall, and
R is the hydraulic radius at section n . The equivalent water head on
the area, corresponding to the friction drag Pf is :

P
_ f _ rby . T
Head - m - m Ax - W Ax (2-128)

and from the Darcy-Weisbach formula, this lost head is given by/

2
lost head = fi%ﬁ‘!‘ (2.12b)

Hence by equating (2.12a) and (2.12b) :

e M | (2.13)

where f is the Darcy-Weisbach friction factor. From eqtns. (2.11) and
(2.13)

_ wfVv2 by , A
. P E ~5 R_.Ax (2.14)
Therefore the net acceleration force on the water prism between
sections m and n , can be derived from eqtn. (2.10) and (2.14).

- _wfVve by «
F"mn = wby Ay —25— R—-Ax \ (2.15) .
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Since the water volume between sections m and n is

by Axv = %5 Q (2.16)

the accelerating force on the water flow perlsecond Q), is

lxi [w by Ay - ul ;gvk . %Z-Ax] = wQ %% - !—ggfﬁzi (2.17)

Expressing eqtn. (2.17) in terms of differentials and equating to
eqtn. (2.6) :

dy _ fVvZ _ 1 dav , q V2
bt - E[VE?*T‘] (2.18)

The only difference between this equation and the one derived by
‘Hinds éqtn. (2.6), is the inclusion of a friction term. '

Mathematical manipulation of eqtn. (2.18), with the following
inclusions, leads to the more familar and convenient form of
expressing the water surface slope.

_ Q
vV = Y (2.19)
Vo, 9.
dx A A2 dx
- E-Q——.ﬁ-d—y
A A2 dy dx
- a_®dy (2.20)

A A2 dx
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where A is the cross-sectional area and B is the water surface width,
at a distance x from the upstream wall. The water depth from the
bottom of the channel is y with Ho as the depth_at the upstream wail.
Therefore

Y = Ho + So X=-y (2.21)
d d
a% = s, - a% . (2.22)

Substituting eqtns. (2.19), (2.20) and (2.22) into eqtn. (2.18) gives

2
S, - dy . 1 9.[ a._ 92.9!.] +99}, fa (2.23)
dx g9 | A YA A2 dx A2 29 AZR
This can be rearranged to give
s - f Q2 _ ggg
dy . o 29A%R oA . (2.24)
dx .o
gAd

In more general terms eqtn. (2.24) can be written as

So - Sf - §§g

1-F 2
r

(2.25)

where Sf = the friction slope or head loss per unit length and Fr is
the Froude number. In numerical terms
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Sf = f Q2
29 AZR
and
F2 = @
r gAd

Research by Farney and Marcus [13] into a side channel spillway with
inflow over the upstream wall as well as the side walls, led to a
modification of eqtn. (2.25). This was due to the appreciable
momentum in the direction of flow, of the water entering the channel
over the upstream wall.

In turn, velocity variations near the upstream end of the receiving
channel were evident. As a result a momentum correction factor J was

introduced to eqtn. (2.25),

dy . o f gA" 9 dx | (2.26)
v dx g - q2 x2 Bf
g A3

The factor J was derived empirically from model studies. The value
varied from unity at the downstream end of the receiving channel, to
a maximum at the upstream end. In this study the inflow is limited to
the side walls of the receiving channel. That is, no inflow over the
upstream wall. This 1implies a value of unity to the momentum
coefficient (4 = 1), reducing eqtn. (2.26) to the original eqtn.
(2.25).

Smith [19] utilised the principle of energy conservation to derive an
equation for the slope of the water surface profile. In this
derivation the energy to accelerate the flow has two components,
namely the energy absorbed and the energy dissipated. An equation was
derived similar to that of Farney and Marcus eqtn. (2.26),






Further experiments were conducted by Babb and Ross to determine
values of 2 and J . Figure 2.4 shows a graphical representation of
their results. These values were obtained from velocity profiles
taken at intervals along the channel.

Lo

Figure 2.4 : Empirical values for a and §

After establishing these values, a comparison was made between the
experimental results and the calculated profiles with « and J . These
in turn were compared to calculated profiles with a and § equal to
one. The difference between the two calculated profiles was
negligible.

Hager [40] conducted a dimensionless analysis on steady flows in
prismatic, trapezoidal side channel spillways. In this analysis the
water surface slope equation was taken as equation (2.25). However in
a later paper published by Bremen and Hager [42], this equation was
extended to include the streamwise momentum contribution due to the
lateral inflow. Assuming that the lateral 1inflow 1ies in a plane
normal to the spillway, the water surface slope equation then reads

s - 8¢ - [ - =9 L8
&y . o f v 194 (2.29)

- F 2
dx 1 Fr'




2.4

where U-So is the streamwise velocity component of the lateral inflow
and V is the local velocity in the receiving channel. Equation (2.29)

has been derived assuming a prismatic channel, hydrostatic pressure

and uniform velocity distributions. The 1lateral inflow velocity U
depends on the difference in elevation of the head on the spillway
Hspi11 and the water surface profile y(x) , and is expressed as :

- x - y)1'72
U = (29 (Zy + Hygqq * Sg°x = ¥)] | (2.30)

The addition of the streamwise momentum component of the lateral
inflow, leads to a shallower water surface profile than before. A
series of numerical comparisons were conducted, involving bed slopes
of up to 5%, with reasonable spillway heads and channel depths. In
comparing the water surface profile generated with the inclusion of
this term, to the one without, the average difference is less than
2%. The maximum difference in water depth was found to be 3,5%,

"located at the upstream wall of the receiving channel. This dis-

crepancy was considered minor. The additional calculation complexity
with the inclusion of this term, especially when a "gate" control
within the receiving channel is involved, seems unnecessary when
comparing the difference 1in water depths obtained for moderate
slopes. A

Therefore in all further discussion, the correct equation for the
slope of the water surface profile shall be taken as eqtn. (2.25).
However this equation cannot be directly integrated to yield an
explicit equation for the water depth. Numerical integration must be
employed in a specific channel from a known starting point on the
water surface profile. These known points are called control points.

Control Points

There are three types of control points, a critical depth control
point, a normal depth control point and a “gate" control. The
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‘location and type of control depends on the inflow and downstream

conditions. These conditions are directly influenced by the channel
geometry, slope and inflow rate.

The most common type of control point is the critical depth control
point. This occurs when the inflow slope is considered “mild" and the
outfall chute at the end of the receiving channel is "steep”.
Assuming that the channel is not drowned, the water depth at the end
of the receiving channel will be critical, hence the term critical
depth control, ’

To determine whether the inflow slope is hydraulically “mild" or
"steep”, the concept of indicator lines is used.

Indicator lines

The equations for the indicator lines are derived from eqtn. (2.25).
The numerator and denominator of this eqtn. lead to the concepts of
the pseudo normal depth line and critical depth 1ine respectively,
the equations of these lines being obtained by equating the numerator
and denominator to zero separately.

In mathematical terms the pseudo normal depth line is given by :

2
S, -8 - 23X = 0 , (2.31)

gA?

and the critical depth 1ine by
- F2 =
1-F2 = 0 . _ (2.32)

The pseudo normal depth 1ine is generally analogous to the normal
depth 1ine in spatially constant flow. The name pseudo normal depth
1line was coined by Kilner [39]. Prior to this Fox and Goodwill [22]
stated that the concept of a normal depth line 1is meaningless in
spatially varied discharge. '



The 1ine described by eqtn. (2.31) was called the "energy balance
1ine". Fox and Goodwill’s claim 1is only true if the normal depth
definition is 1imited to that depth to which the water will tend to
in a long uniform channel. If one looks at the broader behaviour and
interaction with the critical depth 1ine, a good correlation can be
found to that of spatially constant flow. So the prefix "pseudo”
compensates for the fact that this is not a real normal depth 1ine
but a good indicator of the behaviour of the normal depth line with
respect to the critical depth 1ine. In future the abbreviation PNDL
will denote pseudo normal depth line and CDL will denote critical
depth line.

Applying eqtn. (2.32) to a rectangular channel gives

2 2 ,
1 -X - 9 (2.33)

2 y3
9 b° yg

where Ye is the critical depth. Therefore

y = K x2/3 . (2.34)
c 2

| 2
with K, a constant equal to 3 31; . Similarly, from eqtn. (2.31)
, gb

neglecting frictional effects.

_2a?x _ (2.35)

S
o 2 2
gb< y3

- where Yo is the pseudo normal depth, implying

y oz kg xt (2.36)
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refine the present method of locating the control point. The term
energy balance line was later changed to pseudo normal depth line by
Kilner [39].

Types of control points

There are three types of control points. These are defined as
follows:

. A "gate"” control is one in which the pseudo normal depth line
and critical depth 1line 1intersect within the receiving
channel, and this permits the water surface to pass through
this point, hence the concept of a "gate".

A critical depth control is one in which the pseudo normal
depth line and critical depth 1ine intersect at the end of the
receiving channel. The intersection 6ccurs at the vertical
transition from the pseudo normal depth 1ine in the receiving
channel to the normal depth line in the outflow chute. This

vert1cal‘trans1t1on is due to the cessation of lateral inflow.

A normal depth control is one 1in which the outflow chute’'s
hydraulic slope is mi1d,. leading to a known water depth at the
end of the receiving channel.

Figures 2.5 and 2.6 illustrate thése three types of control points.
It should be noted that either a gate control or a critical depth
control can occur with or without an additional normal depth control.
A gate control occurs in a hydraulically steeper receiving channel
than a critical depth control. The occurrence of a normal depth
control is entirely dependent on the hydraulic slope of the outflow
chute.

Both the gate control and the critical depth control present problems
in determining the initial water surface slope. This 1is due to the
fact that at both of these control points, the water surface passes
through the critical depth. ThereforelFroude humber is equal to zero,
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with K, a constant equal to 249 . Thus comparingy toy

(2.37)

‘<|l
.
g

c K, x

As x tends to zero, yo/yc tends to infinity. Therefore the pseudo
normal depth 1s always greater than the critical depth near the
upstream wall. When the pseudo normal depth is less than the critical
depth, then the channel is hydraulically STEEP . When the pseudo
normal depth is greater than the critical depth, then the channel is
hydraulically MILD . Therefore in spatially varied.d1scharge as x
tends to zero, the channel is always hydraulically mild in slope. To
differentiate the hydraulic slopes of spatially varied discharge and
spatially constant discharge the word INFLOW is written as a pref{x
for the spatially varied discharge case. '

Control points occur where the critical depth line and the pseudo
normal depth line intersect. The hydraulic conditions in the outflow
chute also affect the location and type of control point. It is
therefore necessary to sketch the critical depth line and normal
depth 1ine as .defined 1in spatially constant discharge, for the
outflow chute.

Historically the critical depth 1ine has been used as an indicator
" 1ine since Hinds' classical paper [2]). However in these early papers
(excluding Hinds) the control point was assumed to be a critical
depth control (to be defined in the next section), located at the end
of the receiving channel. Not until 1967 was an attempt made to
locate the control point within the receiving channel. In these
steeper channels Smith [19] employed the concept of a transition
profile. The transition profile was plotted on a long section with
the critical depth line. The intersection of the two lines is the
location of the control point. Only in 1970 did Fox and Goodwill [22]
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thus making the denominator of eqtn. (2.25) zero. This in turn makes
dy/dx indeterminate in its present form.

The next step is to derive a method to determine the local water
surface slope at these control points.

The location of the control point and the determination of the local

water surface slope

At a critical depth control point the denominator of the water
surface slope eqtn. (2.25) is zero, while the numerator has a finite
value. This leads to an infinite value for dy/dx. An approximation is
therefore necessary for the slope of the water surface in this
region. In the case of gate control, both the numerator and.denom-
inator are zero, leading to an apparently indeterminate value for
dy/dx.

Early researcher’s attempted to simplify the situation, to obtain
quick numerical solutions. Hinds [2] adopted the following approach
to locate the control point.

The critical velocities and diécharges corresponding to a number of
depths are calculated as shown in Table 2.1 . Hydraulic radii are
calculated at the same time in order to estimate the friction losses.
From Table 2.1 values of the critical depths and velocities are then
substituted into Table 2.2 in order to locate the control point.
Column 13 in Table 2.2 gives the drop in the water surface needed to
maintain the flow at the critical depth throughout the full length of
the channel. Starting from an arbitrary water surface elevation, a
profile of the channel base can be plotted for critical flow at all
points. This is illustrated in Figure 2.7 . A tangent drawn parallel
to the actual channel slope may then be drawn to the channel profile
for critical flow. The point of tangency is then the location of the
control point. The water depth at the control point is the critical
depth at that point. This is then faken as the starting point for the
calculation of a backwater function.
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In the years following the publication of Hinds’

not the location of the control point. The common assumption was that
the control point was a critical depth one located at the end of the

receiving channel.

Data for Hinds’ example, (in foot units as

origina

paper,

11y presented)

Receiving channel’s length L = 400 ft
width b = 10 ft
side slope 6 = 2:1 (trapezoid)
inflow rate : qQ = 40 cubic ft/sec/ft
Bed slope So = 0,15
(Bottom width, 10 {t.; side slopes, %.:1)
Depth, in Area, tn Top width, I"\’ch)clly hend,[Criticnl veloe- . . TAydraulie
{cet. square feet, in feet, A ity, in fcet | Discharge, radlus,
A, & ¥ per second. . in feet.
s 22 12 0.92 7.68 169 1.52
A 3 1 1.1 1049 o 2.51
3 8 16 2044 12.52 o7y 3.3
8 12 18 313 14.15 1583 4.01
10 150 20 355 15,58 g 43) 4.03
12 192 22 PR 18°% 3216 509,
14 o 24 4.9 - 17.56 4252 6.56°
18 ] o8 554, 19,68 5 410 6.9 -
18 313 28 6.1 19,32 6 70 6.5%
2) 400 %0 6.7 2071 8 244 7.31
£2 462 32 7.22 )55 9 %0 7.81
24 023 4 7.38 o234 11 800 8.29
% 98 3 8.31 2118 18 29 8.77
2 63 ] 8.84 2384 16 020 - 9,18

|

Table 2.1

Computation of Critical depth [Hinds, 1926}

researchers
concentrated on the calculation of the actual water surface profile,
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It was not until 1952 that further research was done on the location
of the control point by Keulegan [10]. In this research Keulegan
observed that the point where the water surface crosses the critical
depth is only located at the exit of the receivihg channel for gently
sloping channels. In steeper channels this point moves upstream
giving a control point within the‘receiving channel.

Due to the fact that the numerator and the denominator of the water
surface slope eqtn. (2.25) are zero at a control point within the
.receiving channel, an equation is derived for locating the bosition
of this gate control.

(2.38)

where A is a coefficient of friction derived by Beij [5]}. This is
given by the formula

A = 800 [ LR ] | (2.39)
where v is the kinematic v1scosity. The equation for the maximum
slope which will sti11 permit a critical depth control point at the

end of the receiving channel is

1 / .
s = % + [ 8q® ] P (2.40)
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In 1968 Sharp and James [15] developed another equation for Tocating
the control point. This equation ignores friction and is expressed as

8 cos? 9__ g2
x = - :° . (2.41)
g b< sin 080

where sin 050 is the bed slope of the channel. This was the first
time that the water surface slope was derived at the control point by
using de 1’ Hopital’s rule.

Lim dy

vy, (2.42)

[A1F-N
[a}ls
<

where @ = g x , x being the location of the control point and Yo the
critical depth.

‘Smith [19] in 1967, devised a new method for determining the

location of the control point. The control point 1is obtained
graphically as the intersection of two lines, one of which is the
critical depth 1ine, the other being described as the transition
profile. The equation given for the transition profile is

2
q _ 1 So B gA
3z - — , (2.43)
A ak?
(2}
../3 _
where K = 8’315 (2.44)

As an illustration of this technique, Smith re-calculated Hinds
example. Figure 2.8 and Table 2.3 illustrate the calculation

procedure.
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to the determination of the water surface slope at the control point,
was made in either of these papers.

Kilner {39] addressed the problem of the determination of the water
“surface slope at the control point. In solving this problem two
reference cases were developed, one for a critical depth control at
the end of the receiving channel, the other for a gate control within
the receiving channel. For the first of these reference cases the
channel was considered horizontal with zero friction. The derivation
for both of these reference cases is given in Appendix B. In the
derivation a rectangular channel is considered initially then the
theory is applied to a trapezoidal channel.

In the case of a critical depth control reference case, the
theoretical basis is that in the vicinity of Ye thé influence of the
channel slope and friction are small and to some extent self
cancelling. An initial point is taken as

Y = ky (2.45)

c ’

where k is a multiple of Yo o ysually 1,01 . This yields an initial
water depth slightly greater than the critical depth. The x
co-ordinate of this starting point is

XL | kGk) | (2.46)
L 2

for a rectangular channel and

x2 = 9 [A z +—C—-Az] (2.47)
5 | e ’B _
q c

"for a trapezoidal channel. Subscript ¢ denotes the critical depth
parameters. The water surface slope at this starting point is given

as
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2y 2 k (3-k?) )
gf = ¢ . " (2.48)

3 L (1-k?)

for a rectangular channel. The basic dy/dx eqtn. (2.25) is used for a
trapezoidal channel. ‘

Consider a gate control within the receiving channel. The location is
given by the intersection of the pseudo normal depth line and the
~critical depth line. The water surface slope eqtn. (2.25) is indeter-
minate due to the numerator and the denominator being zero. Applying
de 1’ Hopital’s principle to this water surface slope equation gives
a quadratic in Z , where Z 1is equal to dy/dx , ¢(x,y) 1is the
numerator and $(x,y) is the denominator.

0o (2.49)

= [<§; - gg-] and C = - gg

The values for the partial deriyatives in a rectangular channel are :

AZ2 +BZ+C

>

<.
Lo <]

1

where A = I

i _ _ _2q? [“s_z;/ﬁ]'

§x gb<2y? R’3
oo, 2
§x gb2y3

L1 2g2x | 6 3§;2 . 2x?3
8y 3b2y3 {g R’3 yrR'/3

§9 _ 392x?
8y gb2y+*
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Through algebraic neatening, the quadratic is reduced to

{9x2R4/3] 22 - [(20{9yR*/3 + gxn2 (3y + 2R}] Z + [(6y2)(RY3 + gxn2)] = 0
(2.50)

The values for the partial derivatives in a trapezoidal channel are:
2
gzzz"___s_o
X gAZ x
%! - .
il

x |Iro

: 4
§¢ _ 49?mH2 B 1 dR BR /3
by A2 R/8 | 2o 3R dy xn2¢a
64 :_1d
by T A B dy ¢

where the following geometrical statements épply :

= side slope angle with horizontal

[

B = b+ 2y cot ¢

p = b+ 2y cosec §

A = y(b+ycot 8.

B do .
Thus dy 2 cot 8 y 2 cosec 8

AR __|A |d,B__ g . A, 8B
and dy - [ 02 ] dy ' o 2 cosec 2 b
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Table 2.4 tabulates the different zone characteristics. Note the flow

type and depth trend 1in

zone for

the different inflow

conditions. The profile labels used consist of the inflow condition

followed by the zone number (eg. IM1 - inflow mild, zone 1).

INFLOW MILD

ZONE 1 ZONE 2 ZONE 3
. Numerator + - -
Denominator + + -
Sign of dy/dx + - +
Flow type streaming streaming shooting
Profile label IM 1 IM 2 IM 3
Depth trend deepeh1ng shallowing deepening
INFLOW STEEP
ZONE 1 ZONE ZONE 3
Numerator + + -
Denominator + - -
Sign of dy/dx + - -+
Flow type streaming shooting shoot ing
Profile label 18 1 IS 2 IS8 3
Depth trend deepening shallowing deepening

NOTE: At the upstream wall x = 0 y = 0 thus dy/dx = so and the water
surface is horizontal. Where the water surface crosses the
PNDL, dy/dx = 0, ie. y has a maximum value, unless the water

surface crosses the COL at the same point.

Table 2.4 Zone Characteristics

Figure 2.10 '111ustrates the general shape 6f the water surface
profile types. There are only six profile types plus an inflow
hydraulic jump that occurs within the receiving channel. Figures 2.11
to 2.19 illustrate all the possible combinations of water surface
profile types associated with a side channel spillway.
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Figure 3.11 COmparison of Experimental and theoretical profiles
{G111, 1977]

In 1989, Bremen and Hager [42] conducted a series of experiments in a
rectangular side channel spillway. These were carried out in a rectangular
PVC channel, with a single sided spillway configuration fed by a reservoir.
Figure 3.12 illustrates the experimental apparatus used. The spillway was
subdivided by five piers, these piers carry rails on which a measurement
trolley may be moved. The water surface profile was recorded with a
conventional point gauge mounted on the trolley. The bottom slope of the
receiving channel was 0,24X% . By inserting a false floor, the bed slope
could  be increased to 5,24 . A false side wali, mounted on the side
opposite the spilliway, allowed for the investigation of flow conditions in a
non prismatic channel. The facility existed for the introduction of super
~critical flow at the upstream end of a shortened receiving channel.
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Figure 3.12 : Experimental Model [Bremen and Hager, 1989]

The exparimental resulis revealed that the flow depths along the channel
| side wall opposite the spillway crest, were considerably higher than those
along the channel axis. A series of tests were then conducted in which the
lateral inflow length was progressively reduced, whilst recording both the
axial and side wall water surface profiles. Evidently the axial water
surface profile was found to continue straight into the stagnant upstream
water level, while the side wall profile rises significantly above the axial
flow depth along the inflow zone. In this way the axial water surface
profile was deemed to be the average cross-sectional depth of flow.

Figure 3.13 1llustrates typical axial water surface profiles obtained. Other
factors observed were the horizontal vortex flow along the receiving
channel. This was attributed to the free jet inflow used. The deviations
between the predicted water surface profile and the observed one, increased
with an 1increasing lateral inflow rate. This effect was attributed to
streamline curvature, especially when a critical depth control point exists
at the end of the receiving channel. A normal depth control at the end of
the receiving channel, improved the correlation between the predicted and
observed profiles. However the theoretical profile was still found to 1lie
above the observed profile. It was found that for a given outflow chute
width, the prismatic channel geometry normally yielded the best hydraulic
flow features.
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! 2 2 4 5 6 iy

Run 1.1: Axial Free Surface Protiles 1.(x) for: (8) 0, = 40 Ls™*, 80 Ls™',
125 Ls™'; (b) O, = 20 Ls™", 60 Ls™', 100 Ls™'. (s) Observations; (—) Prediction.
Control Section: (O) Singular Point; (A) Critical Point

Figure 3.13 : Axial water surface profiles [Bremen and Hager, 1989]



4. THE COMPUTER PROGRAM

The number of iterative calculations involved 1in determininé the water
surface profile, make hand calculations laborious and tedious. For this
reason a computer based solution is sought to provide a quick and accurate
approxihation of the water surface profile.

In this chapter the various components of the computer program are
described. Initially the system documentation and design philosophy are
dealt with. This is followed by detailed descriptions of each of the
various program components. The documentation is discussed in the logistic
order used by the program in deriving the solution. Finally an example of
the program operation is given, along with a sensitivity analysis of the
starting point and the step length.

4.1 Design Philosophy
The computer program WSPISCS (Water Surface Profiles In Side Channel
Spillways) was designed to fulfill the following criteria :
. the program must be written for a micro computer, with as few
hardware restrictions as possible
. the input be kept to a minimum

the output be in graphical as well as tabular form

the step length and starting point be optimised for speed and
accuracy.

4,2 System Documentation

4,2.1 Computer equipment
The system used for the formulation of the original program,

. consisted of :



4,2.2

4.3 Pr
4,3.1

4.2
A Sperry personal computer, double disk drive with 640 kilo-
bytes of memory
A Star radix 15 printer
A Hewlett Packard ‘7475A graphics plotter
Other compatible configurations may be used for the operation
of this program. The only restriction is on the memory size

of the system. A memory size of 640 kilobytes or greater is
essential. '

Source Language
True Basic is used as the main program language. One ofvthe
main reasons for this choice is the machine independence of
the True Basic Yanguage and associated graphics. The Hewlett
Packard Graphic Language [HPGL] is used for plotter commands.
These are relayed to the plotter through the use of the True
Basic communications support library. The program has been
compiled and bound with the True Basic runtine package. This
creates a free standing -EXE file with the following
advantages : '
A bound program requires less computer memory
A bound program initialises faster than 1its unbound counter
part
The program can noﬁ be run directly from DOS without the use
of the True Basic language disk.

am mentation
General layout of Program

The flow chart in figure 4.1 1llustrates the various
subroutines that make up "WSPISCS". Each of the subroutines
perform a specific function. These are briefly described as -
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4.3

As the name suggests, this section effectively |
"drives” the program logic. Included in this section
is the data input, library access codes and array
dimensions.

A short routine for calculating the hydraulic
properties at a specific water depth. This subroutine
is frequently accessed by the other subroutines for
recalculation of the hydraulic properties at different
water depths.

This routine calculates the normal and critical depths
within the outflow chute. Newton's method is used to

. determine these finite values.

To ca1cd1ate the critical depth 1ine within the
(eceiv1ng channel. Based on equating the denominator
of the water surface slope equation to zero.

To calculate the pseudo normal depth line within the
receiving channel. Based on equating the numerator of
the water surface slope eqbation to zero.

WATERSURF  In this subroutine, two functions are performed.

Firstly, the location and type qf control point is
established. Secondly, the water surface profile is
calculated for the receiving channel and the outflow
chute.

GRAPHPLOT Plots the title and axis of the water surface

profile on the monitor screen.

POINTPLOT Plotting routine for the CDOL, PNDL and water

surface profile on the monitor screen.

PLOTTER Routine used to obtain a plotter output of the graph.
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A clear colour graph is obtained with the inflow data
and maximum water depth highlighted. Allowance is
made for additional notes and comparisons with
experimental data.

In the following sections the subroutines are explained in more
detail. Specific details are given of the actual method of
calculation and the formulas used. Particular attention is paid to
the decision structure used.

DRIVER

This section effectively controls the computational sequence of
events for the whole program. Figure 4.2 bortrays the essence of
this routine, for the sake of clarity a brief narrative description

is now given of DRIVER :

- Display title in a framed box on the monitor screen.

- Prompted input, showing the data required and the app]icable
metrib units, _

- Print option for tabulated values to be sent to printér. If
this option is not utilised, then the tabulated values are
displayed on the screen. '

- -specification of the value of the tangent of 900, that is set
the value to the maximum number for that specific computer.

- Dimension the arrays used and display "Processing Data” in.a

’ framed box on the monitor screen.

- Call the subroutines CHUTE, CDL and PNDL to calculate the
normal and critical depths in the outflow chute, the critical
depth 1line and normal depth 1line 1in the receiving channel
respectively.

- Display "calculations in progress” in.a framed box' on the
monitor screen. ' ‘

.- Call the subroutine WATERSURF, to calculate the water surface
profile. , ,
- Prints the location and value of the maximum water depth.
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( START )

ORIVER |

SUB CHUTE

SuUB CDL

| SUB WATERSURF |e———

- | SUB GRAPHPLOT | -

["sus POINTPLOT |

PLOTTER REQUIRED?

YES
[ suB PLOTTER |

STOP )=

~FIGURE 4.1 MACRO FLOW DIAGRAM FOR THE PROGRAM WSPISCS
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4.6

- Calls the subroutine GRAPHPLOT and POINTPLOT for the critical
depth line, pseudo normal depth line and the water surface
profile. '

- Plotter option plus relative information (Baud Rate, pen
number/colour specification). Calls the subroutine PLOTTER if
required.

- Displays “The End"” in a framed box on the monitor screen.

-t e

This short routine is designed to calculate the hydraulic properties
of trapezoidal as well as rectangular channels. The hydraulic
properties calculated are the cross sectional area, the cross
sectidna] area multiplied by the centre of submergence, the wetted
perimeter, the hydraulic radius and the top width of the water
surface in the channel. These are required at numerous stages within
the other subroutines.

SUB_CHUTE

In the outflow chute, spatially constant discharge conditions
prevail. Hence the critical and normal depths have constant finite
values. These are determined by equating the numerator of the water
surface slope equation (4.1) tb zero. These yield the normal and

critical depths respectively.

In othek words the water surface slope equation is

dy _
o ° (4.1)

g A3

’

in the chute. Hence the critical depth equation is given as



( START )

| DATA INPUT |

TABULATED VALUES?

| PRINT INPUT |

[DIMENSION ARRAYS |-

| CALL CHUTE |

coL |

| CALL

| CALL PNDL |

| CALL WATERSURF |

[ PRINT THE MAXIMUM

DEPTH & POSITION

[CALL GRaPHPLOT |

| CALL POINTPLOT |

PLOTTER REQUIRED?

| CALL PLOTTER |

STOP e

—e REPEAT FOR CDL, PNOL &
WATERSURF

FIGURE 4.2 FLOWCHART FOR

DRIVER




4.3.5

4.8

n .
1-EB ., (4.2)

g Al

and the normal depth equation by

30'1—37- = 0 . . (4.3)

Newton’s method is the mathematical procedure used to determine the
water depths that fulfill these two equations. From an initial
approximation a converging iterative procedure is utilised to

1/

approximate these values to an error of less than 106 ., In

numerical terms, Newton’s algorithm is expressed as -

, f(yy)
Y,. = Y, - ——— (4.4)
(i+1) i f’(yi)
sus_coL
The critical depth 1ine in the receiving channel is defined by the
formula
1 - Fr2 =0 given'as equation (2.32) in Chapter 2
2 2
where F'_2 -4 x° B

g Ad

The method chosen for obtaining x , y co-ordinates of this line, is
to soive the equation

X = [ ﬁgA% ]* , (4.5)
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( START )

DEFINE THE FUNCTIONS: FUNCTC, DERIVC, FUNCTN AND DERIVN ]

CALCULATE THE CRITICAL DEPTH IN THE OUTFLOW CHUTE (Ycrchute)

CALCULATE THE NORMAL DEPTH IN THE OUTFLOW CHUTE(YnOPm)]

[ PRINT CRITICAL AND NORMAL OEPTH VALUES ON MONITOR AND/OR PRINTER |

STOP

FIGURE 4.3 FLOWCHART FOR SUB CHUTE
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for increments of ycr . The increments are chosen as a fraction of

Ycrchute
to elevate the problem of "overshooting” the end of the receiving

. These increments are reduced as Xcr approaches L . This is
channel.

It must be noted that this line serves only as an indicator line at
this stage programme, along with the pseudo normal depth line. These
two lines are used to determine the Jlocation and type of control
point along with the normal and critical depths in the outflow chute,.
If a gate control is located by the indicator lines, a Newtonian
convergence is initiated to obtain the exact intersection point of
the critical depth line and the pseudo normal depth line. This is
within the subroutine WATERSURF and shall be explained fully at a
later stage. /

SUB_PNDL

The pseudo normal depth line within the receiving channel is defined
by the formula '

9 .
S -8, - 29" X . 0 {equation (2.31)]
o f 2
g A
. / 2 n2 x2?
where Sf = 9;2—?73— |

The method used for obtaining x , y co-ordinates of this line is the
same as that of the critical depth line. That is the equation

o 2 n2 ] + [ 2 2 ]
- -8 = 4,6
Xond [ 23—317; Xond ;—i; =0 (4.6)

is solved for increments of ypnd . As before the chosen increments . .

are reduced as x approaches the end of the receiving channel (L).

pnd

Now that the two indicator lines have been established, it is
possible to find the location and type of control point for the



( START )

DEFINE STEP LENGTH |

CALCULATE CRITICAL DEPTH LINE (Xcr FOR INCREMENTS OF Ycr) |

TABULATE CRITICAL DEPTH LINE ON PRINTER OR MONITOR ]

[ ATTACH TO CRITICAL DEPTH IN THE OUTFLOW CHUTE (Ycrchute) |

( stop )

FIGURE 4.4 FLOWCHART FOR SUB CDL




( START )

[ DEFINE STEP LENGTH |

LINE (Xpnd FOR INCREMENTS OF Ypnd) |

FCALCULATE THE PSEUDO NORMAL DEPTH

!

" TABULATE PSEUDO NORMAL DEPTH LINE ON PRINTER OR MONITOR |

rVERTICAL TRANSITION TO THE NORMAL

DEPTH IN THE OUTFLOW CHUTE (Ynorm) |

( stoP )

FIGURE 4.5 FLOWCHART FOR SUB PNDL
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receiving channel. Once this has been done, the actual calculation
of the water surface profile can commence. These procedures are
incorporated in the subroutine WATERSURF.

SUB WATERSURF
This subroutines forms the nucleus of the program WSPISCS. All the

other subroutines may be seen as either preprocessing or post-
processing the information for the subroutine WATERSURF.

The first function of this subroutine is to establish the location
and type of control point. The indicator lines dérived in SUB CDL
and SUB PNDL, along with the normal and critical depths within the
outflow chute form the basis of the decision structure. From the
location and type of control point/s, the starting point and the
jnitial water surface‘slope are derived. Chapter 2 describes the
problems associated with establishing the initial water surface

" slope, especially when a c¢ritical depth control exists at the end of

the receiving channel, Therefore only the formulae used for the
different scenarios are stated.

In the case of a critical depth control at the end of the receiving
channel, the starting point has co-ordinates :

Y = key (4.7)

water crchute

- lk(a—kz) .
and Xeater = {3 — L (4.8)

for a rectangular channel or

. A2
N\ A - c -—
2 = — -
(x l r) = 9—7 [ A 2 + B Az ] (4.9)

for a trapezoidal channel, where k is a multiple of Ye (e.g. 1,01),



—

The initial water surface slope at this starting point is given as

2y k2
dy crchute 42 k (3-k?) (4.10)
dx 3L (1-k?)

for a rectangular channel. For a trapezoidal channel the basic water
surface slope equation is used.

g -a2xtn?2 _24q?x
°© A2g7/s 2
. AR 9 A (4.11)
dx 1 -22x28
g A3

In the case of a gate control within the receiving channel, a
quadratic in terms of Z is given, where Z represents dy/dx. For the
sake of brevity, the ‘equations expressed in Chapter 2 for this
scenario shall not be repeated. Reference is therefore made to the
latter half of section 2.4. |

For a normal depth control at the end of the receiving channel, the
initial water surface slope is determined directly from the basic
water surface slope equat1on.. However if a normal depth control
occurs along with a gate control, the possibility of a hydraulic jump
complicates the situation. The procedure adopted in such a scenario,
incorporates the use of the total force principle. That is the
hydraulic jump is idealised as a vertical step in the water surface
profile. Thus the total force just downstream of the hydraulic jump
(F
(F

) must equal the total force just upstream of the hydraulic jump

Top ) .
). Figure 4.7 illustrates the principle involved.

Bottom
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FIGURE 4.6 FLOWCHART FOR SUB WATERSURF




The procedure adopted when two control points are present, is to
calculate the water surface profile from the gate control to the end
of the receiving channel under the scenario of supercritical flow.
That is assuming a hydraulic jump has not occurred. Then the water
surface profile is calculated back from the normal depth control to
the gate control under the scenario of subcritical flow. During the
subcritical flow profile calculation, the total force is calculated.

This calcU]ation is done for both the supercrjtical (FBottom) and
subcritical (FTop) profiles simultaneously at corresponding positions
along the channel. The calculation is iterative, working along the
channel from the end of inflow to the gate control, until the
difference in the total force values converge to zero (ie, FBottom
= FTop)' This is then the location of the hydraulic jump.

If the difference in the tota)l force values is converging but no
hydraulic jump can be 1ocated, then a hydraulic rise is present. Two
forms of a hydraulic rise can be found. In the one the normal depth
control dominates, effectively submerging the gate control. The other
is a unique profile in which the water surface profile passes through
the gate control as a smooth transition from supercritical to sub-
critical profile. This correlates to the second root of the quadratic
for the initial water surface siope at a gate control.

However, if the difference in the total force values is diverging,
then the hydraulic jump lies within the outflow chute. In this case
the supercritical profile is extended along the chute until the total

force values converge (ie. FBottom = Fnorm)'






Now that the starting point and the initial water surface slope has
been established, the actual calculation of the whole water surface
profile can commence. The first section considered is the section
upstream from the control point. A backwater calculation of the water
surface is initiated, by calculating the water surface slope over a
finite step along the channel, multiplying it by the step 1éngth and
adding it to the initial water depth. In other words

(no+1) = y (no) + step - g (4.12)

22

ywater water

where step is the finite step length. The dependency of the accuracy
of the water surface profile on the step length and the variation of
dy/dx across the step length, is obvious. For this reason the
Runge-Kutta fourth order algorithm is employed for a high degree of
accuracy in the numerical integratjon.

Expressing the differential equation for the water surface slope as-

‘%§ = f(x, ¥) x(no) , y(no) given.

The fourth order Runge-Kutta estimate of y(no+1)

at x(no+1) = x(no) + Step “is given by

y(no+1) = y(no) + (k; + 2ky +2ky + k4)/6 (4.13)
where k, = Step - f(x(no) , y(no))

kg = Step - f(x(no) + 0,5 - Step , y(no) + 0,5 k;)

kg = Step « f(x(no) + 0,5 - Step , y(no) + 0,5 ky)

ky = Step + f(x(no) + Step , y(no) + k3)

This procedure is then applied ‘tb the section downstream of the
control point. The water surface slope equation changes -once the
inflow ceases. Thus the equation governing the water surface slope in
the outflow chute is the equation for spatially constant discharge.
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4.3.9

4.3.10

The . final function of this subroutine is to find the location and

- value of the maximum water depth. A simple greater than decision

structure is used for this purpose.

Now all the water surface profile calculations are complete. The
following routines are all post-processing facilities, to present the -
results in a convenient format.

SUB_GRAPHPLOT |

This subroutine devotes itself to creating a graph on the monitor. In
fulfiling this task, the graph range must first be defined. This is
to ensure that all the data fits within the picture window. The
picture window must also include the title and axis labels within its

boundaries.

Once the picture window is defined, the axes are drawn and
incremented. These graphics are hardware independent, designed for a
monochrome monitor.

SUB POINTPLOT

This short subroutine plots the required lines on the graph framework
assembled in SUB GRAPHPLOT. There is a choice of plotting points,
lines or points and lines. The points may be either a dot or a

symbol. An iterative loop is used to b]ot the critical depth 1line,
the pseudo normal depth line and the water surface profile on the
monitor. '

Unfortunately the different lines cannot be easily distinguished on
the monitor, due to the graphics limitation. However, this must- be
seen only as a crude i11ustration'of the clearly discernible graph
produced by the plotter. ‘

SUB_PLOTTER
As the name suggests, this routine yields a graphical form of the
water surface profile through the use of the plotter. A communi-

cations package 1is used to convey the Hewlett Packard graphics



( START )

DEFINE THE RANGE OF THE GRAPHJ

!
[5ETERMINE THE REQUIRED PICTURE WINDOW
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- FIGURE 4.8 FLONCHAHT FOR SUB GRAPHPLOT




( START )

SELECT LINE TYPE AND

/OR REQUIRED SYMBOLS |
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ON MONITOR |
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FIGURE 4.9 FLOWCHART FOR SUB POINTPLOT
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( sTART )

DEFINE THE GRAPH RANGE AND AXES INCREMENT

[OPEN COMMUNICATION CHANNEL, SET SCALING POINTS AND DEFINE LABEL TERMINATOH]

SET SCALES TO USER UNITS |

ORAW A FRAME FOR THE DATA AREA |

SET THE TICK SIZE FOR THE X & Y AXES, NUMBER AND LABEL THE X & Y AXES]

TITLE THE GRAPH AND LIST INPUT DATA]

PLOT AND LABEL THE CRITICAL DEPTH LINE |

PLOT AND LABEL THE PSEUDO NORMAL DEPTH LINE]

PLOT AND LABEL THE NORMAL DEPTH LINE]

PLOT AND LABEL THE WATER SURFACE PROFILE]

;

PRINT THE VALUE AND POSITION OF THE MAXIMUM WATER DEPTH]

EXPERIMENTAL RESULTS? >0

[ PLOT EXPERIMENTAL DATA ONTO GRAPH |

ADDITIONAL TEXT? NO

YES
{ PRINT TEXT AT POSITION INDICATED |

YES

WNO : STOP :

FIGURE 4.10 FLOWCHART FOR SUB PLOTTER
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'language commands across to the plotter. The procedure adopted is

similar to that of SUB GRAPHPLOT and SUB POINTPLOT. However the
output is in a more refined form, with the input data listed and the X
maximum water depth noted.

The use~of colour pens enhances the plot. The option of adding
additional text to the graph as well as plotting experimental daté
onto the theoretical profile exists. Figure 4.10 illustrates the
plotting sequence used in this subroutine.

Unfortunately the data transmission rate (BAUD rate) has had to be
reduced to 600 from the default value of 9600. This is due to the way

in which the information is sent across in “packages”. Too fast a

transmission rate leads to an overflow in the plotter’s buffer, which
in turn leads to an incomplete plot.

PROGRAM OPERATION
The simplest way of illustrating the operating procedure for WSPISCS

is by means of ah example. For this purpose a rectangular channel of
dimensions shown in Figure 4.11 is used.




















































































6. CONCLUSIONS

The theory initia]]y proposed by Hinds [2] is successfully developed'over
the years into a complete systematic method.of analysis. This method is
successfully incorporated in the program WSPISCS, to compute an approxi-
mation of'the water surface profile 1n a side channe1‘sp111way.

The Runge-Kutta fourth order algorithm ‘provides an accurate method of
numerical integration. This is verified by excellent correlations with
" previous calculation examples, including the classical example produced by
Hinds. Comparisons with experimental results obtained over a number of
years of undergraduate .research is good. The correlation between the
calculated and experimental profiles reveals one deviation. That 1is a
horizontal receiving channel and a hydraulically steep outflow chute. In
this case the experimental profile falls distinctly below the calculated one
as the inflow rate increases.
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Examinations written by the author to complete the requirements'of the

degree.
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CIV 509F Structural tLoading (July 1988) 3
CIV 516F Coastal Hydraulics (July 1988) 5
CIV 5922 Project Management in Civil Engineering (July 1988) 3
CIV 5368 Coastal -Engineering Practice (November 1988) 5.
CIV 5258 Contract Law (November 1988) '3
CIV 5438 Airport Design (November 1988) 3
CIV 5222 Introduction to Finite Elements (July 1989) 3
Thesis: "Water Surface profiles in Side Channel Spillways” 20
- TOTAL 45

Credits required for degree 40




UNIVERSITY OF CAPE TOWN

DEPARTMENT OF CIVIL ENGINEERING

CIV SOOF - STRUCTURAL LOADING

Date; 18 June 1988

Answers should be concise, but must show understanding of the sub ject.

. Approximately equal marks will be avarded for éach question.

1.{a)

{b)

2.(a)

(b)

List the probability functions best suited to each of the
following loads : dead, imposed office floor, wind, flood,
earthquake.

Explain how the overall probability of failure of a structural

element is derived from the probaebility functions of loed effect
and of resistance.

A.2

For imposed loeding on floors of buildings, describe the

relationship between load intensity and floor area.

For multi-storey buildings, describe the relationship between
floor loading magnitude and the number of storeys.

List the most likely combinations of loads on a steel railway

bridge according to BS 5400. Discuss the relevance of each
combination.

BExplain the need for specifying three different types of road
bridge traffic loadings : NA, NB and NC in T™MH 7, msbead of Jjust
one single loadmg system.

Describe the procedure for obtaining the displscement spectrum
for a flexible tower from records of the wind gust wvelocity.

Describe one example of a restraint action responsible for
structural failure, that was discussed in the seminars in this

cmme—otherﬂmthemeﬂmtywnghthavemttednsa
project.

Discuss how each relevant property of a structural system can
contribute to minimize earthquake damage.

Discuss the major factors influencing the pressure distribution

inside a tall circular grain silo filled from the top and empt1ed
at the bottam.

Sliding formwork is used to construct a tall comn_ete chimney.
Discuss all the factors likely to affect the loading on the

 formwork and on the concrete just below the formork.
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ALL question may be attempted. ' TIME: 4 hours +

(OPEN BOOK EXAMINATION)

Constants

Sea water density

1025 kg/m°

Sea water weight 10 kN/l3
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QUESTION 1

The standard alignment chart is attached and a new blank line has been
inserted at the bottom of the page. This line is to be used for determining
values of Ulax » the maximum horizontal orbital velocity at the uater

: U
: %
gurface, according to the Airy theory. If U = X

max §H7; is to be the

mark off the correct

dimensionless form of the variable on this line,
poéitions of the ﬁlax values given in the following list.

. :
U.ax = 1,01 2 6
1,10 3
1,40 4

Note that H is the local wave height throughout. Suggest a small change in
the line label which would permit the scale to be used for maximum horizontal

gsurface acceleration values. Use the new line to solve the following
problem.

A swell of 10 second period with a deep water. wave height Ho = \1,59 ]

approaches a beach with the wave crests parallel to the shore. Plot the
value of Ul ax at the water surface for the following selected water depths.

65 m ; 34,4 m ; 15,9 = 6,8 m ; 2,86 m .

Use these calculations to estimate the watervdepth when the Una value first
reaches 1,5 »/s and check that tlie wave has not bfoken.

QUESTION 2

A sea platform consists of a square concrete slab positioned horizontally on
four cylindrical vertical piles, each placed at a corner, the slab side being
parallel to the local wave crest. The pile diameter is 1 m, the total pile
height above sea bed is 6,4 m, and the slab dimensions are sides of 5 m with
a thickness of 200 mm. The local wave characteristics are height 2 n, length
100 m, and period 12 s, the local water depth being 8 m.

(a) Considering the central 1 m high slice of any pile, calculate
the horizontal forces per metre due to velocity and
acceleration and by plotting these throughout one wave period
or otherwise, identify the maximum force and the timing of its
occurrence. Check that the velocity and acceleration
distributions over the height of the pile are reasonably
constant and thus estimate the total force on one pile.

Take CD = 1,2 and CM = 2,0v.
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A.S
QUESTION 2 (continued)
(b)  Estimate the maximus vertical force on the slab due to wave
action.
Take CD =1,0 and CM =1,8.

- QUESTION 3

In a study of wave penetration into a bay, the 10 m, 9 m and 8 m sea bed
contours are approximated by three straight lines with contained angles of 12
degrees as shown on the attached page. An incoming wave orthogonal, 10
gsecond period, impinges on the 10 ®» contour at an angle of 50 degrees as
shown. With the usual approximations obtain by trial the angle at whch the

emerging orthogonal cuts the 8 m contour. Take the step lines on the 9,5 =
and 8,5 m lines. 5

{ 1 diagram attached }

QUEST]ON 4

A train of waves is approaching a shore line, of regular bed slope 1 in 80,
the wave crests being essentially parallel to the shore. Two aerial still
photographs are taken B8 seconds apart. On the first photograph, two
guccessive crests are identified as being 247 » apart. A comparison between
the two photographs indicates that the trough between the two crests has
advanced forward a distance of 153 m. " Further, stereo photographs taken at
the same time as the first exposure indicate that the wave height in the
vicinity of the trough is close to 3 m. Retrace the history of this wave as
it came in from deep water, and further trace the progress of the wave as it
moves towards the beach, including the following calculations:

(i) the wave length and celerity in deep water ;

(ii) the wave length, celerity and height for water depths at 20 =

intervals from deep to the 10 m depth, and at 1 m intervals
inshore from this to a depth of 3 m ; ‘

(iii) the depth of water in which the wave breaks, the type of

breaker, and the wave height at breaking. Set up and down may
be ignored ;

{iv) the energy flow in W/m in two water depths outside the

breakers, and one depth in the breaker zone (depths at your
choice) and compare. 7 L :
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A.

QUESTION §

(a)

(b)

(c)

(d)

(e)

(f)

A storm at sea generates waves with a period range of 6 to 12 seconds.
The resulting swell travels towards a harbour 400 ke away. Estimate

the time interval between the arrival of the shortest and longest
waves, assuming deep water throughout.

A refraction diagram is constructed for a bay, and the spacing between
a particular pair of adjacent orthogonals doubles in travelling from
deep water to the 10 m depth zone, the wave period being 7 seconds.
Estimate the percentage change in wave height occurring between these

two zones on the ussunptxon that no breaking waves are present in-
between.

In a gero damage design calculation for the armour protection of a
rubble mound breakwater, 3 tonne and 5 tonne dolosse are specified for
the trunk and head respectively, the slope of the breakwater face
being cot a = 2. Estimate the block masses and block heights if
tetrapods had been used in the same design. 1f the design wave height
was 3 m, and a stors causes damage of the order 20 - 30 per cent to

-the tetrapod scheme, estimate the storm wave height {concrete density

2245 kg/n°).

An incoming swell has crests parallel to a straight beach with a deep
water wave height of 2 m. Estimate the horizontal force (per metre

along the beach) acting on the beach inside the refraction zone, due
to the dynamic action of the waves.

In an area where the sea bed is horizontal, and the water depth is
3 m, a wave has a period of 7 s, a wave length of 38 m, and a wave
height of 1,5 m. Estimate the drift velocity at bed level, and
indicate the direction. Compare this velocity with the maximum

orbital velocity at the same level, and indicate the influence on bed
drift of a strong onshore wind.

A coastal model is to be constructed to explore wave action in a sea
area 1 km offshore by 2 km along shore. The laboratory area available
is 20 m wide and of considerable length. Suggest a linear scale
suitable for this and calculate the wave period of the model paddles
to duplicate a 12 second wave in nature. Discuss which of the
following characteristics are accurately modelled in the laboratory:

(i) wave refraction pattern ;
(ii) wave heights before breaking ;
(iii) wave heights after breaking ;
{iv) settlement of fine sands.

t 2R 2% 3% 2 I B 2 I
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UNIVERSITY OF CAPE TOWN
DEPARTHENT OF CIVIL ENGINRERING
CIV 5982F POSTGRADUATE EXAMINATION

PROJECT MANAGEMENT IN CIVIL ENGINEERING

UNE 1988 _ TOTAL MARK 100
The examination is three (3) hours

Attempt all questions

All writing to be in ink or ballpoint pen

Refér to Annexure A . Cohplete'and hand in with the answer
book. : ‘ :
Discuss the functions of a Project Manager. _ [20]

Describe the different types of information required by =a
Project Manager ‘to plan a project. : (201

Discuss the problems which may arise when a Project Manager
underestimates the cost of a Contract in his motivation to the
Client for acceptance. f10]

. _Indicate , With comment , the cost items which may be affected
in a contractor’'s claim as also the reasons for a claim . [10]

Page 1
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NEeme. ... oo ivennns et ‘ 15 June 19888

ATTEMPT ALL THE FOLLOWING QUESTIONS WITH SHORT PRECISE ANSWERS

TOTAL MARK 40

a) What is the purpose of organising. - (1)

b) Give four reasons why organisational charts are useful. [2]
¢) For what reason are people motivated. ‘ {11

d) Name two reasons why a Client would be motivated to undertake
a project. ' {1]

e) Time and cost is interrelated but can be in conflict ,is this
true or false ? [13]

True / false (circle the correct reply )

d) Indicate which of the followiﬁg are procedural constraints

(3]
availability of loeal funding ' yes/no
tendering vyes/no
detail design ' ves/no
conditions of contract : ves/no
contractural incentives yes/no
arbitration _ o yes/no

Page 2



Civ 582F - PROJECT MANAGEMENT Annexure A A

e)

£)

g)

Give ten benefits of good planning :
- (S]

Indicate which of the following can assist with project

.9

control . (3]

personal commitment ves/no
programme coordination ; ves/no
review meetings vyes/no
project reports vyes/no
management support vyes/no
communication : vyes/no

List six project management monitoring actions which should
be excercised during construction. ' ' [3]

Page 3
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h)

1)

A.10

PROJECT MANAGEMENT Annexure A

Indicate four normal reactions to which a person may resort if
faced with a risk situation . [2]

Give three types of critical path charts for programming =&
project . : : [3]

jJ) Give eight reasons for providing a client with an estimate for
a project . - ' [4]

k) What should be considered when compiling a Schedule of
Quantities for a project . _ {31

Page 4
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Civ 582F PROJECT MANAGEMENT ' Annexure A

1) Is the cummulative monthly payments made to a contractor a
straight line , if not what shape is it ? (23]

n) Who takes the risk in a fixed priced contract. {13}

n) On which cost elements in a contract are_ihe inflation index
values applied. , (2]

K
.

o) What is the normal maximum percentage variation of a payhent
item that can be saccepted before a Contragtor nay regquest -
a revision of the pay item rate , and for what reason. - [2]

.............

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

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

p) What are statutory increases. (1]

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

Page 5
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UNIVERSITY OF CAPE TOWN

- DEPARTMENT OF CIVIL ENGINEERING

UNIVERSITY EXAMINATION : 29 OCTOBER 1988

L

CIV 536 - COASTAL ENGINEERING PRACTICE

Time Allowed: 3 hours

Answer ALL Questions

There is a potential of 158 marks

SECTION 1 is to be handed in at the end of the first hour - CLOSED BOOK

SECTION 2 s “OPEN BOOK™



CIVv 536S -~ NOVEMBER EXAMINATION : OCTOBER 1988,

QUESTION 1

Briefly explain, in words and by means of annotated sketches, the'mean1ng of
the following terms:

1.1 Cope level [ 2]
1.2 Pendant fender : [ 2]}
1.3 Tidal prism ' S [ 2]

1.4 Seiche [ 2]



CIV 536S - NOVEMBER EXAMINATION : OCTOBER 1988,

A.i4
1.5 Clinometer {21
1.6 show on a sketch p1ah of Hout Bay where you would expect to observe

the effects of wave diffraction and refraction. Clearly indicate the

physical cause of each effect and the form of the wave orthogonals and
crests. : [ 2 ]

1;7 Explain, by means of a sketch, the basic physical elements of airborne

(single channel). linescan apparatus that could be used for remote
sensing of the ground. (21

1.8 Explain by means of a sketch how a dredger may be positioned using
sextant resection. (2]



CIv 536S - NOVEMBER EXAHINATION : OCTOBER 1988,

1.9 Explain the principle of subtense ranging using a sextant. Indicate
the practical distance 1imit. [ 2)

1.10 Explain by means of a sketch the principle of echo sounding for seabed
profiling. Co : [2)

1.11  Give a sketch of the components and the arrangement that is used for
tide recording at Granger Bay.

(2]

1.12, Explain the term “tidal residual”. What 1is the cause of tidal
residuals? : ' ’ (2)



CIV 536S - NOVEMBER EXAMINATION : OCTOBER 1988,

1.13 Explain the principle of the "Wave rider” accelerometer buoy. [ 2]

1.14 Show by means of simple sketches how field measurements of the
following may be graphically presented in reports :

wind speed and direction 2]
Radioactive tracers {21
Beach profiles _ \ [ 2)

1.15(a) Give a typical section of a rubble mound breakwater (annotate). [ 2 )



-
CIV 5365 - NOVEMBER EXAMINATION : OCTOBER 1988,
A.17

1.15(b) Show the sequence of how this would be constructed in an exposed

situation.
| Cr2)
1.16 Comment very briefly (with a simple sketch) on the adequacy or
inadequacy of the following : '
position of the slipway at Granger Bay [ 2]
boat “"access"” s1tuat1on at harbour entrance in Hout Bay { 2]
boat "access” situation at Kalk Bay harbour entrance {21

a boat ramp at 1:6 { 2]



CIV 536S - NOVEMBER EXAMINATION : OCTOBER 1988.
: A.18

a boat ramp at 1:15 | | | [ 2]

1.17 Explain what you would look for in an serial photograph bf the coast
to discern the direction of littoral drift. [ 2]

Total for SECTION 1 = 48 marks.



CIV 5365 =~ NOVEMBER EXAMINATION : OCTOBER 1988.

2.1

(a)

(b)

(¢)

(d)

(e)

SECTION 2 -~ OPEN BOOK

Assuming that you are a Consulting Engineer specialising in coastal
matters, reporting to the local authority responsible for the coast,
write advisory notes to the responsible Committee on the following :

It is September and the beach has steepened and eroded sufficiently

for an adjacent parking area to appear to be in danger of being
totally eroded.

Outline your proposed method of investigation, your preliminary advice
as to what the Council should instruct you or Contractors to do, what
alternatives measures are 1ikely to be appropriate after completing

‘the investigation. Give a staged breakdown of <costs with

time/construction expense justification. Assume the total beach length
is 1 km and that the situation is as occurs at Fish Hoek.

[ 15 ]

It is proposed that the harbour at Granger Bay be improved. Write a
memorandum to the responsible Committee outlining the problems that
occur at present and the approach you would take to improve the
situation. Provide an approximate cost for the investigation and the
development of a new construction plan. Give a breakdown of the work

_required. (Give sketch plans as needed).

(15 )

Describe the present situation and outline the approach you would take

.19

to investigate the cause of the tilt on the breakwater at Hermanus. .

Indicate two possible alternative causes, and how you would remedy the
situation for each case. (In a sketch show the type of construction).

{10]

Briefly explain how you would determine the directions of nett

}ittoral drift and how you would estimate the littoral drift quantity
at Hout Bay beach. :

[ 10]

Hout Bay harbour is to be extended to provide for an additional 500
floating berths for small craft. Present a breakwater and mooring
layout, and show in plan details of boat ramps, harbour control and
other infrastructure requirements that should be considered at a
preliminary stage. State all assumptions.

[ 60 ]

Total for SECTION 2 = 110 marks
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UNIVERSITY OF CAPE TOWN

DEPARTMENT OF CIVIL ENGINEERING

UNIVERSITY EXAMINATION - NOVEMBER 1988

COURSE CIV 525S - CONTRACT LAW

OPEN BOOK EXAMINATION

Time : 150 Minutes

PLEASE ANSWER ALL_QUESTIONS,BEARING IN MIND THE NUMBER OF
QUESTIONS, IT IS SUGGESTED THAT YOUR ANSWERS BE KEPT AS
BRIEF AS POSSIBLE.

TOTAL NUMBER OF MARKS i 100 MARKS

106 01 Ol




QUESTION 1

"It must be conceded that the phraseology of Clause 54 (of
the Standard Engineering Contract) is capable of bearing the
construction placed upon it by the Court 8 quo. But in my
opinion it is also open to a different interpretation".
(Per van Heerden JA in Melmoth Town Board v Marius Mostert

- (Pty) Limited 1984 (3) 718 at 728 F).

Comment on the above statement and deal with the powers of
the engineer in terms of the said Clause 54.

10 Marks

1106 03 01

A.
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~ QUESTION 2
You ere a director of a construction company.

The construction company applies to an insurance company for
the 1ssue of a performance bond and the insurance company
requires you to sign a suretyship for the obligations of the
construction company in respect of that contract. However,
in terms of the suretyship you bind yourself "as surety and
co-principal debtor in solidum for the due and faithful
performance by the construction company to the insurance
company of all and whatsoever obligations undertaken by it

on behalf of the construction company in connection with any
matter whatsoever".

Shortly afterwards you resign from the construction
company, and a year later you receive a letter from the
insurance company advising you that in connection with
another project carried out by the construction company
after you had left its employ, the construction company was
indebted to the insurance company, who are now looking to
you for payment in terms of the suretyship signed by you.

You are very alarmed because YOu had not envisaged that you
would be liable for obligations which were incurred after
you had left the employ of the construction company. You
decide to take legal advice.

What "are you likely to be told?

10 Marks

106 03 02
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QUESTION 3
You are a director of a construction company.

In terms of the construction contract, certain work was to

be sub-contracted to a sub-contractor nominated by the
architect.

The architect obtained a tender for this work from the
sub-contractor and instructed your firm to accept the work
You sent an order on your standard printed form which
contained on its reverse side printed conditions which
included a clause reading as follows :-

"Payment of the amount due in terms of this order will only
be effected after we (the main coqtractor) have received

payment from the employer".

The sub-contractor wrote back to you thanking you for the
order and the work was carried out.

The employer became insolvent before having paid for all the
work. '

The sub-contractor calls on you to obtain payment for all
the work done by him.

What would you reply?

10 Marks

106 03 03
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QUESTION 4
You are a director of a construction firm,

You contract with a development company (X Developers

(Pty) Limited) to build houses on separate erven which are
owned separately by individual owners who are clients of the
development company, and with whom the the development

company had entered into agreements for the building of
these houses.

As the work progressed from time to time, each of the owners

paid X Developers (Pty) Limited the amount required from
them. _ '

Unfortunately, X Developers (Pty) Limited find fault with
your work and advise that they are not prepared to pay you

any further sums until you have completed what they regard
as the remedial work.

You dispute that in fact any remedial work is necessary, but
you are not prepared to continue work until the amount due
to you in terms of your contract with X Developers |
(Pty) Limited has been paid. |

The individual owners need their accommodation urgently and

decide to contract with another firm to build for them and
finish off the work. _

You do not want to give up possession of the building sites
and the work thereon until you have been paid in full, and
the individual owners institute action against your firm for
an order claiming possession of the various sites. Your

‘Board asks you for an outline of what your rights are in
this matter. '

Draw a short memorandum setting out your rights.

10 Marks

106 03 04
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QUESTION 5 .
You are a director of a construction company.

It appears that your firm has failed to comply fully with
performance of work undertaken in terms of the contract, but
you wish to claim for the work which you have done.

You decide to take legal advice on your rights, and the
attorney whom you consult says "Ah, this is a B K tooling
case", and proceeds to give you certain advice.

On the basis that he knows what he is talking about, write a
short memorandum for your managing director setting out what

your rights are.

10 Marks

106 03 05
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QUESTION 6
You are a director of a construction company.

Your firm has entered into a contract to build certain
road works, and the contract is in terms of the General

——

. Conditions of Contract of 1982 as issued by the South
African Institution of Civil Engineers.

Times are difficult - interest rates are rising - and your
managing director advises you that it looks like it may be '

necessary to enter into an arrangement with the company's
creditors.

He asks you to prepare a short memorandum for the Board
setting out the rights of the employer under your, contract,
should your company decide to follow this course.

Prepare the memorandum.

10 Marks

106 03 06
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QUESTION 7 :
You are a director of a construction company.

In terms of the eontract your company has undertaken to bay
your employer R10 000,00 a day for every day by which
delivery of the completed works is delayed.

Due to internal disputes in the construction company,
delivery of the completed works is delayed for a period of 3
months and your company's accountants‘make provision for the
sum of R90 000,00 as being due by your company to the
employer.

The managing director asks you to write a short memorandum
for the Board setting out whether this is a 1liability,
whether it can be reduced, and whether there would be any
defence to a claim. '

Write it.

10 Marks

106 03 07



QUESTION 8

In what circumstances may an extension of time be grénted in
terms of the General Conditions of Contract 1982.

10 Marks

106 03 08

A

.28



QUESTION 9 .
You are @ director of & construction company.

It is clear that a dispute is arising between the empioyer

A.29

and your company, and the Board intends discussing whether

the matter should go to arbitration or litigation.

You are asked to prepare & short memorandum discussing the
relative merits of these methods of dispute settlement.

10 Marks

106 03 09
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QUESTION 10

You are in practise as a consultant engineer.

You are appointed as the engineer in regard to a barticular
contract entered into in accordance with the General
Conditions of Contract 1982.

One of the nominated sub-contractors complains bitterly to
you that the main contractor has not paid him for work
already done by such sub-contractor, for which you know the
employer has already paid the contractor, and the nominated
sub-contractor advises you that he is still working under
the sub-contract and he would like you to protect him
insofar as regards payment in the future.

What could you do?

Would your answer be any different if the sub-contractor was
not a nominated sub-contractor? ‘

10 Marks

106 03 10



UNIVERSITY OF CAPE TOWN
DEPARTMENT OF CIVIL ENGINEERING
CIV 343S AIRPORT DESIGN

POSTGRADUATE EXAMINATION

- 9 November, 1988 , . Total Mark 100

NOTE

% Examination time 3 hours
¥ Attempt all questions ,
4 All writing to be in ink or ballpoint

1 Refer to Annexure A . Complete and hand in with the
answer book . {30]

2 Discuss fully all aspects which affect the determination
of a runway length . . - [20]

3 Discuss the environmental impact a new airport could havé
on the status quo . ‘ {201

4q Discuss fully the various aspects to be cbnsidered in the
design of the terminal building relating to the passenger
activities and the physica) facilities . {201}

5 Provide a specification for both rigid and flexible

pavements , with regard to the design layers and the
surface treatment , : {10]

Page 1
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. Annexure A
NamM® 3.ccceccvcacscsccssoscnse Civ 5438 Airport DESign
a) On what date did Orville Wright make his first flight
..ll.l.l...ll.I.‘....I;...I (1)
b) For what reason did the Corps of Engineers decide to
establish a design method for airport pavements during
the last war. '
® B & & & 0 O 6 O OO O P B OSSO PP SO P B OO OO PO sSSP L0 OP RSO S S S E S0 ey (1)'
c) Give four factors that influence a passenger to\choose
air travel as a travel mode
......I...l'l.l.......II.II.I.I.I ) (2)
d) Which aircraft has steadily increased its seat/kilometres
since its introduction to commercial aviation
..;.......l'..l.l..l»...ll.lll.l - (1)
) What nature of demand variation affects a passenger
airline in arranging its flight schgdules
e O ® 0 0V O 0 8 0 00 900 O 00 8 O s OO 0O OB O (2)
1) What is the "standard busy rate "
...'....l.'l...l...l....l...l........ll.....l.l.l.ll. (1)

Page 2

A.

32



Q)

h)

i)

J)

k)

Annexure A

Give eight factors which influence choosing air cargo as
a means of transport

e 0 0 @5 0 0 08 08 0BG OSSOSO UFEEDS OSSNSO
® ® &2 P P PO B DO PSS PE SO SOOI SO SO DNS ODR
.‘. ® & 0 5 0 0000 0 0 00080 s eSS RS l L] l\ L
® #8590 950000 0000 SE P PSPPI ONERLESEBESETSS
® @ 0 0 0 00 0 08 0% &0 0 S0 S R e a0 e "8 e e
@ 0 8 ® & 0 8000 0B O 0D OO SO OO N PO OEOEPNRP S OSSN TPSPOGES
@ 0 0 0 000 00088065 OE SO R OSSN OELEEE N DS .

noc'--o-ooa--o-lc.--oann-.o--oa.‘” (4)

Indicate what is meant by the following terms :

Turboprap

lli...-.i..'-l-.n-l........,ll.l.l.l.......

Turbojet

Turbofan

@00 00000000000 000000000000000000basesneens (3)

What is the most important function governing an
aircraft’'s turning radius

..l.llvl-.I..I;..ll.l....l....‘.l . (1)

What percentage of the load is normally assumed on the
nose gear ' ' '

I...D.I.............I.Il...ll.l. (1)

Name. six factors which have a bearing oaon the runway
length

» ® 6 0 P 9P 6 e 00 O 0O 0t 00 SO Oe PO ESe SS OGS
o ®# 690 0 0020 po s e oo ...‘. e 609 o0 fl..
A. ® 90 g ° 5 g 58 000 20 80 0o s e s L
....'.I‘...Q.O.Q. LI A B B B B N N
o &80 .‘..... LA AN J ..‘l. .‘. o a o000 poos oo

@0 00000 PN EBRPORPOIEBLEIEOINRBROOLOEOPROIEOIBOTERDY (3)

Page 3
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1)

m)

n)

o)

Pp)

Q)

Annexure A

Define the following 1

VFR % 8 8 8% 8" S0 0" PO PR S OIREPPOE PP OO

IFR 8 5 5 05O PPPPLAIOLELEOESIOEEOISESEOESEBTOEO (2)

Give four points of information which thé Air Traffic
Control gives to a pilot for his landing

LR R A L A R R A B SR B B I B B A B I (2)

Give four points which are 1likely to cause strained
relationships between airport administration and the

. residents of local neighbourhoods

e & 6 5 00 0 &6 0 90" 0 80 6" P E S S S O oS S e S (2)
Name the four different runway configurations

® 0 8 08 0 0 6 ® 80 %2 0w S0 s Fe P00 (2)
What is the accepted deceleration for a landing aircraft
® & 6 &8 8 & 0 & & 5 0BG S SO OSSO 0SS 0 e e a0 (1)

On approaching the runway what are the most important
visual aspects to a pilot )

® ® 0 & 00 0 68 06060 60620060y ot aBS S Se
~ 8
® 0 0 8 908 00 O 0O 80 0o S o VLR RO PSS SO N

...,.................-.......... ~ . (2)
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UNIVERSITY OF CAPE TOWN

FRD/UCT CENTRE FOR RESEARCH IN
COMPUTATIONAL AND APPLIED MECHANICS

UNIVERSITY EXAMINATION : 11 MAY 1989

END 522Z : AN INTRODUCTION INTO FINITE ELEMENTS

PAPER 1

ANSWER ALL QUESTIONS

HAND IN : 12.00 am , 15 MAY 1989

TOTAL 60 MARKS
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END 5227 - AN fNTRODleTION INTO FINITE ELEMENTS

Question 1

The structure shown below consists of two horizontal beams rigidly fixed at the ends.

The bottom beam is supported by three cables which can only take axial forces. A

uniformly distributed load of w kN/m is applied on the bottom beam.

Calculate by hand the vertical displacement at the centre of the bottom beam when
w = 25kN/m. Use the Euler-Bernoulli beam element. Show all your calculations,
~ including the element stiffness matrices and the assembled global stiffness matrix and
load vector. (Do not formulate the problem by minimimizing the potential energy,
but start with the equilibrium equations Ku = f .) Determine the bending moment
distribution in the beam and the forces in the cables.

[20marks]
: beann
4 J/ 4 E - zoo GRa
/ 4 Beams:
cobles 7 // : 4 m T = coox0® mé
. A = 4Sx16° Mt
NLN\/M )
Nnanoma 2. B Coscles :
4 4 A~ 1.2 X0 > m®
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END 522Z - AN INTRODUCTION INTO FINITE ELEMENTS

Question 2

The structure shown in Figure 2(a) consists of a girder supported vertically at points
A,B and C, and horizontally at A. The girder is a H section with the details given
in Figure 2(b). A uniformly distributed load of 5 kN/m is applied between B and C.
The support at B consists of a column which can be considered as infinitely stiff. A

load of 300 kN is applied at B by a solid column which covers the full width of the
H section’s flange. ’

- This is a rather special structure in that this particular H section has to be used. The
designer wants you to perform a finite element analysis to determine the maximum
stresses in the H section at support B. He is concerned that plastic yielding may
occur in the section. He wants the results to within 10% accuracy.

Your answer should be presented in the form of a report. State all your assumptions
clearly, including justifications. Do not perform a 3-D analysis. Include your final
computer printouts with your report.

[40marks)
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UNIVERSITY OF CAPE TOWN

FRD/UCT CENTRE FOR RESEARCH IN
COMPUTATIONAL AND APPLIED MECHANICS

NIV ITY EXAMINATION : 12 MAY 1

END 522Z : AN INTRODUCTION INTO FINITE ELEMENTS

PAPER 2

ANSWER ALL QUESTIONS

Time : 1 Hour

TOTAL 40 MARKS
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END 522Z - AN INTRODUCTION INTO FINITE ELEMENTS

Question 1

Discuss the problems associated with each of the following finite element meshes.
Suggest ways to improve or correct the models.

[16 marks)
(2) $F
| /L J
+
' ve
le s | 20
‘* I~ —
(b) w o
(c) P

k\\\\\'

(7777 S s
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(d) | ___[(L// L L 2

()
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END 522Z - AN INTRODUCTION INTO FINITE ELEMENTS

Question 2

Show how symmetric and/or antisymmetric loading can be used for each of the
following structures. The objective is to model only part of the structure in each
case. Clearly illustrate the boundary conditions that must be used.

{12 marks]
| | *l \[ pe |
(a) o
-7 ‘ -rrrL-r
(®) - i ]
Y
()

(d)

A.
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END 522Z - AN INTRODUCTION INTO FINITE ELEMENTS

Question 3

Consider the three-node quadratic isoparametric truss element shown in Figure 3(a)
below. Show that if node 2 is specified to be at the quarter point, as shown in Figure
3(b), the stress has a singularity of 7‘; at node 1. ( Stress is given by ¢ = DBu )

[12 marks]
-
\ 2 3 \ (2 3
- —— -9 r—— —®
.- tO S“ e *‘L: >l
7 ' s T' Vq-] ’% TT
”"1
3(0.)

3(bL)
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APPENDIX B8

Critical depth control points

In all water surface profile problems, a starting section must be chosen at
which y; x, and dy/dx are known or calculable, and with this information a
step by step procedure may be followed. In effect this procedure replaces
the actual curved profile with a series of straight lines, and therefore
involves some approximation but this effect may be reduced by varying the
step length in x, In both side channel spillway channels and constant
discharge channels, the expression for dy/dx goes to infinity when y = Ye
the local critical depth.

Consider for example the case of a slight change in grade, geometrically
quite slight, but hydraulically sufficient to change the channel slope from
‘mild to steep. Assuming unimpeded discharge upstream and downstream the
appropriate profiles are the M2 and S2 curves :- .

po—
Su - ™ % \-\
- - S 0L
TRASITION S S NoL
SLOPE
Sq X X Sp
h.

The conventional presentation is as in the top diagram, the water path is
probably more as presented in the bottom diagram. In the latter the NLD is a
continuous line changing over the transition slope and crossing CDL at a
gate point G. At such a point if the water surface traverses it, both the



B.2

numerator and the denominator are zero, and the dy/dx value is finite. If
the water surface crosses the CDL anywhere but G the dy/dx value is
infinite, having no physical meaning. Therefore the water surface does in
fact cross at G. When an expression in the form of a fraction appears to
have an indeterminate form in the sense that both top and bottom of the
fraction are zero simultaneously, the indeterminacy is usually apparent
rather than real, and a procedure is available from calculus to obtain the
correct value. This is known as the de 1'Hopital principle.

Thus if the value of
7(x) = p(x)/9(x)

is required at some point Xq where

p(xa) = v(xa) =0

- then 7(xa) is apparently indeterminate.

The original expression may be written as

7(x)q(x) = p(x)

Differentiating
7 (x)eq(x) + 7(x)-9'(x) = p’'(x)
At the point x = Xa
1(x)0 + 7(x) 9" (x,) = #'(xy) ,

Therefore 7(xa) 3 ﬂ’(xa)/v’(xa)

and this is the de 1’Hopital principle. 1In other words differentiate the
numerator and denominator separately, form the new ratio and insert the
required x value. If the second ratio is also indeterminate the procedure
may be continued.

In the side channel spillway both parts of the fraction contain x and y, ie.
are functions of two variables. In this case the 1imit depends on the ratio
of v to x as the 1limit point is approached. The 1link in the side channel
spillway problem is a differential one viz. that the dy/dx is itself the
ratio required.

There is one simple case of side channel inflow which yields the water
surface directly without recourse to calculations of dy/dx at a critical
depth section accompanied by step by step procedures. This case called the
reference case, occurs where the assumption of zero slope and zero friction
is made. The resulting profile gives information particularly concerning the
shape of the profile in the vicinity of critical depth.
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REFERENCE CASE [rectangular channel]

Consider a horizontal channel with zero friction, the second condition being
an idealised state. .

In such a receiving channel F = constant

Qv , by? _ qg2x? N by?
g 2 ~ gby 2

F
- 3
Thus for given F, q and b, y varies with x

2y3 ' v
In fact q2x? + QEEZ_ = E%E! . (1)

when x = 0, either y = 0 or is given by )

gb?yd Fgby s _ 2F
2 T oW or Yo © bw

as could be deduced from the fact that F is hydrostatic at the upstream
wall.

At point P, dx/dy = O

. 2, dx . 3gb%y? _  Fgb

ie. 29-x dy + 3 =

Thus vy = 2F_ and this may be recognised from spatially constant flow
3bw

as being the local value for yc , the critical depth.
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If the x co-ordinate of P is taken as L then‘yc is also given by

y3 = a“L?
(o}
g

Thus equation (1) may be written in the form

3gblyly
gxe + 28 TP
2 2
which simplifies to
2x?  y3 3y
Tty Gy (2)
R S |

which permits the dimensionless diagram below :

ylye

At

x/L

Let a general point be y = kyC y then

X _  |k(3-k*)
L ~ 2

thus a general point on the water surface profile is determinate.
Differentiating eqtn. (2) gives .

2
axodx , 3 o 3

2 3
L dy Ye Ye
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which simplifies to

2y | 2k(3-k?)
ay = = Note that g% at wall is zero ie. same
dx 3L(1-k2) as bed slope

The use of the reference case is based on the idea that in the vicinity of
yc the influence of bed slope and friction are small and to some extent self

cancelling. Thus a convenient starting point say (k = 1,01) is chosen from
the reference profile and used as the starting point for a step by step
method in the case of a finite slope, finite friction receiving channel.

For example, if k = 1,01 then x/L = 0,9999247 and dy/dx = —66,33(yc/L)

EQUATION FOR dy/dx AT CONTROL POINT WITHIN THE RECEIVING CHANNEL
[rectangular channel]

The following analysis is specifically for the rectangular channel. The case
of general channel shape will be handled later. If a control point exists
within the receiving trough, it occurs at the intersection of the PNDL and
the CDL . At this point the equation for dy/dx is apparently indeterminate
in that both the numerator and denominator are zero [value is determined not
by substitution, but by calculus].

Let the numerator be ¢(x y) where

_292x_ _ gqx®n?
gbly?  p? 2p’/s

g(x,y) s

and the denominator be #(x y) where

Ly

2,2
b(x,y) = 1 - L2
\ gb?y3
and ¢(xc,yc) = i(xc,yc) = 0 at the control section.

Let Z be required value of dy/dx at the control section ie. Z = {g%} .
c

By de L’ Hopital principle

N AN S 5 AR
¥, 89

dy 6’ » 6‘ Z

Zz
Ix YTy ax Ix By
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Multiplying up gives a quadratic in Z, dimensionless

je. AZ2 + BZ+C = 0 (A, B, C all have same dimensions)
_ e
where A = Ty
N
and | B = [ 3{ y }
_ 68 )
and c = ‘3; .
These partial differentials may be evaluated as follows :
8 . _ 297 _ 2q9xn3 - - -2a® |, , gxn?
fx gb2y?  b2y2R /3 gb2y? R4/ 3
dy . 2afx_
§x gb%y3
§¢ _ 4a2x g2’ | _2 4 _1 drR
Sy gb2y3 b2 y3RYs 3 2R/ dy
: 2 2p?2 2
Now R = by : L dr = b = b°R = R
b+2y dy (b+2y)? bly? y?

]

i . alx_ { 4., 2;"2 + 4 xn? }
, 7 7.
g R’ 3yrR’3

1
3b2y3 R /3 yR /3
and LI e
by gbly* ’

Thus the coefficients of the quadratic equation are

A - 3£2_x-3 . C = .233_— {1 + gx_nz- }
and B = - 2% g, 3xn’g . 2xn?

Common factors may be cancelled in the coefficients and algebraic neatening
gives the Z quadratic as

[9x2R4/3] 22 - [(2x)[9yR4/3 + gxn? (3y +2R)]] Z+ [(6y2) (R4/3 + gxnz)] = 0
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In this above equation the values to be inserted for x, y and R are those
pertaining to the control point. Note that both roots of the quadratic are
positive, that is the water depth is increasing through the control point in
the downstream direction in two alternative ways, the choice depends on the
downstream conditions present.

Critical depth control int _for a prismatic channel of general sha

The treatment 1is similar to that for a rectangular channel previously
discussed. Let the lateral inflow be q (m3/s per metre length of channel),
channel geometry defined by area A and wetted perimeter p, the channel
longitudinal slope So , distance along channel x measured from the section

of commencement of inflow, the discharge and water depth at a general
section being Q@ and y respectively. The total force principle will be used
to establish the rate of change of depth with distance, ie. the magnitude of
dy/dx.

Now

F = =+ AZ = = + Az
W 9

Differentiating w.r.t. x gives

1dF _ 209 _ady, ,dy
w dx gA gA? dx dx

But from considerations of weight and shear forces on the element

1 dF :
w dx A (85,518 )
Equating the two values for dF/dx gives

2
A[so_sf] = L'Q-_UQX+AQX
gA gA2 dx dx

rearranging gives

_ _ 2Q _ _ 2a2x
day So ~ ¢ §Z§ S S¢ = 9AZ
ax 0 1-2B ) - X8

gAY 9A

and the equation for the rectangular channel may now be recognised as a
special case of the above. The value to be substituted for Sf is

2n2y¢2
s, = Ll

A2 R /3
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The value for dH/dx being the rate of change of the main stream total head
is given by

ﬂ.! = S +.Q_Q_

dx f gA?

and the physical 1nterpretat1on remains unchénged, viz that the latter term

is equally divided between energy transferred to the lateral stream and
energy d1ss1pated in the mixing process

REFERENCE CASE (trapezoidal channel)

Consider a horizontal channel with zero friction, the channél cross section
being defined as base width b, and the side angle ¢ with the horizontal.
Following the procedure used for the rectangular charnel, F = constant where

F 2x2 = .
;=%—+AZ ‘ . (1)

Thus for given F, q énd channel geometry y varies with x, In fact

242 -
E& 9_5.. + A2z
w g -

_ Thus when x = 0, either A = 0 (i.e. y = 0)

or - F = wAZ

as could be deduced from the fact that F is hydrostatic at the upstream
wall. At a point where dx/dy = 0, differentiating eqtn (1) gives

242 , -
0 = -3XdALd
gA? dy dy
242
or 8a~x = A
gA?

which 1s recognised as the condition for the water depth being locally

critical 1.e. vy = yc .

when the depth is critical

A
3 C

= A [Z + _]
C' c Bc

£|m
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thus the original eqtn (1) may be rewritten in the form

A
- __c_ quz -
A [ ¢t Bc] gA v Az
A2
or : xt = 9 Aczc + EEA— Az
q? ¢

and this yields the general eqtn of the water surface x dependent on y once
critical depth at the end of the channel 1is known. Because there is no
explicit expression for Yo in the trapezoidal, a general expression is not

possible for x versus y and individual cases have to be handled numerically.
To illustrate, the trapezoidal section of Hinds example will be usgd, viz

b=3m; q=3,75m2/s ; L =120m ; cotd = 0,5.

Thus the discharge at the end of the receiving channel is 450 m3/s, and at
this point critical depth is to be found from the implicit equation

A _ @2
B " 9

which yields Yo ° 8,530153253 m
A, = 61,072217 m2
B, = 11,530153 m
Z, = 3,43045m .

Thus the surface profile equation is

x? = 3% [545,6806 - Az] .
- q? .

If y is chosen as 1,01 Ye

x = 119,980658

and this is the starting'point for the step by step solution to the general
profile within the inflow zone.

EQUATION FOR dy/dx AT CONTROL POINT WITHIN THE RECEIVING CHANNEL
[trapezoidal channel] .

The following analysis is specifically for the general shape channel. How-
ever the concepts are identical to the section previously discussed for the
rectangular channel. Thus if a control exists within the receiving trough,
it occurs at the intersection of CDL and the PNDL. At this point the
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Ve

equation for dy/dx is apparently indeterminate in that both the numerator
and the denominator are zero. If the numerator is d(x y) and the
denominator is #(x y) and Z is the required value of dy/dx at the control
section, 1.e. Z = (dy/dx)c then Z is given by a quadratic equation

s,

AZ22+BZ+C = 0

where

A:B,‘/ay : B = [g—g—%] and'c:--gg

The remainder of this section is concerned with the valuation of these
partial d1fferential coefficients for the general prismatic channel

Now § = s - Lnx?_ 2a%

4
° a3 ga
06 _ o0 a9 ( 2  dA 4 drR 4q2x dA
y T R 4y Wity | ot ay
| ASR "4 dy 3R ‘3 A2 dy gAd dy

‘ i : 1/
22y 2
- 4q<n<x B + 1 dR ¢ BR’3
Az RS | 24 3R dy

xn2gA
94 _ _ 292n2x _ 292 _ 492 _ 25, _ 2q?
= L =
ax . A?R /3 gA? gA? X gA?
- 2 jﬁ - ig - . . . ]
9A?  «x ,
2,20
and ¢y = 1 - x'8
gA3
* ﬂ = _q2x2 [ .3—8 d—A 1— d_B
dy g | At dy A% dy
. @x2[382 _dB] _ 38_148
gAd | A dy A B dy
and o = - 207x B --2
ax gAd X ’

The dimensions of all the partial coefficients will be found to be L-! or
m'l
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A typical shape of channel encountered is the trapezoidal cross section

where the following geometrical statements apply :

B = b+ 2y cot 4
p = b+ 2y cosec ¢

>
1]

y (b+ vy cot @)
Thus " dB/dy = 2 cot €
dp/dy = 2 cosec ¢ _
dR/dy = -(A/p%) dp/dy + B/p

-2 cosec f-A/p?2 + B/p

and these values would be inserted in the values for the diffefent1a1
coefficients. Note that all numerical values are calculated at the control
point, previously located as an intersection.





