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ABSTRACT
 

Using a surface irrigation hydraulics s9mulation model, relationships were 

developed between water requirement efficiency and the system design 

variables. A crop production function was utilized to relate crop yield to the 

water requirement efficiency. Gross returns frorm the crop, and the costs of 

water, labor, ditch construction and crop production were considered in the 

optimization problem. Several system constraints were incorporated into tlhe 

design process. The generalized geometric programming technique was 

applied to the optimal design of border and basin irrigation systems. the 

design variables were: the length of run, inflow rate into the border, time of 

inflow, number of lengths of run, width of the border, and the number of 

border widths in the field. 
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OPTIMAL DESIGN OF BORDER IRRIGATION SYSTEMS
 

J. Mohan Reddy and Wayne Clyma
 

INTRODUCTION
 

Border irrigation systems, both graded and level, 
are widely
 

practiced methods of surface irrigation. Effective designs of border
 

systems have frequently been based on arbitrary constraints and perfor­

mance criteria. The farmer, as 
the owner of the farm, is interested in
 

the highest net benefits from crop production. Depending upon the
 

amount of water available, the cost of production and the value of the
 

produce, the farmer may or may not irrigate all the farm. 
He is not
 

sure how much area he should irrigate to obtain maximum benefits.
 

Hence, a procedure to analyze a given situation and optimally design
 

the irrigation system would facilitate effective on-farm water
 

management. This paper presents 
a procedure for optimal design of
 

border irrigation systems based on maximization of profit while incor­

porating system operation constraints and the variables of the operating
 

system.
 

LITERATURE REVIEW
 

Hall (4) presented a simple procedure to optimize the design of
 

border irrigation systems. But only maximization of the application
 

efficiency was considered. 
Vierhout (12) applied differential calculus
 

to the optimal design of border and furrow irrigation systems. Once
 

again the criteria was 
to maximize application efficiency. Wu and Liang
 

(13) presented a procedure to optimize only the length of run of a
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furrow irrigation system. 
There are many other variables such as inflow
 

rate, time of irrigation, and net depth of application which should be
 

simultaneously included in the optimization to arrive at an optimal
 

design for the system.
 

Marjai (7) developed a procedure to determine the optimum inflow
 

rate into 
a border with the other variables remaining constant. The
 

objective was to maximize uniformity along the length of the border.
 

Karmeli (6) presented a procedure to optimize the irrigation quality
 

parameters such as 
tailwater ratio, deep percolation ratio, and water
 

requirement efficiency for furrow irrigation. Though it is not
 

difficult to extend the same procedure to border irrigation, the proce­

dure becomes highly tedious and lengthy as the number of combinations of
 

the variables increases. Besides, this procedure does not a'-low for
 

system constraints. Similarly, Peri, Hart and Norum (1979) developed
 

the concept of optimal irrigation depth, considering the economic loss
 

due to deficit and excess 
irrigation along with the distribution uni­

formity of the applied water. This procedure does not specify the
 

optimal size of the irrigation unit, and the operational variables such
 

as the 
flow rate and the time of inflow to achieve the desired perform­

ance. 
 Recently, Reddy and Clyma (9) presented a procedure to optimize
 

furrow irrigation system design based on minimum costs and considering
 

the design variables, performance parameters, and incorporating the
 

system constraints. 
A similar approach for borders is presented here
 

considering maximization of profit after deriving the relationship
 

between the design variables and the quality parameters.
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SYSTEM RELATIONSHIPS BY SIMULATION
 

In irrigated agriculture maximum profit is obtained when the losses
 

are minimum and the water requirement efficiency is at an optimum.
 

Water requirement efficiency is defined as a percent of the amount of
 

water made available for plant use 
to the water requirement at the time
 

of irrigation (5). 
 Both can be obtained simultaneously with proper
 

design and appropriate management of the system. 
If losses are high,
 

excess costs are 
incurred in providing irrigation water. Net benefits
 

from crop production are reduced if the water requirement met by each
 

irrigation is less than optimum. 
Hence, there is a trade-off between
 

maximizing water requirement efficiency and minimizing losses. 
 There­

fore, the irrigation system should be designed for optimum net benefits.
 

A relationship between yield and design variables must be
 

established to optimize the system design. 
This was achieved by a
 

two-step process. First, a relationship was obtained between water
 

requirement efficiency and the design variables using a hydraulic model.
 

Second, a relationship between yield and water requirement efficiency
 

was obtained using a crop production model and the hydraulic model.
 

Later, these two relationships were 
combined with a mathematical pro­

gramming technique to optimize the design of freely draining graded
 

border and level basin irrigation systems.
 

Performance and Design Variables
 

Hydraulic simulation of the applied water is 
an important component 

of this optimization model. Conceptually the hydraulic model represents 

accurately the operational conditions of the irrigation system. Actually 

the hydraulic model provides the volumes (depth) of water that enters 

the root zone, goes to deep percolation, and runs 
off the field. The
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hydraulic model simulates these volumes for given conditions of intake,
 

slope, and design depth (irrigation requirement) and different combina­

tions of the design variables such as length of run, unit inflow rate,
 

and time of irrigation.
 

All the system variables can be constrained to specified limits for
 

given field conditions. The constraints were as follows:
 

QU Qu,max (la)
 

Qu > Qu,min (1b)
 

T. < T (Ic)
1 - max 

nL = LF (Id)
 

where Qu = unit inflow rate into the border, L/s; T. = time of inflow
 

into the border, min; L = length of irrigation run, m; Qu,max = maximum
 

non-erosive stream size, L/s; Q min = minimum flow rate required, L/s;
 

Tmax = maximum time available per irrigation, min; LF = length of the
 

field, m; and n, = number of lengths of run. After defining these
 

limits, the values of the variables were discretized to a finite number
 

and simulated by using the appropriate hydraulic model. The models used
 

in this study were those of Strelkoff and Katopodes (11), and Clemmens
 

and Strelkoff (1). Finer discretizations increase the cost of simulation.
 

The length variable was discretized into a limited number because there
 

are a limited number of acceptable alternatives, i.e., the length of run
 

may be halved or reduced to one-third. For each combination of the
 

variables, the water requirement efficiency, the volume of runoff, and
 

the deep percolation volume were calculated. Here, only freely draining
 

graded borders, and level basins are considered.
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Graded Borders
 

Graded borders are well suited to soils of moderate intake
 

characteristics and slopes. Efficient irrigation is possible by
 

balancing the advance and recession of water. 
 In graded borders, the
 

water frequently is freely draining at the downstream end of the field.
 

Hence, runoff water becomes an important component of the irrigation
 

system design. If desired, the detrimental effects of deep percolation
 

also may be incorporated into the problem.
 

After simulating for a set of given conditions and various
 

combinations of the design variables--length of run, unit inflow rate,
 

and time of irrigation--the values of the quality parameters such as
 

water requirement efficiency, and deep percolation and tailwater ratios
 

were obtained. By a statistical analysis of the data, the following
 

types of relationships were defined with a high degree of correlation,
 

between the quality parameters and the design variables. They are:
 

1L 1
 
E = K Qa TI D d 
 (2)
r Ilu i u 

R K Qa2Tb2Lc2Dd2
 (3

Rt = K2Q T L Du 

and
 

a3 b3 c3 d3
 
R= K3Q
u Ti L Du (4)
 

where Er = water requirement efficiency in percent; Rt = tailwater
 

ratio or 
the volume of runoff divided by the total volume applied; R = 
P 

deep percolation ratio or the volume of deep percolation divided by the
 

total volume applied; Du = water requirement at the time of irrigation;
 

and K to d are constants which are site dependent. For given

1 3
 



6
 

conditions and constraints, these equations provide the relationships
 

between system performance and design variables for graded borders.
 

Level Borders
 

A level border or basin is defined as an irrigation unit of zero
 

slope with the downstream end diked. The tailwater ratio is zero
 

because there is no runoff. Here, an approach similar to the one in
 

the previous section is followed. Hence, the relationship is given as:
 
a4 b4 c d4
 

Lc4  
E K Qu T 
 (5)
r 4 T L u 

in which d4 = a constant.
 

In level border irrigation the water requirement efficiency
 

relationship is sufficient to describe the quality parameters. 
There is
 

no runoff. Hence, deep percolation is the only loss in the field. Thus,
 

the deep percolation ratio can be derived easily from the water require­

ment-efficiency. The derivation is as follows:
 

Vp = KsQUT i - K6LD (Er/lO0) (6)
 

where Vp = volume of deep percolation; and K5 and K = units conversion 

factors. The deep percolation ratio is given as: 

R = Vp/(QuTi) (7a)
 

K5QuT i - K6LDu(Er/100)
5 uK Eur 
 (7b) 

100K5 QTi 

a b c 4d
 
K6K4Q Ti L D LD
 

IOOK5QT i 
 (7d)
 

or
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~~a.-1 b.-1 c.+l d.+l 
 8
 

Rp = 1 - (K6K4Qu
4 Ti4 L 4 Du4 )/100K (8)
 

Equations (5) and (8) provide the relationships between system performance
 

and design variables for given conditionb and constraints. Now, a rela­

tionship between system performance and yield is developed.
 

Yield and Performance
 

Evaluation of the optimum level of crop production for a given
 

irrigation system requires a crop production model which defines yield
 

as a function of system performance at each irrigation during the season.
 

The system performance at each irrigation in each section of the field
 

is obtained from the hydraulic model. The model used in simulating the
 

yield is presented elsewhere (10). The depth of water applied was as­

sumed constant for each irrigation during the season. Any other se­

quence of depth of irrigations maybe specified including empirical or
 

experimental approaches to defining the depth and/or the sequence. 
Once
 

the optimal depLh of irrigation and the crop production model are given,
 

the relative yield of the crop as a function of different levels of
 

water requirement efficiency, a constant at each irrigation during the
 

season, was simulated. Different combinations of yield and water re­

quirement efficiency were obtained by varying the design variables:
 

inflow rate, length of run, and time of irrigation. Other variables
 

such as slope, intake family, or design depth may be considered. A
 

yield versus water requirement efficiency function can be developed from
 

the above simulation data. For a given set of field conditions, the
 

relationship of relative yield to water requirement as obtained from the
 

simulation is shown in Fig. 1. The relationship was quadratic as
 

follows:
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Figure 1. 	Relationship between water requirement efficiency
 
and relative yield of wheat crop,
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Y = -0.279 + 0.0249 E - 0.0001212 E2 R (9)r 
 r
 

in which YR = percent relative yield, and is defined as:
 

R= Ya/Ymax (10)
 

where Y = actual yield, kg/ha; and Ya = potential yield under
max
 

optimum conditions, kg/ha. A high coefficient of correlation (r2=0.96)
 

was obtained between relative yield and the water requirement efficiency.
 

PROBLEM FORMULATION
 

Problem formulation is an important component of any optimization.
 

The problem is defined in terms of an objective function (either minimi­

zation or maximization) and related constraints. 
For this problem, the
 

objective was 
to maximize the profit from crop production, i.e., search­

ing for a particular value of water requirement efficiency and the cor­

responding values of the design variables that give the optimum net
 

benefit. 
The profits were due to crop production in a particular field.
 

The costs associated with irrigation system design are: 
 labor, water
 

and energy, ditch construction, and any negative effects of runoff and
 

deep percolation. 
If no direct costs of runoff or deep percolation can
 

be quantified, then their costs are 
included in the increased amounts of
 

water required. 
After the cost coefficients and the mathematical rela­

tionships of the quality parameters are obtained, the problem can be
 

formulated as shown below:
 

max G P YR K7 Lnk W n C] cI1 Q Ti W n. nI n ­2 C2 2 a T n. n n
 

value of
 
the produce cost of water 
 cost of labor
 

- C3 n WF - C4 K7 L n W nw C5 f (QuTi),,D)u C6 f2 (QuTi,L,Du)
 

cost of cost of 
 cost of cost of-deep (11)

ditch production runoff 
 percolation
 

construction
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where G = objective function as a futction of L, n p W, n 
 Qu and T.;
 

Pc = profit coefficient, $/ha; 
C1 = cost of water, $/L; C = cost of 

labor, $/h; C3 = cost of ditch construction, $/linear m; C4 = cost of 

production, $/ha; C5 = cost of runoff water, $/ha-m; aI = units conver­

sion factor, 60.0; a2 = conversion factot, 1/60.0; K7 = units conversion
 

factor, .0001; C6 = cost of deep percolated water, $/ha-m; 
u = fraction
 

of the time labor is utilized during the irrigation time; n. = number of
 
1
 

irrigations per season; 
nw 
= number of borders in the width direction;
 

W = width of the border, m; 
WF = width of the field, m; fl = volume of 

runoff, a function of (Qu Ti L, Du) ; and f2 = volume of deep percola­

tion, a function of (Qu' Ti L, D ).
 

After substituting the yield-water requirement efficiency
 

relationship (Eq. 9) into Eq. 11, 
and neglecting the cost of runoff and
 

deep percolated volumes the objective function becomes:
 

max G 
o 

= P K [-0.279 + 0.0249 E - 0.0001212 E2 L n W nc7 value of therproduce r 
 w 

- CQ riW n£ nw a1 u T n nwa2 - F C4 
n i -C 2 ii n w(Y2) C3 n W - K7 L n2 W n 

cost of water cost of cost of cost of
 
labor ditch production
 

construction
 

By substituting the relationship between the design variables and the
 

water requirement efficiency (Eq. 2) into Eq. 12, 
the objective function
 

is given as:
 

max G =P K [-0.279+0.0249 KQuT L D -0.0001212 (KIQ IT L 1 uD1)

0 c 71u 
 u 1 iu u
 

Value of the produce 
L £ 1 na fC1 Q T. n nn n - C ( T n fa n a2C 3 n nw W (13) 

Ln I 1 i . w 2 11 w £2 2 £ W (3 
cost of water cost of labor cost of ditch 

construction 

-C4 K7 n 1w L W 

cost of production 
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and the constraints, GK, are given as:
 

ab c I aI b Lc/
 

u
KIQ T L < 100 4G = K Qu T. L /100 < 1 (14a)

1u U 1 1lu 1 

<Qumax G2 Qu/Qu,max < (14b)2 

=
Qu > Qu,min G3 Qumin/Qu <1 (14c)
 

L > L G = Ln/L < I (14d)

min 4 min
 

L max 5G= L/Lmax < 1 (14e) 

Qu W = QF G6 = QF/(Qu W) < I (14f) 

n nw T < Tmax G7 = n£ nw Ti/Tmax < 1 (14g) 

n L = i F G8 = n£L/LF < 1 (14h) 

nw W < WF G9 = nwW/WF < 1 (14i)
 

W > Wmin GI0 = Wmin/W < 1 (14j) 

W< Wm GII = W/Wmax < 1 (14k) 

where W . = minimum width of the border, m; W = maximum width ofmln max
 

the border, m; L m n = minimum length of the run, m; L = maximum
the orde, m;Lmi max
 

length of the run, m; and QF = total flow rate available at the Y -m,
 

L/s.
 

In the above problem, the equality constraints were formulated as
 

less than or equal to constraints, in conformity with the requirement
 

for the geometric programming technique which is explained in the next
 

section. The constraint is so formulated that it is satisfied as an
 

equality. In the solution of the problem, it is not assumed that the
 

whole field is irrigated. Therefore, the constraint on the width of the
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field (Eq. 14i) 
is not specified as an equality. If it is profitable to
 

the farmer, the solution will satisfy the constraint (Eq. 14i) as an
 

equality and the farmer irrigates the whole field. Though, the less
 

than or equal to constraint could have been specified on Eq. 14h (instead
 

of Eq. 14i), for the present purposes it is specified on the width con­

straint, assuming that the farmer irrigates the full. length of the field,
 

thereby adjusting the number of borders in the width direction if it is
 

not profitable to irrigate the whole field.
 

OPTIMIZATION TECHNIQUE
 

Generalized geometric programming, which is applicable to
 

engineering design problems of this type, is most appropriate for the
 

above problem. The same technique was presented by Reddy and Clyma (9)
 

for furrow irrigation systems. Generalized geometric programming (GGP)
 

is formulated with an objective function of the form:
 

G ( ) = Po () - QO() (15) 

with K constraints of the form:
 

Gk(X) = P1(X) - Qk(X) < 1.0, k = 1,2,3, ... K (16) 

in which X = the vectur of variables to be considered (xlx 2 ,x 3 ,...×M) ; 

=M = the number of variables; and Pk and Qk posynomial fulnctions of 

the form: 

I 
Pk(X) = I cik(X); k = 0, 1,2,3, ... K (17)

k=1
 

J 
Qk(X) = Vj (X); k = 0, 1,2,3, . .. K (18) 

j=1 " 
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where Uik and Vjk = 
terms with positive and negative coefficients,
 

respectively, in the objective function and the constraints; 
I = number
 

of terms in the objective function or the constraints with positive
 

coefficients (Pk(X)); and J = number of terms in the objective function
 

or the constraints with negative coefficients (Qk(X)). The terms Uik
 

and Vjk are defined as follows:
 

M tikm 
Uik = Cik H x ; k = 0,1,2, ... K (19) 

m=1 i = 1,2,3, ... I 

M F, km 
V C 1 x k = 0,1,2, ... K (20)J jk m= = 1,2,3, ... J 

where Cik and Cjk = coefficients; &ikm and &jkm = exponents of the
 

variables in the objective function and the constraint; and x = m 

system variable.
 

Equations (15) and (16) are called signomials. A signomial is
 

defined as the difference of two posynomials. In the formulation of
 

GGP, the terms with the negative coefficients (Qk(X)) are moved to the
 

right of the inequality, resulting in Pk(X) < l + Qk(X). Dividing the
 

inequality by the right-hand side term results in a rational function of
 

posynomials. The posynomial in the denominator is 
reduced to a monomial
 

(single term) by a process of condensation as defined by Dembo (2). A
 

posynomial divided by a monomial is still a posynomial. This posynomial
 

is then condense( to a monomial again by condensation. After the mono­

mials are obtained, the constraints and the objective function are lin­

earized by taking the natural logar4.thm of the monomial function. This
 

set of equations is solved by linear programming. Convergence of the
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solution to the origival problem is obtained by additional constraints
 

called 'cuts' to the original problem. By solving the linear program a
 

finite number of times, an optimum solution is obtained to the original
 

nonlinear problem. 
Being a nonlinear programming problem, the global
 

solution cannot be guaranteed. Different local optima are obtained by
 

starting at different initial feasible solutions. The maximum of all
 

the optima is considered the global solution to the problem. 
A signo­

mial geometric programming code has been developed to solve the problem.
 

The values of the variables obtained from the above technique are
 

continuous (non-integer). In the design of an irrigation system some of
 

the variables such as the number of lengths of run, nwmber of sets,
 

number of borders in the width direction should have integer values.
 

Therefore, a different technique was 
attached to the above procedure to
 

obtain an 
optimal solution in terms of integers for the above variables.
 

The branch-and-bound (3) technique was 
chosen to express the related
 

variables in an integer form.
 

OPTIMAL SYSTEM DESIGN
 

The generalized geometric programming technique presented above was
 

applied to the optimal design of border irrigation systems: graded
 

borders and level basins. The two 
cases are discussed separately as an
 

example with specific conditions.
 

Example1 - Graded Border
 

The data for this problem is presented in Table 1. Using this data
 

the hydraulic model was 
simulated for different combinations of the
 

design variables as presented in Table 2. 
A relationship of the follow­

ing form was obtained between water requirement efficiency and the
 

design variables:
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Table 1. 	Cost coefficients, system constants and system constraints for
 
a freely draining border.
 

Parameters 	 Value
 

Cost Coefficients
 

Value of produce, $/m3 56.8
 

Cost of production, $/ha 494.0
 

Maximum production, m3/ha 	 17.41
 

Cost of labor, $/h 3.00
 

Cost of water, $/ha-m 40.0
 

Cost of ditch construction, $/lin m 3.25
 

System Constants
 

Length of the field, m 805.0
 

Width of the field, m 402.0
 

Slope of the field, m/m 0.001
 
1/ 6  
Roughness 	of the field, mi 0.024
 

Depth of requirement, mm 76.0
 
= kta
Infiltration constants, z 


k, mm/mina 18.0
 

a 0.2716 

Number of irrigations per season 5 

Ot I 

System Constraints
 

Qu)max ,L/s 11.20
 

Qu)min' L/s 0.92
 

QF' L/s 158.0
 

T , min 3600.0
max
 

Lmin' " 67.0
 

L ,m 402.0
 

Wmin' m 9.0
 

W max 30.5
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Table 2. Relationship between the design variables and the water
 
requirement efficiency for a freely draining border.
 

Inflow rate, 
in liters 

per second 
(1) 

Time of 
inflow, in 
minutes 

(2) 

Length of 
run, in 
meters 
(3) 

Water require-
ment depth, in 

millimeters 
(4) 

Water requirement 
efficiency, in 

percent 
(5) 

3.28 40.0 91.50 51 99.50 
3.28 60.00 91.50 76 76.33 
3.28 80.00 91.50 76 82.74 
3.28 100.00 91.50 102 65.00 
3.28 150.00 91.50 76 98.22 
4.16 30.00 91.50 51 96.40 
4.16 60.00 91.50 76 77.29 
4.16 80.00 91.50 76 83.58 
4.16 100.00 91.50 102 65.50 
4.16 150.00 91.50 76 98.93 
4.62 70.00 183.00 102 59.40 
5.58 60.00 183.00 58 99.50 
5.58 80.00 183.00 76 83.55 
5.58 100.00 183.00 76 88.87 
5.58 150.00 183.00 102 73.10 
7.41 40.00 183.0s 76 69.88 
7.41 60.00 183.00 76 78.31 
7.41 80.00 183.00 102 62.70 
7.41 100.00 183.00 76 89.90 
7.41 150.00 183.00 76 99.97 
4.62 80.00 366.00 102 66.70 

4.62 100.00 366.00 76 83.68 
4.62 120.00 366.00 76 89.37 
4.62 150.00 366.00 76 96.05 
4.62 180.00 366.00 76 99.88 
6.04 70.00 366.00 76 76.51 

6.04 90.00 366.00 114 56.10 
6.04 120.00 366.00 76 91.85 

6.04 150.00 366.00 102 72.60 
7.41 100.00 366.00 102 66.00 
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Er 2045 Qu0.07678 T 0.28299 L-0.04829 D ;-0.9938 (21)
 

A very good correlation (r2 = 0.99) was obtained between the predicted
 

and actual water requirement efficiency. A comparison of actual versus
 

predicted water requirement efficiency is shown in Fig. 2.
 

After obtaining the relationships between the design variables and
 

the irrigation quality parameters, the problem was formulated in terms
 

of the cost coefficients, system constraints, system constants and the
 

design variables. 
 In the present study, the effect of deep percolation
 

and tail water are not considered. But when appropriate cost coeffi­

cients are available, they can be incorporated into the optimal design
 

process. For the given situation P was calculated by
 
c 

Pc = Ymax (m'i'ha) x P($/m 

= 17.41 m3/ha x (56.8$/m $989/ha 
 (22)
 

where Pu = 
price per unit of produce ($/m3). After substituting Eq. 22
 

and the cost coefficients into Eq. 11, 
and neglecting the coefficients
 

of runoff and deep percolation, the objective function becomes:
 

max Go = 989 YR K7 L n W nw - 0.0012Qu Ti W nenw
 

Value of produce cost of water
 

-0.25 T. n2 n - 3.95 W n£ n -0.0494 L n2 W n (23)
 
i w . ww 

cost of cost of ditch cost of
 
labor construction production
 

By substituting Eqs. 9 and 21 (at D 
= 76 mm) into Eq. 23 and simplifying,
 

u 
the result becomes:
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Figure 2. Actual 
versus predicted water requirement efficiency

for a freely draining border.
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max G -0.02758 L n W n + 0.06688 Q0 074 78 95 17
. T0.283L0 . n W n
a £ w u 1 £ w
 

-0.0884 Q0 .1496T0.566L0.9034i W n - 0.0012 Q T W n n
u w U i 
 R w 

- 0.25 T. nIn - 3.25 n£ W n - 0.0494 L n W n (24) 

The system constraints are given as follows:
 
E I00 - G = 0.2716 Qu
E0.07478T0.28299T -0.04829 1 (25a)
 

r ­ < 

n L = LF G2 = 0.001242 L n < 1 
 (25b)
 

nw W < WF - G3 = 0.002487 W n < (25c) 

L<Lmax G4 = .003727 L < 1 (25d) 

L > L i n 4 L-G5 = 67 1 < I (25e) 

W < Wmax 4 G6 = 0.0328 W < 1 (25f) 

=W> Wmin. G7 9.146 W- < I (25g) 

QuW - I
= Q G = 151.42 QulW < I (25h)
u F 8 u 

n2 nwT < T m G9 = .0002778 n£n T. < I (25i) 

Qu < Qu,max G0 = 0.1350 Qu < 1 (25j)
 

>Q Q G = 0.92 QuI < 1 (25k) 

The generalized geometric programming technique was applied to the
 

solution of the above problem. The following optimal values of the
 

design variables are obtained:
 

Qu = 4.98 L/s T. = 122 min
 

L = 269 m 
 W 31 m
 

n = 3 
 n 13
 

The water requirement efficiency (Er) obtained was 
q1 percent. The net
 

profit was 
$9,833 for the field which equals $304/ha. At the optimum,
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the cost of design was $186/ha. The application efficiency for the
 

optimum was 51 percent. 
 In fact, when the objective is to maximize net
 

benefits, much emphasis cannot be given to application efficiency. 
The
 

technique presented be.e selects the optimal water requirement effi­

ciency and yield without directly considering the application
 

efficiency.
 

In defining the constraints, care must be exercised in selecting
 

proper limits for the variables. 
 These limits should not be different
 

from the limits used in simulating the hydraulic model; if so, the
 

relationships developed may not be valid. 
 If a wide range of
 

alternatives for the design variables are considered, these same 
limits
 

should be included in the hydraulic simulation model.
 

Example 2 - Level Basin
 

The optimization technique was applied for a level basin. 
The
 

system cost coefficients, constants, and constraints 
are given in
 

Table 3. The hydraulic model was 
used to simulate the relationships
 

between the quality parameters and the design variables. 
The different
 

combinations of the design variables used in the simulation are
 

presented in Table 4. For the given situation, the following relation­

ships were obtained between the quality parameters and the design
 

variables:
 
0E = 3103 Q 8232T0.9182(0.)393D_0.9201
 

r 
 u i 
 u
 

or
 

Er = qu i85 Q0.8232T09182L0.8393 ,Du
u = 50 mm 
 (27)
 

and the equation for R 
 is given as:
 
P
 

R = 1-31 Q_ 0.1768T0.0818LO.1607D0.0799
P u (28)
u 
 2 
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Table 3. 	Cost coefficients, system constants, and system constraints
 
for a level basin irrigation system.
 

Parameter 
 Value
 

Cost Coefficients 

Value of produce, $/kg 1.00 

Cost of production, $/ha 1482.0 

Maximum production, kg/ha 2500.0 

Cost of ditch construction, $/linear m 6.56 

Cost of labor, $/h 3.0 

Cost of water, $/ha-m 40.0 

System Constants 

Length of the field, m 335 

Width of the field, m 302 

Slope of the field, m/m 0.0 

Roughness of the field, mi/ 6  0.15 

Depth of requirement, mm 50 

Infiltration constants, z = kta+ct 

k, hIlm/ ha 28.52 

a 0.1088 

c, mm/h 2.25 

System Constraints 

Qu,max' L/s 11.20 

Qumin' T/ 0.92 

QF L/s 52.0 

Tmax , mill 3600.0 

Lrm 168 

L n,mi' 67 

Wm , m 30.5 

mi' 
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Table 4. 	Relationship between the design variables and the vater
 
requirement efficiency for a level basin irrigation system.
 

Lenigth of 
run, in 
meters 

(1) 

Inflow rate, 
in liters 
per second 

(2) 

Time of 
inflow, in 
minutes 

(3) 

Water require-
ment depth, in 
millimeters 

(4) 

Water require­
efficiency, in 

percent 
(5) 

67 1.00 50.00 50 88.50 
67 1.00 50.00 76 59.00 

67 1.87 25.00 58 68.00 

67 1.87 25.00 76 52.00 

67 1.87 25.00 89 44.50 
67 1.87 40.00 76 86.00 

67 1.00 50.00 114 39.30 
67 1.87 56.00 102 91.00 
67 1.87 56.00 114 81.00 
100 1.00 120.00 76 88.90 

134 3.76 25.00 76 58.00 

134 3.74 33.00 76 69.00 

134 3.74 45.00 76 97.00 

134 4.66 30.00 114 53.00 
134 3.76 50.00 76 100.00 
168 1.87 120.00 102 74.70 
168 3.74 40.00 102 52.00 

201 2.79 50.00 76 66.00 
201 3.74 65.00 76 92.00 

201 4.66 45.00 127 49.00 
201 4.66 50.00 102 66.00 
268 2.79 100.00 76 80.00 
268 3.74 80.00 76 87.00 
268 4.66 60.00 76 79.00 
268 5.58 50.00 89 68.00 
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or
 

Rp =1-0.85 Q "1768T.0818Lo' 1607 , 
D = 50 mm (29) 

p u 1u 

2
 
A good correlation (r = 
0.96) between the actuE1 and predicted water
 

requirement efficiency was obtained. 
A comparison of predicted versus
 

actual water requirement efficiency is presented in Fig. 3. The above
 

relationship was used to formulate the problem.
 

The profit coefficient for the given situation is calculated as:
 

= Y
Pc max (kg/ha) x Pu($/kg)
 

= 2500xi = $2500/ha 
 (30)
 

After substituting the cost coefficients (from Table 3) and Eq. 27 into
 

Eq. 12 and simplifying, the objective function becomes:
 

max G = -0.06973 L n£ W n + 0.529 Q0.8232T0 9 182L0 .1607 n W n
 

-0.2189 Q T646T
1.836L0.6736n W n-6.56 n£ W n
 u i , w 

-0.1482 Ln W nw-0.0012 Q Ti nP nw-0.25 Ti n nw (31)
 

and the system constraints are given as:
 

ER < 100 G1 = 0.85 Q*8232T*9182 -0.8393 1 (32a)
 

n L < 335 G2 = .00298 L nk < 1 (32b)
 

n W < 302 G3 = .00331 n W < 1w - 3W (32c)-

Q W < Q G = 0.01929 Q < I (32d)
u -F 4 

£ nw T. < 'r G = .00022 T n n < 1 (32e) 

2 w4 max 5 i 2w
 

W < 45.7 G = 0.05263 W< 1 (32f)
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Figure 3. Actual versus predicted water requirment efficiency

for a level border.
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W > 24.4 - - 1
7 = 9.15 W < 1 (32g)
 

Qu < 11.2 
 G8 = 0.0894 Qu < 1 
 (32h)
 

Q > 0.918 G = 0.918Q < 1 (32i)
 

L < 167 G10 = 0 005988 L < (32j)
 

By applying the generalized geometric programming technique, the
 

following optimal values of the design variables were obtained.
 

Qu = 1.20 L/s 
 T. = 110 min 
168 m 
 W = 43.3 m 

n. =2 
 n =7 
w 

The water requirement efficiency satisfied at the optimum was 100 percent.
 

The maximum net profit at the optimum was $5797/per field or $573/per
 

ha. The application efficiency found at the optimum was 
93 percent.
 

In the analysis, the cost of runoff and deep percolation water was
 

included indirectly in the 
cost of water provided in excess of the
 

requirement in the 
root zone. But, the negative effects of these
 

parameters (runoff and deep percolation) were not considered because of
 

lack of appropriate cost coefficients for these parameters. 
The cost
 

coefficient for runoff includes the cost of removing the excess water
 

from the field, and the negative effects 
on water quality. Similarly,
 

the cost coefficient for deep percolation must take into account the
 

effects of waterlogging and fertilizer leaching on crop yield. 
 The cost
 

coefficients should be given in terms of dollars/unit volume of water. 

Once these coefficients are available, Lhey can be incorporated into the 

optimization process. This would help in evaluating different management
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practices in controlling the quality of irrigation return flow while
 

increasing agricultural production.
 

An implicit assumption in the problem was that the farmer can apply
 

the total available flow rate on one border. No consideration was given
 

to irrigating more than one border at 
a time. This was not considered
 

in the problem to reduce the number of variables considered, but can be
 

incorporated into the optimization process if desired. It was also
 

assumed that the relationship between the yield and water requirement
 

efficiency was identical under graded and level basin irrigation
 

systems.
 

SUMMARY AND CONCLUSIONS
 

A combination approach of simulation and mathematical programming
 

was used to develop an optimal system design. 
First, the irrigation
 

quality parameters were developed in terms of the application system
 

design variables using a hydraulic simulation model. Second, a
 

relationship was developed between crop yield and the system quality
 

parameters (water requirement efficiency) using a crop production
 

function. Maximization of net benefits was the objective. The value of
 

the produce, and the costs of labor, water, ditch construction, and crop
 

production were considered in the objective function. 
The negative
 

effects of runoff and deep percolation were not considered. The problem
 

was defined in terms of system variables, cost coefficients and system
 

consZraints, and the generalized geometric programming technique was
 

applied to 
the optimal design of border and level basin irrigation 

systems. The design variables considered were the inflow rate, time of 

inflow, length of the run, number of lengths of run, width of the border 

and number of border widths. 'FiTe procedure gives an optimal design 
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under given field conditions. In addition, the procedure shows the
 

possibility of combining simulation and mathematical programming tech­

niques in optimizing system designs. 
The technique presented provides
 

guidelines for improving existing on-farm irrigation systems for better
 

management of the scarce 
resources of agricultural production.
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AMERICAN EQUIVALENTS OF EGYPTIAN ARABIC 
TERMS AND MEASURES COMMONLY USED 

IN IRRIGATION WORK 
LAND AREA IN SQ METERS IN ACRES IN FEDDANS IN HECTARES 
I acre 4,046.856 1.000 0.963 0.405 
I feddan 4,200.833 1.038 1.000 0.420 
1 hectare (ha) 10,000.000 2.471 2.380 1.000 
1 sq. kilometer l00 x 104 247.105 238.048 IO0.O00 
I sq. mile 259 x 106 640.000 616.400 259.000 

WATER MEASUREMENTS FEDDAN-CM ACRE-FEET ACRE-INCHES 
1billion m 2 23,809,000.000 810,710.000 
1,000 m 3 23.809 0.811 9.728 
1,000 m 3 /Feddan 23.809 0.781 9.372 

(= 238 mm rainfall) 
420 m 3/Feddan 10.00 0.328 3.936 

(= 100 mm rainfall)
OTHER CONVERSION METRIC U.S. 
Iardab - 198 liters 5.62 bushels 
Iardab/feddan 5.41 bushels/acre
Ikq/feddan 2.12 lb/acre 
1donkey load = 100 kg
 
I camel load = 250 kg
I donkey load of manure = 0.1 m 3 

I camel load of manure = 0.25 m3 

EGYPTIAN UNITS OF FIELD CROPS 
CROP EG. UNIT IN KG IN LBS IN 

BUSHELS 
Lentils ardeb 160.0 352.42 5.87 
Clover ardeb 157.0 345.81 5.76 
Broadbeans ardeb 155.0 341.41 6.10 
Wheat ardeb 150.0 330.40 5.51 
Maize, Sorghum ardeb 140.0 308.37 5.51 
Barley ardeb 120.0 264.32 5.51 
Cottonseed ardeb 120.0 264.32 8.26 
Sesame ardeb 120.0 264.32 
Groundnut ardeb 75.0 165.20 7.51 
Rice dariba 945.0 2081.50 46.26 
Chick-peas ardeb 150.0 330.40 
Lupine ardeb 150.0 330.40 
Linseed ardeb 122.0 268.72 
Fenugreek ardeb 155.0 341.41 
Cotton (unginned) metric qintar 157.5 346.92 
Cotton (lint or ginned) metric qintar 50.0 110.13 

EGYPTIAN FARMING AND IRRIGATION TERMS 
fara = branch 
marwa = small distributer, irrigation ditch 
masraf = field drain 
mesca = small canal feeding from 10 to 40 farms 
girgt = cf. English "karat", A land measure of 1/24 feddan, 175.03 m2 

caria = village 
2
sahm = 1/24th of a qirat, 7.29 m

saia = animal powered water wheel 
sarf = drain (vb.), or drainage. See also masraf, (n.) 
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EGYPT WATER USE AND MANAGEMENT PROJECT 

PROJECT TECHNICAL REPORTS 

NO. 	 TITLE 

PTR#1 	 Problem Identification Report 
for Mansuriya Study Area, 
10/77 to 10/7b. 

PTR#2 	 Preliminary Soil Survey Report 
for the Beni Magdul and 
El-Hammami Areas. 

PTR#3 	 Preliminary Evaluation of 
Mansuriya Canal System, 
Giza Governorate, Egypt. 

PTR#4 	 On-farm Irrigation Practices in 
Mansuriya District, Egypt. 

PTR#5 	 Economic Costs of Water Shortage 
Along Branch Canals. 

PTR#6 	 Problem Identification Report For 
Kafr El-Sheikh Study Area. 

PTH#7 	 A Procedure for Evaluating the 
Cost of Lifting Water for Irrigation 
In Egypt. 

P1 R#8 	 Farm Record Summary and Analysis 
for Study Cases at Abu Raya and 
Mansuriya Sites, 1978/1979. 

PTR#9 	 Irrigation & Production 
of Rice in Abu Raya, 
Kafr El-Sheikh Governorate. 

PTR#1O 	 Soil Fertility Survey in 
Kafr EI-Sheikh, El Mansuriya 
and EI-Minya Sites. 

PII I1i 	 Kafr El-Sheikh Farm Management 
Survey Crop Enterprise Budgets 
and Profitability Analysis. 

PTR#12 	 Use of Feasibility Studies 
and Evaluation of Irrigation Projects: 
Procedures for Analysing Alternative 
Water Distribution System 
in Egypt. 

AUTI IOR 

Egyptian and American 
Field Teams. 

A. D. Dotzenko, 
M. Zanati, A. A. Abdel 
Wahed, & A. M. Keleg. 

American and 
Egyptian Field Teams. 

M. El-Kady, W. Clyma 
& M. Abu-7eid 

A. El Shinnawi 
M. Skold & M. Nasr 

Egyptian and American 
Field Teams. 

H. Wahby, G. Quenemoen 
& M. Helal 

F. Abdel Al & M. Skold 

Kafr EI-Sheikh Team 
as Compiled by T. W. Ley 
& R. L. Tinsley 

M. Zanati, P. N. Soltanpour, 
A.T.A. Mostafa, & A. Keleg. 

M. Haider & 
F. Abdel Al 

R. 3. McConnen, 
F. Abdel Al, 
M. Skold, G. 	Ayad & 
E. Sorial 
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NO. TITLE 

PTR#13 	 The Role of Rural Sociologists 
in an Interdisciplinary, 
Action-Oriented Project: 
An Egyptian Case Study. 

PTR#14 	 Administering an Interdisciplinary 
Project: Some Fundamental Assumpl.ions 
Upon Which to Build. 

PTR#15 	 Village Bank Loans to Egyptian 

Farmers. 


PTIK# 16A 	 Irrigation System Improvement 
By Simulation and Optimization: 
1. Theory. 

PTR#16B 	 Irrigation System Improvement 

By Simulation and Optimization: 

1. Application. 

PT I# 17 	 Optimal Design of Border Irrigation 
System 

PTR#18 	 Population Growth and Development 
in Egypt: Farmers' and Rural 
Development Officials' 
Perspectives. 

PTR#19 	 Rural Development and Effective 
Extension Strategies: Farmers' and 
Officials' Views. 

PTR#20 	 The Rotation Water Distribution 
System vs. The Continual Flow 
Water Distribution System. 

PTR#21 	 EI-Hammami Pipeline Design. 

PTR#22 	 The Hydraulic Design of Mescla 10, 
An Egyptian Irrigation Canal. 

PTR#23 	 Farm Record Summary and Analysis 
for Study Cases at Abyuha, 
Mansuriya and Abu Raya Sites, 
79/80. 

PTR#24 	 Agricultural Pests and Their 
Control: General Concepts. 

PTR#25 	 Problem Identification Report 
for E1-Minya 

AUTHOR 

J. Layton and 
M. Sallam 

3. B. Mayfield & 
M. Naguib 

G. Ayad, M. Skold, 
& M. Quenemoen. 

3. Mohan Reddy & 
W. Clyma 

3. Mohan Reddy & 
W. Clyma 

3. Mohan Reddy & 
W. Clyma 

M. Sallam, 
E.C. Knop, & 
S.A. Knop 

M. S. Sallam, 
E. C. Knop, 	& 
S. A. Knop 

M. EI-Kady, 
3. Wolfe, & 
H. Wahby 

Fort Collins Staff 
Team 

W.O. Ree, 
M. EI-Kady, 
3. Wolfe, & 
W. Fahim 

F. Abdel Al, 
& M. Skold 

E. Attalla 

R. Brooks 
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NO. TITLE AUTHOR 

PTR#26 Social Dimensions of Egyptian 
Irrigation Patterns. 

E.C. Knop, 
M. Sallam, S.A. Knop 
& M. EI-Kady 

PTR#27 Alternative Approaches in Extension 
and Rural Development Work: 
An Analysis of Differing Perspective 
In Egypt. 

M. Sallam & 
E. C. Knop 

PTR#28 Economic Evaluation of Wheat 
Trials at Abyuha, El-Minya 
Governorate 79/80-80/81. 

N. K. Farag, 
E. Sorial, & 
M. Awad 

PTR#29 Irrigation Practices Reported
by EWUP Farm Record Keepers. 

F. Abdel Al, 
M. Skold & 
D. Martella 

PTR#30 The Role of Farm Records in 
the EWUP Project. 

F. Abdel Al 
& D. Martella. 

PTR#31 Analysis of Farm Management 
Data From Abyuha Project Site. 

E. Sorial, M. Skold, 
R. Rehnberg & F. Abdel Al 

PTN#32 Accessibility of EWUP Pilot Sites. A. EI-Kayal, 
S. Saleh, A. Bayoumi 
& R. L. Tinsley 

PTR#33 Soil Survey Report for Abyuha Area 
Minya Governorate. 

A. A. Selim, M. A. EI-Nahal, 
& M. H. Assal 

PT/ 34 Soil Survey Report for Abu Raya 
Area, Kafr EI-Sheikh Governorte 

A. A. Selim, M. A. EI-Nahal, 
M. A. Assal & F. Hawela. 

PTR#35 Farm Irrigation System Design, 
Kafr EI-Sheikh, Egypt. 

Kafr El-Sheikh Team as 
compiled by T. W. Ley 

PTR#36 Discharge and Mechanical 
Efficiency of Egyptian 
Water-Lifting Wheels. 

R. Slack, 
H. Wahby, 
W. Clyma, & D. K. Sunada 

PTR#37 Allocative Efficiency and 
Equity of Alternative Methods 
of Charging for IrrigaLion 
Water: A Case Study in 
Egypt. 

R. Bowen and 
R. A. Young 

PTR#38 Precision Land Leveling On Abu Raya 
Farms, Kafr EI-Sheikh Governorate, 
Egypt. 

EWUP Kafr El-Sheikh 
Team, as compiled by 
T. W. Ley 

PTR#39* On-Farm Irrigation Practices for Winter 
Crops at Abu Raya. 

A. F. Metawie, N. L. Adams, 
& T. A. Tawfic 
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NO. TITLE AUTHOR 

PTR#40 A Procedure For Evaluation 
Crop Growth Environments For 
Optimal Drain Design. 

D. S. Durnford, E. V. 
Richardson & T. H. Podmore 

PTR#41 The Influence of Farm Irrigation 
System Design and Precision Land 
Leveling on Irrigation Efficiency and 
Irrigation Water Management, 

T. W. Ley, M. EI-Kady 
K. Litwiller, E. Hanson 
W. S. Braunworth, 
A. EI-Falaky & E. Wafik 

PTR#42 Mescia Renovation Report. N. Illsley & A. Bayoumi 

P1 K#43 Planning Irrigation Improvements 
in Egypt: The Impact of Policies 
and Prices on Farm Income and 
Resource Use. 

M. Haider & M. Skold 

PTR#44* Conjunctive Water Use - The State 
o- the Art and Potential for Egypt. 

V. H. Scott & A. EI-Falaky 

PTR#45* Irrigation Practices of EWUP Study 
Abyuha and Abu Raya Sites for 
1979-1980, 1980-1981, 1981-1982. 

F. Abdel Al, D. Martella, 
& R. L. Tinsley 

PTR#46 Hydraulic Design of a Canal System 
For Gravity Irrigation. 

T. K. Gates, W. 0. Ree 
M. Helal & A. Nasr 

P1 R#47 Water Budgets for Irrigated Regions 
in Egypt 

M. Helal, A Nasr, 
M. Ibrahim, T. K. Gates, 
W. 0. Ree & M. Semaika 

PTR#48* A Method for Evaluating and Revising 
Irrigation Rot,.tions. 

R. L. Tinsley, A. Ismail 
& M. EI-Kady 

PTI#49* Farming System of Egypt: With Special 
Reference to EWUP Project Sites. 

G. Fawzy, M. Skold & 
F. Abdel Al. 

PTR#50 Farming System Economic Analysis 
of EWUP Study Cases. 

F. Abdel Al, D. Mart.ella, 
& D. W. Lybecker 

PTR#51 

PTK#52* 

Structurai -pecifications and 
ConsLruction of a Canal System for 
Gravity Irrigation. 
Status of Zinc in the Soils of Project 

W. R. Gwinn, T. K. Gates, 
A. Raouf, E. Wafik & 
E. Nielsen 
M. Abdel Naim 

Sites. 

PTK#I53* Crop Management Studies by EWUP. M. Abdel Naim 

P1 R#54* Criteria for Determining Desirable 
Irrigation Frequencies and Requirements 
and Comparisons with Conventional 
Frequencies and Amounts Measured in 
EWUP. 

M. EI-Kady, J. 
M. Semaika 

Wolfe & 
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NO. TITLE AUTHOR 

PTR#55* Design and Evaluation of Water Delivery
System Improvement Alternatives. 

T. K. Gates, J. Andrew, 
3. Ruff, D. Martella, 
3. Layton, M. Helal & 
A. Nasr. 

PTR#56 Egyptian Canal Lining Techniques and 
Economic Analysis 

M. EI-Kady, H. Wahby, 
3. Andrew 

PTR#57 Infiltration Studies on Egyptian
Vertisols. 

K. Litwiller, R. L. Tinsley
H. Deweeb, & T. W. Ley 

PTR#58* Cotton Field Trials, Summer, 
Abu Raya. 

1980 Kafr El-Sheikh Team as 
compiled by M. Awad & 
A. EI-Kzyal 

PTR#59* Management Plan for a Distributary
Canal System 

A. Saber, E. Wafik, 
T. K. Gates, & J. Layton 

PTR#60 Hydraulic Conductivity and Vertical 
Leakage in the Clay-Silt Layer of the 
Nile Alluvium in Egypt. 

3. W. Warner, T. K. Gates, 
W. Fahim, M. Ibrahim, 
M. Awad, & T. W. Ley. 

PTK#61 The Relation Between Irrigation Water 
Management and High Water Tables in 
Egypt. 

K. Litwiller, M. EI-Kady 
T. K. Gates & E. Hanson 

PTIR#62* Water Quality of Irrigation Canals, 
Drains and Groundwater in Mansuriya, 
Kafr EI-Sheikh and EI-Minya Project 
Sites. 

A. EI-Falaky & V. H. Scott 

PTIR-#63 Watercourse Improvement Evaluation 
(Mesca #26 and Mesca #10) 

R. McConnen, E. Sorial, 
G. Faw;j 

PTR#64* Influence of Soil Properties on Irrigation 
Management in Egypt. 

A.T.A. Moustafa & 
R. L. Tinsiey 

PT R#65 Experiences in Developing Water Users' 
Associations. 

3. Layton and Sociology 
Team 

PTR#66* The Irrigation Advisory Service: A 
Proposed Organization for Improving 
On-Farm Irrigation Management In 
Egypt. 

3. Layton and Sociology 
Team 

PTI #67* Sociological Evaluation of the On-Farm 
Irrigation Practices Introduced in Kafr 
El-Shelkh. 

3. Layton, A. El-Attar 
H. Hussein, S. Kamal & 
A. EI-Masry 

PTR#68* Developing Local Farmer Organizal.ions: 
A Theoretical Procedure. 

3. B. Mayfield & M. Nagulb 

PTR#69* The Administrative and Social 
Environmentof the Farmers in an 
Egyptian Village. 

3. B. Mayfield & M. Naguib 
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PTR#70* Factors Affecting the Abilit', of Farmers 
to Effectively Irrigate: A Case Study 
of the Manshiya Mespa, Kafr El-Sheikh. 

M. Naguib & J. Layton 

PTR#/i* Impact of Turnout Size and Condition 
on Water Management on Farms. 

E. Hanson, M. EI-Kady & 
K. Litwiller 

PTR#72* Baseline Data for Improvement 
Distributary Canal System. 

of a K. Ezz El-Din, K. Litwiller, 
& Kafr El-Sheikh Team 

PTR#/'5 Considerations of Various Soil 
Properties For The Irrigation 
Management of Vertisols 

C. W. Honeycutt & 
R. D.Heil 

PTR#74* 

PTR#75 

Farmers's Irrigation Pracl.iues in 
El-Hammami Sands 

Abyuha Farm Record SuITIfriary 

T. A. Tawfic, & 
R. 3. Tinsley 

EWUP Field Team 

1979-1983 

PTRV#16 Kafr El Sheikh Farm Record Summary EWUP Field Team 

PTR#77* El Hammami Farm Record Summary & 
Analysis 

M. Haider & 
M. Skold 

PTR#78 Beni Magdul Farm Record Summary EWUP Field Teamh 

PIR#/19 Analysis of Low Lift Irrigation 
Pumping 

H. R. Horsey, E. V. 
Richardson 
M. Skold & D. K. Sunada 
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EGYPT WATER USE AND MANAGEMENT PROJECT 
MANUALS 

NO. TITLE AUTHOR 

MAN.#1 Trapezoidal Flumes for the 
Egypt Water Use Project. 

By: A. R. Robinson. 

MAN.#2 Programs for the HP Computer 
Model 9825 for EWUP Operations. 

By: M. Helal, 
0. Sunada, 
J. Loftis, 
M. Quenemoen,
W. Ree, R. McConnen, 
R. King, A. Nazr 
and R. Stalford. 

MAN.#5 Precison Land Leveling Data 
Analysis Program for HP9825 Desktop 

T. W. Ley 

Calculator 

MAN.#8 Thirty Steps to Precison Land Leveling A. Bayoumi, S. Boctor & 
N. Dimick 

MAN.#9 Alphabetical List of Some Crops and 
Plants with Their English, Egyptian, 

G. Ayad 

Botanical & Arabic Names and 
Vocabulary of Agricultural and other 
Terms Commonly I Jsed. 

MAN.# 10 EWUP Farm Record System Farouk Abdel Al, David 
R. Martella, and Gamal Ayad 

TO ACQUIRE REPORTS LISTED IN THE ATTACHED
 
PLEASE WRITE TO:
 

EGYPT WATER USE AND MANAGEMENT PROJECT
 
COLORADO STATE UNIVERSITY
 

ENGINEERING RESEARCH CENTER
 
FOR I COLLINS, COLORADO 80523
 

Reports available at nominal cost, plus postage and handling.
 

*In Progress 


