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Abstract

Irrigated agriculture is the largest user of water in South Africa. Due to the limited amount of water resources, the efficient and
equitable use of water is of paramount importance. This can only be achieved through effective design, maintenance and
management of irrigation systems. The uniformity with which anirrigation system applieswater has an affect on the efficiency of
the system. The uniformity of an irrigation system needs to be high to ensure that the majority of the crop receives an adequate
amount of water. Thisis needed for fields to produce high yields and to have minimal nutrient loss due to deep percolation. The
uniformity of application also playsan important rolein determining water all ocations and the gross amount of irrigation water to
apply. The concept of uniformity and calculation thereof are presented in this paper.

Results of research of the application uniformity of different irrigation systems in the sugar industry in five sugar-growing
regionsin South Africawill be discussed in this paper. From this study the average low-quarter distribution uniformity (DU,q) of
centrepivot, dragline, micro-irrigation, floppy and semi-permanent sprinkler systemswas81.4%, 60.9%, 72.7%, 67.4%, and 56.9%
respectively. The percentage of systemsthat had an excellent field condition DUIq was 100% for centre pivot, 15.4% for dragline,
30% for micro-irrigation, 0% for floppy, and 14.3% for semi-permanent sprinkler systems. Only three floppy irrigation systems
were eval uated during thisstudy, therefore theresult for the percentage of systemswith an excellent DUIq may not berepresentative
of thesesystemsin general. I rrigation systemsthat werewell maintained and correctly operated generally had ahigh and acceptable
DUIq. The average application efficiencies (AE) were 83.6% for centre pivot, 73.5% for dragline, 76.7% for floppy, and 78.9% for

semi-permanent sprinkler systems.

Introduction

Irrigated agricultureisthelargest user of water resourcesin South
Africa, using 53% of the total annual amount used (WRC, 1999).
The National Water Act (1998) requires the economical and
sustainabl e use of water. Thus, water resources have to be utilised
in such a manner as to protect and conserve the available water
reserves. In irrigated agriculture this will have to be obtained
through theeffectivemanagement of water consumption. Therefore,
irrigation systemswill haveto apply water inthemost efficient way
possible to prevent unnecessary |osses and water wastage.

Inorder toachievethis, theuniformity withwhichtheirrigation
systemapplieswater will havetobehigh. Thedistributionuniformity
of asystem hasan effect on the system’ sapplication efficiency and
onthecropyield (Letey et al., 1984; Solomon, 1984; Letey, 1985;
Solomon, 1990). | rrigation systemswith poor distributionuniformity
experience reduced yieldsdueto water stressand/or water logging
(Solomon, 1983; cited by Clemmens and Solomon, 1997). Poor
distribution uniformity also has increased financial and
environmental costs. Nutrientscan beleached out of the soil dueto
excesswater being applied to overcomepoor irrigation uniformity.
Thiswill increasefertiliser costsand pumping costs, and may have
environmental impacts if the excess runoff and deep percolation
are contaminated with nutrients (Solomon, 1990).

The distribution uniformity of an irrigation system depends
both on the system characteristics and on manageria decisions
(Pereira, 1999). The distribution uniformity of different types of
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irrigationwill beinfluenced by different factorsthat arecharacteristic
of the particular system. Surfaceirrigation isinfluenced primarily
by soil intake characteristics. Overhead irrigation isinfluenced by
the condition of sprinkler packages and the pressure variation
withinthesystem. Itisal soinfluenced by thestrength and direction
of thewind (Burtetal., 1997). Thesefactorsof anirrigation system
need to be correctly managed to ensure that the distribution
uniformity isat anacceptablelevel. Thiswill ensuretheoptimal use
of water resources.

Toensurethat thefarmer receivesan adequatewater allocation
for hisirrigation system, the distribution uniformity needs to be
includedinthegrossirrigationwater requirement calculation. This
factor can be used in conjunctionwith thefactor representing spray
and conveyance losses to estimate the gross irrigation water
requirement from crop water requirement (Burt et al., 1997). The
distribution uniformity that isincluded inthesedesign cal cul ations
needsto bedetermined. Anacceptablelower limittothedistribution
uniformity must be one that is reasonable and obtainable (Pitts et
al., 1996). Farmersthat follow best management practices should
be able to reach these levels. This will ensure an adequate water
alocation and the prudent use of water.

The Agricultural Research Council - Institute for Agricultural
Engineering (ARC-ILI) conducted astudy, on behalf of the South
African Sugar Association (SASA), to quantify the distribution
uniformity and application efficiency of irrigation systemsusedin
thesugar industry. Intotal 38 systemswereevaluated, includingthe
following systemtypes; dragline, semi-permanent sprinklers, centre
pivot, drip, micro-spray, and floppy sprinklers. The study was
conducted in five major sugar irrigation areas in KwaZulu-Natal
and M pumalangaprovinces. Theresultsof thisstudy andadiscussion
on theimportance of irrigation uniformity will be thefocus of this

paper.
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Uniformity coefficients

There are several coefficients of uniformity that are used to
describe the uniformity of irrigation systems.

Coefficient of uniformity

One of the first criteria defined to express uniformity was the
coefficient of uniformity (CU) as defined by Christiansen (1942).
Christiansen’s CU isthe most widely used and accepted criterium
used to define uniformity (Zoldoske et al., 1994). This coefficient
isderivedfrom catch-can dataassumingthat thecatch-cansrepresent
the same area. It is a measure of the absolute difference from the
mean divided by the mean. The CU can be expressed by (ASAE,
1993a):

Z‘Ds - 6‘

CU = 1 1-T (1)

where:
D, isthe catch-can depth of application,

D is the mean catch-can depth, and
n isthe number of catch cans.

Heermann and Hein (1968) modified this expression for use with
centre pivot catch-can data. Equation 1 was modified to include a
term representing the distance from the centre to the catch-can, S..
The modified Heermann-Hein CU, , equationisgiven by (ASAE,
1993a):
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Therearethreefeaturesof CU,and CU, ,, that should beconsidered
when interpreting the uniformity values obtained (Zoldoske et al.,
1994):

» Firstly, the absolute difference between the measured and
mean depth of application resultsin over- and under-irrigation
isbeingtreated equally. Thusthedeviationsarerepresented by
magnitude only and not by whether they represent a deficit or
excess of irrigation water, one of which may be more critical
than the other for the crop.

» Secondly, the penalty assigned to each deviation is linearly
proportional to the magnitude of the deviation.

e Thirdly, CU is an average measure and as such compares the
average absol ute deviation to the mean application. Thus CU
indicates on average how uniform the application depths are
and doesnot giveanindication of how bad aparticular areamay
be, or how large the area may be.

Distribution uniformity

Distribution uniformity (DU) is usually defined as aratio of the
smallest accumulated depths in the distribution to the average
depths of the whole distribution. The largest depths could also be
used to express DU, but sincethelow valuesinirrigation are more
critical, thesmallest valuesareused (Burt et al., 1997). Theaverage
of the smallest depths in the field over the portion of the field, in
which they occur, isgiven the notationd, .. Thistermisusedin
the numerator of the DU calculation. The values of DU will thus
depend on the choice of the fraction of thetotal areafor which the

236 ISSN 0378-4738 = Water SA Vol. 28 No. 2 April 2002

smallest values will be taken. This area does not have to be
contiguous. A commonly used fractionisthelower quarter, which
has been used by the United States Department of Agriculture
(USDA) since the 1940s. This definition has proven useful in
irrigated agriculture (ASCE, 1978) and | eadsto thedefinition of the
average low-quarter depth, d|q- Thus, the average accumulated
depth in the quarter of the field receiving the smallest depthsis
given by (Burt et al., 1997):

volume accumulated in 25% of total area of all elements with smallest depths
total area of 25% of the total area of elements
©)

From this the low-quarter distribution uniformity, DUIq, can be
defined as:

dg =

pu, -
lg — d (4)

avg

_ average low quarter depth
average depth of water accumulatedin all elements

©)

DU

where:
dwg isthetotal volumeaccumulatedinall elements[m?] divided
by the total area of all the elements[m?.

Theareaof an element depends on the crop being irrigated. Inrow
crops, such aswheat, the elemental areawill bethe entirefield as
thereisacrop at every pointinthefield. In orchards, the elemental
areawill be the rooting area of each tree. These definitions allow
the elementsto be of different sizes by using areaweighting (Burt
etal., 1997).

Statistical uniformity

The uniformity of an irrigation system can be expressed using the
coefficient of variation (CV). Thestatistical uniformity (SU) canbe
expressed by (ASAE, 1993b):

SU =100 (1-CV) (6)

The SU is usually used to represent the uniformity of micro-
irrigation systems, such as drip and micro-spray systems. The CU
and DU, can aso be expressed in terms of CV if a normal
distribution is assumed for the distribution of water. These arethe
statistically derived estimates for the uniformity. The statistical
estimates for the coefficient of uniformity (SCU) and the low-
quarter distribution uniformity (SDU,) are given by (Burt et al.,
1997):

SCU =100 (1-0.798 CV)% @
SDU, =1-127CV (®)

In Eq. (7) and Eq. (8) the CV isaratio and not a percentage.
Emission uniformity
The emission uniformity is used to characterise the uniformity of

micro-irrigation systemsandisgivenby Karmeli and K eller (1974;
cited by Clemmens and Solomon, 1997) as:

EU = [1 - 127CVM) Qo x 100%
= 21 Qs 0 9)
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where:
CV,,isthemanufacturers’ coefficient of variationfor emitters,
n isthe number of emitters per plant,
Qq isthe average low-quarter emitter discharge [I/h], and
Q,, istheoverall average of emitter discharges|I/h] assuming
the same pressure-discharge relationship for al emitters.

In Eq. (9) thefirst term on the right-hand side accountsfor emitter
variation and the second accounts for system pressure variation.

Importance of irrigation uniformity

The uniformity of each type of irrigation system is influenced by
different factors. The factorsthat affect the uniformity of surface,
sprinkler and micro-irrigation systemsaregiven by (Pereira, 1999):

« Surfaceirrigation: DU =f (qgin, L, n, So, Ic, Fa, tco)
where:
gin isthe inflow rate,
L isthelength of the furrow or basin,
n isthe roughness coefficient of the furrow,
So isthe longitudinal slope of field,
Icisthe intake characteristics of the soil,
Faisthe cross sectional shape of furrow or basin, and
tco is the cut-off time.

e Sprinkler irrigation: DU =f (P, DP, S, dn, WDP, WS)
where:
P isthe pressure at the sprinkler,
DPisthevariation in pressure in the operating set,
Sisthe sprinkler spacing,
dn isthe nozzle diameter influencing discharge and wetted
diameter,
WDP is the water distribution pattern, and
WSisthe wind speed and direction.

e Micro-irrigation irrigation: DU =f (P, DP, X, Ec, Cv, FI)
where:
P isthe pressure at the emitter,
DPisthe variation in pressure along the system,
x isthe characteristic discharge exponent of the emitter,
Ecistheemitter characteristicsrelatedtovariationindischarge,
Cv isthe manufacturing variation in emitter discharge, and
Fl isthe filtering capabilities of the system.

Therefore, itisimportant that these factorsare considered when an
irrigation system is designed and managed in order to ensure an
application of water thatisasuniformaspossible. Regul ar evaluation
of irrigations should take place so that the
systems are correctly maintained and are

irrigation water requirements using the following principles.
Potential application efficiency (PAE) isbased on the concept that
the irrigation event could be terminated when the target depth
would just be met by the average of the lowest values in the
irrigation infiltration distribution. In this way deep percolation
losseswould be kept to aminimum, due only to the non-uniformity
of application, and theapplication efficiency woul d beat amaximum
with minimal under-irrigation (Burt et al., 1997).

Aswith DU, PAE cannot be quantified until the lowest values
inthedistribution have been characterised over aspecified fraction
of thefield area. Hereagainthenormisto usethelower quarter and
hence the definition for PAE,_ follows (Burt et al., 1997):

average depth of irrigation water contributing to target
average depth of irrigation water applied such that dy, = target

PA x100%

Eig =

(10)
Thus, PAE can be used to estimate the gross amount of water to
apply. Thedenoml natorsof DU, Iq and PAE, differ by theamount of
surfacelosses, such asrunoff and e\/aporatl on, and therefore PA E,
can be accurately estimated from (Burt et al., 1997):

PAE|; = DU x (100 - % surface losses) (11

where surface losses include evaporation during an irrigation
event, spray drift and surface runoff.

From the above, the gross amount of irrigation water required
for an irrigation event can be estimated as (Burt et al., 1997):

Gross average depth toapply = Target depth x PlAOO

Eiq
(12)

Equation (12) canbeusedto cal culatethegrossamount of irrigation
water required for the scenario where there is minimal under-
irrigation. For scenarioswhere more of thefield receiveslessthan
the required amount, the gross amount of water to apply can be
calculated using a theoretical water distribution; e.g. a normal
distribution for sprinkler irrigation (De Juan et al., 1996).

To apply the above method of cal culating the gross amount of
irrigation water to apply, an acceptable estimate of DU, isneeded.
An acceptable and reasonable lower limit for DU,  is one that is
attainable and economically viable. Pittset a. (1996) conducted a
study of the distribution uniformity of 385 irrigation systems and
developed some acceptable standards for DU, based on best
management practices. Thesestandardsaswel| asasummary of the
resultsfrom thisstudy aregivenin Table 1. Many of the eval uated
systems had a DU, that was below the standard DU, Those
irrigatorsthat applied best management practi ceswereableto meet
or exceed the standard DU, (Pitts et al., 1996).

performing according to design (Pereira,
1999).

The design and management of an
irrigation system are not the only factors
that influence uniformity. Perrens (1984)

Summary of DU, evaluations and standards for DU,

TABLE 1

(after Pitts et al., 1996)

and Li (1998) found that the uniformity of Irrigation type Number of Average DU, Standard DU,
soil moisture from a non-uniform appli- evaluations [%] [%]
cation of irrigation water at the soil surface
improves over time. This is due to |ateral Agricultural sprinkler 159 65 75
flow within the soil matrix and a redistri- Micro-irrigation 174 70 85
bution of soil moisture. Furrow 15 70 65

The uniformity of application can be Turf 37 49 75
incorporated into the calculation of gross
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Drip- and micro-spray sampling pattern

Methodology

The evaluation method for determining the
distribution of water under the various irrigation
systemswashased onthefollowing American Society
of Agricultural Engineers (ASAE) Standards:

¢ Centre pivot — ASAE $436 (ASAE, 1993a),

e Micro-irrigationsystems—ASAEEP458 (ASAE,
1993b),

¢ Overhead sprinklers — ASAE S398.1 (ASAE,
1993c).

Toevaluatetheapplicationefficiency of theirrigation
systems, excluding drip- and micro-irrigation
systems, the following definition of application
efficiency (AE) was used:

average depth on soil surface
average depth of water leaving the emitter
(13

For centre pivots, the average depth leaving the
emitter was assumed to be the depth setting as stated
on the centre pivot control computer. For the other
irrigation systems a volumetric flow measurement
taken against time and the sprinkler areawasused to
calculate an average depth.

The number of catch-cans placed in the test block
depended on the system being tested and the spacing
of the emitters. For dragline and semi-permanent
systems 36 catch cans were placed between four
sprinkler positions. A spacing of 3 m was used
between catch cans. This configuration can be seen
inFig. 1. The sampling used for floppy sprinklersis
shown in Fig. 2. The typical spacing for these
sprinklersis15mx 12 m. For these systems, 20 catch
cans were used to determine the uniformity. For
these tests a standard rain gauge was used as the
collection device. The depth was recorded from the
rain gauge. Figure 3 shows the sampling pattern for
micro-irrigation systems. The water delivery was
measured at 25 pointsin ablock. Thelinesinablock
that were sel ected for the eval uation werethe second
ling, the lines at a quarter, half and three-quarter
distances, and the second tolast line of the block. On
each linethe delivery of five emitterswas measured.
These were situated at the start of the line, a a
quarter, half and three-quarter length and at the end
of theline. Thedelivery of theemitterswasmeasured
using a container placed under the emitter and a
graduated measuring cylinder with 1 mmgraduations.
A single line of catch cans along the radius of the
centre pivot wasused to characterisethedistribution
of water applied. Depending on the length of the
pivot, a catch-can spacing of 5 m or 7 m was used.
Thetotal number of catch cans used varied between
63 and 75.

AE =

A uniformirrigation event doesnot meanthat theirrigationwill Thedatacollected were analysed for uniformity using Egs. (1)
be efficient. If thereisan over-application of auniformirrigation  to (9). For the study, 13 dragline, 7 semi-permanent sprinkler, 5
that producesexcessdeep percolation, thentheirrigationapplication  centre pivot, 8 drip, 2 micro-spray, and 3 floppy systems were

will not be efficient (Pitts et d., 1996; Rogers et a., 1997). evaluated.
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Summary of application efficiency by type of irrigation system

TABLE 2
Summary of uniformity parameters by irrigation type
Average Irrigation system type
Centre | Dragline | Dripand | Floppy Semi-
pivot micro-spray permanent
sprinkler
CU [%)] (EU [%]) 88.0 74.0 81.6(76.3) | 745 70.8
DU, [%] 814 60.9 727 67.4 56.9
Standard DUIq [%0] 75 75 85 75 75
(from Table 3.1)
Systems with excellent 100 154 30 0 14.3
field condition DU,
TABLE 3

Type of irrigation system
All Centre | Dragline | Floppy Semi-
systems pivot permanent
sprinkler

Average AE [%)] 77.0 83.6 735 76.7 78.9
Minimum AE [%] 58.9 76.3 58.9 63.5 64.6
Maximum AE [%0] 93.8 93.8 89.3 854 91.1
SABI AE norms [%0] - 85 75 85 75
(SABI, 2000)

Results and discussion

Theresultsfor the coefficient of uniformity (CU) and low-quarter
distribution uniformity are shown in Table 2 and Fig. 4 to Fig. 8.
Themajority of thesystemshad aDU,, lower thanthestandard DU,
suggested by Pittset a. (1996). All the centre pivots eval uated had
an excellent DU, and none of the floppy systems tested exceeded
the standard DU,. During this study only three floppy irrigation
systems were evaluated, therefore the result for the percentage of
systemswith an excellent DU,, may not be representative of these
systems in general. A possible explanation for the substandard
performanceof theoverheadirrigation systemscould bethesystem
pressure and wind speed. During the evaluations the wind speed
varied from 1 m/sto 6 m/sand the coefficient of variation of nozzle
system pressure ranged from 1.36% to 37.5%. Of the 20 dragline
and semi-permanent sprinkler systemstested, only 6 of them were
operating within an acceptable pressure range. Many of these
systems were operating at too low anozzle pressure.

A summary of the application efficiency obtained for the
overhead irrigation systemsis shown in Table 2. The application
efficiency of each system evaluated canbeseeninFigs. 4and5and
Figs. 7 and 8. From the figures it can seen that the systems that
exhibited high uniformities generally had high application
efficiencies. It can aso be seen that some of the systems that had
apoorer DU, a so had high application efficiency. An example of
thisisSystem33inFig. 8, theDUIqwaSSG% andthe AEwas89.4%.
Thisisdueto the definition of AE where averages are used. Here
the AE was high because the average depth emitted from the
sprinkler compared to the average depth recorded on the ground
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was similar. However, the DUIq shows that the low quarter of the
area received only 56% of the average. This means that under-
irrigation hasoccurred inthetest area. Thismay haveimplications
for cropyield and excessdeep percolation. Theaverage AE for the
irrigation systemtypesiscloseto the normssuggested by the South
African Irrigation Institute (SABI, 2000). These norms represent
the average spray and evaporation losses of the irrigation system.

The variation in CU, EU and DU, , values determined can be
seeninFigs. 4and 5. The CU ranged from 17.4%t0 95.2%, the EU
ranged from 25.4% to 92.5%, and the DU, ranged from 0% to
91.9%. The drip- and micro-spray systems had some of the best
applicationuniformities. Thesemi-permanent sprinkler anddragline
systems had the most variability in the application uniformities
calculated. The irrigation systems that were well maintained and
correctly operated were the systems that had high uniformity.

It should be emphasised that the results obtained during the
study were under the particular field and climatic conditions at the
time of the test. Since wind has alarge impact on the distribution
of irrigation water, atest conducted in lesser wind conditions may
have shown better results. Also, the tests were conducted on
irrigation systemsthat had beeninnormal operation and not onnew
systems. Theresultsshould thereforebeviewed inthelight that the
testswere conductedin conditionsthat may not have been optimal.

Conclusions
In order to conserve water resources, close attention hasto be paid

totheperformanceof irrigation systems. I rrigation systems should
be evaluated on aregular basisto ensure that the systems are well
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maintained and are performing according to design. Theirrigation
system must also be managed correctly and effectively. The
distribution uniformity of a system must be as uniform as possible
to ensure higher yields and the efficient application of water. It
should also beincluded in the cal cul ation of water allocations and
the determination of grossirrigation water requirement.

The results of the study conducted show that more attention
needs to be paid to the distribution uniformity of an irrigation
system. Toimprovethedistributionuniformity of irrigation systems
they need to be properly maintained and operated. Especialy,
overhead irrigation systems need to be operated at the correct
pressure and in low wind conditions. The results also show that a
well-maintained and correctly operated system can achieve or
exceed adistribution uniformity that is considered reasonable and
acceptable.

Anirrigation system can have high application efficiency and
havepoor DU. Eventhoughthewater isbeing used efficiently, with
minimal spray and/or evaporation loss, large areas of the crop may
not be receiving an adequate amount of water. This could lead to
crop stress and reduced yields. Therefore the importance of the
uniformity should not beignored. Itisonly possibletoachievehigh
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application efficiencies with minimal under-irrigation if the DUs
are high.
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