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A sample of 109 watersheds scattered through 
the US is analyzed for 

goodness of fit to the CN rainfall-runoff equation 
(with and without th., 

constraint of Ia=0.2S), and to the 1 inear equation Q=a+bP, The li nc .u 
equation fit best 85% of the time. 

For the CN equation, the best fit 1.; 

value was not 0.2s, but 0.0 in most cases. 
There was little apparen t 

regional clustering of equation preference. 
A categorization of rainf a 11 _ 

runoff relationships is suggested, 
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PROBLE~!S TO AVOID \HTP. DRIP/TRICKLF. IRRIGATION SYSTEMS ~ 

Dale A. Bucks and Francis s. Nakayama* 

ABSTRACT: Drip irrigation systems must be tailored to specific field 
and water conditions before specific problems can be minimized by 
proper design, installation, maintenance, and management. Problems to 
avoid are discussed, and twenty-eight suggestions are made for improv
ing drip systems. 

INTRODUCTION 

Drip/trickle irrigation is the slow, precise application of water 
through emitters placed on a lateral plastic line located near the 
plant. Potential advantages over other irrigation methods include 
increased beneficial use of available water, enhanced plant growth and 
yield, improved fertilizer applications, and improved cultural prac
tices. Potential disadvantages include continuous maintenance 
requirements, salt accumulation near plants, restricted plant root 
development, and high initial costs (6). 

Significant advances have been made in drip irrigation operation 
·within the past decade. Most of the earlier manufacturing problems 
have been corrected, and numerous equipment improvements have been 
developed so that drip irrigation has gained wide acceptance. In this 
paper, we will discuss the more important suggestions for the contin
ued improvement of drip irrigation systems in terms of three principle 
factors--design, maintenance, and management. 

DESIGN AND INSTALLATION 

The main goal when designing a drip system is to insure an accep
table uniformity of water and fertilizer application throughout the 
field. The designer of a drip system must consider the emitter type, 
drip emitters, hydraulics, topography, desired water distribution uni
formity, crop salt tolerance and water requirements, water quality, 
fertilizer injection, soil salinity, cultural practice, and other 
site-specific .variables. 

Hydraulically induced pressure variations along a drip line 
(main, submain, or lateral) a re caused by pipeline friction losses, 
fitting losses, and elevation changes. Emitter discharge rate, 
spacing, and number per plant will also affect the pipeline 
hydraulics; however, procedures and details are available for the 
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proper sizing of drip lines (1, 13, 15). Design charts for different 
field slopes, shapes, and pipe sizes by 1/u, et al. (21) are par
ticularly useful. One basic item that is often overlooked is that 
lateral lines should run on the flat, downhill, or along the contour. 
1/ater and fertilizer distribution uniformity is a function not only of 
hydraulic variation, but also of emitter performance. Variations in 
emitter flow rate at a given pressure can be caused by manufacturing 
differences, clogging, water temperature fluctuations, and aging or 
wear. Uniformity can be greatly reduced even when 5 percent of the 
emitters are completely clogged (17); and further, the variability 
caused by manufacturing and clogging could be larger than hydraulic 
variation (3). Emitter variation can also be greatly increased with 
the length of operation (6). BecauPe of these results, we recommend 
that lateral lines with inside diameters of 13.2 or 15.2 mm (0.52 or 
.60 in) not be designed longer than 150 m (500 ft) for tree and 
vineyard crops and 200 m (660 ft) for row crops, subject to further 
hydraulic limitations. Submain lines should then be limited to 200 m 
( 660 ft) or less and in some cases 100 m (330 ft) to maintain water 
distribution uniformity and still provide a convenient subunit size. 
Two-to-four hectare (5-to-10-acre) subunits are adequate for manage
ment purposes and should not interfere with farming practices. 

Drip design must also consider the peak water use of the crop so 
that the application rate per unit area or system capacity can meet 
such a demand. This is particularly essential whez:-e irrigation pro
vides the major or. only source of water to the crop. Methods for 
estimating peak evapotranspiration (ET) · or consumptive water use from 
meteorological data are available from various sources (8, 9, 10, 14). 
\/e then recommend that the system have the capacity to deliver the 
peak water use in 90 percent of the time available, or not more than 
about 22 hours of operation per day, to allow for possible shutdown 
pez:-iods caused by power failure or equipment brea kdown. 

Another important design consideration is wate r quality, for two 
reasons--suitability for crop production and requirements for system 
maintenance. Water quality for crop production is normally based on 
three criteria: (1) salinity, the general effects of dissolved salts 
or crop growth associated with osmotic stress, (2) sodicity, t he 
effect of an excessive proportion of sodium that causes a deteriora
tion of soil structure, and (3) toxicity, the effects of specific 
solutes that damage plant tissue or cause an imbalance in plant nutri
tion. Surface drip systems are preferred to subsurface drip s ystems 
where salinity is a hazard. The continuous upward movement from a 
subsurface system results in rapid salt accumulation near the soil 
surface as water is lost by evapotranspiration. Subsurface systems do 
not provide the means for removing the accumulated salt unless the 
soil can be leached by r ain fa ll or other irrigation me thods. 1/here 
sa Unity is not a real problem, subsurface drip irrigation off e rs 
.:! ;:cellent potential for consecutive or multipl e c .z:-oppi ng of small 
fruit and vegetable crops (7) . 

The type of practic e s ne eded to prevent clogging depends on bo t h 
water quality and drip emit te r , :.,.~Jgn. All dr i p irrigation syst ems 
require s ome type of water f i ::. tz:-a t i o n s ystem. A ten tative guide for 
the selection of a filtration unit based on flow range and suspended 
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in Table 1. As a general rule, filtration 
materials is presented with at least 20 percent extra capacity. 
units should be designed ased accordingly to provide some 
Pump sizes should also be ~ncre city for backwashing filters and 
reserve operating pressure an capa 
flushing drip lines. 

n appropriate type of filtra-
Tentattve guide for se1ect i ng aTable 1. tion system with drip irrigation systems. 

Type o .f Problem 

(1) 

Cartridge 
(2) 

Type of Filter 

Screen Centrifuga 
(3) (4) 

Media 
(5) 

Flow range 
3Low, <22.7 m /h 

}fed., 22,7-113.6 m3 /h 
High, )113.6 m3 /h 

~ 
NR£1 
NR 

R 
R 
R 

OK 
R 
R 

R 
R 
R 

Inorganics 
Large particles, 

>550 11 (30 mesh) 
Hed. particles, 

74-550 \l (30-200 

mesh) 
Sm.all particles, 

<74 \l (200 mesh) 
Low concentrations, 

(10 mg/ R. 
Med. concentrations, 

10-100 mg/ R. 
High concentrations, 

)100 mg/ R. 

oK!d 
OK 

OK 

OK 

NR 

NR 

pyjj 

R 

NR 

R 

RX 

RX 

OK 

R 

RX 

R 

R 

RX 

oK::I.!I 

R 

R 

R 

R 

RX 

Organics 
Low concentrations, 

G O mg/ R. 
High concentrations, 

)10 mg/ R. 

OK 

NR 

OK 

NR 

RX 

NR 

R 

OKX 

~ R=Suitable filtration units are a~ailable. 
bt NR=Not recommended in most situatLons. id 1 ~ il bl but may not be ea • 
C ' OK=Suitable filtration units are ava a e,~. it be used in series. 
d/ RX=Recommend that two types of filtration un s 
~/ OKX=Recommend that pre-screening be used. 

d f flushing mains, submains, and 
Designers should always pr;vi e b orthoroughly flushed immediately 

l a t e ral lines. All lines ~ee a:; s:bmains should be flushed before 
a f ter installation, and maLns ible emitters should be placed 
laterals are connected~ W~enev:rt:o::rfac: and subsurface systems to 
on the top of the t ub4ng or o t rin the emitters. Backflow 
prevent suspended mat e~~alsl fr~m :~s;all!d to prevent contamination 
prevention devices Fshoudripa ssy~te:s located on undulating terrain, air 
o.f water sources. or 
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.111<1/or vacullln reltcf 1 1
(pumps, filters, va ves s Jould be lnstAllc<l .1t the control St"ltio 

time clocks, etc.) as well as at the h' h ·. • n1g est po1nts. 

A chemical injector and water meter should also be int 
~ffdrip design. Two chemical injection points should be pr:e;~1dparts 

e ore and one after the main filter. Th e --one 
the chemical solution to by-pass the is optional feature nllow g

t filter when filtering is not
r<'qu r CJd and help s to prevent con·osion of valves fil 
sand media filters. In all cases th • ter screens, 11nd 
equipped with a small in-line hose fil't e injection line should be 

er or screen. Injectionh ld 1s ou be positioned so that ade uate mixin . po nts 
ers occurs before flow divides i~ several d~r~!t~~~s i(i:)tedT~erttliz
tance of having a water measurement device on every dr.' e impor
often been overlooked A t 1P system has• w,q er meter is needed t h k
designs, to monitor maintenance problems d .t o c ec initial 
irrigations (6), ' an ° manage or schedul e 

A listing of , key design and installation suggestions follows: 

1. Lateral lines should run on the flat downhill 
contour. • • or a1ong the 

2. Lateral lines of 13-to-15-mm (0.5-to-0 6-in) di 
be less than 150 (SOO f ) • ameter shoul d 
less than 200 m (6~0 ft) f t for tree and vineyard crops and 

or row crops.3. Submain length should not be more than 200 m (660 ft) d i 
some cases. 100 m (330 ft), an n 

4. System capacity must meet peak
requirements. crop evapotranspiration 

6. 
5. Filtr~tion units must meet flow capacity and water 

Flushl.ng valves should be installed at the quality , 
submains, and lateral lines. ends of mains, 

7. Emitters should face uptvard along lateral
possible. lines whenever 

8. A backflow prevention device h ld 
pump or well. s ou be installed after the 

9. ~~;m~r {a~uujm relief valves should be installed where needed.10. 
c~ n ection points should be provided before and afrcr

the ma1.n filter. 
11. A water meter should be included in the design. 

MAINTENANCE 

The primary goal of i • 
clogging to assure an eco~o:~c:'ie;ai~~e fschedule. is to control emitter 
ance schedule varies with t or a dnp system. A mainten
(1) physical--the suspe~de~a ~~o~u:~~~y, (depending on three factors : 
orga ni c ma terials and l a sti g sand, silt, and cl ay) and 
tion of cale ' um or p i c particl es; (2) chemical--the precipita

4 magnes urn carbonate 1 i 1hyd r oxides, and some fertilizers· a d • (3c)a c um s~ t ate, heavy met a l 
and algal filaments slime ' n biologl.c a l--the bacterial 
tative water classificatio:'sya~d mit"ro~ial-chemical deposits. A ten
physical , chemical and biol~giem ls fs own in Table 2 where the major

• ca actors are rated i t fmi nor, moderate or severe m i t n erms o' a n enance requirements. 

DRII'ffRICKLE IRRIGATION 

T•ble 2. Simplified classification ~ystem for indicating maintenance 
requirements with drip irrigation systems (4). 

Type of problem Minor Moderate Severe 
(l) (2) (3) (4) 

Physical 
Sun pend eel soU.ds, mg/ t so 50-100 >100 

Chemical 
pH 7.0 7.0-8.0 >8.0 
Dissolved solids, mg/ t 500 500-2,000 >2,000 
Manganese, mg/ R. 0.1 0.1-1.5 >LS 
Total iron, mg/ R. 0.2 0.2-1.5 >LS 
Hydrogen sulfide, mg/ R. 0.2 0.2-2.0 >2.0 

Biological 
Bacterial populations, 10,000 10,000-50,000 >50,000 

counts/mt 

Preventive maintenance includes water filtration, field inspec
tion, pipeline flushing, and chemical water treatment. Filters should 
be cleaned or backwashed, either automatically or manually, at least 
weekly. Where filters require more than daily attention, an automatic 
backflushing system should be added. Large variations in water qual
ity can occur, and if a filtration unit requires cleaning every hour 
or two, we recommend discontinuing operations until water quality 
improves. 

Systematic field inspection of emitters, pipelines, and accessory 
equipment is required to detect malfunctions before they become major 
failures. Chemical injectors, time clocks, pressure regulators, water 
meters, and main pump should be checked at least weekly. \vater meters 
are useful for indicating pressure regulation problems, pipeline 
leaks, or clogged emitters. By dividing the accumulated flow by the 
operation time, the operator can determine the system flow rate. 1Vhen 
this rate changes more tha n 10 percent, the system should be thorough
ly inspected (5). Even when no field problems are indicated, a 
monthly field inspection should be made to check the emitters and drip 
lines. 

Pipel i ne flushing, either automatically or manually, can be help
ful where irrigation water is high in silt, clay, or biological resi
dues (16, 19). Drip lateral lines should be flu shed at least once 
every six months for tree crops and at the beginning, middle, and end 
of each season for row crops (5). A minimum flow velocity of O. 3 
m/sec (1 ft/sec) is needed for flushing lateral lines (19). 

Chemical wa ter treatment i s used when the chemica l or biologica l 
ha~ards a r e mod era te or severe (Table 2). Sulfuric and hydrochloric 
acid are commonly used to reduce chemic a l precipitat i on. \Hth con
tinuous acid treatment, carbona te precipitation can be prevented; and 
further, i f precipitation has already started, carbonate s can be dis
solved, a s suming that the acid-treated wa ter can make contact with the 
precipitated material. The amount of acid addition ne eded to lowe r 
the pH is based on the acid titration of the wa ter. For wat e r s having 
a pH above 7.5, we generally recommend a final pH of 6 to 6.5. 
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Chlorination is often used to control biological problems in drip 
systems. The application principles of chlorination for drip irriga
tion is similar to that used in municipal, swimming pool, cooling 
tower, and wastewater treatment. The three basic chlorine sources are 
sodium hypochlorite (a liquid), calcium hypochlorite (a solid or 
powder), and chlorine gas. Since both sodium and calcium hypochlorite 
have an alkaline reaction with water, an acid may need to be added if 
the water is already alkaline. Chlorine gas, on the other hand, pro
duces an acid reaction with water so that acid additions may not be 
necessary; but the extent of pH lowering will depend upon the amount 
of chlorine gas added and the buffering capacity of the ~ater. Test 
kits are available to specifically measure "free residual chlorine" 
which is the primary bactericidal agent. Host pathogenic bacteria and 
viruses are inactivated at a free residual chlorine concentration of 
about 1 mg/& with contact time of 10 to 30 minutes. 

Acids and chlorine compounds should be stored separately, pref
e:ably in plastic ~r fiberglass storage tanks. All chemicals, and 
d1luted solutions as well, should be stored in a secure place. In 
preparing dilutions, concentrated stock of acid or other chemicals 
should be added to the water and not vice-versa. A convenient water 
source should be provided near the chemical tank and injector for 
washing off any chemicals that may contact the skin. Protective 
goggles, face shields, and clothing should also be worn -when making 
chemical dilutions. Where gas chlorinators are used, safety devices 
should be installed and routinely inspected for proper operation. 

A summary of maintenance requirements follows: 

1. Filters should be cleaned or backwashed at least two or three 
times per week and inspected at least weekly. 

2. Automatic f lushing devices should be used where the water is 
high in silt and clay. 

3. Chemical injectors, time clocks, pressure regulators, water 
meters, and main pump should be checked at least weekly.

4. Field inspections for malfunctioning emitters and pipeline 
leaks will be required at least monthly (sometimes weekly). 

s. Flush lateral lines by hand every six months for tree crops, 
or at least three times per season for row crops. 

6. Chemical water treatment is needed when the chemical or bio
logical hazards are moderate or severe. 

7. Inject only approved or tested chemicals. 
system. 

8. Follow safety requirements tor injecting chemicals. 

MANAGEMENT 

The purpose of a total management scheme is to insure optimum 
c.rop response. Water meters for checking application and system 
operation should be read at least two or three times a week. Drip 
systems can be readily automated to save labor by using single and 
multi-station timers or controllers plu s relat.ec! solenoid valves to 
turn the water on or off. Future drip syst ems wil l involve micropro
cesso rs that can monitor not Of\ly soil moisture, bu.t also hydraul i c 
pressure, flow rate, chemical injection rate, water quality, and 
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climatic conditions. Records of water application amounts and times 
should be kept to insure maximum efficiency from the system. 

A decrease in the irrigation water requirement or increase in .,crop yield from drip compared with another method will come from an 
improvement in the on-farm irrigation efficiency. On-farm efficiency 

t 

refers to the ratio of the irrigation water requirement to the total 
quantity of water delivered to the field (expressed as a percentage). 
On-farm efficiency for drip irrigation can theoretically approach 
90-95 percent. The irrigation water requirement is the net amount of 
water that can be supplied by irrigation to satisfy crop ET, leaching 
of salts, and miscellaneous water requirements that are not provided 
by water storage in the soil or by precipitation that enters the soil 
(14). Some of the miscellaneous water requirements include essential 
watering for germination and emergence, frost protection, wind erosion 
protection, plant cooling, and maintenance of harvest quality. Since 
a drip system lends itself to the application of small quantities of 
water, minimal water applications can be made to provide for these 
miscellaneous water requirements. In our opinion, however, many 
growers have under-applied water so that adequate soil water storage 
is not available prior to the peak ET rate. Once water applications 
fall behind plant use, a drip system may not have the capacity to re
plenish the soil moisture deficit. Therefore, a grower should check 
the soil water penetration and storage regularly, particularly during 
the mid-season crop development stages. 

Irrigation scheduling involves two decisions: (1) how much to 
apply, and (2) how often to apply. He have conducted investigations 
on six crops to help answer these questions. Where both irrigation 
amount and frequency were varied, the highest production with drip 
irrigation occurred at seasonal water applications nearly equal to or 
slightly greater than measured ET under furrow irrigation (6). He 
have also found that water applications do not have to be made daily 
over the entire growing season nor for every cropping situation (6). 
Possible reasons for applying drip irrigations on other than a daily 
schedule include the need for sufficient water penetration with a 
deep-rooted crop, improving aeration in the effective crop root zone 
on a fine- textured soil, and moving salts further away from the plant. 
Although the optimum irrigation frequency will depend on the type of 
crop, soil, and water quality, a manager has the flexibility of being 
able to apply daily drip irrigations during the hotter months and to 
decrease to a weekly schedule. On the other hand, freque n t trickle 
irrigations can be particularly beneficial during germination for most 
water qualities and during the peak development of the crop for high 
salinity waters (2, 12, 20). 

Fertilizers and other wa ter amendments (herb i cides, ins ectici~es , 
fungicides, etc.) a pplied through drip systems ca n also i mprove 
efficiency, save labor, and increase flexibility in scheduling of applic a
tions to fit crop needs. Crop response to fertilizer applications by 
the drip method has been excellent, but limited informa tion is avail
able on the drip application of herbicides, insectic i de s , or f ungi
cides. Some erowers ha ve overlooked the f a ct that f e rtilizer 
applica tions ma y need to be frequ ent, either weekly or bi-we ekly, to 
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insure that adequate nutrients are in the plant root zone during a11 
stages of plant growth. 

Methods for improving cultural practices to match the drip irri
gation concept have not been fully explored. More hedge plantings for 
tree crops, higher or variable plant populations for row crops, and 
increased use of natural or synthetic mulches with drip systems on 
conventional crops are examples of possible practices to be tested. 
In some cases, equipment has been developed for mechanized installa
tion and retrieval of drip systems; minimum tillage is being tried 
with drip systems; and continuous cultural operations such as 
spraying, weeding, thinning, and harvesting are possible without 
interrupting the drip irrigation cycle. 

A listing of the key management suggestions follows: 

1. Hater measurement is an important tool in irrigation schedu
ling. 

2. Automation : can save labor in the application of water and 
fertilizer. 

3. Soil water penetration and storage should be checked regu
larly. 

4. Use as many field measurements as possible to assist in irri
gation scheduling. 

5. Irrigation water applications should closely match the crop 
evapotranspiTation rate. 

6. Irrigation frequency c~n be flexible for many soil, water, 
crop conditions. 

7. More frequent irrigations can be helpful with salinity man
agement. 

8. Fertilizer applications will need to be weekly or biweekly 
during the early stages of plant growth. 

9. Cultural practices will need to be modified where drip sys
tems a ::-e used. 

SUMMARY 

Drip/trickle irrigation use on various crops continues to expand; 
however, before success can be assured, potential problems must be 
recognized and reduced by proper design, installation, maintenance, 
and management. Design and i nstallation can be improved Qy shortening 
lengths of lateral lines, by providing system capacity to meet peak 
evapotranspiration rates, and by selecting the correct filtrati on 
unit • Preventive maintenance can be enhanced by following guidelines 
for water filtration, pipeline flushing, field inspection, and chemi
cal water treatment. !-lanagement can be simplified by taking water 
application measurements, by monitoring soil, plant, and atmospheric 
conditions, and by matching cultural practices to t he drip irrigation 
operation. 
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Augmentation of Groundwater Resources 
by Effluents Injection into saline Aquifers 

1
Hillel Rubin, M. ASCE and Arieh Pistiner

ABSTRACT: This study concerns the development of simulation methods 
for effluents injection into saline aquifers. A simplified model of 
the aquifer is considered being consistirtg of saline layer on top.of
which a layer saturated with fresh water is located. The latte~ 1s sub
ject to growth due to the effluents injection. Between the sal1ne and 
fresh water zones a transition zone, similar to a boundary layer, de
velops. In this study finite difference iterati~e schemes are developed 
and used for the simulation of various alternat1ves for the management 
of groundwater system. The me~h~ds o! si~ula~ion suggested in.this study 
predict variations in the sal1n1ty d1str1but1on as .well ~s b~1ld-up of 
pressures in the aquifer. They are subject to str1ct cr1ter1a of accu
racy and convergence created by the basic laws of conservation. These 
methods are found to be very stable, with very good convergence and con
sume small quantities of computer time and memory. 

INTRODUCTION 
Various publications (e.g. Refs.2,3 and 4) consider the possib~

lities of treated effluents injection into saline aquifers. ln certa1n 
cases the injected effluents can be considered as.possi~le ~roundwater 
resources being useful in the future. Effl~ents 1nJec~1on 1~ a1so con
sidered for the reclamation of aquifers subJect to sal1n1zat1on pro
cesses due to intensive utilization. The objective of this study is to 
develop simplified numerical models by which ~1~ ph~sical pheno~ena
taking place in the aquifer due to ef!luents .1~Ject1on ca~ b~ s1mulated. 
For the simulation we refer to an aqu1fer or1g1nally cons1st1ng of two 
layers, of which the deeper one is saturated with saline water, the 
other one is saturated with fresh water. The latter expands due to the 
effluents injection. Between the saline and fresh water zones a trans
ition zone similar to a boundary layer develops (Refs. 7,8 ) • 

BASIC EQUATIONS AND STATEMENT OF THE PROBLEM 
The basic equations being used for the simulation of the strati

f i ed flow created in the aquifer are the equations of continuity, mo
tion, solute transport, and the equation of state represented respe
ctively as follows : 

(1 ) 

+ l1->- (2)~p - pg + f q = o 
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