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ABSTRACT
 

of a model
The evaluation of border irrigation requires the use 


that relates the operating conditions to the irrigation results, such
 

as: (a) total water quantity delivered to the border; (b) water losses
 

(c) average depth of application; and
outside the border by runoff; 


Evaluation for improving
(d) water distribution within the border. 


(a) field
border irrigation can be carried out in two major ways: 


tests; and (b) theoretical models.
 

tests requires
The improvement of border irrigation based on field 


the estimation of the infiltration equation and the advance and
 

recession for a specific inlet stream and border parameters 
(slope,
 

length, surface). The performance parameters can then be calculated
 

to determine the irrigation performance and the need for 
improvements.
 

to be changed can be determined.
Then, the operating conditions that are 


test
 
This analysis comprises two stages: (a) utilization of the field 


data already available; and (b) implementation of the recommended
 

tests.
 

Theoretical models for the evaluation and improvement of border
 

to predict the water distribution
 

changes for further field 


irrigation performance enable one 


and losses for a given set of conditions, without direct field measure-


Only limited amounts of preliminary field work are required 
to
 

ments. 


predict the irrigation performance for a wide range of parameters 
and
 

the process
Available models are described, as well as
variables. 


for applying these models.
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Chapter 1
 

CHARACTERISTICS OF BORDER IRRIGATION
 

1. Description of Border Irrigation
 

The
 
Border irrigation is a method of controlled surface 

flooding. 


border strip is rectangular with a relatively long dimension in 
the flow
 

levees along
It is bounded by dikes or
direction and a narrow width. 


The dikes restrict the lateral movement of water,
its longer dimension. 


flow to the end of the field between the dikes.
 causing it to 


There are three common types of border irrigation: level border,
 

This report is concerned with the graded

graded border, and guide border. 


border type in which there is a gentle and 
uniform slope in the direction
 

the border in an
 
of irrigation. The water flows from the top end of 


The border is leveled across and the width
 
elongating thin shallow sheet. 


is small enough to ensure a relatively uniform distribution 
of the stream
 

across the border.
 

The desired volume of water is applied in 
a time equal to or slightly
 

to absorb the required depth of water.
 less than that needed for the soil 


near the lower
the water must be 
Consequently, to minimize end runoff, 


the time that an adequate depth of water has 
infil

end of the border by 


that the water should be
 the upper end. Practically this means
trated at 


the upper end before the flow has reached 
the lower end. Following
 

shut off at 


of the water over 
the surface.
is recessionthe water shutoff, there a 


at end the border, unless it
 
However, generally some runoff occurs the of 

is diked. 



2
 

2. 	Water Distribution Pattern 
Under Graded Border Irrigation
 

a
 
The water distribution pattern 

associated with a graded border 
is 


direct result of the opportunity time, that is the contact time 
of water
 

and soil at any point along the 
border. Two assumptions concerning the
 

water distribution pattern are 
often made:
 

There is a relatively uniform 
infiltrated depth of water across
 

a. 


Therefore, the water distribution 
is sufficiently
 

the border. 


described by the distribution 
along the border's long axis.
 

The maximum depth infiltrated 
is usually somewhere along the
 

b. 


Most commonly, the infiltrated
 
border and not at the upper end. 


the theoretical
 
the upper end is equal or close 

to 

water depth at 


required depth of application, 
and the infiltrated depth at 

the
 

lower end is the minimal depth 
infiltrated.
 

A typical water distribution 
is shown in Fig. 1-1 by three 

common
 

see Peri and
 

methods of representation (for more details and notations, 


Skogerboe (1979)).
 

the graded border is established,
 
When the water distribution profile 

of 


the irrigation performance 
can be evaluated.
 

Example
 

Two irrigation tests were carried 
out with borders of 320m length
 

The water distribution
 
but with different stream sizes 

and shutoff times. 


was estimated after each irrigation 
and is given in Table 1-1 and 

Fig. 1-2
 

a form of actual water depth 
distribution (see Chapter 2 for details
 

in 


of method of evaluation).
 
for the
parameterHnid calcLtI nd

coiltals measiredTable 1-2 

two tests, where
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Inlet 
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=

-
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Border Length, L 

€E 

CLL 
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0 

Actual Water Depth Distribution 

Area Fraction, a 
0.5 

7//4\-/AN\ 

1.0 

4 

(b) Cumulative Frequency 
Actual Water Depths 

Distribution of 

Area Fraction, a 

0 0.5 

0Z: 

5. Hmin " 

E 4) 

a 1.0 
0 0 
Z Hmax 

(c) Cumulative Frequency Distribution of 

Nondimensional Water Depths 

Fig. 1-1. Water distribution under border 
irrigation. 

1.0 



Table 1-1. Water distribution in two tests of border irrigation.
 

5 6 7 8 9 10 11 12 13 14 15 16
Station No. 1 2 3 4 


30 50 70 90 110 130 150 110 190 210 230 250 270 290 310
Length (m) 10 


Water depth
 
58 57 55 54 51 49 46 43 40


Test a - (mm) 50 54 57 59 60 60 59 


Water depth
 
84 86 85 83 80 74 68 60 52 43 32 20


Test b-(m) 56 68 76 80 


two border irrigation water distributions.
Table 1-2. Data for 


Volume of Depth Depth Distribution Delivery

Volume Volume 


Parameter applied infiltrated runoff applied infiltrated uniformity efficiency
 

D T W=D-T hD Y Ud Ed
 
m3 /m m3 /m m3/m MM mm
 

60 53.2 0.952 0.888
2.2
Test a 19.2 17.0 


65.4 0.876 0.873

20.9 3.1 75
Test b 24.0 
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Station 
1 2 3 4 5 6 7 8 9 1011 12 13 14 15 16
 

tI I I IOI 

I0 

0 Test a 

20- 0 Test b 

E
E30 

40

70
 
6~0

4-6
 

0 0

0

90 130 170 210 250 29090 10 50 

Distance along Border (m)
 

Fig. 1-2. Water distri.bution for two bordler irrigation 

tests. (Example)
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volume of water applied to the border
D = 


volume of water infiltrated
T = 

W = volume of runoff
 

y= mean depth of water infiltrated
 

D= mean depth of water applied
 

Ud = distribution uniformity, and 

Ed = delivery efficiency. 

this report are per unit width of border. All volumes above and elsewhere :in 

and the storage efficiency,The deep percolation efficiency, Ep 


ES, for various required depths of application, 
hR, for the two tests
 

The deep percolation efficiency is
l-3b.
are shown in Figs. l-3a and 


the total water absorbed in the irrigated 
area which
 

the fraction of 


contributes to fulfilling the requirement, 
and is a measure of the water
 

The storage efficiency is the fraction 
of the
 

lost to deep percolation. 


available root zone water storage (at 
the time of irrigation) which is
 

filled by the irrigation, and is a measure 
of the adequacy of the irriga-


For more details see Peri and Skogerboe 
(1979).


tion. 


was aimed to provide a
a
If the border irrigation of Test 


depth of application of 50 mm, the irrigation 
performance can be regarded
 

and ES are considered satisfactory 
at the 0.8 level
 

as satisfactory, when E 


The irrigation performance is in category 
I (for definitions
 

and Ud > 0.9. 

are needed.and no improvelentssee Puri ad Skogerboe (1979))of categories 

that the 
The delivery efficiency is also satisfactory with Ed > 0.8 so 

= 2.16 m3/m.
runoff is also acceptable with W 


If, however, the designed application 
depth for this border was
 

40 mm, Ep= 0.751, thus the irrigation 
performance belongs to category IV
 

which requires a decrease in the depth 
of water actually applied (average
 



7
 

Ep
Es 	 _1.0 Ud=0. 9 5 2 


0.9 

0.8 

0.7

0. 

w 0.2
0.4-5
 

I,.I
 

w 0 .3 -O
 

i
0.2-
I I
 

0.1 	 t 

I I
 
I II i I 'ii I i I II
0 I 


0 10 20 30 40 50 60 70 80 90 100
 

Required Application Depth, hR (mm)
 

Fig. 1-3a. 	 Irrigation efficiencies for border Test a.
 

Roman numerals refer to irrigation performance
 

categories (see Peri and Skogerboe (1979)).
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1.0
 

0.9 _ _,-.s ...... 

0.8

0.7 

w . 

0- 0.6-

U)iI 

I I0.2 -


N i I 

ICI 
.~0.4 - ---1 ' ! '
 
w0.3 

I I I II0 

90 1001 0 20 30 40 50 60 70 80 

Required Application Depth, h R (MM) 

Fig. 0-3b. Irrigation efficiencies for border Test b.
 

Roman numerals refer to irrigation performance
 

categories (see Peri and Skogerboe (1979)).
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depth of water applied is 53.2 mam). If the required depth for this border 

= 0.783 and the irrigation performance belongs to categorywas 68 mm, ES 

III, which requires an increase in the application depth. 

The runoff problem is satisfactory ar.d it is independent of 
the 

depth of application. 

b, the distribution uniformityFor the border irrigation of Test 


is too low (Ud = 0.876, Christiansen's uniformity coefficient, UCC = 0.752),
 

If the required depth
hence, the water distribution should be improved. 

of application is 70 mnm, the irrigation performance belongs to category II, 

for which only the distribution of water should be improved. 

= 0.711
If, however, the required depth of application is 50 mm, Ep 

and the irrigation performance belongs to category VI, which 
means that the
 

water distribution should be improved along with a decrease 
in the depth of
 

application.
 

on the other hand, the required depth of application for this
If 


irrigation is 85 mm, the irrigation performance belongs 
LU category V, for
 

which the water distribution should be improved together 
with an increase
 

For the border irrigation of Test b, the
 
in the depth of application. 


no runoff decrease
 delivery efficiency is satisfactory which means that 


is essential.
 

The various possible irrigation and runoff performances 
for the
 

two border irrigation tests are summarized in Trble 1-3.
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Tble 1-3. 	 Irrigation performances and runoff problem for the two border
 

test irrigations.
 

I II III IV V VI Runoff
Irriga. 

Ed<0.8 Ed>0.8Perform.' 


Cat.
 

border I I 

test a i4311un < not lhR> 6 7 11uiijR< 43ram not not D>21.3 D<21.3 

;hR< 67mmpossible possible possiblemB/m m-/m 
!(Ud>0 .

9 ) (U >0.9) (Ud>0.9 ) 

border
 
test 	b 'not 5811m < Inot not h > 82mm h < 58 rammD>27.6 D<27.6 

-
 -	 R- 3/m 3 /mI m mlpossible ihR< 82mnm possible possible 


(Ud<0.9) (U <0.9) (U <0'9)'
 
d 	 d d
 

3. 	 Nondimensional representation of water depth distribution in border
 

irrigation.
 

Water distribution, under border irrigation, as demonstrated in
 

Fig. 1-I, is usually not given as a continuous wetting profile, but 
as a
 

The discrete
 set of discrete values at points distance x along the border. 


points of the wetting profile are obtained by field measurements, theoretical
 

(see 	following chapters).
calculations or both 


The calculation of the irrigation efficiencies is carried out with 
the
 

However,
individual discrete values, as shown in the example of Fig. 1-2. 


it is sometimes preferable to define the whole wetting profile as a con

tinuous function rather than by using individual values of y. This is mainly
 

for the following reasons:
 

each of the 	efficiencies and the associated
 a. The calculatLon of 


is based on 	the whole
coefficients is more accurate when it 


wetting profile (this is equivalent to increasing the number of
 

observations).
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The calculation is simpler and no corrections 
for area size
 

b. 


represented by each measurement point is needed 
and there is no
 

need for many individual computations.
 

To enable the calculation of the efficiencies 
directly from the wetting
 

profile, the continuous equation that gives the depth 
of infiltrated water,
 

as a function of the location along the 
border, is required:
 

y(x) (-1) 

in which,
 

= depth of water infiltrated at 
a distance x from the upper
 

Yx 


border end.
 

1-1 is usually carried
 
Establishing the water distribution function of Eq. 


least squares fitting techniques where 
typical
 

out by graphical fitting or 


can be fitted
 
(linear, power, trigonometrical, statistical, etc.)
functions 


a, b, c).

the water distribution representations 

(Fig. 1-1, 

to any of 


The cumulative frequency distribution 
of nondimensional water depths
 

the water profile as developed
 
is the most convenient presentation 

of 


under surface irrigation. Furthermore, Karmeli (1978) has shown that the
 

water distribution under border irrigation 
can best be defined by a power
 

of the form:function 

(1-2)
 
H f + ga 


where
 

H = nondimensional water depth,
 

fraction of area receiving a nondimensional 
depth of H
 

a = 


or more, and
 

=
 
f, g, b constants.
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Hence, when a set of individual water depths, 
yi, is given, the transforma

tion is made to obtain V and a (dimensionless depth and area, respectively)
 

fitted by the least
 and then, a function of the form of Eq. 1-2 is 


squares method.
 

exhibit
 
Eq. 1-2 and the nondimensional water distribution, 

Fig. 1-4, 


several characteristics. 

= (1-3)= HFor a 0 HHax and f 

= (1-4)= H = and g Hmin H
For a i Hmin mm mm max
 

The areas abca and cdec are equal, thus
 

a 1
 
(1-5)


- Hdaf Hda - a 1 - a 

0 P P a 
p
 

Substitution of Eq. 1-2 into Eq. 1-5, carrying out the integration, 
and
 

rearranging gives
 
(1-6)


b z_:-+ f 


1-f
 

Substitution of Eqs. 1-3 and 1-4 into Eq. 
1-6 results in
 

1 H (17
H i n 
= (1-7)
b 
 H -i 

max
 

The exponent b determines the nature of the 
function (Fig. 1-5).
 

the irrigated

For 0 < b < I the function is convex with 

more than 50% of 


= 

area receiving less than the mean depth of 
application. For b I the 

power function becomes a linear function. 
For b > 1 the function is .con

than the mean 
than 50% of the irrigated area receiving more 
cave wl-h more 


depth of application.
 

that the power function is
 can be seen
From Eqs. 1-3, 1-4, and 1-7 it 

Hmi and H , are 
completely defined when the two nondimensional 

depths, n 

known.
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0 

II 

®II 

Area Fraction, a 

0.5 ap 
I
I 

I 

aR 

"d 

o 0.5a,, 
. f 

Z 

0 

0 .0 

o IH 

/h1 

e 

E 
6 
z 

H max a 

1.5L--

Fig. 1-4. Cumulative frequency distribution of 

nondimensional water depth in border 

irrigation. 



0 0.5 1 0 
Area Fraction, 

0.5 
a 

1 0 0.5 1 
Hmin 

0 
C 
ci 

Ha) 

0 

z O<b<l b=I b>l 

Fig. 1-5. Power water distribution function for various values of the 

exponent b. 
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The 	typical water distribution representing border irrigation
 

is concave, therefore the power function describing this
(Fig. 1-la) 


In some cases where the distribution
distribution has an exponent of b > 1. 


is relatively uniform with only a small area receiving an excessive amount
 

of water, the distribution will be convex and b < 1.
 

When the nondimensional requirement, HR is defined as
 

(1-8)
% hR/Y 

various nondimensional volumes or average depths can be defined and
 

to calculate the various irrigation efficiencies. These are (refer
used 


to Fig. 1-4):
 

a. 	the deficiency relative to the required depth (area gdhg)
 

1
 
(1-9)
HR( -aR) - f [da 


aR
 

b. 	the deficiency relative to the mean depth infiltrated
 

(area cdec)
 

1
 
(1-10)
HF= - ap - f Hda 

a 
p 

c. 	the excess application relative to the required depth
 

(area afga)
 

aR
 

(a-il)
HE =f Hda -aR 

0
 

1-10 	and 1-11 and carrying out the

By substituting Eq. 1-2 into Eqs. 1-9, 


integrations the nondimensional volumes become
 

(1-12)

HG = 	HR(l - aR) + HmaxaR - (Hmax - 1)aRb + 1 

where
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( max R (-13)
 
R Hmax H min 

(1-14)HF a (Hmax - ) b 

where 
(1-15)
1/b 


ap =11\b+l/
 

(1-16)

HE = (Hmax HR)aR - (Hmax - 1)aRb + 1 

With a nondimensional total quantity of water delivered of HD, the 

nondimensional runoff loss is 

H.w4%D-1 

Thus, 	the efficiencies are:
 

a. 	deep percolation efficiency
 

= (1-17)

EEP HR 	j-G _ HR_ HG 


b. 	storage efficiency
 

_ -___H_ HG

R 


(1-18)
- G
ESEs 	 R HG MR
 

c. 	delivery efficiency
 

(1-19)

E D 	 - Hw 1 


d. 	distribution uniformity
 

(1-20)

Ud = 1 - RF 

Example
 

Seven water distributions representing seven irrigation 
tests
 

a frequency distribution of the dimensionless depths in
 are given as 


Fig. 1-6 and Table 1-4.
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seven border irrigation tests.
 Cumulative frequency distribution of 
Table 1-4. 
 Distribution
 

parameters for
 
H = f + g ab
 

for Area Fraction a 
Nondimensional Water Depths 


Fractional Area
 Test 

0.7 0.8 0.9
0.5 0.6
0.3 0.4
0.1 0.2No. 0.0 


0.6 1.5 -0.9 0.800.720 0.6500.886 0.799 
1 1.500 1.389 1.281 1.176 1.075 0.978 

1.9 -1.5 0.67
0.447 0.4
0.646 0.534
0.930 0.779 

2 1.900 1.68 1.473 1.278 1.097 


0.8 1.8 -1.0 0.25
0.802 0.800
0.826 0.808
0.930 0.863
1.210 1.040
3 1.800 1.456 


0.2 1.2 -1.0 4.000.868 0.762 
4 1.200 1.174 1.145 1.114 1.080 1.041 0.995 0.940 

0.4 1.3 -0.9 2.000.802 0.6850.969 0.893 
5 1.300 1.254 1.205 1.153 1.097 1.036 

1.56 -1.26 1.25
0.500 0.3
0.781 0.648
1.024 0.905
1.247 1.137
6 1.560 1.458 1.354 


0.8 1.16 -0.36 1.25
0.899 0.857
0.972 0.937
1.039 1.006

7 1.16 1.131 1.101 1.070 
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The efficiencies of four border irrigation tests are given In 

Table -n and described in Fig. 1-7.
 

Table 1-5. Irrigation efficiencies for the border irrigation tests.
 

Test No. 7 Test No. 6 Test No. 2 Test No. 3 
HR Ud = 0.957 Ud = 0.851 Ud = 0.804 Ud = 0.893 

Ed = 0.85 Ed = 0.83 Ed = 0.82 Ed = 0.90 
Ep ES Ep ES Ep ES Ep ES 

0.3 0.3 1.0
 

0.4 0.395 0.989 0.4 1.0 

0.5 0.494 0.982
 

0.6 0.58 0.96 .57 .95
 

0.7 0.657 0.939
 

0.8 0.8 1.0 0.730 0.912 .70 .87 0.8 1.0
 

0.9 0.89 0.99 0.794 0.882 .855 .950
 

1.0 0.951 0.957 .851 0.851 .804 .804 .893 .893
 

1.1 0.994 0.903 .899 0.817 

1.2 1.00 0.833 .937 0.781 .884 .737 .945 .788 

.967 0.744
1.3 


1.4 .987 .705 .942 .673 .977 .698
 

1.5 .998 .665 

1.6 1.00 .625 .979 .612 .995 .622
 

1.7
 

.997 .554 1.0 .555
1.8 


1.0 .526 1.0 0.501.9 

1.0 0.50
2.0 


indicated by the perfonnance category,
The irrigation quality, as 


(tesLs no. 7, b, 2, ), Is dependentfor sevcral of the tesis of TablW 1-4 

also on the required depth of appilcallon. 

The values of the required depth of application [or each category 

for the four tests are given in Table 1-6 in nondimensional expressions.
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Irrigation performance category for four 
irrigation tests.
 

Table 1-6. 


Test 
II III IV V VI
 

N3. I 

24 not not
0.8<HR<1.	 not H >1.24 HR<0.8 

possible R 	 possible possible
 
U >0.9 E >0.9
U >0.9 
 d d 

H >1.15 H 	<0.9
 
not 	 10.9<H <3 15 not not 


i possible possible
 
6 


possible 

Ud <0.9 Ud<0. 9
 

Ud<09 


HR>1 HR<0.8
 
3 not IO.8<HR<1.18 	 not i not 


possible possible
possible 

Ud<0.9 Ud<0.9
Ud<0.9 


not H >1.0 H <1.0
 
2 not HRl.0 	 not R R
possible
possible
R
possible 


Ud<0.9 Ud<0.9
Ud<0.9 


the date in Table 1-6 and Fig. 	1-7 enables 
an additional
 

Analysis of 


The following are the main points.
 comparison between the various 	tests. 


( i) The best irrigation quality is achieved in 
test No. 7. The 

the 
irrigation performance is satisfactory for 

a relatively wide range of 


Even if the required depth is in 	the range 
of 80 to 124%
 

required depth. 


of the average depth applied, the irrigation 
performance is satisfactory.
 

The water distribution is highly 	satisfactory 
with
 

= 0.957 (UCC = 0.914)
Ud 


Tests 2, 3 and 6 have low distribution 
uniformities so
 

(ii) 


However, comparing tests 3 and 6,
 the water distributions should be improved. 


test
 
test No. 3 exhibits a better irrigation 

performance because Ud for 


No. 3 is greater than that of tests No. 6 and 
2, and the range of HR, for
 

This means
 
which the irrigation performance 	is in category 

II is wider. 
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that 	the larger deviations in the required depth are per-mitted before E or
 

become unsatLsfactory.
ES 

(iii) The irrigation performance of test No. 2 is very poor. Not
 

only the distribution uniformity is low, but also for any slight deviation
 

of the required depth from the average actually applied depth, either Ep 

= 
 If hR = 1.05
or 	ES will be unsatisfactory. If R 0.95, Ep < 0.8. 


< 0.8. In this case, both the distribution and the application depthES 

should be improved.
 

4. 	 General relationships between the border irrigation results and the
 

operating conditions.
 

The evaluation of border irrigation as derived from the water distri

a model that relates the operating con-bution pattern requires the use of 


ditions of border irrigation to the irrigation results.
 

Such a model should be aimed to provide some or all of the following:
 

a. 	to predict the water distribution pattern so that the necessary
 

and sufficient efficiencies can be derived;
 

b. 	when improvement of the border irrigation performance is required,
 

to 	determine which operating condition is to be changed; and
 

the operating
c. 	to determine further what is the required change in 

conditions and the expected improvement in the irrigation per

formance.
 

As a basis for a more detailed model, the general relationships and
 

connections between the various operational conditions and the irrigation
 

performance are described. In this description, only the qualitative
 

relationships are defined and the emphasis is on the connections between
 

the operating conditions and the irrigation performance. The basic model
 

a flow-chart diagram relating the

is 	described in Fig. 1-8 in the form of 
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Fig. 1-8. Relationships among operating conditions and border irrigation performance.
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between the various operating conditions without specifyingconnections 

the expression and formulation of these connections. The
quantitatively 

results as a function of the operatingmodel provides the irrigation 

which are related to each other are
conditions. The irrigation results, 

water distribution within the border, average depth of 
application, total
 

quantity

water quantity applied and absorbed by the border, total water 


the border, and water losses outside the border by runoff.
 delivered to 


The final results of the irrigation, which determine the irrigation
 

into the border,

performance, include the water distribution infiltrated 


the total quantity of water delivered onto the border, 
the total water
 

applied and absorbed in the border, and the amount of runoff.
 

a result
 
The final distribution of water depth within the border 

is 


of the opportunity time and infiltration equation. Nonuniformity of soil
 

properties, mainly infiltration and moisture capacity, 
may also affect
 

a result of advance and
The opportunity time is
the distribution pattern. 


recession times.
 

the product

The total quantity of water delivered into the border 

is 


of the inlet stream and shutoff time. However, depending on the advance
 

on overdike flow, part of the
 
and recession, and to a smaller extent 


Consequently,
quantity delivered is lost outside the border through runoff. 


the quantity of water applied and absorbed by the border is reduced.
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Chapter 2
 

EVALUATION OF BORDER IRRIGATION BY FIELD TESTS
 

1. 	 Introduction
 

Evaluation of border irrigation can be carried out in two major ways:
 

a. 	evaluation based on field tests that provide the data needed
 

to estimate the final water distribution for a known set of
 

operating conditions.
 

b. 	evaluation based on theoretical models which permit 
prediction of
 

the various operatthe final water distribution as a function of 


ing conditions.
 

Most of the
 
This chapter deals with evaluation based on field tests. 


required data are directly measured during irrigation 
tests.
 

The information to be collected during irrigation tests 
can be determined
 

from Fig. 1-8 considering two principles:
 

the measured factor should be reasonably easily measured, 
and
 

a. 


the final

the measured factor should be as near as possible 	to
b. 


irrigation results as described in Fig. 1-8.
 

follows. To evaluate the
 
These two principles can be further explained as 


soil uniformity,

distribution of water depths, the three nearest 

factors are: 


However, direct measurement of opportunity
infiltration and opportunity time. 


time is impractical, therefore, the successive factors to be measured are
 

advance and recession. To determine the total quantity of water delivered
 

into the border, the two nearest factors are shutoff 
time and inlet stream
 

size; both are easy to measure.
 

Evaluation of the quantity of water applied and absorbed within 
the
 

border requires the measurement of the runoff, which 
can be carried out
 

during field tests.
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Determination of the water quantities in terms of depths requires 
the
 

measurement of the dimensions of the border.
 

Finally, a field test for border evaluation includes direct 
data
 

collection of the following:
 

shutoff time
infiltration depth 


inlet stream size
soil uniformity 


runoff
advance 


width and length.
recession 


2. 	 Utilization of data measured during field tests.
 

The data that are obtained during field tests are utilized in the
 

following steps:
 

a. 	Infiltration.
 

The cumulative infiltration is measured in several 
locations
 

(1979)). The relationship

within the irrigated field (see Peri et al. 


between the infiltrated water depth and the opportunity time can be
 

assumed to be of the general form
 

(2-1)

z(top At B 


op) 	=Aop
 

in which
 

z(to) = cumulative infiltrated water depth
 

top = opportunity time 

A, B = constants with 0 < 	 B < 1.0 

z and top are plotted, for each testThe measured values of 


Generally, the several tests produce curves
 separately, to log-log scale. 


which are nearly parallel lines on the log-log 
scale, but the lines may be
 

different in positions.
 

After plotting the various infiltration curves, 
the probable
 

should be considered. Deviations fron a straight line,
irregularities 
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are likely to appear as a result of
 mainly in the lower part of the line, 


various factors (trapped air, open cracks, plow pan, measuring failures,
 

Considering the deviations among the several infiltration lines,
etc.). 


This line is regarded as the typical

a representative line is plotted. 


Its position is determined to
 infiltration line for the irrigated area. 


reflect the actual amount of water that has been delivered into the border.
 

Further description and demonstration is given in 
the following example.
 

b. Advance, recession and water depth.
 

For a given border (slope, surface roughness, width and length)
 

and inlet stream, the advance of the water front is recorded. Since this
 

measurement is fairly reliable, no repetitions 
are needed and one test for
 

more tests are possible, the
 
a single discharge is sufficient. However, if 


accuracy can be improved. When recession begins, the time of water dis-


The advance and recession are plotted
 appearance is also recorded. 


together. At each point the opportunity time can be determined by:
 

(2-2)

t = t - t 

in which
 

t = opportunity time at the ith point
 

= time when water disappeared at the ith point
tr 


time when water front reached the ith point.
ta = 


Using the typical infiltration curve, the water 
depth that has been infil

can be calculated by substituting the opportunity

trated at each point, i, 


time:
 

(2-3)
 
Ytypi = A(toPi)B 
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in which 

it point i as determined by 
Ytypi = the infiltrated water depL 

the typical infiltration curve. 

The total volume of water applied 
and absorbed by the border is estimated 

by: 
p p B (2-4)

Tes t = F, xxiYyty A E x. (tT 


where
 

p - number of measuring points
 

length of the border represented by point i
 x i 


infiltrated water depths.

Water quantities and adjustment of 
c. 


The total volume of water that is delivered 
into the border, D,
 

is calculated by:
 

(2-5)
 
D qtco 


in which
 

the inlet stream size
q 


t = the shutoff or cutoff time
 
co
 

the runoff, the volume
estimation of 
With a direct measurement or 


of water that has been applied and 
absorbed by the border is given by:
 

(2-6)
= 

T = D - W - EV qtco - W - EV 

in which
 

during irrigation
water evaporatedEV = volume of 

In most practical cases, especially 
when the opportunity time is relatively
 

(less than four hours), EV is relatively small and can be 
neglected.
 

short 


Theoretically, the volume of water 
infiltrated into the border, T,
 

2-6, should be equal to that calculated 
by Eq. 2-4,
 

as determined by Eq. 
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Practically, however, the two estimates are different, most 
likely
 

es t 

due to the position of the typical infiltration line. 

Each water depth, y , can be adjusted to the final water depth 

using a correction factor R:
 

(2-7)
Yi Ry 

in which 

yi the final infiltrated water depth at the ith 
point, used for 

the evaluation of the irrigation peformance 

R = correction factor to adjust for the differences between Test 

and T 

The correction factor is given by: 

(2-8)

R (PIT + 	P2Test) Ai 


P 12 Test
 

in which
 

represent the reliability and
P' P2 = weighting factors that 

accuracy of the determination of T and Tes t, respectively.
 

Usually, the estimation of the applied quantity by Eq. 2-6 is a
 

so that PI > P2 and R is often calculated
 more reliable figure than Tes t , 


= 
with P2 0 which gives:
 

(2-9)

R T 

est
 

The correction factor is used to adjust the estimated infiltrated depths.
 

Also, the typical infiltration curve can be readjusted 
by the factor R.
 

With the final infiltrated water depths at p points along 
the
 

border and with the known runoff, the water distribution 
can be plotted
 

and the irrigation performance efficiencies can 
be determined.
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Example
 

Given a border of 320 m length. The cumulative infiltration was
 

measured at four different locations within the border as given in Table 2-1
 

and Fig. 2-1.
 

The advance and recession were measured at 16 points, 20 m apart
 

(the two extreme points were located 10 m from the border ends) and are
 

given in Table 2-2 and Fig. 2-2.
 

The water depths infiltrated into the soil are calculated on the
 

basis of the typical infiltration curve and are given in Table 2-2.
 

The total volume of water applied and absorbed by the border as
 

esimated by the typical infiltration line is (Eq. 2-4):
 

T = 20 E y = 20m (1998 mm) = 40 m3/m.
 
est typi
 

The inlet discharge was 37 m3/hr/m and the shutoff time was 90 minutes.
 

The runoff was estimated at 7 m
3 /m. The evaporation during irrigation can
 

be neglected.
 

The volume of water absorbed by the border, from water quantity
 

measurements, is (Eq. 2-6)
 

= 
T = 37 -90 7 48.5 m3/m
60
 

Assuming that the water quantity measurements are reliable and represent
 

accurate information, the correction factor, R, is (Eq. 2-8)
 

48.5= - 5 = 
R 4 1.21
 
40.0
 

are given in Table 2-2.
The corrected and final water depths, y, 

The average depth applied and absorbed by the border is 

- T 48.5 
== 0.1515 m = 151.5 mmL 320
 



Cumulative infiltration at four differ.it 
locations for example border irrigation 

test.
 
Table 2-1. 


Cumulatie
 
Water Q'pths (mm) 
 ' equation
Time ,: infiltration_____
 

(min) 

400 500 
 800
80 100 200


5 10 30 50
1 2 


No.
 
Locatio 


0 6 7 0

5.5 t .
353.7 484.6


120.3 191.4 304.6 

53.7 75i.6 103.6
16.2 25,7
5.5 8.2 


4052 555.2 6.3 t
 
137.8
186.6
29.5
6.3 


S0.670
 
315.1 431.8 4.9 t


107.2
67.4
22.9
3 4.9 0670
I 


4.5 t
98.4 156.6
61.9
21.0
4 4.5 


340.9 467.0 5.3 t
72.9 1116.0 467.
24.8
typical .
 
_______ ' _48 


tpclI 


http:differ.it
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I000

_. Typical
 

-	 ~~~Point for.,, ,,f -

E 

100

0 - Adjusted /Inf iltration / 

- 0
 
C 

l I I I I I 	 II I I I II III I I I 1AI 

10001I0 100 
t (main) 

Fig. 2-1. 	 Cumulative infiltration for four different locations 

For example border Irrigation test.



test.
 
Table 2-2. Advance, recession and opportunity time, 

for example border irrigation 


210 230 250 270 290 310 
130 150 170 190 

Distance (m) 10 30 50 170 90 0 1614 15

8 10 11 12 13
7
4 5
station 1 2 3 


Factor
 

Advance 83 95 109
49 60 70

7 11 17 25 32 40 


time (min) 1 2 3 4 


Recession I 175 177 179
 
153 1157 161 165 169 172 


137 145 150 

time (min) 100 112 122 130 


8
i
Opportunity 


116 109 102 92
128 125 121
130 134 133 

time (min) 99 110 119 126 


128.1 122.8 117.5 109.6 101.5 91.3
 
115.2 123.6 130.3 135.4 138.2 141.1 140.3 

136.81 134.6 131.7 

YtyPi
y (mm) 


139.8 150.0 158. 164.3 167.7 171.2 170.3 166.0i163.4 159.8 155.5 149.0 142.6 133.0 
123.2 110.8 

Yi (mm) 


(Ytypi x R) 
 1 1 1 



250F I 2 3 4 5 6 7 
Station 

8 9I 
10 
-

11 
I 

12 
-

13 
I 

14 
I 

15 
I 

16 
I 

200-

C 

E 

150 

1I00- Shutoff Time 90min 

L 

50

0 
0 100 

Distance (m) 
200 300 

Fig. 2-2. Advance and recession curves for example border 
irrigation test. 
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The final infiltration equation is obtained 
by multiplying the
 

typical eauation by R to give
 

(2-10)

6.41 0.670
op
 

This equation describes the adjusted infiltration 
line of Fig. 2-1.
 

The actual depth infiltrated at each station 
is obtained from
 

Eq. 2-10. These
 
the infiltration opportunity time for the station and 

values are shown in Table 2-2 and on Fig. 
2-3. 

With these data the various parameters that describe the 
irriga-

The delivery efficieucy, Ed, is 
be calculated.
tion performance can 


T 48.5

Ed = D 0.874 

F, the volume of
 
The distribution uniformity is obtained 

from 


(or excess) of infiltrated water in relation 
to the mean depth
 

deficit 


applied. Thus
 

p (211)
(yi - y) when yi >F=E xi 

i=li3/
 

= 
20 m, F = 2.25 m /m and
 
From Table 2-2, using stations 3 to ll 

and x, 


the distribution uniformity is
 

T - F 48.5 - 2.25
 
48.5 05
Ud T 


The deep percolation efficiency, Ep, and 
the storage efficiency,
 

When C is the volume of
 
are dependent upon the requirement, hR.
ES, 


is the mean deficit as a depth,
deficit irrigation and hG 


(2-12) 
G 

p
E x i(h R - yi) when hR>Yi 

i=l
 

(2-13)

LhhG G 



0 
0 

50 

Distance 
100 

along the 
150 

Border (m) 
200 250 300 

,-.50 

00 

50 Y = 151.5 

200 

Fig. 2-3. Final subsurface water distribution for example border irrigation 
test. 
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(2-14)
hR hG 


y
 

and 

(2-15)

E - hG 

Table 2-3 and Fig. 2-4 show the efficiencies for various requirements.
 

Table 2-3 Irrigation efficiencies for varying required depths of water
 
test.
application for example border irrigation 


hR G hG Ep ES 

mm m3/m mm 

0 0.330 1.0
50 0 


0 0.462 1.0
70 0 


0 0.660 1.0
100 0 


120 0.18 0.6 0.788 0.995
 

0.847 0.988
130 0.52 1.6 


0.902 0.976
140 1.06 3.3 


150 2.03 6.4 0.948 0.958
 

160 3.56 11.1 0.982 0.930
 

18.6 0.999 0.891
170 5.94 


1.00 0.842
180 9.11 28.5 


48.5 1.00 0.758
200 15.51 


The irrigation performance can be evaluated and required improve

ments can be defined. 

The distribution uniformity, Ud, is found to be satisfactory with 

Ud = 0.954 (UCC = 0.908). 



1- Ud=.5 -Ca 

05 
-cat 1 

0'4-

II 

I II ' I I I I I I I I I I I"I 

0 50 100 150 200 

Required Water Depth, hR (Mm) 

Fig. 2-4. Irrigation efficiencies for example border irrigation test. 
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0.874 which is also satisfactory,
= 
The delivery efficiency is Ed 


however, some reduction in runoff should 
be considered.
 

The other efficiencies are analyzed 
with the required depth of
 

is con-

If, for example, an efficiency value 

for Ep and ES 

application. 


irrigation performance is
 E > 0.8; ES > 0.8, the 
sidered satisfactory whien 

depth is within the range:
I), when the required

satisfactory (category 

188 mm, the irrigation is inadequate and the 
< 188 amn. For h R >123 mm < hR 

123 mm, the irrigation
For hR < 
depth of application should be increased. 


is excessive and the depth of application should be decreased.
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Chapter 3
 

IMPROVEMENT OF BORDER IRRIGATION PERFORMANCE BY FIELD 
TESTS
 

1. 	 Introduction.
 

tests requires the

The 	evaluation of border irrigation by field 


estimation of the infiltration equation and the advance and recession 
for
 

a specific inlet stream and border parameters (slope, length, surface).
 

Based on the advance, recession and infiltration, the water distribution
 

pattern is determined and the performance parameters 
are calculated to
 

determine 	the irrigation performance and the need 
for improvements. From
 

the operating conditions that are to be changed can be determined.
 Fig. 1-8, 


However, determination of the magnitude of change for each operating con

field
 
dition requires further analysis. This analysis, when based on 


tests, comprises two stages: utilization of the field test data already
 

available, and implementation of the recommended changes for further
 

field tests.
 

2. 	 Identification of land nonuniformity in border 
irrigation.
 

Field evaluation of border irrigation depends mainly 
on the border
 

parameters (dimensions, slope, surface roughness), 
advance, recession,
 

infiltration, and inlet stream size and duration.
 

to changes

Improvement of the border irrigation performance is 

related 


However, the irrigation performance can be
 in the operating conditions. 


Identification
 
affected by factors which practically cannot be changed. 


of these factors is essential as the first step in 
analyzing the irriga

tion performance and determining the required improvements. 
Commonly, the
 

factors associated with this problem are nonuniform 
infiltration and
 

The 	presence and the effect of these
 
longitudinal slope along the border. 
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factors can be generally identified 
by irregularities in the advance and
 

recession curves, that is, distortions 
in the normal shape of advance and
 

Typical changes in the advance and recession, resulting 
from
 

recession. 


changes in infiltration and slope, 
are presented in Table 3-1 and shown 

in
 

Fig. 3-1.
 

resti Iing from changesand recession
Table 3-]. Typical changes In 	 advance 


sLope.
in infiltrat[on or 

advance and recession curves 
Index Changes in infiltration or Effect on 


No. slope in a specific portion
 
advancerecessionof the border 

curve steeper curveflatterI faster infiltration 
(slower)
(faster) 


f latter curvesteeper curve2 slower infiltration 
(faster)
(slower) 


steeper curve
steeper curve
3 flatter slope 
 (slower)
(slower) 


flatter curve
flatter curve
4 steeper slope 
 (faster)
(faster) 


steeper noncon-
 steeper noncon
5 depression or peak 


curve tinuous curvetinuous 

the
 
Faster infiltration and steeper slope 

have the same effect on 


Also, slower infil
recession, causing it to be faster (a 

flatter curve). 


tration and flatter slope have the same 
effect on the recession, causing
 

flatter slope
Faster infiltration and 
it to be slower (steeper curve). 


Also,
 
have the same effect on the advance, 

causing it to be slower. 


slower infiltration and steeper slope have the 
same effect on the advance,
 

causing it to be faster (flatter curve).
 

the irregularities in the
 Consequently, a simultaneous study of 


advance and recession curves can indicate 
the possible major factors
 

(infiltration or slope) causing the irregularities.
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0 - Normal Curve 
EE -- Actual 	 Curve as a 

of NonuniformResult 
Slope of Infiltration 

RCeeDistanceDistanceF~o 	 Hf) V\1e ,1 

Faster InfiltrationSlower Infiltration 
Ef
E 


---Curv 
I-

k--


E. 	 E 

DistanceDistance 0 

Flatter SlopeSteeper Slope 	 .E.0.0J s .- -
Curves arePresented SlopeIsfil.-t"oNote: Thein Infiltration or 
for Cases where the Change
 

Occurs at the Upper Half/
 
/
Portion of the Border.• 

Distance 
Depression or Peak 

Effects of deviation in infiltration and slope
F ig.3-1. 


on advance and recession.
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Identification of land nonuniformity by the irregularities in
 

recession and advance is given in Table 3-2.
 

slope by
 
Table 3-2. Identification of nonuniform 

infiltration or 

in the advance and 	 recession curves. 
irregularities 

recession Steeper portion Flatter portion 

Irregularity urve (slower recession in (faster recession in 
of thesome 	 portionof thesome 	 portion

in advace curve 	 .border) rborder) 


Steeper 	portion
 
la1d 	 slope faster infiltrationadvance in some flzatter(slow 

the 	border)
portion of 


Flatter portion
 
slower infiltration steeper land slope

in sonic(faster 	 advance 

of the border)
portion 

the 	nonuniformity in infiltration or
 Using Fig. 3-1 and Table 3-2, 


can be detected by irregularities in 
the advance
 

slope along the border 


For existing border irrigation systems, 
very little
 

and recession curves. 


can be done to overcome this nonuniformity. However, it should be con

sidered in the evaluation and improvement of the border irrigation
 

performance.
 

Determining and checking of border irrigation 
improvements.


3. 


The performance of border irrigation 
as determined by field tests is
 

dependent on five main factors:
 

the 	shape of the advance curve,
a. 


b. the 	 shapu of the recession curve, 

c. 	the cuLof [ iline, 

the time between cutoff and recession 
at the head 

d. 	the lag time 

end of the border, and
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the border, including length, slope,
the physical properties of
e. 


infiltration, surface roughness.
 

From Fig. 1-8, it can be seen that the 
advance curve is a function of
 

the border physical parameters (length, 
slope, surface roughness and
 

For given border physical parameters,
and the unit stream size.infiltration) 

The smaller
the unit stream size only.a function ofthe advance curve is 

in Fig. 3-1).
is the advance curve (as shown 

the unit stream, the steeper 

The shape of the recession curve is primarily a 
function of the border
 

the recession is the
 
tlat the starting point of 


physical parameters so 


main factor in determining the recession curve.
 

these assumptions, and with a given 
infiltration, and
 

Based on 


specific advance and recession curves, 
the improvement of the irrigation
 

performance is related to changes in inlet unit stream 
size, cutoff time,
 

and length of border as changing slopes, 
surface roughness or infiltration
 

is generally impractical.
 

the unit stream size
 
The procedure for determining the changes of 


the border can be changed.
depend upon if the length of 


follows:
 
The steps in the determination of the required 

changes are as 


It is
 
Determine the time at which the 

recession should begin. 

a. 


generally recommended that the recession begin when the 
upper
 

end of the border has received the required 
depth of application,
 

From the typical infiltration 
equation, the desired opportunity
 

"R. 


time is: 

111/B 
(3-1) 

top dR 


= 
for recession to begin at x 0 is 

the desirable timeTherefore 

I/B 
tr __) (3-2) 
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b. Plot the recession curve obtained by the field tests, but starting
 

= 
at time t 	 t
 ro
 

When the length of the border is constant and cannot be changed,
c. 

determine the required change in the unit stream flow as 

follows (Fig. 3-2): 

if taL < Atr decrease the unit stream size 

if taL > At r increase the unit stream size 

where taL = the time required for the advancing water front to 

reach the end of the border, andS At r = the time interval between 

the recession at the lower and upper ends of the field.
 

The qualitative effects
This is illustrated in Fig. 3-2. 


of the unit stream size (through the advance time) is given in
 

Table 3-3.
 

the unit stream size on the border
Table 3-3. 	 Qualitative effect of 

irrigation performance.
 

Location of
 

Deep minimal oppor-
Relative Time 

relations Uniformity percolation Runoff Deficiency tunity time
stream 


(minimal infilsize 

tered depth)
 

too
 
poor large large none upper end
large taL<Atr 


too 
high lower end
small taL>Atr poor low low 


low moderate none lower and
correct t ZLAt good 

r 	 upper ends
 



250 
1 
, 

2 
, 

3 
, 

4 
1 

5 
I 

6 
I 

7 
I 

Station 
8 9 
F I 

10 
V 

II 
I 

12 
T 

13 
I 

14 
I 

15 
1 

16 
1 

200

150

E,N 
Re essl 

o AAtr i 

100 
Shutoff Tin.,. 

50
50 

I I I I t--O-

!0 30 50 70 90 110 130 150 170 190 
Distance (m) 

210 230 250 270 290 310 

Fig. 3-2. Time parameters for advance and recession curves. 
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the New Unit Stream.
4. Determination of 


The new unit stream (increased or decreased from the initial advance
 

tests. The approxicurve) is first approximated and then tested by field 


follows (Fig. 3-3).
mation of the new unit stream is as 


a. 	Draw the recession curve starting at the required time, tro, and 

L, the end of the border.approxinate thM curve past x = 

= L, mark a point distance tro below the recession curve.b. At x 

to reach
This point is the desirable time for the advance front 

the end of the border. 

through the point established c. From the origin, draw a convex 	curve 


in b. If the flow is being reduced this curve will be more convex
 

the flow is being increased,
than the original advance curve, if 


the curve will be flatter.
 

included between the recession and advance is
 d. 	The volume of water 


the point where the advance intersects
0 to 


the volume can be carried
 

calculated from x = 

the recession. The calculation of 


out by calculating the opportunity 	time at p discrete points:
 

p B (3-2)

DA Xt 


i=l i
 

The unit stream, q, can be estimated from:
 

(3-3)
 
_ D 

co 

in which:
 

t cutoff time
 
co
 

The cutoff time is given by:
 

(3-4)
t = t - t 


CO ro
 

in which:
 



1 Recession 

Desirable Beginning
 
Time of Recession tro
 

E 

Desirable Time for the 
Advance to Reach thetro 
Border End 

L 

X 

Advance and recession parameters for the approximation 
of the inlet stream size.
 

Fig. 3-3. 
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the stream and the beginning
the lag time between the shutoff of
t£ 

of the recession.
 

The lag time is a function of the stream size, slope and surface
 

According to the Soil Conservation Service (1974)

roughness of the border. 


this relationship is
 

0.2 1.2 
t 1.6 .2(3-5) 

2 S CU 
0 

where:
 

Manning's roughness coefficient
n = 


S = the border slope, and
 0
 
= = 1.49, m-s CU 1.0)


CU = units coefficient (ft-sec CU 

3-4 and 3-5 results in an equation for q 
of 

Combining Eqs. 3-3, 


the form
 
(3-6)

D 1.2
0.2 
q 

_ Ll n 

S 1.6 CU1.2
ro 2 
0
 

Eq. 3-6 can be used to
 tro D, n and S ,
For particular values of 


Once q has been found, t. can be obtained 
from
 

iterate for a value of q. 

Eq. 3-5. 

Exampl1e 

= 0.0026,
Given a border that is 200 m long, has a slope of 

S 

t = 48 min (2880 s),
0.15, and=a ,desired opportunity time of ro
 an n = 


find the flow rate and lag time when the total flow onto the border should
 

be 21 m3/m. 

of Eq. 3-6 is evaluated with q = 0,
If the Right-Hand-Side (RIIS) 

= 0.00729 in3/s/m. Replacing this 
the resulting Left-Hand-Side (LHS) is q 


value into the LHS and iterating, results in successive 
value of
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Substituting into Eq. 3-5 tesults 
q = 0.00802, 0.00804 and 0.00804 m3 /s/m. 

ill t = 267 or approximately 4.5 min. 

5. 	 Retesting in the field. 

test 	should
 
After the unit stream size has been approximated, 

a field 


be carried out using:
 

the new inlet stream size; and
a. 


the cutoff time as calculated by Eq. 3-4 or slightly shorter
 b. 


than the required time, tro.
 

During the field test, the advance and recession are measured to
 

The evaluation process
the new inlet stream size.
check the advance due to 


The 	advance can be improved further by
the 	new data.
can be repeated on 


increasing or decreasing the flow.
 

Simultaneous determination of unit stream 
and border length.


6. 


If the length of the border can be changed, the determination of the
 

more flexible since it can be associated 
with the
 

unit 	stream size is 


Simultaneous determination of unit
 determination of the border length. 


so that the opportunity times
 
stream and border length can be 	carried out 


close enough to the required opportunity
 
at the upper and lower ends are 


time, tro
 

Improving the border irrigation when both the unit stream 
size and
 

following procedure: (Fig. 3-4) 
the 	length can be changed include the 

from 	 the field tests (curveobtaineda. 	 Plot the advance curve as 


012).
 

slope as obtained by

b. 	 Plot the recession curve with shape and 

= tro.
 
the 	initial field tests, but starting 

at time t 




E6 S2 

o trto L 

",i
,i • 


L L 
UPL
00 


LongerShorter 
Length X Length 

Fig. 3-4. Procedure for the determination of inlet stream size and border length.
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a distance of
 c. Draw a curve parallel to the recession curve at 


t 
ro 

lower (curve 0415). 

d. Determine the length of the border where the parallel recession 

curve meets the advance curve for the initial stream size (point 

1). Check the deep percolation (the area between the curves of 

steps a and c) and runoff (area 1231) for this case. 

e. Choose other possible border lengths, one shorter 
and one longer 

than that obtained for the initial unit stream size. For each 

length determine the most desirable time for the advance front 

to reach the border end (points 4 and 5 on the 
curve of step c). 

Through these intersection points and the origin 
draw convex
 

for other unit
 

f. 


curves representing approximate advance curves 


The unit stream size can be estimated for each
 
stream sizes. 


curve by means of Eq. 3-6. Theoretical evaluation of the new
 

length-unit stream size combinations can be 
carried out by 	analyzing
 

the deep percolation (area confined between 
recession and advance
 

and the runoff
 
curves having the common points 0 and 4 and 

0 and 5), 


(area confined between points 4, 6, 7 and 5, 
8, 9).
 

The three possible combinations of unit stream 
size and length
 

g. 


for the initial stream size (longer length with higher stream size
 

can be compared

and shorter length with smaller unit stream 

size) 


each other to select the most favorable operating 
conditions.
 

to 


h. 	Run field tests with the selected length and unit stream size.
 

field

improving border irrigation on the basis of 
The process of 


In the flow chart of Fig. 3-5. 
tests is presented 



Field test for 

evaluation of 
existing border 
system 

sshape 

Determine required 

time, tro 
recession, starting 
a ro wt hand slope of 

Initial curve 

surface 

slope , 

FrUl.,liness 

S,, 

, n1 

i I 

Estimate nf 1-1 tratLIo P bOSSLbto 
horder length 

Determine border no 

length, L 

Determine unit D r isAAL At" Unit streamis to be 

3 stream size, q rrIncreased 

Determine cutoff 
imty 

Evalte, the irrigdischarge 

d 
e 

Can the 
be 

n 

imperviendDeterinead plo 
t needd unit 

size 
stream 
to be 

curves.• 

SCalculate tL1 1| amountDermn i2 

of water delvered,f 

SEstimate runoff, W 

diretion ofthe~ (-lljeI 

-;,size 

oe as 
border 

yess 

fieldatests.I~crese 

Evaluate the irrigation] 

performance (Chap- 2) ] 

1 . 13 

ENDad posibleend 

Determine thc most 

favorable timefor 

the advancing 
front to reach 
tile border enld 
(trob e l ow t heof recession) 

Figure 3-5. Process for improving border irrigatio!, on the basis of
 

field tests.
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2) 4 

Through the 
origin and the 

most favorable 

])raw the parallel 
recession curve 

at a distance of 

Analyze theoret
ically tile irri

gatlon performance 

advance t ime t ro fromillt, btnations Of len~th 
draw a convex 

curve represent-

actual one 
& discharge by 
est inatilng runoff, 

ing approximate 
advance Determine the 

length for the 
deep percolation 
and uniformity 

initial unit 

Calculate the stream size foc 
volume of water which the parI- ter --

confined e] recession and shorter no 

between the tie advance et 

recession cSelecs inttrsectt 

and advance ~yes 
longerl1ength. 

. associated
By trial and 	 s 
unit stream
shorter error estimate lengthSelect 
size,cutofflength with the 


unit stream 	 time andthe 	 associated unitsize, cutoff 

stream size, lag time
time and lag 


no cutoff time and
time 


I lag time
 
Define other 


3possible lengths
 

preferably
 
shorter and
 

,longer ones
 

inter-Determine the 
section points of 
these lengths with 

the parallel 
recession curve 

the origin
Through 

and these points
 
draw convex curves 

representing approx

imate advance curves 

for smaller and lar
ger unit streamli sizes 

For each of the 	last 
ca lcuadvanc(! cirves, 

.ate tle unit stream 
size cutoff time and 

lag time (Eq. 3-2, 3-3, 

3-4)
 

Figure 3-5. Continued. 6 
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Chapter 4
 

MODELS FOR THE EVALUATION AND IMPROVEMENT 

OF BORDER IRRIGATION PERFORMANCE 

1. 	 Introduction. 

Theoretical models for the evaluation and improvement of 
border
 

to predict the water distribution, and
irrigation performance enable one 


a given set of conditions, without direct field measurements.
losses for 


amounts of
 
The application of a theoretical model requires only limited 


preliminary field work to predict the irrigation performance for a wide
 

range of parameters and variables.
 

are several different models available, the input

Although there 


data 	are practically the same for every model and can 
be divided into two
 

groups:
 

a. 	basic data which include:
 

C i) infiltration characteristics
 

(ii) border slope
 

(iii) border length
 

( iv) border surface roughness 

b. 	operating variables which are:
 

( i) inlet stream size per unit of border width 

(ii) the cutoff time.
 

The output from each model is different, however, 
the models can be
 

to their output as follows:
classified according 


models that provide the advance function only
a. 


b. 	models that provide the recession function only
 

complete models that provide the advance, recession, 
runoff and
 

c. 


surface water depths.
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With any of the models, an infiltration 
function is used to estimate
 

the infiltrated water depths over the border 
for the opportunity time as
 

calculated from the advance and recession.
 

The general process of model application
2. 


the evaluation and improvement of
 To use any theoretical.model for 


same.

border irrigation, the steps are basically 

the 


These data are directly measured by
 a. Collect the basic data. 


field tests.
 

Record the operating variables (inlet stream size 
and cutoff time)
 

b. 


for the system under study.
 

c. 	According to the model output, obtain advance and/or 
recession
 

time-related

With incomplete models, the other required 


function must be determined by field 
experiments or by other
 

curves. 


models.
 

d. 	With the model-predicted opportunity 
time, the infiltrated depths
 

are calculated, and estimation
 at various points along the border 


of water losses outside the irrigated 
field is carried out.
 

e. 	The infiltrated water depths are expressed 
in a form of water
 

is evaluated.
 
distribution from which the irrigation 

performance 


on the basis of the
 
The required improvements are deLermined
f. 


established irrigation performance (change 
in applied quantities
 

the operating

and/or uniformity). Accordingly, a change of any of 


variables is carried out and the process of obtaining a 	new
 

irrigation performance is repeated.
 

For a range of possible values of the operating variables, the
 
g. 


irrigation performance can be defined 
as a function of the inlet
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stream size and cutoff time for a given set of basic data. 
From
 

these relationships the change in operating variables can be
 

that the irrigation performance is improved.
determined so 


It should be noted that no models provide an explicit value 
for the
 

irrigation performance for a set of basic data and operating 
variables.
 

to provide

Therefore, the model is used repeatedly with varying input 

data, 


No direct determina
the irrigation performance for many sets of input data. 


tion of the operating variables can be made in order to 
obtain a particular
 

irrigation performance.
 

Under specific circumstances, it might happen that several of the
 

serve as an operating condition. That is, they

basic data parameters can 


can be subject to changes. These parameters are generally the border
 

length and slope. Usually when evaluating existing borders it is im-


However, in some cases, these
 
practical to change the length and the slope. 


changes may be highly effective in improving the irrigation 
performance.
 

3. Available models.
 

There are several available models for the complete or 
partial (advance
 

or recession only) solution of border irrigation. Generally speaking, these
 

models can be classified as follows:
 

These models are used
 a. empirical or semi-empirical models. 

primarily to evaluate the advance function. A typical power 

function is assumed where its constants have been determined 

empirically. It is common also to use mass conservation principles 

to derive the function constants. 

b. mathematical models for the solution of the continuity 
and 

momentum equation of open channel flow. These models are used 
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for a complete solution of the border irrigation process. They
 

are comprised of numerical solutions of the partial differential
 

equations which with the proper initial and boundary conditions
 

can describe each of the phases of border irrigation.
 

c. mass conservation models that use the principle of water volume
 

balance, based on a simple water distribution shape, (surface and
 

subsurface) and simple equations to estimate water depths at
 

key points of the border (hydraulic normal depth for the surface
 

depths and infiltrated depths for the subsurface depths).
 

Some of the most prominent available models are listed in the Appendix. In
 

selecting a model for use in the evaluation and improvement of border
 

irrigation, a few major points should be considered. The mathematical
 

relatively good a(ctiraLe rsu.IOLS, essenLialy as accuratemodels can yield 

as tile input data with which they are supplied. These models are flexible
 

and can be used to solve a wide variety of cases. However, they require
 

extensive programming and computer time. The empirical models are relatively
 

simple but they require extensive field work and their accuracy is depen

dent on the accuracy of measurement, uniformity and repeatability of the
 

measured phenomenon (advance, recession, runoff). The mass conservation
 

models are simple to handle, and can be carried out manually. Since they
 

are based on approximations, their accuracy is expected to be less than
 

that of the mathematical models. However, practically the level of accuracy
 

of the mass conservation models is acceptable under most conditions.
 

A summary of the main features of these three kinds of models is given
 

in Table 4-1. The flexibility of the various methods to handle various con

ditions is also mentioned.
 



____ 

the three kinds of models for border irrigation.
 
Table 4-1. Qualitative comparative evaluation of 


Field Accuracy Flexibility

Computer Expenditure
Programming
Feature Overall 	 and
Tests
of
Time
Simplicity
Kind o 
 Time
 

Model 

Poor as
High due to Many 	 Poor
 

MinMinimainimal
A. 	Empirical Medium a result
field and 

lab tests 
 of soil
 

hetero
genitY
 

High
Minimal High
I Highcated Extensive High
• Compli-
B. 	Mathematical 


Medium to
Minimal Medium 

Simple Minimal Minimal Low 


C. 	Mass 

Conservation 
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Although each of the models can 
be used to evaluate the irrigation
 

performance, following the procedure 
discussed in Chapter 2, a mass conser

vation model will be discussed in 
more detail.
 

the
 
The use of mass conservation models 

is recommended because of 


following advantages:
 

to apply and the final results can be 	ob-

The models are simple
a. 


tained by manual calculation, 
although programming can help 

in
 

the 	extending of the model application 
to many cases.
 

is easy to follow and under-

With the mass conservation models, 

it 

b. 


to relate specific
 
stand the various phases of the irrigation 

and 

time too short, etc.) Lo tie hastc 
results (slow advance, .tolI'I 


data and operating variables.
 

Although assumptions are made to simplify the models, the final
 
c. 


results generally are accurate 
enough for practical usage.
 

The mass conservation models 
exhibit a high degree of generality
 

d. 


the common varying cases of
 They can cover all 
and practicality. 


border irrigation. Consequently, these models can 
be applied to
 

any case of border irrigation.
 

the mass conservation model is 
further discussed
 

The application of 


specific circumstances, other
 However, according to 
in the next section. 


empirical) can be used when their 
application is
 

models (mathematical or 


favorable.
 

a mass conservation model
 4. Application of 


The mass conservation model used 
herein for the evaluation of border
 

the algebraic model as presented 
by Strelkoff
 

irrigation is based on 


adjust it as
 

(1977), with some modifications 
to simplify the model and to 


a tool in the evaluation of 
the irrigation performance.
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There are four main categories of border irrigation, all of which
 

(see schematic
These categories are: 
can be treated by the model. 


description in Fig. 4-1)
 

a. Border irrigation with free drainage at 
the downstream end. 

b. Border irrigation with a downstream dike 
and a relatively long 

cutoff time so that the border iscompleteLy 
covered before cutoff 

occurs and a horizontal pond covers 
the border at cutoff time. 

c. Border irrigation with a downstream 
dike and a moderately long 

cutoff time so that the border is completely 
covered before cutoff 

occurs but a horizontal pond covers 
only a portion of the border 

shortly after cutoff.
 

short
 
Border irrigation with a downstream dike 

and a cutoff time so 

d. 


Within
 
that the border is not completely covered by cutoff 

time. 


three subcategories:
this category are 


d - recession at the head end starts before 
the water has
 

the end of the border.
advanced to 


d2 - recession at the head end starts after 
the water has advanced
 

the end of the border, and there is 
sufficient water to
 

to 


the entire border.
form a horizontal pond over 


starts after the water has advanced
the head end
- recession at
d3 


to the end of the border, but there is enough 
water to form
 

a horizontal pond over only a portion 
of the border.
 

so short that the water
 
that the cutoff time is 


Another possibility is 


This situation can be identified
 the end of the border. 
never advances to 


by the model, but is not analyzed.
 

The first stage of the model is the 
calculation of the advance phase,
 

After the advance phase is
 
which is the same for all four categories. 




SGraded
 
border
 

lirrigation 

ehuen
 

done?
 

analysis 


Free I No Es 

drainagedie
 

Category a 
 ?Ye
 

Ponded 
System 

to n Ioderate to longbefre 


cutoffcutoff A_me
 

}No
 
Short cutoff Inie>No Mdrt 

time ordercutof f time 

time d Category c 

Yes 

ecessionLon,,, 

F ategory dl- Yes beoeavnecutoff time 

toedCategory b 

No
 

Ca tegory d 2 (-' u .u 3 

possible categories of border irrigation.
Fig. 4-1. Schematic description of 
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the model checks and identifies the specific 
category. For
 

calculated, 


the model provides the recession
 
the free drainage category (category a), 


starting time and the recession curve together 
with the runoff before
 

For the other three cases with ponded water
 and during recession. 


and provides
the model identifies the expected case 
(categories b, c, d), 


Finally, when the
 
the recession starting time and recession curve. 


advance, recession and runoff losses are known, 
the distribution of the
 

irrigation

depths of water infiltrated into the soil is 

established and tile 


performance is determined.
 

The detailed procedure is given in Fig. 4-2, 
in which reference is
 

For
 
made to equations which are briefly explained and 

listed below. 


more details see Strelkoff (1977).
 

Surface shape factor (all categories).
a. 

factor for the surface flow, r y, represents the ratio The shape 

the rectangle of area, do(t)Xa(t),
the surface to
of the volume of water on 


where
 

d (t) = surface depth of flow at x = 0 
0 

x (t) = advance distance at time t 

a monomial 
If the surface profile can be assumed to have 

the shape of 


< 1, the surface shape
 
power curve of degree S (see Fig. 4-3a) with 0 < 

factor is
 

(4-1)

1 

y 1+5 

f is known, it is generally assumed that 5 = 0.25, 
If no particular value of 


thus r 0.8.
 

shape factor (all -a.Legor ls).
). Subsurrface 

factor, r z , represents the ratio of the 
The subsurface shape 

area Yo(tXa(t),

volume of water infiltrated to the rectangle of 
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1Start 

Establish basic data: 
Infiltration equation; 
length of border, L; 
slope, S O ; roughress, n; 

inlet stream size, q; 

cutoff time, t C0 

Determine surface and9 

subsurface shape factors, 
r y and r z (Eqs. 4- 1., 4-2)ye 

T 


Calculate pstream normal 
depth of flow, do(t), and 
volume supplied to field, 

r(tEdaqs. 4-3 4-16)endd 

-Downstream1 

SSet time, t, to a small [ 

= vlue, e.g., t 200s 

Calculate depth infil-


trated at head end, 

Yo, for t (Eq. 4-4b) 


I 

calculate advance, x(t) 

/ x () >
vesCalculate 


Note time, taL, 


advance reaches 


Calculation of 

Increment t y 
advance comp ILete 

small value, 
e.g. 2002 

Calculate 
ponded water 

volume, Vp(ta) 
at end advance 

(Eq. 4-6) 

Advance does 

no not reach end 
p at ) 0of border; 

no analysis done 

Border .y.s Ponded
 

C e conditions 
t 

no b 

has free 

dra inage 

Calculate tag 
time, tz.
 

(Eq. 3-5 or 4-7b) 

I
 

Calculate start
 
of recession,
 

( tro (Eq. 4-7a) 

average
 

infiltration rate,
 

I (Eq. 4-8b)
 

Calculate runoff 

rate, ql (t ro) 
recesion 

begins (Eq. 4-9) 

conservation

Evaluation of graded border irrigation by mass 
Fig. 4-2 

model (algebraic model)
 



Calculate change in 


surface depth with 


distance, S> (Eq. 4-10) 

e Sy 


Ca.lculate parameter,
 
C (Eq. 4-1.1)
 

Calculate factor 

rec (C3/2L) (Eq. 4-12)- I 

Set x to some small 
fraction of 1, 

Calculate . 

(Eq. 4-13b) 


C.ulate factor 

Calculate recession time,I 
tr (x) (Eq. 4-13a) 

noe
 
Increment x by
 

small fraction
 
of L
 

Calculate volume on
 

surface, Vp(tro) at
 

beginning of recession
 
(Eq. 4-14)
 

Calcu-late volume
 

infiltrated, V(tro) at
 

beginning of recession
 

(Eqs. 4-15a or 4-15b)
 

Calculate volume of 
runoff, W(tro), when
 

recession beins (Eq. 4-17) 

Ca.cu.a factor
 

Rro (C L) (Eq. 4-18)
F
 
Irec
Calculate the total
 

runoff, W (Eq. 4-1.9c)
 

Advance and recession 

complete for Category a
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Ponded Conditions I[Determine time that 

recession begins, tro, 

by trial and error 
(Eq. 4-21c) 

Set t to t ro 

Increment t by 
cutoff time is small value, e.g. 200s 

long
moderate to 


recession
 r _Calculate 


Calculate volume distance, xr(t)

(Eq. 4-22)Infiltrated, V(tco) 


at cutoff (Eq. 4-15)
 

no
]
Calculate surface 

depth, Yo, at cutoff 

i(Eq. 4-20b) 

yes
 

Recession 

comp le ted 

Advance and 

complete
 
Longrecession


ponding

complete 

Category b
 

Calculate volume
 
infiltrated, V(tro), 
when recession begins
 

(Eq. 4-21b)
 

5
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Short cutoff time
Moderate cutoff time, 

Category d
partial ponding 


_Category c 


Calculate point, Calculate depthXri where recession of flow, dF , at the 
begins (Eq. 4-23) advancin; front
begins ((Eq. 4-25a) 

Calculate recession
 
Solve for tro anddistance, xr(t) 
xa (tro) (Eqs. 4-5 and

(Eq. 4-22) 
4-25b) 

I 

SAdvance and 

recession complete 

for Category cys 9a 

[ Category 
r1 

d 1 

Calculate point 
where recession 
begins at t = taL, 

(Eq. 4-26) 

Calculate recession 

distance, Xr(t) 
(Eq. 4-22) 

Advance and 
recession complete 
for Category dI 
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I9 
8 

9 

[Categories d2 or d3 

Coalculate 
[depth, Yo,g 

nurfa 
at(q t-= La l , 

no ategory d 

Calculate point 
es where recession 

begins at L " taL 

Complete pondng 
(Eq. 4-26) 

Category dC 

beginning 
of recession to ( 

(CalculateCalculate recession 
distance, xr(t) 

(Eq. 4-2c)2e) 

distance, WrOt 

(Eq. 4-22e) 

recession complete 

for Category d 3 

U1. il', depths 

F~dvnceandof ,t~ rinfiltrated, 

9eES, 
Caicul ate efficiencies 

E Ed Ud 

alulate Sefic 
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Monomial Power Curve of
 

Xa(t) 

a) 	General Description of Surface and Subsurface 
Water Profiles During Advance 

Water Surface 

Border Bed 	 --SY L'-.L.. 

at the Beginning of X t
Surfaceb) Assumed Water 

Recession-Free Drainage 

Fig. 4-3. 	 Description of surface and assumed water 

profiles lit border irrigation. 
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where 

x = 	 0 
= depth of water infiltrated 

at 

yo(t) 


The subsurface shape factor can be approximated 
by:
 

(4-2)
 
L___I 	 _ 

z 1+B 

(Eq. 4-4a).
where B is the exponent in the Kostiakov equation 

flow at head end (all categories).
c. 	Normal depth of 


to the border, it is assumed that
 When water is being applied 


the flow depth at the head end of 
the border, d0 (t) is that of the normal
 

From Manning's equation
inlet stream, q.
depth of flow for the 


-0.6
 
(4-3)0 .5 0 < t < tco
d0( 

the 	head end may increase to some depth,
 
If ponding occurs, the depth at 


Y > d (t).
 

infiltrated at head end (all categories).

d. 	Depth of water 


When the infiltration function is of 
the Kostiakov form
 

(4-4a)

Z(L 	 ) At B 

end 	 of the border isthe headof water infiltrated atthe 	depth 
(4-4b)


0 < 	t < t (0)
Yo(t) = AtB 

r 

where
 
= 


= time that water recedes from point 
x 0
 

t (0) 
r 

Advance function (all categories).
e. 


Although there are many methods of 
calculating the advance
 

time, the volume balance method 	is often 
used
 

a function of
distance as 


From the volume balance
 
because of its simplicity and relative accuracy. 


(4-5)
 
Xa~) y o q=t r
x t . 

r d 	(t) + r y0 (t)
a 




71
 

Surface volume when advance reaches end of 
border (test for
 

f. 


advance 	reaching end).
 

the advance reaches the end of the border
 
If it is assumed that 

then the surface volume of water when advance 
is completed

after cutoff time, 

is:
 
(4-6)


Vp(taL) = qtco - r L Z(taL) 

where
 

= the surface.
VP (t) volume ponded on 

If Vp(taL) is negative, it means that there was not sufficient volume 

the end of the border. This condition is 
inflow to advance the water to 


not considered further.
 

g. 	Start of recession time (free drainage, 
category a).
 

= t (0), given by
time t

Recession begins at the head end at 


roorco
 (4-7a) 
tro =tco +t z 


The lag time, t,, can 	be calculated from Eq. 
3-5 or according to Strelkoff
 

(1977)
 

d (tco)L (4-7b) 
tk 2 q 

Average infiltration rate at beginning 
of recession (category a).
 

From the Kostiakov cumulative infiltration 
function,the infiltra

h. 


tion rate at any time is
 

(4-8a)
dz B-

dt op 

rate along the border can be 
that the infiltrationIf it is assumed 


that recession begins, 

approximated by a straight line at the time 	 the 

average infiltration rate, I, is given 
by
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B-	 (4-8b)(t ro taL)= BA2 1t ro B"I + - a 

If the infiltration time at any point is reasonably long, 
I will also
 

approximate the average infiltration rate at any time 
t > tro.
 

i. 	Runoff discharge at beginning of recession (category a). 

It is assumed that at the beginning of recession the combined 

the 	original flow rate onto
 
runoff and infiltration rates are equal to 

the border, then
 

(4-9)

qL(tro) = q - IL 

where
 

qL (t)= the runoff rate
 

Change in iurface depth with distance (category 
a).


J. 


is the normal depth for
 If the downstream surface depth, dL(t), 


the change in surface depth with distance, Sy, 
is (see


the 	flow, qL(t), 


Fig. 4-3b)
 

(4-10)
d 1 nqL(t) 0 


y L LC .
 

k. 	Parameter C (category a).
 

To simplify calculations a paramleter, C, is 
defined as
 

CUS0.5 S5/3 
(4-Il)~=CUC =nl 

(u) (:,tegony a).
1. 	Recession factor, rec 


An integral of the form
 

(4-12a)u d 

o /+rec 


is used in the calcula,';on of the recession. According to Strelkoff (1977),
 

Eq. 4-12a can be evaluated by
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((-1) u(21 + 3)13 u < 1 (4-12b) 
Re(u) =E (21 + 3)/3
rec J=O 

u > 1 (4-12c)(i-21)/3 21)/3 - 4.71238-Rre(U) = ((-1)0 u(l 
Rrec Ei=O 2 2 

arises because of a discontinuity in the4-12cThe constant 4.71238 in Eq. 

= I if only the series terms of the equation are 
value of Rrec(u) at u 


(u) for 0 < u < 10. 
used. Fig. 4-4 gives a plot of R 


m. Recession time (category a).
 

According to Strelkoff the time that the water recedes at point 

x is 

IC 3/2 rec e (C3 /2k)] 4-13a)
tr(X =ro R[R (C3/2 L) - Rt W t + -Y 

where
 
k= L-x (4-13b) 

water at beginning of recession (category a).n. Volume of surface 

As the water surface is assumed to be a straight line at the 

beginning of recession, the volume of 
surface water, Vp(tro) is 

S L2 

(4-14) 
VP(tpro = y2 

recession (category a). 
o. Volume infiltrated by beginning of 


If the subsurface water profile is assumed 
to be a straight line
 

when recession begins, the volume infiltrated by that time, V(tro), is
 

(4-15a)L [z(t ro) + z(tro - tal)] 5 )
2(4
V(tro ro ro a 

it is clear that the infiltrated depth is a concave line 
rather 

g.:.,'",er, 


This concave line can be approximated 
by two straight
 

than a straight line. 


= = z (tro - taL) + K [z(tr) 
lines meeting at x KL (0.5 < K < 1) and y 


Fig. 4-5). This approximation results in
 
- t aL) ] (seeZ(t 
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4.0, 	 40 

353.5-

303.0 

2.5-	 -25

20 0!2.0 

-15
1.5 

- 101.0-

505 -

00 2 4 6 8 1 
U 

Fig. 4-4. 	 Generalized recession and runoff
 

functions (from Strelkoff, 1977).
 

Flow Direction L 

KL (I-K) L 

I1A \r,'NANI/ 	 \V 

J 
b 

5h. 
N 

,__ 

N 

Straight Line 
A pproxi mat ion 

0 '~Two ine Approximation 

N 

-(-K)Az 

Fig. 4-5. 	 Assumed water distribution profile for the
 

calculation of the 
Infiltrated volume.
 

0 
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- K) z (tro - taL)] (4-15b)

V(t)ro L[Kz(tro) + (1 


0.5, Eqs. 4-15a and 4-15b are identical. K can be
 
Note that when K 


approximated by:
 

(4-15c)

1 


1 +B
 

More details
 
where B is the exponent in the Kostiakov equation 

(Eq. 4-4a). 


(1979).
about selecting K are given in Peri et al. 


p. Volume of water delivered by beginning of recession 
(category a).
 

The volume of water delivered to the field, D, is
 

(4-16)
=D qtco 

q. Volume of runoff before recession (category a).
 

The volume of water that runs off before recession begins,W(tro),
 

is the difference between the applied volume and the sum of the surface
 

storage and infiltrated volume. Thus
 

(4-17)

) = D - V(t ro) - V (t )W(t 
 p ro
ro ro 


Runoff factor, Rro(u) (category a).
r. 


An integral of the form
 

u C5/ 3d 
(4-18a)


R (u) f 
1 + 2/3ro 


According to Strelkoff (1977),

is used in the calculation of the runoff. 


Eq. 4-18a can be evaluated by
 

"i (8 + 2i)/3
 
i <i (4-18b)(u) (-I) u 

(8 + 2i)/3
ro = 1=00 

2 - .u 4/3 3t]2/' 
,II(u) +RRro(u) 2 4 + .. - .
 

0 (_i (-2 - 2i)/3
 
u >1 (4-18c)(-I) -u 

- 2i)/30 (-2 

< 10.
Fig. 4-4 gives a plot of R (u) for 0 < u 
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Runoff during recession (category a).
s. 


The runoff during recession is given by the 
total runoff less
 

the runoff before recession began, that is
 

(4-19a)
WrtW = 	 WI(t) - W(tro) 

or 
S 1323/2 (4-19b)


Wr(t) = 	 - tR (C2L)- R (C Z)] 

C3 to ro
 

where
 

= the runoff volume during recession up 
to time t
 

Wr (t) 


The total runoff for the irrigation, W, is given by
 

S3/
 

(4-19c)

W W(tr) + RR (C3 2 L) 

Head end surface depth at cutoff (test for category b or category c).
 t. 


For ponded conditions it is first assumed 
that the water surface
 

Thus, the ponded water volume is
 is horizontal at cutoff time. 


(4-20a)
Vp(tco )L[Y + 

where
 
= 


Yo = surface depth at cutoff for x 0
 

However, tne ponded water volume is the 
difference between the applied
 

) as given by Eq. 4-i5a or
 
water, D, and the infiltrated volume, 

V(t 


can be calculated as
4-15b. 	Therefore, Y 


D -V(t ) SLt 
(4-20b)
 

co 0 
o L 2 

> 0, the cutoff time is considered large 
and the system is of
 

If Y 


< 0, the cutoff time is considered moderate and the
 
category b. If Y 


system is of category c. 
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u. 	Time recessio-, begins (category b). 

begins when the surface water depth is zero 
at the head 

Recession 

end of the border, thus
 

S L
2 

= 	 (4-21a)
p(ro) 2 

0 o(t 


The infiltrated volume, V(tro), is 

(4-21b)S L2 

o~ 

ro 2
 

for t in
 
and t can b determined by trial and error 


(4-21c)

V(t ro) L [Kz(t) + (1 - K) z (t - taL) 


time (category 	b).
 
v. Recession 	distance as a function of 


The point at which recession is taking place at any time t > tro
 

a stepwise fashion by equating the decrease 
in sur

can be calculated in 


increase in subsurface storage over 
a time increment
 

face volume to the 


two
 
Fig. 4-6 shows the surface and subsurface 

water profiles at 

At. 


t - At. The decrease in surface storage over 
the time
 

times, t and 


increment At is
 

- x (t - At)]2

S r(t)
Ix 


AVp = 2 +
 

(4-22a)

(t - At)]

S [L - x (t)]l r(t) - x 


same time increment can be
 
The increase 	in subsurface storage over 

the 


approximated by
 

[Az + Az l
 - x (t - A()I
Az[x (t) 
 T 	 (4-22b)
+ [L - xr(t)]
AV 

(4-22c)
 
- At - ta(X)]


= - t (x)] 	- z[twhere Az zt 


(4-22d) 
Az L z[t - t aL - z[t - At - taL 



(t)X[ AVpP-t= t -At xl-

Azt =t -At 

t = tAzV 

two times, t and t-At, for ponded
 
Surface and subsurface water profiles 

at 

Fig. 4-6. 


conditions.
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(t) results in
 
Setting Eq. 4-22a equal to Eq. 4-22 

b and solving for xr 


x (t) = L + 

2
Az_ - 2S[_Xr(t-At)] - 4S [L-x (t-At)]Az + Az 
L - 0 oA x L (4-22c) 

2S 0 

The RHS of Eq. 4-22e does containoneunknown 
term, that is ta(x) 	[via
 

If it is
 
], however a reasonable approxination 

can be made for ta(x). 

AZ 

can be inserted after making
 
deemed necessary, an improved value 

for ta(x) 


In most
 
a first calculation for xr(t) and 

the equation can be iterated. 


practical cases this iteration 
will not be necessary, in fact 

Strelkoff
 

(1977) has assumed
 

(4-22f) 
tta = a3 

A better approximation can be 
made by assuming the advance was
 

for all x. 

= 


= 	 Xr (t - At),
Xr () be that for x 
linear and letting the advance 

time to x 


that is
 

(4-22g)(-2gXr (t - At) taL 
= LLa Wx -

aL
 

By assuming the advance to 
be linear, the advance time 

to any point x < L
 

= xr (t - At)
 

is overestimated, however, 
using the advance time to point 

x 


= 
xr(t), therefore, the errors
 
underestimates the advance time to point x 


= tro 


Eq. 4-22e is solved by starting 
at t + At
 

will be compensating. 


= 

- At = tro and xr(t - At) 0.
 

so that t 


Point where recession begins 
when recession begins shortly 

after
 
w. 


cutoff (category c).
 

When the cutoff time is moderate, 
there is not a sufficient
 

volume of water applied to 
the border to form a pond with a horizontal
 

of Eq. 4-20b has a negative 
value.
 

the entire border and Y0surface over 
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However, shortly after cutoff, a horizontal water 
surface does form 

Xri. This point can be determined from a downfieLd beginning at a point 

the infiltratedvolume, D (Eq. 4-16),
volume balance between the applied 

4-15b) and the surface volume.
 = t in Eq. 4-15a orvolume, V(tco)(tco ro co
 

That is 
0.5 

(4-23)
xi L -2[D - V(tco)] 0 

Recession distance as a function of time (category 
c).
 

x. 


The recession distance for this category 
is calculated sImilar
 

to that for category b (Eq. 4-22e), however, the first calculation will
 

= 
ttro +At, so that t - At tro and

be for time, 


(4-24)

Xr (t - At) = Xri 

= 0 (test for category
 
y. Advance distance when recession 

begins at x 


dlor categories d2 or d3).
 

it is assumed that the depth of water at 
the advance front,
 

If 

of which into a normal velocity v F ,
that depth which correspondsdF, is 


turn is the average advance rate, then
 

1.5 

(4-25a)
.5dF = C 0 

t al CU S o0 

the surface water profile, when recession
 it is assumed further, that
If 


zero at
 = 0 is that of a triangular wedge with 
depth of 


begins at x 


= then the volume balaice equation aL t = tro
0 and depth dF at xa(tro), 


is
 

(4-25b)
ro _ xa(t)r =rz z(tr) + 2- D 


x 
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to evaluate Xa (t ro)) by
Eq. 	4-25b can be solved for t (using Eq. 4-5 


ar
 

ro 

(t ro) > L, a physical impossibility, recession trial and error. If xa 


start after advance has reached the end of the field, that is
 
must 


xa(tro) < L, recession
 t 	 > L and the system is category d2 or d If 


ro taL2 

the 	system is
 
starts before advance has reached the 

end of the field and 


category dI.
 

Point where recession begins (category dl).
z. 


When recession begins before advance 
has reached the end of the
 

at or shortly after
horizontal pond develops
border, it is assumed that a 

The point where this pond begins is found from a volume 
time, t L. 


balance as
 
10.5L 	 Z(taLd]21 


(4-26)

Xri 	=L-So -L
xiD 


(category d,).
 
aa. 	Recession distance as a function of 

time 


The recession distance for this category is calculated in a
 

in a manner similar to that for categories b and c, however, 
the
 

taL thus the first calculation is 
for
 

= Xri at t = 
recession starts at x 


(4-27)

= t 	 taL + At 

bb. Head end surface depth when 
advance reaches end (test for 

category
 

d2 or d3).
 

the border, a horizontal
 
When the advance reaches the end of 


From a volume balance, the depth of
 
formed soon thereafter.
pond is 


be determii;edthe 	 head end can as 
water at 

S 11 (4-28)
 
Y D - r z(t

2 z al
o 	 L 
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> 0, the entire border is covered by the pond, and the system is
 If Y 


< 0, only a portion is ponded and the system is of
 
of category d2* If Y 


category d3.
 

time (category d2).
cc. 	Recession distance as a function of 


The time that recession begins at x = 0, tro, can 
be found from
 

Eq. 4-21c and the recession distance x
r(t) can be obtained from Eq. 4-22e.
 

a function of time (category d3).
dd. Recession distance as 


as given by Eq. 4-26 and the
 
The 	horizontal pond begins at Xri 

recession distance can be obtained 
from Eq. 4-22e.
 

ee. Final subsurface water profile 
(all categories).
 

The final depth of water infiltrated 
at any point is given by
 

(4-29)
 
=
Yx Z[tr(x) - ta(x)] 

Example (Category a)
 

A border with the following physical characteristics 
is irrigated
 

with free drainage at the end. 

A = 0.0005 m/s0.6 

B =0.6 

S = 0.001 o 

L = 200 m 

0.05 	m1/
6
 

n = 

The cumulative infiltration curve for 
this soil is shown in Fig. 4-7. 

The operating variables are chosen as 

q = 0.005 m3/sm 

t = 2500 s 
co 

Fo[lowing Hi.' scheme given In Fig. 4-2: 

r = 0.8 (,ssu,,md) 

1+0.6 0.625 (Eq. 4-2)rz 1 0.6 



Time (hr) 

5 6 70 	 2 4 

200 

-150E 
E 

z=AB 

2 / 	 A = 0.0005 m/sB
 

B = 0.6
10 
- /.z in m
 

ttin s
 

50
 

CL 

J0 


0 5 10 15 20 25 

Time (103 s) 

Cumulative depth of water infiltrated (z in m, 
t in s).


Fig. 4-7. 
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I (Eq. 4-3)0.0548 mO50. 6d(t) 0.00 

(Eq. 4-16)
= = 12.5 13/mD 0.005 • 2500 

For example,when s to determine the advance. 
Use time increments of 2
00


= 
t 200s
 
= (Eq. 4-4).y0(200) = 0.0005 2000.6 0.0120 m 

= 19.5 m (Eq, 4-5)

0.005 200 


= x (200) 0.8 0.548+ 0.6Z! 0.0120 

By linear
to the end of advance. 

Table 4-2 shows yo(t) and xa(t) 

up 


It should be noted that although 
cutoff takes
 

= 
3396s.
interpolation, taL 


if the
 
= 2500 s, it is assumed that the 

advance continues as 

place at t 


This is a reasonable approximation 
as nearly
 

water had not been shut off. 


80% of the border is actually covered 
by cutoff time.
 

• 200 •0.0005(3396)
- 0.625
• 2500
0.005
VP(tL) = 

(Eq. 4-6) 
= 4.29 m3/m 

VP(taL) is positive, therefore, 
there is sufficient water to 

reach the
 

end of the border.
 

(Eq. 4-7b)

0.0548 .200 = 1096 s 


S2 0.005
 

(Eq. 4-7a)
= 

tro 2500 + 1096 3596 s 


- 3396)-00.4)
200005 [3596-0.4 + (3596
I=0.6 


(Eq. 4-8b)
-

= 23.7 x 10

6 m/s -6
 

x 10 .200

qL(t ro) 0.005 - 23.7 


(Eq. 4-9)

0.000262 m3/sm 

0 6
 
" 0.000262]
1 [0.05 


(Eq. 4-10)
=0.0000467 

Sy = [ 7-70:.65 10 
-


0.0026
Li* 

http:7-70:.65


Table 4-2. 	 Infiltrated deptb at upper end of border and 
advance distance as a function
 

of time, for examples of category a and category d.
 

Time	 
2000 2200 I2400 2600 2800 . 3000 I3200 3400
 

(S) I0 200 400 6001 800 11000 112001- 1400 1600 1800 


47.8 5 3.3 56.0
31.5 38.6 41 


xa(t)i
 

0.0 12.0 23.2 


164.9 174.1 1830191.0 20.
125.2 135.6 1145.7 155.5 

(m 0 19.5 	 36.2 51.4 65.5 


CO 

Table 4-3. 	Recession time as a function of distance, for example 
of category a.
 

30 1 15 160 1 70 180 190 200
 
80 90 100I10 20 


0 1101 20 30 40j 50 60 70 


tr (xW 
3784 380360
 

(s) 3596 3614 3633 3652 3671 3689 3708 3727 3746 3765 




0.5(0.0000467) 5/3  -2/3
 

- 0.00361 (Eq. 4-11)
S0005A 


0.05 • 23.7 x 106 

R (C3/2L) = Rrec (0.0434) = 0.0404 (4 	terms of Eq. 4-12b) 
rec 

= 
For x 10
 
10 m to calculate the recession time. 
Use increments of 


(Eq. 4-13b)
= 

Z = 200 - 10 190 m 


of Eq. 4-12b)
R (C 3 / 2 ) = Rrec (0.0412) = 0.0385 (4 	 terms 

rec 

3/2 [0.0404 - 0.03851
 
tr(10) = 3596 + 23.746.7 6x 10 6 

23.7 x 10(0031 

(Eq. 4-13a)

= 3614 s 


Table 4-3 shows the recession distance 
versus time for the entire irriga-


The data are also plotted in Fig. 4-8.
tion. 


2
 
(Eq. 4-14)
2 = 0.934 m3/mVptro) 0000046(200)V (tr 

0 .6 +
 
V(tro) 200[0.625 - 0.0005(3596)


= 9.40 m3 /m (Eq. 4-15b)
0.375 	 . 0.005(3596 - 3396) 0 . 6 ] 

(Eq. 4-17) 
W(tro) = 12.5 - 9.40 - 0.934 = 2.17 m3 /m 

(4 terms of Eq. 4-18b)

R (C3/2L) = Rro (0.0434) = 0.0000794 
ro 


= 2.25 m3/3A (Eq. 4-19c)

+ 0.0000467 (0.0000794)
W = 2.17 

(0.00361)
 

data of Tables 4-2 
From the advance and recession curves of Fig. 4-8 or the 

give the infiltration opportunity
 
and 4-3, interpolation can be done 

to 


From these times
 
times at the midpoint of each 10 

m section of border. 

the depth of water infiltrated at 
each point can be calculated (as given 

and plotted as a subsirfaie water profile (Fig. 4-9). 
in Table 4-4) 

Is ' I. 2 mam. Using l' q. 2-11 to cal.-
The mean depth lnfilLrated 

the
 
culate the volume of deficit of infiltrated 

water in relation to 
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Fig. 4-8. 

40 60 80 100 120 140 160 

Distance along Border (W) 

Advance and recession curves for examples 
of categories a and d. 

180 200 



for
 
Table 4-4. Infiltration opportunity time and depth of water 

infiltrated along the border, 


examples of category a and category d.
 

2 3 1863 16 511 0011307 
! 1108 902 690


3 8 2 0
3 6 ,3 2 2 12 9 7 9 50 

Ca t------- 3554 3469 3376 2 6 


0.6 .3. 45.8 43.1 1 0.2 37.0 33.6 30.0 25.2 51.2 
(61 

58.4 56.7 4.8 52.8 


93.4 101.31 64.1
49 4 48.7 52.4 57.9 64.2 71.1 78.3 85.7 

Caterv.9 


Table 4-5. Recession distance as a function of time, for example 
of category d.
 

10396 10896
8396 8896 9396 9896
7396 7896
5396 5896 6396
4396 4896
tr(x) 3396 3896 
6896 


196.2 1200.4182.6 187.3 191.8
167.7 172.9 177.8
150.6 156.6 162.3
137.4 144.3
'-~)107.4 121.0 129.8 
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Fig. 4-9. Subsurface water profiles for examples of category a and category d.
 



mean depth applied, results in a unifornity coefficient of 0.895 (UCC = 

0.79). The delivery efficiency, Ed can be calculated as 

D - W = 12.5 - 2.25 
12.5
Ed D 

The irrigation performance can be evaluated by calculating Ep and ES 
for
 

various requirements, hR, from Eqs. 2-12 to 2-15. Plots of Ep and ES
 

are shown in Fig. 4-10.
 

The uniformity coefficient for this irrigation is near the
 

satisfactory minimum of 0.90. The uniformity could be improved by :increas

ing the flow rate so that the advance curve was flatter. From Fig. 4-10
 

it is apparent that the irrigation would be satisfactory (Ep and ES
 

mm to 63 mm. If the require
0.80) if the requirement was in the range 44 


ment is less than 44 mm, there will be too much deep percolation, 
and if
 

the requirement is greater than 63 mm, too much area will 
be receiving
 

deficit irrigation.
 

Example (Category d)
 

in the
The same border and flow conditions will be used as 


example for category a, however, the border will be assumed 
to be diked
 

at the end.
 

that for category a as given in
The advance will be the same as 


in Fig. 4-2. As the cutoff time
 
Table 4-2. New calculations begin atn 


= 3396 s, the system
= 2500 s is less than the total advance time taL
t
co
 

is of category d.
 

dF 200 - 0.05 1 = 0.00931 m (Eq. 4-25a) 

F 1 (0.001)3396 


error
 
From Eqs. 4-5 and 4-25b, tro and x (tro) can be found 

by trial and 


As xa(tro) < L, recession
to be 3778 s and 142.7 m, respectively. 


starts before advance has finished and the system is 
of category dl.
 



1.0 

U (d).
d 

0.8o~o
 
.o 

* I a I
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- / I I I 
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20 30 40 50 60 70 80 90 100 110 

Water Requirement, hR (Mm) 

Fig. 4-10. Storage efficiency, ES, and deep percolation efficiency, 
Ep, for various requirements
 

for examples of category a (a), and category d (d).
 



5 ( 3 396 ) 0 6 10.5
0.000200 0.b25r2 12.5-

0.001
Xri = 200 

(Eq. 4-26)S1.07.4 m 

after the beginningIC the recession distance is calculated for every 500s 

= at L t + At =recession is taking placeof recession, the point where 

3896s can be calculated using Eq. 4-22g for 

(Eq. 4-22g)
s
t 107.4 3396 = 1824 


a 200
 

and
 
Az = 0.0005(3896 - 1824)0 .6 _ 0.0005(3896 - 500 - 1824) 0 .6
 

x 

(Eq. 4-22c)
= 0.00690 m 


0 .6 - 500 - 3396)0.6

- 0.0005(3896- 3396)
AzL = 0.0005(3896 


(Eq. 4-22d)

= 0.02081 m 


= 
- At) = 200 - 107.4 92.6 mThen as L - x (t 
r-)
 

0.02081-4(0.001)"2(92.6) -4(0.001) 
(92.6) O0.00690+(0.02081)
 

2 • 0.001

Xr(3896) 200 + 


(Eq. 4-22e)
 
= 120.7 m 


Table 4-5 shows the recession distance as a function of time to completion
 

The data are also plotted in Fig. 4-8.
 of irrigation. 


the advance and recession
 As in the previous example (category a), 


curves of Fig. 4-8 or data of Tables 4-2 and 
4-5 can be used to calculate
 

These
 
infiltration opportunity times and depths 

of water infiltrated. 


the subsurface water profile is plotted
 
are also given in Table 4-4 and 


in Fig. 4-9.
 

The mean depth infiltrated, as calculated from the data of Table
 

4-4, is 64.1 mm. This is approximately 2.6% greater than the actual
 

but is well within practical limits.
 application of 12.5 mi rm 




= 0.914 (UCC m 0.828). Irrigation
The uniformity coefficient is Ud 


are

and ES, for various water requirements, 

hR, 
performance parameters Lp 

shown in Fig. 4-10. 

By ponding the water on the surface, rather than letting 
it
 

(category a) the uniformity coefficient 
has been improved slightly.
 

runoff 


However, the main difference between categories 
a and d is that the range
 

has been
for which the irrigation is saLisfactory

of water requirements 

63 mm of category
to mn from the 44 mm to

changed to 52 mm 77 
:i. 

Example (Category b) 

The same border as used in the example 
for category d (end diked) 

will be used, however, the operating conditions will be chosen 
as 

q = 0.013 m3 /s.m
 

t = 1389 s
 
co
 

Following the scheme given in Fig. 4-2:
 

(Eq. 4-3)

d (t) = 0.1182 m 


3 (Eq. 4-16)

D = 25.0 m3/m 


Table 4-6 shows yo(t) and xa(t) as 
calculated from Eqs. 4-4 and 4-5 for
 

s. The

By linear interpolation, taL = 1309 


200 s increments of time. 


advance is also shown in Fig. 4-11.
 

(Eq. 4-6)

Vp(ta) = 20.4 m3/m 

is positive, there is sufficient water to reach the end 
of the 

As VP(taL) 


The cutoff time is greater than the advance time, therefore,
 
border. 


the cutoff is considered moderate 
to long.
 

(Eq. 4-15a)
3

V(to) = 4.54 m

(Eq. 4-20b) 
Y = 0.0023 m 

0
 

is positive, the cutoff time is considered 
long and the border is
 

As Y 

o

completely ponded (category b).
 



Infiltrated depth at upper end 
of border and advance
 

Table 4-6. 

distance as a function of time, 

for examples of
 

category b and category c.
 

2000
1600 1800
1200 140C
oo400800 1000
600
0 200
Tim (S 


Recession distance as a function 
of time, for example category 

b.
 

Table 4-7. 


5462. 27462
 
15462 17462 19462 214621 23L62' g 


9462 11462 13462
5462 7 62

tr(x') 1462 3462 


926 203.0181.b
1.47.01 159.11170.7
106.6 120.9 134.3 

32.7 55.4, 7!-4 91.2 
Mr-~i)0 
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5 
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Fig. 4-11, Advance and recession curves for examples of categories 

b and c. 
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(Eq. 4-21b)
V(tro) 25.0 - 0.001(200)2 = 5.0 m3/m 


= 

By trial and error, using Eq. 4-21c, tro 1462s. The recession is cal

to 4-22g, with the results being Listed in
culated using Eqs. 4-22c 

Table 4-7. 

4-11 or data of TablesThe advance and recession data of Fig. 

4-6 and 4-7 can be used to calculate infiltration opportunity times and 

depths of water infiltrated. These are given in Table 4-8 and the sub

surface water profile is plotted in Fig. 4-12.
 

The mean depth infiltrated, as calculated from the data of Table
 

the actual
 
4-8, is 126.9 mm. This is approximately 1.5% greater than 

once again well within practical limits. application of 25.0 m
3 /m, but is 


= 0.638), a value

The uniformity coefficient is Ud 0.819 (UCC = 


too low for efficient irrigation. Irrigation performance parawhich is 

for various water requirements, hR , are shown in Fig.
meters, E and ES , 

4-13. The requirement range for which this irrigation would be satis

nn to 135 mm.factory, as far as Ep and ES are concerned, is limited to 121 


One could assume that the entire irrigation could be improved by reducing
 

time so that the same amount of
the flow rate and increasing the cutoff 


reach the end of the border.
 
water is applied, but it takes a longer time to 


This is the situation covered by the following example.
 

Example (Category c)
 

Once again the same end diked border will be used, however, 
the
 

flow rate will be reduced and the cutoff time increased to:
 

q = 0.01 m3/s-m 

t = 250 0 s 
co 

as in the example
The result is that the same quantity of water is applied 

for category b. That is
 



Table 4-8. 	 Infiltration opportunity time and depth of water 
infiltrated along the border, for examples of
 

category b and category c.
 

95 105 j 115 125 135 145 1 155 165 1 175 15 1 195 Y 
x (M) 5 115 J_25 1 35 45 1 55 1 65 

21115 2 06.26095 7091 8213 9377 10611 11929 13301 147304 16237 I 17806 19431 1 22858 24658
4288 	 162qI (s) I 1740 2294 '2849 I 3466 5110 	 121 

34359.1 6

Category b 25 

44yx(1)0 51.q 66.5 75.6 S4.0 193.3 102.2 111.6 120.8 130.1 139.6 149.0 158.41 168.0 177.5 187.1 215.8 6 .-. 59.1 


20674 I22363 2410810543 11796 113122 145191 15968 17476 190 4 13722 4423 5280 610 7167 8213 934224-63 2437 .3033 	 9 91Caitgory t. . .	 . 
1. 17. 	 2 20.-.12.54.2g'r 69. 185.6 	 184.8 203.6 212.9 127.53. 	 5.6 9 102.9 111.6 120.6 129.6 138.7 147.8 157.1;166.3 175.6 194.2-,(') 15.2 53.8 62.0 69.4 77.0 

Table 4-9. 	 Recession distance as a function of time, for example of category c.
 

18500 20500 22500 24500 265001 28500
10500 31250014500 16500
t.i (s) 25004 500 00 500 

176.2 187.2 197.9 202.1

xr~l14. (n)421 3.4 81. I98. 11.0 127.01 140.2 I 152.71 164. 
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Fig. 4-12. Subsurface water profiles for examples of category b and 
category c.
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(Eq. 4-16)
D = 25.0 m3/M 

Following the scheme given in Fig. 4-2: 

(Eq. 4-3)d0 (t) = 0.0831 m 

Table 4-6 shows y(t) and Xa (t) as calculated from Eqs. 4-4 and 4-5 for 

200 s increments of time. By linear interpolation, 
taL = 1911s. The 

advance is shown in Fig. 4-11.
 

(Eq. 4-6)

VP (taL) 19.2 m3/m 

(Eq. 4--.13a)
V(to) = 7.76 m3/M 

(Eq. 4-20b)

Y0 -0.01.38 m 

is negative, the border is only partially ponded (category b).

As Y 


(Eq. 4-23)

=i _ - 7.76]) 0.5 = 14.3 mXri =200 2[25.00.001 1 

The recession is calculated using Eqs. 4-22c to 4-22g and given in
 

Table 4-9.
 

The advance and recession data of Fig. 4-11 or data 
of Tables
 

can be used to calculate infiltration opportunity times 
and
 

4-6 and 4-9 


depths of water infiltrated. These are given in Table 4-8 and the sub

surface water profile is plotted in Fig. 4-12.
 

The mean depth infiltrated, as calculated from the data of
 

This is approximately 1.7% greater than the
 
Table 4-8, is t27.1 mm. 

actual application of 25.0 m3/m. 

= 0.827 (UCC = 0.654), once again

The uniformity coefficient is Ud 


an unsatisfactory value. Irrigation performance parameters, Ep and ES
 

are shown in Fig. 4-13.
 

It is apparent from Figs. 4-12 and 4-13 that the reduced flow
 

rate and increased cutoff time have done little to improve the irriga-


If this amount of water is to be applied to a soil of this type,

tion. 


the border must have a shallower slope.
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APPENDIX
 

MODELS AVAILABLE FOR BORDER IRRIGATION
 

Empirical and Semi-empirical Models
 

A Solution of the Irrigation Advance
Wilke and Smerdon (1965). 

phase in which x is related to t. 
Problem. Provides the advance 

as derived by calcuation of the
 
Regression coefficients are used, 

Philip and Farrel equation. 

Sastry and Agarwal (1972). Prediction of Irrigation Advance Function 

Provides advance phase.by Dimensional Analysis. 


Shape Factors in Irrigation Water Advance
 Singh and Chauhan (1972). 


Provides advance phase as calculated with 
shape factors.
 

Equation. 


The shape factors were derived using empirical 
equations for the
 

water profile and mass conservation.
 

Recession Flow in Surface Irrigation. Provides recession
 
Wu (1972). 


related through a recession
 
in which the distance and the time are 


factor.
 

Study of Border-Strip(1973). Physical Model
Jobling and Turner 

Provides surface profile, advance and 
recession. 

Irrigation. 


Karmeli (1978). Distribution Patterns and Losses for 
Furrow Irrigation.
 

= f + ga 
b ). 

Provides power function 
to define the water distribution 

(y 


The coefficients f, g, b are determined 
by fitting to data obtained
 

by field tests or theoretically by other 
models.
 

and Momentum
 
Mathematical Models for the Solution of the Continuity 


Channel Flow
Equations of Open 


Provides
 
Surface Irrigation using Kinematic-Wave 

Method. 

Chen (1970). 


the advance phasu. 
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Bassett (1972). Mathematical Model of Water Advance in Border
 

Irrigation. Provides the advance phase.
 

(1972). Hydrodynamics of Border Irrigation
Kincaid, Heerman and Kruse 


Advance. 
Provides description of time variation of surface 
depths
 

and rate of advance. With modifications, can be used to calculate
 

recession with specified boundary conditions at the downstream.
 

Smith (1972). Border Irrigation Advance and Ephemeral 'FloodWaves.
 

Provides the advance phase and surface water profile.
 

-

Sakkas and Strelkoff (1974). Hydrodynamics of Surface Irrigation 


Advance Phase. Provides the advance phase.
 

Bassett and Fitzsimmons (1976). Simulating Overland Flow in Border
 

Irrigation. Provides description of water movement over and 
into
 

the soil surface for either free drainage or ponding 
downstream.
 

Katapodes and Strelkoff (1977). Dimensionless Solutions of Border
 

Irrigation - Advance. Provides the advance phase.
 

Border Irrigation Hydraulics with
 Strelkoff and Katapodes (1977). 


Provides solution of advance and recession.
Zero Inertia. 


Mass Conservation Models
 

Fok and Bishop (1965). Analysis of Water Advance in Surface Irriga

phase with a correction factor which is 
tion. Provides advance 


empirical function.
derived from advance 

Surface Irrigation Hydraulics
Hart, Bassett and Strelkoff (1968). 


the advance phase derived from volume balance
 
Kinematics. Provides 

consideration with shape factors.
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(1977). Algebraic Computation of Flow In Border Irrigation.
Strelkoff 


Provides advance and recession for free drainage and end diked 
cases.
 

Calculations of runoff.
 

Peri, Skogerboe and Norum (1979). Simplified Model for the Evaluation
 

and Improvement of Basin Irrigation. Subsurface profile approxi

mated by two linear sections.
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