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Study of Water Flow Velocities in Irrigation
Canals in Iraq and Their Mathematical Analysis

JOAQUIN DE ARAOZ, C.E., M.S.S.E.'

Water velocity is an important physicalfactor in the conditioning ofstreams and canals
as habitats for the intermediate snail host of bilharziasis. Ecologists in most of the bil-
harziasis endemic areas have studied the resistance of these molluscs to the disturbing
action of water motion. However, the complex nature of water flow through natural and
man-made courses makes it very difficult to determine accurately the limiting range ofwater
velocity that allows the settlement and development of snail colonies in a watercourse, and
results are therefore still inconclusive.

This paper describes the procedure employed in and the results obtainedfrom a study
designed to elucidate the water flow phenomenon through analysis of the relative variations
of water velocity at any point of the cross-section of the canal. From this study it was
possible to derive a simplified methodfor measuring the rate of water flow in earth canals
that may be of wide application in snail control by the use ofmolluscicides.

INTRODUCTION

Ecologists have found that water velocity in
streams has a great bearing on the breeding and de-
velopment of bilharziasis vector snails. Careful
investigation of this subject has been hampered by
the difficulty of determining velocities near the peri-
phery of the watercourse, the usual habitat of these
snails.
Upon review of hydraulic treatises, it was found

that the subject of water velocity in canals is dealt
with mainly from the engineering point of view,
emphasis being laid on the determination of the mean
velocity for calculating the rate of water flow. The
distribution of water velocities within the cross-
sectional area of the canal is considered of a rather
academic interest. There is a certain diversity of
opinion among authors concerning the distribution
of water velocities, and their statements regarding
velocities near the periphery of the canal lack the
precision required for ecological studies of the vector
snails. Some of these authorities will be quoted later
when the results of this study are compared with
available material on the subject.

1 WHO Public Health Engineer, Rural Health Unit,
Halba, Akkar, Lebanon; formerly WHO Public Health
Engineer, Bilharziasis Control Project, Iraq.

The undertaking of a study of water flow in canals
by theWHO Bilharziasis Control Project in Iraq had
a twofold purpose:

(1) to determine the water velocity at any point of
the cross-section of the canal;

(2) to devise a practical and accurate method of
determining the rate of water flow in canals which
would be of wide application in molluscicidal work

These two objectives are directly connected with
the shape of the cross-section of the canal; therefore,
this study includes the determination of the shape of
the contour of the cross-section, essential when
dealing with earth canals which, through erosion and
silt deposition, are allowed to shape their channels
freely until a state of stability is reached.

It is obvious that such a study of water flow has a
wide application. The hydraulic engineer will profit
from a simplified method of measuring the amount
of water flowing in canals, either for power, irriga-
tion or for drainage purposes. The design engineer
will be able to draw cross-sections of canals adjusted
to a more stabilized condition which reduces erosive
action and silt deposition on the stream bed. Main-
tenance work, such as clearance and chemical des-
truction of vegetation, will also be assisted.
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Lanoix 1 lists a series of " straightforward questions
which an irrigation or public health engineer might
address to a group of ecologists." Among these is:
" What are the miniimum 'average', 'marginal' and
'bottom' velocities which will discourage the mul-
tiplication of various disease-carrying snails in earth
canals?" The ecologist in his turn may ask the
engineer: " Howcan I determine 'average', 'marginal'
and 'bottom' velocities? " An attempt is made in this
paper to give a proper answer to the latter question.

GENERAL CHARACTERISTICS OF THE CANALS AND

MEASURING STATIONS

All the material for this study was obtained from
20 measuring stations on 14 canals of the district of
Tarmiya and adjacent lands-the area of operations
of the WHO Bilharziasis Control Project in Iraq.
These canals are located north of Baghdad at a
distance of 20-50 km from the city. They are not
part of an irrigation system, but are independent and
without inter-connexions; most of them are infested
with the snail vector of bilharziasis.
The canals originate at the western bank of the

Tigris River, from which they are fed by means of
motor pumps that lift water to the head of the canal
at a height of 5-7 m above the normal water level of
the river. Booster pump-stations are installed on the
longer canals so as to overcome the gradual upward
slope of the land away from the river course. The
continuous operation of these pumps gives a uniform
and constant flow regime to the canals.
Poor engineering skill is shown in the construction

of these canals, as most of them were dug by the
farmers themselves without professional advice.
Unnecessary curves and irregularities in the cross-
section are frequently observed. In general, canals
are only partially dug in the soil, as embankments
are built from the excavated material to complete
their required capavity. Periodic silt clearance is
carried out without attempting to correct irregulari-
ties in the cross-section and course of the canal; the
mud dug out from the stream bed is piled on top of
the embankments, resulting in a gradual increase of
their height and consequently of their water-carrying
capacity. Thus water in the canals flows at a level
higher than that of the cultivated fields, and irriga-
tion water can be drawn out by gravity.

1 Lanoix, J. N. (1956) Relation between irrigation engineer-
ing and bilharziasis (Unpublished working document WHO/
Bil.Conf./31 Add. 1).

The canals run along the alluvial Mesopotamian
plain, and the material which constitutes their beds is
a silty loam, rich in clay with a low sand content.
This material is compact and hard when dry, but
when under water it becomes smooth and of plastic
consistency, of a greyish-brown colour, and pliant to
water action.
The water in the canals is turbid: ordinarily the

current meter used for measuring water velocities
could not be seen at water depths below 25 cm. The
water velocity is very low, and eddies, turbulence
and cross-currents were only observed for a short
distance downstream of the pumping stations and in
places where the canal course varies abruptly. Sub-
mersed vegetation is scarce, but grass is usually found
along the water edge.

Careful attention was paid to the selection of
measuring stations. Long straight reaches were
always chosen and the measuring post was fixed on
their mid-portion. Bridges and culverts were avoided.
The presence of aquatic vegetation or of grass and
shrubs on the banks were reasons for discarding a
whole section of a canal. Another condition sought
was that the water flow should be smooth and
streamlined, in so far as it could be visually ap-
praised. Particular care was taken to prevent disturb-
ing the stream bed and water flow during measuring
operations.

Despite these precautions, symmetrical readings
were seldom identical; however, with regard to water
velocities, the diversion from the mean value of
symmetrically located measurements was less than
5% in about half of the total number of readings.
The general characteristics of the canals at the

measuring stations are summarized in Table 1.

COLLECTION OF DATA

For the study of the shape of the contour of the
cross-section, measurements of water depths were
taken at five equidistant points across the canal. To
obtain more accurate results a special staff was de-
signed. This staff is provided with an articulated
base that prevents its sinking in the soft mud of the
stream bed while water depths are being read. The
articulation permits the rotation of the base and its
adjustment to the slope of the bottom and sides of
the canal. A rectangular cut in the base permits the
fitting of the connecting hinge to the underside of the
base, thus obviating corrections of water depths
when the base is set at an inclined position. A plum-
met and a sliding guide attached to the staff assure
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TABLE I
GENERAL CHARACTERISTICS OF THE CANALS

AT THE MEASURING STATIONS

Water width Water depth Water velocity
Station at at at surface level
number surface level centre line on centre line

(cm) (cm) (cm/sec.)

1 372 76 26

2 344 69 20

3 290 84 18

4 351 64 16

5 305 46 16

6 317 30 17

7 240 96 24

8 318 45 13

9 658 120 22

10 271 46 16

11 281 80 15

12 239 58 19

13 240 72 46

14 185 42 24

15 210 62 18

16 192 44 19

17 209 58 32

18 193 55 27

19 197 64 32

20 258 74 20

Mean ] 283.50 ] 64.25 | 22.50

its verticality during measurements. The staff is
graduated every 10 cm; measurements were taken
with a steel tape. Readings were recorded with an

approximation of half a centimetre. A drawing of
this staff is shown in Fig. 1.
For the study of the distribution of water velocities

within the cross-sectional area of the canal, water
velocity measurements were taken along the verticals
of the points where water depths were measured, at
depth intervals of 10 cm starting from the water
surface. A Watts Mk. IV Current Meter, of the
bucket-wheel type, attached to an electric revolution
counter, was used throughout. Owing to the slow
water velocity (in all cases less than 40 revolutions
per minute) more accurate results were obtained by
measuring the reciprocal of the velocity-i.e., the

time required for a fixed number of revolutions. In
general, the basis used for water velocity readings
was the number of seconds required for completing
ten revolutions. Time was measured with a stop
watch and readings were recorded to the nearest
half-second.
The measuring procedure was as follows. Two

wooden planks were laid across the canal above the
water surface and perpendicular to the course. One
of these was used as a bridge and working platform,
and the other as a horizontal ruler for measurements.
The two water edges of the canal were referred to this
plank by means of a plummet; by measuring the
distance between these two marks the water width of
the canal was determined. This width was divided
into six equal parts, obtaining, besides the two edge-
points, five division points i.e., the centre line of
the canal-and two equidistant intermediate points on
either side of the centre line. It was at these points
that water depths and water velocities were measured
as described above. The sinker weight of the current
metre assured the verticality of the suspension cable,
which was not affected by the slow water current, but
this sinker prevented the measurement of water
velocities under 15 cm from the stream bed. The
slope of the sides of the canals, in some cases, and
the presence of grass, in others, did not allow read-
ings at the water edge; in only nine out of twenty
measuring stations were water-edge readings possible.
The number of current meter readings per station,
depending on the water depth of the canal, varied
from thirteen to thirty-eight, with an average of
twenty-five readings. The position of these measur-
ing points form a reticular pattern within the cross-
sectional area of the canal.
The record form for registering field data is shown

in the annex.

PLOTTING OF DATA FOR ANALYSIS

Field measurements were plotted for each of the
twenty measuring stations, and graphs of the shape
of the cross-section of the canal and of the variation
of water velocity on vertical and horizontal planes
were drawn. It was assumed that the cross-section
and the distribution of velocities were symmetrical
with respect td the centre line of the canal; mean
values of readings symmetrically located were used
for plotting and drawing graphs.
To reduce all measurements to a common scale,

this study is based on relative values of lengths and
velocities and not on their actual dimensional values.
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FIG. 1

STAFF FOR MEASURING WATER DEPTHS
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Thus all water velocities are related to the velocity
occurring on the centre line of the canal at the surface
water level, which is considered as unit. For hori-
zontal lengths, the unit of measurement chosen is the
distance between the centre line and the water edge
(half-width of the canal), and for vertical lengths,
the unit is the water depth on the centre line of the
canal.

In drawing the curve of the contour of the cross-

section, the following procedure was employed.
Relative water depths were determined from the
mean values of symmetrically located measurements,
approximated to the nearest centimetre. It was

assumed that a maximum error of one centimetre in
excess or deficit could be ascribed to these calculated
means, this tolerance covering inftrumental and
operational errors as well as those resulting from
approximation. According to this acceptable error,

maximum and minimum values of the relative water
depths were calculated. When plotting the relative
water depths, this allowed difference was taken into

consideration by marking, instead of points, seg-
ments of lines indicating the accepted range between
the two limiting values of the water depth. A smooth
continuous curve was drawn so as to cross all the
plotted segments of lines. From this curve relative
water depths were measured at four intermediate
equidistant verticals between the centre line and the
water edge.
A similar procedure was followed for drawing the

curves of relative water velocity distribution on

vertical and horizontal planes. Measurements were

approximated to the whole second, and the allowed
error was plus or minus one second. The drawing of
velocity curves on vertical and horizontal planes was
carried out simultaneously so as to verify the ac-
curacy of the traced curves. From these graphs
relative water velocities were measured at decimal
intervals of the relative water depth at the centre line
of the canal.

Fig. 2 provides an illustration of the procedure in
the case of measuring station No. 15.

Plummet
and

Guide

VIEW
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FIG. 2

DISTRIBUTION OF RELATIVE WATER VELOCITIES ON VERTICAL AND HORIZONTAL PLANES
(STATION No. 15, CANAL HADI EL ZUHAIL)

Shape of the cross-section Variation of velocity on vertical planes
I00.78 0.93 1.00
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0.85 1.01 1.08

.322---- B--- 1.01 1.09

10.88 0.99 16.0
1483 A4C

.87 0.95 /1.01

/0.84 /o.90 .94

1.644- ---(0D)---4 ----_
/0.75 /0.82 0.87

0.73 0.77
2/3

Relative water velocity

.11

48

Variation of velocity on horizontal planes

FIELD DATA

(a) Shape of the cross-section
MAXIMUM AND MINIMUM VALUES

(a) Relative water depths
based on a maximum error of ±1 cm

Water depth in cm Relative water depth ___
Mean or symmetrical points Depth at centre line = 1.00 Centre 1/3 2/3line
Centre 13 2 Centre 1 2_iCete 1/3 2/3 Cnr 1/3 2/3 Max.M Max.Mi.Mx. M

.line / /3 line Max. Min. x. Min.

62 62 55 1.00 1.00 0.89 1.03 0.97 1.03 0.97 0.92 0.86

(b) Variation of water velocity

Current meter readings Relative water velocity
Time in seconds for 10 Velocity on the centre (b) Relative vate

rev. Mean of sym- line at water Relative based on a m
metrical points surface = 1.00 depth of

measure Centre line
Centre 1/3 2/3 Centre 1/3 2/3 Max. Mi.

39 44 52 1.00 L.')9 0.75 0 1.05 0.95
35 238 45 1.11 1.03 0.87 0.161 1.17 1.05

3 7 43 43 1.05 0.98 0.91 0.322 1.11 1.00
|38 43 43 1.03 0.91 0.91 0.483 1.08 0.98

42 47 46 0.93 0.83 0.85 0.644 0.98 0.88
48 36 - 0.81 0.70 - 0.805 0.85 0.77

br velocitiesiaximum error of ±1 sec.

1/3 2/3 Relative

Max. Min. Max. Min. depth

0.93 0.85 0.78 0.72 0
1.08 0.98 0.91 0.83 0.161
1.03 0.93 0.96 0.87 0.322
0.96 0.87 0.96 0.87 0.483
0.87 0.79 0.89 0.81 0.644
0.73 0.67 - - 0.805

FINAL VALUES (from measurements on plotted graphs)

(b) Relative water velocities

Relatihe Centre line 1/3 2/3

0 1.00 0.93 0.78
0.1 1.05 0.99 0.82
0.2 1.08 1.01 0.85
0.3 1.09 1.01 0.87
0.4 1.06 0.99 0.88
0.5 1.01 0.95 0.87
0.6 0.94 0.90 0.84
0.7 0.87 0.82 0.75
0.8 0.77 0.73 0.60
0.9 0.63 0.55 _
1.0 0.43 -

(a) Relative water depths

Relative distance from centre line

0.2 0.4 0.6 0.8

0.99 0.96 0.91 0.75

Width at water surface : 2.10 m Depth on centre line : 0.62 m
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STUDY OF THE CONTOUR OF THE CROSS-SECTION OF

EARTH CANALS

The shape of the contour of the cross-section of
each of the twenty measuring stations was drawn
following the procedure explained in the preceding
paragraphs. The resulting curves are referred to a

co-ordinate system having its origin at the intersec-
tion of the centre line of the canal with the water
surface. The abscissae-axis of this system lies on the
horizontal plane at water surface level, and the
ordinates-axis coincides with the vertical plane on

the centre line of the canal.
Relative water depths were measured from the

plotted graphs at four equidistant verticals between
the centre line, where the relative water depth is one,
and the water edge, where the relative water depth is
zero. These measurements are shown in Table 2.

It was considered that the law of variation of the
relative water depth with respect to the relative
distance from the centre line could be expressed by a
second degree equation of the form:

Ay2 + Bz2 + 2Fz + C= 0
in which y is the relative distance from the centre line
of the canal (distance from the centre line to the
water edge, y = 1.00) and z is the relative water depth
(water depth at the centre line, z = 1.00). All water
depths are measured downwards, and are therefore
considered negative.
The coefficients of the second degree equation were

determined so as to fit closely with the means of the
relative depths of the twenty measuring stations.
The following equation was obtained:

y2 + 0.6674152 - 0.332585z -1 = 0
The fitness of this equation is shown in Table 3, in

which a comparison is made between the relative
water depth values computed from the equation and
the means of the twenty measuring stations.

TABLE 2
RELATIVE WATER DEPTHS AT FOUR EQUIDISTANT
POINTS BETWEEN THE CENTRE LINE AND THE WATER

EDGE AT 20 MEASURING STATIONS

Station Relative distance from the centre line
number 0.20 0.40 T 0.60 0.80

1 0.95 0.82 0.64 0.40

2 0.99 0.96 0.90 0.69

3 0.97 0.86 0.69 0.43

4 0.98 0.89 0.71 0.47

5 0.97 0.90 0.76 0.49

6 0.98 0.91 0.76 0.50

7 0.99 0.95 0.87 0.64

8 0.96 0.85 0.69 0.44

9 0.92 0.75 0.54 0.29

10 0.95 0.80 0.59 0.33

11 0.98 0.92 0.82 0.58

12 0.96 0.85 0.67 0.41

13 0.98 0.92 0.74 0.46

14 0.97 0.88 0.71 0.46

15 0.99 0.96 0.91 0.75

16 1.00 0.97 0.91 0.75

17 0.99 0.94 0.84 0.63

18 1.00 0.97 0.92 0.76

19 0.98 0.94 0.85 0.63

20 0.99 0.91 0.72 0.47

Mean

Standard
deviation

Standard
error of
mean

0.9750

0.0191

0.0043

0.8975

0.0590

0.0132

0.7620

0.1088

0.0243

0.5290

0.1372

0.0307

TABLE 3
COMPARISON OF THE VALUES OF RELATIVE WATER DEPTHS OBTAINED

FROM THE EQUATION WITH THE MEAN VALUES OF 20 MEASURING STATIONS

Relative distance from the centre line

0 0.M0 0.40 0.60 0.80 1.00

Mean -1.0000 -0.9750 -0.8975 -0.7620 -0.5290 0

Equation -1.0000 -0.9758 -0.9000 -0.7613 -0.5264 0

Discrepancy 0 +0.0008 +0.0025 -0.0007 -0.0026 0

Sum of discrepancies: 0
Sum of the square of discrepancies: 0.000014
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The graphic representation of the equation relat-
ing the water depth at any point with its distance
from the centre line is an ellipse, with its major axis
coinciding with the vertical plane on the centre line
of the canal. This ellipse has the following charac-
teristics:

Co-ordinates of the centre: YO = 0
Zo = +0.249159

Semi-axes, major (vertical): a = 1.249159
minor (horizontal): b = 1.020506

Eccentricity: e = 0.576702
The relative area of the cross-section of the canal

was determined by integration of the equation of the
ellipse,

Relative area: a = 1.497266 zy, for z and y equal
1.000
The actual area of the cross-section is obtained by

replacing z by H, water depth on the centre line of the
canal, and y by W/2, half-width of the canal at water
surface level,

a-

*S

-E

Actual area: A = 0.748633 HW

This means that the area of the cross-section of an
earth canal in which erosion and silt deposition have
reached a state of stability is very close to the three-
fourths of the circumscribed rectangle.
The degree of confidence that may be expected

from this equation is plus or minus 3.96% of the
computed value. This degree of confidence was de-
termined considering that, in 95 cases out of 100, the
true value does not lie more than two standard errors

of the mean away from the average value, and that
the area is directly proportional to the sum of its
ordinates.
The contour of the cross-section is shown in Fig. 3.
By applying the equation of the ellipse, relative

distances from the centre line to the contour of the
cross-section were calculated at ten equidistant levels.
These values, which will be referred to later when
dealing with peripheral velocities, are indicated in
Fig. 3.

FIG. 3

SHAPE OF THE CROSS-SECTION
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TABLE 4. RELATIVE WATER VELOCITIES ON VERTICAL PLANES PARALLEL TO THE FLOW
A. On the centre line of the canal

Station Relative water depth
number 0.10 0.20 T 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

1 1.07 1.12 1.13 1.12 1.08 1.03 0.97 0.88 0.77 0.62
2 1.03 1.05 1.04 1.01 0.95 0.86 0.75 0.62 0.45 0.25
3 0.99 0.89 0.80 0.70 0.59 0.49 0.38 0.27 0.16 0.05
4 1.03 1.04 1.04 0.97 0.85 0.72 0.56 0.39 0.19 0.00
5 1.06 1.07 1.06 1.02 0.93 0.82 0.70 0.56 0.38 0.15
6 1.06 1.08 1.09 1.07 1.04 1.00 0.95 0.88 0.76 0.60
7 0.97 0.92 0.88 0.83 0.79 0.72 0.61 0.49 0.34 0.15
8 0.98 0.96 0.93 0.90 0.87 0.84 0.79 0.73 0.63 0.52
9 1.04 1.06 1.06 1.04 1.02 0.99 0.96 0.91 0.83 0.74
10 1.05 1.08 1.09 1.09 1.05 0.95 0.84 0.70 0.51 0.30
11 0.99 0.97 0.95 0.93 0.91 0.86 0.74 0.55 0.34 0.13
12 1.07 1.12 1.13 1.12 1.06 0.99 0.89 0.76 0.60 0.42
13 1.05 1.01 0.93 0.84 0.75 0.64 0.53 0.40 0.25 0.09
14 1.04 1.07 1.06 1.03 0.99 0.94 0.88 0.80 0.68 0.54
15 1.05 1.08 1.09 1.06 1.01 0.94 0.87 0.77 0.63 0.43
16 1.05 1.08 1.06 1.04 1.00 0.95 0.88 0.80 0.68 0.54
17 1.04 1.07 1.07 1.06 1.01 0.94 0.86 0.76 0.62 0.43
18 1.04 1.07 1.08 1.06 1.01 0.95 0.88 0.78 0.65 0.47
19 1.06 1.09 1.06 1.02 0.98 0.92 0.85 0.75 0.61 0.43
20 1.02 1.03 1.02 0.98 0.93 0.85 0.77 0.66 0.52 0.33

B. At one-third of the distance from the centre line to the water edge

Station Relative water depth
number 0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90

1 0.91 1.00 1.03 1.03 1.00 0.94 0.91 0.84 0.76 0.63
2 0.98 1.01 1.00 0.97 0.92 0.87 0.82 0.74 0.63 0.42
3 0.88 0.83 0.79 0.72 0.61 0.50 0.39 0.27 0.16 0.05
4 0.74 0.73 0.71 0.69 0.64 0.55 0.44 0.29 0.16 0.01
5 0.89 0.93 0.93 0.91 0.89 0.84 0.77 0.67 0.50 0.28
6 0.97 1.01 1.02 1.02 1.00 0.97 0.92 0.86 0.67 0.60
7 0.78 0.81 0.83 0.82 0.80 0.78 0.70 0.59 0.46 0.30
8 0.94 0.97 0.94 0.93 0.90 0.87 0.80 0.75 0.70 0.61
9 0.91 0.94 0.96 0.97 0.96 0.94 0.92 0.89 0.82 0.69

10 0.78 0.86 0.91 0.91 0.90 0.87 0.80 0.69 0.57 0.39
11 0.91 0.91 0.92 0.89 0.86 0.78 0.66 0.51 0.32 0.10
12 0.91 0.94 0.97 0.99 0.98 0.90 0.81 0.67 0.51 0.32
13 0.87 0.89 0.88 0.84 0.78 0.69 0.60 0.50 0.40 0.25
14 0.83 0.91 0.94 0.93 0.90 0.86 0.81 0.74 0.66 0.51
15 0.94 0.99 1.01 1.01 0.99 0.95 0.90 0.82 0.73 0.55
16 0.91 0.96 0.98 0.97 0.94 0.91 0.85 0.79 0.71 0.54
17 0.84 0.93 0.96 0.97 0.96 0.94 0.90 0.84 0.73 0.56
18 0.90 0.93 0.95 0.93 0.91 0.88 0.83 0.77 0.68 0.49
19 0.87 0.92 0.95 0.97 0.96 0.95 0.90 0.84 0.71 0.53
20 0.92 _ 0.95 0.97 0.96 0.93 0.87 0.80 0.71 0.58 0.40

C. At two-thirds of the distance from the centre line to the water edge
Station Relative water depth
number 0.00 T 0.10 0.20 0.30 0.40 0.50 0.60 0.70

1 0.63 0.65 0.66 0.64 0.56 0.45 0.31 0.15
2 0.95 0.93 0.91 0.88 0.84 0.80 0.76 0.71
3 0.70 0.69 0.67 0.61 0.51 0.39 0.26 0.13
4 0.40 0.43 0.42 0.38 0.31 0.23 0.13 0.03
5 0.50 0.60 0.64 0.63 0.61 0.56 0.50 0.38
6 0.53 0.60 0.62 0.62 0.58 0.55 0.48 0.40
7 0.48 0.51 0.54 0.65 0.56 0.56 0.51 t 0.41
8 0.65 0.67 0.67 0.66 0.64 0.62 0.57 0.51
9 0.73 0.74 0.75 0.75 0.75 0.70 0.66 0.59

10 0.46 0.54 0.57 0.58 0.58 0.57 0.50 0.37
11 0.75 0.78 0.77 0.75 0.69 0.58 0.44 0.27
12 0.71 0.77 0.80 0.78 0.74 0.62 0.45 0.22
13 0.64 0.64 0.61 0.58 * 0.55 0.49 0.41 0.30
14 0.48 0.55 0.57 0.56 0.52 0.47 0.40 0.32
15 0.78 0.82 0.85 0.87 0.88 0.87 0.84 0.75
16 0.58 0.64 0.66 0.65 0.62 0.57 0.51 0.44
17 0.66 0.71 0.74 0.75 0.74 0.72 0.67 0.61
18 0.75 0.76 0.77 0.77 0.75 0.72 0.68 0.62
19 0.71 0.73 0.76 0.78 0.78 0.77 0.73 0.66
20 0.77 0.75 0.72 0.68 0.63 0.57 0.50 0.42
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STUDY OF THE VARIATION OF THE WATER VELOCITY ON

THREE VERTICAL PLANES PARALLEL TO THE WATER FLOW

The current meter readings showed clearly that the
maximum water velocity occurs below the water
surface. The maximum velocity was recorded at the
water surface in five of the twenty measuring stations
for the measurements of the centre line, in three sta-
tions for measurements on the vertical located at
one-third of the distance from the centre line to the
water edge, and in two stations for measurements on

the vertical at two-thirds of this same distance. This
fact makes invalid the assumption that the variation
of the relative water velocity could be represented by
a logarithmic or semilogarithmic curve, as the
maximum value in these two types of curve would be
at water surface level.
The occurrence of a regression in the values of

relative water velocities-i.e., an initial increase up

to a maximum value, followed by a gradual decrease
as the relative water depth increases from the water
surface to the stream bed-indicates that on either
side of the depth at which the maximum increase

takes place the same relative velocity occurs at two
different levels. From this it may be inferred that the
curve of water velocities is of second degree.

Table 4 shows, for each measuring station and for
the three vertical planes on which current meter
readings were taken, the values of relative water velo-
cities at equidistant levels between the water surface
and the stream bed. These relative water velocities
were obtained from measurements on the plotted
graphs as explained on pages 101-102. The means of
the relative water velocities of the twenty measuring
stations, the standard deviation and standard error

of these means were calculated. The results are

shown in Table 5.
As an initial assumption, it was considered that the

diagram of distribution of relative water velocities on
vertical planes aligned to the direction of the water
flow in the canal could be closely fitted to a second
degree curve (conic section), with its axes parallel to
the co-ordinate axes of the diagram. This curve,

which could be either a circle, an ellipse, a hyperbola
or a parabola, is expressed by an equation of the
form: Ax2 + Bz2 + 2Gx + 2Fz + C= 0

in which x is the relative water velocity (water
velocity on the centre line at water surface level,
x = 1.000) and z is the relative water depth measured
from the water surface (water depth at the centre
line, z =-1.000), negative as it is measured down-
wards.

TABLE 5
MEAN RELATIVE VELOCITY, STANDARD DEVIATION
AND STANDARD ERROR OF THE MEAN, COMPUTED

FROM THE VALUES OF TABLE 4

A. On the centre line of the canal

Relative Mean Standard | Standard
depth en deviation error

-0.10 1.0345 0.0291 0.0065

-0.20 1.0430 0.0612 0.0137

-0.30 1.0285 0.0841 0.0188

-0.40 0.9945 0.1043 0.0233

-0.50 0.9410 0.1184 0.0265

-0.60 0.8700 0.1330 0.0297

-0.70 0.7830 0.1534 0.0343

-0.80 0.6730 0.1734 0.0388

-0.90 0.5300 0.1913 0.0428

-1.00 0.3595 0.2057 0.0460

B. At one-third of the distance from centre line to water edge

Relative Ta Standard Standard
depth ean deviation error

0.00 0.8830 0.0615 0.0138

-0.10 0.9210 0.0688 0.0154

-0.20 0.9325 0.0771 0.0172

-0.30 0.9215 0.0894 0.0200

-0.40 0.8915 0.1060 0.0237

-0.50 0.8430 0.1254 0.0280

-0.60 0.7765 0.1459 0.0326

-0.70 0.6890 0.1724 0.0385

-0.80 0.5730 0.1855 0.0415

-0.90 0.4115 0.1926 0.0431

C. At two-thirds of the distance from centre line to water edge

Relative Men Standard Standard
depth ean deviation error

0.00 0.6430 0.1333 0.0298

-0.10 0.6755 0.1147 0.0256

-0.20 0.6850 0.1120 0.0250

-0.30 0.6735 0.1169 0.0261

-0.40 0.6420 0.1292 0.0289

-0.50 0.5905 0.1451 0.0324

-0.60 0.5155 0.1700 0.0380

-0.70 0.4145 0.1955 0.0437
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Multiple trials for determining the values of the
coefficients of the equations so as to obtain close
fitness between the two curves the curve of the
means of the twenty stations and the curve expressed
by the equation-gave unsatisfactory results, as the
discrepancies were found to be of the order of 0.01,
which was considered insufficiently approximate.
A further attempt to fit an equation to the mean

curve of relative water velocities was carried out
assuming that the second degree curve had its axes

inclined with respect to the co-ordinate axes of the
diagram. This assumption gave much better results,
as discrepancies were more evenly distributed along
the curve and their values were, in general, about ten
times smaller than those obtained from the previous
assumption.
The case of inclined axes is expressed by the equa-

tion of second degree between two variables in its
most general form:

Ax2 + 2Hxz + BZ2 + 2Gx + 2Fz + C= O

where x and z have the same values as in the previous
equation.
Upon determination of suitable coefficients, the

following equations of the variation of relative water

velocities on three vertical planes parallel to the water
flow were obtained:

(1) On the centre line of the canal:
x-0.929094xz+ 1.704584z2- 0.614222x+ 1.565396z

-0.385777 = 0

(2) At one-third of the distance from centre line to
water edge:
x2-0.864004xz+ 1.147194z2-1.020236x+ 1.254052z

+0.127311 = 0
(3) At two-thirds of the distance from centre line

to water edge:
x2-0.786278xz+ 1.482723z2-0.358266x+ 1.153698z

-0.165815 = 0

The fitness of these equations is shown in Table 6,
in which the values of the mean curves of relative
water velocity distribution are compared with the
values obtained from the equations.
The graphic representation of the equation of the

relative water velocity at any point of the three
vertical planes under study, with respect to the
relative depth of the point in question, is an ellipse
whose axes are not parallel to the co-ordinate axes of
the diagram.

TABLE 6
COMPARISON OF THE VALUES OF RELATIVE WATER VELOCITY OBTAINED

FROM THE EQUATIONS WITH THE MEAN VALUES OF 20 MEASURING STATIONS

On At one-third off At two-thirds off
Relative the centre line the centre line the centre line
depth-I

Mean Equation Mean Equation Mean Equation

0.00 1.0000 1.0000 0.8830 0.8747 0.6430 0.6240

-0.10 1.0345 1.0309 0.9210 0.9193 0.6755 0.6745

-0.20 1.0430 1.0367 0.9325 0.9308 0.6850 0.6899

-0.30 1.0285 1.0222 0.9215 0.9195 0.6735 0.6794

-0.40 0.9945 0.9895 0.8915 0.8892 0.6420 0.6468

-0.50 0.9410 0.9396 0.8430 0.8413 0.5905 0.5927

-0.60 0.8700 0.8722 0.7765 0.7754 0.5155 0.5155

-0.70 0.7830 0.7860 0.6890 0.6889 0.4145 0.4100

-0.80 0.6730 0.6778 0.5730 0.5754

-0.90 0.5300 0.5417 0.4115 0.4160

-1.00 0.3595 0.3628

Sum of the discrepancies:
+0.0024 +0.0120 +0.0067

Sum of the square of the discrepancies:
0.000304 0.000114 0.000469
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The characteristics of these three ellipses are

shown in Fig. 4. The diagrams also show the position
and value of the maximum relative water velocity as

obtained by differentiation of the three equations.
The degree of confidence that can be expected from

the determination of areas of the water velocity
curves of the mean values of twenty measuring sta-
tions is ±6.05% for the diagram on the centre line,
±6.90% for the diagram at one-third of the distance
from the centre line to the water edge, and± 10.33%
for the diagram at two-thirds of the same distance.
The over-all degree of confidence expected from the
calculation of the volume delimited by the vertical
curves of the water velocity distribution is ±7.63%.
The determination of these degrees of confidence is
based on the same considerations as were established
for the area of the cross-section-i.e., in 95 cases out
of 100 the true value of the relative water velocity
does not lie more than two standard errors of the
mean away from the average value found, and the
areas of the diagrams are directly proportional to
the sum of their ordinates.

STUDY OF THE VARIATION OF THE WATER VELOCITY ON

TEN HORIZONTAL PLANES

This study is based on the values of relative water
velocities obtained from the three equations of
the velocity curves on vertical planes parallel to the
direction of the water flow, whose study was the
subject of the previous section.
Ten equidistant horizontal planes, between the

water surface level and the level at relative depth
-0.90, were studied, and equations of the relative
water velocity at any point on each of these planes
with respect to the distance of the point in question,
measured from the vertical plane of the centre line,
were determined.
The diagram of the distribution of relative water

velocities on horizontal planes should be symmetrical
with respect to the vertical plane on the centre line
of the canal; therefore, the axis of the curve should
be contained in this vertical plane. It was considered
that a curve of second degree (conic section), with its
axes parallel to the axes of the diagram, could be

FIG. 4

DISTRIBUTION OF RELATIVE WATER VELOCITIES ON THREE
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Characteristics of curves 1On the centre line '/off the centre line 2/3off the centre line

Co-ordinates of maximum value X max. +1.037325 +0.930834' +0.685428
Z max. -0.176472 -0.196049 -0.206119

Co-ordinates of centre Xo +0.107401 +0.327231 +0.029231
Zo -0.429903 -0.423347 -0.381297

Angle of inclination of axis 0 26025' 40010' 29014'
Semi-axes, major a 0.990842 0.692920 0.714391

minor b 0.624695 0.450713 0.479371
Eccentricity e 0.776215 0.754104 0.741440
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closely fitted to the curve representing the variation
of the relative water velocity on a horizontal plane.
These conditions are expressed by an equation of the
form:

Ay2 + Bx2 ± 2Fx + C = 0
in which y is the relative distance from the centre line
(for distance from the centre line to the water edge at
surface level, y= 1.00) and x is the relative water
velocity (for water velocity on the centre line at water
surface level, x = 1.00).

Coefficients for the general equation were de-
termined so as to obtain exact coincidence (to the
fourth decimal place) between the relative velocities
determined from the equations of the vertical
velocity curves and those obtained from the equa-
tions representing the variation of relative water
velocity on horizontal planes. The following ten
equations of the variation of the relative water
velocity on horizontal planes at ten equidistant levels
were determined:

At water surface: y2 - 1.177793x2 + 3.094769x - 1.916976 = 0
At depth -0.10: y2- 1.022605x2 +2.991485x - 1.996967 = 0

-0.20: y2 - 0.959453x2 + 2.938525x - 2.015118 = 0
-0.30: y2 _0.885375x2 + 2.803937x - 1.940764 = 0
-0.40: y2 - 0.771104x2 + 2.559553x - 1.777372 = 0
-0.50: y2 - 0.591042x2 + 2.188397x - 1.533875 = 0
-0.60: y2 _0.358167x2 + 1.744901x - 1.248761 = 0
-0.70: y2 _0.113420x2 + 1.319809x - 0.966500 = 0
-0.80: y2 + 0.069908x2 + 1.006061x - 0.713144 = 0
-0.90: y2 + 0.134920x2 + 0.761222x - 0.451128 = 0

Analysis of these equations shows that the graphic
representation of the variation of relative water
velocities on a horizontal plane between the water
surface level and the relative depth -0.755 is a
hyperbola of decreasing eccentricity, at relative
depth -0.755 the curve turns into a parabola, and

below this depth the curve becomes an ellipse. At
relative depth -1.000 (stream bottom) the relative
water velocity is represented by a point (x = 0.3618)
as determined from the equation of the variation of
relative water velocities on the vertical plane at the
centre line (see Fig. 5).

FIG. 5
DISTRIBUTION OF RELATIVE WATER VELOCITIES ON TEN HORIZONTAL PLANES
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TABLE 7
CHARACTERISTICS OF THE CURVES OF RELATIVE WATER VELOCITY

ON HORIZONTAL PLANES
DISTRIBUTION

Relative Co-ordinate of centre Semi-axes
depth |YO Xo Transverse Conjugate

E t Y

A. Hyperbolas

0.00 0 +1.313800 0.313800 0.340555 1.475735

-0.10 0 + 1.462679 0.431979 0.436834 1.406376

-0.20 0 + 1.531514 0.495013 0.484849 1.399761

-0.30 0 + 1.583474 0.561574 0.528409 1.373090

-0.40 0 + 1.659668 0.670468 0.588755 1.330828

-0.50 0 + 1.851304 0.912207 0.701298 1.261365

-0.60 0 +2.435876 1.564276 0.936173 1.165404

-0.70 0 + 5.818238 5.032938 1.694987 1.055178

B. Ellipses
Major Minor

-0.80 0 -7.195607 7.872607 2.081527 0.964413

-0.90 0 -2.821012 3.361812 1.234843 0.930097

The characteristics of the curves representing the
variation of water velocities on the ten horizontal
planes are shown in Table 7.
The over-all degree of confidence, based on the

same considerations as were previously established
(page 109), that can be expected in determining the
areas of the diagrams of water velocity distribution
on horizontal planes is equal to the degree of con-
fidence with respect to the diagrams on vertical
planes-i.e., ±7.68%.

DETERMINATION OF RELATIVE WATER VELOCITIES ON
THE PERIPHERY OF THE CROSS-SECTION OF THE CANAL

Relative water velocities on the perimeter of the
cross-section of the canal were determined at ten
equidistant levels from the equations of relative water
distribution on horizontal planes. Values of relative
water velocities were calculated for relative distances
from the centre line equal to the abscissae of the
perimeter of the cross-section as determined in the
study of its shape (see p. 109 and Fig. 3).
The calculated relative water velocities on the

periphery of the cross-section are shown in Table 8.
As mentioned previously, it was possible to take

measurements of water velocity at the water edge of
the canal in nine out of twenty stations. The analysis
of these data shows close correspondence with the

TABLE 8

RELATIVE WATER VELOCITIES ON
OF THE CANAL

THE PERIPHERY

Relative depth Relative velocity
_.________________________ on the periphery

0.00 0.3404

-0.10 0.4018

-0.20 0.4405

-0.30 0.4591

-0.40 0.4616

-0.50 0.4513

-0.60 0.4331

-0.70 0.4241

-0.80 0.4133

-0.90 0.3595

-1.00 0.3618

value of the peripheral velocity obtained from the
equation of relative water distribution on the hori-
zontal plane at the water surface level. The study of
the water velocity at the water edge is summarized
in Table 9.
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TABLE 9
RELATIVE WATER VELOCITY AT THE WATER EDGE

ON THE SURFACE LEVEL

Current meter
readings Relative water velocity

Station (sec.I10 rev.)
number _

Centre Water Maxi- Mean Mini-
line edge mum mum

1 27 220 0.13 0.12 0.11

2 35 83 0.44 0.42 0.40

3 41 123 0.34 0.33 0.32

9 32 80 0.42 0.40 0.38

11 48 118 0.41 0.40 0.39

17 22 84 0.28 0.26 0.25

18 26 54 0.51 0.48 0.45

19 22 86 0.27 0.25 0.24

20 23 74 0.33 0.31 0.29

Averages 0.3478 0.3300 0.3144

Value obtained from the
equation 0.3404

The determination of the relative water velocities
on the perimeter of the canal by applying the equa-
tions found for the velocity distribution on horizontal
planes implies the acceptance of the hypothesis that
the law of variation found for the central portion of
the canal is applicable to the whole width of the
stream. In reality, however, many factors of a very
complex nature, such as the increased friction be-
tween the water particles and the material of the
stream bed, the disturbance produced by the un-
evenness of the sides and bottom that deflects the
water current towards the centre of the canal, the
accumulation of suspended matter where the water
velocity is low, etc., may have considerable influence
on the variation of water velocities near the periphery
of the canal. With the means in hand, it is prac-
tically impossible to determine the field of action of
these disturbing factors; however, it may be con-
sidered that at the boundary line, just above the

semi-fluid layers of sediment on the bottom and sides
of the canal, the mean relative water velocity along
the perimeter of the canal is about 0.40, and that this
value fluctuates within ± 12 %.

DETERMINATION OF THE RATE OF FLOW IN

EARTH CANALS

The relative rate of flow, or water discharge of the
canal, is expressed by the volume delimited by the
horizontal plane of the water surface, the vertical
plane across the section of the canal perpendicular to
the direction of the water current, and the curves
representing the variation of relative water velocity.
For the determination of this volume the velocity-
curves on the ten equidistant horizontal planes were
considered.
The areas of the diagrams of relative water dis-

tribution on horizontal planes were determined by
integration of their respective equations between the
limiting values of the relative peripheral velocity.
The resulting areas are indicated in Fig. 5.
The curve representing the variation of the areas

of the diagrams of relative water distribution on
horizontal planes is shown in Fig. 6. For the study
of this curve, it was considered as being formed by
five consecutive parabolic segments, their ends
meeting at points of junction fixed at relative depths
-0.2, -0.4, -0.6 and -0.8. These segments are
expressed by an equation of the form:

a =Az2+ Bz + C

in which a is the area of the diagram of relative water
distribution on horizontal planes and z is the rela-
tive depth of the horizontal plane under considera-
tion.

Coefficients for the general equation were de-
termined so as to reach exact coincidence (to the
sixth significant figure) between the calculated values
of the areas of the diagrams of horizontal distri-
bution of relative velocities and those of the equa-
tion.

Equations of the curve of the diagrams of areas
are as follows:

z from 0 to -0.2: a = -3.588050z2 - 1.086775z + 1.462037
-0.2 to -0.4: a = -2.205650z2 - 0.554435z + 1.513209
-0.4 to -0.6: a = -1.676300z2 - 0.140740z + 1.593991
-0.6 to -0.8: a = -3.042550z2 - 2.150055z + 0.880252
-0.8 to -1.0: a = -5.839600z2 - 7.245960z + 1.406360
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FIG. 6
DISTRIBUTION OF THE AREAS OF THE DIAGRAMS OF VARIATION OF RELATIVE WATER VELOCITY

ON HORIZONTAL PLANES
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The area of the diagram of areas of the curves of
relative water distribution on horizontal planes was

determined by integration of the above equations,
between their limiting relative depths. The total area

is equal to the volume delimited by the vertical plane
of the cross-section, the horizontal plane of the water
surface and the ellipsoidal surface that contains all
the points representing relative water velocities. This
volume, in its turn, represents the relative rate of
water flow in the canal.
The areas of the five parabolic segments that con-

stitute the curve of variation of the areas of the
diagrams of relative water distribution on horizontal
planes are indicated in Fig. 6. Their sum is:
A = 1.097204.
Thus the relative rate of flow is expressed by

q = 1.097204xyz, in which x is the relative water
velocity on the centre line at the water surface = 1.00,
y is the relative distance from the centre line to the
water edge of the canal = 1.00, and z is the relative
water depth at the centre line = 1.00.
The actual rate of flow is obtained by substituting

these relative values by their actual dimensional

values, thus x is replaced by v0, actual water
velocity at the centre line on the water surface, y is
replaced by W/2, actual half-width of the canal on

the water surface, and z is replaced by H, actual water
depth of the canal at the centre line.

Therefore, the expression of the actual rate of flow
is: Q = 0.548602voWH
Q is expressed in the same units for measuring the
velocity and dimensions of the canal. Thus, Q will
be in cubic metres per second if the velocity is
measured in metres per second and the width and
depth of the canal are measured in metres.
A simplified procedure for measuring the rate

of flow in a canal, within a degree of confidence of
± 10%, which is the degree of confidence that can be
expected from more elaborate methods, consists in
determining the water velocity on the centre line at a

relative depth from the water surface of 0.544 (where
the relative water velocity is 0.9114), and the dimen-
sions of the width of the canal on the water surface
and the depth at the centre line. The half-product of
these three measurements will give the rate of flow,
or Q = 0.5 WHV0.544

-9
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DETERMINATION OF THE MEAN VELOCITY AND ITS

POSITION IN THE CANAL

The mean velocity of water flowing through a
canal is determined by dividing the rate of water flow
by the area of the cross-section. Thus,

Mean water velocity: 0.548602 WHy0 = 729356 vo
0.748633 WH

The relative depth at which this water velocity
occurs is determined by substituting its value in the
equation of the variation of relative water velocity
on the vertical plane at the centre line:

Relative water depth of the mean velocity:
-0.755240.

Therefore, it may be concluded that the mean
water velocity in a canal of similar characteristics
and dimensions to the canals covered by this study
can be determined by measuring the water velocity
on the centre line at a depth from the water surface
equal to three-fourths of the water depth of the
canal at its centre line. It may also be concluded that
the mean velocity of the water flowing through the

canal is 73 % of the water velocity on the water
surface at the centre line of the canal.

GRAPHIC AND MATHEMATICAL DETERMINATION OF THE
RELATIVE WATER VELOCITY AT ANY POINT OF THE

CROSS-SECTION OF THE CANAL

The ten equations of the relative water velocity
distribution on horizontal planes and the equation of
vertical distribution of relative water velocities on
the plane at the centre line of the canal were em-
ployed for calculating relative distances from the
centre line and relative depths, respectively, for
thirteen values of relative water velocity varying at
0.5 intervals from 1.00 to 0.40.
The values thus found were plotted on the drawing

of the shape of the cross-section (Fig. 3). All points
of equal velocity were connected by smooth con-
tinuous curves. These equal velocity lines can be
compared with the topographic contour lines used on
maps for representing all points of equal altitude.

Fig. 7 shows the resulting diagram of equal velocity
curves within the cross-sectional area of the canal;

Relative Relative water velocities
depthx=1.ool x=o.901 x=0.801 x=0.701 x=0.60 x=0.501 x=0.40

Z- 0 0 0.3183 0.4774 0.6162 0.7461 0.8712 0.9932
Z=-0.1 0.1833 0.3689 0.5105 0.6382 0.7591 0.8759 0.9901
Z=-0.2 0.2112 0.3849 0.5203 0.6422 0.7570 0.8677 0.9704
Z--0.3 0.1815 0.3709 0.5081 0.6283 0.7398 0.8461 0.9489
Z=-0.4 0.3230 0.4722 0.5954 0.7063 0.8100 0.9090
Z= -0.5 0.2200 0.4063 0.5399 0.6540 0.7575 0.8542
Z=-0.6 0.2907 0.4538 0.5780 0.6847 0.7876
Z=-0.7 0.3125 04665 0.5841 0.6844
Z--0.8 0.2802 0.4369 0.5511
Z=-0.9 0.1338 0.3413

RELATIVE WATER DEPTHS AT CENTRE LINE

Relative water velocities
Centre x-1.001 x-0.901 x=0.801 x=0.701 x-0,6O0 x=0.501 x=0.40
y=O 0.3969j-O.56491-0.68341 -0.77621 -0.85311-0.90971-0.9568

FIG. 7
DIAGRAM OF EQUAL-VELOCITY LINES

RELATIVE DISTANCES FROM CENTRE LINE

.milos
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TABLE 10
COMPARISON OF THE VALUES OF RELATIVE WATER VELOCITIES OBTAINED
FROM THE GENERAL EQUATION WITH THE MEAN VALUES OF 20 STATIONS

At one-third off At two-thirds off
Relative On the centre line the centre line the centre line
depth-

Mean Equation Mean Equation Mean Equation

0.00 1.0000 1.0000 0.8830 0.8915 0.6430 0.6617

-0.10 1.0345 1.0386 0.9210 0.925 0.6755 0.6769

_O.20 1 .0430 1 .0500 O0.9325 0.9337 0.6850 0.6791

-0.30 1.0285 1.0315 0.9215 0.9239 0.6735 0.6662

-0.40 0.9945 0.9986 0.8915 0.8940 0.6420 0.6366

-0.50 0.9410 0.9442 0.8430 0.8452 0.5905 0.5882

-0.60 0.8700 0.8731 0.7765 0.7776 0.5155 0.5177

-0.70 0.7830 0.7838 0.6890 0.6886 0.4145 0.4186

-0.80 0.6730 0.6702 0.5730 0.5709

-0.90 0.5300 0.5179 0.4113 0.4055

Sum of the discrepancies:
-0.0004 -0.0111 -0.0055

Sum of the squares of the discrepancies:
0.000608 0.000132 0.000496

the accompanying table in the figure summarizes the
results of calculations.
The relative water velocity .at any point of the

cross-section can be determined graphically by in-
terpolation between the two curves adjacent to the
point in question.
The mathematical determination of the relative

water velocity at any point of the cross-sectional area
is based on the formulation of an equation expressing
the relationship of the three variables, x (relative
water velocity), y (relative distance from the centre
line) and z (relative depth from the water surface).
A satisfactory, although not a simple, equation

found is:
y2 -(1.542627z + 1.261585)x2 + (2.820711z +
3.410186)x + (1.132817z2 - 0.828486z -
2.148601) = 0

in which, following the nomenclature used through-
out this paper, y is the relative horizontal distance,
perpendicular to the watercourse, measured from the
vertical plane at the centre line (y = 1.00, for the
distance from the centre line to the water edge at the
water surface); z is the relative water depth measured
downwards from the water surface, and always
negative (z = -1.00, for the water depth at the

centre line of the canal); and x is the relative water
velocity (x = 1.00, for the water velocity on the
water surface at the centre line).
The fitness of this equation is shown in Table 10,

in which the mean relative water velocities of twenty
measuring stations are compared with the computed
values from this general equation.

EFFECT OF THE ACTUAL WATER VELOCITY AND THE
SHAPE OF THE CROSS-SECTION ON THE VARIATION OF

WATER VELOCTES ON VERTICAL AND HORIZONTAL
PLANES

A correlation analysis was carried out to determine
the influence that the actual water velocity (in
metres per second) and the shape of the cross-
sectional area of the canal may exert on the curves of
relative water velocity distribution on vertical and
horizontal planes.

In this study, the actual water velocity in the canal
is represented by the water velocity occurring on the
water surface at the centre line; the shape of the
cross-section is represented by the relation water
depth/water width, and the area of the segment de-
limited by the chord subtended between the extreme
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points of the half-perimeter of the canal and the con-
tour of the cross-section, this area being proportional
to the curvature of the cross-section and expressing
the relative convexity of the periphery.
The curves of relative water distribution selected

for analysis are those contained in two principal
planes-the vertical plane at the centre line, where
the maximum velocity occurs, and the horizontal
plane at relative depth -0.20, which is the decimal
plane nearest to the point of maximum velocity
(mean of twenty measuring stations). It was con-

sidered that these curves could be represented with
sufficient approximation by two variables that fix
their position and convexity:

(1) The slope of the chord subtended between the
velocity points on the water edge and the stream bot-

tom (for the vertical plane), and between the velocity
points at the centre line and at two-thirds of the
distance from the centre line to the water edge (for
the horizontal plane); the latter point had to be
selected as it was not possible to determine the
velocity on the water edge in all the measuring
stations, as explained earlier (page 101).

(2) The area of the segment delimited by this chord
and the curve of relative water velocity distribution.

Summarizing, the following variables were taken
into consideration for the correlation analysis:

V: actual water velocity on the water surface at
the centre line.

R: relation of the water depth to the water width
of the canal.

TABLE 11
VARIABLES REPRESENTING THE ACTUAL WATER VELOCITY, THE SHAPE OF THE CROSS-SECTION AND THE

VARIATION OF RELATIVE WATER VELOCITIES, USED FOR THE CORRELATION ANALYSIS

Station 1 1 1 M-av_Mh_anumber V R A my av

1 0.260 0.204 0.135 0.380 0.171 0.720 0.133

2 0.203 0.201 0.257 0.750 0.194 0.255 0.031

3 0.175 0.290 0.158 0.950 0.050 0.420 0.036

4 0.161 0.182 0.175 1.000 0.225 0.990 0.000

5 0.158 0.151 0.169 0.850 0.220 0.660 0.071

6 0.168 0.095 0.192 0.400 0.157 0.690 0.151

7 0.235 0.400 0.242 0.850 0.125 0.555 0.084

8 0.128 0.142 0.157 0.480 0.072 0.450 0.116

9 0.221 0.182 0.083 0.260 0.007 0.465 0.049

10 0.161 0.170 0.112 0.700 0.228 0.750 0.071

11 0.152 0.285 0.217 0.870 0.178 0.330 0.053

12 0.188 0.243 0.148 0.580 0.214 0.510 0.017

13 0.459 0.300 0.183 0.910 0.136 0.645 0.076

14 0.235 0.227 0.170 0.460 0.142 0.765 0.111

15 0.184 0.295 0.268 0.580 0.192 0.315 0.031

16 0.188 0.229 0.272 0.460 0.146 0.645 0.103

17 0.317 0.278 0.233 0.570 0.181 0.480 0.044

18 0.270 0.285 0.275 0.530 0.173 0.450 0.027

19 0.317 0.325 0.233 0.570 0.173 0.465 0.013

20 0.303 0.287 0.182 0.670 0.163 0.525 0.093

Mean 0.224 0.239 0.193 0.641 0.157 0.554 0.066

Standard
deviation 0.077 0.072 0.053 0.206 0.057 0.174 0.041
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TABLE 12
PRODUCT MOMENT CORRELATION COEFFICIENTS FOR THE VARIABLES OF TABLE 11

Between V R A av mv M

and av -0.049 -0.058 +0.295

mv +0.017 +0.333 +0.131 +0.287

mh ++0.001 -0.367 -0.384 +0.261 +0.068

ah _-0.034 -0.367 -0.203 -0.227 -0.416 +0.299

A: area of the segment of the cross-section de- the canal, with each of the variables representing the
limited by the chord subtended across the curves of the relative water distribution on the two
semi-perimeter and the contour of the canal. principal planes selected.

mv: slope of the chord subtended between the To know whether the correlation coefficients could
extreme points of the curve of water velocity have arisen by chance, Student's " t " values were
distribution on the vertical plane at the centre determined and the results tested by comparison with
line. values of the respective table. The correlation

analysis was carried further to determine if a linearav: area of the segment delimted by the chord of
slope m,y and the velocity curve on the vertical correlation existed between any two of the variables

plane at the centre line, representing the curves of the variation of relativeplane at the centre line.waevloiyI water velocity.
mh:slope of the chord subtended between the Results of these calculations are summarized in

velocity points at the centre line and at two- Table 12. Values of Student's "t" for different
thirds of the distance from the centre line to levels of significance are shown in Table 13.
the water edge. Comparing the calculated values of Student's " t"

ah: area of the segment delimited by the chord of with those for different degrees of significance, it may
slope mh and the velocity curve on the be seen that the calculated values are not statistically
horizontal plane of relative depth -0.20. significant; therefore, it may be assumed that the

The values of these variables for each measuring correlation coefficients could have arisen by chance.
station are shown in Table 11. It may be concluded that, within the range of

Product moment correlation coefficients were cal- water velocity and variation in shape of the cross-
culated for each variable representing the actual section of the canals covered by this study, the
water velocity and the shape of the cross-section of difference in water velocity distribution on vertical

TABLE 13
STUDENT'S "t" VALUES FOR THE VARIABLES OF TABLE 11

Between V R A av mv mh

and av 0.207 0.245 1.308

mv 0.072 1.499 0.563 1.270

mh 0.001 1.672 1.763 1.147 0.291

0.061 1.673 0.881 0.959 1.918 1.329

Student's " t" values for 18 degrees of freedom at different levels of significance

Level t 0.001 0.01 0.02 0.05 0.10 0.20 0.30 0.40 0.50

| 3.922 a 2.878 a 2.552 a 2.101l a 1,734 1.330 1.067 0.862 0.688

a Statistically significant.
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and horizontal planes, observed among the twenty
measuring stations, cannot be attributed either to the
actual velocity or to the shape of the cross-section of
the canals at the measuring stations. Also, it may be
concluded that there is no linear correlation between
any two of the variables chosen to represent the
curves of water velocity distribution on vertical and
horizontal planes.

ANALYSIS OF DATA OBTAINED FROM BOOKS CONSULTED

AND COMPARISON WITH RESULTS OF THIS STUDY

Books dealing with the subject under study were
consulted for comparison purposes (see the list of
references). Authors are freely quoted.

Shape of the cross-section

King (1954) states that the parabolic section
approximates to the form assumed by many natural
streams and old earth canals.

Williams, in Merriman & Wiggin (1945) (pp. 1343
and 1347) asserts that the cross-section of natural
channels, particularly in soft materials, approximates
to one or two parabolic segments. Ripley's equa-
tions, as quoted by Williams, show that for streams
where the channel occupies the full width of the
waterway and for straight reaches of the canal, the
cross-section is a parabola of vertical axis. According
to this equation the mean relative depth of the canal
is 0.692.
The present study leads to the conclusion that the

shape of the mean cross-section, determined from
twenty measuring stations, is a segment of an ellipse
with one of its axes coinciding with the centre line of
the canal, and its centre located above the water sur-
face at a distance equal to one-fourth of the water
depth at the centre line. The mean relative water
depth of the canal, as determined from the equation
of the shape of the cross-section, is 0.749, or about
8% greater than that obtained from Ripley's
equation.

Shape of the curve of water velocity distribution on
vertical planes
Grover & Harrington (1943), Hoyt & Grover

(1916), Lea (1919), Merriman (1912), Russell (1952),
and Vennard (1954) agree with Bazin, who was the
first to investigate systematically the distribution of
water velocity on vertical planes, in adopting the
parabola as the best fitting curve to the diagram of
variation of water velocity.

Williams, in Merriman & Wiggin (1945) (p. 1343),
states that the curve approximates to an ellipse
tangential to the bottom and with its axis in or near
the surface of the stream. Wave action, eddies, etc.,
cause the velocities near the surface to be decreased;
this effect may extend to nearly half the depth. Thus
the actual curve follows an ellipse half way to the
surface, where it leaves the ellipse and becomes
somewhat flattened.

Hinds, in Davis (1952) (p. 416), considers that the
variation of velocity depends on the conditions of
flow (streamlined or turbulent) and that the effect of
this variation is usually hidden in empirical coeffi-
cients of formulae.
Dodge & Thompson (1937) affirm that the curve

is too complex to admit of mathematical analysis.
Harris (1944) considers that bed friction greatly

influences the vertical distribution of water velocities,
distorting the pattern and producing a curve of
uncertain equation.
King (1954) is also sceptical. He affirms that the

velocities in the cross-section vary between wide
limits, frequently in a most irregular and unaccount-
able manner; that minor disturbances in a stream will
often produce comparatively great changes in the
velocity distribution.
The present study leads to the conclusion, based on

the mean curves at three vertical planes, that the
curve of water velocity distribution is an ellipse whose
axes are inclined with respect to the vertical and
horizontal co-ordinate axes. The position of the
centre and the angle of inclination of the axes of this
ellipse vary for each vertical plane.

Relative water depth of the mean velocity

Addison (1934), Daugherty (1925), Ellis (1926),
Harris (1944), Hoyt & Grover (1916), Hughes &
Safford (1926) (p. 202), Lea (1919), Lewitt (1937),
Merriman (1912), Minikin (1920), Parker (1925),
Russell (1952), and Vennard (1954) give the posi-
tion of the mean water velocity, for any vertical
section parallel to the flow, at a relative depth near
0.6 from the water surface. Williams, in Merriman&
Wiggin (1945) (p. 1343), sets the position of the mean
velocity at about 0.577, and Russell (1952) fixes the
limits of 0.58 and 0.65 between which the mean
velocity may occur.
However, most of these authors do not consider

very accurate the procedure of determining the mean
water velocity by measuring the velocity at this
depth.
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Results from the present study lead to the conclu-
sion that the position of the mean velocity varies ac-
cording to the location of the vertical plane on which
it is determined. From the equations of vertical
distribution of velocities, mean velocities and their
position with respect to the water depth at each of the
vertical planes were calculated, with the following
results:
Position of the mean velocity on the centre

line . . . . . . . . . . . . . . . -0.639
Position of the mean velocity on the ver-

tical plane at one-third of the distance
from the centre line to the water edge . -0.632

Position of the mean velocity on the ver-
tical plane at two-thirds of the distance
from the centre line to the water edge . -0.691
As a very reliable method of determining the mean

velocity on a vertical plane, most authors recommend
the measurement of water velocities at relative water
depths -0.2 and -0.8, the arithmetic mean of these
two measurements being very nearly equal to the
mean velocity. Applying this principle to the values
calculated from the equation of water distribution on
the centre line the results are:
Arithmetic mean of 11 relative water

velocity values . . . . . . . . . . 0.8412
Arithmetic mean of relative water velocity

at relative depths -0.2 and -0.8 . . . 0.8568
Relation between the two arithmetic
means . . . . . . . . . . . . . . 0.9818

Relative water depth of the maximum velocity

The position of the maximum velocity, according
to the authors consulted, varies from the water
surface to the mid-depth of the stream.

Greeley & Stanley, in Davis (1952) (p. 1045), place
the maximum velocity in the upper one-third of the
depth. Dodge & Thompson (1937) locate it at about
0.25 of the depth. Hughes & Safford (1926) (p. 264)
say it usually appears somewhere between mid-depth
and the water surface. Lea (1919) places it in the
upper two-tenths. Minikin (1920) considers that the
position of the maximum velocity is affected by the
roughness of the bed: its relative depth is 0.25 under
general conditions, and 0.20 in canals and smooth-
flowing rivers. Russell (1952) states that the position
varies considerably, sometimes being close to or at
the surface, but more generally at two-tenths or
three-tenths of the depth. Vennard (1954) places it at
relative depths between 0.25 and 0.50.

The results of the present study lead to the con-
clusion that the position of the maximum velocity
varies according to the location of the vertical plane
on which it is measured. The positions of the
maximum values obtained by differentiation of the
equations of vertical distribution of velocities referred
to the water depth at each of the vertical planes are
the following:

Position of the maximum velocity on the
centre line

Position of the maximum velocity on the
vertical plane at one-third of the distance
from the centre line to the water edge .

Position of the maximum velocity on the
vertical plane at two-thirds of the dis-
tance from the centre line to the water
edge.

0.176

0.210

0.338

Relation ofmaximum velocity to mean velocity
The relative value of the maximum water velocity

with respect to the mean velocity is about 1.25,
according to Greeley & Stanley, in Davis (1952)
(p. 1045), not very different from 1.10 for wide
streams, according to Lea (1919), and normally
about 1.11, according to Williams, in Merriman &
Wiggin (1945) (p. 1343).
The results of the present study lead to the con-

clusion that the relation of the maximum velocity to
the mean velocity varies according to the location of
the vertical plane on which it is determined. From
the equations of vertical distribution of velocities the
following values were obtained:
Relation maximum/mean water velocity on

the centre line.
Relation maximum/mean water velocity on

the vertical plane at one-third of the
distance from the centre line to the
water edge

Relation maximum/mean water velocity
on the vertical plane at two-thirds of the
distance from the centre line to the water
edge.

1.233

1.189

1.134

Relation ofsurface velocity to the mean velocity
The relative value of the surface velocity with

respect to the mean water velocity is 1.20, ac-
cording to Box (1943). On the graph presented by
Cox & Germano (1946), this relation is about 1.15.
Harris (1944) states that the surface velocity is
usually less than the maximum, except in the case of
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downstream wind. Hoyt & Grover (1916) consider
that this relation is influenced by the depth of the
canal and the water velocity, varying between 1.02
and 1.28. King (1954) gives limiting values between
1.06 and 1.25, with an average of 1.18. Merriman
(1912) states that the maximum velocity is usually
about 1.17 the mean velocity. Williams, in Merriman
& Wiggin (1945) (p. 1364), gives a value of 1.25,
within an error of 10%. Parker (1925) limits its value
between 1.12 and 1.23. Vennard (1954) fixes the
value at 1.18. Wilson (1893) considers that the rela-
tion of surface velocity to mean velocity varies with
the shape of the section, the roughness of the bed and
the depth of the canal; from the experiments quoted
it seems that the relation varies between 1.10 and
1.20.
The results of the present study lead to the con-

clusion that, based on calculated values from the
equations of vertical distribution of velocities, the
relation of the surface velocity to the mean velocity
has the following values:

Relation surface/mean water velocity on
the centre line . . . . . . . . . . . 1.189

Relation surface/mean water velocity on
the vertical plane at one-third of the
distance from the centre line to the
water edge . . . . . . . . . . . . 1.117

Relation surface/mean water velocity on
the vertical plane at two-thirds of the
distance from the centre line to the water
edge ...... . . . . . . . . . 1.032

Relation of bottom velocity to mean velocity

The relative value of the bottom velocity with
respect to the mean water velocity is 0.70, according
to Addison (1943). From Cox & Germano's graph
(1946) it seems to be about 0.52. Greeley & Stanley,
in Davis (1952) (p. 1045), state that the relation may
possibly be 0.50. Harris (1944) considers that it is
less than half the maximum velocity. Hughes &
Safford (1926) explain that the velocity is least at the
perimeter, increasing towards the centre from the
sides, and from the bottom towards the top.
Williams, in Merriman & Wiggin (1945) (p. 1351),
says that the velocity in the semi-fluid layers of
sediment next to the bottom is relatively very low,
whereas that in the water just above may be con-
siderable. Parker (1925) fixes the relation of the
bottom velocity at between 0.50 and 0.52 of the mean
velocity.

The results of the present study lead to the con-
clusion that, based on calculated values from the
equations of vertical distribution of velocities, the
relation of the velocity at the bottom to the mean
water velocity has the following values:

Relation bottom/mean water velocity on
the centre line.

Relation bottom/mean water velocity on
the vertical plane at one-third of the
distance from the centre line to the water
edge.

Relation bottom/mean water velocity on
the vertical plane at two-thirds of the
distance from the centre line to the water
edge.

0.430

0.438

0.689

SUMMARY AND CONCLUSIONS

(1) The Bilharziasis Control Project WHO/Iraq
15 undertook a study of water flow in earth canals,
with two main purposes:

(a) to determine the water velocity at any point
of the cross-sectional area;

(b) to devise a practical and accurate method of
measuring the rate of flow.
The study of the contour and area of the cross-

section was essential for attaining the two objectives.
(2) Twenty measuring stations in fourteen canals

were selected for carrying out this study; their general
characteristics are described.

(3) The study of the shape of the cross-section is
based on 100 water depth measurements. The
analysis of the distribution of water velocities within
the cross-sectional area is based on 500 water
velocity readings. The procedure followed for col-
lecting this information is described.

(4) Field data were plotted and graphs of the
shape of the cross-section and velocity distribution
were drawn for each measuring station. The tech-
nique used is explained.

(5) The study of perimeter of the cross-section,
based on the mean of twenty measuring stations,
shows that this curve approximates to an elliptical
segment of vertical and horizontal axes, the centre of
this ellipse being on the vertical plane of the centre
line at a distance above the water surface equal to
one-quarter of the maximum water depth. The area
of this elliptical segment is three-quarters of the
circumscribed rectangle.
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(6) The diagram of water velocity distribution on
a vertical plane approximates to an elliptical segment,
its axes being inclined with respect to the horizontal
and vertical co-ordinate axes. The characteristics of
the ellipse vary according to the location of the
vertical plane under consideration. The maximum
water velocity throughout the canal is 1.037 the
velocity on the water surface at the centre line. This
maximum velocity takes place on the centre line at a
depth measured from the water surface equal to
0.176 of the maximum depth.

(7) The diagram of water velocity distribution on a
horizontal plane located in the upper three-quarters
of the stream approximates to a hyperbolic segment,
symmetrical with respect to the vertical plane at the
centre line. In the lower quarter of the stream, the
curve becomes an ellipse.

(8) Water velocities along the periphery of the
cross-section, calculated from the equations of
horizontal distribution of water velocities, have a
mean value of 0.40 of the velocity on the water sur-
face at the centre line. Peripheral velocities from the
water edge to the centre point on the bottom vary
within 12% of the mean value.

(9) The rate of water flow is represented by the
volume delimited by the vertical plane of the cross-
section, the horizontal plane of the water surface and
the ellipsoidal surface that contains all the points
representing the values of water velocity. This
volume, calculated by. double integration, gives the
following expression for the rate of flow in a canal:

Q = 0.549 WHvo
in which W is the width of the canal at water surface
level, H is the water depth at the centre line and vo is
the water velocity measured on the water surface at
the centre line.
When the water velocity is measured on the centre

line at a depth from the water surface equal to 0.544
of the total depth at the centre, the above expression
becomes:

Q = 0.5 WHv0o544
(10) The mean water velocity, as determined by

dividing the rate of flow by the area of the cross-
section, is 0.729 of the velocity on the water surface
at the centre line. The water velocity of a point
located on the centre line at a depth from the water
surface equal to 0.755 of the total depth at the centre
has the same value as the mean velocity of the water
flowing throughout the canal.

(11) A diagram of equal velocity curves and a
general equation are provided for the determination
of the water velocity at any point of the cross-
sectional area of a canal.

(12) Correlation studies show that the actual
water velocity in the canal and the shape of its cross-
section have no statistically significant influence on
the distribution of water velocities on vertical and
horizontal planes.

(13) In comparing the results of this study with
available literature dealing with the same subject, no
important contradictory conclusions were found.

121



J. DE ARAOZ

Annex

RECORD FORM FOR MEASUREMENTS OF SECTION AND WATER
VELOCITY

STUDY OF WATER FLOW IN EARTH CANALS

Measuring station No._
CANAL

Station at

Width on the water surface metres

Water depth at centre line _metres

CROSS-SECTION Water edge 2/3

Distance from centre :ine

Water depth

WATER VELOCITY

Current meter
readings At

(seconds per depth
10 revolutions) (cm)

1/3 Centre line 1/3 2/3 Water edge

0.00

0 1 _ll

10~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

'201

30

40

50

60

70

80

90

100

REMARKS: Wind:

Vegetation: Signature:
Date:

122



WATER FLOW VELOCITIES IN IRRIGATION CANALS AND THEIR MATHEMATICAL ANALYSIS 123

ACKNOWLEDGEMENT

The valuable assistance of Engineer Kamal al-Ani, Ministry of Health, Iraq, who undertook most of the
field work for this study, is gratefully acknowledged.

RESUMIE

La regularite et la vitesse du courant dans les systemes
d'irrigation revetentune grandeimportancepourl'ecologie
des mollusques vecteurs de la bilharziose. C'est la un
probleme qui int6resse a la fois les ingenieurs appeles A
construire les canaux et les malacologistes qui etudient
les r6percussions de ce facteur sur la presence des vec-
teurs dans les habitats aquatiques.
Dans le cadre du programme de lutte contre la bilhar-

ziose, on a mesur6 A Tarmiya, region de Bagdad (Iraq),
la vitesse d'ecoulement des eaux en 20 points differents
choisis sur 14 canaux peripheriques. Bien souvent
creuses dans leurs terres d'une maniere primitive par les
paysans eux-memes, ces canaux ont un debit lent et
irregulier et leurs eaux turbides hebergent des colonies
abondantes de mollusques. Apres avoir indique les
precautions prises et le dispositif adopte pour relever

le profil des canaux et mesurer la vitesse du courant en
tous les points d'une coupe transversale, les auteurs
interpretent leurs resultats et etablissent a l'aide des
parametres etudies des fonctions mathematiques qui
coincident avec les resultats pr&cedemment obtenus,
par d'autres methodes. En conclusion de cette etude, ils
suggerent d'une part qu'il serait utile de connaitre le
seuil de vitesse d'ecoulement des eaux compatible avec
la presence des mollusques dans les canaux, et ils sou-
lignent d'autre part que la future campagne d'eradica-
tion de la bilharziose devrait inscrire a son programme
l'amelioration des systemes d'irrigation. II est essentiel
en effet pour eliminer les mollusques de regulariser et
standardiser le trace et la construction des canaux de
distribution.
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