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I. Introduction

When yeuv tutn on the lights where does the
electricity come Efrom? You pget it from whatever
powet company produces and distributes slectricity
ln your arez. How do the power companies produce
electricity? Large generators in power stations
praduce almost all our electriec poawer.

Turhines drive these eleckrlc generators. 4
turbine is just a wheel turned by the force of
moving fluilid such as water or steam. The turhine
does not create power, it changes the force of
maoving fluids into rotary motlon which Iz used to
turn a generator to produce e2lectricity.

There ars two principal types of turbines,
Eteaw Lturhines and water turbines. The staam
turbines are driven by steam praduced elther hy a
coal ar oll-~burning furnace or by a nuclear
reactor. Warter turbines are turned by flowing
water from a dam or waterfall.

The powar of a water turbine depends on (1)
the volume of flowing water, and {2) the distance
that the water falls before it strikes the fturbine
wheel, Any encyclopedia will give vau more
detaliled {information about different kinds of
turbines and generators and how these work, These
detatlz are not required for the present study.
Our ATM d1s3 to study the Windsor Lecks Canal and
declide wherher it is a possible source of water
POWET .

. Description of the Canal

Windsor Locks Canal is an o1d navigation
canal parallel to the Connecticut River and
bypassing 2 S5-mile scretch of the river where
there are rapids. In these five miles the river
deops about 30 ft. At each end of the canal is a
dam, and at the downstream end is a water
turbine. The project under consideration is to
use the canal for the productisanm of electricity.
This may invelve some dredging and rezshaping of
the canal, temoving sludge from the bottom and ATtV
large rocks. Tt will be necessary Lo bring water
down the canal to the turbine at the ralte of
1500 cu ftfsec. An cutlet pipe at the downetreanm
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Connecticut River

Overhead View

Plan of Windsor Locks Canal

FIGLIRE 1
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end carries the water to the turbine, In order to
achleve maximum power a water conbrol device fixes
the water suarface elevation downstream at 37 ft
above mean sea level, We do nat want the water to
drop much guring its run down the canal since we
want as lavrge a change in height as pesaible at
the turbine.

411 elevations are given as a distance above
mean sea level., Sea level i= the level of ocean
waters. However, this iz not the same in all
Farts of the world, Alsc sea level changes with
the tides. For parposes of measurement a definite
average has been agreed on by sclentlsts whe use
the idea of sea level dn theirc studies, This
average 1s called the mean sea level,

Figure 1 shows a plan of the Windsor Locks
Camal. Since the canal is between faour and five
mliles lang, the characteristies of the flew are
not the zame throughout tche length of the canal.
In the course of thelr preliminary survey the
engineers have decided to thiank of the canal as
subdivided into sixteen parts in each of whiech the
flow can be assumed to ke nearly uniform, gach of
these parts 1s called a reach, Since the
characteristics of the flow change from one reach
to the next, the engineers measure the canal at
the points where one reach ends and the next
hegins. They consider an Imaginary cross section
of the canal taken perpendicular to the direction
of flow of the water. They then measure the
elavation at several horizontal distances across
the canal bed. These measurements are used to
caleulate the quantitlies described da the
following paragraphs. PRecause there are lé
raaches there are 17 measured cross sections.
Section 1 is at the downstream end and seccion 17
at the beginning of the canazl. The Reach Leagth ,
L ft, is the distance between sections.

The hydraulic data needed ar each section
are: cross—sectional area, wetted perimeter and
water surface width,

5-4
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The Section Area, A, 15 actually the area of
a cross-sectional slice of the canal, It 1s the
number of square feet enclosed by the followlng
boundaries: the canal bottow, the canal zides, and
the water surface. (Figure 2)

i . '
FIGURE 2 FIGURE 3
N [
Section Area, Asq ft Wetted Perimeter, P ft

The Wected Perimeter, P, iz that portlon of
the perimeter of the cross section where there is
contact between the water and a sclid boundary.
{Figure 3)

The Water Surface Width, W, 15 the distance
from ore bank of the canal to the ether along the
gurface of the water at a given sectian,

{Figure &)

FIGURE 4
I

Water Surface Width, W ft

The Section Area and the Wetted Perlmeter are
used to calculate the hydrauwlic radius which gives
a2 measure of flow properties.

The Hydraulic Radius, B, ls defined as the
ratioc of the erosz-secticonal area toe Lhe wetted
perimeter at a section,

The physical characteristics of the canal are
described by a constant called Manning™s
Constant., If the surfare iz very rough {much
vegetation on the canal bobtoem, rocks, ete¢.) this
constant will be large., This constznot iz thought
of az a2 roughness fFactor. The Roupghness Factor,
o, 1s assumed to be rconstant far the Windsoar Locks
Canal and to have the walvue mn = 0,022,

Copyright © The Mathematical Association of America. Used with permission.



ilIl. Open Channel Flow

The flaw of water In an open channel can be
thought of in twoe ways. We can think In terms of
the quantity of water that passes across a
particular section in a cerrtain lemgth of time.
We measure volume In cubic feet and the length of
time chosen 15 one second. The letter Q Is used
to represent this gquantity. The wvolume flow rare
is then 0 cu ft/isec.

It is also important to know the speed at
which rthe water is moving, The velocity tells how
many feet a particular partiecle of walter moves In
one =zecond. The letter V 1s used to deslignate
thiz guantity. The veloclty at any point Is
¥ ft/sec.

The amount of water that crosses a given area
in one second 1is the produect of area and
velocity. This glves the eguation

Q cu frfsec = A sq ft x ¥ fr/eec

ar

T v = fe/sec.

The engineers plan Lo keep the volume flow rate
constant at 1500 cu ftfsec, Uniform flow implies
the velocity is the =zame at every polint in the
fluid. Thiz iz certainly not the czse in the
canal as 2 whole, since the area of 2 cross
section 13 net coastanc, However there will he
gtrvetches of the canal in which the flow is
appreximately uniform, This 1z taken inte
consideration by the englneers in choosing the
gsixteen reaches of the canal.

There are twe forms of energy present in
fluid flow, potential energy and kinertic energy.
The potentlal enevrzy of a particle of liquid
depends upon its elevation abeve an arbitrarily
chosen reference plane. In our case rhe reference
plane is mean sea level, A fluild partiele of
welght W pounds a distance h fr above mean sea
level, has a potential energy of Wh foat-pounds.
Its potential energy per unit of weight 1=
Wh/¥ = h ft, This value is called the potential
energy head,

56
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Kinetic energy comes from motiom. TFor
valocity ¥V £t/sec the kinecie energy per unit

. Z
welght, kinetic energy head, 1s %E fr where g i3

the acceleration due to gravity (32.2 ftfseczl.
The total energy head is

v <
H=h+ — ft,
2g
Since h aund ¥ are different at different locatlons
1la the canal H alav depends on posirtion. The plac
of H along the length of the canal iz called the

Energy Grade Line (EGL). (See Figure 5.)

Ene FIGURE 5
2
"
29 GL)
: h2 Channpel Battom
H,
/// h, = 371t.
"—“—L.= 1730 ft »
i Mean Sea Level )
—— T

The potencial energy head, h, iz also the
elevation of the surface of the water, The plot
0f h along the length of the canal 1s called the

Hydraulle Grade Line {HGL). Bacause %E is always

positive h 15 less than H and the EGL is above the
HEL,

The water surface elevation at Section 1,
near the turblne 1s kept at 37 ft. The UGL is

Copyright © The Mathematical Association of America. Used with permission.



called the Backwater Curve because It is a plot of
the water surface elevatlon upstrean from a
position where the surface elevatlon I{s held
constant.

The slope of a stralght Iine 1s the change In
the vertical position ever the change in the
horizoutal position, that is, risefrum. In a
rectangular coordinate system, If (xl,yl} and

{xz,yz} are points on a linme the slope is given by

X

i The EGL 1s usually not a stralght
2 1

line. The slope at any polnt on this curvae is rhe
slope of the rangent line at that polat.

For zn ideal canal of constant cross section
agand with uniform roughness, the EGL, the HGL, and
the bottom of the canal are all paralliel. For tha
Windsor Locks Canal these curves are not gquite
parallel even in a single reach. The alope of the
EGL, denorted by S, is the number of feet per foot
thar the total energy head drops. The reason for
the drop In EGL iz Lthe enerpgy loss due to
friction, The slope, 5, is given the name
Friction Slope. An Ipportaant empirical formula
based on experiment coanects wvelocltby, hydraulie
radins, roughness factor, and friction slope:

V:.!.I.&_g 3'R! 5.
n ,g 3

(In ocur case m = {.022.)
Fractional exponents are somebimes mote convenlent
than the radieal notatlion. Recall that

'p/£_= l&{l)Ir3 50 EF B2 = szj .
ﬁlsu]/g_a Slfz. Thus

y - Le89 W2/3 (172

Since ¥ and R are different at different
sections, the friction slope at ane end of a reach
is different from the friction eslope at the other
end, Alrhough It changes gradually zlaeng the
reach, it is sometimes useful to cthink of an
average frilctlon slope over the reach. We
use S, to represent the average slope over the ith
Teach, We rcannobt caleculate 1t exactly bhut we can
approximate 1t by the average of §;, and 5;,.;,. The

average slope over Reach 3, for example, would he
approximarely

5,+ 5
5 . 4T

3 2 -
-
5B
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Flguvre 5 1llustrates these concepts for the
first reach, The fundamental principle is the
principle of energy balance, The total energy at
Sectiogn 2 1s equal to the total energy at
Bection | plus the loss due to frictiom. Near
Section 1 that lonas is 51 ft/ft.: near sectlion 2
1t is 5, ft/ft.

IV. The Problem in General

Kleinschmidt Associates 1s undertaking an
anzlysls and portential revisdion of the Windsor
Laocks Camal. The principal rthrust of the analysis
iz to answer a question freguently asked In
searching for scurces of water power — What is
the capacity of a glven canal with the upstream
and downsteam water levels giliven?

In particular, the question to be answered 1Is
the following: What uvpstream water surface
elevatlon would be necessary to deliver 1,500
cubic feat of water per second to the downstream
end of the Windsor Locks Camnal? The water surface
elevation of the downstream end is 37 feet zbove
mean sea level,

The analysia required in detecvminlng the
answer te this guestion 1s described in section ¥,

the Problem 1in Derail, It is this analysis that
Kleinschmidt Associates {iaz asking you to perform.

V. The Problem in Detail

A. Preliminary Activities

l. The following table shows measurements of the
exlzsring canal bhed at various positions across

Section 2.

Horizontal FPosition {ft) Elevation (fr}

0.0 41,0
2,5 33.5
9.0 3il.0
11,0 il.o
15,0 30.0
18,0 29.5
21.0 30.0
il.0 30.0
44,0 33.0
51.5 34.0
51.5 42.0
e |
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Plat these on graph paper. Use a scale no smaller
than 1 inch = 10 ft. Sketch the existing canal
hed., TDraw a horizontal line showing the water
level at an elevation, h, of 317 fr above mean sea
lavel.

2. The engineers plan to dredge the canal,
reshape certaln sections, remove sludge from
the bottom, 2tc. The revisaed zection has the
forllowing measurements,

Horizontal Pasitcion {(fc) Elevation {ft)

0.0 41,0
Z.5 33,5
22.0 5.5
il.0 2345
51.5 34,0
3145 42.0

On the graph drawn in [, plot these points and
join them by stralight lines to obtain 2 sketch of
the revised sectlion. Calculate from your graph:

The area of cross section of the water, &
The wetted perimeter at Sectiomn 2, P
The width of the water surface, W

In paragraphs Az and AB round all calculatlons to
one decimal place, Based on these calculations,
calculace the Hydraulic Radius, R, when the waret
1s a2t elevatdion 37 ft above mean sea level,

3. Suppose the water level increases to 39 ft
above mean sea lavel., Traw the 39 ft water
surface on vour graph. For the revised
Section 2 find A, P, W, and calculacte R when h
= 39 ft,

4, In the calcaulatfon in 3, assume rhar the
increase in the aresa of cross sectlion is
approximaced by a rectangle, that is5, that the
sides of the ecanal are vertical instead of
thelr aectual shape., Calculate A, P, W, and R
for water level at 39 ft under this
agsumptinn. How much difference does it nmake
to assume that the Iincreasze in area 13 a
rectangla?

5-10
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B. The Given Data

The following table shows the dimensions of
the canal as the engineers plan to revize 1it.
Since the canal 1s divided into 16 reaches, there
are 17 sections., Section 1 Is at the point where
1500 cu £t of water is delivered through a large
pipe to Lhe turbine In the power station. The
water surface elevatlon just hefore the turbine 1s
fixed at 37 ft above mean sea level.

Column 1 of the table pives the aumber of the
section, beginning with seection 1 at the down-
stream &nd of the canal, just before the
turbine, The second column gives the ecross-—
sectional area at each zZection assuming that the

TABELE 1

WINDEOR LOCHS CANAL HYDRAULIC DATA
For Water Surface Elevation 37 fr

Section Section Wetted Water BSurface Rearh

Ares Perimeter Wideh Length
i Ang 89 ft Pgy ft W, Et L; ft
1 433 64 60 1730
2 400 60 50 480
K| 480 58 45 1320
4 480 68 58 400
3 480 72 63 1160
& 200 102 99 750
7 200 102 100 27130
8 700 592 g7 390
9 600 94 91 2170
10 BS0 26 81 2700
11 500 84 80 300
12 490 99 95 1425
13 500 B4 BG 7610
14 523 83 78 2225
15 500 79 74 1720
la 500 78 0 2140
17 500 78 70 0

Copyright © The Mathematical Association of America. Used with permission.
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WG a1 aenl

Change in h
at Section i

N e
< =

Additional Water
as a Rectangle

surface pf rthe water is at 37 fr above mean sca
level, The third ecolumn gives the wetted
perimeter for each section, and the fourth emlumn
gives the water surface width. The fifth column
gives the reach length. The first reach extends
from section ! to section 2 and has length 1730
fr, The second reach extends from section 2 to
section 3 and has length 480 ft, and so on. The
entry at the end of this column Indicates rhat
section 17 i= the upstream end of the canal,

Wotice that the notation for sectlon area in
the table is Ayy» read "A& sub zero 1", The
gubseript 0O Empﬁasizes the faect that these
meagurements all assume that the water surface Iis
37 ft above mean sea level, The suscript i
indicates which sectien is being considered.
Since there are 17 sections I can be any Integer
from 1 to 17 as indicated in ¢olumn 1. Feorx
example, An, = 500 sq ft,

$imilarly, P,; means the wetted perimeter of

Section 1 when the water surface elevation Is 37
ftr.

C. Adjust the Data

AT M Abowe Mean Sea Level

The water surface at zection ! is maintained
at 37 ft above mean sea level., The Flow of water
in the canal, as well as the slope of the canal
hed, rcauses the elevatlon of the water surface at
the up-stream sections to be slightly higher than
37 fr. The wvaluses ino the table will thus need to
be adjusted for the increased elevation before the
other constants are caleulated. For simpliciry
assume that the increase It cthe secrion area 1is
shaped like a reectangle. 4 Eond mathematical
notatinn for the increase in h over 37 ft is &ah,
s that at section i the new water surface
elevation, hy, is 37 + nhi.

1. Assume that the inecrease of area of section 1
is in the form of a rectaungle of hedight ah,.
Develop a formula for Ai and Pi in terms o
ﬁDi’ Pﬁi’ and ahi.

2, Check your formula with the work done 1n A
problem 4. What is ah in this problem?

5=12
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[ T
D. Calculate the Data for Section 1

In cthis and 211 fellowing sections assume the
data inm the table is exact. Caleculate each 5 to
seven decimal places, and all other gquantities to
four decimal places, The mezszvrements of Seection
] are glven in the flrst row of the table.

I. Calculate ¥,, R,, and Sl assuming rthar
Q = 1500 cu ftizecr,

2. Calculate Hl' {Use g = 22.2 ftfsecz.)

E. The Data for Section 2
The data given Iin the table fer Section 2
assume that the water surface 1s at an elevation
of 17 fc. Ta adjust the data to the proper water
surface level at seckion 2 the value of hz is
needead,
1. Think of a way to guess an approprlate value
for hga, The friction slope at Sectlion 1 wlght
he a ﬁelp in this.

2. Using wvour guess, calculate AZ and PZ'

F. Calcuiate the Data for Section 2

On the basis of your guesszed value of hy you
can now calculate Hy in two ways.

1. VUsing weour guess for h2 and the corresponding
extimates of Az and PE’ calculate vz, RE’ 52,

and HE'

2. T1f you knew the average =zlope of the anergy
grade line you could calculate H2 from Hl'

Estimate the averapge slape, 3§ of the EGL

1!‘
for Reach 1. U=ze this to calculate HZ‘ Call
this walue Hz’.

3, Coopare the value of H2 found in ! with the

value HE’ found in 2.

5-13
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G. Check Your Guess for h,

In thils study we require rChat Hy and H,~
differ by less than 0.,005.

1. 1f |Hy ~ H2’| < 0.005 go on to calculacions
For Sectisn 3,

2. 1f |H, - H,7| 2> 0.005 think of 2 way to
improve your guess for h2'

H. Fix a Value for h,, H,, and S,

Your Iimproved guess may be goed encugh to
satisfy the condition 1in G. Or it may need more
improvesent, Find a wvalue of 'h2 that 1s
accepktabla,

1. Using your new guess for hz, calculare new
values far Az, PE’ ?2, RE’ 52, and HE'
Calculate H, using the average slope obtained
from 5y and the new 5,. Again check your
guess by the mnethod of G,

2. If naedad, repest the process until an hz
1s found that makes |H, - H,"{< 0.005.

Asazipgn h2 and 5, the walues used in your

acgceptable guessz, Choose elther Hy or Hz’ in this
guess for the assigned wvalue of HZ‘

. Find h;.

Noew that the data for Section 2 is found, the
steps Iin E, F, G, and H ¢an be repeated to find
ha.

3.

J. Find h,,

Continue this process step by step until th
1s found. Yeou may use the Iintervactive computer
program to make these calculations. Although hl?
iz the most Important part of your result, it
would be helpful if you inelude alao a table
zhowing hi and H{ at each sectlon.

-
5-14
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The actuval work requested in this problem is
the calculation of h,;,, However, you may be
wondering how vyour answer relates to the gquestion
that prompted the study. Iz the canal a viable
sgurce of water power?

The answer to this guestion depends on the
relation between the hy- which you calculate and
the water level ia the Connecticut Riwver at the
upstream end of the canal. The body of water in
the river mear the opening of rthe canal 1Is called
the "Pond." In order to malntzin the regquired
volumetrie flow, the level of the pond must be
far enough above h,5 to move the watar down the
canzl and to allow for the small losses we have
disregarded in the investigation, for example,
evaporation and run off. "Far encugh" in rthis
case is 1/2 ft. or more.

Wa are not given the level of the river at
the opening toe the canal., In faet, this level
would fluctuate during the year. BSeo our auswer
would have to be stated ia the form: "The canal
i5 a wiable source of water power provided the
level ia the pond is ,.."

Copyright © The Mathematical Association of America. Used with permission.
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