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IRRIGATION
1)
Assess opportunities and constraints; identify goals

a) Assess current and predicted conditions 
Several factors influence a farmer’s decision to install an irrigation system. Weather is one of the most significant risk factors in agriculture. Rainfall is seldom adequate to provide optimum crop production, even in humid areas. There will be periods in every growing season when rainfall may not meet crop water needs; which may lead to consideration of irrigation to sustain desired production levels.
 A conservation farm irrigation system requires a complete arrangement of delivery and application facilities to distribute irrigation water efficiently to all land served. This involves consideration of soils and crops to be irrigated, along with the irrigation water supply to ensure high production without wasting water, soil, or nutrients.  (Insert image 3-1 from Chapter 3).
A farm irrigation system consists of three parts: delivery, application, and disposal. 

· The delivery portion consists of the facilities necessary to control and convey irrigation water from the source to the fields. The delivery system may include supply ditches and pipelines, valves, hydrants, flumes, measuring devices, turnouts, and checks.

· The application portion consists of the facilities necessary to distribute water onto the field, and includes head ditches, distribution pipelines, valves, hydrants, gated pipes, siphon tubes, and sprinkler apparatus.

· The disposal portion consists of the facilities necessary to collect, recover, and remove irrigation and storm runoff. This may include tail-water and collection ditches, sumps, and other equipment.  In some instances a subsurface drainage system may be required to control the water table and/or maintain a favorable salt balance.
i)
Crops and Yields

1)
Expected results and costs with irrigation
The main purposes of irrigation are to increase crop yields and improve crop quality. It is well recognized that ample water, available at the time a plant needs it, provides the desired growth and yield response. (Insert figure 6 from AAVIM book). 
Before irrigating, a determination should be made as to how much increase in yield one could expect if more water was made available. Table XXX (Insert table I from AAVIM book) gives a general idea of yield increase that might be expected from the irrigation of different crops in various sections of the US. 

These are yield estimates only; actual yields vary with conditions such as climate, soil, and crop varieties. One should check with state experiment stations and local agricultural agencies to determine what are benefits of irrigation in the area. Neighbors who have had experience in irrigation may also be a source of information.

There are several reasons why yields increase when ample water is available from irrigation. Irrigation provides better assurance of a good stand; more plants per acre; more efficient use of fertilizer; and improved, irrigation adapted, varieties can be planted.


More efficient use of fertilizer and chemical applications can be attained when crops are grown under irrigation. Nutrients can be supplied through the irrigation system in amounts and frequencies to meet plant needs, significantly reducing the loss of highly mobile nutrients and associated agricultural chemicals, such as nitrogen.

Increased yields and improvement crop quality are generally associated with irrigation (Insert figure 7 from AAVIM book). Examples include: fruit is generally larger and more uniform in size; nuts fill out better; cotton staple is longer. peanuts have a larger number of sound, mature kernels; apples are smoother; tomatoes are larger and more palatable; ears of corn are more uniform; and potatoes are larger and smoother.. All of these qualities increase the products’ market value.  
Irrigation can also be used for frost protection, resulting in yields during adverse climate situations and for crop cooling, which may enhance crop quality. 
Determining the expected cost and return for an irrigation system is a detailed process, but not difficult using with the proper procedures. Various factors, such as the type of irrigation system, go into the initial costs for an irrigation system, which may range from range $300 to as much as $1200 or more per acre. Factors that go into a systems cost are field conditions, the type of system selected, how far water must be moved, etc.   One
 needs to 
look closely at the comparative costs of various energy sources, both current and over the projected life, in relation to factors as initial cost, maintenance requirements, convenience, energy availability, and dependability of service, Individual cases will vary, so it is important to consider current and future costs by looking at the initial equipment  investment and future energy costs.  A 6 inch pipe is less expensive than an 8 inch pipe today but an initial investment in the larger pipe may save thousands of dollars in energy over the projects life. 
Compare the cost of irrigating with the value of the estimated increase in production: the net return may help ascertain which system to purchase. The Economics section will provide tools to aid in this consideration.
2)
Crop water needs 

Different crops use different amounts of water. Those that mature during the early part of the growing season generally have lower peak-period use than those that mature later. Irrigation system planning needs to assure that the timing and water requirements of all crops to be grown are considered. (A new image would be helpful here.)
i) Water Supply

The water supply is often the controlling factor in irrigation feasibility and the number of acres that can be irrigated. Prior to detail planning or design, one needs to assure there is sufficient water and that the land owner has the right to these waters. Procuring or establishing water rights is the responsibility of the irrigator. In pursuing these rights, one
 must consider the timing and amount of water necessary throughout the growing season. Consideration needs to include the delivery rate as well as total volume required. If storage may be necessary to meet the delivery rate, appropriated rights and permits any need to be pursued as well.  at times during the irrigation season

iii)
Water quantity

1)
How much and when?

The quantity of irrigation water required for any particular period should equal or exceed the gross irrigation requirement for growing period. This would include rate, quantity, and timing considerations for leaching, temperature control, and frost control. 

iv)
Water Quality 

Poor water quality can harm a crop. Impurities in solution and suspension can affect crop quality and can have negative impact on crop production. Water analysis and evaluation of the water supply needs to be taken into consideration. . 

v)
Water Conveyance and Application 

 

(New images would be helpful for this section.)
(1)
Getting water from point of source to point of need

Planning considerations need to include delivering water to various parts of the field and system at a rate and elevation that permits proper operation of the application method. Conveyance means need to consider economics, efficiently, and safely  

The type of conveyance varies with the method of application. Sprinklers require pressurized pipe, mains, and laterals; subirrigation may use either ditches, pipelines, or tile; contour-levee methods use a head ditch and levees; furrow and border methods use ditches or pipelines with some sort of takeout (e.g., siphon tubes or gated pipes). 
Conveyance facilities are generally surface ditches or pipelines. They must be accessible, provide water to all areas, and interfere with farming operations as little as possible. 

(2)
Controlling water
Measurements of water depths and flow frequently involve the use of structures. Their location and design need to be considered during system planning.


vi)
Energy 

 

(1)
Cost and availability 


Proper planning of an irrigation system needs to assess the types and feasibility of energy sources in the area that can be used to operate the system. Common energy sources include electricity, diesel, LP gas, and natural gas. While all, or part, of these may be in the area, one needs to make an economic assessment of which is most practical for the planned system.  The type and application method of the system impacts energy use and cost as we; 
If using electricity, note locations of transformers as well as phase, voltage, and horsepower limitations. Pay close attention to rates and charges. Stand-by and demand charges can nearly equal the total cost for seasonal kilowatt-hour used. Three important factors must be considered when evaluating electric power: availability of an adequate source, line extension charges, and minimum monthly or annual charges.  This information is available from the energy supplier.
(2)
Requirements

Total seasonal energy requirements for irrigation systems are determined by computing the energy needs for irrigation and determining how many average irrigation would occur during the season.  If Frost protection, cooling or leaching volumes are to be applied, the extent of time for system operation needs to be considered as well. 

vii)
Labor 



1)
Cost, availability and requirements 

Irrigation generally requires extra farm labor, increasing the costs of the farming operation. The quality and availability of that labor pool needs to be taken into consideration.  The type and talent of the labor resources necessary depends upon the type of system, the application method, and the automated devices utilized.  A state-of-art irrigation system may be desired but if the labor resources available do not possess the necessary knowledge and talents, system failure is highly likely.


viii)
Management requirements

1)
Cost and availability

2)
Requirements and level of technical expertise
(Kerry to provide.)Extension bulletin?
ix)
Resource and Environmental Considerations 

1)
Cultural Resources

Keeping natural resources in balance helps provide the basis for a healthy and profitable farm environment; keeping cultural resources provides the basis for understanding our human past. The stewardship of these nonrenewable resources is an important link in the conservation ethic.  

Cultural Resources are evidence of past human activity. These may include pioneer homes, buildings or old roads; structures with unique architecture; prehistoric village sites; historic or prehistoric artifacts or objects; rock inscription; human occupation, work  and burial sites; earthworks, such as battlefield entrenchments, prehistoric canals, or mounds. These nonrenewable resources are frequently culturally important to a range of communities in the United States, including American Indian communities, and often yield unique information about past societies and environments, and provide answers for modern day social and conservation problems. The may also have sacred value unique to individual communities or tribes.  Although many have been discovered and protected, there are numerous forgotten, undiscovered, or unprotected cultural resources in rural America.

When these cultural resources are encountered during daily activities, a state, federal or Native American cultural resource specialist should be contacted to provide recommendations for their treatment. Additional guidance and information on protection of these resources are found in the NRCS Cultural Resources Chapter of the General Manual and in the National Cultural Resources Procedures Handbook (both available at: http://www.nrcs.usda.gov/technical/cultural.html).
2)
Wetlands
When installing a new system or improving an existing system, one needs to consider the impact to any existing wetland areas.  The Food Security Act of 1985 contains several provisions that were intended to discourage the conversion of wetlands to agricultural production. These provisions, often referred to as Swampbuster provisions, state that a person will be ineligible for all or a portion of certain USDA program benefits, including loans, subsidies, crop insurance, and price support programs, if the person produces an agricultural commodity on wetland that was converted after December 23, 1985. A person will also be ineligible if, after November 28, 1990, the person converts a wetland by draining, dredging, filling, leveling, removing woody vegetation or other means for the purpose, or to have the effect of, making possible the production of an agricultural commodity.
3)
NEPA

Irrigation assistance needs to be provided in compliance with all applicable Federal, State, and local laws, program rules, policy statements, Executive Orders, and international agreements. Satisfying the National Environmental Protection Act (NEPA) requirements need to best an integral part of the planning process. Both NEPA and the planning process are iterative and allow for "tiering" analyses and decisions. 
All planning activities need to be concerned with the effects on the environment. All planning should begin with an Environmental Evaluation (EE). The EE is a preliminary scoping process, which identifies the ecological, social, and economic factors that the proposed action is likely to affect.  When a potential negative effect is identified, a planning flag needs to be raised and the NEPA process needs to be future investigated. 


b)
Establish goals

i)
Formulate objectives, and determine needs and goals 
An adequate irrigation system must:

–
Meet the optimum water needs (peak consumptive use) or a lesser level to meet the producers desired production level..

–
Optimize use of limited water supplies.

–
Deliver water at the rate required for the irrigation method used.

–
Operate at high efficiency, with minimal soil damage or water loss. 

–
Be accessible and easy to operate, without obstructing other farm operations.

The real value of irrigation is in providing the irrigators maximum return on their investment
. An increase in crop value due to irrigation must equal or surpass the cost of irrigating. Before planning a system, the irrigator should:

–
Have reason to anticipate that the benefits from an irrigation system will increase farm income enough to cover all costs of purchasing, installing, operating, and maintaining the system.

–
Have reason to anticipate that installing the system will provide a reasonable return from the investment. 

–
Understand the potential capabilities of the land under irrigation.

–
Understand necessary practices for soil management, disease control, and insect control.

–
Identify the crops and plants that will provide the maximum return. 

· Understand conservation irrigation, or the ways to control or regulate water application in a way that ensures yield without wasting water, soil, or nutrients.

· Be able to determine adequate application rates: applying water in amounts that can be held in the soil, consistent with intake characteristics and erosion hazards.

In turn, the planner should understand:

–
The irrigator’s water needs, based upon soil and crop information.

–
The availability, quality, and adequacy of the irrigator’s water supply.

–
The irrigator’s system requirements (e.g., type of farm enterprise; application method; availability of budget, labor, material, and equipment; anticipated hours of operation per day).

Note that not every irrigator will be able to install an entire system at one time. Specific areas are often planned and installed individually, and an entire system is implemented over the course of several years. It may be necessary to consider the needs of specific fields: assessing such factors as high points, the direction of irrigation and drainage, soil boundaries, crop rotation, and the feasibility of land leveling.

A basic planning procedure can be summarized in the following steps:

1.
Collect information regarding the farm and the water supply (e.g., soils, crops, climate, water quality, needed and available water quantity, topography, and any existing irrigation system).

2.
Select the irrigation method most appropriate to the fields and crops. Multiple methods can be used at some sites, and only one method at others.

3.
Plan a general layout for subdividing and irrigating the area. Consider alternate layout plans, taking into account available resources and specific crop types.

4.
Use local irrigation guides available from the NRCS or CES to determine application: the amount of water that must be applied in a normal irrigation, the time allowed for applying it, and the rate at which it can be applied.

5.
Determine the amount of water available for irrigation, and the amount that must be delivered to a field.


6.
Plan for land leveling or shaping needs and associated facilities to permit water delivery to fields in the volume and rate required by the method selected above. 

7.
Select and design the conveyance method (e.g., ditch or pipeline) and all
 necessary grade- and distribution-control structures, including measuring devices. 
8.
Size and locate the pumping facility, with all necessary valving and filtering components for the irrigation system.
9.
Plan for prompt, safe disposal and potential recycling of irrigation runoff and excess rainfall 

12.
Use other available resources for the irrigator and planner including: 

–
Natural Resources Conservation Service (NRCS)

–
Cooperative Extension Service (CES)

–
College or university experiment stations

–
Agricultural Research Service

–
Vocational Agriculture Service

–
US Geological Survey

–
Consulting engineers

–
Irrigation Association Certified Irrigation Designers
–
Equipment dealers

2)
Inventory and analyze resources

a)
Crops 

i)
Crop water needs and crop response

Crop water needs and associated responses depend upon many things including climate: plant-soil-water relationships, effective rooting depths, amount of water applied, and the timing of irrigation application. 

There is a period during a crop’s growing season when it will use more water than at any other time, usually during its fastest growing period. The amount of water used per day by the crop during this period is called the peak-use rate. The peak-use rate is based upon how much water is used at a continuous rate in gallons per minute (L/sec) than the total quantity needed for the crop growth season. An irrigation system is generally designed to supply enough water to meet the peak-use rate, even if there is no rain during that period. If the water source is a stream or a well, the rate of flow should be equal or exceed the peak-use rate.

The peak-use rate varies with climatic conditions, soil water storage, and crops.
 Table XXX (reference table V from AAVIM book) provides a general indication of the peak-use rates for crops in different areas. 
To find the peak use rate for a crop:

1. Find the peak-use rate for the crop in inches (mm) per day from Table XXX (reference table V from AAVIM book). Select the crop and the agricultural area most like the planting area. Example humid area, Arkansas-Mississippi Bottoms, 100 acres (40 ha) of corn. Under the fourth column and across from corn, find 0.24 inches (6.1 mm) per day.

2. Determine the peak use rate in inches (mm) per day. 


0.24 in x 100 a = 24 a-in/day


(6.1 mm x 40 ha = 244 ha-mm/day)
3. Estimate the period of daily operation for the irrigation system. Irrigation systems may be operated as much as 24 hours per day however as a general rule, set times less than 24 hours should be used.  For this example, assume the system will operate 20 hours per day. 

4. Find the peak use rate in acres-inches (ha-mm) per hour. 


24 ac-in / 20 hr = 1.2 ac-in/hr


(244 ha-mm / 20 hr = 12.2 ha-mm/hr) 

5. Change acres-inches (ha-mm) per hour to gallons per minute (L/sec). When comparing peak use rate with available water supply, use gallons per minute (L/sec). One acre-inch per hour is equal to 450 gallons per minute (one ha-mm per hour is equal to 0.28 L/sec). 


1.2 ac-in/hr x 450 gpm = 540 gpm 


(12.2 ha-mm/hr x .28 L/sec = 3.4 L/sec)
6. Determine the minimum rate of flow needed for irrigation.  Irrigation efficiency is generally less than 100, generally ranging from 50 to 80% because of losses due to evaporation, and non-uniform application, and conveyance. Assume 70% efficiency for this example. 


(540 x 100) / 70 = 771 gpm 


((34 x 100) / 70 = 4.85 L/sec)


b)
Soils

Soils are a key component in the plant-soil-water relationship.  They are the foundation upon which an irrigation system is designed. Soil factors to consider are texture, structure, and tilth. These factors influence a soil’s water-holding capacity and infiltration rate. 
Soil survey data and interpretations have information that can be used for planning, design, and management decisions for irrigation. Soil map units represent an area on the landscape and consist of one or more soils for which the unit is named. Single fields are rarely a single map unit or a single soil. Many soil map units include contrasting soil inclusions considered too minor to be a separate map unit. Because of variations in soil properties that exist in map units, additional onsite soils investigations are often needed. 

Soil properties within a profile can be modified by land grading, deep plowing, subsoiling, or other deep tillage practices. Shallow tillage practices can affect water infiltration and soil permeability rates. These property changes may not be reflected in the map unit description. Personnel doing irrigation planning are expected to obtain accurate onsite soil information to make recommendations. Adjacent farms may need different recommendations for the same soil series because different equipment, tillage practices, and number of tillage operations are used. Soil survey data are available from the NRCS local National Soil Information System (NASIS) Map Unit Interpretation Record (MUIR). 
Soil properties, limits, and restrictive features for irrigation1/

	Property
	Limits
	Restrictive features

	
	
	

	USDA surface texture
	COS, S, FS, VFS,
	High intake for surface irrigation 

	
	LCOS, LS, LFS, LVFS
	systems.

	
	
	

	USDA surface texture
	SIC, C, CS
	Low intake for level basin and 

	
	
	center pivot irrigation systems.

	
	
	

	Slope surface 
	>3%
	Water runoff.

	
	
	

	Weight percent of stone particles
	>25%
	Large stones, reduced plant root

	>3" (weighted avg. to 40" depth)
	
	zone AWC.

	
	
	

	Ponding
	+
	Soil air is removed.

	
	
	

	Depth to high water table
	<3 ft
	Restricted plant root zone.

	during growing season
	
	

	
	
	

	Available water capacity
	<.05 in/in
	Limited soil water storage for 

	(weighted avg. to 40" depth)
	
	plant growth.

	
	
	

	Wind erodibility group
	1, 2, 3
	Soil blowing damages young 

	
	
	plants, reduces crop yield and 

	
	
	quality.

	
	
	

	Permeability, 0-60"
	<.02 in/hr
	Water percolates slowly.

	
	
	

	Depth to bedrock
	<40 in
	Restricted plant root zone.

	
	
	

	Depth to cemented pan
	<40 in
	Restricted plant root zone.

	
	
	

	Erosion factor of surface, k
	>.35
	Erodes easily.

	
	
	

	Flooding
	Occasionally, frequently
	Soil air is removed, plants 

	
	
	damaged.

	
	
	

	Salinity, 0-40"
	>1 dS/m
	Excess calcium and magnesium 

	
	
	ions.

	
	
	

	Sodicity, 0-40" SAR
	>13
	Excess sodium ions.

	
	
	

	Calcium carbonate equivalent
	>40
	Excess lime.

	(% in thickest layer, 10-60" depth)
	
	

	
	
	

	Sulfidic materials, Great Group
	Sulfaquents, sulfihemists
	Excess sulfur.

	
	
	

	Soil reaction, pH, at any depth 0-60"
	<5.0 or >8.0
	Too acid or too alkaline.


 
i)
Infiltration (Intake) rate
Infiltration rates change during the time water is applied, typically becoming slower with elapsed time. They typically decrease as the irrigation season progresses because of cultivation and harvest equipment. This is especially true if operations are done at higher soil-water content levels. Preferential flow paths, such as cracks and wormholes, influence infiltration and permeability. Infiltration rates are also affected by water quality; for example, suspended sediment, temperature, sodicity, and SAR, affect water surface tension.  Soil intake characteristics affect design, operation, and management of surface irrigation systems.   Table YYY) provides relative intake ranges based on the surface texture.
Table YYY Soil intake ranges by surface texture 1/
	Soil
	- - - - - - - - - - - Intake characteristics - - - - - - - - - - - -

	texture
	Sprinkle
	Furrow
	Border & basin

	
	
	
	

	C, SIC
	.1 – .2
	.1 – .5
	.1 – .3

	SC, SICL
	.1 – .4
	.2 – .8
	.25 – .75

	CL, SCL
	.1 – .5
	.2 – 1.0
	.3 – 1.0

	SIL, L
	.5 – .7
	.3 – 1.2
	.5 – 1.5

	VFSL, FSL
	.3 – 1.0
	.4 – 1.9
	1.0 – 3.0

	SL, LVFS
	.3 – 1.25
	.5 – 2.4
	1.5 – 4.0

	LFS, LS
	.4 – 1.5
	.6 – 3.0
	2.0 – 4.0

	FS, S
	.5 +
	1.0 +
	3.0 +

	CS
	1.0 +
	4.0 +
	4.0 +


1/
These are estimates based on soil texture. They should be used only where local data are not available.




ii)
Soil Water Holding Capacity, Available Water Capacity, Field Capacity and  Permanent Wilting Point

When planning an irrigation system, one needs to be knowledgeable of the various water functions of the soil to be irrigated.

Soil-water holding capacity (SWC or TWC) is the potential for a soil to hold water. Total water held by a soil is called water holding capacity. However, not all soil-water is available for extraction by plant roots. 

Available Water Capacity (AWC) is the amount of water held in the soil available for use by most plants. The true extent of AWC is dependent on crop rooting depth and several soil characteristics. In fine textured soils, such as clays, and soils affected by salinity, sodicity, or other chemicals. the amount may be limited.
Field capacity (FC) is the amount of water a well-drained soil holds after free water has drained because of gravity. Generally, fine textured soil holds more water than coarse textured soil.
Permanent wilting point (PWP) is the soil-water content at which most plants cannot obtain sufficient water to prevent permanent tissue damage. The permanent wilting point is generally defined as being when the tension deficit in the soil reaches 15 atmospheres tension. 
General Available water capacity (AWC) by texture

	Texture
	      Texture
	    AWC
	  AWC
	        Est.

	symbol
	
	    range
	  range
	     typical 

	
	
	
	
	       AWC

	
	
	   (in/in)
	  (in/ft)
	       (in/ft) 

	
	
	
	
	

	COS
	Coarse sand
	.01 – .03
	.1 – .4
	.25

	S
	Sand
	.01 – .03
	.1 – .4
	.25

	
	
	
	
	

	FS
	Fine Sand 
	.05 – .07
	.6 – .8
	.75

	VFS
	Very fine sand
	.05 – .07
	.6 – .8
	.75

	
	
	
	
	

	LCOS
	Loamy coarse sand
	.06 – .08
	.7 – 1.0
	.85

	LS
	Loamy sand
	.06 – .08
	.7 – 1.0
	.85

	
	
	
	
	

	LFS
	Loamy fine sand
	.09 – .11
	1.1 – 1.3
	1.25

	LVFS
	Loamy very fine sand
	.10 – .12
	1.0 – 1.4
	1.25

	
	
	
	
	

	COSL
	Coarse sandy loam
	.10 – .12
	1.2 – 1.4
	1.3

	SL
	Sandy loam
	.11 – .13
	1.3 – 1.6
	1.45

	
	
	
	
	

	FSL
	Fine Sandy Loam
	.13 – .15
	1.6 – 1.8
	1.7

	VFSL
	Very fine sandy loam
	.15 – .17
	1.8 – 2.0
	1.9

	
	
	
	
	

	L
	Loam
	.16 – .18
	1.9 – 2.2
	2.0

	SIL
	Silt loam
	.19 – .21
	2.3 – 2.5
	2.4

	
	
	
	
	

	SI
	Silt
	.16 – .18
	1.9 – 2.2
	2.0

	SCL
	Sandy clay loam
	.14 – .16
	1.7 – 1.9
	1.8

	
	
	
	
	

	CL
	Clay loam
	.19 – .21
	2.3 – 2.5
	2.4

	SICL
	Silty clay loam
	.19 – .21
	2.3 – 2.5
	2.4

	
	
	
	
	

	SC
	Sandy clay
	.15 – .17
	1.8 – 2.0
	1.9

	SIC
	Silty clay
	.15 – .17
	1.8 – 2.0
	1.9

	
	
	
	
	

	C
	Clay
	.14 – .16
	1.7 – 1.9
	1.8


iii)
Drainage
Removing excess water through drainage is a primary need, particularly in arid areas, to control salt accumulations. Care must be taken when designing drainage systems to minimize the danger of pollution. If there is too much salt (sodium chloride and other soluble salts) or other harmful chemicals in the soil, they can often be leached away by irrigation and drainage. Water from rainfall and irrigation dissolves the salts and carries them away through the drainage system. If the subsoil is permeable (e.g., absorbs water), salts may be leached into the subsoil to a depth below the root zone. If the subsoils are somewhat restricted in permeability, subsurface drainage is a necessary consideration for irrigation.

Discharge from subsurface drain lines can be high in salts or other soluble pollutants. This condition is sometimes apparent from a white layer of dry salt on the ground surface (Insert figure 15 from AAVIM book). Also, plants may appear discolored and stunted (Insert figure 16 from AAVIM book).

A drainage system design must consider the varying site-specific conditions for which systems are designed. The spacing and the size of ditches or subsurface drains depend upon the soil texture, soil permeability and the amount of water that must be drained. The depth of the system depends on the crops grown, and the desired water table depth to assure adequate root development depth. local agricultural agencies should be consulted for advice regarding drainage and salt conditions in relation to irrigation.

iv)
Erosion
Water erosion may be caused by the irrigation stream, runoff from adjacent areas, or water that falls directly on the irrigated area (e.g., as rainfall or from sprinklers). (A new image would be helpful here.) The irrigation system must be designed considering the soil intake rate and applying water in a uniform manner to prevent runoff and associated erosion.  For surface irrigation systems, stream size, soils and slope need to be considered.  On silt loam soils, slopes greater than 2 percent with moderately sized irrigation flows have the potential to produce significant erosion.
v)
Saline or sodic soil 

Saline soils are slightly alkaline, containing very little adsorbed sodium (or sodium that is collected in condensed form on the soil surface). Sodic soils have high levels of adsorbed sodium, but do not contain excessive soluble salts. Saline-sodic soils contain excessive amounts of both soluble salts and adsorbed sodium. 

Saline soils can be improved by leaching: applying extra water to a field and allowing it to percolate through the soil. Sodic soils can be improved by adding  amendments such as gypsum or sulfur, leaching the salts, and then enhancing soil structure. Saline-sodic soils respond to the same approach. Reclamation of these conditions require adequate subsurface drainage,
vi)
Other characteristics 


–
Wind can damage crops, soil, topography, and irrigation structures, and may affect the distribution of irrigation water. Wind can also redistribute soil, so the effects on surrounding areas must be considered when selecting an irrigation method. (A new image would be helpful here.)
· The depth from which a plant extracts moisture is an important consideration; soil that permits normal root development and penetration provides maximum water storage. Consider also the depth to and thickness of layers having important textural or structural differences.  (A new image would be helpful here.)
· Soil density determines the adjustments needed to balance cuts and fills for land leveling, and the selection of materials to create earth structures. (A new image would be helpful here.)
–
Knowledge of the soil profile is important when considering land leveling. It is recommended that topsoil be removed and stockpiled for re-spreading on subsoil, exposed during land- leveling.


c)
Topography

Topography is a major factor in the selection and implementation of an irrigation system. This begins with a base map that shows boundaries and dimensions of the fields to be irrigated, the source and elevation of the water supply, landscape features (e.g., fences, buildings, roads, shelter belts, power lines, and streams), field boundaries, and drainage patterns (including outlets). The complexity of the irrigation system and terrain should be used to determine the detail of survey topographic detail needed. (A new image would be helpful here.)
i)
Slope
Slope generally refers to the general gradient of the land. Any slope that can be cultivated can also be irrigated with proper system design and soil conservation practices. A (Insert figure 8 from AAVIM book).
If the soil has a high intake rate, water can be applied to steeper slopes with less possibility of runoff. Pasture and sod crops on steep slopes can also be more readily irrigated with no significant erosion problems. Sod helps hold both the water and the soil, and it normally enhances infiltration.

ii)
Field arrangement

When laying out a field arrangement, the irrigator needs to consider field dimensions, as well as barriers and natural features that may hinder operation or application of irrigation water (e.g., fences, roads, power lines, home sites, outbuildings, buried cables or gas lines, and utility right-of-ways).

d)
Water supply

Water supply is frequently a controlling factor in irrigation feasibility and the number of acres that can be irrigated. 

i)
Water rights
Demand for  water is increasing with a growing population, and with associated demands from environmental interests, industry, cities, and agriculture. To control this use, new water laws are being written and old laws are being revised in many states. “Water rights” refer to the legal means by which water may be used. 

It is important to be aware of all applicable water rights before planning and designing an irrigation 

In the eastern US, an irrigator may reasonably use a stream’s water if the stream borders their land, and if the water is used on this land. Such regulation is based on an old English law called the “riparian doctrine”. In general, very little trouble occurs in eastern states from the use of stream water for irrigation. Water may be used from a stream if those downstream that depend upon the water are not deprived. However, a user downstream may claim a need or a future intention of use, and legally limit upstream use of the water.

In the western US, it is possible to have a “prior appropriations” right to use water from a stream (Insert figure 27 from AAVIM book). Under this doctrine, the first user has the best lawful claim, whether he or she owns the land next to the water or not. No one can use water from this source if it reduces the amount needed by the first user. Water rights must be purchased from the first user (or his or her heirs), or the land itself may be purchased. 

In some states, use of lake water carries similar obligations as those for streams. The water in the lake must not be lowered below an established level. Some lakes are reserved by individual states for recreational purposes.

ii)
Water quantity (Basic hydrology)

1)
Flowing Surface water sources

Surface water sources consist of flowing water courses, e.g. streams rivers ditches and canals, or of impounded water, such as lakes or ponds.  Flowing water courses may be vulnerable to seasonal variability. The US Geological Survey and other government agencies measure the flow of many streams, and determine how much water to expect. If no such records are available, another option is to measure the flow during a prolonged dry period. Three methods for determining the flow of water in streams are by multiplying the average speed of the stream flow by the cross-sectional areas, use of a Weir notch, and use of a Broadcrest Weir.
To determine the flow using average speed and cross-sectional area, use the following steps:
1.
Determine the cross-sectional area of the stream (Insert figure 34 from AAVIM book).
a.
Select a straight run in the stream

b.
Make several measurements of the depth of a cross-section to get an average depth.

c.
Measure the width of the stream. If the width is not uniform for the run, take several readings and determine the average width.

d.
Figure the cross-sectional area of the stream. Assume a four-foot wide stream with an average depth of six inches for this example.


(4 ft x 6 in) / 12 (number of inches in a foot) = 2 ft2 


(or (1.2 m x 15 cm) / 100 (number of centimeters in a meter) = 0.18 m2)
2.
Determine the average speed of the stream flow (Insert figure 33 from AAVIM book).
a.
Mark and measure the length of run to be checked. Assume 100 feet (30 m) for this example.

b.
Drop a float (e.g., a cork or other suitable object) into the stream. Start at the upper end of the run and record the time required for it to travel 100 feet (30 m). Assume the float takes 2.1 minutes to travel this distance.

100 ft / 2.1 min = 47.6 ft/min 

(or 30 m / 2.1 min = 14.3 m/min)
3.
Estimate the amount of water flowing in the stream.

a.
Multiply the cross-sectional area of the stream (step 1) x the average speed of stream flow (step 2). 

2 ft2 x 47.6 ft/min = 95 ft3/min 

(or 0.18 m2 x 14.3 m/min = 2.6 m3/min)
b.
Multiply the indicated flow by the roughness factor. Water along the banks of a stream flows slower than it does in the center because the banks tend to resist the water flow. This resistance varies with the shape and roughness of the channel. For most channels, a factor of 0.8 times the indicated speed of flow is used to get the average velocity. 

95 ft3/min x 0.8 = 76 ft3/min 

(or 2.6 m3/min x 0.8 = 2.1 m3/min)
c.
Convert cubic feet per minute to gallons per minute (or m3 per minute to L per minute). Pumps are generally rated in gallons (L) per minute. Check this rate of flow against the peak use rate you figure d earlier. If it is evident there is not sufficient water, check other possible sources. 

76 ft3/min x 7.48 gal/ft3 = 568 gpm 

(or 2.1 m3/min x 1000 L/m3 = 2100 L/min)
To determine the stream flow more accurately, use the Weir notch method (Insert figure 35 from AAVIM book), or the modified broad-crested weir or ramp flume  method An excellent source and reference on flow measurement is U. S. Department of the Interior Bureau of Reclamation WATER MEASUREMENT MANUAL <http://www.usbr.gov/pmts/hydraulics_lab/pubs/wmm/index.htm>
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Modified Broad-Crested Weir, and Ramp Flumes (Credit – United States Bureau of Reclamation)
2) Surface water impoundments
Common water sources include small lake, pond, or reservoir.  In using this water source, one should assure that the source is recharged by a dependable stream, surface-flowing spring, or well, to meet both the seasonal water demand and peak use rate for the driest season. To estimate the amount of water available for irrigation from a lake, pond or reservoir, follow these steps.

1.
Determine the surface area.

a.
Measure a rectangle that approximates the size of the lake (Insert figure 37 from AAVIM book). In these procedures, “lake” represents a lake, pond, or reservoir. Assume the average width is 600 feet (183 m) and the average length is 726 feet (221 m).

b.
Multiply the average width times the average length of the lake and convert to acres (ha). 

(600 ft x 726 ft) / 43,560 ft2/a = 10 a 

(or (183 m x 221 m) / 10,000 m2/ha = 4 ha)
2.
Determine the volume of water.

a.
Measure the depth of water from the surface to the deepest point. Assume the deepest point is 15 feet (4.6 m).

b.
Determine the average depth of the lake. For small lakes, the average depth is approximately 0.4 times the greatest depth. 

15 ft x 0.4 = 6 ft 

(or 4.6 m x 0.4 = 1.8 m)
c.
Multiply the surface area times the average depth. 

10 a x 6 ft = 60 a-ft, or 60 a-ft x 12 in = 720 a-in 

(or 4 ha x 1.8 m = 7.2 ha-m, or 7.2 ha-m x 100 cm = 720 ha-cm)
3.
Determine the volume of water available for irrigation. Assume the lake efficiency is 80% of capacity because of seepage, evaporation, and sediment 

720 a-in x 0.8 = 576 a-in 

(or 720 ha-cm x 0.8 = 576 ha-cm)
Some lakes collect sediment from the watershed over a period of years. The sediment settles out into the bottom of the lake and reduces the water storage capacity (Insert figure 38 from AAVIM book). The watershed should be adequately treated to minimize erosion and the resulting sediment accumulation in the lake.

If the amount of available water is close to the seasonal water demand determined earlier, a more exact method may be needed. This usually involves the preparation of a contour map of the storage area (Insert figure 39 from AAVIM book). The volume is determined accurately and a table or a stage-storage curve (Insert figure 40 from AAVIM book) is usually prepared. Once this information is developed for the lake, determine the storage volume in acre-feet (ha-mm) for any water level (stage) in the lake.

If rainfall, runoff, or a stream recharges the lake, a study of the rainfall and runoff records or stream gauging may be necessary to determine the total amount of water available. The amount of water expected to flow into the lake during the season can be added to the amount of water available in the lake.

Large reservoirs are sometimes built to furnish water to a group of users through a legal organization (e.g., an irrigation or conservation district). Water is distributed through open canals (Insert figure 41 from AAVIM book) or pipelines. If using water from such a source, consult the controlling agency to determine cost as well as the allowable quantity and timetable.
2)
Groundwater sources

Groundwater sources are vulnerable to fluctuating water levels, as well as higher energy requirements.   Even with the best of planning, a well may not furnish the needed water quantity for a particular system. The available water flow from a well can accurately be determined by use of a well pump or test (temporary) pump. Two methods used commonly to determine flow are a flowmeter and an orifice plate, both available from well-supply dealers.

To check the amount of flow from a well, first measure the depth that the water level is lowered in the well. This distance that the water level lowers from the time the pump starts until it reaches a constant level is called drawdown. This provides an indication of the rate at which the underground water is being replaced in the well while pumping. If the water is not being replaced as fast as the pump removes it, the water level will lower below the pump intake, and pumping action will stop. Measure drawdown by checking the depth of the water level before pumping, and then checking it regularly while the well is being pumped, until there is no further drop.

Use an ammeter, available from a well-supply dealer, and an insulated wire (Insert figure 45 from AAVIM book) to measure drawdown. Wind the wire on a reel and connect one end to a flashlight battery terminal. Connect the other terminal as a ground to the well casing or pump. Connect a weighted contact point to the other end of the wire. (Be sure the contact is insulated on the sides so it will not short circuit on the well casing). Lower the contact point into the well; when it touches the water, the circuit is complete and the ammeter will register. 

To determine well capacity with a flowmeter and drawdown gage, follow these steps (Insert figure 42 from AAVIM book).
1.
Check the depth to the water. Slowly lower the weighted end of the wire into the well until the ammeter registers. Mark a point on the wire for future reference. Instruments and wire made for this particular purpose generally have the wire marked.

2.
Start the pump.

3.
Read the flowmeter. The rate of the flow should be equal to the peak use rate determined earlier; if not, open or close the discharge valve until the two are approximately equal. If the peak use rate is not achieved when the discharge valve is fully open, an additional source of water is needed.

4.
Check the drawdown. If using a pump to supply peak use rate, operate it for 24 to 72 hours. Check the drawdown every ten hours. Lower the weighted end of the wire farther into the well slowly until the ammeter registers again. Mark the point on the wire that indicates the extra length required to reach the new depth of water. Then measure the extra length required. This length is the drawdown. If the drawdown becomes static (i.e., no more drop in water level) after several hours of pumping, the well should adequately supply that amount of water during the irrigation season.

If using an orifice plate (Insert figure 43 from AAVIM book) to determine well capacity, get help from staff members at a local agricultural agency. They will recommend the proper size orifice, provide instructions for installing the plate, and supply a table of values for determining discharge.

Some drilled wells tap an underground water supply that is under pressure. If the water level in the well rises above the groundwater table, artesian conditions are present. If the pressure is great enough, the water will rise to the top of the well and flow. These are called free flowing (or artesian) wells. Sometimes there is enough free-water flow to supply irrigation needs. If not, it will be necessary to install a pump.

Water from artesian wells comes from an underground source, possibly several hundred miles away. The underground supply is higher than the ground level where the well is located (Insert figure 45 from AAVIM book); this forces the water above the groundwater level and in some cases out of the ground.

A flowmeter can be mounted to a free flowing well to determine the amount of natural flow. To assure a continued supply of water from a free flowing well, stop the flow when the well is not in use to save water and pressure. (Insert figure 46 from AAVIM book).
If the preferred source does not supply enough water, consider a lake-and-well (Insert figure 47 from AAVIM book) or lake-and-stream combination. (In this discussion, the term “lake” refers to a lake, pond, or reservoir.) Such a combination provides irrigation part of the time from the lake, while the lake water is replenished from the well or stream.

The effects of a combination source can be described by two relationships that must always be satisfied when using a combination water source: 

· Minimum lake capacity = (irrigation rate x hours pumped per day x 60) – (recharge rate x hours pumped per day x 60) / percent efficiency

· Minimum recharge rate = irrigation rate x hours pumped per day / 24 hours per day
To determine the needed capacity, start with either source: the well or stream, or the lake. Then determine the capacity needed by the other source. If the well or stream does not supply enough water, build a reservoir to store water. To find the dimensions for the minimum capacity of the reservoir, follow these steps. For example: consider a humid area, such as the Arkansas-Mississippi Bottoms, and a planned crop of 100 acres (40 ha) of corn.

1.
Determine the minimum recharge rate needed for irrigation purposes. For example, assume an irrigation system requires 400 gallons (1514 L) per minute. Assume that the maximum time used to determine the peak use rate was 12 hours. 


400 gallons per minute (gpm) x 12 hr / 24 hr = 200 gpm 


(or 1514 L/min x 12 hr / 24 hr = 757 L/min)
2.
Determine the minimum lake capacity. For example, assume that the recharge from a well or stream will be continuous (i.e., 24 hours per day). Also assume that the efficiency of the lake is 80% due to evaporation, seepage, and sediment losses.

((400 gpm x 12 hr x 60 min) – (200 gpm x 12 hr x 60 min)) / 0.80 = 180,000 gallons (or ((1514 L/min x 12 hr x 60 min) – (757 L/min x 12 hr x 60 min)) / 0.80 = 681,300 L)

3.
Convert gallons (L) to cubic feet (m3). 


180,000 g / 7.48 g/ft3 = 4,813 ft3 


(or 681,300 L / 1,000 L/m3 = 681 m3)
4.
Determine the area of the lake in square feet (m2). Assume an average depth for the lake and figure the surface area required. Assume a depth of 5 feet (1.5 m). 

24,054 ft3 / 5 ft = 4,813 ft2 

(or 681 m3 / 1.5 m = 454 m2)
5.
Determine the length and width of the lake. Assume an average length for the lake, 100 feet (30.5 m) in this example, and compute the width required. 


4,813 ft2 / 100 ft = 48.13 ft 


(or 454 m2 / 3.05 m = 14.9 m)
Any of the dimensions of depth, length, or width can be changed by altering one or both of the other two dimensions.

The well or stream will supply water to the lake continuously (e.g., 24 hours per day). Irrigating at twice the inflow rate will empty the lake at the end of 12 hours. However, the well or stream will refill the lake during the 12 hours that are not irrigated. The lake size may need to be increased slightly to allow for additional storage.

If a lake meets the minimum capacity requirement but does not supply enough water, additional water may be needed from a stream or well. To find the minimum capacity required of the well or stream, follow these steps.

1.
Figure the required recharge rate of the stream or well. For example, assume the irrigation system requires 500 gallons (1893 L) per minute for eight hours per day. 


(500 gpm x 8 hr) / 24 hr = 167 gpm 


(or (1,893 L/min x 8 hr) / 24 hr = 631 L/min)
2.
Find the minimum lake capacity requirement for this recharge rate. Assume a lake efficiency of 80%. 


((500 gpm x 8 hr x 60 min) – (167 gpm x 8 hr x 60 min))  / 0.8 = 199,800 gallons 


(or ((1,893 L/min x 8 hr x 60 min) – (631 L/min x 8 hr x 60 min)) / 0.8 = 757,200 L)
3.
Convert gallons (L) to cubic feet (m3). 


199,800 g / 7.48 g/ft3 = 26,711 ft3 


(or 757,200 L / 1,000 L/m3 = 757 m3)
If the lake has this capacity or more, a combination water source will work and the required stream or well capacity should be 167 gpm (631 L/min) on a continuous basis. As in the previous example, the lake will be empty at the end of the eight hours, but will be refilled by the pump or stream during the next 16 hours following irrigation.

Depending on the desired management level of the irrigator, the quantity of irrigation water required needs to be determined for any particular period.  Some operators may desire to irrigate at less than optimum needs and the water requirements will need to take this into consideration.  Generally the quantity of water would equal or exceed the gross irrigation requirement for that period to replenish depleted soil moisture, plus water required for leaching, temperature control, and frost control. 
The first step is to look at the amount of water that is necessary to meet the irrigator’s crop need, often referred to as the irrigation system capacity
. This is usually determined by the equation 



Q = (453 x A x D)/(F x H)
 

where Q is the rate of delivery in gallons per minute (gpm), A is the number of acres to be irrigated, D is the depth of water to be applied (in acre-inches per acre), F is the number of days that the depth of water will be applied, and H is the hours of pump operation per day. For example: assume a 100-acre system with application of one inch of water every four days, and the system is operating 18 hours per day. 


Q = (453 x 100 x 1)/(4 x 18) = 629 gpm   

Note that “acre-inches per acre” equals inches of depth. One “acre-inch” of water is equal to water one inch deep over a one-acre area.

Once system capacity has been determined, it is necessary to determine if the available supply can consistently meet the need. For a groundwater source, a well driller familiar with the local groundwater geology can quickly determine whether this amount of water is available and the cost for drilling a well. For a surface water source, further investigation may be needed to determine if the surface supply can supply the required flow. This is especially important if the surface supply might include the need of a reservoir to meet projected water needs.
The net irrigation requirement for a crop is the total consumptive use, less effective growing-season rainfall, carry-over soil moisture from winter rains, and moisture from ground water. Add the expected water losses from the source to the point of application, and any amount needed for leaching, temperature control, and other determinations. It is common practice to estimate water supply needs on a probability basis.

Different crops require different amounts of water, as shown by the examples in Table XXX (reference table IV from AAVIM book).  Local NRCS and Extension offices generally have an irrigation guide that contains crop water requirements for the crops common in the area and these values should be use as. seasonal consumptive use varies with the climate, e.g. plants require more water than in humid areas because of greater evaporation and transpiration losses. 
To estimate the total amount of water needed for a crop, multiply the seasonal consumptive use in inches (or mm) times the number of acres (or ha) you plan to irrigate. 
Example: Using the example of the 100-acre (40 ha) corn crop in the Arkansas-Mississippi Bottoms. From the table, corn grown in the humid region will use 23 inches (9580 mm) of water during a 100-day growing season. Therefore, 


100 a x 23 in = 2300 a-in (or 40 ha x 580 mm =23.2 ha-m) 

To use water for multiple crop production or other crops in adjoining fields, determine the additional water needed in the same manner. For other purposes, such as applying water for frost protection and water for cooling, add these amounts to the total expected needs.

This provides an estimate of the total amount of water needed. An irrigation water supply should be capable of meeting all or part of this amount, minus the probability of effective rainfall if an optimum level of irrigation is desired.
Where the source of water may be limited (e.g., in small streams, ponds, small lakes, and wells), it may be necessary design for partial irrigation, reduce the irrigated acres, or locate and develop a supplemental water source.

The distance from the water source to the field is a factor in deciding if a source is satisfactory. The irrigation system selected must fit as best as possible to the fixed supply location. Choose the supply point that will provide the lowest estimated delivery cost for each part of the system. Consider the supply’s accessibility for operation and service; the length from the delivery facilities to each field in the system; erosion protection for supply ditches; possible use of gravity flow from the point of supply; and location of temporary storage reservoirs if needed. Note too that, if using a drilled well, distance and depth determine cost.
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Consider the supply’s accessibility for operation and service; the length of delivery facilities to each field in the system; erosion protection for supply ditches; possible use of gravity flow from the point of supply; and location of temporary storage reservoirs if needed.

It may be necessary to develop a closer source if the distance is a half-mile or farther. This may be a well in the center of a field (Insert figure 28 from AAVIM book) or at a nearby point. The total cost of pumping from the various sources is an important factor in  making a decision

Selecting a source of water needs to consider the height from the water level to the field. If using a surface source such as a stream or pond, factor in the height from water to the pump, and the height from the pump to the field. For centrifugal pumps, the height from the water to the pump or “suction lift” should not exceed 15 feet (5 m) for maximum efficiency (Insert figure 29 from AAVIM book).
If using a well, distance, pumping depth to the water table and height, to the delivery point and operating pressure determines cost. Deep well turbines can lift water from several hundred feet (Insert figure 30 from AAVIM book). There is no reasonable limit to the height from the pump to the field, though the economic considerations may need to be determined. There are extreme cases where water is being pumped to fields that are 1000 feet (305 m) or higher above the pump. Add lift and height from pump to field to get total elevation (Insert figure 31 from AAVIM book).
iii)
Water quality 

The suitability of a water source over rides the adequacy of a water supply if the water is harmful to the crop through impurities in solution and suspension.  The quality of water should be evaluated for impurities.
 There is always a remote chance of obtaining water from streams, lakes, ponds, reservoirs, and wells may contain harmful chemicals (e.g., salts, chlorine, boron, industrial wastes, and organic acids and stains). 
 Some streams and underground sources contain salts, such as sodium chloride, magnesium sulfate, calcium sulfate, potassium chloride, and sodium bicarbonate, all potentially detrimental to crop production. 
While some select crops can use higher levels of  saline water (table XXX (Insert table VI from AAVIM book), over time this may result in a build-up of salts in the soil. The presence of salts prevents water and nutrients from being taken up through the roots. Use of saline water requires special consideration and management to sustain crop production. 

Chlorine and boron are other chemicals found in some water in excessive amounts that are toxic to plants. As little as two to four parts per million of boron may be harmful to crops. Some crops; however, are more tolerant to boron than others (table XXX (Insert table VII from AAVIM book).
Industrial wastewater and urban recycled waters are increasingly being used as irrigation water sources.  These must be carefully analyzed before using it for irrigation. They may contain a variety of chemicals that may be harmful to plants, as well as contribute to hazardous levels heavy metals level in the soil over time. 
Organic acids and stains from decaying plants potentially present in open water sources may decrease the quality of both the leaves and the fruit of some irrigated crops, e.g. cigar-leaf tobacco is easily reduced by such impurities in water.
 Trash in open water sources is a problem as well. Much of the debris can be filtered or screened before it enters the pump without too much difficulty. (A new image would be helpful here.)
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Turbulent Fountain Weed Screens (Credit ARS – Kimberly, ID)
Sand in the water reduces the life of pumps and sprinklers. Special provisions must be made for filtering or settling out the sand. Sand and silt in irrigation water tend to fill lakes and ditches, and build up deposits in the field.

A state Soil and Water Testing Laboratory can determine whether salts or other harmful chemicals are present in irrigation water. Private firms also provide these services for a fee. 

For more information about water quality and the potential impact to crops refer to the publication Food and Agriculture Organization, Irrigation and Drainage Paper, FAO 29 – Water Quality for Agriculture, which can be referenced through the UN Food and Agriculture Organization’s website.

e)
Climate

For irrigation, the classifications of climate are based upon precipitation. Humid areas receive more than 30 inches (76 cm) of precipitation a year, semiarid 15 to 30 inches (38 to 76 cm), and arid less than 15 inches (38 cm). An irrigation system must be designed to work in existing climatic conditions.


i)
Rainfall 

Areas in the US that are considered arid, or very dry, are shown here in red (Insert figure 3 from AAVIM book). In semi-arid, sub-humid, and humid areas, there is enough rainfall for most crops, but it is not distributed evenly.

The average amounts of rainfall by months in different parts of the country are shown in Figure XXX (Insert figure from page 8 of AAVIM book). Generally, the humid areas have a sufficient yearly rainfall for most crops (Insert figure 4 from AAVIM book), but not necessarily when the crop needs it most. There are periods of time, even in the most humid areas, when crops suffer for lack of water because the time between rains. During dry or droughty conditions, plants suffer, and yield decreases. Crops in some soil conditions will suffer if they do not receive water within a period of five days or less. 

To understand local precipitation conditions, note the average number of days between rains (Insert figure 5 from AAVIM book). Many of these dry periods will be longer than the five-day minimum shown on the map.

Land receiving an appreciable amount of rainfall during the growing season may need only a small amount of irrigation water, depending upon rainfall distribution. Land that receives enough rain in the spring to fill the root zone may not require irrigation until the crops have attained considerable growth.

The greatest amount of irrigation water is needed by land that receives small amounts of rain during the spring and summer. Excessive or intense rainfall produces runoff that may result in erosion, and makes drainage necessary.

ii)
Temperature 

Since evaporation and transpiration are rapid at high temperatures, soil moisture is soon depleted. Irrigation can be used to improve both yields and quality of some crops by reducing the temperature on hot days (Insert figure 19 from AAVIM book). Sprinkling water onto the field  can lower high temperatures. Yield and quality of potatoes, apples, grapes, strawberries, and tomatoes are improved by this method.

Growth of some plants slows down considerably or even stops when the temperature reaches 90°F (32°C) or more, reducing or stopping the transpiration process.. As a result, water and plant food don’t move as freely through the plant, although there may be plenty of water in the soil.


iii) 
Wind

Wind can damage crops, soil, topography, and irrigation structures, and may affect the distribution of irrigation water. shown below in Figure XXX, winds of 10 mph (45 m/sec) or more lower air temperatures; increases evaporative cooling; and lowers the plant temperature. 


i)
Additional water needs (e.g., crop cooling and leaching)

Irrigation is being used successfully in many parts of the country to prevent or reduce crop losses from spring frost and freezing weather. There are two ways in which irrigation can be used to achieve this: by delaying bloom through evaporative cooling and by adding heat to prevent freezing of blossoms or other plant parts.

· Bloom delay through evaporative cooling is a technique used primarily for tree crops (Insert figure 17 from AAVIM book). Once the tree has completed its winter rest period, water is applied whenever bud temperatures exceed 40°F (4.5°C). The rate of water application ranges from .08 to .16 inches (2 to 4 mm) per hour per hour depending on climatic conditions. Evaporation of the water from the buds cools them below the air temperature. This retards bud development and delays blooming. Such a delay can move a full bloom period from a high- to a low-freeze probability date. Delays have been achieved ranging from one week on peaches in Georgia to three weeks for apples in Utah. 
· Freeze prevention can be achieved by allowing water to freeze on plant surfaces (Insert figure 18 from AAVIM book). This “heat of fusion” of water releases 144 Btu per pound (335 kilo-joules per kg) frozen. This heat keeps the sap in the plant tissue above its freezing point of 30°F (–1°C) or less, as shown in table XXX (Insert table III from AAVIM book). For best results, the sprinkling must begin before any frost has been formed or at about 32°to 34°F (0°to 1°C) and it must continue until the temperature is above when the ice is melting. As long as there is an ice-water mixture on the plant, the temperature will remain 32°F (0°C), which is above the freezing point of most plants. But if the ice is allowed to become dry, it begins to evaporate. Then approximately 1150 Btu per pound (2673 kilo-joules per kg) are absorbed from the plant, ice, and air due to the combined heat of fusion and evaporation. More damage may then occur than if sprinkling had not been used.

The success of frost and freeze protection depends on several conditions:

· Freeze tolerance of the crop. Some crops will freeze quicker and at higher temperatures than others. For example, celery and strawberries have been protected with irrigation to 15°F (–9°C) and tomatoes to 26°F (–3°C). Young, tender plants and buds are more likely to be damaged than older plants.

· Duration of the cold weather. More risks are involved with long, cold spells. Ice must be forming continuously to produce the heat necessary for protection. Irrigation must be continuous until the temperature returns to 32°F (0°C). When irrigating for a long period of time, ice will build up and cause the limbs of some plants to bend and break. This is especially true with tree crops. Also, enough water may not be available to irrigate for long cold periods. There is also a danger of putting too much water on the field, causing crop damage and leaching of the fertilizer.

· Wind temperature and speed. Conditions such as winds of 10 mph (45 m/sec) or more and temperatures of 15°F (–9°C) or less are difficult to manage. The winds increase the evaporative cooling, thus further lowering the plant temperature. This reduces the effectiveness of the water for supplying heat. Because of this, not enough water can be supplied to offset the heat loss from the additional evaporative cooling.

· Capacity of the irrigation system. For frost or freeze protection, the system must irrigate the entire field at one setting. Therefore, a system designed for both irrigation and frost-freeze protection will require more water than one designed for irrigation alone.

· Operator knowledge. Be sure to get advice from local and state agricultural technicians about system design, operation, and limitations for bloom delay and frost-freeze protection.

Note that it is not always necessary to operate sprinklers continuously when cooling. Water and energy can be saved by intermittently operating the sprinklers. This is not true when in a frost protection mode.  As long as the temperature remains below freezing the system needs to operate to allow for the heat transfer. Additional information on cooling and frost control can be found in the NRCS, National Engineering Handbook, Part 623, Chapter 2, Crop Water Requirements  
ii)
Cultural practices

Use of appropriate cultural practices, such as residue management, can increase or improve soil infiltration and disrupt permeability barriers. Cultural techniques such as reservoir damming and diking can be used to minimize runoff and water translocation to improve uniformity. Conservation tillage is often used to improve soil-water holding capacity, infiltration, and improve soil health. (Refer to extension bulletin?)
iii)
Energy availability and cost – if pumping is required
Operating energy is the energy required to run the system for a given amount of time and at a given pressure. Electrical generating efficiencies are considered when comparing electrical motors to internal combustion engines. The operating time per season depends on the types of crops being grown and their irrigation water requirements. Water is assumed to be available at ground level and there is no elevation change in the field. Friction losses in the system along with standard pump and motor efficiencies are considered in calculating horsepower requirements. Operating energy is commonly considered part of a system’s operating cost.

Compare the energy requirements of four types of irrigation systems: hand-moved, center-pivot, drip, and surface systems. These systems are described in greater detail in Section 3.
–
Consider a hand-moved sprinkler system with a sprinkler spacing of 30 feet by 50 feet (9 m x 15 m). The risers are one foot (0.3 m) long. Assume a system operating pressure of 40 psi (43 kilo-pascals/cm3), and system operation of 22 hours per day. This system, as described, rates an application efficiency of 70%.

–
Consider a center-pivot sprinkler system with eight towers powered by electric motors. There are 130 feet (40 m) between towers and a 12-foot (3.7 m) pipe clearance. Assume a system operating pressure of 60 psi (64 kilo-pascals/cm3) and operates the full 24 hours. The sprinkler lateral line is steel and the main line is buried PVC. This system, as described, is rated at an application efficiency of 75%.

–
Consider a drip irrigation system designed for an orchard with a tree spacing of 25 feet by 25 feet (7.6 m x 7.6 m). A single polyethylene lateral with multiple micro-tube emitters supplies water to the trees. The emitter pressure is 15 psi (16 kilo-pascals/cm3). The underground main and submain lines are PVC. The system operates 18 hours per day. This system, as described, is rated at an application efficiency of 90%.

–
Consider a surface irrigation system, a corrugation type. Water is siphoned into the corrugations through aluminum tubes from an unlined earthen head ditch. Field leveling is assumed to require moving 600 cubic yards per acre (1134 cm3/ha). Water is available at the edge of the field at ground level for all systems. Consequently, no pumping is required for the surface system and no static pumping lift is necessary. This system, as described, is rated at an application efficiency of 50%.

Seasonal irrigation requirements of 10, 20, and 30 inches (250, 510, and 760 mm) per year are used to represent crops with short, medium, and long growing seasons respectively. 1.8 inches (46 mm) of available water are replaced with all irrigations. The total seasonal energy requirements for the four systems discussed in this example are shown here (Insert figure 169 from AAVIM book).
–
Surface irrigation requires the least energy per acre (ha) of land irrigated, with drip, hand-moved, and center-pivot systems following. The surface irrigation system sometimes requires pumping energy. Even with substantial energy costs for leveling, it is by far the most energy conservative system. The drip irrigation system requires a considerable amount of apparatus (e.g., main lines, laterals, and emitters). However, the energy requirements are moderate due to the low pumping rate and low pumping head required for operation. The hand-moved and the center-pivot systems both have a high level of energy input.

–
The figure above also shows the effects on energy requirements when the total seasonal application is increased from 10 to 30 inches per year (250 to 760 mm/ day). When the seasonal application is tripled, the energy requirements for the center-pivot, hand-moved, drip, and surface systems increased 165%, 145%, 64%, and 0% respectively. These increases primarily reflect additional pumping and transporting energies.

Actual seasonal energy requirements may differ from the values presented in these examples, depending on system characteristics and how it is managed. However, the relative differences in energy requirements can help determine which system to select.
iv)
Acceptable level of management
Acceptable level of management refers to the level of supervision and administration an irrigator is willing to achieve, and at which he or she is willing to operate. Per-acre cost is an indication of the necessary management level. Note, however, that there is not a linear relationship between system cost and the management level needed. 

3)
Formulate alternatives

a)
Types of irrigation application methods including limitations and advantages 

Careful planning is needed to ensure that all areas receive irrigation water and are accessible to the farm enterprise. (A new image may be helpful here.)
–
Base field length on the maximum allowable run for the method selected, in even multiples of the proper design length.

–
Base field width on the cropping system, operations schedule, and type of equipment.

–
Base field divisions on ownership boundaries, obstructions, soil boundaries, land slopes, and land use or cropping system.

–
Plan fields as nearly rectangular in shape as possible; plan the length of run to be as uniform as possible, avoiding sharp turns and block corners.

The equipment currently in use on a farm may determine selection and layout of the irrigation system. Some irrigators may find it more economical to get different equipment that conforms to a more economical system. Similarly, current facilities should be incorporated if they are in good condition. A less efficient system should not be utilized, however, just to employ existing facilities.

1)
Surface
In a surface irrigation system, water is applied at the ground level and flows by gravity over the surface of the field. This can be accomplished in one of two ways. For close growing crops (e.g., those that are sown, drilled, or sodded) the entire field may be flooded; for row crops or crops in beds, the water is generally directed down furrows between the rows. 

Since the distribution of water with a surface system is totally dependent on the natural flow of water over the area to be irrigated, the amount of land slope becomes very important. Some types of systems are for level land only, while other types are for land with some slope.

Five characteristics are common to all surface systems (Insert figure 126 from AAVIM book). They are a water supply, a field supply line, a measuring device, a head ditch or pipe, and a system of turnouts. Provisions may also be needed to hold the water within a certain area (e.g., a dike, levee, or border) and to collect excess water into a tail ditch or a reservoir for reuse.

–
If the water supply is above the level of the field to be irrigated, it can flow to the field by gravity through an open ditch or pipeline. If the water level is below the level of the field, a pump raises the water to the field level and a ditch or pipeline to deliver it to the field. If the pipeline is more than a few feet long, a standpipe  (Insert figure 127 from AAVIM book) or pressure-relief valve is used to control pressure in the pipelines.

–
A field supply line may either be an open ditch (Insert figure 128 from AAVIM book)) or a pipeline (Insert figure 129 from AAVIM book). In either case, it is the means by which water is delivered from the source to the field. The ditch may be unlined or lined with such materials as concrete, asphalt, or plastic. The most commonly used materials for pipelines are galvanized steel, aluminum, plastic, and concrete.

–
Measuring devices are used to determine the amount of water applied to the field. 

–
A head ditch or pipeline extends along one end or one side of the field to be irrigated. It is the means by which water is made available from the field supply line to the different areas of the field.

–
Turnouts are used for releasing the water from the head ditch or pipeline onto the land to be irrigated. These may be floodgates (Insert figure 130 from AAVIM book), siphon tubes (Insert figure 131 from AAVIM book), or earth notches for a head ditch system. For a pipeline system, use gated pipe (Insert figure 132 from AAVIM book) or a hydrant valve (Insert figure 133 from AAVIM book). If using an automated surface system the check dams, gates, and turnouts must be adaptable to the automatic controls (Insert figure s 134 and 135 from AAVIM book). 
-
Field guidance facilities Provisions for holding the water in the area to be irrigated are necessary to most surface systems. They are called levees, dikes, or borders; all are essentially the same. They consist of a ridge of earth formed from the field soil to enclose the area to be irrigated. The term “levee” will be used in this discussion. (A new image would be helpful here.) 
-
A tailwater recovery reservoir, or tailwater ditch, collects excess water for tailwater recovery. This arrangement allows higher flow rates through the irrigated strip that increases the uniformity of water application. It saves the excess water and makes it available for reuse by pumping it back into the head ditch or head pipe, or into another area to be irrigated. Fertilizer, pesticides, and salts that may wash from the irrigated fields are kept from entering streams and polluting them. (Insert figures 3-2 through 3-5 from Chapter 3.) (A new image would be helpful here. )
Surface systems are classified by two conditions, level or sloping. Level land is that with less than 0.1% slope: 1.2 inches per 100 feet (or 10 cm/100 m). Sloping land is that with 0.1 to 15% slope: 1.2 inches to 15 feet per 100 feet (0.1 to 15 m/100 m). Generally, lands with slopes greater than 5% are not considered acceptable for surface irrigation. Thus the type of surface system selected will be determined by the amount of slope in the irrigation area. 
 (Insert figure 124 from AAVIM book), (Insert figure 125 from AAVIM book).
Surface irrigation may not be well suited for crops that cannot tolerate having their roots stand under water for several hours (i.e., potatoes). With some surface systems and soil conditions, the water must remain on the field for two to 24 hours before penetrating the root zone. In this time, the plants may become damaged. Root diseases are more likely to occur with surface systems than with sprinkler systems. Conversely, surface irrigation is indicated if floodwater is used for weed control on crops such as rice.

The seeding of some crops can be affected by the surface method. Light seeds will tend to flock together when irrigated unless they have already established a root system. High winds will sometimes affect the application efficiency of surface irrigation (Insert figure 59 from AAVIM book). This is particularly true on large, unplanted level areas. (Insert figure 3-23 from Chapter 3.) (Insert table X from AAVIM book.)
a)
Type of water application

Different water application methods are used by different surface irrigation methods. These are outlined below. NRCS has additional specific  handbooks on land leveling and surface irrigation.

i)
Continuous 
Continuous water application features a set stream size for the duration of the irrigation event.

ii)
Surge

Surge water application features a volume of water applied to half of a field, and then switching to the other half after a specific designated point is reached. 
The method gets its name from the series of pulses or surges that are directed down crop furrows, alternating between two sets of furrows until the cycle is complete. Surge systems provide even penetration of water over the length of a field.

The surge valve is battery or solar-powered with a controller that can be set to run automatically or manually. Water runs alternately on each set during several timed intervals until the irrigation is complete. The surged water can reduce a field’s irrigation time by 25% to 40%, and also saves energy and water (especially tailwater).

Alternate wetting and drying result is a reduced infiltration. 
Maintenance needs for a surge system are generally low. In addition, a surge system allows the irrigator to chemigate during the soak cycles of irrigation. As the surge valve slows down runoff and deep percolation, it reduces the amount of chemicals carried into groundwater. Refer to Section 3 (h): Chemigation for more information.

iii)
Cutback

Cutback water application is similar to continuous application. A set flow is applied for an initial period, and then decreased by half for the remainder of the irrigation event. The determination of when to make the cut is a function of time and distance until the irrigation threshold is reached.

iv)
Pump-back

Pump-back water application is a tailwater recovery system. Flow from the end of the field is collected in a tailwater area or pond. Collected water is used on fields below the gathering point, or pumped back to the head end of the delivery system.

b)
Level 

There are three types of surface irrigation systems for level land. They are the level border or basin (Insert figure 136 from AAVIM book), level furrow (Insert figure 138 from AAVIM book), and contour levee (Insert figure 137 from AAVIM book) methods. 

i)
Level border or basin

Level border systems feature a border on either side of the flooded area with an open end. Level basin systems are similar, except that they feature an additional border at the tail end to confine the flow. These methods apply irrigation water rapidly to an area enclosed by earthen border ridges or levees that retain the water at uniform depth until it is taken into the soil. When irrigating, a predetermined amount of water is turned on the strip and allowed to stand until it is absorbed. This method adapts well to many different kinds of crops, regardless of the planting pattern. For crops such as rice, more water is applied than needed. The water may then be allowed to stand for several weeks.

The level border method is best suited to soils with a moderate to slow intake rate, and a moderate to high available water holding capacity. Smooth, gentle, uniform land slopes are best suited to this method, thus accurate land leveling is required. It adapts well to machinery and incurs minimal labor costs. In addition, it allows maximum use of rainwater. Leaching can be easily accomplished, and disposal of tailwater is not needed.

Borders must be set high enough to retain the irrigation stream. Note that winds may constrain water flow with this method, and sets must be changed often.

The USDA Agricultural Research Service’s SRFR program is a design tool that determines efficient flows and dimensions of a border or basin system.

ii)
Furrow

The level furrow method is similar to the level border method except for the addition of furrows, or narrow grooves in the soil. A large stream is turned rapidly into each furrow by siphon tubes (Insert figure 141 from AAVIM book) or gated pipe. It is allowed to flow until the amount needed has been turned in. The water stands in the furrow until it has been absorbed into the root zone below the furrows, and in the ridges between. 

Slightly more water than needed is applied because the area next to the head ditch, where the water is applied, absorbs more. The amount of water can be adjusted by changing either the duration of application or the furrow size. Note that wind patterns can often interfere with this irrigation method.

The size and shape of furrow depends on the crops grown, the equipment used, and the spacing between the rows. The furrow capacity must be large enough to control flow. 

This method is best suited to row crops, soils with moderate-to-slow intake rate and moderate-to-high water holding capacity, and smooth uniform slopes. Construction and maintenance costs are modest, and the system accommodates farm machinery and automation.

ARS’ SRFR program is a design tool that determines efficient flows and dimensions of a furrow system.

iii)
Contour levee

The contour levee method is similar to the level border method, except it is better adapted to slightly sloping land. Water is applied from a head ditch or pipeline at one or both ends of the strip. It spreads rapidly over the area where it remains until it becomes absorbed, unless extra water is applied for weed control, which is drained off. Areas bounded by small contour levees and cross levees are completely flooded.  

Since contour levee systems are leveled areas on the sides of slopes, there are often two or more such strips below the highest one. In that case, water can be released from the higher strips to the lower strips (Insert figure 140 from AAVIM book). Water is held at the desired level on each strip by small spillways or pipe outlets in the levees. They allow excess water from one strip to spill over into the strip immediately below. If there is too much water for the lowest strip, it is drained into a ditch or reservoir at the lower edge of the field and stored for reuse.

The contour levee method is particularly suited to rice, as well as to cotton, corn, soybeans, small grains, pasture grasses, and hay. Adequate surface drainage facilities are necessary. Soils should be medium to fine textured, and surfaces should be smooth and uniform.  

Uniform distribution of water is easily achieved with relatively low labor costs using this method. Drained water can be reused on areas of lower elevation, and maximum use can be made of rainfall. 

The contour levee method is not suitable for soils of moderate-to-rapid permeability, uneven land, or crops susceptible to flooding. Irrigations of less than two inches are difficult to apply. Water must be of good to excellent quality. Note too that levees can be damaged by waves.

c)
Graded 

There are five types of surface irrigation systems for graded land. They are the graded border (Insert figure 142 from AAVIM book) (Insert figure 3-15 from Chapter 3), graded furrow (Insert figure 144 from AAVIM book) (Insert figure 3-19 from Chapter 3), corrugation (Insert figure 145 from AAVIM book) (Insert figure 3-22 from Chapter 3), contour furrow (Insert figure 146 from AAVIM book) (Insert figure 3-20 from Chapter 3), and contour ditch (Insert figure 143 from AAVIM book) (Insert figure 3-16 from Chapter 3) methods. Water is turned in at the upper end of a strip; it flows down the strip and is absorbed as it goes until the soil is wet to the desired depth. Excess water is collected in a ditch and conveyed to a reservoir.

Graded systems are used on slopes ranging from 0.1 to 3.0% for cultivated crops, and on slightly steeper levels with permanent cover. The type of system selected, the soil, and the crops grown affect the maximum usable slope. 

i)
Border

The graded border method is similar to the level border method described above, except that it features some slope in the direction of flow (Insert figure 147 from AAVIM book). Graded borders can be laid out on a contour on sloping fields by bench leveling. A slight grade is established in the direction of the contour (Insert figure 148 from AAVIM book). The field to be irrigated is divided into strips by parallel dikes or border ridges, and each strip is irrigated independently by turning on a stream of water at the upper end. Borders must be well designed and installed.

Water is applied onto the strip at the upper end, and floods each strip. The volume and rate of water applied must be large enough to spread over the entire width of the strip between the border ridges. Ideally, the amount of water turned in should be equal to the total amount needed for irrigating that particular strip. On low-intake-rate soils, however, more than the amount needed is usually applied because the soil cannot absorb enough water during the flow period to meet its needs. This results in runoff, which is caught in a tail ditch or reservoir for reuse. Note that light irrigation is often hard to apply.

The graded border method is suitable for all close-growing, non-cultivated, sown, and drilled crops, except for rice and other crops grown in ponded water. It can be used on most smooth, level soils, but is best for those that have a moderately low to moderately high intake rate. Labor costs are low, machinery can be easily accommodated, and surface water can be quickly disposed.

ii)
Furrow

The graded furrow method consists of small channels between rows or beds. The slope should be uniform in the direction of the water flow (Insert figure 149 from AAVIM book). When irrigating, water is turned into the furrows by siphon tubes or gated pipe. Water flowing in the furrows is absorbed by the soil below and by the ridges between the furrows. 

Graded furrows are generally installed down the slope of the field. While not common, on steep slopes furrows may be installed across a slope to control erosion and advance times. Water soaks into the soil and spreads laterally to irrigate the area between furrows.  The length of time the water must run depends on the intake rate of the soil and the amount of water required to refill the soil in the root zone.

When water is first turned into the furrows it is desirable to have a high, but not erosive, flow rate. This high rate will cause the water to move rapidly to the lower end of the field. This will promote uniform water absorption along the entire furrow length. Once the water reaches the far end of the furrow, the flow rate should be reduced until little or no water leaves the end of the furrow.

If this system is properly designed and operated, there will be very little excess water left at the end of the rows. Reduce the excess by cutting off the water. Provisions must be made to catch any excess water that reaches the lower end of the strip, the same as with the other graded systems.

As with the level furrow method, the size and shape of the graded furrows depend on the crop grown, the equipment used, and the spacing between crop rows. This method is best suited to areas where the furrow grade is 0.5 to 1%, but not more than 3%. Graded furrow is one of the most adaptable irrigation methods for surge irrigation.

The graded furrow method is suitable for all cultivated crops planted in rows (e.g., orchard, vineyard, field, and truck crops). It works well with most soils, except those with high intake rates and high concentration of soluble salts. Any kind of water delivery, continuous flow to full demand, can be used.

Labor requirements can be high with this method when achieving high-efficiency levels. Fields must be level and surface runoff must be collected. 

iii)
Corrugation

The corrugation method consists of shallow or small graded furrows in sown or sodded fields (Insert figure 150 from AAVIM book). When irrigating, water is turned into corrugations evenly spaced across the field. The water soaks into the soil and spreads laterally to irrigate the ridge areas between the corrugations, spaced so that the water sets the soil in the ridges by the time it has finished flowing.

The length of time water must run in the corrugations depends on two factors: the amount required to refill the root zone, and the intake rate of the soil. Water is applied quickly to get an even distribution, keeping the corrugations full but not overflowing. As with all graded methods, provisions must be made to recover excess water. Initial streams generally exceed the soil’s intake rate to allow rapid advance. To increase application efficiency, the streams must be adjusted midway in the application set to prevent waste. 

The corrugation method works well in areas with low rainfall and smooth fields with slopes of 1 to 5%. Close-growing, non-cultivated sown or drilled crops (except rice and ponded water crops) are well suited, as are fine to moderately coarse soils. Little preparation is required, and high efficiency is usually attained. Note that labor requirements are high when efficiency is optimized using flow cutback. Equipment and maintenance costs are also high due to the rough field surface.

iv)
Contour furrow

The contour furrow method is similar to the graded furrow method, except that furrows are laid out across the slope on a uniform grade (Insert figure 151 from AAVIM book). Water is turned into the furrows from head ditches or gated pipe, and is absorbed by soil both below the furrow and in the ridge between the furrows. Furrows are nearly level, with just enough grade to carry the irrigation stream across the sloping field. The size and spacing of furrows depend on crops grown and equipment used.

A contour furrow system is, in effect, a series of small contour terraces. After the top furrow, each succeeding furrow is slightly lower than the one above it. This means that any break in the ridge between the furrows, such as with soils that form cracks, can cause erosion as water washes through cracks and across ridges. 

A uniform furrow grade, with uniform ridge heights between furrows, helps improve the system’s functioning. Benched terraces provide a means of protection from erosion in case furrow ridges break through. Grassed waterways and structures should also be considered to carry excess irrigation water and rainfall runoff from the rows.

The contour furrow method can be used on nearly all cultivated crops grown in rows. It is suitable for most sloping soils, especially those with uniform slope, except for light sandy soils and those susceptible to cracking. It reduces erosion hazards for lands too steep to accommodate downhill furrows. It also reduces irrigation time, and provides good efficiency. A contour furrow system must be watched carefully to guard against overflow and washout. Planting, cultivating, and harvesting must be done carefully, and rainfall runoff must be disposed of safely. 

v)
Contour ditch/wild flood

Wild flooding is a system wherein water is applied to the soil surface without such flow controls as furrows, borders, dikes, or corrugations. The contour ditch method is used on sloping land after the crop is planted. This form of irrigation is generally used in mountainous areas on low-income crops, due to low efficiencies. A temporary dam is made in the head ditch just below the contour ditch. Another temporary dam checks the water in the contour ditch. Water then flows around the slope in the contour ditch on the upper side of the strip to be irrigated. As the water rises in the contour ditch, it floods into the strip below. Water flows across the strip down to the next contour ditch. Any excess water is collected in the second contour ditch to be used on the next strip.

When the first strip has been adequately irrigated, a second temporary dam is installed just below the second contour ditch. The first dam is removed so that water from the head ditch flows into the second contour ditch. This water, plus the excess water from the first strip, is used to irrigate the second strip. This process is repeated until the entire field is irrigated. Excess water from the last strip is collected in a ditch or reservoir to be pumped back to the first ditch or to another field.

Spacing between contour ditches varies from 80 to 3,000 feet (24 – 914 m) depending on the slope, the soil’s intake rate, and the amount of water applied to each irrigated area.

The contour ditch method is best for close-growing, non-cultivated crops (e.g., legumes, grasses, and small grains). Slowly permeable soils are well suited to this method, as are slopes ranging from 0.5 to 15%. Installation costs are low and little surface preparation is required. Note that irrigation efficiency with this method is generally low. Extra labor may be required to adjust sets. Spacing between ditches can hamper harvesting.

d)
Land leveling/grading
Land grading can reshape rough ground with irregular slopes, establishing a smooth level or graded surface (Insert figure 9 from AAVIM book). This provides even water distribution while irrigating, and a uniform and positive flow of surplus water. The cost of grading should be included in any estimate for an irrigation system. Light land-smoothing jobs can be done with a farm tractor and equipment. If considerable soil must be moved, it may be wise to contract for heavy equipment (Insert figure 10 from AAVIM book).
Land grading is more practical where the topsoil is deep enough to allow cuts of three to four feet (1 to 1.2 m) without digging into non-productive subsoil. When deep cuts are necessary and topsoil is shallow, the topsoil is sometimes stockpiled and spread back on the land after grading is completed.
2)
Subirrigation

In a subirrigation method, water is applied beneath the surface to create an artificial or perched water table over a natural barrier that restricts deep percolation. Subirrigation is an example of water table management, the regulation of soil-water excess and availability by structures specifically designed for given farm site conditions. 
Irrigation water is introduced through open ditches, tile drains, or mole drains, artificially regulating the groundwater table elevation. Check dams and gates maintain the water level in the soil from open ditches or from jointed or perforated pipe. Water moves into the root zone by capillary action: moving from the surfaces of wet soil particles to drier soil particles. This attraction may be upwards, sideways, or downwards, depending on where the drier soil is located. 

Subirrigation methods require an unusual combination of natural conditions, and thus can only be used in a few areas. High salt content soil cannot be used. Deep-rooted crops (e.g., deciduous and citrus trees) cannot be subirrigated unless the water level is raised carefully to near the surface for irrigation, and then lowered to provide root development.

Soil permeability is a main factor in selecting a subirrigation system. In coarse-textured soil with a low water table, or if there is no impervious layer below the root zone, the water will not remain long enough at the desired level for either type of system.

Subirrigation methods supply very little moisture to the ground surface. This helps reduce weed growth, but may also slow germination of shallow-planted seeds.

A natural high water table or impervious layer must exist below the root zone, from which an artificial water table can be maintained. Also, the water table and field surface must be level. If these conditions exist, either subirrigation system can be used. It is possible, however, that soil characteristics may prevent use of either system.

There are two types of subirrigation systems: open ditch and borders (Insert figure 163 from AAVIM book) and drain tiles, or perforated underground conduits (Insert figure 164 from AAVIM book). The operation of both types is the same, though other characteristics may indicate the choice of system. Open ditch and borders systems are more commonly used in the western US, and drain tiles in the east. With fine-textured soil through which water does not move readily, even distribution of water is not possible unless laterals are close together. Ditches would interfere with cultivation practices; underground conduits, however, could be spaced close together without interfering with cultivation. Also, less land surface is taken out of cultivation with the underground conduit system.
Subirrigation systems are well suited for field and pasture crops, as well as orchards and vineyards (Insert figure s 165 and 166 from AAVIM book). The height at which the water is maintained depends on the root depth of the plants. Water height varies from 12 to 36 inches (30–91cm) below the ground surface; this is because most plant roots will not develop in waterlogged soils.
Common characteristics of subirrigation systems include a water source, a combination field supply line and disposal ditch, a head ditch or head pipeline, open ditch laterals or pipeline laterals, check dams, and disposal ditches (if not combined with the field supply line). Many subirrigation systems combine drainage and irrigation systems. The combination field supply line and disposal ditch may both supply water and dispose of excess water.

The head ditch or pipeline and the lateral ditches or pipelines are on the same level. The head pipeline is made of concrete, galvanized steel, or plastic pipe. The lateral pipelines are usually made of perforated corrugated plastic tubing.
The check dam in the field supply line maintains the height of the irrigated water table at a point just below the root zone of the plants.

The subirrigation method is well suited to smooth, level soils with uniform texture, and that are permeable enough to move horizontally and vertically within and below the root zone. Soils must also contain a barrier against percolation. This method is indicated for soils with a low water-holding capacity and a high intake rate. Labor requirements are generally low.

3)
Sprinkler

Insert photos of sprinkler systems (new images needed for each):

–
Solid-set sprinkler

–
Hand-move sprinkler

–
Side-roll sprinkler

–
Big-gun sprinkler

–
Pivot/linear
a)
General characteristics

Sprinkler irrigation systems spray water into the air through a nozzle that scatters the drops, and falls on the land surface in a uniform pattern at a rate less than the intake rate of the soil. (Insert figure 65 from AAVIM book). 
All crops except rice and some specialty crops can be sprinkler irrigated. It is suited to all soils having an intake rate higher than the rate of application (particularly sandy soils). Shallow, steep, and irregular surfaces are well suited.

Some sprinkler systems are more adaptable to extreme soil conditions than others. As an example, for soil that absorbs water very slowly, select a system that will apply water slowly. Table XXX (reference table XI from AAVIM book) gives the range of application rates from various systems. Compare this rate with a particular soil’s ability to absorb water, as shown in Table XXX (reference table VIII from AAVIM book). The system may not be able to apply water at a low enough rate to prevent runoff. For soil that absorbs water slowly and a slope that is fairly steep, select systems that will apply water at a rate low enough to prevent runoff.

Land leveling is not required for a sprinkler system; however, land shaping and grading may improve system operation and maintenance. While rough land (e.g., that with irregular slopes, streams, and ditches) presents problems adapting to many types of systems, hand-moved and permanent systems can be designed to fit such conditions without too much difficulty. (A new image would be helpful here.) 
Table XXX (reference table XI from AAVIM book) gives the maximum slope on which the different sprinkler systems can generally be operated satisfactorily. Slope is a measurement of the difference in elevation from one point to another, generally referred to as a percent. Generally, for land with a slope of less than 5%, any type of sprinkler system may be used. For land with a slope of greater than 5%, side-wheel-roll and side-move systems are difficult to keep in alignment.

Self-propelled center-pivot and lateral move systems may not maintain proper alignment on slopes of 20% or more. For these systems, hand-moved types may work best: the self-propelled, single-sprinkler type, or the permanently installed type. Regardless of the type of system used, erosion becomes more of a hazard on steeper slopes. Proper conservation measures should be used.

A center-pivot or a self-propelled, lateral-move system must have a reasonably smooth path for the wheel tracks. When used on hilly fields, flexible couplings in the lateral permit them to flex as they travel over high and low areas (Insert figure s 122 and 123 from AAVIM book). Terraced fields can be irrigated with these systems but the terrace ridges will have to be maintained where the wheels on the sprinkler system cross them. Bridging is used for crossing ditches and gulleys.

Sprinkler systems can apply chemigation economically and with little extra equipment (Insert figure 20 from AAVIM book). Chemigation is used to apply pesticides, fertilizers, and other agricultural chemicals. There are several advantages to irrigation application of chemicals: savings in labor and equipment costs, more uniform applications, and more efficient uptake of fertilizers by the plants. Multi-sprinkler systems with small- to medium-sized sprinklers are best suited.. 

Sprinkler systems can be used to apply liquid animal wastes, or effluent, to land areas (Insert figure 22 from AAVIM book). Application shall conform to Federal and state guidelines. When water is not needed for irrigation, effluent can still be distributed through the irrigation system for fast oxidation. A hand-moved system is not suited for distributing liquid animal waste, though almost any other sprinkler system can be used. If there are solids in the effluent, larger sprinkler nozzles may be required. 

The type of crops grown does not determine selection of a sprinkler system. Any system can be designed for row crops, sod crops, vineyards, and orchards.

The gun-type, single-sprinkler systems are safe to use on most crops provided enough pressure is provided to keep the droplet size small. Otherwise, there may be some damage to tender crops. Some small plants, such as young tomatoes, may be uprooted or buried by the large drops of water.

Almost any type of system may be used for pasture or sod crops. Multi-sprinkler systems are better adapted for pasture and sod crops than for other crops because the lateral is moved in a zigzag manner across the field. This pattern would damage a field crop unless a section is left unplanted. Special paths and guides must be made for towing the pipe through a vineyard or orchard. A side-wheel-roll system is not suited to crops taller than two and one-half to three feet (0.7 to 0.9 m). The lateral is too near the ground.

Lateral-move and center-pivot systems are adaptable to almost any crop, generally ones that do not grow more than eight to ten feet (2.4 to 3 m) high. While systems exist, generally they are not used on orchards and vineyards, unless the tree heights are low and special paths are provided for the wheels.

Poor distribution and overlap results near the pivot due to high water pressure, pacing and ability to match appropriate sprinklers with the smaller nozzles in the first couple of towers. Numerous irrigators do not attempt to group crops under the first couple of tower as crop growth are generally spotty and non-productive. The area is minimal, and this is generally considered acceptable.

The acreage to be irrigated may be a factor in selecting a sprinkler system. Table XXX (reference table XI from AAVIM book) gives the suggested range of acreages that can be covered adequately by a single system. Additional units can be added to irrigate more acreage if there is adequate water and mainline pipe capacity. For example, adding another sprinkler and a lateral can increase the capacity of a single-sprinkler system. Any sprinkler system can be increased in size, but the cost is more economical if the initial system is within the recommended limits.

Wind action may affect the efficiency of the sprinkler method, distorting distribution patterns and intake rate (Insert figure 58 from AAVIM book). This is true whether application rates are high or low. Where wind is a factor, offsets to night-day cycles over the irrigation area should be considered.

As shown in table XXX (reference table X from AAVIM book), some crops (e.g., soft fruit, string beans) must be protected from the spray, as they may develop fungi or disease. 

b)
Sprinkler head configuration

i)
Impacts/sprays

Sprinkler systems are classified by the type of sprinkler head used: these are the devices that distribute water under pressure. Common application devices on a pivot are impact heads, spray heads, and the new rotator style low pressure nozzles. Impact heads rotate using a weighted or spring-loaded arm that is propelled by the water stream; the arm hits the sprinkler body and causes movement. Spray heads generally do not rotate, but emit a fan-type configuration of small water droplets that are discharged on a fixed plate. The newer rotator or wobbling heads discharge water against a plate or grooved disk that creates a series of small discharge spray streams. (New images may be helpful here.) 
ii)
Pressure regulators/flow control/FCN
Pressure regulators control the sprinkler’s flow rate by maintaining a preset pressure to the sprinkler. They respond to pressure between the outlet of the regulator and the base of the sprinkler head, and maintain constant operating pressure immediately downstream of the device that is lower than that upstream. (New images may be helpful here.)
Below design operating pressure, the movable barrel of the regulator is positioned so that the distance between the barrel and the fixed seat is the greatest due to the force exerted upward by the spring. In this situation, sprinkler flow rate is unregulated. As the pipeline pressure increases, pressure develops between the sprinkler head and the movable barrel of the regulator. This pressure forces the barrel toward the fixed seat, reducing the flow of water to the sprinkler.

Further increases in operating pressure cause the distance between the movable barrel and the fixed seat to narrow even more. Restricting the flow rate to the sprinkler stabilizes the pressure supplied to the sprinkler. As a result, pressure regulators produce a more constant flow rate than flow control nozzles. 

Selection of a pressure regulator is based upon the design operating pressure of the sprinkler package, to supply the needed flow rate at the design pressure. Typical regulator pressure ratings range in increments from 6 to 50 psi. System operating pressure should not exceed the regulator’s pressure rating by more than 50 psi; greater operating pressures may cause the regulator to fail or perform erratically.

A flow control nozzle (FCN) consists of a flexible disc that acts as an orifice through which water is emitted. If the operating pressure is below the FCN’s pressure rating, the disc will remain flat and the flow rate will not be regulated. Further decreases in operating pressure will cause the flow rate to decrease in direct relation to the operating pressure. 

When the operating pressure is above the FCN’s pressure rating, the disc flexes outward. This reduces the size of the nozzle opening, lowering the flow rate of the sprinkler. As the pipeline pressure continues to increase, the disc continues to deflect further restricting flow. Although the flow rate does increase slightly in the regulated range, the flow rate does remain nearly constant. (A new image may be helpful here.)
The minimum pressure needed to activate flow regulation limits the use of FCNs; most do not begin to control flow until the operating pressure is greater than 35 psi. This limits the use of flow control nozzles on many systems equipped with low-pressure sprinklers. 

FCNs cannot be selected for specific field situations. Instead, flow control nozzles are selected to operate within a range in operating pressure of 35 to 80 psi. This limits the capability of the nozzle to accurately regulate the water flow rate.

b)
Solid-set  

A solid-set or fixed system is a system of portable surface or permanently buried laterals that allow the complete field to be irrigated without moving the system. Typically several adjacent laterals or heads are operated at one time.  (Insert figure 3-13 from Chapter 3.)
Permanent systems are non-movable, and use small- to medium-sized sprinklers. The laterals can be installed overhead, on the ground, or (most commonly) underground (Insert figure 66 from AAVIM book). 

When irrigating, most permanent systems are designed to have only part of the sprinkler system operating at any time (Insert figure 67 from AAVIM book) by opening and closing the control valves located at the sprinklers or in the lateral lines. The valves operate manually at the valves, or remotely controlled from centrally located control stations or substations. Automatic systems are designed to operate at certain time intervals, or only when water is needed. Controls that start the system when water is needed are activated by moisture sensing elements that are placed in the soil.

Central-control stations are generally powered by electricity.
Electronic controllers are common place with new systems.  They are used to start and stop each irrigation cycle, as well as set the speed of cycle time. 

Permanent systems can be designed to be completely automatic, requiring practically no labor. Soil moisture-sensing instruments can be installed to start the system when water is needed, the system operates until the entire field is irrigated, and then it cuts off and start again when water is needed.

c)
Hand-move

Hand-move systems are designed so that they can be repositioned manually. This may mean moving part of the system, such as the laterals and sprinklers, from one setting to another throughout the irrigation season; moving the entire system from field to field; or installing the system at the start of the crop season and not moving it until the end. (Insert figure 3-6 from Chapter 3.)
In this discussion, hand-moved systems are called semi-portable and portable. (Insert figure 3-7 from Chapter 3).
A semi-portable system consists of laterals and sprinklers that cover the entire field, and is often called a solid-set system. Semi-portable systems are made up of permanently located piping and portable piping. Most systems have permanent main and sub-main lines with portable sprinkler laterals. The laterals are generally laid out in the field (Insert figure 70 from AAVIM book) immediately after planting and not moved until the end of the irrigation season. Some laterals are attached to posts so that they will be out of the way of cultivators (Insert figure 71 from AAVIM book). When irrigating, all or parts of the system may be operating at the same time, depending on the size of the system. The laterals are operated by the opening and closing of hydrant valves, located either in the mainline (Insert figure 72 from AAVIM book) or at the sprinklers. As mentioned above, the system may also be used for crop cooling and frost protection.

The portable system was the first to make sprinkler irrigation popular. It consists of a mainline and one or more laterals of lightweight aluminum pipe with quick-attaching couplings (Insert figure 73 from AAVIM book) for easy movement by hand. Generally, the laterals are spaced 40 to 90 feet (12 to 27 m) apart. Small-to-medium sized rotating sprinklers are used on the pipe laterals. One small-sized sprinkler irrigates about .03 to 0.2 of an acre (.01 to .08 ha) at one setting, and one medium-sized sprinkler irrigates about 0.2 to 1.0 acre (.08 to 0.4 ha) at one setting.

In a single lateral system, the lateral remains in place until the required amount of water is applied. Then the water is shut off at the pump. Disconnecting the lateral at the mainline drains the water. The lateral is moved by hand to the next location on the mainline. The mainline must also be disconnected at that point to provide for connecting the lateral. The field layout for a single-lateral system is shown here (Insert figure 74 from AAVIM book), and the field layout for a two-lateral system is shown here (Insert figure 75 from AAVIM book). With two or more laterals, it is best to have hydrant valves (Insert figure 76 from AAVIM book). They are located in the mainline at each set location at the point where the lateral connects to the mainline. Quick couplings are provided at the hydrant valves so that water can be turned off and the lateral disconnected, and then reconnected at a new set location without stopping the pump. With hydrant valves, one or more laterals can operate continuously.

Some hand-moved systems have permanent underground mainlines and laterals with a limited number of sprinklers. With this design, hydrant valves are located at each sprinkler position. When irrigating, the sprinklers are moved from one set location to another. While one sprinkler is being moved, others are operating.

d)
Side-roll

A side-roll system, also called a wheel-line system, performs similar to a hand-line but it features a lateral line with nozzles mounted on wheels, that is  moved a fixed distance from one set point to the next by an engine that rotates the pipeline. as the axle to the wheels. 

e)
Big gun

A big gun system features a single sprinkler head with large diameter nozzles, supported on skids or wheels. It is periodically moved by hand or mechanically with a tractor, cable, or water supply hose. (Insert figure 3-8 from Chapter 3) A large gun-type sprinkler operates under enough pressure to irrigate an area of approximately one to six acres (2.5 to 15 ha). Single-sprinkler systems will be discussed as hand-moved and self-propelled types. 

The hand-moved system is so-called because the lateral and sprinkler are moved manually from one position to another. The laterals are usually of lightweight aluminum, and equipped with quick-attaching couplings for easy disconnecting and reconnections (Insert figure 64 from AAVIM book). The main line can be a portable aluminum line laid on the surface or a buried PVC pipe with riser outlets.

When irrigating, the sprinkler is allowed to remain in one place until the required amount of water has been applied (Insert figure 112 from AAVIM book). Then the water supply is turned off. If there are no hydrant valves in the mainline, the power unit is shut off. If there are hydrant valves in the mainline (Insert figure 76 from AAVIM book), the valve through which water is supplied to the lateral is closed. The sprinkler is disconnected and moved to a new location on the lateral. Then the hydrant valve is opened. When all of the area along the lateral has been irrigated, the lateral is then moved to a new position on the mainline.

If only one lateral is used, it is moved down one side of the mainline and back on the other side in the same manner for the multi-sprinkler system (Insert figure 74 from AAVIM book). If two laterals are used, the laterals are moved in the same manner (Insert figure 75 from AAVIM book). (Insert figure 3-11 from Chapter 3).
The self-propelled system moves continuously from one end of the field to the other while sprinkling (Insert figure 113 from AAVIM book). (Insert figure 3-12 from Chapter 3). This unit uses a flexible hose lateral that is dragged across the field by the same power that propels the sprinkler. A water-driven turbine generates the power. A steel cable anchored at the opposite end of the field guides the sprinkler as it moves.

Flexible hose laterals are commonly available in diameters ranging from 2.5 to 5 inches (6 to 13 cm). Hoses are available in lengths of 660 feet (201 m); a 660-foot hose can irrigate a 1320-foot (402 m) run without disconnecting the sprinkler or the hose. “Long-pull” units are also available; these travelers utilize two 660-foot hose lengths and will irrigate a 2640-foot (805 m) strip.

When irrigating, the self-propelled sprinkler is placed at one corner of the field at a lateral station (Insert figure 114 from AAVIM book). A steel cable is unwound from a drum or reel on the sprinkler unit and is extended across to the other side of the field where it is anchored. The anchor is on a steel rod and is buried in the ground. One end of the flexible hose is connected to the mainline, and the other end to the sprinkler. When the water is turned on, the water turbine turns the drum through a gear-train drive and pulls the sprinkler across the field. The sprinkler speed is adjusted by changing gears in the drive train. Its speed regulates the amount of water applied. As the sprinkler moves, the cable is wound on the drum. The hose makes an 8-to-12-foot (2.4 to 3.7 m) loop on its return to the mainline connection  (Insert figure 115 from AAVIM book).
At the end of the run (on the opposite end of the field) the sprinkler stops automatically. Some are designed to stop traveling only, while the others stop traveling and stop sprinkling. A stop on the cable engages a trigger that either closes the valve to the drum drive or releases the drum-drive mechanism. The sprinkler and hose can then be moved to the next lateral position on the mainline. This is achieved by winding the hose onto the reel attached to the traveling sprinkler unit. In some instances, a separate wheel-mounted hose reel is used.

If using hydrant valves (Insert figure 67 from AAVIM book), it is not necessary to disconnect the mainline when setting up a new lateral position. But to do this, the mainline is put into a furrow and covered with dirt. This prevents damage by the wheels of the sprinkler unit when it passes over the mainline at the crossover points. For permanently installed underground mainline, this is no problem.


More recently, a new type of traveler irrigation system has been introduced. (Insert figure 117 from AAVIM book) It utilizes a large hose reel mounted on a four-wheel trailer. The reel is driven through a gearbox by a water turbine. During operation, the hose (under pressure) is continuously wound onto the reel thereby pulling the sprinkler across the field.

f)
Pivot/linear

A pivot system consists of a sprinkler lateral rotating about a central point, and supported by a number of self-propelled towers. Water is supplied at the central point and flows outward through the pipeline supplying the individual sprinklers or spray heads. 
The lateral is usually made of painted or galvanized steel pipe connected by flexible couplings. It uses small- or medium-sized sprinklers with one or more large sprinklers at the outer end (Insert figure 87 from AAVIM book). The lateral is anchored at one end in the center of the field to a swivel joint (Insert figure 88 from AAVIM book) that is called the center pivot. 

An under-truss system and towers support the lateral; they are made mobile by wheels (Insert figure 89 from AAVIM book). The span between towers varies from 120 to 180 feet (36 to 55 m). The length of the lateral may vary from 500 to 2600 feet (152 to 792 m). When irrigating, the lateral rotates continuously about the center-pivot and covers a circular area of 100 to 500 acres (40 to 202 ha) or more, depending on the length of the lateral (Insert figure 90 from AAVIM book).
Water is supplied at the center-pivot from a well located at the center of the field (Insert figure 91 from AAVIM book) or from a mainline supply. It flows through the swivel joint to the lateral and sprinklers. If the mainline is above ground, provisions must be made for crossing over the pipe by each tower (Insert figure 92 from AAVIM book).
Being self-propelled, the lateral is driven by a series of power units at each tower. This allows each tower to travel at a different rate of speed. The distance around the circle becomes greater as each tower moves away from the center. Therefore, each succeeding tower must travel at a faster rate, that is, if the lateral is to rotate uniformly and in a straight line. 

Regulating the speed of the end tower controls the rotating speed of the lateral. Electrically driven systems (Insert figure 98 from AAVIM book) have a control panel at the center (Insert figure 99 from AAVIM book). Each tower has its own electric motor drive. The electric motors drive each tower individually through a system of gears and chain or shaft drives. If one tower gets ahead of the others, the lateral joint at the tower flexes and a short cable trips an electric switch which stops the motor until the other parts of the lateral line catch up. If the tower lags behind, another switch is tripped which restarts the motor. The speed is controlled at the end tower by the dial settings on the control panel located at the pivot point. 

Since the lateral travels in a circle, special provisions must be made for getting an even distribution of water. The sprinklers toward the pivot cover much less field area when making one revolution than the ones toward the outer end. This means that the output of the lateral must be progressively greater toward the outer end. This is accomplished either by increasing the size of the sprinklers toward the outer end or by placing the sprinklers closer together toward the outer end. Non-rotating low-pressure spray nozzles (Insert figure s 100 and 101 from AAVIM book) are becoming increasingly popular. While these systems reduce the energy requirements for pumping, they can have high application rates at the outer end of long lateral systems. These application rates can be significantly higher than the infiltration rates of fine-textured soils, thereby resulting in runoff and low uniformity of application. 

A principal objection to the center-pivot system is that it covers only circular areas leaving the corners of square fields unirrigated. In a 160-acre (65 ha) square field, this leaves 29 acres (12 ha) unirrigated. Progress has been made to overcome this problem by using large sprinklers at the outer end of the lateral, separate big gun corner systems, or special corner water systems. Large end guns (Insert figure s 102 and 103 from AAVIM book) are pre-set to operate when the lateral is traveling past the corner. 

In some low- to medium-pressure systems, a booster pump is automatically actuated to supply the required end gun pressure.  Special corner watering systems are attached to the outer end of the center pivot systems (Insert figure 105 from AAVIM book). These systems include an auxiliary tower-lateral system electronically controlled by a buried guidance wire and a pre-programmed telescoping end boom. They may be designed to cover irregular shapes (Insert figure 106 from AAVIM book). 
A linear system consisting of a sprinkler line supported by a number of self-propelled towers. The entire unit moves in a generally straight path. The linear-move system is designed to irrigate square or rectangular fields (Insert figures 108 and 109 from AAVIM book).  It also moves continuously while sprinkling. The moving sprinkler lateral, the towers, and their drive mechanisms are similar to those used with the center pivot system: the difference is the self-contained power module, which straddles the water supply ditch and utilizes an aboveground cable guidance system that runs adjacent and parallel to the ditch. Water is drawn from the ditch and pumped out through the linearly moving lateral system. Earthen or concrete-lined ditches can be used.
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i)
LEPA

LEPA stands for Low Energy Precision Application, a water, soil, and plant management system wherein precise applications of water are made on the soil surface at the point of use. Applicators are located in the crop canopy with drop tubes mounted on low-pressure center-pivot and linear-move sprinkler systems. Water is discharged through a drag sock or hose on the ground surface, or through a nozzle equipped with a bubble shield or pad, at on or near the ground surface.  
LEPA systems are appropriate for crops planted with furrows or beds. They require row patterns that match the lateral line movement (i.e., circular for center pivots). Care must be taken to not apply water in the tower wheel track. Provide surface basin storage such as furrow dikes, dammer dikes, or implanted reservoirs to eliminate runoff and translocation. The slope for a LEPA system should not exceed 1% on more than 50% of the field.
The total LEPA concept includes soil surface manipulation, possibly combined with stubble/residue management to increase surface storage capacity so the high intensity water application to a small area does not result in local surface redistribution.  Rainfall capture is enhanced by the same soil surface modification.  Practices that increase or maintain infiltration rate are also beneficial, although infiltration rate enhancement alone can seldom accommodate LEPA application rates.  While these practices are also beneficial to sprinkler systems, they are mandatory for proper LEPA

ii)
LESA

LESA stands for Low Elevation Spray Application. LESA systems discharge water through a spray nozzle at a height not more than 18 inches (45 cm).

LESA systems are appropriate for crops that are flat planted, drilled, or planted with furrows or beds.  To prevent runoff, they require a method of providing surface basin storage such as furrow dikes, dammer dikes, or implanted reservoirs; or farming practices such as conservation tillage, in-furrow chiseling, or residue management.

The slope for a LESA system shall not exceed 3% on more than 50% of the field.

iii)
LPIC

LPIC stands for Low Pressure In Canopy, a system wherein applicators are located in the crop canopy with drop tubes mounted on low-pressure center-pivot and linear-move sprinkler irrigation systems.

iv)
MESA

MESA stands for Mid-Elevation Spray Application, a system wherein applicators are located midway between the mainline and ground levels. Rigid or flexible drop hoses are attached to the mainline gooseneck or furrow arm and extended down to the applicator. Water is applied above the crop canopy. 

Both LPIC and MESA systems are suitable for row crops. When nozzles operate in canopy for 50% or more of the growing season, nozzle spacing should not exceed every other crop row. In-canopy heights should be set to avoid areas of high leaf concentration such as corn near the ear height (approximately 4 feet, or 1.2 m).  Local research and Extension Service information with applicable crops may help establish appropriate nozzle spacing, height, and row arrangement.

Slope for LPIC and MESA systems should not exceed 3% on more than 50% of the field for fine-textured soils, and should not exceed 5% on more than 50% of the field for coarse-textured soils.

4)
Micro-irrigation


Microirrigation is a general terms used to describe the application of frequent small quantities of water to a crop, slowly applying water to the soil surface as discrete or continuous drops. The microirrigation method encompass a number of systems, such as bubbler, subsurface drip (SDI), trickle, line source, mist or spray: the primary difference between them is the type of emitter used to apply water to the plants. 

Table XXX “Factors Affecting The Selection of Microirrigation (reference table XIII from AAVIM book) gives the maximum slope on which the different micro systems can be operated. For land that slopes less than 5%, any type of micro-irrigation system can be used. For slopes of 5% or greater, the subsurface and bubbler systems will not generally be suitable. However, the drip and spray systems can be adapted to any farmable slope. Lateral lines are generally laid on or close to the contour. This placement reduces flow rate variations in the lateral caused by elevation changes. On slopes 20% or greater, it may be necessary to install pressure regulators at the entrance to each lateral.

The rate of water absorption of the soil will determine the number, discharge rate, and spacing of the emitters and to some degree the type of system selected. Soil that absorbs water slowly requires emitters with low application rates. However, low absorption rates are generally associated with fine-textured soils, through which water will move farther from the emitters than in coarse-textured soils. This reduces the number of emitters required per plant.

High intake rates require higher discharge rate emitters for the trickle systems, and possibly more emitters per plant to cover a sufficiently large area. If the soil is coarse-textured, subsurface drip irrigation (SDI) systems are not suitable. In this situation, water movement by capillary forces will not wet a large enough volume of soil to meet water needs of the plants.

Row crops require drip or SDI systems with line-source emitters, providing water more uniformly to large numbers of closely spaced plants. Tree, bush, or vine crops require drip, bubbler, or spray systems; the drip system emitters should be of the single or multiple outlet point-source type.. For widely spaced crops such as tree fruits, a single lateral line is buried or laid on the surface beneath the tree. Up to six emitters, or more depending upon the size and soil characteristics, are attached to the lateral line for each tree. Either a loop arrangement or multiple outlets are sometimes used at each tree (Insert figure 156 from AAVIM book).
Sown, drilled, or sodded crops generally are not irrigated with surface microirrigation systems. SDI systems have been used on a limited basis for these crops. and the technology of this form of irrigation is rapidly expanding.
During irrigation, the emitter drips water at a constant, low discharge rate, normally a few gallons (L) per hour. Water moves into the soil profile by unsaturated flow. Discharge rates for single-outlet emitters are generally less than three gallons (12 L) per hour, and for line-source emitters less than one gallon (12 L) per hour per foot (m) of lateral.
Methods used vary with topography, soil conditions, land preparation, crops to be grown (and their value), cultural practices, and available water supply. Most can be adapted to a wide range of conditions. Some sites can accommodate several methods, others only one.

The bubbler system applies water to the soil surface as a small stream or fountain. Discharge rates are generally less than 1 gallon (4 L) per minute. The emitter discharge rate normally exceeds the rate at which the soil can absorb the water. Consequently, a small basin is required to contain the water around the plant being irrigated.

Subsurface drip (SDI) is a low-pressure, low-volume irrigation system that uses drip tubes, laterals, and emitters buried below the soil surface. Water is aimed directly at the root zone, and improves yields for 
reducing the incidence of disease and weeds. (Insert figure 158 from AAVIM book). During irrigation, water moves from the emitters into the root zone by capillary action. SDI is suitable for almost all crops, but especially for high-value fruit and vegetable crops, turf, and landscapes. Research shows the yield and quality of produce improves with a buried drip system. Normal life expectancy of a system is 12 to 15 years. (More is needed here.)
Micro-irrigation supplies filtered water directly onto or below the soil surface. Water is carried through an extensive pipe network to each plant, and distributed to a wetted zone by its normal movement through the soil. 


The line source method uses perforated tubing to irrigate close-spaced crops such as row crops. The tubing is placed on the surface along each row (Insert figure 157 from AAVIM book). (Insert figure 3-14 from Chapter 3.)
The microspray system applies water by a small jet (Insert figure 159 from AAVIM book) or mist to the soil surface. Consequently, the air becomes instrumental in the distribution of water rather than the soil alone, as is the case with the drip, subsurface, or bubbler systems. Discharge rates for spray-type emitters are generally less than a half- gallon (2 L) per minute. 


The control head serves as the system control station. It is comprised of water measuring devices, valves, injectors, automatic controllers, pressure regulators, and filters (Insert figure 154 from AAVIM book). In some installations, additional pressure regulators and filters are located at the entrance to the manifold or lateral lines. These provide additional pressure regulation points for fields with steep slopes, and protect against clogging.

The main and submain lines supply water to the lateral lines from the control head. These are usually installed below the ground surface. Sometimes additional manifold lines convey water from the submains to the laterals. The main and submain lines may be constructed of polyethylene, rigid PVC, galvanized steel, or concrete. Whatever the material used, it should be non-corroding and non-scaling to prevent contamination. 

Lateral lines supply water to the emitters. Water pressure is low, generally 5-25 psi (35-75 kilo-pascals). These are generally 0.5-1.3 inches (12-32 mm) in diameter and constructed of flexible PVC or polyethylene hose. Rigid PVC is generally used for subsurface lateral lines. Some lateral lines combine functions of the line and emitter. These include twin bore pipe, porous pipe, and pipe with tiny perforations.

When lateral lines are laid on the surface for tree crops, herbicides are needed to control weeds and grasses beneath the trees. In some systems the laterals are installed underground with a riser and multiple outlets at each tree. This arrangement will reduce surface damage to the laterals but will also increase the system cost.


Emitters are the devices that control the discharge from the lateral lines (Insert figure 155 from AAVIM book). Several different types are available. 

· Point-source emitters discharge water from points that are individually and relatively widely spaced, usually more than three feet (1 m). 

· Compensating emitters discharge water at a constant rate over a wide range of lateral line pressures. 

· Continuous flushing emitters permit continuous passage of small solid particles while operating at a trickle or drip flow, thus reducing filter fineness requirements. 

· Flushing emitters provide a flushing flow of water to clear the discharge opening every time the system is turned on.

· Line-source emitter discharge water from closely spaced perforations or a porous wall along the tubing.

· Long-path emitters employ a long capillary-sized tube or channel to dissipate pressure.

· Multiple outlet emitters supply water to two or more points through small-diameter auxiliary tubing.

· Orifice emitters employ a series of orifices to dissipate pressure.

· Vortex emitters employ a vortex effect to dissipate pressure.


Bubbler emitters apply water to the soil surface as a small stream or fountain. Discharge rates are generally less than 1 gallon (4 L) per minute


Spray emitters apply water by a small jet or mist, utilizing air in the distribution rather than soil alone. Discharge rates are generally less than a half- gallon (2 L) per minute

e)
Filtration

Filtration of micro-irrigation systems is critical. Clogging of emitters is the most difficult problem encountered in trickle irrigation systems. All water entering the system requires filtration: the extent depends upon the type of emitters used and the amount and characteristics of the contaminants present in the water.

Drip and subsurface emitters use passageways ranging from .008 to .08 inches (0.2 to 2.0 mm) in diameter. Spray and bubbler type emitters use passageways up to 0.18 inches (5 mm). Typically, the recommendation is for the removal of all particles which are equal to or less than one-tenth of the diameter of the emitter passageway.

The nature or characteristics of the particulate matter will depend to a large extent on the source of water. Surface water supplies, such as lakes and reservoirs, are frequently high in algae and other organic particulates. Streams and underground sources may have varying amounts and sizes of inorganic (soil) particles.

Filters commonly used in trickle irrigation are screen (Insert figure 160 from AAVIM book) and graded sand (Insert figure 161 from AAVIM book). In addition, vortex sand separators (Insert figure 162 from AAVIM book) and settling ponds are used to remove heavy loads of sand. The type of filter needed depends on the trickle system selected and the particulate matter in the water supply. Professionals working with consulting firms, equipment dealers, or Federal and state agencies best make this determination.
Hydraulic conveyance and appurtenances for micro-irrigation systems are similar to other irrigation methods, just generally on a smaller scale for pumping requirements and plumbing components.  One of the most common oversights in the design of a closed micro system is a recovery piping system to capture and dispose of flushing flows and the flushing flows from the filtering media.
b)
Pumps 




i)
Typical pumping plant configurations 
Pumps used in irrigation fall in the category of centrifical pumps.  Subcategories include Close Coupled Electric, Horizontal Frame Mounted, Vertical Mounted, Gear Box PTO, Vertical Turbine, and Submersible.  The common configurations are a horizontal pump and a deep well turbine, driven by an external motor or engines.  The external motors or engines are driven by electricity or fossil fuels such as diesel, propane, natural gas, or gasoline.   All pumps have a suction feed that allows water to enter the impellers and vanes, where through centrifugal force of the impellers and thrust into a discharge casing the energy is converted to pressure. 
ii)
Power requirements 
As power and equipment costs increase, designing and maintaining efficient pumping plants becomes more important.  This involves the selection of the appropriate pump and an economic assessment to determine the appropriate energy source.

Designing an efficient, cost effective pump requires close attention to detail and knowledge of basic hydraulic principles of pump design. A pumps power requirement is a function of the head or pressure required to operate the system and the capacity to meet the intended irrigation needs.   Variables contributing to the head-capacity relationship include: 

•
Pump make, model number, and discharge size

•
Impeller type, diameter, and speed of rotation

•
Number of impellers (or pumps) operating in series

•
Net input energy required (usually expressed in brake horsepower)

•
Net positive suction head (in feet)

•
Impeller efficiency

It is very unlikely that a used (or even new) pump at a bargain price can be obtained that fully meets the system needs without first checking the specific Head-Capacity Curve for that specific make, model, and size of pump. Horsepower alone is an inadequate specification for selecting a pump. Flow capacity (Q) and Total Dynamic Head (TDH) are required for pump selection. At high elevations an adjustment factor for elevation may be needed.  Manufactures data must be used to determine the appropriate match.
Detailed examples of pump design can be found in NRCS, NEH, Part 623 (Section 15), Chapter 8, Pumping Plants and NEH, Part 624 (Section 16), Chapter 7, Drainage Pumping.




c)
Irrigation water conveyance

1) Surface ditches


Surface ditches are open channels used to convey irrigation water from an identified source to its point of use. (Insert figures 3-24 and 3-25 from Chapter 3.) 
While the cost of construction for ditches is usually less than for pipelines, they do require ground space, can restrict farm operations, and can have high maintenance requirements. Also, evaporation can be high, and weeds and animals can cause problems.
Ditches that carry water from the source to one or more farms are called canals or laterals, and these are permanent structures. Field ditches convey water within an individual farm unit.  These ditches may be installed directly in earth or have a lining material.  
Head ditches distribute water within a field for surface irrigation. They are laid out at the high end of the irrigation run, normally perpendicular to the direction of irrigation, for furrows and borders.

Earth ditches work best in clay or loam soil, where seepage is usually minimal. Losses in unlined ditches in other soils can be high from seepage as well as weeds and animals can cause problems. Ditches have a disadvantage in that they take up ground space, can restrict farm operations, have high maintenance requirements and are subject to evaporation losses.

2)
Lining

Ditches can be lined or unlined. Unlined ditches are the more common of the two. 
Lined ditches control seepage, erosion, and structural damage. They can be smaller than unlined ditches and they protect the surrounding land from damage caused by water logging and salinity. Selection of a lining type should consider availability, machinery needs, ditch size, climactic and foundation conditions, temperature, nearby livestock, surrounding vegetation, and whether the irrigation stream is continuous or intermittent.
–
Concrete is probably the most popular lining: it withstands high stream velocities and resists mechanical damage. It is well suited to nonexpanding soils, with good internal drainage.  In areas with high frost or sulfate concentrations special designs will likely be required.
· –
Slip-form-placed concrete is probably the most economical; a specially designed machine forms it into shape and places the concrete in a continuous pour process. A panel-form liner pours the concrete into panels, waiting till one set is dry before pouring the others. 

· –
Shotcrete is pneumatically applied mortar, used to line and resurface old concrete and rock cuts. 

–
Asphalt lining is similar to concrete, but does not last as long must be designed at lower velocities. It is subject to damage from machinery and vegetation. It can be placed by slip form, prefabricated asphalt planks, asphalt-membrane linings or by spraying on. 

–
Flexible-membrane lining is specially formulated film in sheet form, usually rubber or plastic. Seams are joined with adhesive or welded by heat bonding methods.  Most flexible lining is susceptible to damage unless covered with soil. New HDPE flexible linings are exhibiting less damage susceptibility.
–
Prefabricated metal liners are well suited for isolated areas.  They are appropriate for small, shallow ditches that do not have high salt or chemical concentrations. 

–
Chemical sealants and bentonite are effective in controlling seepage were the ditch perimeter is moist most of the year. They are not well suited to sandy soil.  

–
Earth linings (natural or processed soils) are an economical option. Thick- or thin-compacted earth linings require removal of the porous earth in the ditch before application.  Some soils may allow for compaction in place to decrease seepage.  

ii)
Pipelines

Pipelines are a means of conveying water through closed conduits that can be installed . on the ground surface (made from aluminum, steel, rubber, or canvas) or underground (made from plastic, concrete, steel, wrapped aluminum, fiber, or plastic pipe). Surface pipelines are portable but are more susceptible to damage. Lay-flat pipelines are a low-cost, aboveground pipeline system that is usually used for one season and then discarded.

A major advantage of pipe is that it can convey and deliver pressurized water and run uphill as well as downhill, and seepage losses are negligible.  The initial installation cost of a pipeline is higher than that for an open-ditch system, but the overall annual maintenance cost is usually less Another advantage is that field shape and size is not affected by buried pipelines..  (Insert figures 3-54 through 3-57 from Chapter 3.)
Permanent farm systems consist of buried supply and distribution lines. Semi-portable systems use buried pipe for field supply lines, and some kind of quick-coupling metal pipe or flexible pipe on the surface to distribute water. Portable systems use metal or flexible surface pipe for both field supply and distribution.

Specialized pipeline structures are needed to control water and protect them against damage (e.g., from excessive pressure heads).

Low-pressure pipelines are normally vented to the atmosphere, and are used with operating heads pressures of less than 50 psi. They are used primarily with surface irrigation methods. 




High-pressure pipelines are closed to the atmosphere, and used with operating heads of more than  50 psi. Valves are used in place of open vents and stands. These are used primarily with sprinkler irrigation, where operating pressures may be 40 psi or higher. 


The supply line or sprinkler main may be a permanent buried line or a portable surface pipeline. Buried lines cost more to install but normally have lower maintenance and operating costs, interfere less with farm operations, and are less susceptible to damage. 

Buried main lines extend from the main source to individual fields where water can be distributed via a surface, sprinkler, and/or micro irrigation system.  In some instances, pipelines may be supplied from water delivery ditches. 
(1)
Types of pipeline materials (PVC, steel, PE…)

Surface lines can be made fabricated from aluminum, steel,  or ultraviolet light resistant plastic, Buried lines can be made from concrete (precast or cast in place), plastic, or steel,  The type of pipe depends on site-specific conditions including flow rate, static and operating heads, soils, and local geology (if the pipe is buried).  Pipe manufacturers can provide engineering information for pipe types and  materials 
(2)
Pipeline sizing

Pipelines must be large enough to convey needed flow to different fields under present and future conditions and deliver water at required pressures. Detailed information on pipeline hydraulics is available from various sources, and irrigation pipelines must meet criteria of NRCS Conservation Practice Standard for irrigation pipelines.
 
(3)
Control Structures and Appurtenances 
Control structures are used to regulate flow in pipelines, remove entrained air, and prevent damage from pressure surges.  Stands are commonly used in low-head pipelines while high pressure lines necessitate the use of other appurtenances.
(a) Stands
–
A gate stand is used to control flow into a lateral pipeline or ditch and to maintain upstream head in a pipe section. It also acts as an air vent or a surge chamber. A stand may be a concrete or metal pipe or box.  A line gate can be substituted in each lateral for the gate inside a stand; this configuration is especially useful if a high stand is required. (Insert figure 3-67 from Chapter 3.)
–
An overflow stand is configured to maintain a desired upstream head by functioning as a check structure regulating pressure to maintain flow from hydrants or into laterals.  Flashboards may be used vary the upstream head.  (Insert figures 3-68 and 3-69 from Chapter 3.)

–
A float-valve stand has a float valve attached to the end of the upstream pipe section. The valve opens and closes, releasing water to supply downstream demands while maintaining a nearly constant water level in the stand. They are useful on steep slopes and are usually installed at intervals of about ten feet of drop in the line. (Insert figure 3-70 from Chapter 3.)

(b)
Vents/Air-Vacuum Relief/Air Release/ Continuous-acting Air-Vacuum Relief
Vents relieve pressure and release air at several junctures of a pipeline: at all high points, at sharp increases of a slope, at sharp turns, below any structure that entrains air into the water, and at the terminal end pf a pipeline. All vents must operate above the hydraulic grade line to prevent overflow. Vents permit a pipeline to carry more water, relieve surges to prevent damage, and keep the line from collapsing when drained by allowing air to enter.
–
A straight vent extends straight up vertically from a pipeline, and is anchored to maintain alignment. It should be of the same diameter as the pipeline, and height should not exceed the safe working head of the pipeline plus freeboard.

–
A capped vent is capped over at or near the ground surface, and a smaller pipe extends through the cap to the necessary height (usually two feet above the maximum hydraulic head). Capped vents are generally used in place of straight vents if the hydraulic gradient is more then eight feet above ground surface.  (Insert figures 3-64 and 3-65 from Chapter 3.)
–
Air-Vacuum Relief, Air Release, and Continuous-acting Air-Vacuum Relief valves are used in place of a capped vent when operating heads normally exceed 10 ft or when it is undesirable to have a high vent pipe.  An air-vacuum relief valve allows air to escape during filling, and it allows air to re-enter when  the pipeline drains.  These valves do not allow air to escape once a pipeline is pressurized.  An air-release valve is a capped vent with an air release valve in the smaller pipe.  The air-release valve allows high pressure air to escape when the pipeline is operating.  A continuous-acting air-vacuum relief valve functions as a combination air-vacuum relief and air release providing a means for air escape and entry during filling and draining combined with high pressure air release. (Insert figure 3-66 from Chapter 3.)

 
(c)
Pressure relief/surge protection

A pressure relief valve is a spring-loaded valve, set to open at a pressure slightly above the system operating pressure.  These valves are typically located at points of highest pressures in a system, adjacent to check valves and at the downstream ends of all lateral lines to control excess pressures and  reduce the of effects of pressure surges.
iii)
Inlet structures

(1)
Screening for trash/fish

(2)
Sediment

Inlet structures for both ditches and pipelines are often needed to prevent damage from excessive pressure, to develop full flow capacity, and to keep debris from entering the ditch or pipe. The structure type must be matched to the water source (ditch, stream, or well) and the conveyance system ditch or pipeline  

–
A pump stand is a vertical pipe extending aboveground from a buried pipeline, usually used for low-pressure pipelines. It provides a transition from the pump into the pipe system and vents any air entrained in the pumped flow. It must be high enough to prevent overflow at normal pressure, but allow overflow at excessive pressure. Pump stands can be capped and vented, and should be connected to the stand pump via a flexible coupling. (Inse
rt figures 3-58 and 3-59 from Chapter 3.)
–
Gravity inlets develop full pipe flow and keep trash out of pipelines and downstream ditches supplied by gravity from open ditches. (Insert figure 3-60 from Chapter 3.)
–
A sand trap is a settling basin used to remove sand or silt, built into the inlet some distance below the bottom of the pipeline. (Insert figure 3-61 from Chapter 3.)
–
A debris screen removes trash and seeds.  A variety of effective devices are available.  Screens are necessary components when supplying water to sprinkler or micro irrigation systems when any trash is present in the water.(Insert figures 3-62 and 3-63 from Chapter 3.)

· A fish screen is installed at the head inlet of diversion works from streams, and lakes to exclude fish entry into the water delivery system.  It is important to consult with all pertinent fish and game regulatory agencies to for fish screening requirements.
 
iv) Other conveyance and control structures





 
(1)
Conveyance

Conveyance structures are used to carry water across swales, draws, and roads, and along steep hillsides. 

–
Flumes are artificial channels supported by substructures, carrying water across areas where ditches and pipelines are not practical. Open flumes can be made of timber, metal, or concrete; closed flumes from pipe. Open flumes are susceptible to overflow, and closed flumes to clogging. Substructures can be made from timber, steel, or concrete. (Insert figure 3-26 from Chapter 3.)
–
Inverted siphons are closed conduits with each end raised, forming a “U”, that carry water across depressions and drains and under roads and other obstructions. They are usually made of metal, concrete, or plastic pipe. The pipe is always under pressure during operation. Proper trash racks are needed to eliminate plugging. (Insert figure 3-27 from Chapter 3.)
–
Elevated ditches are open channels built on compacted earth fill. They convey water across shallow depressions, and deliver water by open ditch to high points. They are susceptible to seepage, cracking when dry, vegetation and animal damage, and difficulty of maintenance. Pipe conduits and inverted siphons are often  better choices for high elevations.

–
Culverts are used to carry water under roads and obstacles. Culverts are usually the most economical, though inverted siphons are required when the ditch water surface is higher than the road or other obstacles. Bridges are also used for road crossings over ditches.   

(2)
Grade Control

Grade-control structures are often needed maintain water levels in ditches and to protect the ditch from erosive velocities. These protective measures are used to control the grade and protect the banks  Sometimes a pipeline may be preferable in areas of steep slope.
–
Drops (i.e., spillways or pipe drops) control ditch velocities by lowering the water abruptly from one level to another level. A drop spillway is a weir, or low dam over which : water flows over or through the opening in the headwalls, drops to a nearby level apron spilling basin or to a lower level, and then flows into the downstream section of the channel. Large open drops are built of reinforced concrete, though steel and aluminum are also useable if treated against corrosion. A pipe drop is a section of pipe with a riser height equal to the required drop and a downstream section of pipe to direct flow at the lower elevation. (Insert figure 3-28 from Chapter 3.) 

–
Chutes (paved or lined) are high-velocity open channels, usually constructed of concrete. They can be used as short ditch sections on steep slopes, or where drops would be too close together. Chutes are expensive and need to be individually designed.

(3)
Dis
tribution from ditches

Distribution-control structures are required for effective and accurate distribution of irrigation water to a farm’s fields from ditches. 

–
Headgates are used to divert irrigation water from the supply source to field ditches. They may include a weir-measuring device that determines flow into a field ditch, culvert-type structures with a measuring well, or submerged orifices with measuring gages. (Insert figure 3-29 from Chapter 3.)
–
Division boxes divide or direct the flow of water between two or more ditches. Water enters the box through an opening on one side and flows out through openings on the other sides, which are equipped with gates that furnish the necessary flow. (Insert figures 3-30 and 3-31 from Chapter 3.)
–
Checks are structures placed in a ditch that form adjustable dams. They control the water surface upstream water elevation so that water can be diverted from the ditch. A permanent check is a headwall with a weir opening equipped with grooves for flash boards or with a metal slide gate, for adjusting the water elevation. It is usually made of concrete, wood, or steel. A portable check can be removed and repositioned, and is usually made of canvas, plastic, rubber, or metal. (Insert figures 3-32 through 3-39 from Chapter 3.)
–
Relifts are used to lift water by pumping from a lower-elevation ditch to a higher one, and utilize a low-head pump. A discharge bay is usually needed at the pump outlet in the upper ditch to prevent erosion damage.  

 4Pipeline Outlets

Outlets, or hydrants, deliver water to the land or into a distributing device through a valve or gate. These are risers are built from vertical sections of pipe attached to the pipeline by means of a tee or watertight saddle. 

–
An alfalfa valve is a screw valve attached to the top of a pipe riser, fitted with a cap plate that moves up and down when the handle is turned. It is used to distribute water directly to border strips, basins, or ditches. A hydrant can be attached to an alfalfa valve to direct flow and provide a water-tight seal for supplying gated pipe. (Insert figures 3-71 and 3-72 from Chapter 3.)
–
An orchard valve is similar to an alfalfa valve used control water delivery to a surface application system. (Insert figures 3-73 and 3-74 from Chapter 3.)
–
An open-pot outlet allows installation of two or more slide-gate tubes into the riser.  Water flow into the riser is regulated by an orchard valve and the gates regulate flow into the individual furrows or borders.  (Insert figure 3-75 from Chapter 3.)
–
A capped riser or pot outlet is can be used to irrigate orchards and permanent crops where small flows are distributed to the individual furrows. The “pot” is capped, slide gates are installed, and no valve is used. (Insert figure 3-76 from Chapter 3.)
–
A surface-pipe outlet is a riser equipped with tubes or connections for attaching surface pipe to pipelines without using hydrants. Water is distributed to the furrows, borders, or levees by surface pipe.  Ann orchard valve can be installed for water control. 







5)
Application

For surface irrigation systems, application-control structures are used to control and adjust the flow of water from field head ditches and pipelines to individual furrows, corrugations, border strips, contour ditches, and subirrigation ditches. For sprinkler and miocroirrigation systems, the system is designed to convey and apply water in a specified manner.


–
Turnouts are boxes or orifice-type structures in the bank of a head ditch that control the flow the water into border strips, contour levees, and contour ditches. They feature a simple slide gate that regulates the flow, and an anti-seep collar. (Insert figures 3-40 through 3-47 from Chapter 3.)
–
Siphon tubes are small curved pipes, ranging in size from small to large, that deliver water over the head-ditch bank to corrugations, furrows, and borders.  The water level in the ditch, being higher than the water level on the discharge end, causes water to flow through the tube. Large siphon tubes can be used in place of turnouts. Priming and maintaining prime can be a problem with large tubes, but is aided by use of adjustable gates on the discharge end that can be and priming using a priming pump. (Insert figures 3-48 through 3-50 from Chapter 3.)
–
Gated pipes are permanent metal or plastic pipes with a number of small gates along one side through which water can be diverted into corrugations, furrows, and borders. The gates provide positive control and are particularly good if cutback streams are required. They can be used in place of or in conjunction with a head ditch. PVC gated pipe must be resistant to ultraviolet light.  Flexible gated pipe, also known as surface hose or lay-flat tubing, can be easily moved and offer greater economy, but has a limited life. (Insert figures 3-51 through 3-53 from Chapter 3.)
–
Spiles are one- to four-inch diameter pipes used to distribute water from a ditch into corrugations or furrows. They are set permanently in the bank of the head ditch, and must be long enough to extend through the bank.  

v)
Safety

Safety issues must be considered in the planning of all irrigation system components.  Adequate protection must be provided for both people and livestock especially when high flow velocities and water depths present hazards in ditches, inlet structures, and stands.  Safety issues associated with pumps must also be addressed, including high-voltage electric controls and components.

The safety and protection of irrigation system components must also be considered in system planning and design.  There are many hazards to consider including field operations, possible flooding, wind and lightening, nearby roads, adjacent power lines, and “attractive nuisance” possibilities near urban areas. 
d)
Water measurement

(New images would be helpful for this section.)

Irrigation water must be measured in order to permit efficient allocation, control, distribution and application of water. 

An irrigation system plan should include  water  measuring devices necessary for effective irrigation control and water management. The principal measuring device is usually located at the diversion headgate, well pump,  or water supply source. If the supply involves two or more sources, measuring devices are needed at each source Water measurement devices can be incorporated into various structures such as drops, checks, or turnouts.  Pipeline sections near pumps and controls should be designed to incorporate water measurement.. 
i)
Open channel measurement
The most common devices used for measuring flows in open channels are weirs, water-measuring flumes, and orifices.  The accuracy and dependability of these devices requires that they be designed and installed according to strict criteria.  A good reference is the Water Measurement Manual published by the Bureau of Reclamation. (http://www.usbr.gov/pmts/hydraulics_lab/pubs/wmm/index.htm) 


ii)
Pipeline measu
rement
A variety of meters can be used to measure flow in irrigation pipelines including propeller and turbine meters, orifices, venture meters, magnetic meters, pitot meters, and elbow meters.  Commercial meters are available from a number of manufacturers, and as with open channel devices, pipe meters must be installed according to specified criteria to function properly and measure accurately. 

e)

Water reuse

(New images would be helpful for this section.)
Water reuse can be an important part of water conservation, and needs to be included in any irrigation planning process involving surface irrigation systems where surface runoff is expected.  Effective water reuse both conserves water and prevents sediment and water-borne nutrients and chemicals from being downstream hazards. 
Common components of a reuse system include a collection reservoir and, if the water needs to be lifted, a pump and pipeline.  The collection reservoir often serves as a sediment basin in which sediment is collected and removed/reused as needed
.
f)
Water disposal (considering quantity and quality)
Excess water needs to be removed from the irrigated land promptly and safely. The excess may be waste from irrigation, surface runoff from rainfall, subsurface drainage water from irrigation and rainfall, or leakage and seepage from the conveyance system. To determine a disposal method, make a survey of the topography, the kinds of soil(s), the water table, and the water sources.

While good design and management can minimize waste and associated disposal from irrigation, accidental water release needs to be disposed, as does excess from leaching or rice culture procedures. Storm runoff needs to be removed to protect the land, crop, and system. Excess percolation can lead to a high water table, and seepage from canals, reservoirs, and sumps may cause waterlogging on adjacent land. (A new image would be helpful here).
Surface-water disposal is necessary for good plant growth. It can be accomplished through several methods: land grading, grassed waterways, or ditches (Insert Figure 12 from AAVIM book). Ditches are laid out on a gradual slope so that they empty into an outlet ditch at a lower elevation. Often, however, they can interfere with operation of field equipment and irrigation systems. The application method affects influences the layout of the disposal system.

g)
Chemigation/Fertigation

The application of agricultural chemicals through irrigation systems is commonly referred to as chemigation. Likewise, fertigation is the application of fertilizers into or through an irrigation system. Materials commonly applied include fertilizers (i.e., plant nutrients), acids (e.g., phosphoric, sulfuric, or hydrochloric), chlorine (e.g., liquid sodium hypochlorite or chlorine gas), or pesticides. 

Fertilizers and chemicals are commonly applied through sprinkler and micro irrigation systems as these systems can be designed to convey water without losses and apply it in a precise manner.  Conversely, surface irrigation systems are seldom used for fertigation and/or chemigation because of the potential of water losses and uneven distribution. 
Applications of,; herbicides, especially pesticides, are less common and should be approached with caution.  Chemicals used for chemigation must be labeled for irrigation application by the USEPA. Common types of herbicides used for chemigation are:
· Contact herbicides are designed to kill foliage on contact. 

· Non-selective herbicides destroy or prevent all plant growth.

· Post-emergence herbicides are applied after a crop is above the ground.

· Pre-emergence herbicides are applied before the crop emerges through the soil surface.

· Selective herbicides target specific plants.


Benefits of chemigation/fertigation include:

–
Uniformity: Chemigation facilitates the uniform distribution and precision placement of fertilizers and other chemicals. 

–
Timeliness: In many cases, materials can be applied regardless of weather or field conditions. 

–
Reduced costs: In general, cost of application by chemigation is about a third of the cost of conventional application methods. 

–
Efficiency: Timely applications of small but precise amounts of fertilizer directly to the root zone allow growers to effectively manage fertilizer programs. This approach conserves fertilizer, saves money, and optimizes yield and quality. 

–
Reduced soil compaction: Chemigation reduces tractor and equipment traffic in fields with a resulting reduction of  soil compaction. 

–
Reduced exposure: Chemigation minimizes operator handling, mixing, and dispensing of potentially hazardous materials. In addition, people and non-target crops are not exposed to inadvertent chemical drifts. 

–
Reduced environmental risk: When used with recommended safety devices, properly designed and accurately calibrated chemigation systems help preserve quality of the environment. 

Applying fertilizers and chemicals through an irrigation system can be done in different ways: gravity mixing and injection on the suction side of the pump; the Venturi principle of injection; pivot tube injection; and pressure pump injection (Insert figure 21 from AAVIM book). Selection of equipment requires careful study of the factors involved and the task to be accomplished.

Some general principles and safety considerations pertaining to chemigation are outlined below.

–
The irrigation pumping plant and the chemical injection pump should be interlocked so that if one was to stops, the other will also stop. This safety device will prevent concentrated chemicals from filling the irrigation lines should the irrigation pump stop. With internal combustion engines, the injection pump can be belted to the drive shaft or to an accessory engine pulley to assure that it will stop if the engine stops. Injection pumps driven by electric motors require a separate one-third or one-half horsepower electric motor. Controls for both motors should be electrically interlocked to stop the injection pump motor whenever the irrigation pump stops. This is illustrated for electric motors. (A new image would be helpful here – we will check resources provided by Kerry.)
–
Check and vacuum relief valves (i.e. anti-siphon devices) are necessary safety mechanisms and both must be located between the irrigation pump discharge and the point where chemicals are injected into the pipeline. They prevent water and chemicals from draining or siphoning back into the water source. (A new image would be helpful here – we will check resources provided by Kerry.)
–
A check valve must be installed in the injection line to prevent backflow of water from the irrigation system into the chemical supply tank. Should the injection pump stops, there is the possibility of irrigation water flowing into the supply tank with  subsequent tank overflow. Such spills can contaminate ground and surface water. (A new image would be helpful here – we will check resources provided by Kerry.)
–
A small solenoid valve can be electrically interlocked with the engine or motor that drives the injection pump. This valve provides a positive shutoff in the chemical injection line, stopping chemical or water flow in either direction if the pump stops. (A new image would be helpful here – we will check resources provided by Kerry.)
–
For automated control, a pressure switch should be electrically interlocked with the safety panel on the irrigation system. This switch automatically shuts down the system and injection pump if pressure is lost in the injection discharge line (i.e. when the chemical tank is empty). 

–
The American Society of Agricultural Engineers (ASAE) standard EP 409.1 can be used as a general guideline for backflow prevention devices. Contact the NRCS or CES for current guidelines. 

Two basic types of injection pumps, the Venturi and the metering pump, are commonly used with irrigation systems. Field set-ups for both types should include an adjustable injection rate. All system components in contact with fertilizer, chlorine, or acid must be corrosion - resistant. 

–
The Venturi system creates a pressure differential that forms a vacuum. Water flowing through a tapered orifice, a rapid change in velocity occurs. This change creates a reduced pressure, or vacuum, which draws the fertilizer/chemical liquid to be injected into the system. Since the injection rate will vary with the pressure differential across the Venturi, a precise regulating valve and flow meter are recommended for calibrating the system. (A new image would be helpful here – we will check resources provided by Kerry.)
–
Positive displacement metering pumps are used to inject chemical solutions into drip irrigation systems. Portable positive displacement metering pumps can be moved from field to field. Metering pumps may be powered by small electric motors or by hydraulic drive systems. Hydraulic drive systems use the water pressure in the system to power the pump. Injection rates of older model positive displacement pumps were adjusted by changing the length of the piston stroke. However, injection rates of recent models can be adjusted using a variable frequency drive for the injection pump motor. This drive varies the speed of the injection pump with the flow rate of the irrigation system. (A new image would be helpful here – we will check resources provided by Kerry.)
–
Injection pumps must be accurately calibrated by properly adjusting the injection rate. Ideally, an injection pump should be capable of being adjusted to the desired injection rate. The rate of injection for chemicals is often much less than for fertilizers.  
–
In some situations it may not be possible to lower the injection rate enough to inject concentrated solutions at the desired rate. This problem can usually be overcome by adding a precise amount of water to dilute the concentration of the active ingredient in the solution to be injected.
–
Chemicals should be injected into the system at a point upstream of the final filters. Filters help prevent particulate matter (which may be in the chemical solution) from entering the irrigation system and causing clogging problems. 













To apply chemicals and fertilizer through chemigation, an irrigator must properly maintain the system so that it applies water and chemical and/or fertilizer uniformly. In addition, an irrigator must determine which formulations are most suitable for injection, the most appropriate analysis for specific crops at specific stages of growth, the amount to apply during a given application, and the timing and frequency of applications.

For micro -irrigation systems, with their small emitting orifices, filtering downstream of the chemical injector is critical.  The application of acids through chemigation helps prevent and remove mineral precipitates, and applying chlorine helps remove and prevent the growth of bacteria and algae. 

In summary, chemigation is beneficial only to the extent that the irrigation system is properly designed, fully functional, and properly managed. In many situations, fertigation  or chemigation is as good or better than conventional application methods. All injection chemicals must be licensed for the intended use and  always read and follow label directions.

4)
Evaluate alternatives
Before designing an irrigation system it is necessary to know the type of farm enterprise being undertaken (e.g., livestock, forage crops, high value cash crops, or a combination), as well as the operation schedule and available labor and financial resources. Financing an entire irrigation system may be beyond the capability of the irrigator. It may be best to irrigate a smaller acreage at first, increasing the acreage as finances permit. Initial development should fit in with a complete, overall irrigation plan and resource management plan
To effectively evaluate irrigation system alternatives, it is necessary to consider those factors presented in Section 1 and provide an assessment of each alternative system considered.

a)
Amount of water needed

Determine the crop water requirements for the cropping pattern and the gross irrigation water requirements for each system alternative considering irrigation efficiencies.

b)
Labor requirements/inputs
The labor requirements for each alternative system need to be established along with the level of expertise required.  For example, the operation and maintenance of a center-pivot system with associated chemigation is different than for a basic hand-line sprinkler system.  Labor cost and availability, with associated limitations, must also be determined.  Sometimes qualified labor is not available, even at higher than normal cost.

c)
Energy requirements/inputs

The operating energy requirements of all system components, especially pumps, must be determined and compared to availability over the life of the system.  It is essential that adequate power can be provided at the point of use.  Also, for the evaluation of alternatives, it is important to consider the effects of inflation on energy cost.


d)
Economics

A simple cost and return form is provided to help determine the increase in profit to expect from irrigating with different systems. The form consists of four parts: A, General Information; B, Annual Depreciation (Ownership) Cost; C, Annual Operating Cost; and D, Return On Investment. Please note that dollar amounts listed in this example are for illustration purposes only.  In the example given, costs and benefits are determined for adding irrigation to a previously non-irrigated area.  When planning a system upgrade, it is necessary to compare the planned irrigation system with the existing system.
General information

(Insert “Part A” image from page 102 of AAVIM book).
Procedures for completing Part A are listed below. 

1.
Select the crop(s) to be irrigated.

2.
Estimate the expected increase in yield from irrigation. Table XXX (reference table I from AAVIM book) lists examples of yield increases from irrigation of various crops in different areas of the country. Additional estimates may be gained from nearby experiment stations or from area farmers who irrigate similar crops.

3.
Determine the crop value per unit (e.g., pounds, bushels, or tons) from current market prices.

4.
Determine the water-holding capacity and maximum water intake rate for the soil. Table XXX (insert table VIII from AAVIM book) gives average water-holding capacities and intake rates of different soils according to texture.  More precise information is available from a local soil survey or NRCS local Irrigation Guide. 

5.
Find the crop’s seasonal consumptive use. Table XXX (insert table IV from AAVIM book) gives the seasonal consumptive use rates for some crops in different localities. For other crops and areas, check the local Irrigation Guide.

6.
Find the crop’s peak use rate. Table XXX (insert table V from AAVIM book) gives the peak use rate for some crops in different parts of the country. Check the local Irrigation Guide for more complete information.

7.
Determine the daily number of system operation hours. A self-propelled or solid-set system can operate for 20 to 24 hours per day. A hand- or tractor-moved system may need to operate fewer hours per day because of required down time necessary for moving laterals.

8.
Determine the minimum number of days required for each irrigation. This information can be determined from Tables XXX and XXX (reference tables V and VIII).
9.
Estimate the number of irrigations expected per season. This value depends on the total quantity of water required by the crop and the amount of rainfall expected during the growing season.
10.
Determine the number of hours the system will be operated per year by multiplying the number of hours per irrigation by the number of irrigations.

11.
Provide a sketch of the shape and dimensions of the field to be irrigated. A system designer needs this information in order to determine the system configuration (e.g. length and size of the mainline and laterals). A complete topographic map is required in some areas. (Insert figure 171 from AAVIM book).
12.
Determine the number of acres in the field. This can be done from the dimensions listed on the field sketch.

13.
Select a system, based on the information above.

14.
Determine the number of acres (ha) the system will irrigate in the field. The area is based on the type of system selected.

15.
Find the pumping rate in gallons per minute (L/sec). Take this from the peak use rate and allow for losses due to  efficiency of irrigation: approximately 80%.

16.
Select a source of water.

17.
Determine the total lift (height) water is to be lifted.

18.
Determine the operating head required by the system. This includes the total lift plus the friction loss in the pipe and the operating pressure. A design engineer can determine the friction loss.

19.
Determine the size of power unit needed (brake horsepower, or Bhp). This value is based on the pumping rate, total head, and efficiency of the power unit. An irrigation specialist can help determine the size of power unit needed. 

Bhp = (Total operating head in feet x gallons per minute)
               (3960 x pump 
efficiency x power unit efficiency) 

(or (Total operating head in m x L per second)
   (76 x pump efficiency x power unit efficiency))
20.
Select the type of power unit (gasoline, diesel, gas, or electric), based on availability of the fuel or power and the total annual cost.

21.
Note the current interest rate (or discount rate) from Table XXX (Insert table XIV from AAVIM book). Interest is usually added to the depreciation cost whether the system is financed or bought outright. 

22.
Determine the stand-by charges for electricity. This charge, sometimes called a demand charge, is usually a service charge by the electric power supplier, which is added to the normal operating cost.

23.
Determine the amount of labor required per acre (ha) per irrigation. See Tables XXX, XXX, and XXX. (Insert tables XI, XII, and XIII from AAVIM book.)
Depreciation costs 

(Insert first “Part B” image from page 103 of AAVIM book).
Use part B to determine the initial system cost. This procedure will help determine whether to pay cash or to finance the system, and determine the annual depreciation cost (part of the total cost of owning and operating a system).

1.
While an irrigation system may be profitable, financing may not be practical. Though a system may last 15 to 20 years, lenders may require payment in six to ten years. Annual payments may exceed the expected yield increase resulting from use of the system. 

For example: financing $25,000 to buy a system may result in payments of $4,000 to $6,000 per year. Extra profits from irrigation, though, may be only $3,000 to $3,500. In this case, loan payments must be supplemented with additional funds other than those expected from irrigating.

2.
A contractor or dealer can provide the initial cost to install each item in the system. List these amounts in part B, column 3 of the cost and return form. Use the same procedures as in the example given here.

3.
For the example in this discussion, however, assume the basic information given in column 3 of the completed portion of the sample cost and return form, part B. The total initial cost is the sum of the costs in column 3. For the example, it is $67,000.00.

4.
The annual depreciation cost is determined from the initial system cost; interest; taxes and insurance; fixed charges; loss of income from land taken out of production; and life expectancy of the system. To find the annual depreciation cost for a system, complete the remainder of part B of the cost and return forms. Use the procedures given below for this example. (Insert second “Part B” image from page 104 of AAVIM book).
a.
Find the cost factors of each item based on 9% interest and the expected length of life from Table 1
4 on page XXX and record them in column 4, part B.

b.
Find the annual depreciation and interest for each item and record it in column 5. Multiply each cost by its factor.

c.
Estimate annual cost of taxes and insurance and record it in column 5. Use 1% of the total initial cost (multiply the initial cost by.01). Total: $670.00.

d.
Find the stand-by charges for electricity. For this example there are none, since no electricity is being used. To use electricity, consult the local power supplier for these charges and record this annual cost in column 5.

e.
Determine a value for the loss of production from the land taken out of production. For this example, no loss is involved since a well supplies the water and it does not take up much land. Constructing a lake, pond, or reservoir involves loss if productive land is used for this purpose. Other land taken out of production also constitutes loss. The value of land taken out of production is based on past production without irrigation for the acreage lost.  Sometimes land taken out of production for a pond is considered “beneficial” by the landowner.
f.
Find the total annual depreciation and interest cost. Add the figure s in column 5. Total annual ownership cost: $8,159.75.

Annual operating cost

(Insert “Part C” image from page 106 of AAVIM book).
These are annual expenses incurred in operating the system. They include fuel and oil; repair and maintenance of equipment; reservoir and field maintenance; additional seed, fertilizer, pesticides and harvesting cost for the increase in yield; and labor. To determine the system’s annual operating cost, complete part C of the cost and return form. (All dollar amounts need to be revised.)

1.
Find the total annual cost of fuel and record it in the total column. Table XXX gives the brake horsepower hours per unit of fuel.


The University of Nebraska has conducted hundreds of field tests over the years on irrigator-owned pumping plants. Based on these tests and other laboratory tests of engine efficiency, the University developed the Nebraska Pumping Plant Performance Criteria (NPC). The NPC shows the brake horsepower output for an engine and drive unit (in horsepower hours, or hp-h), and the amount of useful work output one should expect from a pumping plant (in water horsepower hours, or whp-h) per unit of energy consumed.

Table XXX

The Nebraska Pumping Plant Performance Criteria (NPC)
	Energy source
	hp-ha / unit of energy
	whp-h,c / unit of energy
	Energy units

	Diesel
	16.66
	12.50d
	gallon

	Gasoline
	11.50
	8.60
	gallon

	Propane
	9.20
	6.89
	gallon

	Natural gase
	82.20
	61.70
	mcf (thousand cubic feet)

	Electricity
	1.18
	0.885
	kWh (kilowatt hour)


a hp-h (horsepower hours) is the work accomplished by the power unit with drive losses considered. This is the horsepower imparted to the lineshaft that drives the pump impellers.


b whp-h (water horsepower hours) is the work accomplished by the pumping plant (power unit and pump).


c Assumes 75% pump efficiency.


d Criteria for diesel, formerly 10.94, revised in 1981 to 12.50.


e Assumes energy content of 925 BTU/cubic foot.


f Assumes 88% electric motor efficiency.
 

Source: Dorn, T.W. Pumping Plant Efficiency: How Much Extra Are You Paying? Prepared for Central Plains conference (year?)

Record the values from part A and Table XXX, and follow the instructions given in part C. For the example, using a cost of $1.00 
per gallon results in a total annual cost for fuel of . Total: $3,883.56.

2.
Find the total annual cost of oil and record it in the total column. Table XXX (reference table XV from AAVIM book) gives the brake horsepower hours per gallon of oil required. Record the values needed from Table XXX (Insert table XVI from AAVIM book) and part A, and follow the mathematical instructions given in part C. Total: $189.00.

3.
Find the total cost of gear oil and record it in the total column. For this example no cost was figure d for gear oil. To add this cost, record the values needed from Table XXX (Insert table XVII from AAVIM book) and part A, and follow the instructions given in part C.

4.
Calculate the total annual cost of maintenance of the power unit and record it in the total column. Table 17 (reference table XVII from AAVIM book) gives the cost of power unit repair and maintenance per brake horsepower per hour. Record the values needed from this table and part A, and follow the instructions given in part C. Total: $113.40.

5.
Find the total annual cost of repair and maintenance of the irrigation equipment and record it in the total column. For this amount, get the initial cost of the equipment from part B. Record it in part C and follow the instructions given.

6.
Find the total annual cost of reservoir and field maintenance. For this example, no cost was figure d for the reservoir and field maintenance. If reservoir or field maintenance is required for your irrigation system, obtain the initial cost of the equipment from part B. Record it in part C and follow the instructions given.

7.
Assume a total annual cost for the additional yield from irrigation and record it in the total column. Estimate the cost of additional seed, fertilizer, pesticides, labor, handling, or storage; these values will depend on the crop and the farming methods used. Assume $10.00 per acre ($24.59/ha) for this example, and record. Follow the mathematical instructions in part C. Total: $1,500.00.

8.
Find the total annual cost of labor and record it in the total column. Tables XXX, XXX, and XXX (Reference tables XI, XII, and XIII from AAVIM book) give the estimated labor requirements for sprinkler and surface irrigation systems. Labor for subsurface systems was not available. Record the values needed from the tables and part A and follow the instructions given in part C. Assume $5.
00 per hour for labor. Total: $???

9.
Find Calculate the total annual operating cost by adding the . values in the Total column. Total annual operating cost: $6,152.72.

Determining the return on investment

(Insert “Part D” image from page 108 of AAVIM book).
Estimating the total annual cost of an irrigation system provides a figure with which to compare the value of the expected increase in production from using that system. For instructions on how to make the comparison, complete part D of the cost and return form. Use the procedures given for the example described below. 

1.
Determine the value of the expected increase in yield from irrigation per acre (ha) and record it in the total column. Record the expected yield increase and value from part A and follow the instructions in part D. Total: $150/a ($372.00/ha).

2.
Find the total annual cost per acre (ha) for irrigating and record it in the total column. Add the total annual depreciation cost from part B to the total annual operating cost from part C and divide by the number of acres (ha). Total: $95.41/a ($234.63/ha).

3.
Find the expected increase in profit per acre (ha) from irrigating with this system and record it in the total column. Subtract the total annual cost of irrigating from the value of the expected increase. Total expected increase in profit: $54.59/a ($137.37/ha).

(Insert images from pages 109-111 of AAVIM book).

e)
Water Management for effective system operation 

The basic concepts of irrigation water management (IWM) as outlined in Section 1 are essential in planning the design of an irrigation system.  An IWM operations plan must also be developed and used as a basis for effective and efficient system operation.
Irrigation water management (IWM) is the act of timing and regulating irrigation water application in a way that will satisfy the water requirement of the crop without wasting water, soil, and plant nutrients and degrading the soil resource. The result involves applying water:

• According to crop needs

• In amounts that can be held in the soil and be available to crops

• At rates consistent with the intake characteristics of the soil and the erosion hazard of the site

• So that water quality is maintained or improved

The primary objective of on-farm irrigation water management is to give irrigation decision makers an understanding of conservation irrigation principles by showing them how they can plan and evaluate their own irrigation practices, make good water management decisions, recognize the need to make minor adjustments in existing systems, and recognize the need to make major improvements in existing systems or to install new systems. The net results of proper irrigation water management typically:

• Prevent excessive use of water for irrigation purposes.

• Prevent excessive soil erosion

• Reduce labor

• Minimize pumping costs

• Maintain or improve quality of ground water and downstream surface water

• Increase crop biomass yield and product quality

• Improve profitability of the irrigated area

An IWM operations plan must provide the answers to the following three questions:

1. How much water to apply?

2. When to irrigate?

3. How much water is applied?
(1) How much water to apply?
The quantity of water to be applied is often determined by available water capacity of the soil, planned management allowable depletion, and estimated crop evapotranspiration. When rainfall provides a significant part of seasonal plant water requirements, irrigation can be used to supplement plant water needs during dry periods resulting from untimely rainfall events.

Water should be applied at a rate or quantity and in such a manner to have sufficient soil-water storage, be nonerosive, have minimal waste, and be nondegrading to public water quality. Irrigations are timed to replace the planned depleted soil moisture used by the crop. Effective rainfall during the growing season should be taken into consideration.
Field monitoring techniques can be used to establish when and how much to irrigate. The long existing rule of thumb for loamy soils has been that most crops should be irrigated before more than half of the available soil water in the crop root zone has been depleted. It has also been demonstrated that certain crops respond with higher yields and product quality by maintaining a higher available soil-water content, especially with clay soils. 
Monitoring soil moisture levels is essential for IWM.  A basic approach involves using a soil probe to obtain soil samples from  various depths and estimating soil moisture by “feel” to determine moisture levels throughout the root zone.  A number of instruments are available to provide readings of soil moisture.  Some instrumentation is designed to provide a continuous record of soil moisture throughout the growing season showing the effects of irrigation applications and rainfall events.
Estimations of crop water use are also key to effective IWM.  Daily consumptive use estimates are available in different areas of the country, especially throughout the western states.  Basic estimates can be derived from climatic data available from local weather stations.  Contact your local NRCS office, Cooperative Extension Service, and/or the Bureau of Reclamation to determine the availability of crop consumptive use data.  For high value crops, it might be beneficial to install a local weather station to provide data for computing consumptive use estimates.  Crop consumptive use data allows the irrigation decision maker to track crop water use and to make short-term water-use predictions for crops and thereby effectively schedule irrigation applications.  
The type of irrigation application system also influences the amount and timing of irrigation.  For example, a side-roll sprinkler system is normally designed and operated to replenish the maximum allowable soil moisture deficit, thus reducing the number of irrigations in a season.  However, a center-pivot sprinkler system may be managed to irrigate more frequently applying less water in irrigation.  The same principle is generally true when using microirrigation.
 (2) When to irrigate?

When to irrigate is dependent on the crop water use rate, sometimes referred to as irrigation frequency. This rate can be determined by calculation of consumptive-use rate for specific crop stage of growth, monitoring plant moisture stress levels, monitoring soil-water depletion, or a combination if these factors.  Irrigation water should be applied when the water level in the root zone is depleted to a pre-determined level.
Too frequently, crop condition is observed to determine when to irrigate. When plants show stress from lack of moisture, generally, crop yield and product quality have already been adversely affected. The over-stress appearance may also be from shallow roots resulting from over irrigation or from disease, insect damage, or lack of trace elements in the soil. Certain plants can be excessively stressed during parts of their growth stage and have little effect on yield. 
In moderate to high rainfall areas, managing the timing of irrigations to allow effective use of rainfall during the irrigation season is a common practice. The irrigation decision maker can attempt to predict rainfall events and amounts (which too often does not work), or manage the system so that depleted soil water is never fully replaced with each irrigation. Instead, between 0.5 and 1.0 inch of available water capacity in the soil profile can be left unfilled for storage of potential rainfall. Rainfall probability during a specific crop growing period and the level of risk to be taken must be carefully considered, and applied irrigation water should always be considered supplemental to rainfall events.

When water supply is limiting, deficit or partial year irrigation is often practiced. Partial irrigation works well with lower value field crops. It does not work well with high value crops where quality determines market price, especially the fresh vegetable and fruit market. Typically, water is applied at times of critical plant stress or until the water is no longer available for the season. Yields are generally reduced from their potential, but net benefit to the farmer may be highest, especially when using high cost water or a declining water source, such as pumping from a declining aquifer. An economic evaluation may be beneficial.

Water supply and delivery schedules are key considerations to proper irrigation water management. When water users pump from a well or an adjacent stream or maintain a diversion or storage reservoir, they control their own delivery. In some areas delivery is controlled by an irrigation district or company. Delivery by an irrigation district may be controlled by its own institutional constraints (management) or by canal supply and structure capacity limitations.  It is important to know the delivery schedule if water is supplied by an irrigation district.
A suggested schedule for repeated applications should be made that describes how the system operation can meet the seasonal water needs of the crop.  This schedule must be flexible to meet varying crop growth rate demands and changes or interruptions in water delivery.

 (3) How much water is applied?
Another key factor to proper irrigation water management is knowing how much water is applied to a field through an irrigation application system. Devices available to measure open channel or pipeline flows are described in Section 3-d. Many irrigators consider water measurement a regulation issue and an inconvenience. The importance of flow measurement for proper irrigation water management cannot be overstressed.
Knowing the flow rate and the duration of application provides the needed information to calculate the volume of water applied to a field.  The following equation can then be used to compute the actual gross depth applied to the field.



Dgross = (QxFxH)/(453xA)
where Dgross is the gross depth of water to be applied (in acre-inches per acre), Q is the rate of delivery in gallons per minute (gpm), F is the number of days over which the depth of water will be applied, H is the hours of operation per day, and A is the number of acres to be irrigated.  
The net depth of application is affected by the irrigation system efficiency and is calculated using the following equation:

Dnet = Dgross x Application Efficiency/100
The irrigator can then compare the measured net depth applied to the desired depth of application as determined by soil moisture level and crop consumptive use information.  An effective way to track irrigation scheduling to use the check book method.  An example of the checkbook method is shown in Figure xxxx.

More details on irrigation water management and irrigation system evaluation procedures are presented in Chapter 9 of NRCS National Engineering Handbook, Part 652, Irrigation Guide.
	Checkbook Method for Irrigation Scheduling and Documentation 
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5)
References

a)
Irrigation Guide

(New images, particularly examples of irrigation guides, would be helpful for this section.)
The Natural Resources Conservation Service (NRCS) has published National Engineering Handbook Part 652, Irrigation Guide, and a number of states have provided supplements to the guide. The Irrigation Guide provides basic recommendations for conservation irrigation methods. These recommendations address specific combinations of soils, slopes, crops, water supply, and climate. State supplements to the guides provide groupings for major soils and adapted crops and appropriate design criteria, as well as guidelines for conservation irrigation water management. (Insert figure 3-77 from Chapter 3.)
Features of irrigation guides are defined below.  

–
Area covered. Irrigation guides are prepared on a problem area or resource area basis, as small as an individual conservation district and as large as an entire state. The primary determinant is similarity in design criteria based on soils, topography, and climate. Local conditions are covered, thus informing a planner of all irrigation practices recommended for the area.

–
Content. Information in an irrigation guide is given under three main headings: soils, crops, and irrigation specifications. Note that irrigation guides do not include all technical standards for a complete conservation irrigation program; rather, they provide necessary design information pertaining to soils in a given field or area, the crops irrigated, and the water application requirements. Neither do they include technical standards for land leveling, ditch construction, canal lining, irrigation structures, or other hydraulic design features.  

Soils with similar physical characteristics are grouped together, taking into consideration depth, texture, permeability, water-holding capacity, and intake characteristics. Symbols used are the same as those on area soil survey maps. Effective soil depth is tabulated according to successive layers or horizons beneath the surface. Average depths are tabulated for all soils in a group. Available water holding capacity is shown for each depth or horizon.

Crops that are usually considered to be suited to each local soil group are listed, as well as average soil depth from which each crop extracts moisture. Also listed are recommended moisture amount to be replaced in a normal irrigation; design consumptive-use rate; and irrigation frequency during the period of maximum consumptive use (e.g., the recommended maximum number of days between irrigations, during periods of maximum water use without rainfall).  

Irrigation specifications include those suited to each soil group and the crops to be grown, as well as the intake-family design intake rate for furrows and corrugations, and the design application rate for sprinklers. Stream sizes for the adapted surface methods are given for the design slope groups and the maximum length of run, estimated field efficiency, gross irrigation application, and estimated number of hours required for application.    









b)
Water Measurement
The United States Department of Interior, Bureau of Reclamation has a valuable Water Measurement Manual. This manual is available electronically through a search for Water Measurement Manuals of available for sale by the Superintendent of Documents, U.S. Government Printing Office, Washington, D.C.  The manual presents information on:
· Basic Concepts Related to Flowing Water and Measurement 

· Selection of Water Measuring Devices 

· Measurement Accuracy 

· Inspection of Water Measurement Systems 

· Acoustic Flow Measurement 

· Discharge Measurement Using Tracers

c
Natural Resources Conservation Service, National Engineer Handbook (NEH), Section 15 (Part 623) Irrigation Chapters
NRCS has various handbooks that provide additional detail and in-depth material pertaining to the design, operation and maintenance of irrigation systems.  Electronic versions of these manuals are available or they may be purchased from   . Current chapters and their specific subject area are:

· Sec. 15, Chapter 1 - Soil-Plant-Water Relationships 

· Part 623, Chapter 2 - Irrigation Water Requirements 

· Part 623, Chapter 4 – Surface Irrigation
· Sec. 15, Chapter 6 - Contour-Levee Irrigation 

· Part 623, Chapter 7 - Trickle Irrigation 

· Part 623, Chapter 8 - Agriculture Pumping Plants 

· Sec. 15, Chapter 11 - Sprinkle Irrigation 

· Sec. 15, Chapter 12 - Land Leveling












�Way too strong stated this way


�How ‘bout “marketable” or “useable” yield.  But for sure not just “optimizing yields.”   In some cases yield may not increase appreciably and yet the new system pays for itself with increased quality (better size, grade, uniformity, shape, etc) that is rewarded with a premium price brought.


�Used the acronym already


�Used the acronym already


�Soils?


�Acre-inches/day?  Step 1 identified rate of inches/day


�Can’t we refer to other chapters or practice standards or something.  Details of these steps could be criticized.


�This paragraph addresses crop response.  Other crop responses should be addressed. How ‘bout a section separate from the crop water use section?


�MUST include descriptions of these parameters PLUS management-allowed deficit (MAD).  Would be good to include a basic example of how they are used.  Also reference Irrigation Manual, Chapters 2,3.


�Isn’t a soil survey available in each office; simply refer to one.  Also, the paper Soil Survey is on the way to being a thing of the past isn’t it?


�Why?  If it’s infertile, what’s sprinkler enabling you to do that surface is not?


�This is a pretty strong statement.


�Hmmmmm?


�Include a “basic figure” of the hydrologic cycle.


�Reference the Bureau of Reclamation Water Measurement Manual


�I haven’t heard it referred to as pump capacity.  How ‘bout ‘required system capacity?”


�This is important, but does not have a heading of its own?


�?


�I don’t think of bentonite as a chemical sealant.


�At this point -- Suggest incorporating information on water reuse (Section 3e) and eliminating that section.





�Better clarification that the electric drives are either on – at a constant speed - or off (in the future, variable speed drives will likely be common, but not yet).  The average speed is controlled by controlling the percentage of time the drive is on.





Hydraulic drives are, however, “continuous move” machines – the equivalent of a variable speed electric drive.


�Some would disagree with this paragraph, at least the last two sentences.


�various reasons, including


�Tom is providing this information.


�Need a picture of a slip-form lining.


�NOTE – It would be good to include a picture of a cmp stand as these are typically used now with low-head plastic.


�Need to include obtain  good pictures and diagrams of an Air-Vac,Air Release, and CAV valves


�Need BETTER figures!


�Need better pix including one of a turbulent fountain.


�Include a pic or 2 of a fish screen.


�Switched “Distribution” and “Outlets” sections to maintain consistency of ditch before pipeline items


�The Water Lab in Phoenix should have pix appropriate for this section.


�Do we want to include URL’s in this document??  I’d suggest an appendix with them as they change on a very frequent basis.


�Need up-to-date pix


�Suggest moving this section to 3-a-1 dealing with surface irrigation systems as water reuse should only apply to those systems.


�The following material is to detailed for a basic planning manual and was deleted.


�This section will need some “re-editing” after it is cleaned up and updated figures inserted….


�Show equation in “equation form”


�Need to expand Table XIV to include a wider range of interest rates and years.  Might need to move to an Appendix.


�Need to update to unit costs of fuel to 2004 costs


�This value needs to be increased.


�The intent of this section should be an operations plan for a system – post design.


 This section has been deleted, and following is the suggested text – derived from Part 652, Chapt 9.  It will have to be reformatted for Ch3 style.





.  The intent of this section should be an operations plan for a system – post design. 


�Change the format of the equation as needed to be consistent.


�It might be good to include a partially completed table for the check-book method similar to the econ analysis info.
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