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ABSTRACT 

The hydraulics, water use, and energy use of a two year old subsurface 

drip irrigation system installed at the Maricopa Agricultural Center in 

southern Arizona was examined to evaluate the performance of typical 

subsurface drip irrigation systems. Although the pressure distribution 

was better than expected due to the effect of the looped network, the 

average discharge rate of the drip tape decreased by 20% as reflected 

by the change in the discharge coefficient from 0.45 to 0.36 over two 

years and emitter plugging resulted in the statistical uniformity being 

only 64.6%. Water use was higher than expected at 50.76 and 41 inches 

during the two years of use. The total annual energy requirements for 

the system including direct, 7593 megajoules/hectare/year, and 

indirect, 12965 megajoules/hectare/year, inputs was 24318 

megajoules/hectare/year. 
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I. INTRODUCTION 

By 1994 the State of Arizona expects to be using its full allotment of 

water from the Colorado River. Up until now, Arizona has not utilized 

the full amount apportioned to it, while California has completely 

utilized its allotment. But with the completion of the Central Arizona 

Project (CAP), more of Arizona will be using Colorado River water and 

thus the overall demand for Colorado River water will increase. For 

the immediate future, the CAP will ensure adequate water for Arizona's 

needs, though at a higher cost. However, over the long term, demand 

for water will only continue to increase, straining the ability of even 

the Colorado River to meet the demand. For Arizona's agriculture, both 

the cost and competition for water will also increase. Clearly, 

consideration must begin now on ways to deal with reduced availability 

and increased cost of water if agriculture in Arizona is to remain 

viable. 

Irrigation is the greatest consumer of water in Arizona agriculture. 

Between 1980 and 1990 the irrigated acreage rose from 1,150,000 to 

1,200,000 acres according to a survey in the January/February 1991 

Irrigation Journal. Of the irrigated land, approximately 379,000 acres 

were for growing cotton. 

One technology which may be able to help cope with the increasing 

shortage of water is subsurface trickle irrigation. Of the total 

irrigated area, 1,050,000 acres were under some sort of surface 

irrigation while only 30,000 acres were under drip irrigation. Drip 

irrigation by its very nature of applying smaller amounts of water to 

precise locations has the potential to greatly reduce many possible 
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losses of water. While different studies differ on how much water may 

be conserved by drip irrigation, they do concur that in general a 

properly managed drip system should use less water than most other 

types of irrigation systems. 

In an attempt to better understand how well drip irrigation compares 

with other irrigation systems, a research project was initiated in 1989 

to investigate and evaluate the hydraulic performance, water use, and 

energy use of a subsurface trickle irrigation system. A subsurface 

drip irrigation system in a 92 acre cotton field at the Maricopa 

Agricultural Center (MAC) was selected for the study. The Maricopa 

Agricultural Center, one of the University of Arizona's Agricultural 

Centers, consists of a research farm and a demonstration farm. The 

drip irrigation system is located on the demonstration farm. The 

demonstration farm exists to demonstrate new or improved technology to 

the farmers in Arizona. In doing so, the goal is to operate the farm 

on a profit basis so that it will be self-supporting. This goal is 

important because it means that the irrigation system being evaluated 

was managed according to principles by which a typical farmer might 

manage his own system. 

What does it mean to evaluate an irrigation system? The standard 

dictionary definition of the word evaluate is "to determine or set the 

value or amount of; appraise." An evaluation inherently relies on a 

comparison, either in terms of money, time, energy, or other 

alternative measurement criteria. 

Merriam (1983, pp.721-760) defines the purpose of evaluating an 

irrigation system as being: 
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(a) to determine the efficiency of the system as it is being 

used, 

(b) to determine how effectively the system can be operated and 

whether it can be improved, 

(c) to obtain information that will assist engineers in 

designing other systems, and 

(d) to obtain information to enable the comparison of various 

methods, systems, and operating procedures as a basis for 

economic decisions. 

Later, he defines the basic objective of an evaluation to be to 

identify the kind and magnitude of the losses and potential economic 

value of changing the system and/or its operation. 

All three of these definitions of "evaluation" are vague. Because 

irrigation systems are different, evaluations should be tailored to 

each individual type of system. This is particularly true of 

drip/trickle irrigation systems. 

How does one evaluate a subsurface trickle irrigation system? 

Generally, all different aspects of an irrigation system from the 

economics and management to the efficiency of water transport and 

application can be evaluated in different ways. In this case, the 

evaluation shall refer to the hydraulics, water use, and energy use of 

the particular irrigation system. 

Thus the overall goal of this study was to evaluate the hydraulics, 

water use, and energy use of an operational subsurface drip irrigation 

system under field conditions. The specific objectives of this 

evaluation were to: 



(a) describe the current operating parameters and hydraulic 

characteristics: the emitter discharge coefficient Kd, the 

emitter exponent x, the coefficient of variation of 

discharges Cv and the emission uniformity, 

(b) compare the experimentally determined hydraulic 

characteristics with the theoretically determined 

characteristics, 

(c) determine the water usage of a subsurface trickle 

irrigation system, and, 

(d) determine the direct and indirect energy inputs for the 

subsurface drip system. 
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II. REVIEW OP LITERATURE 

While the primary interest of this study is subsurface drip/trickle 

irrigation, most literature does not restrict itself to just subsurface 

irrigation. Drip and trickle irrigation are essentially synonymous, 

referring to the application of small amounts of water as drops or 

streams to the soil surface. Subsurface trickle irrigation is a 

special case of drip/trickle irrigation in which the water is applied 

below the surface of the soil, usually through a buried pipe or hose 

with regularly spaced emitters, instead of on the surface. This should 

not be confused with subirrigation which relies on control of the water 

table. The ASAE Standards group drip/trickle, subsurface, bubbler and 

spray irrigation under the term microirrigation since many of the 

procedures for the design, installation and evaluation of the different 

types are the same (ASAE Standards, 1989). 

Many of the current methods of evaluating irrigation systems were 

originally developed for surface irrigation for the purpose of 

maintaining a high irrigation efficiency in delivering water to plants. 

Because there are many opportunities for losses to occur in the 

distribution systems, evaporation, runoff, and deep percolation in 

surface irrigation systems, efficiency is of critical importance. 

However, as pressurized systems such as sprinklers and then 

microirrigation gained popularity better control over the water was 

obtained such that the traditional measures of efficiency were no 

longer as useful as they had been. Instead what became a concern was 

uniformity of application. The optimal situation became the 

application of the minimum amount of water in a manner which would 



provide an adequate amount of water uniformly to the plants for maximum 

economic return. 

For sprinkler irrigation systems it is possible to physically measure 

the uniformity of the application by placing catch cans in the field. 

The same techniques were then transferred to surface drip irrigation 

systems. Gradually more rigorous methods of analysis specific to drip 

and trickle irrigation were developed. While much of this is useful 

for the evaluation of the uniformity of surface trickle irrigation 

systems, the difficulty remains that there is no way to directly 

measure the uniformity along a subsurface lateral. 

Hydraulics 

Keller and Karmeli (1974) defined the basic equation for discharge from 

an emitter as: 

q  =  K d ( H * )  ( 1 >  

in which q is the emitter discharge, Kd is a constant which 

characterizes each emitter, H is the pressure head at the emitter and x 

is an exponent related to the flow regime through the emitter. 

Equation (1) can be derived by applying the Bernoulli equation: 

Hi + zi + 4r- = h2 + Zz + 4r- + h, (2) 1 1 2g 2 2 2g f 

between the inside and outside of the emitter in the drip-tape. H,, z,, 

and v, refer to the pressure head, elevation head and velocity, 

respectively, on the inside of the tape while H2, z2, and v2 refer to 

the pressure head, elevation head and velocity just outside the 
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emitter, and hr is the headloss through the emitter. The elevation and 

velocity heads may be neglected as insignificant, and the pressure head 

outside is assumed to be atmospheric, so that Eg. (2) simply reduces 

to: 

Hi s  ( 3 )  

Substituting H for H, and the Darcy-Weisbach friction loss formula for 

hf yields 

H=f±£- (4) 
D 2 g 

Rearranging Eg. (4) gives 

v = (̂ )"M <5) 

Multiplying both sides of Eg. (S) by the cross-sectional area of the 

emitter puts the equation in terms of the discharge of the emitter 

g = A,l-^f\2H2 <6> 
£L j

2#1 

In Eq. (6) q is the emitter discharge, A, is the cross-sectional area 

of the emitter passage, 0 is the diameter of the emitter opening, g is 

the acceleration of gravity, f is the friction factor, L is the length 

of the emitter passage, and H is the pressure head on the inside of the 

tape. By choosing the appropriate formula for f Eq. (6) may be further 

reduced to the form of Eq. (1) with Kd as a function of A,, D, L, and 

the viscosity of water. 

Depending on the flow regime through the emitter, f may be calculated 

using one of the following equations 



15 

f = -£i for R i 2000 (laminar) (7) 

f = 3.42 xlO"5R0,8S for 2000s R s 4000 (j^nsen,*1983) (8) 

, _ 0.316 , » /  ,„s (turjbulent smooth pipe) 
f  = i~ ror 4000 < * * 10 (Blasius equationf (9) 

R 4 

where R is the Reynolds number given by 

R = — (10) 

and v is the kinematic viscosity of the water. 

If the flow regime in the emitter is assumed to be laminar, then Eg. 

(7) can be substituted into Eg. (4) giving 

(11) 
\ vD ID 2g 

which reduces to 

= f 
^ 1 5 6 L v )  

(12) 

demonstrating that for laminar flow through an emitter the emitter 

exponent x is equal to 1 and the discharge coefficient Kd is a function 

of the geometry of the opening and the viscosity of the water. 
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If turbulent smooth pipe flow is assumed then substituting Eq. (9) into 

Eg. (4) reduces to the equation 

<7 = (_2£_\ 
\0.316 Lj 

19 

ltD 7 

2 
4 v 7 

4 

H7 (13)  

which is the same as Eq. (1) with x equal to 4/7 (0.58) and Kd equal to 

the term in brackets. Once again , Kd is a function of the geometry of 

the emitter and the viscosity of water, but to a much smaller degree. 

Similar analyses of the other flow regimes have shown that x may vary 

from 1, for laminar flow, to 0.5, for fully turbulent flow, to 0, for 

fully pressure compensating emitters, but is generally between 0.5 and 

0.7. The emitter exponent can be determined experimentally by 

measuring the discharge at different pressures and then calculating the 

slope of a log-log plot of the discharge versus the head. 

In Eq. (3) it can be seen that Kd takes into account such things as the 

size and geometry of the orifice. Solomon (1985) included other 

factors in the discharge coefficient by specifying the emitter 

discharge equation as 

q  =  K K v K t K p H x  (14)  

where K is a constant of proportionality which would include the 

geometry of the emitter, Kv is a factor which incorporates the 

manufacturing variability, KT is a factor which accounts for 

temperature variability, KP is a factor which takes care of emitter 

plugging. While Solomon (1985) provides a method for accounting for 

these factors on an individual emitter basis, the usual manner of 

accounting for them is in the calculations of the uniformity. 



The value of x is important because it determines the extent to which 

variations in pressure will effect emitter discharges and, thus, 

uniformity. 

Since the discharge of any emitter on the lateral is a function of the 

pressure head at that emitter as seen in Eq. (1), the uniformity of 

application is highly dependent upon the hydraulics of the system. Wu 

and Gitlin (1974) described the hydraulic pressure distribution along a 

lateral in terms of a dimensionless energy gradient line which could 

then be used to analyze and design for the uniformity of water 

application. The equation they derived was: 

Ri = 1 - ( 1 - i J"*1 (15) 

where i is the length ratio £/L (distance from inlet to any given point 

divided by the total length), m is the flow rate exponent from the 

Darcy-Weisbach or Hazen-Williams friction loss equation, and R;is the 

pressure drop ratio given by: 

- _ Mi <16> 
* " A H 

AH; is the friction head loss to point i and AH is the total friction 

head loss. Thus Wu and Gitlin (1974) demonstrated that if the length 

and the total head drop are known, the pressure and discharge 

distribution along the whole lateral or manifold can be determined. 

Since Keller and Karmeli's (1974) paper on the design parameters for 

trickle irrigation, many other investigators have developed different 

methods to describe uniformity of a drip/trickle irrigation system. 

Keller and Karmeli (1974) used emission uniformity, EU, which is the 

ratio of the minimum emitter discharge to the average emitter 



discharge, expressed as a percentage, to measure drip irrigation 

uniformity. They also presented a method to adjust the EU for 

situations where there are more than one emitter per plant (Keller and 

Karmeli, 1974). However, EU only relates uniformity to pressure 

variations and number of emitters per plant but does not address other 

factors such as plugging which affect emitter discharge. 

American Society of Agricultural Engineers established the emission 

uniformity, EU, as 

as the standard for determining the uniformity of microirrigation 

systems where n is the number of emitters per plant, usually taken as 1 

for row crops, Cv is the manufacturer's coefficient of variation, g,,, is 

the minimum emitter discharge rate, and q, is the mean emitter 

discharge rate ASAE EP405.1 (1989). Throughout the literature, 

different coefficients of variation are referred to by a subscripted V. 

The manufacturer's coefficient of variation may be Cv or Vm. In 

general, the coefficient of variation is defined as: 

To reduce the effect of a single low emitter discharge, often g^, is 

taken as the average of the low quarter of discharges, in which case EU 

is known as EUd. 

EU = 100 1.0-1.27— — (17) 

_ standard deviation 
mean 

(18) 

However, in EP458 (1989), the ASAE recommends the use of the 

statistical uniformity, Us, developed by Bralts et al. (1981) for the 



field evaluation of microirrigation systems. Numerically, the EU and 

Us are similar as seen in Table 1, ASAE EP458 (1989). 

Table 1: Comparison of measures of uniformity 

Method Statistical Emission 
acceptability uniformity, uniformity, 

Us EU 

Excellent 100 - 95 100 - 94 

Good 90 - 85 87 - 81 

Fair 80 - 75 75 - 68 

Poor 70 - 65 62 - 56 

Unacceptable <60 <50 

Wu and Gitlin (1974) similarly used Christiansen's uniformity 

coefficient, Cu, to describe variation in emitter flow. Using the 

Darcy-Weisbach equations, they expressed pressure variation in a 

lateral as a dimensionless energy gradient. Then, assuming the flow 

from an emitter to be turbulent, the discharge for any emitter along 

the lateral can be calculated from the equation: 

q i - K d h l "  < " >  

in which q, and h; are the discharge and pressure head at the ith 

section, respectively. Christiansen's uniformity coefficient is then: 

Cu = 1 
Q 

(20) 
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or, if the distribution of discharges is normal as is generally true 

for drip emitters, 

Cu = 100 (1.0 - 0.798Vq) (21)  

where Vg is the coefficient of variation of emitter discharges. Once 

again, only effects of friction and slope on pressure are considered. 

Emitter plugging has been known to affect uniformity of drip 

irrigation, yet no one had been able to incorporate it into their 

methods. Bralts et al. (1981), however, employ statistical methods to 

include the effect of emitter plugging on uniformity. They developed a 

general equation for the coefficient of variation of emitter discharge, 

Vq, which includes variation due to manufacturing, Vm, variation due to 

hydraulics, Vh, and variation due to plugging, Vp, for any case of 

uniform partial and/or uniform complete plugging: 

Vq = n-1'2 [ Vp2 * Vm2 + x2Vh2 ]1/2 (22> 

in which n is the number of emitters per plant. If there is less than 

one emitter plant, such as for row crops like cotton, n is taken as 1. 

Using discharge test data, the equation for Vp can account for a 

combination of freely flowing, completely plugged, and partially 

plugged emitters, including the degree of partial plugging: 

Vp = Ji a [<p+p'( l -a) 2 ]  _ x  

[<p +p ' ( l -a)  ] 2  

1 
3  (23)  

in which n,,, is the total number of emitter discharges measured, f is 

the number of emitters openly flowing, p' is the number of emitters 

partially plugged, and a is the degree of partial plugging (1 for 

completely plugged). The statistical uniformity, Us, is then: 



Us = 100 ( 1 - Vg ) (24) 

This method includes emitter plugging, lateral line hydraulics, 

manufacturing variations, and emitter grouping. Test data showed that 

the method predicted variations successfully for cases of complete 

plugging. Due to difficulty in simulating partial plugging and the 

assumption that partial plugging is uniform along the lateral, one can 

only assume that the equation is generally applicable. 

In the 1989 ASAE Standards of Engineering Practice EP405.1 emission 

uniformity, EU, is presented for the design of microirrigation systems. 

However, in EP458 the statistical uniformity, Us, is used for field 

evaluation of microirrigation systems. A table is also given to 

compare values of EU and Us (ASAE Standards, 1989). 

The use of the statistical uniformity is preferred because of its 

ability to account for more factors which affect uniformity than EU. 

Solomon (1985) developed a simulation model to study the effects of 

several factors throughout a whole subunit of a system instead of just 

a lateral. He found subunit uniformity to be affected, from greatest 

to least important, by: 

(1) plugging, 

(2) number of emitters per plant, 

(3) emitter manufacturers coefficient of variation, 

(4) emitter exponent, 

(5) water temperature, 

(6) subunit pressure differences, 

(7) pressure regulator coefficient of variation, 
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(8) ratio of manifold to lateral friction loss, and 

(9) degree of manifold taper. 

While Solomon (1985) looked at both plugging and temperature effects, 

he did not address the effect of temperature on plugging. 

Hills et al. (1989) studied the effects of chemical plugging on 

uniformity. They found that quality of the water is very important 

because relatively high levels of multivalent cations, high pH, and 

high temperature encourage the precipitation of chemicals which 

gradually block emitter orifices. 

Only one study specifically addressed evaluating emitter discharge of 

subsurface trickle irrigation systems. Mizyed and Kruse (1989) 

presented a procedure to include the effect of plugging on emitter 

discharge of subsurface systems and to determine the effect of plugging 

over time. They first determined the manufacturers coefficient of 

variation for drip-tape experimentally in a laboratory. A model then 

compared the predicted performance to the actual measured field 

performance for both newly installed laterals and laterals which had 

been in use for four years. Their results showed that the constant Kd 

in Eg. (1) had decreased by approximately 20% over four years. The 

computer model was assumed to be valid due to agreement between the 

measured and predicted values of Kd for the new drip-tape. 



Water me 

Wilson, Ayer, and Snider (1984) compiled results from eight separate 

experiments which compared water use and yield of cotton irrigated by 

conventional furrow irrigation, surface and subsurface drip irrigation. 

Results indicated that for irrigated cotton in the Southwest, drip 

irrigation can reduce water use anywhere from 0 to 60%, but usually 

within the range of 30 to 50%. It can also increase yields by 0 to 1.2 

bales/acre. Whereas yield results were highly unpredictable, water 

reduction was more consistent even though it was very dependent upon 

the individual situation, i.e. soil, climate, and management practices. 

In their economic analysis, Wilson et al. (1984) found operating costs 

of drip systems in Arizona to be within 5% of the operating cost of 

conventional furrow systems for cotton, approximately $720/acre. 

However, the annual fixed costs for drip were $350/acre compared to 

$150/acre for furrow. 

Grimes and El-Zik (1990) reviewed the plant-water relations and water 

management strategies for growing cotton. The complexities of cotton 

plants may result in high variability in growth for varying 

environmental and management conditions. In general, they divide the 

irrigation scheduling into four distinct phases: preplant irrigation, 

first seasonal irrigation, midseason irrigations, and last irrigation. 

The preplant irrigation is intended to completely wet the root zone in 

order to provide moisture for seed germination and early plant growth 

as well as to meet any required leaching. An alternative strategy to 

the preplant irrigation is to plant the seed in a dry bed and then 

apply an irrigation in a process known as irrigating up. The 

disadvantage to irrigating up is that it lowers the soil temperature 

thereby slowing germination, it creates a more favorable environment 
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for pathogens, and may cause emergence problems due to the soil 

crusting. The timing of the first irrigation is very important but 

controversial. In general Grimes and El-Zik (1990) report that 

irrigating too early will reduce yield and irrigation efficiency. The 

timing of midseason irrigations must be balanced between too frequent 

irrigations causing excessive vegetative growth and too little water 

leading to stress and the loss of fruiting forms. The timing of the 

final irrigation varies more depending on the length of season, desired 

maturity date and pest management strategies. 

Kruse et al. (1990) compared different aspects, such as the 

effectiveness of a system, of several types of irrigation systems. 

Many people attempt to compare efficiencies yet unless they define 

terms very carefully and consistently, problems may arise. According 

to Kruse et al. (1990), an effective irrigation system will: 

(a) store most of the applied water in the root zone, 

(b) replace almost all the soil moisture deficit in the root 

zone, and 

(c) uniformly cover the irrigated part of the field. 

A measure of (a) would be the water application efficiency, (b) would 

be the storage efficiency and (c) would be the application uniformity. 

Subsurface drip irrigation systems can have high application 

efficiencies, 90-95%, in optimum conditions but usually are not 

maintained at that level. Microirrigation systems are usually designed 

for a given level of uniformity based on many different factors such as 

field layout, selected equipment, and topography. Kruse et al. (1990) 

cite a study of 60 microirrigation systems in California for which 

uniformities ranged from 24 to 96% with an average of 73%. Poor 



uniformities were the result of system operation (42%), environmental 

factors (33%), and design and installation (25%). In the latter 

category, most of the problems were related to improper operating 

pressures, mixed emitter types or discharge rates, placement of 

emitters, and emitter clogging. 

Letey, Vaux, and Feinerman (1984) examined the effect of non-uniform 

water infiltration on yield, optimum water application, and profit. 

Prior analyses suggest that irrigating for maximum profit rather than 

maximum yield conserves considerable water. However, they assumed the 

water to be uniformly infiltrated. Letey et al.'s (1984) analysis 

showed that although at very low levels of water application a lower 

uniformity will actually increase yield, over the range of water 

applications which maximize yield any decrease in uniformity will 

decrease yield. However, their sensitivity analysis of the cost of 

water suggests that while increasing the cost of water may reduce the 

amount of water applied, it will not provide sufficient incentive to 

modify the irrigation system or management practices in order to 

improve uniformity. Instead, lower revenues provide the incentive to 

improve uniformity. For example, cotton yield declines if water is 

applied beyond a maximum level. The application of excess water cannot 

compensate for lower uniformity. Thus, non-uniformity of water 

application is more costly in a cotton field than for other crops which 

do not have reduced yields for excessive water application. 

Relationships between various aspects of water management of irrigation 

systems such as the uniformity, average depth applied, efficiency, 

yield, and profit have been widely studied. While Letey et al. (1984) 

focused on the relationships between uniformity, yield and profit, 

Clemmens (1991) analyzed the relationships between uniformity, average 



26 

depth applied, and efficiency. He developed equations based on 

statistical parameters which put some measurable system parameters into 

forms easily utilized for management decisions. By using the 

combination of variance method of Bralts et al. (1981) and assuming 

that applied water depths follow a normal distribution, Clemmens (1991) 

developed the relation 

= 1 - Cvz (25) 
D 

where R0 is the required, or target depth of application, MD is the 

actual average depth of application, Cv is the coefficient of variation 

of infiltrated depths, and z is the relative measure of the distance 

between R„ and MD obtained from statistical tables for normal 

distributions. This expression relates the required depth and the 

average depth if the coefficient of variation is known. 

The ratio of the amount of water received in the under-irrigated 

portion of the field to the required amount can then be found by 

|e=l ~ ̂ (Cvr) (26) 

where UD is the average depth in the under-irrigated portion and r is 

the relative distance between the required depth and the average depth 

in the under-irrigated portion (obtained from statistical tables for 

normal distributions). From the same statistical tables, the fraction 

of area adequately irrigated, A, can also be found. 

The storage and application efficiencies were then given by Clemmens 

(1991) as 
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Es = A + (1 ~ A) ^ (27) 

and 

= Ea -5|>(1 - X) 
MD 

(28) 

where Es is the storage efficiency, EA is the application efficiency, L 

is the surface losses such as runoff and evaporation, and X is the 

surface losses expressed as a fraction of the total water applied. 

Clenunens (1991) then demonstrated that for any given value of Cv, a 

table can be constructed which lists RD/MD, UD/RD, Es and EA as 

functions of A. Also for a normal distribution the distribution 

uniformity, DU, is given by 

The main requirement for this whole analysis is a normal distribution 

of infiltrated depths , or for drip irrigation emitter discharges. 

While discharges of a drip-tape are generally regarded as being 

normally distributed, factors such as hydraulic variation and plugging 

may change the type of distribution. 

Letey et al. (1990) analyzed the economics of several different 

irrigation systems considering such factors as uniformity, drainage 

disposal, management, capital costs,and other fixed costs relating to 

the operation of the systems. They assumed that a Christiansen 

uniformity coefficient (CUC) of 70 to 75 was representative of a well 

DU - 1 - 1.27 Cv (29) 
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designed and managed furrow irrigation system based mainly on the soil 

variability on a 0.9 hectare site at the University of California at 

Davis. They assumed that the amount and uniformity of water 

infiltration with a gravity irrigation system are largely functions of 

soil characteristics. For drip irrigation systems they assumed that 

while a CUC of 95 was theoretically possible, 90 was much more typical 

of well designed and managed drip systems. Letey et al. (1990) 

concluded that while the economics of various irrigation systems depend 

on many different factors, the uniformity is the most critical factor. 

Where costs are imposed on the disposal of drainage water, those costs 

can greatly shift the comparative advantage between systems. 

One of the major arguments against drip irrigation is the high initial 

capital cost of the system. However, Letey et al. (1990) showed that 

when all the individual fixed costs are properly accounted for, the 

differences in total fixed costs are somewhat mitigated. For example, 

they estimated that the difference in capital cost between a subsurface 

drip system and a siphon-furrow system to be $427/hectare/year, while 

the difference in total cost was only $211/hectare/year. Much of the 

difference was attributable to reduced tillage, labor, and weed control 

requirements for subsurface drip systems. 

Energy 

Roberts et al. (1986) analyzed the energy requirements for many common 

irrigation systems in terms of direct, indirect, and embodied energy 

use. In a drip irrigation system, direct energy use occurs in 

pressurizing the system, and, if the water source is an on-farm well, 
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in lifting the water. Indirect energy use occurs in all support 

operations. Embodied energy is that energy which is used to 

manufacture the equipment and materials used in the system and to 

install the system. They downplayed the general usefulness of energy 

analysis of irrigation systems because of the inconsistent definitions 

of energy use. However, energy analysis has some utility for deciding 

between alternative irrigation systems, since the system with the 

lowest direct energy requirement will be affected least by energy 

shortages and cost increases. They estimated that a typical drip 

system will have an application efficiency of 90%, or an annual water 

requirement of 1.11 feet/foot of application, an energy requirement of 

83.0 kilowatt-hours/acre/foot of application (assuming a design 

pressure of 15 psi) and 1.52 kilowatt-hours/acre/foot of lift from a 

well, an annual labor requirement of 4 hour/acre/year, a capital cost 

of $825/acre. 

English et al. (1982) developed a computer model to evaluate the total 

energy use of eight different irrigation systems including drip 

irrigation. Instead of looking at direct, indirect, and embodied 

energy, they divided energy use into operating energy, manufacturing 

energy, transportation energy, and installation energy. Because drip 

irrigation is a permanent installation they assumed that the 

transportation energy was zero. A set of studies compared energy use 

by the different systems under equivalent situations. For zero static 

lift, i.e. water available at the edge of the field at field level, 

surface irrigation techniques required the least energy followed by 

drip and sprinkler respectively. But as static lift increased, the 

energy required by surface irrigation increased much more rapidly than 

either drip or sprinkler. For lifts greater than 50 feet, surface 
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irrigation required more energy than drip. Overall, drip maintained 

the lowest annual cost per acre for all pumping depths. 

Larson and Fangmeier (1978) examined energy inputs for irrigated 

agriculture in terms of average crop energy yield per unit of energy 

input and average crop value per unit of energy. They were concerned 

with the overall energy balance of the whole irrigated crop production 

system. However, only surface and sprinkler systems were compared. 

Their analyses showed that for surface water sources sprinkler 

irrigation energy use was 5 to 12 times greater than surface irrigation 

systems. But for groundwater sources sprinkler energy use was only 6 

to 7% greater than surface irrigation energy use. They also determined 

that, given a groundwater source, a five percent increase in irrigation 

efficiency would reduce the total energy requirements by 4 to 7%. 

Batty, Hamad, and Keller (1975) attempted to account for direct energy 

inputs required for the installation and operation of several different 

types of irrigation systems on a 160 acre farm. They restricted 

themselves to only accounting for the major inputs. These included 

manufacturing energy for the materials (but not for transporting them), 

manual labor, excavation energy, and pumping energy. They ignored any 

energy associated with delivering the water to the edge of the field 

(i.e. zero lift). One of the systems which was studied was a trickle 

system for an orchard. The total energy requirements for the trickle 

system were 10331 megajoules/hectare(9.986x10s kilocalories/acre). 

Rein, Thacker, and Coates (1988) compared energy requirements of three 

different tillage systems for cotton. One system was a conventional 

system while the other two were reduced tillage systems, one called the 

USM System and the other called the Sundance system which was 



specifically adapted to subsurface trickle irrigation systems. In 

their study, carried out at the University of Arizona's Marana 

Agricultural Center in a Pima 1 clay loam soil, the Sundance system 

required the least energy, 73 kwh/ha, compared to the USM system, 107 

kwh/ha, and the conventional system, 124 kwh/ha. 
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III. EXPERIMENTAL PROCEDURE 

Description 

The field work for this study was carried out in field number 27 of the 

demonstration farm at the Maricopa Agricultural Center (MAC). Field 

number 27 is a 92 acre field of subsurface drip irrigated cotton 

divided into 8 blocks, each approximately 11.5 acres (Figure 1). The 

overall dimensions of the field are 5000 feet in the east-west 

direction by 800 feet in the north-south direction. Each block is 600 

feet east-west by 800 feet north-south (Figure 2). 

A separate study carried out in block 6 of field 27 by Cabral (1991) 

determined that at a depth of 50 cm, the average soil texture was 22% 

sandy clay loam and 74% clay loam. 

Two 20 hp centrifugal pumps, operating in parallel, deliver water from 

a concrete ditch on the east side of the field through a 4620 foot long 

main line along the north edge of the field; The first 4000 feet are 

10" diameter PIP-PVC while the last 620 feet are 8" diameter PIP-PVC. 

The submains run along the east side of each block and consist of 100 

feet of 8" diameter IPS-PVC and 700 feet of 6" diameter IPS-PVC pipe. 

Within each block 234 drip-tape laterals are spaced at 40 inch spacing. 

Each drip-tape connects to a common 2" pipe at the west side of each 

block for flushing sediment out of the system (Figure 2). Four 

Everfilt sand media filters equipped with auto backflush provide 

filtration. A Motorola irrigation controller is set up to control the 

irrigations. However, neither the autobackflush capabilities of the 

filters nor the automatic irrigation controller are utilized in day to 

day operation. Instead, the filters were backflushed manually 

approximately every four hours. 
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Hydraulic analysis 

The drip-tape used in field 27 is Turbo T-Tape manufactured by T-

Systems International. The specifications for the new driptape as 

claimed by the manufacturer are listed in Table 2. 

Table 2: Turbo T-Tape specifications 

outlet spacing: 40 cm 

inside diameter: 16 mm 

wall thickness: 15 mil 

discharge (per emitter): 
(minimum) 

11.4 ml/min @ 2.82 m 
(4 psi) 

(design) 17.0 ml/min @ 5.64 m 
(8 psi) 

coefficient of 
manufacturing variation: 0-7 % 

At the design pressure of 5.64 m (8 psi) the tape discharges 4.183 

liters/minute per 100 meters (0.337 gpm per 100 feet). 

Orip-tape characteristics 

The initial task in this project was to determine the components of the 

emitter discharge equation, Kd and x in Eg. (1), of new drip-tape in 

order to describe the discharge of new drip-tape for later comparison 

with used drip-tape. The Kd and x were calculated from data collected 

from a 328 foot length of tape laid out along a level rail at the 

Campbell Agricultural Center (CAC). Pressure gauges were installed at 

both ends of the tape. Two flow meters were installed in series at the 
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head end of the tape upstream from the pressure gauges. Upstream from 

the flow meters, an adjustable pressure regulating valve was installed 

to maintain the inlet pressure at the desired level. 

Three sets of emitters, each consisting of 22 randomly selected 

emitters from along the 328 foot lateral line, were selected to be 

tested at pressures of 4.23, 5.64, 7.05, 8.46, and 9.57 meters of head 

(6, 8, 10, 12 and 14 psi). Twenty-two emitters were chosen in order to 

obtain at least 18 usable data points. Because the test apparatus was 

located outside on a raised platform wind occasionally blew the water 

drops outside of the catch cans used to collect the discharges. 

Samples were considered to be usable if the water drops were not 

obviously missing the catch cans. If less than 18 usable samples were 

collected, the trial was repeated. The ASAE Standards require a 

minimum of 18 samples to evaluate the uniformity of a microirrigation 

system. 

For each trial, the pressure regulating valve was set to the desired 

pressure and the system pressure was allowed to stabilize. Then the 

pressure gauges at each end of the lateral were read. Next, catch cans 

were placed under the randomly selected emitters and the volume of 

water emitted by each emitter during a measured amount of time was 

recorded. After the samples were collected, both pressure gauges were 

read again. The average of the four measured pressures was then taken 

as the average system pressure for that trial. The discharges of the 

individual emitters were then calculated and the average emitter 

discharge and standard deviation of the discharges computed. This 

procedure was run for each of the three sets of randomly selected 

emitters at each of the five pressures. The average pressures in psi 

were converted to meters of head and the discharges converted to 
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liters/hour. Then, a linear regression relationship of the 

logarithmically transformed data, with discharge as a function of 

pressure head, was computed. The slope of the regression line was 

taken as being equal to the exponent x in Eg. (1) and the antilogarithm 

of the intercept was taken as the discharge coefficient, Kd. The 

summarized data are listed in the appendix while the results are 

discussed later in section 3. 

g = Kd ( i f*)  ( 1 )  

From the data, the coefficient of variation, Cv, of discharges for each 

trial was obtained by dividing the mean discharge of each trial by the 

standard deviation of the discharges of that trial. 

In an attempt to see if and how the emitter discharge rate changed with 

time and use, a similar test was performed during the summer of 1990 on 

a selected lateral of the subsurface drip system installed at MAC. The 

discharge rates of nineteen randomly selected emitters along the middle 

lateral, no. 117, in block 6 of field 27 were measured. This lateral 

had been used for one year. However, the pressure gauges installed at 

each end of the lateral only registered up to 15 psi while the system 

pressure fluctuated around 15 psi, plus or minus 2 psi. The gauge at 

the top of the lateral registered off the scale while the gauge at the 

end of the lateral registered 15 psi. Without discharge rates for at 

least two precise values of pressure, the Kd and x of the discharge 

equation for used drip-tape could not be calculated, though the 

coefficient of variation of the discharge rates was determined. 

During the summer of 1991, another attempt was made to determine the 

emitter discharge coefficient and exponent for the discharge equation 



of used drip-tape. Lateral, no. 113, near the middle of block 6 of 

field 27 was tested. The original drip-tape was installed before the 

1989 growing season so lateral 113 had been in use for two full 

seasons. Different pressure gauges capable of reading up to 30 psi 

were installed at each end of lateral 113 and the emitter discharges at 

two different pressures were measured. 

Uniformity 

The uniformity of application for an irrigation system may be 

determined in a two different ways. It may either be estimated based 

on theory and known characteristics of the system or it may be 

physically measured. The uniformity of the MAC drip system was 

examined from both perspectives. 

First, the uniformity was estimated using the discharge equations for 

new and used drip-tape. Since the emitter discharge equations were 

known for new and used drip-tape, a simple computer program was written 

to calculate the pressure and discharge distributions along a lateral 

based on a given pressure at the distal end of the lateral. Three 

pressure gauges along the manifold, at the inlet, middle and distal 

end, were used to determine the pressure distribution along the 

manifold. 

Since the pressure distribution of the manifold was known, the pressure 

at the inlet of each lateral was also known. Starting with an initial 

estimate for the pressure at the distal end, the computer program 

calculated the pressure back up the lateral from emitter to emitter to 

determine the pressure at the inlet. The program then adjusted the 

pressure at the distal end and recalculated the pressure along the 
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lateral, iterating until the resulting inlet pressure matched the known 

inlet pressure. This procedure was then repeated for successive 

laterals until the pressure and discharge distributions for the whole 

block were calculated. 

With the discharge distribution of the block known, the average 

discharge rate, the standard deviation of discharge rates, the average 

of the low-quarter discharge rates, and the maximum and minimum 

discharge rates were calculated. From these values the uniformity was 

calculated. This method relies on two assumptions, that the end of 

each lateral is closed so no water flows past the last emitter and 

there is no plugging of emitters. 

In order to compare theoretical and actual uniformity, the actual 

uniformity was physically measured using two different methods. First, 

nine pressure gauges were installed in block 6: one at each corner, the 

midpoints of each side, and the very middle of the block. During the 

1990 season, pressure readings were taken four times. These pressures 

were then used to compute the average pressure distribution in the 

block. With the pressure distribution known, the discharge 

distribution was calculated using the discharge equation for two-year 

old tape. 

The theoretically calculated uniformities were determined using the 

same measured pressure distribution in the manifold as from nine 

pressure measurements, but the pressure distributions in the laterals 

were calculated using the emitter discharge equations for new and old 

tape assuming that the end of each lateral was closed. The software 

package SURFER Version 4 (Golden Software, 1989), was used to plot 

discharge distributions of the calculated discharge rates for new tape, 
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used tape, and the actual measured pressures as three-dimensional 

surfaces. Data from these surfaces were then used to calculate the 

uniformities in terms of emission uniformity, EU, design emission 

uniformity, EUd, Christiansen's uniformity coefficient, CU, variation 

of flows, qvar, and distribution uniformity, DU. 

The second method for physically measuring actual uniformity involved 

randomly selecting 18 emitters throughout the whole block and measuring 

their discharges. From the number of laterals in the block, the length 

of the laterals, and the spacing of the emitters, the total number of 

emitters in the block was calculated. Then eighteen emitters were 

randomly selected using a random number generator and their locations 

to the nearest foot were marked in the field. Holes were dug under 

each location until the emitter closest to the marked location was 

found. Pressure gauges were installed at the top and bottom of the 

middle lateral and pressures were read several times during the test. 

The average of the pressure measurements recorded during each test was 

used as the average system pressure during that test. The test was run 

twice, first with only one pump operating and an average pressure of 

approximately 4 psi, then with both pumps operating and an average 

pressure of approximately 6 psi. For each emitter the volume of water 

emitted during a measured amount of time (5 to 10 minutes) was 

collected and measured. The EU, EUd, CU, qvar, and DU were then 

calculated using the measured data. 

Water use 

The water use of both block 6 and the whole field 27 were taken from 

farm management records kept by the irrigators. The records provided 
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detailed dates, times, and meter readings for the start and stop of 

each irrigation for each block. Additional independent readings were 

consistent with the farm management records, therefore the farm records 

are considered reliable. 

Energy use 

The energy inputs to an irrigation system can be categorized as either 

direct or indirect energy. Direct energy inputs are energy inputs 

actually used to operate the system, mainly the energy to pump the 

water and till, cultivate, and harvest the crop. Indirect energy 

inputs include energy used to manufacture and install the components of 

the system. 

An exhaustive review of energy inputs for the MAC drip system would 

need to take into account such matters as: energy expended by cultural 

practices; energy embodied in fertilizers, herbicides, and pesticides 

applied to the field; and energy used to apply them, i. e. aerial 

spraying. However, the records kept for field 27 of the demonstration 

farm did not provide enough detail of the field operations to enable a 

precise computation of these secondary energy uses. 

Direct energy 

Direct measurement of energy used to operate the system was carried out 

in two ways. First, the actual electricity consumed at the pumping 

station was read directly from an Arizona Public Service (APS) power 

meter located at the pumping station. Unfortunately, two other small 

pumps unrelated to the drip irrigation system, a pump supplying water 

to a gypsum tank and an air pump aerating a fish reservoir, used 
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electricity from the same source. Their rate of energy use was 

estimated and then subtracted from the APS meter readings to obtain the 

energy used by the irrigation pumps. A second measurement of direct 

energy involved installing electrical power transducers in the 

electrical lines supplying electricity to each pump. These transducers 

were connected to a Campbell Scientific 21X datalogger which recorded 

the power used by each pump. This data also assisted in checking the 

power used by the air and gypsum pumps. 

Indirect energy 

Indirect energy inputs were estimated using energy factors or 

intensities found in the literature for various components and 

materials. Using the list of materials given in the contract 

specifications for the drip system, the energy used to manufacture the 

materials was calculated. Energy factors in the units of megajoules 

per kilogram (MJ/kg) for most of the materials such as pvc pipe, 

polyethylene hose, brass, and steel were obtained from Fluck and Baird 

(1980), Pimental (1980), and English et al. (1982). A manufacturing 

energy factor for pumping units was found in Batty, Hamad, and Keller 

(1975). They used a factor of 0.5 kilocalories per unit of 

horsepower, which converts to 2093 megajoules per horsepower. Unit 

weights for the filters and various fittings were estimated from a 

variety of catalogs and literature from manufacturers. 

The installation energy consists essentially of the energy required to 

excavate and fill the trenches for the buried mainline, submains, and 

laterals plus the energy used to install the drip-tape. Pimental 

(1980) estimated the energy required for ditching and trenching to be 

15 MJ per linear meter of trench. No values for the installation 
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energy of drip-tape were found in the literature so it was estimated to 

be approximately 112.8 megajoules per hectare based on similar field 

operations listed in Larson and Fangmeier (1978). 

Field operations data received from the MAC management indicated that 

UN32, urea-ammonium nitrate fertilizer in solution, was applied in 

varying amounts to all the blocks but at the same rate of five gallons 

per acre. Fertilizer was applied to a total of 22 blocks for a total 

of 6367.7 kg of UN32. Stout (1987) estimates the total energy content 

of urea-ammonium nitrate in solution to be 19.58 MJ/kg. The liquid 

fertilizer was simply fed into the pumps' sump so that no energy was 

expended to apply the fertilizer. 

No information was available on pesticides, herbicides, and defoliants 

applied to the field, so it was assumed that for Arizona conditions, 

the types and application rates for these chemicals would be similar to 

the values given by Larson and Fangmeier (1978), 4.5 kg/ha of 

pesticides and 4.5 kg/ha of herbicides and defoliants for a total of 9 

kg/ha. The combined energy content would then be 900 MJ/ha. Roth 

(1991) indicated that rates of application of pesticides and herbicides 

is so variable from block to block, field to field, and season to 

season that unless detailed records of each individual item are kept, 

it would be difficult and probably meaningless to try to refine the 

estimates given by Larson and Fangmeier (1978). Larson and Fangmeier 

(1978) also estimate the energy embodied in the seed to be 1900 MJ/ha 

for a seeding rate of 14 kg/ha. 
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IV. RESULTS AND DISCUSSION 

Hydraulic analysis 

This was the first time a subsurface drip system was evaluated by 

examining individual emitters in order to measure their performance 

(emitter discharge equation) and the uniformity of application of the 

whole system. Although Mizyed and Kruse (1989) evaluated a subsurface 

system, their field study averaged the flow into the lateral among the 

number of emitters instead of looking at individual emitters. The 

difficulty of the evaluation is magnified by considering the emitters 

becuase of the amount of work involved in locating a sufficient number 

of emitters, at least 18 but preferably 36 or more, excavating around 

them, and measuring their discharges while measuring and controlling 

the pressure. 

Drip-tape characteristics 

Table 3 lists the drip-tape characteristics obtained by tests conducted 

on new and two year old Turbo T-Tape. Although the manufacturer did 

not specify the emitter exponent and discharge coefficient, the 

manufacturer did list the rated discharges at two different pressure 

heads from which the values of x and Kd were calculated. For the new 

tape, the value of the emitter exponent, 0.54, was in the range 

expected for an emitter with a turbulent flow regime. An emitter with 

a fully turbulent flow regime would ideally have an exponent between 

0.50 and 0.58 as in Eg. (13). The value of x calculated from the 

manufacturer's specifications (0.58) and that obtained by testing new 

tape (0.54) correspond closely. The discharge coefficients, however, 
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differ significantly. The Kd calculated from the manufacturer's 

specifications (0.38) is approximately 15% less than the experimentally 

determined Kd (0.45). As a result, the actual discharge for new drip 

tape at the design pressure head of 5.64 meters (1.15 1/hr/emitter) is 

11% larger than the manufacturer's listed design discharge (1.02 

1/hr/emitter). These differences may be due to conservative numbers 

supplied by the manufacturer instead of real differences in 

performance, or to differences between the testing methods used by the 

manufacturer and in this study. 

Table 3: Drip tape characteristics 

Manufacturer's 
specs 

New Two year 
old 

Discharge coefficient 
Kd1 

0.38 0.45 0.27 
(0.36)2 

Emitter exponent 
X 

0.58 0.54 0.73 

Coefficient of variation 
Cv [%] 

0 - 7  3.2 18.5 

Discharge [1/hr/emitter] 
at design head, 5.64 m 

1.02 1.15 0.94 

1 Kd valid for g in [1/hr/emitter] and H in [m] 
2 An adjusted Kd assuming that x remained constant (x=0.54) 

The emitter exponent computed from test data for two year old tape was 

0.73. The increase of x from 0.54 to 0.73 seems to indicate that as 

the drip-tape ages, the flow regime through the emitters tends to 

become more laminar. An exponent of 0 is applicable when the emitter 

is fully pressure compensating, 0.5 is applicable when the flow is 

turbulent, and 1.0 when the flow regime is laminar. Thus, the new 

drip-tape compensates for fluctuations in pressure more readily than 
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the old tape. However, over the range of pressures at which the MAC 

drip system was observed to operate, 3.5 m (5 psi) to 10.6 m (15 psi), 

the pressure compensating effect due to the change in tape properties 

was negligible. No obvious explanation for a change of the flow regime 

through the emitter was noted. 

Figure 3 illustrates how over the range of pressure heads 3.5 m to 10.6 

m, the slopes of the curves for x = 0.54 and x = 0.73 almost parallel 

each other. Over this range the difference in discharge between the 

new (q=0.45HA0.54) and old (q-0.27HA0.73) tape is fairly constant, 

approximately 3.5 ml/min (0.21 1/hr), though at the higher end of the 

range the difference decreases slightly. Instead of attributing the 

change in the pressure-discharge relationship to a change in the 

emitter exponent, a more likely explanation can be found in the 

discharge coefficient, Kd. 

During the two years of use, the discharge coefficient, Kd, of the tape 

decreased by 40% from 0.45 to 0.27. The discharge coefficient should 

decrease over time as emitters plug up. Thus, Kd acts as a constant of 

proportionality which accounts for the lower overall discharge of the 

drip-tape. That the reduced discharge of the tape showed up as a 

change in the emitter exponent as well as the discharge coefficient can 

be explained by the manner in which Kd and x were calculated. 

The pressure and discharge test data were transformed logarithmically 

to obtain a linear relationship between the pressure and discharge. 

The equation for a line passing through the data points was then 

computed. The slope of the line is equal to the value of the exponent 

x. The intercept of the line and the y-axis (logarithm of discharge) 

is equal to the logarithm of the discharge coefficient. The results 
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Figure 3 Pressure-discharge relationships for new drip tape, based on 
test data (q=0.45H0,54) and manufacturer's data (q=0.38H®58), and for two 
year old tape based on raw test data (q=0.27H0,73). 
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for the new tape were based on eighteen data points spanning the whole 

range of operating pressures. However, the computations for the 

exponent and discharge coefficient for the two-year old drip-tape were 

based on only two data points. Both of the pressures were at the lower 

end of the operating range, 3.34 m (4.74 psi) and 4.60 m (6.54 psi). 

Also, this old tape was necessarily tested in the field where it was 

difficult to control the pressure. Thus even a small error in either 

pressure or discharge would result in different values of x and Kd. 

While within the specified operating head range, 3.5 m to 10.6 m, the 

emitter discharge equation with Kd = 0.27 and x = 0.73 should give 

discharges very close to the correct discharge, a modified Kd would 

more accurately reflect the actual value of Kd. Comparing the Kd of 

the two-year old tape with that of new tape indicates a decrease of 40% 

over two years. If the exponent x remained the same, 0.54, the 

discharge would have also decreased by 40%. However, the increase in x 

from 0.54 to 0.73 compensated for the effect of the decrease in Kd such 

the two-year old emitter discharge equation yields discharges only 18% 

less than the equation for new tape. Figure 3 illustrates how the 

discharge at the design pressure head decreased by only 18%. Mizyed 

and Kruse (1989) measured a decrease of 20% in Kd over four years in a 

subsurface drip system. 

Kd may be modified by assuming that x remained the same (0.54) and 

that only Kd changed. Then substituting the head and discharge of one 

of the test data points into Eq. (1) and solving for Kd will yield the 

modified Kd. 

If the flow regime through the emitter, and thus the emitter exponent, 

is assumed to remain constant, an adjusted discharge coefficient may be 
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computed which will permit a more direct comparison with Hizyed and 

Kruse (1989). By entering a pressure head and its associated discharge 

from the random discharge test into Eg. (1) the eguation can be solved 

for the discharge coefficient. 

Kd=S- (31) 
Hx 

°-816l̂  *32* 
^2vear-old= Shi = 0 • 36 2year ola (4-60m)0.s< 

The adjusted Kd is 0.36, which would only be a reduction of 20% from 

0.45, instead of 40%. This 20% reduction in Kd over two years 

corresponds more closely to Mizyed and Kruse's (1989) 20% reduction 

over four years than a reduction of 40% over two years. Thus, the more 

accurate emitter discharge eguation for two year old drip tape is 

g = 0.36//0,54 (33) 

Figure 4 shows the curves for the new tape and for the adjusted Kd. 

Pressure distribution 

An interesting phenomena emerged in the distribution of pressure 

throughout block 6 of field 27. During the summer of 1990, pressures 

were measured at 9 locations throughout the block; at the corners and 

at the midpoints of each side and in the center of the block. While 

the three pressures measured along the manifold decreased from the 

inlet to the midpoint and then to the end as would be expected due to 

headloss within the manifold, the pressures measured at the ends of the 
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Figure 4 Pressure-discharge relationships for new drip tape, based on 
test data (q=0.45H054), and two year old tape assuming constant emitter 
exponent (g=0.3 6H°54). 
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corresponding laterals did not exhibit a corresponding decrease in 

pressure. Instead the end pressures along the lower edge of the block 

were almost all uniform at 10 psi even though the pressures at the top 

ranged from 13.5 psi to 11 psi. The lowest measured pressure was not 

at the corner furthest from the inlet, as expected, but at the midpoint 

of the last lateral. This could have been due to an uneven field 

slope, however, the field had been levelled before the drip system was 

installed. Figure 5 illustrates the actual pressure distribution while 

Figures 6 and 7 illustrate what was predicted. Figures 8, 9, and 10 

show discharge distributions using various emitter discharge equations 

and pressures to calculate discharges; However, their shapes reflect 

the shapes of the pressure distributions. 

The most readily apparent explanation for this behavior is that the 

flushline along the lower edge of the block equalized the pressures at 

the ends of all the laterals. Thus the phenomena noted was the 

difference between a branched network and a looped network. Branched 

networks are the network of choice for analysis due to the relative 

ease with which they may be analyzed. 
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Pressure head distribution 
Figure 5 Distribution of measured pressure heads 

average pressure head 7.81 m 
standard deviation of heads 0.68 
coefficient of variation 0.0876 
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Pressure head distribution 
Figure 6 Distribution of calculated pressure heads based on g=0.45H°'54 

average pressure head 6.39 m 
standard deviation of heads 1.28 
coefficient of variation 0.2008 
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Pressure head distribution 
Figure 7 Distribution o£ calculated pressure heads based on q=0.36H054 

average pressure head 6.89 m 
standard deviation of heads 1.07 
coefficient of variation 0.1552 
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Discharge distribution 

Figure 8 Discharge distribution based on Measured pressure distribution 
q = 0.36*H°m 

average emitter discharge 1.093 1/hr 
standard deviation of discharges 0.0515 
coefficient of variation 0.0471 
average of low quarter discharges 1.042 1/hr 
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Discharge distribution 

Figure 9 Discharge distribution based on 
distribution based on q = 0.45*H°M 

calculated pressure 

average emitter discharge 1.220 1/hr 
standard deviation of discharges 0.1284 
coefficient of variation 0.1053 
average of low quarter discharges 1.082 1/hr 
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Discharge distribution 

Figure 10 Discharge distribution based on calculated pressure 
distribution based on q = 0.36*H°M 

average emitter discharge 1.102 1/hr 
standard deviation of discharges 0.0842 
coefficient of variation 0.0826 
average of low quarter discharges 0.928 1/hr 



Figures 11 and 12 illustrate branched and looped networks, 

respectively. Branched hydraulic networks consist of pipelines which 

branch off from main or submain lines without interconnecting with any 

other lines. In a drip irrigation system, flow enters the lines at 

only one end while the other end is closed and water discharges at 

emitters along the line. If the pressure at the end of the last 

lateral is known or measured, the pressure and discharge distributions 

of the whole block may be computed using the emitter discharge and 

headloss equations. In looped hydraulic networks, on the other hand, 

the pipelines or laterals interconnect forming one or more loops. The 

resulting flows in the laterals are much more complex than for branched 

networks since the direction of flow in any given segment of pipeline 

is unknown, especially in the parts of the network distant from the 

inlet to the system. 

Several different methods have been used to solve branched and looped 

networks including the Hardy Cross, Newton-Raphson, and linear theory 

methods. Bralts et al. (1987) developed a finite element method for 

the solution of networks. However, all of these methods are complex 

iterative techniques which would require large amounts of computer 

memory for a drip irrigation system with as many pipe elements and 

emitter nodes as the MAC drip system has. 
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Figure 12 Looped network 
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The significance of the looped network pressure distribution becomes 

apparent when uniformity of irrigation is considered. For subsurface 

drip irrigation, which usually has no surface runoff and reduced 

evaporation, the emitter discharge becomes the effective application. 

Thus, comparing Figure 8 to Figures 9 and 10 it is easily seen that the 

actual uniformity of application appears more uniform than anticipated. 

Table 4 lists several measures of uniformity for four different cases. 

Columns 1 and 2 correspond to Figures 9 and 10 in which the block was 

analyzed assuming a branched network. Column 1 utilizes the 

experimentally determined emitter discharge equation for new drip-tape 

to convert pressure heads to discharges, while column 2 utilizes the 

equation for two year old tape. Column 3 corresponds to Figure 8 and 

is based on the nine measured pressures and takes into account the 

effect of the looped network. The two year old emitter discharge 

equation is used to compute the discharges. Column 4 is based on 

measurements of emitter discharges at eighteen random location 

throughout the block. Because 1, 2, and 3 are based on pressure heads, 

they do not take into account any partial or complete plugging. On the 

other hand, 4 reflects partial and complete plugging. 

In columns 1 and 2, the emitter exponent and discharge coefficient 

minimally effect the overall uniformity in the block. Two years of use 

reduced uniformity by only two or three percentage points. 

Distribution uniformity, 0U, increases slightly, perhaps because the 

average discharge for the old tape is weighted toward the lower end so 

that the average of the low quarter discharges and the overall average 

discharge are closer together. 
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Hypothetical' Pressure 
measurements 

(3) 

Random 
discharges3 

(4) new4 
(1) 

old5 
(2) 

Pressure 
measurements 

(3) 

Random 
discharges3 

(4) 

EU4 0.73 0.72 0.82 0.51 

EUd7 0.77 0.75 0.86 0.61 

CU8 0.92 0.93 0.95 0.72" 
(0.85)" 

qvar® 0.34 0.28 0.25 0.51 

DU10 0.84 0.84 0.94 0.80 

Us" 46.712 
(94.7)15 

64.613 
(88.7)14 

i 1) Predicted by theory assuming branched network. igures 6, 7, 9, 
and 10. 

(2) Based on pressure measurements at nine locations during 1990 
season. Figures 5 and 8. 

(3) Based on discharge measurements at 18 random locations at 
beginning of 1991 season. 

(4) Assumes discharge equation for new tape (x=.54, Kd=.45). 
(5) Assumes discharge equation for 2-year old tape (x=.54, Kd=.36). 
(6) Eq. (17) using q̂ minimum discharge. 
(7) Eq. (17) using q„=average of low quarter discharges. 
(8) Cu = 1.0 - 0.798 Vq 
(9) qvar=(qmax-qmin)/qmax (Jensen) 
(10) DU=qa)<wqa (Jensen) 
(11) Eq. (22,23, & 24) 
(12) Assumes x-0.54, Vh=0.089, n„=19, f=13, p' =2, a=0.3 in Eq. (22, 

23, and 24) 
If plugging included. Discharge test of lateral 117, summer 
'90. 

(13) Assumes x=0.54, Vh=0.089, n„=20, $>=16, p' =2, a=0.3 in Eg. (22, 
23, and 24) 
Includes 2 outliers as fully plugged. 

(14) Assumes x=0.54, Vh=0.089, n„=18, ?=16, p'=2, a=0.3 in Eq. (22, 
23, and 24) 
Excludes 2 plugged emitters as outliers. 

(15) If plugging ignored. 
(16) Includes 2 outliers as completely plugged. 
(17) Excludes 2 outliers. 



The type of network does effect the uniformity. For the first five 

uniformity measures, the looped network uniformities tend to be ten 

percentage points greater than the branched network uniformities. The 

coefficient of variation reduced from 0.083 shown in Figure 10, to 

0.047 as shown in Figure 8. A practical implication is that drip 

system designers may reduce the variation and improve the uniformity of 

a system by adding a pressure equalizing line across the bottom of the 

laterals. 

Clemmens (1991) presented a method which provides for some 

quantification of the effect of changing uniformity of an irrigation 

system. He constructed a table of irrigation system efficiencies as 

functions of the area adequately irrigated for any given constant 

coefficient of variation of depth of irrigation applied. Although 

Clemmens (1991) only presented one table for a coefficient of variation 

of 0.10, additional efficiency tables for coefficients of variation of 

0.121, 0.15, 0.185, and 0.20 were computed based on Clemmens methods 

are presented in Table 5 and 6 and Appendices L through P. 

Figures 8 and 10 illustrate how the efficiency tables may be used. 

Figures 8 and 10 do not include the effect of plugging, however, as an 

example, assume that the inclusion of plugging increases the total 

variation of discharge by 0.09, from 0.06 to 0.15 in Figure 8 and from 

0.11 to 0.20 in Figure 10. If farm management chooses to irrigate such 

that 80% of the field receives the full irrigation or more, then from 

Tables 5 and 6 the application efficiencies would be 0.857 and 0.809 

for a looped and branched system, respectively. Ratio of net required 

depth to gross depth applied would be 0.874 and 0.832. If the net 
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Tabla 5 Efficiency values as functions of area adequately irrigated for 
constant coefficient of variation, Cv = 0.15 

A RD/MD Ud/RD ES EA | 

0.500 1.000 0.880 0.940 0.940 

0.550 0.981 0.885 0.948 0.930 

0.600 0.962 0.889 0.956 0.919 

0.650 0.942 0.893 0.963 0.907 

0.700 0.921 0.897 0.969 0.893 

0.750 0.899 0.900 0.975 0.877 

0.800 0.874 0.904 0.981 0.857 

0.850 0.844 0.908 0.986 0.833 

0.900 0.808 0.913 0.991 0.801 

0.950 0.753 0.917 0.996 0.750 

0.955 0.746 0.917 0.996 0.743 

0.960 0.737 0.918 0.997 0.735 

0.965 0.728 0.918 0.997 0.726 

0.970 0.718 0.919 0.998 0.716 

0.975 0.706 0.920 0.998 0.705 

0.980 0.692 0.921 0.998 0.691 

0.985 0.675 0.922 0.999 0.674 

0.990 0.651 0.923 0.999 0.650 

0.995 0.614 0.925 1.000 0.614 

A = fraction of area adequately irrigated 
RD/Md = ratio of net to gross amount applied 
UD/Rd = ratio of net depth applied to under-irrigated area to 

required depth of application 
ES = storage efficiency 
EA = application efficiency 
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Table 6 Efficiency values as functions of area adequately irrigated for 
constant coefficient of variation, Cv = 0.20 

A RD/MD UD/̂ D ES EA 

0.500 1.000 0.840 0.920 0.920 

0.550 0.975 0.846 0.930 0.907 

0.600 0.949 0.850 0.940 0.892 

0.650 0.923 0.854 0.949 0.876 

0.700 0.895 0.858 0.957 0.857 

0.750 0.865 0.862 0.965 0.835 

0.800 0.832 0.866 0.973 0.809 

0.850 0.793 0.870 0.980 0.777 

0.900 0.744 0.873 0.987 0.734 

0.950 0.671 0.876 0.994 0.667 

0.955 0.661 0.876 0.994 0.657 

0.960 0.650 0.876 0.995 0.647 

0.965 0.638 0.876 0.996 0.635 

0.970 0.624 0.876 0.996 0.621 

0.975 0.608 0.876 0.997 0.606 

0.980 0.589 0.876 0.998 0.588 

0.985 0.566 0.876 0.998 0.565 

0.990 0.535 0.875 0.999 0.534 

0.995 0.485 0.873 0.999 0.485 

A = fraction of area adequately irrigated 
RD/Md = ratio of net to gross amount applied 
UD/Rd = ratio of net depth applied to under-irrigated area to 

required depth 
ES = storage efficiency 
EA = application efficiency 
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required depth is 41 inches, then a looped network system would apply 

46.91 inches compared to 49.28 inches for a branched network. 

As the ASAE Standards recommend for field evaluations of micro-

irrigation systems, statistical uniformity, Us, is used to provide the 

most reliable estimate of uniformity. Data used to calculate Us, 

equations (22), (23), and (24), were drawn from several tests of the 

drip system. The actual hydraulic variation, Vh = 0.089, was 

calculated from the nine pressure measurements. The emitter exponent 

was assumed to be 0.54. Manufacturing variation was obtained from the 

tests of new drip-tape. 

Variation due to plugging was estimated from discharge tests of random 

locations. Twenty discharge measurements were made, however, by chance 

two emitters were chosen on the same lateral, both of which emitted 

such small flows as to be considered completely plugged. Because they 

were on the same lateral it is possible that instead of individual 

emitters being plugged the whole lateral was affected and thus not 

representative of the whole block. Thus, the statistical uniformity 

was calculated including and excluding these two emitters. If all 

twenty discharges are included in the analysis of uniformity, the 

statistical uniformity would be 64.6. If only eighteen emitter 

discharge measurements are used, then sixteen emitters were freely 

flowing, two were 30% plugged, and none were fully plugged. The 

coefficient of variation of discharges from the random test was 0.185. 

Cabral's (1991) study of soil moisture distribution in the same field 

lends credence to these values. Using tensiometers scattered 

throughout the block he measured the soil moisture content before and 

after four irrigations. The uniformity of the soil moisture after 

irrigation ranged from 84.4 to 85.7 (Christiansen uniformity 
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coefficient). The uniformity increased with time after irrigation as 

the water redistributed. 

Water use 

Many factors affect the water use of an irrigation system. As 

illustrated, uniformity, efficiency, and management decisions all 

influence the amount of water a drip system uses. Controversy exists 

concerning exactly what water should be counted towards use by an 

irrigated crop. Some researchers include only water applied after 

seeds have germinated, some include a preplant irrigation which fills 

the root zone, still others include everything related to the 

irrigation system including flushing the filters and laterals. 

Erie et al. (1981) determined the consumptive water use of cotton to be 

41.2 inches at Mesa, Arizona. A study by Wilson et al. (1984) cites 

several instances where subsurface drip irrigated cotton received 

applications ranging from 30 to 35 inches with yields up to 125% 

greater than similar furrow irrigated cotton. However, this does not 

include the preplant irrigation or flushing requirements. Bucks et al. 

(1988) grew cotton at MAC under surface drip irrigation with an 

application of 34 to 36 inches but did not include water for flushing 

the lines before the season or the preplant irrigation. 

Table 7 shows the water used to irrigate field 27 using the subsurface 

drip irrigation system. 1989 was the first year the drip system was 

used. Water listed as having been applied to the cotton that season 

actually includes all the water used to flush the system after it was 

installed. Also during that season many of the connectors between the 
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1989 1990 

Water applied [in] 50.76 41 

Yield fbales of lint/acre] 3.344 1.91 

Farm average [bales/ac] 3.34 2.64 

manifold and laterals popped off of the manifolds resulting in many 

leaks in the field. For both 1989 and 1990 the water figures include 

the water used to irrigate up to germinate the seeds and wet the root 

zone, instead of a pre-plant irrigation. In 1990 that irrigation 

amounted to irrigating each block for nine straight days with an 

average flow rate of 279 gpm. Obviously the numbers in Table 7 can not 

be directly compared to published studies such as those of Wilson et 

al. (1984) and Bucks et al. (1988). 

Quantitative judgements of the MAC drip system based on Table 7 are 

difficult to make, however, some qualitative statements can be made. 

In 1990 even though the quantity of water applied, including a 

preplanting irrigation and water to flush the filters and the system, 

was essentially the same as the expected consumptive use of cotton, 

visually the cotton appeared to be overwatered. Throughout the field 

the plants were over 6 feet tall and in some parts over 7 feet. Farm 

management attributed the excessive vegetative growth to a period of 

extremely high temperatures in June during which the cotton was 

purposely overwatered to reduce stress on the plants. This would also 

account for some of the reduced yield. Though the farm's average yield 

is still significantly higher than field 27's yield. 
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Kamara et al. (1991) found that subsurface trickle irrigation did not 

affect the cotton root distribution, however, they surmised that this 

was due to rainfall infiltrating from the surface. In an arid region 

like Arizona where very little rainfall occurs during the early part of 

the season quite possibly drip irrigated cotton is more susceptible to 

the heat stress due to a smaller root zone. 
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Energy use 

Indirect energy 

Table 8 lists results of the energy computation for the MAC drip 

irrigation system. Most of the indirect energy values, that is the 

energy consumed in manufacturing the inputs and installation of the 

system, are simply estimates based upon values found in the literature. 

Quantities of physical components were obtained from the contract 

specifications but the energy factors used to calculate the energy are 

taken from the literature. The general trend for the manufacturing 

processes would be toward more efficient use of energy. Thus, it is 

possible that current energy factors would reduce the amount of energy 

calculated to be embodied in inputs, including chemical and seed. The 

energy consumed to install the system is also a rough estimate based on 

common methods of estimating earthwork required to install pipelines. 

The expected life of the various physical components as listed in 

Appendix G are based on estimates given by Batty et al. (1975). Jensen 

(1983) also lists life expectancies for various components which are 

generally longer than those listed by Batty et al. (1975). Using the 

values given by Jensen (1983) would reduce the annualized energy of 

some components by as much as 50%. Thus Batty et al.'s values provide 

a more conservative estimate of the annualized energy. 
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Annualized energy 

(MJ) (MJ/ha/yr) 1 (MJ/yr) 

Manufacturing of 
inputs 

physical 
components' 3033882 6692.7 249304 

fertilizer2 3347.1 124680 
pest./herb./def3 900 33525 

seed4 1900 70775 

12839.8 478284 
Installation 

ditching and 
trenching5 81480 109.4 4074 

drip tape® 4201 16.1 600 

125.5 4674 
Operation 

labor7 0.124 0.5 

field 
operations8 3760 140060 

pumping9 7593* 4683" 282838* 174434b 

11353 8443 422899 314495 

Total 24318 21408 905857 797453 

(1) See Appendix 6 for details of computations and expected lives 
o f component s. 

(2) 6367.7 kg UN32 * 19.58 MJ/kg, Stout (1987) 
(3) Larson and Fangmeier (1978) 
(4) Larson and Fangmeier (1978) 
(5) See Appendix 1 
(6) See Appendix I 
(7) See Appendix H 
(8) See Appendix H 
(9) (a) Actual measured pumping energy from the APS meter. 

= 78566 kwh = 282838 MJ 
(b) Energy that should have been used to pump the measured 

amount of water. 
energy = (K * area * depth applied * head) / (irrigation 

efficiency * pumping efficiency) 
= (733400 * 92 ac * 41 in * 110 ft) / (90 * 60) 
= 56352283 kcal = 48454 kwh = 174434 HJ 
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Direct energy 

Ideally the direct energy consumption of an irrigation system should be 

more straightforward and reliable to calculate than the indirect 

energy. However, records of the field operations and labor performed 

on field 27 were not thorough enough to calculate actual direct energy 

consumed in the field operations, though the records did facilitate the 

comparison of drip irrigation field operations with surface irrigation 

field operations found in the literature from which estimates of direct 

energy use were made. 

The other major direct energy use, energy for pumping water, was 

examined from two perspectives. First, energy was measured directly 

on an APS power meter. The actual measured energy was 7593 MJ/ha 

during the 1990 growing season. As a comparison to see how efficiently 

the system performed in terms of energy use, the energy required to 

pump the applied water, 41 inches, was calculated based upon 

assumptions that it was operating with the designed total dynamic head 

of 110 feet, with an irrigation efficiency of 90% and a pumping plant 

efficiency of 60%. The difference between actual and expected pumping 

energies was notable. The actual energy used was 60 % greater than the 

expected energy use. 

During the first year of operation, 1989, in order to maintain the 

system pressure at the design pressure of 8 psi, the farm management 

installed a bypass which diverted a portion of flow in the mainline 

into a nearby ditch. During the second year, 1990, instead of 

bypassing excess flow, a butterfly valve on the mainline was closed 

down approximately 30 % to create enough headloss to reduce the system 

pressure to 8 psi. Both of these strategies wasted energy. The 



problem of having either too much flow or too much pressure indicated 

that the pumps were oversized. An examination of the pump rating 

curves, Figure 13, and the contract specifications revealed that the 

pumps had been ordered with the impellers too large. The system was 

designed based on each of the two pumps pumping 480 gpm with a head of 

110 feet, an operating point which lies on the curve for 6 1/8 inch 

diameter impellers in Figure 13. However, the pumps which were 

actually installed had 6 1/2 inch impellers which meant they could not 

pump 480 gpm at 110 ft of head. If the head was held at 110 ft the 

discharge from each pump would be 600 gpm, or if the discharge was held 

constant at 480 gpm the head would have been 140 ft. 

Irrigation records for 1990 show that the average flow rate into block 

6 was 361 gpm. Since two blocks were irrigated by two pumps in 

parallel at the same time, the average discharge of each pump was 361 

gpm. The pump rating curves show that a 6 1/2 inch impeller would have 

been pumping at a head of 160 feet with an efficiency of 78%. Energy 

required to pump at that level would have been 7084 MJ/ha, a difference 

of only 509 MJ/ha from the actual measured energy. 

If instead of 6 1/2 inch impellers, the next smaller size, 6 1/8 

inches, had been used, each pump would have been pumping 480 gpm at 110 

feet with an efficiency of 80%. At that pumping level the energy used 

would have been 4745 HJ/ha which corresponds very closely to 4683 

MJ/ha, the second value for pumping energy listed in Table 8. 

Thus while 24318 MJ/ha/yr is the estimated total annualized energy 

requirement for the MAC drip system in particular, for a typical 

properly designed and managed subsurface drip system a more 

representative energy requirement would be 21408 MJ/ha/yr. 
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Figure 13 Pump rating curves (Berkeley Pump Catalog) 
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Comparing these numbers to other values of energy requirements of 

irrigation systems found in the literature is difficult due to 

differences in assumptions. Table 9 illustrates the many variations in 

values for energy requirements and some of the assumptions which affect 

the values. 

Roberts et al. (1986) do not state exactly which sources of energy 

consumption are taken into account in their calculations, however, it 

appears to only account for energy to apply water to the field while 

specifically excluding any lift from wells. This would help explain 

the order of magnitude difference between Roberts' 2523 MJ/ha and the 

value listed in Table 8, 21408 MJ/ha. Roberts' value would more 

closely correspond to the estimated pumping energy in Table 8, 4683 

MJ/ha. 

Roberts et al. (1986), as do Batty, Hamad, and Keller (1975) and Chen 

et al. (1982) base their computations on a drip system designed for 

tree crops while the MAC drip system is designed for row crops. Both 

Batty, Hamad, and Keller (1975) and Chen et al. (1982) present values 

for total energy requirements of drip systems for orchards in the same 

range, 8000 to 10000 MJ/ha/yr. Batty et al.'s 10331 MJ/ha is slightly 

higher due to the higher irrigation depth applied. In contrast, the 

annual energy requirement of the MAC drip system is more than twice as 

large. Difference between the numbers can be readily accounted for by 

the greater application at MAC, 41 inches compared to 30 and 35 

inches, and the fact that neither Batty et al. (1975) nor Chen et al. 

(1982) include the energy used in field operations. 
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Table 9 Comparison of energy use of different irrigation systems 

Energy use [MJ/ha] Comments 

MAC drip, 1990 24318 MJ/ha 
(53.3% manufacturing and 
installation, 46.7% 
pumping and field 
operations) 

37.25 ha 
41" application 
oversized impellers 
cotton 
surface water source 

MAC drip, 1990 21408 MJ/ha 
(60.6% manufacturing and 
installation, 39.4% 
pumping and field 
operations) 

37.25 ha 
41" application 
estimated using 
correct impellers 

cotton 
surface water source 

Roberts et al. 
(1986) 

2523 MJ/ha 
(61.53 MJ/ha/inch of 
application * 41 ") 

based on typical 
drip system 

41" application 
orchards 
excludes well lift 

Batty, Hamad, 
and Keller 
(1975) 

10331 MJ/ha 
(53.1% manufacturing and 
installation, 46.9% 
pumping) 

based on typical 
drip system 

orchards 
158 acres 
35" net irrigation 

Larson and 
Fangmeier 
(1978) 

70000 MJ/ha 
(approximately 35% 
indirect and 65% pumping 
and field operations) 

sprinkler irrigated 
cotton 
surface water source 
54.9" application 

Larson and 
Fangmeier 
(1978) 

30000 MJ/ha 
(approximately 60% 
indirect and 40% pumping 
and field operations) 

surface irrigated 
cotton 
surface water source 
68.7" application 

Chen et al. 
(1982) 

8433 MJ/ha drip system 
30" application 
min. energy design 
80 acre field 
zero pumping lift 
orchard 

Chen et al. 
(1982) 

9483 MJ/ha drip system 
30" application 
economic design 
80 acre field 
zero pumping lift 
orchard 
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V. SUMMARY AND CONCLUSION 

The current operating parameters of the MAC subsurface drip irrigation 

system as of the summer of 1990 were determined to be: the discharge 

coefficient, Kd = 0.36, the emitter exponent, x = 0.54, the total 

coefficient of variation, Cv = 0.35, and the uniformity, Us = 88.7%. 

The experimental data appeared to indicate that the flow regime through 

the emitters changed during the two years of use from fully turbulent 

to a more laminar flow as indicated by the change of the emitter 

exponent from 0.54 to 0.73 for new and two year old drip tape 

respectively. However, based on the assumption that the change of x 

was due to errors in the experimental data and that x would remain 

constant at 0.54, the emitter discharge coefficient was calculated to 

be 0.36 for two year old drip tape compared to 0.45 for new tape. That 

would be a 20% decrease over two years. 

The coefficient of variation of discharge for new drip tape was 3.2%., 

which includes both the manufacturing variation and the hydraulic 

variation of the test lateral. The coefficient of variation of 

discharge for two year old tape was approximately 35% based on the 

discharges of 20 randomly selected emitters throughout block 6. This 

variation includes manufacturing, hydraulic, and plugging variation. 

While the contract specifications call for a block emission uniformity 

of 92.5%, the actual uniformity of the system as initially installed is 

unknown. After two years of use, the statistical uniformity of the 

system, based on discharges at twenty random locations was 64.6%. If 

just the two completely plugged emitters of the twenty measured were 

ignored, the statistical uniformity would be 88.7%. Because of the 
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great effect which just the two plugged emitters have on the computed 

statistical uniformity, clearly, a sample larger than just twenty 

discharges was needed to obtain a reliable measure of the uniformity. 

An intuitive estimate of the uniformity, based on all the different 

test data would be approximately 80%. 

This research project illustrated the great difficulty involved in 

trying to evaluate the uniformity of application of a subsurface drip 

irrigation system. The critical bit of information required is the 

amount of plugging occurring in the system. The only way to determine 

the amount of plugging is to physically examine emitters to measure 

their individual discharges. However, finding and measuring enough 

buried emitters to calculate a reliable coefficient of variation of 

discharges is vary difficult to accomplish. The hydraulic variation is 

easy to measure by simply measuring the pressure at key locations 

throughout the field. 

Determining the discharge coefficient and emitter exponent is useful 

but involves the same problems as determine the amount of plugging plus 

the additional problem of accurately measuring and remeasuring many 

discharges at two or more carefully controlled pressures. The problem 

of measuring discharges at different pressures can be avoided if it is 

assumed that the emitter exponent remains constant. That assumption 

allows the discharge coefficient to be estimated from one set of 

discharge measurements at one measured pressure. 

For several reasons a conclusive comparison of actual and expected 

water use of the MAC drip system with other irrigation systems was not 

possible. The literature is not consistent in defining which water to 

include in the water use. Many studies exclude any pre-plant 



irrigation and water to flush the lines and filters. Abnormally hot 

and dry weather during the summer of 1990 forced additional water to be 

applied while at the same time reducing yields. Because 1989 was the 

first year of operation the farm management was still learning how to 

optimize the performance of the system. Also, field 27 and the 

neighboring fields at MAC are ideal for furrow irrigation because of 

the soil type, and field shapes and sizes, thus for this situation 

furrow irrigation will compare relatively more favorable to subsurface 

drip irrigation. 

Indirect energy accounts for 53 to 60% of the total annual energy 

requirements of the MAC drip system. The indirect energy requirements 

are estimated to be 12965 MJ/ha/yr, of which 99% is for manufacturing 

of inputs such as the physical components, fertilizers, chemicals, and 

seed, while 1% goes toward the installation of the system. Half of the 

manufacturing energy is for the physical components while the other 

half is for annual inputs of seed, fertilizer, and other chemicals. 

The direct energy use of the system accounts for 40 to 47% of the total 

annual energy requirements. Manual labor makes up a very insignificant 

amount of the direct energy. However, field operations use from 33 to 

45% of the direct energy. A large discrepancy appeared between the 

expected and the actual energy used to pump water. The actual amount 

used was 7593 MJ/ha/yr whereas only 4683 MJ/ha/yr was expected. More 

than 62% was used than expected. That was due to oversized impellers 

in the two pumps, a problem which could be easily remedied by trimming 

the impellers to the proper size. However, because of the problem with 

the impellers two different numbers were calculated for the direct 

energy requirement and also the total annual energy requirement. The 

total annual energy requirement using the actual pumping energy of the 



MAC system was 24318 MJ/ha/yr while the total annual energy requirement 

of a typical well-managed system like the MAC drip system might be 

21408 MJ/ha/yr. 

In conclusion, although the MAC subsurface drip irrigation system 

appears to perform very poorly, closer examination reveals that it 

performs better than expected. An increased emitter exponent 

compensated for a reduced discharge coefficient. The small number of 

samples used to determine uniformity was distorted by a very few 

plugged emitters. Water use appeared excessive, however, due to 

limitations in the available comparisons, was inconclusive. Visual 

observations of the cotton plants indicates that the amount of water 

applied could be reduced. Energy use was excessive, though due to a 

correctable problem with this particular system rather than with 

subsurface drip systems in general. Overall, the MAC drip system 

performs hydraulically better than expected though water and energy use 

are affected by environmental and management factors. 
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APPENDIX A Discharge test data of new Turbo T-Tape performed at CAC 

Trial mean 
P 

mean H mean g mean Cv 

psi m ml/min 1/hr logH logq 

Cv 

1-1 7.6 5.343 18.309 1.099 0.728 0.041 0.0379 

1-2 7.8 5.484 18.602 1.116 0.739 0.048 0.0278 

1-3 9.55 6.715 20.756 1.245 0.827 0.095 0.0227 

1-4 11.8 8.296 23.541 1.412 0.919 0.150 0.0213 

1-5 5.85 4.113 16.405 0.984 0.614 -0.007 0.0391 

1-6 13.35 9.386 25.980 1.559 0.972 0.193 0.0264 

2-1 6 4.219 16.588 0.995 0.625 -0.002 0.0435 

2-2 8.5 5.976 19.729 1.184 0.776 0.073 0.0341 

2-3 9.55 6.715 21.556 1.293 0.827 0.112 0.0186 

1 
CM 

11.75 8.261 23.993 1.440 0.917 0.158 0.0247 

2-5 14.03 9.864 26.271 1.576 0.994 0.198 0.0359 

3-1 5.95 4.183 16.867 1.012 0.622 0.005 0.0315 

3-2 5.8 4.078 16.028 0.962 0.610 -0.017 0.0690 

3-3 8.05 5.660 18.991 1.139 0.753 0.057 0.0362 

3-4 7.875 5.537 18.886 1.133 0.743 0.054 0.0202 

3-5 9.85 6.925 21.341 1.280 0.840 0.107 0.0281 

3-6 11.7 8.226 23.421 1.405 0.915 0.148 0.0265 

3-7 13.55 9.527 25.361 1.522 0.979 0.182 0.0280 

Regress ion Out£ >ut: measured g avg Cv 0.03175 

Constant -0.34507 

Std Err of Y Est 0.006934 

R Squared 0.991097 

No. of Observations 18 

Degrees of Freedom 16 

X Coefficient(s) 0.542035 

Std Err of Coef. 0.012844 

k : 0.451788 invlog(-.34507) 

x : 0.542035 

g = 0.542035 * H A(0.451788) with g in 1/hr and H in m 
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APPENDIX B Discharge test of lateral 113, block 6, field 27, MAC 

6/4/91 

Avg pressure at top [psi] : 5.34 (3.7 
Avg pressure at end (psi] : 4 (2.8 
Average pressure [psi] : 4.74 (3.3 

5 m) 
2 m) 
I m) 

Emitter Distance 
[ft] 

Time 
[min] 

Volume 
[ml] 

Discharge 
[ml/min] 

1 37 12 142 11.833 

2 126 8 102 12.750 

3 170 12 137 11.417 

4 280 9 97.5 10.833 

5 406 8 83.5 10.438 

6 413 10.5 107 10.190 

7 556 8 81 10.125 

8 565 8.5 72.5 8.529 

9 577 8 84 10.500 

avg q : 10.735 
std : 1.1263 
cv : 0.1049 

6/26/91 

Avg pressure at top [psi] : 7.33 (5.17 m) 
Avg pressure at end [psi] : 5.70 (4.02 m) 
Average pressure [psi] : 6.52 (4.60 m) 

Emitter Distance 
[ft] 

Time 
[min] 

Volume 
[ml] 

Discharge 
[ml/min] 

1 37 10 139 13.9 

2 126 10 149 14.9 

3 170 10 146.5 14.65 

4 280 10 133 13.3 

5 406 10 129 12.9 

6 413 10 136.5 13.65 

7 556 10 128 12.8 

8 565  ̂ 10 125 12.5 

9 577 10 133 13.3 

avg q : 13.544 
std : 0.7729 
cv : 0.0570 
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APPENDIX C Summarized data for lateral 113 

Discharge te st of lateral 113, block 6, field 27, Hi nc 

Emitter Distance 
[ft] 

Discharge[ml/min] X1  Emitter Distance 
[ft] 

@4.74psi @6.52psi 

X1  

1 37 11.83 13.90 0.505 

2 126 12.75 14.90 0.489 

3 170 11.42 14.65 0.782 

4 280 10.83 13.30 0.643 

5 406 10.44 12.90 0.664 

6 413 10.19 13.65 0.917 

7 556 10.13 12.80 0.735 

8 565 8.53 12.50 1.199 

9 577 10.50 13.30 0.741 

avg q 10.74 13.54 0.729 

«? P log q log p 

10.74 4.74 1.031004 0.675778 

13.54 6.52 1.131619 0.814248 

1 x - [log(ql)-log(q2))/[log(pl)-log(p2)] 



APPENDIX D Data from test of random locations, 6/91 
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Rando m test of b lock 6, field 27. 6/26/91 

Emitter Lateral Location Time Volume Discharge Discharges 
1*1 (*] [ft] (mini [ml] Iml/minl [sorted] 

1 11 90 6.5 125 19.23 23.58 

2 21 590 8.25 145.5 17.64 22.36 

3 35 207 8.25 95.5 11.58 21.33 

4 48 575 5.5 113 20.55 20.55 

5 67 448 6 123 21.33 19.23 

6 74 378 7 156.5 22.36 19.14 

7 80 17 4.75 112 23.58 18.00 

8 83 111 5 83 16.60 17.71 

9 112 390 5 71 14.20 17.64 

10 133 464 9.5 139 14.63 16.60 

11 150 53 7 124 17.71 16.17 

12 151 162 7 134 19.14 16.13 

13 152 522 8 129 16.13 15.73 

14 169 5 5 90 18.00 "15.19 

15 160 118 6 97 16.17 14.63 

16 181 301 5 61 12.20 14.20 

17 183 90 6.45 98 15.19 12.20 

18 203 366 5.5 86.5 15.73 11.58 

19 208 123 18 4 0.22 [outlier -• exclude 4.00] 

20 208 272 6.25 25 4.00 [outlier -• exclude 0.22] 

avgq 15.80907 17.33107 

8td 5.519758 3.208098 

cv 0.349151 0.185107 
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APPENDIX E Energy embodied in the materials of the system 

———————— 

Material* Quantity Unit wt Total weight Energy 
factor 

Energy Life Annual 
energy 

(lbs/unit) (lbs) (kg) (MJ/unitl (MJI (yr) (MJ/yr) 

Pump station 

2x main pumps, 20hp 40 hp 2093/hp 83720 10 B372 

2x inj. pumps, 3/4hp 1.6 hp 2093/hp 3140 10 314 

filters 4 3000 1364 22.4/kg 30545 10 3055 

valve, bfly 2 85/unit 170 77 22.4/kg 1731 10 173 

copper wire, 14 Ga. 27000 ft 12.44/Mft 336 153 130.1/kg 19863 10 1986 

1" CL125 PVC pipe 5000 ft 0.16/ft 800 364 136.5/kg 49636 20 2482 

Mainline 

10" PIP80 PVCpipe 4000 ft 4.062/ft 16248 7385 136.5/kg 1008115 20 60406 

8" PIP80 PVCpipe 620 ft 2.6/ft 1550 705 136.5/kg 96170 20 4809 

Submain 

8" CL63IPS PVCpipe 800 ft 2.357/ft 1886 857 136.5/kg 116993 20 5850 

6" CL63IPS PVCpipe 5600 ft 1.394/ft 7806 3548 136.5/kg 484352 20 24218 

6" flow meters 8 10/unit 80 36 160/kg 6818 10 682 

valves, 4" brass gate 9 8/unit 72 33 160/kg 5236 10 524 

Laterals 

Turbo T-tape,15 mil 1322000 ft .014631/ft 19342 8792 108.7/kg 955652 7 136522 

EHD 813 poly hose 6000 ft •04/ft 240 109 108.7/kg 11858 10 1186 

Flushline 

2" CL125 PVCpipe 6800 ft •345/ft 2346 1066 136.5/kg 145559 20 7278 

2" brass gate valves 25 2/unit 50 23 160/kg 3636 10 3634 

EHD 813 poly hose 6000 ft .04/ft 240 109 108.7/kg 11858 10 1186 

3033882 249304 

| 6692.7 MJ/ha/yr 
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APPENDIX P Energy in field operations 

Consumption of energy in field operations 

Field operation liters of diesel/ ha 
Energy 

Field operation liters of diesel/ ha (MJ/ha/yr) | (MJ/yr) 

Sundance tillage system' 262.8 9789.3 

1 chop stalks I 2.8 
disk 5.6 
list )2 3.7 1 

plant 2.8 

cultivate 3 times 5.6 

harvest 

1st 28 

2nd 15.9 

salvage 9.4 

apply pest./def. 7.5 

pickup truck 18.7 

87.9 l/ha3 3305 123112.7 

labor 0.0124 0.46 

Total 3567.85 132902.5 

(1) MAC uses the Sundance reduced tillage system for drip irrigation in field 27 (Roth,1991). 
(2) The Sundance system incorporates several different operations. The amount of diesel listed for each 

operation is the amount estimated for these operations in surface irrigated fields (Larson and 
Fangmeier, 1978). However, for in the sundance system the operations are a bit different, so a 
single combined estimate for the energy consumed, 262.8 MJ/ha, as found in Rein, Thacker, and 
Coates (1988) is used instead. 

(3) 37.6 MJ/liter of diesel fuel 



APPENDIX G Energy to install system 

Consumption of energy in the installation of the drip system 

Length Energy 
factor 

Energy Expected 
life 

Annualized energy 

(ft) (m) <MJ) (years) (MJ/ha/yr) | (MJ/yr) 

Ditching and 
trenching 

main 4620 1408 

submain 6400 1951 

flushline 6800 2073 

5432 15 MJ/m 81480 20 109.4 4074 

Drip tape 3 l/ha 37.6 MJ/he 4201 7 16.1 600 

Total 125.5 4674 
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APPENDIX H List of field operations as provided by farm management 

Field operations in field 27, 1990 

Data | Operation | Equipment 

12/20/89 •hred stalks 884 & shredder 

1/16/90 shred stalks shorter 884 & shredder 

1/17/90 pull roots 5088 & root puller 

1/17/90 disc & 7 4650 & disc rig 

2/15/90 start tape puller 4650 & tape puller 

3/5/90 lister (1-4] 5088 & 5 row lister 

3/9/90 lister [1] 5088 & J.D. lister 

3/13-16/90 lister |5-8) 5088 & J.D. lister 

3/28/90 install tape [1] 1594 & tape installer 

3/29/90 install tape |2] 1594 & tape installer 

3/30/90 install tape (3] 1594 & tape installer 

4/2/90 install tape (4) 1594 & tape installer 

4/10-7/90 flush & connect tape 4-6 laborers 

4/19,20/90 shape beds, twice 2096 & bed shaper 

4/23/90 dry plant 11,2,5,6] 5088 & J.D. planter 

4/25/90 plant 17,8] 5088 & J.D. planter 

5/8/90 plant [3,4] 5088 & J.D. planter 

5/29/90 cultivate 12,3] 5088 & duckfoot 

6/4/90 cultivate [5,61 5088 & duckfoot 

6/7/90 cultivate [4] 5088 & duckfoot 

6/8/90 cultivate (2,3,5,6] 2096 & Lilliston 

6/15/90 fertilizer [7,8] UN32, 5 gal/acre 

6/16/90 fertilizer [3,4] UN32, 5 gal/acre 

6/17/90 fertilizer (5,6) UN32, 5 gal/acre 

6/19/90 fertilizer (1,21 UN32, 5 gal/acre 

6/21/90 fertilizer [7,8] UN32, 5 gal/acre 

6/22/90 fertilizer [3,4] UN32, 5 gal/acre 

6/23/90 fertilizer (5,6] UN32, 5 gal/acre 

6/23/90 cultivate & herbicide [6-8] 2096 & cultivator 

6/24/90 fertilizer [1,2] UN32, 5 gal/acre 

6/27/90 fertilizer [7,8] UN32, 5 gal/acre 

6/27/90 cultivate & herbicide [3] 2096 & cultivator 

6/28/90 fertilizer (3,4) UN32, 5 gal/acre 

6/30/90 fertilizer [7,8] UN32, 5 gal/acre 

6/29/90 chop weeds [2,3,5,6-8] laborers (# 7) 

7/9/90 chop weeds [7,8] laborers (# 7) 

11/11/90 start 1 st picking 7 

11/27/90 pick 4 plots in [7,8], 1st picking 7 

12/5/90 start 2nd picking 7 

12/9/90 pick ground cotton 7 

12/19/90 cut stalks 884 & shredder 
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APPENDIX I Statistical table for normal distributions, (Clemmens,1991) 

Statistical table for normal distributions 

fraction of area 
adequately 
irrigated 

relative 
distance from 
mean to target 

relative distance from 
target to average for 
under-irrigated area 

A z r 

0.500 0.000 0.798 

0.550 0.126 0.753 

0.600 0.253 0.713 

0.650 0.385 0.673 

0.700 0.524 0.635 

0.750 0.674 0.597 

0.800 0.842 0.557 

0.850 1.037 0.517 

0.900 1.282 0.471 

0.950 1.645 0.416 

0.955 1.695 0.411 

0.960 1.751 0.403 

0.965 1.811 0.396 

0.970 1.881 0.386 

0.975 1.960 0.376 

0.980 2.054 0.365 

0.985 2.170 0.352 

0.990 2.327 0.334 

0.995 2.575 0.308 



88 

APPENDIX J Efficiency values as functions of area adequately irrigated 
for constant coefficient of variation, Cv « 0.10 (Clemmens, 1991) 

A RD/̂ D UD/RD ES EA 

0.500 1.000 0.920 0.960 0.960 

0.550 0.987 0.924 0.966 0.954 

0.600 0.975 0.927 0.971 0.946 

0.650 0.962 0.930 0.976 0.938 

0.700 0.948 0.933 0.980 0.929 

0.750 0.933 0.936 0.984 0.918 

0.800 0.916 0.939 0.988 0.905 

0.850 0.896 0.942 0.991 0.889 

0.900 0.872 0.946 0.995 0.867 

0.950 0.836 0.950 0.998 0.833 

0.955 0.831 0.951 0.998 0.829 

0.960 0.825 0.951 0.998 0.823 

0.965 0.819 0.952 0.998 0.818 

0.970 0.812 0.952 0.999 0.811 

0.975 0.804 0.953 0.999 0.803 

0.980 0.795 0.954 0.999 0.794 

0.985 0.783 0.955 0.999 0.782 

0.990 0.767 0.956 1.000 0.767 

0.995 0.743 0.959 1.000 0.742 

A = fraction of area adequately irrigated 
RD/Md = ratio of net to gross amount applied 
Ud/Rd = ratio of net depth applied to under-irrigated area to 

required depth 
ES = storage efficiency 
EA - application efficiency 
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APPENDIX K Efficiency values as functions of area adequately irrigated 
for constant coefficient of variation, Cv =0.15 

A Rd/Md Ud/RD ES EA 

0.500 1.000 0.880 0.940 0.940 

0.550 0.981 0.885 0.948 0.930 

0.600 0.962 0.889 0.956 0.919 

0.650 0.942 0.893 0.963 0.907 

0.700 0.921 0.897 0.969 0.893 

0.750 0.899 0.900 0.975 0.877 

0.800 0.874 0.904 0.981 0.857 

0.850 0.844 0.908 0.986 0.833 

0.900 0.808 0.913 0.991 0.801 

0.950 0.753 0.917 0.996 0.750 

0.955 0.746 0.917 0.996 0.743 

0.960 0.737 0.918 0.997 0.735 

0.965 0.728 0.918 0.997 0.726 

0.970 0.718 0.919 0.998 0.716 

0.975 0.706 0.920 0.998 0.705 

0.980 0.692 0.921 0.998 0.691 

0.985 0.675 0.922 0.999 0.674 

0.990 0.651 0.923 0.999 0.650 

0.995 0.614 0.925 1.000 0.614 

A - fraction of area adequately irrigated 
Rd/Md - ratio of net to gross amount applied 
UD/Rd = ratio of net depth applied to under-irrigated area to 

required depth 
ES = storage efficiency 
EA = application efficiency 
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APPENDIX L Efficiency values as functions of area adequately irrigated 
for constant coefficient of variation, Cv = 0.121 

A Rd/Md Ud/Rd BS =A 

0.500 1.000 0.903 0.952 0.952 

0.550 0.985 0.907 0.958 0.944 

0.600 0.969 0.911 0.964 0.935 

0.650 0.953 0.915 0.970 0.925 

0.700 0.937 0.918 0.975 0.914 

0.750 0.918 0.921 0.980 0.900 

0.800 0.898 0.925 0.985 0.885 

0.850 0.875 0.928 0.989 0.865 

0.900 0.845 0.933 0.993 0.839 

0.950 0.801 0.937 0.997 0.798 

0.955 0.795 0.937 0.997 0.793 

0.960 0.788 0.938 0.998 0.786 

0.965 0.781 0.939 0.998 0.779 

0.970 0.772 0.940 0.998 0.771 

0.975 0.763 0.940 0.999 0.762 

0.980 0.751 0.941 0.999 0.751 

0.985 0.737 0.942 0.999 0.737 

0.990 0.718 0.944 0.999 0.718 

0.995 0.688 0.946 1.000 0.688 

fraction of area adequately irrigated 
ratio of net to gross amount applied 
ratio of net depth applied to under-irrigated area to 
required depth 
storage efficiency 
application efficiency 

A = 
Rd/Md = 
Ud/Rd = 

ES = 
EA = 
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APPENDIX M Efficiency values as functions of area adequately irrigated 
for constant coefficient of variation, Cv = 0.185 

A RD/MD UD/RD ES EA 

0.500 1.000 0.852 0.926 0.926 

0.550 0.977 0.857 0.936 0.914 

0.600 0.953 0.862 0.945 0.900 

0.650 0.929 0.866 0.953 0.885 

0.700 0.903 0.870 0.961 0.868 

0.750 0.875 0.874 0.968 0.848 

0.800 0.844 0.878 0.976 0.824 

0.850 0.808 0.882 0.982 0.794 

0.900 0.763 0.886 0.989 0.754 

0.950 0.696 0.889 0.994 0.692 

0.955 0.686 0.889 0.995 0.683 

0.960 0.676 0.890 0.996 0.673 

0.965 0.665 0.890 0.996 0.662 

0.970 0.652 0.890 0.997 0.650 

0.975 0.637 0.891 0.997 0.636 

0.980 0.620 0.891 0.998 0.619 

0.985 0.599 0.891 0.998 0.598 

0.990 0.570 0.892 0.999 0.569 

0.995 0.524 0.891 0.999 0.523 

fraction of area adequately irrigated 
ratio of net to gross amount applied 
ratio of net depth applied to under-irrigated area to 
required depth 
storage efficiency 
application efficiency 

A = 
Rd/Md = 
Ud/RD = 

ES = 
EA = 
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APPENDIX N Efficiency values as functions of area adequately irrigated 
for constant coefficient of variation, Cv • 0.20 

A Rd/MD Ud/Rd ES EA 

0.500 1.000 0.840 0.920 0.920 

0.550 0.975 0.846 0.930 0.907 

0.600 0.949 0.850 0.940 0.892 

0.650 0.923 0.854 0.949 0.876 

0.700 0.895 0.858 0.957 0.857 

0.750 0.865 0.862 0.965 0.835 

0.800 0.832 0.866 0.973 0.809 

0.850 0.793 0.870 0.980 0.777 

0.900 0.744 0.873 0.987 0.734 

0.950 0.671 0.876 0.994 0.667 

0.955 0.661 0.876 0.994 0.657 

0.960 0.650 0.876 0.995 0.647 

0.965 0.638 0.876 0.996 0.635 

0.970 0.624 0.876 0.996 0.621 

0.975 0.608 0.876 0.997 0.606 

0.980 0.589 0.876 0.998 0.588 

0.985 0.566 0.876 0.998 0.565 

0.990 0.535 0.875 0.999 0.534 

0.995 0.485 0.873 0.999 0.485 

A = fraction of area adequately irrigated 
RD/Md = ratio of net to gross amount applied 
UD/RD = ratio of net depth applied to under-irrigated area to 

required depth 
ES = storage efficiency 
EA = application efficiency 
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APPENDIX O Irrigation schedule for block 6, field 27 in 1990 

MAC Drip Irrigation Data, 1990: Field 27, Block 

Meter (xlOO gal) 

Date Day Hours On Off Total 
gal 

Cum gal Avg 
gpm 

5/11 131 216 160926 197147 3622100 3622100 279.48 

6/6 157 48 197147 205871 872400 4494500 302.92 

6/11 162 11.5 205871 208628 275700 4770200 399.57 

6/19 170 46.5 208628 216833 820500 5590700 294.09 

6/24 175 24 216833 221924 509100 6099800 353.54 

6/30 181 24 221924 227004 508000 6607800 352.78 

7/2 183 2 227004 227493 48900 6656700 407.50 

7/4 185 12 227493 230207 271400 6928100 376.94 

7/7 188 12 230207 232426 221900 7150000 308.19 

7/12 193 12 232426 234882 245600 7395600 341.11 

7/14 195 6 234882 236435 155300 7550900 431.39 

7/17 198 3 236435 237173 73800 7624700 410.00 

7/25 206 12 237173 239651 247800 7872500 344.17 

7/27 208 12 239651 242459 280800 8153300 390.00 

7/31 212 12 242459 244515 205600 8358900 285.56 

8/3 215 12 244515 247232 271700 8630600 377.36 

8/7 219 12 247232 249916 268400 8899000 372.78 

8/10 222 11 249916 252394 247800 9146800 375.45 

8/14 226 12 252394 255041 264700 9411500 367.64 

8/18 230 12 255041 257648 260700 9672200 362.08 

8/21 233 12 257648 260214 256600 9928800 356.39 

8/24 236 12 260214 262796 258200 10187000 358.61 

8/28 240 12 262796 265305 250900 10437900 348.47 

8/31 243 11 265305 267616 231100 10669000 350.15 

9/4 247 12 267616 270369 275300 10944300 382.36 

9/9 252 12 270369 273038 266900 11211200 370.69 

9/13 256 12 273038 275576 253800 11465000 352.50 

9/18 261 11.5 275576 278115 253900 11718900 367.97 

9/21 264 12 278115 280570 245500 11964400 340.97 

Average seasonal gpm: 361.6 
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