






since there are numerous system variations to select from and the 
site includes both the natural and social resources. 

The engz"neerz"ng desz"gn process involves selection of the size 
and shape of components both to make the system workable and 
to produce the least cost and greatest gain. Both the art and 
engz"neerz"ng of irrigation systems require a clear mental image of 
what is to be accomplished and how the end results (i.e., the 
system in operation) will appear. 

I cannot give my students a blueprint for the design process; 
but I can give suggestions that are helpful in the search for an 
image of the system and the engineering solution for achieving it. 
The solutions are all quite simple- after we have arrived at 
them. 

The first order of business is to become acquainted with 
working irrigation systems; and it is surprising what can be 
learned by careful "looking" at both good and bad systems. Get
ting acquainted with the systems is important because we need 
the images for our art and we do not want to waste our time 
reinventing what has already been done. After getting the pic
tures in our head, we need to study how each system works and 
how its components are related and fitted together. With all of 
this in mind, we must now think about selecting, modifying, and 
tailoring systems for various site conditions. 

Now this brings us to the site analysis and the necessity of 
creative data-gathering so that we can understand what perti
nent physical and social resources are at hand and decide what 
we want to accomplish. It is here that we must visualize what we 
want to happen and focus on our images of the irrigation 
systems. At this point, the art of irrigation design comes into play 
as we select appropriate systems which will meet our goals and fit 
the available resources. What we are striving for is a "good" 
design and if we do not like the one we end up with first , we will 
just try something else. I tell my students that with care and prac
tice they will be able to select the good designs from the bad ones 
until they have one they like. 

I cannot explain how this last part is done except through 
meditation. Shook6 discusses this faculty in man, writing: 

'G.A . Shook. Mysticism, Science and Revelation (London: George 
Ronald. 1953) pp. 98·99. 
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All creative work requires some kind of meditation. It is 
practiced by the scientist in discovering new theories, new 
concepts and new laws. . . . The inventor also uses 
meditation .... 

One begins by thinking in the usual way, or more cor
rectly in the unusual way. That is, we start by concen
trating upon the problem or concept with which we are 
concerned .... We consider all the facts that may have 
some bearing upon the concept, then we may find it 
advisable to diminish the mental activity in order to 
obtain a more comprehensive view of the concept. That 
is, we pass from the stage of concentration to the stage of 
meditation. It is in this subjective stage, this stage of 
abstraction, that new ideas, new relationships seem to 
emerge. Naturally there is some oscillating between the 
two stages and usually we pass from one to the other by 
imperceptible steps. Ordinarily one is hardly conscious 
that there is any boundary between the two stages. 

Shook ends his discussion of meditation related to creative 
work with the following quote from 'Abdu 'l-Baha, the Exemplar 
of the Baha (faith: 

The meditative faculty is akin to a mirror; if you put 
before it earthly objects, it will reflect them. Therefore, if 
the spirit of man is contemplating earthly objects he will 
become informed of them .... This faculty brings forth 
from the invisible plane the sciences and arts. Through 
the meditative faculty inventions are made possible, 
colossal undertakings are carried out. ... 

Pirsig7 puts the ideas expressed by Shook in a more 
homespun, down-to-earth way; I will try to paraphrase him as 
though he were talking about irrigation system design instead of 
motorcycle maintenance: When we first approach a design we 
are stuck, but this stuckness and a blank mind precede inven
tiveness. Stuckness should not be avoided because the harder you 
try to hold on to it, the faster your mind will naturally and freely 

7R.M. Pirsig. Zen and the Art of Motorcycle Maintenance (New York: 
Bantam Books. 1974). 
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move toward finding a good design. Just concentrate on what you 
want to accomplIsh-lIve with it for a while. Study it like you 
study a line when fishing and before long, you will get a little nib
ble, a system design idea asking in a timid way if you are inter
ested. 

Once we have the image of our system we are ready to apply 
our more classical, structured, dualistic subject-object 
knowledge. Here is where the engineering techniques come to 
play, as we endeavor to structure the system so it will work the 
best way possible. Doing this involves the two basic categories of 
engineering problem solving which Rubenstein8 has nicely 
defined: 

Problem solving can be viewed as a matter of appro
priate selection. When we are asked to estimate the 
number of marbles in a jar, we go through a process of 
selecting an appropriate number. When asked to name 
an object, we must select the appropriate word. In per
forming an arithmetic operation as simple as 8 x 7, we 
must select from our store of numbers the appropriate 
one. 

We can distinguish two basic categories of problems. 
One consists of a statement of an initial state and a 
desired goal in which the major effort is the selection of a 
solution process to the desired explicit goal, but for which 
the process as a whole (i.e., the complete pattern of the 
solution) is new to us, although the individual steps are 
not. In such a case, we verify the acceptability of the solu
tion by trying various processes for a solution and 
eliminating progressively (reducing to zero) the misfit 
between the desired goal and the results obtained from 
the trial processes. This kind of problem may be con
sidered as a problem of design or synthesis in which a 
complete solution process is synthesized from smaller 
steps. 

The second type of problem focuses more on the 
application of known transformation processes to achieve 
a goal. The goal may not be recognized as the correct 
solution immediately, but can be verified by the process 
in such a way that no misfit exists between the conditions 

IM.F. Rubenstein, Patterns of Problem Solving (Englewood Cliffs, New 
JeTsey: PTentice-Hall , Inc. , 1975), pp . 6-7. 
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of the problem (initial state) and the solution. This kind 
of problem may be considered as a problem of analysis in 
which the solution consists of a transformation or change 
in representation of given information so as to make 
transparent the obscure or hidden. 

The design of an irrigation system is a synthesis problem, 
while determining the friction loss in a pipeline is an analysis 
problem. Most of the engineering curriculum is concentrated on 
analysis. The program begins with basic science courses followed 
by the engineering science and analysis courses. By the time we 
reach the more complex problems of design or synthesis both 
students and professors are conditioned to think most problems 
can be solved with nice neat formulas which will produce "cor· 
rect" answers. 

In class I try to get my students into a better frame of mind 
for designing systems by handing them a tangram puzzle, Figure 
I, and asking them to assemble the pieces to make a square, 
Figure 2. I also ask them to record their thought processes, as 
they go along, and write me a two-page essay telling how they 
went about working the puzzle. 

The heart of the engineering technique can best be 
described as a design synthesis process to achieve an objective end 
goal. Preliminary designs are examined via a means-ends 
analysis by subjecting them to a model of the environment that is 
most representative of the one in which the real system will 
operate, and noting how close the system behavior fits the goal 
behavior. The detection of misfits leads to modifications of the 
components and possibly to complete changes in the system. 
Once an acceptable system is synthesized, alternate acceptable 
models are conceived. From these feasible systems, one is selected 
as "best" in terms of some criteria such as least cost or maximum 
production. 

Successful designers aVOId getting set on any prescribed pro
cedure, they explore many routes, maintain an "open mind" and 
a flexibility to abandon and return to various routes. Once the 
total picture of the system in operation has been formed, the 
most important guide in the search for a design solution is to 
work backwards. I teach my students to begin with the crop to be 
irrigated and design the system back to the water supply. 
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Figure 1. Unassembled tangram 

F£gure 2. Tangram assembled to make a square 
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Energy and Irrigation 
In view of the energy crunch a discussion of energy in irriga

tion is in order. To develop a better perspective I will relate 
energy to agriculture in the United States. First, we will compare 
the energy input required for the irrigation systems discussed 
earlier. Then we will consider the relationship between irrigation 
and other inputs for the production of a crop like field corn; and 
finally we will look at how the production energy input compares 
to the additional energy input in consuming the corn. 

Modern irrigation evolved during an era of low energy costs 
and in areas where energy supplies were plentiful. Consequently, 
little attention was given to total energy input until recently. 
With increasing energy costs, an awareness of total energy flows 
has become essential; the industry of irrigated agriculture has 
already taken steps to reduce energy input so it can compete with 
rainfed agriculture. This is especially important when Viewing 
the total world food production. 

It is obvious that different types of irrigation systems may 
require vastly different energy input. The simple diversion of a 
small natural stream into suitable terrain may involve only 
minimal amounts of human muscle energy; while a system which 
pumps water from a deep well through an elaborate distribution 
setup composed of tons of plastic, steel, or concrete involves large 
energy input. 

Table 2 was developed to compare the total annual energy 
input required by the various irrigation systems. The values in 
the table are given as the equivalent gallons of diesel fuel per
acre-per-year, needed to apply 24 inches of water to the crop. 
Values are given for the energy required to install the system 
divided by the life expectancy of the system, the human energy 
input which is only significant for the traditional method, and 
the pumping energy. The two values for pumping energy are for: 
zero lift when the water source is at the field surface, and a lift of 
500 feet when it is from a deep well . In converting diesel fuel into 
mechanical energy, an energy conversion efficiency of 25 percent 
was assumed. Thus to supply the 2000 kcal per day of food 
energy required by a working man would be equivalent to about 
1/3 gallon of diesel fuel in Table 2. 

Figure 3 is a graphical presentation of the total energy 
required for the various systems over a range of water lifts from 
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TABLE 2. Total annual energy inputs to various irrigation 
systems in equivalent gallons of diesel per acre to 
apply 24 inches of net irrigation water. 

Irrigation PumEin~ Total Energy 
System l Installation2 Labor Zero 500 ft Zero 500 ft 

Traditional ? 20 0 396 20 416 

Hand·move 
Sprinkle 17 58 285 76 303 

Center- Pivot 
Sprinkle 42 51 249 94 292 

Trickle 57 41 217 99 275 

'All of the systems occupy a 160 ac (1I2-x II2 -mile) square field with the water 
supply in one corner. 
The traditional system is surface irrigated and has an assumed efficiency of 
40% . 
The hand-move sprinkle system utilizes low-pressure sprinklers and has an 
assumed system inlet pressure of 56 psi and efficiency of 70% . 
The center· pivot system is a standard 1I4·mile lateral fitted with low· pressure 
sprinklers and has an assumed inlet pressure of 56 psi and efficiency of 80% . 
The trickle system has an assumed inlet pressure of 50 psi and efficiency of 
90% . 
2Taken from].C . Batty, S. N . Hamad, and]. Keller , "Energy Inputs to Irriga
tion ," Journal of the Irrigation and Drainage Division, A SCE, 101 , 4 (1975) : 
293·307 . 

'Pumping energy = 79.2 x Inches applied x Total feet of head 

Pumping efficiency x irrigation efficiency 

For this table the pump efficiency was assumed to be 60 percent. 

zero to 500 feet. It is interesting to note that all four systems 
require about the same amount of energy for a water lift of 200 
feet; and the order of energy preference reverses as the lift 
increases from less than 200 feet to over 200 feet. For example, 
the traditional surface method requires the least energy at zero 
lift and the most at 500 feet of lift. The reason the lines cross in 
Figure 3 is that the systems have different efficiencies. The effi
ciencies assumed were 40, 70 , 80, and 90 percent for the tradi
tional , hand-move, center-pivot and trickle systems, respectively. 

17 



GI 

~ 400 
~ 

GI 
CII 
GI 

'0
300 -o 

CII 
c:: 
o 

g,200 
I 
>-
co 
~ 

GI 
c:: 

LLI 

/ 

Traditional 
Hand Move 
Center Pivot 
Trickle 

/ 
" 

O~----~------~------~------~----~ o 100 200 300 400 500 

Lift feet 

Figure 3. Total annual energy inputs required by different 
irngation systems as a function of water lift . Based on 
24 inches of net irngation per year. 

Energy required to manufacture the aluminum, plastic and steel 
for the sophisticated systems causes the installation energy to be 
high. This loses its importance as the pumping energy increases 
with the lift. The pumping energy at zero lift is needed to 
pressurize the sprinkle and trickle systems. 

I developed Table 3 to point out the energy relationship 
between rainfed and irrigated agriculture and the relative 
amount of energy required for irrigation as compared to the 
other production inputs for field corn. It was assumed 24 inches 
of net irrigation is needed and the pumping lift was 200 feet (that 
is where the lines cross on Figure 3). Table 3 gives the various 
energy values in both kcal per acre and as a percentage of the 
totals. 

That irrigated agriculture with high pumping lifts is energy 
intensive is apparent in Table 3. However, if the lift were zero the 
energy input for the four systems would be: 
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Irrigation Method 

Traditional 
Handmove sprinkle 
Center-pivot sprinkle 
Trickle 
Rainfed 

kcallib of corn 

590 
855 
940 
965 
607 

Thus, for traditional irrigation systems with zero or low lifts, the 
energy cost for producing corn is even lower than for rainfed 
agriculture in the United States. However, for the more 
sophisticated systems, the energy costs are considerably higher 
than for corn production under rainfed agriculture. 

TABLE 3. Estimated energy used per acre to produce dryfield 
corn under rainfed and irrigated conditions in the 
United States. 

Item Rainfed1 Irrigated! 

Kcal' per ac % of Total Kcal per ac % of Total -

Labor 5 0.2 10 0.1 
Machinery 410 15.2 420 4.1 
Diesel BOO 29.0 1000 9.B 
Fertilizer 1060 3B.5 1B70 1B.4 
Seed 65 2.4 100 l.0 
Pesticides 25 0.9 40 0.4 
Harvest & 

Handling 3BO 13.B 450 4.4 
Irrigation 6300 6l.B 

Totals 2755 100 10190 100 

Yield B1bu/ ac 140 bu/ac 
Energy Input 607 kcal/lb 1300 kcal/lb 

lBased on D. Pimental, "Food Production and the Energy Crisis," Science 182 
(November 1973):443-449. 
ZAuthors estimates for increased inputs to get increased yields. Taking data 
from Figure 3 for any system with a 200-foot pumping lift the total annual irri
gation energy required is 170 gallons of diesel per acre (or 6300 thousand Kcal 
per acre) . 
5Kcal = 1000 kcal. 

Brown and Batty9 decided to take a look at the energy flow 
in the United States food system. To get a feel for it they tracked 

9S .]. Brown and].C. Batty, "Energy and Our Food System: A Microscale 
View, " Transactions of ASAE 19,4(1976): 758-76l. 
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the energy inputs into a single Number 303 , I-pound, can of 
whole kernel corn from production to consumption. A can of 
corn, which has a digest able energy content of 269 kcal , was 
selected because its production was already well documented, 
and it is a world wide staple. Figure 4 summarizes their findings . 
The differences in the energy input for producing whole kernel 
corn for canning and the dried field corn of Table 3 are readily 
explainable; the yield is different for moist and dry corn, and 
there is no standard value which can be used for the irrigation lift 
or system type. Anyhow, these minor differences are insignificant 
compared to the total energy input to corn in our food system. 
The energy input involved in producing and consuming a can of 
nonirrigated whole corn is equivalent to about 1/ 10 gallon of 
diesel; for irrigated corn it is about 1/7 gallon which is more than 
a pint of diesel and would not even fit in the empty corn can. 

The rising costs of the high energy input for irrigation has 
stimulated greater interest in: improving both pump and water 
application efficiencies; optimizing system design to reduce 
operating pressure requirements; more careful scheduling of irri
gation; and new innovative low energy irrigation practice. These 
energy conservation practices are essential for many irrigated 
farms in the United States to stay in business. Obviously, the first 
to go out of business have been and will continue to be those with 
high water lifts, low efficiencies, and low crop value. Energy con
serving irrigation practices are even more important in develop
ing nations with more limited fuel reserves and foreign exchange 
restrictions. 

Holistic Thinking and Innovatz've Technologies 
In my teaching and engineering activities I am involved with 

people from many parts of the world who have varying 
backgrounds and interests. The selection and appropriateness of 
irrigation technologies is usually in view but seldom in clear focus 
because the question of appropriateness involves many fields of 
thought such as faith , philosophy, economics, finance , politics, 
history, expediency, science, and engineering. 

Schumacherlo has suggested a technology with a human 
face, and emphasizes appropriate and intermediate 
technologies. In general , I am in agreement with Schumacher 

IDE.F . Schumacher. :imallzs Beautif ul (London: Bland and Brigg. 1973). 
pp. 136·149. 20 



Agriculture t:J Agriculture 

non-irrigated pumped irrigation 

450 kcal/can 1175 kcal/can 

Processing cl Processing 
666 kcal/ can 666 kcal/can 

Packaging 
1106kcal/can 

Tran~rtetion 
441 mile haul 
231 kcal/can 

Marketing 
340 kcal/can 

Shopping 
2 % mile round trip 

664 kcal/ can 

Home Preparation 
1 dishwasher cycle per day 

430 kcal/ can 

Total 3866 kcal/can 

CIJu 

Obo 0
1 

Packaging 
1106 kcal/can 

Tran~rtetion 
1000 mile haul 
4nkcal/can 

Marketing 
340 kcal/can 

Shopping 
5 mile round trip 

982 kcal/ can 

~ Home Preparation l-.-J 2 dishwasher cycles per day 
660 kcal/ can 

Total 5384 kcal/ can 

Figure 4. Summary of energy input (kcal) to a one-pound can of 
whole kernel com. The left column shows energy input 
based on conservative assumptions. The right column 
shows how these energy inputs can vary depending on 
the assumptions made. 
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but I am concerned that in using the words "intermediate," 
"appropriate, " and "technology" we are in danger of limiting our 
perspectives or understanding. "Intermediate" for instance 
should not merely suggest an "oil drum" technology but should 
rather include every level up to just below western technology. 
The question of what is or is not appropriate varies from country 
to country while the scale of the technology is a third variable. It 
is important, therefore, to spend time in a country assimilating 
its standards and culture, in order to identify what really is 
appropriate. 

The various irrigation systems have evolved in a regional 
sense in such a manner that the social, political, and manage
ment needs of each type of system have been taken for granted. 
Whatever the system, the primary function of irrigation is to pro
vide water to the rootzone in proper quantities at appropriate 
times; the crux of this deceptively simple statement is the words 
"proper" and "appropriate." The objective, however, is to utilize 
available water resources effectively for crop production without 
detriment to other social or economic goals. 

Whereas irrigation principles are reasonably weB 
understood and universally applicable, their use is strongly 
specific to the situation. Generally, the use must match physical, 
social and economic factors on the farm and also find a com
promise among objectives within a societal framework. 
Sometimes, technological and management options are at hand; 
at other times, innovative or new methods must be devised. 

Historically, irrigation project development throughout the 
world has seldom produced the returns envisioned by planners. 
This is especially true with projects in developing countries 
involving peasant farmers; and one often hears that the projects 
and farm irrigation systems were properly selected and beauti
fully designed; but the "people" failed to make them workl 

In short, one would be hard-pressed to find many projects 
which come close to reaching the projected time' schedule. This 
problem arises , in part at least , from the belief that a good 
physical irrigation system is synonymous with good irrigation, 
when it is very easy to have poor or essentially no irrigation even 
with a good system, and it is even possible to have good irrigation 
with a poor system. 

I believe it is this confusion between the physical irrigation 
system and the activity of irrigation that leads to the disappoint-
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ing results in irrigation project implementation. The activity of 
irrigation is often taken too much for granted once the physical 
system has been developed. In the United States this problem 
may not be serious. We are familiar with the overall system, so 
we tend to develop irrigation techniques which are congruent 
with existing levels of technology and farmer practices. 

This situation does not exist with relation to peasant farms 
in developing countries, and other factors must be taken into 
account. For one, where labor intensive agriculture is practiced, 
it may not be appropriate to replace the irrigator with machines, 
and in such cases, planners must select irrigation techniques 
which have a reasonable chance of being productive without 
abruptly replacing labor with capital intensive machinery. In 
addition, the training needed for successful operation and 
maintenance of the system must be incorporated into the 
development procedure . 

In order to achieve these results, the social context within 
which development is to occur has to be taken into account. 
Adams, et alII suggests that the best way to do this is to involve 
the farmers in the planning process. This can promote project 
success in several ways. First, it provides the developers with bet
ter insight into peasant agricultural needs and concerns. At the 
same time, it allows planners to tap the knowledge the farmers 
have developed through many years of experience in the project 
area. Their involvement can also increase their commitment to 
new practices and alter community organization. Finally, it can 
be used to create sufficient understanding of the project for pea
sant farmers to make further improvements as needed. 

Much of the technology which is being promoted to improve 
the effectiveness of irrigation through the world was instigated in 
the developed nations. This technology reflects the energy and 
monetary economics as well as the type of people in the areas 
where it originated. Often alternate technologies, which would 
be better suited for developing nations, have been bypassed, 
rejected, or are too little advertised and known; and sometimes, 
it may be advantageous to mix simple technologies with more 
advanced ones. 

"N. Adams, J. Keller , and B.M. Spillman, "Peasant Involvement in 
On·Farm Irrigation Development," Proceedings, ASCE Specialty Conference, 
Blacksburg, Virginia, Tulv 26-28, pp . Slg-S26 . 
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Last fall while on an assignment for the Ford Foundation in 
India, I had the opportunity to recommend both alternate and 
mixed technologies. The main task was to distribute equitably 
the water available, and to irrigate efficiently groups of tiny 
(1 / 10 to 1 acre) farms supplied from small rain catchment reser
voirs. The appropriate irrigation technology appeared to be sim
ple hose fed sprinklers operating at low pressure. This is certainly 
not an unusual concept, for perhaps we have one million acres of 
kitchen gardens and home lawns irrigated this way in the United 
States; however, such systems are seldom recommended and, in 
fact , most designers are not even aware of them as possibilities 
for farm use. David Miller , one of our students took leave fall 
quarter and supervised the installation of the system. 

The mixed technology we innovated is a hand-move sprinkle 
system using conventional equipment but moved in a circular 
center-pivot fashion. This concept occurred to me while present
ing a series of slide lectures covering some of the latest irrigation 
techniques used in the United States. During my travels it 
became obvious, and for good reason I might add, that India is 
not a machine-oriented society and our latest irrigation tech
niques are not appropriate there. While pointing this out I made 
the plea that the concepts be received with an open mind in 
hopes of stimulating the discovery of new Indian irrigation 
technologies-and this led to the hand-move center-pivot. 

Wieneru has stressed that engineering is not the fundamen
tal problem underlying irrigation development in the less 
developed countries. Engineering principles are the same the 
world over and can, with minor modifications, be transferred 
from developed to less developed countries. Rather, the problem 
is to engender a transformation in the farmer, in his expectations 
and motivations, in the agricultural production process in all its 
aspects-techniques and inputs-and in the institutional 
framework at the village and regional level. Whereas this 
transformation in the developed countries evolves spontaneously, 
this is not the case in the less developed countries, and is certainly 
not true of the small traditional farmer sector, and hence 
development models from the developed countries cannot be 
transferred to the less developed countries. 

IIA . Wiener, "The World Food Situation and Irrigation Programmes," 
IGID Bulletin Oanuary 1976):21 -25 , 34 . 
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In ending I would like to leave you with the thought 
expressed so well by Pirsig: IS 

The way to solve the conflict between human 
values and technological needs is not to run away 
from technology. That's impossible. The way to 
resolve the conflict is to break down the barriers of 
dualistic thought that prevent a real understanding 
of what technology is-not an exploitation of 
nature, but a fusion of nature and the human spirit 
into a new kind of creation that transcends both ... 

With optimistic vision I see the Sun is slowly rising, bringing 
a brighter tomorrow; and though progress is painfully slow, I 
sense a feeble but relentless momentum toward a universal con
cern for all mankind-so I truly believe in Irrigating for Rain

bows. 

UR.M. Pirsig. Zen and the Art of Motorcycle Maintenance (New York: 
William Morrow and Co .. Inc .. Bantam Books. 1974). p . 284. 
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