
Sof	 TEfi CO-77—PiT(‘'Purchased by Agricultural Research Service, U.S. Department of Agriculture, for fin

Design of Recirculating Irrigation Systems
James A. Bondurant
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T
HE reuse of runoff water is becom-
ing an integral part of the farmer's

irrigation operation, especially where
water costs are relatively high. Reuse
of runoff water collected by recircula-
tion systems from one or more fields
decreases the amount of water that
needs to be pumped or delivered to the
farm and can improve water-applica-
tion efficiency on individual fields. It
also reduces contamination of natural
streams by stopping the surface flow
of silt and any nutrients that may be
contained in the runoff water.

The economic value of the runoff
water will usually be the deciding fac-
tor in installing recirculating irrigation
systems. In areas of limited water sup-
ply or where water is relatively expen-
sive, such as water pumped from wells,
reuse of runoff water may result in
more economical farm operation. Wa-
ter is often used as a substitute for
labor, thus causing an increase in run-
off. This is particularly true on farms
using surface irrigation systems. Re-
use of irrigation runoff water, particu-
larly with furrow irrigation, may be
more economical than the use of addi-
tional labor to accomplish efficient ir-
rigation. If runoff is reused, a larger
percentage of the diverted or pumped
irrigation water will infiltrate the soil.

In some irrigated areas, runoff from
both surface and sprinkler irrigation is
prohibited by law and return of run-
off water to the supply is mandatory.
In other areas, farmers may be more
concerned about the actual loss of wa-
ter and soil. Whether a recirculating
irrigation system is installed for eco-
nomic, social or legal reasons, there ex-
ists a need for a functional analysis of
such systems, for better methods of
obtaining the data necessary for de-
sign and for a better design procedure.

A survey of recirculating systems in
southern Idaho showed that many were
installed haphazardly and could have
benefited from better design (1)°.
Many of these systems were not func-
tioning in a manner that provided maxi-

Paper No. 66-746 was presented at the Win-
ter Meeting of the American Society of Agri-
cultural Engineers at Chicago, Ill., December
1968, on a program arranged by the Soil and
Water Division.

The author—JAMES A. BONDURANT—is
agricultural engineer, Snake River Conservation
Research Center at Kimberly, Idaho.

Author's Note: This paper was approved for
publication as a contribution from the North-
west Branch, Soil and Water Conservation Re-
search Division, Agricultural Research Service,
U.S. Department of Agriculture, in cooperation
with the Idaho Agricultural Experiment Station.

° Numbers in parentheses refer to the ap-
pended references.

FIG. 1 Sequence-type return system with
reservoir, pump and short return pipe.
Stored water collected from an upper field
is used as a separate supply and is pumped
across the road to lower lying field.

mum economy and efficiency in the
reuse of collected runoff water.

Functional Analysis

The recirculating irrigation system
must collect runoff water from one or
more fields and return it to some point
in the farm distribution system where
it may be used effectively and effi-
ciently. A study of different methods
of handling runoff water showed that
the system should function in the fol-
lowing manner to accomplish its de-
sign purpose:

1 Runoff water should be applied to
a different field or portion of the field
than that on which runoff occurs. Re-
circulating runoff to the same irrigation
set that is generating runoff results only
in temporarily storing water on the
field. This will not increase the infiltra-
tion rate, but will increase the rate of
runoff and will probably increase ero-
sion in the furrow.

2 When computed over the time
interval required to irrigate the area
contributing to the recirculating sys-
tem, runoff water will have to be re-
turned to the system at the same rate
that it is accumulated if all runoff is
to be reused. If temporary storage is
provided, stored runoff will eventually
have to be recirculated at a rate equal
to storage accumulation to prevent loss
by overflow.

3 Maximum improvement in total
water use on the farm will result from
using stored runoff water to achieve a
reduced stream size for cutback irriga-
tion; i.e., stored runoff water is pumped
to increase the stream size during the
advance period and pumping is stopped
after the field has started to produce
runoff. This reduces deep percolation
and runoff so that a minimum amount
of water must be recirculated. Runoff

water collected from one irrigation set
is returned to the head ditch and ap-
plied with the normal inflow on the
next irrigation set. A volume balance
for such a system is:

V. = c1 V. + (n-1) ( c2 —c3 ) Va
	  [1]

where
Va ----- volume of runoff water in stor-

age after any irrigation set
= volume of water applied per

set
= number of irrigation sets
= ratio of amount of runoff to

amount of applied water, for
the first irrigation set

C2 ratio of amount of runoff to
amount of applied water, for
subsequent irrigation sets

c3 = ratio of amount of water
pumped from stored runoff to
amount of applied water

Since the rate at which water is
pumped from storage must be deter-
mined, equation [1] may be restated
in terms of flow rates:

Ve = c1 qo ta + (n- 1 ) ( c2 —c3)
(q. + qp r1 ) ta 	 [2]

where
= rate at which water is diverted

from external sources (canal,
well, etc.)

qp = rate at which water is pumped
from stored runoff

rl = ratio of time stored runoff wa-
ter is pumped to total time of
application

to = total time of application
The rate at which water is initially

applied to the field for the second and
succeeding sets is:

q. = q. + q p = q. (1 + c4 ) • [3]
where c4 is the ratio q p/qo and is de-
termined from field trials or analysis of
existing irrigation practice.

The volume of water pumped from
stored runoff is:

V, = q, ri 	 [4]

The volume of water applied during
the first set will be less than that ap-
plied on succeeding sets and the area
irrigated will also be less if the same
stream size is used. Thus:

V. = V. (n = 1) 	
Va = V.+ V, = q.t.+ qp rl ta
(n > 1) 	  [6]

where V. is the volume of water, per
set, delivered from the primary source
— canal, well, etc.

Va

cl

q.

[5]
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Having V, and Va, c3 may be deter-
mined as:

C3 = Vp/Va 	  [7 ]
For example, analysis of the irriga-

tion practice for a given field, 660 ft
long, 3-ft-row spacing, and an initial
stream size of 10 gpm per row, has
shown that irrigation with unreduced
stream size produces 20 percent runoff
and irrigation with the stream reduced
20 percent after one-fourth of the total
time of application produces 10 per-
cent runoff. Designing to achieve this
reduction in stream size by pumping
from stored runoff:

c4 = 20%/ (100% — 20%) = 0.25

Assuming 1.00 ac-ft (1.00 cfs for 12
hours) diversion, from the canal for all
sets, the runoff from the first irrigation
set would be:

c1 V. = 0.20 X 1.00 = 0.20 ac-ft
(acre-feet)

For the second set:
qa = 1.00 (1 + 0.25) = 1.25 cfs
q, = 0.25 cfs

The volume pumped from stored
runoff would be:

V, = 0.25 X 1/4 x 12 = 0.75
ac-in. = 0.0625 ac-ft

The total volume applied:
V. = 1.00 + 0.063 = 1.063 ac-ft

The volume of runoff per irrigation
set (n > 1):
ca V. = 0.10 X 1.063 = 0.106 ac-ft

This leaves a net gain of 0.043 ac-ft
per set accumulating as stored runoff.

After five sets, the first applied to
two acres at the 1.0-cfs rate and suc-
ceeding sets applied to 2.5 acres at the
1.25-cfs rate with cutback irrigation,
12.0 acres would be irrigated, 5.00 ac-
ft would have been diverted from the
canal and 0.37 ac-ft (0.20 + 4 x
0.043) stored as runoff at the end. If
the runoff had not been stored and
reused, 6.00 ac-ft would have been
diverted from the canal in six sets and
1.20 ac-ft wasted as runoff. A further
savings of water and a reduction in
runoff storage capacity can be obtained
by diverting the amount needed to be
pumped from storage to effect the cut-
back irrigation directly into storage be-
fore the first irrigation. All sets would
then be irrigated at the higher efficiency
and the resulting stored runoff after
five sets would be 0.28 ac-ft (0.063 +
5 X 0.043).

If, in the above example, a cutback
stream was not used and all runoff
from the first five sets was collected,
1.00 ac-ft would have been stored. This
could be used as a separate supply to
irrigate the last set and the total wa-
ter diversion from the canal would be
5.0 ac-ft with 0.20 ac-ft remaining in

storage. This system, however, would
require repumping more water, a larger
reservoir and a larger pump and pipe-
line; therefore, the total operating cost
would be greater.

Analysis of surface irrigation prac-
tice shows that if the amounts of wa-
ter stored in the soil and lost by deep
percolation are constant for each set,
and if all runoff returned to the dis-
tribution ditch, then the amount of
water that needs to be diverted to the
field is independent of the percent of
runoff. However, when nonr educed
streams are used, increasing the stream
size results in an increase in runoff and
a decrease in deep percolation. Thus,
the diversion requirement can be re-
duced by using larger irrigation streams
and recirculating runoff water. Maxi-
mum nonerosive streams should not be
exceeded, however.

Description of Systems

Recirculating irrigation systems can
be classified according to the method
of handling runoff water. If the water
is returned to a field lying at a higher
elevation, it is usually referred to as
a return-flow system; if the water is
applied to a lower lying field, this is
termed sequence use. A sequence sys-
tem with a reservoir is shown in Fig. 1.
Systems may also be classified accord-
ing to whether or not they accumulate
and store the runoff water. Systems
storing collected runoff water are re-
ferred to as "reservoir systems." Sys-
tems which immediately return the run-
off water require little reservoir capac-
ity. These usually have automatically
cycled pumping systems and are termed
"cycling-sump systems." One or more
types of systems may be applicable to
a given farm.

The sequence system generally will
have a pump and only enough pipe to
convey the water to the head ditch of
the next feld. With planning and some
land leveling, it may be possible to cre-
ate enough elevation difference be-
tween fields to apply the runoff water
to a lower field in sequence by gravity.

A reservoir system collects enough
water to be used as an independent
supply or as a supplement to the orig-
inal supply to provide a cutback stream.
Reservoir size will depend on whether
collected water is handled as an in-
dependent supply, and, if not, on the
rate water is pumped for reuse. A
smaller reservoir is required if this sys-
tem is used for cutback irrigation.

The cycling-sump system consists of
a sump and a pump large enough to
handle the expected rate of runoff into
the sump. Pump operation is controlled
automatically by a float-operated or
electrode-operated switch. These sys-
tems are similar to drainage pumping

installations. Some storage can be ob-
tained by enlarging the collecting ditch.

The recirculating irrigation system
will normally consist of three parts:

1 System for collecting and storing
of runoff water

2 Pumping unit for returning water
to irrigation system

3 Pipeline or other method for con-
veying water back to irrigation system.

Under certain conditions, neither
pump nor pipeline may be necessary.

The size, capacity, location and se-
lection of equipment for these systems
are functions of the main irrigation
system, the topographic layout of the
field or fields, and the farmer's irriga-
tion practice and desires. The collec-
tion system will usually consist of
ditches conveying runoff water to a
central location. The pumping part of
a system will usually consist of a pump,
motor-drive equipment, starter for elec-
trical systems, valves, and a sump.

Design Data
The design data needed for any

given farm are the topographic features
of the farm and an estimate of the
amount of runoff water to be handled.
Generally, by the time a farmer in-
stalls a recirculating irrigation system,
he has irrigated the farm and the point
of runoff collection is known. Some
field leveling may be necessary to chan-
nel runoff waters to a common collec-
tion point. Reservoirs should be lo-
cated so that the most economical con-
veyance to the point or reapplication
is obtained. On flatter lands, all run-
off usually can be picked up at one
point. The situation, however, may lead
to a system requiring the most pipeline
to return water to the head ditches. On
steeper slopes and on rolling and hilly
land, runoff collection points probably
will not be as far from the point of re-
application as on flatter land, because
irrigation runs will not be as long.

Determination of the amount of run-
off water to be handled by a recirculat-
ing system is of major importance. The
amount of runoff, and in some instances
the rate of runoff, is needed to deter-
mine the size of reservoir, pump, and
conveyance system, all of which are
major cost factors in the recirculating
system. The expected runoff can be
determined by measurement or by esti-
mation. Measurement of runoff from
the total land unit over a period of
time will yield the best data for de-
sign. Lacking this, measurement of
one or more irrigation sets under the
farmer's normal practice will yield a
reasonable estimate.

The amount of runoff can also be
estimated from analysis of field condi-
tions and the farmer's irrigation prac-
tice. One technique, outlined by Wil-
lardson and Bishop (2), requires data
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FIG. 2 Stream advance, cumulative intake function and cumu-
lative intake curves.

FIG. 3 Plot of average cumulative intake and cumulative ap-
plication depths with and without cutback stream.

on the intake rate of the soil, the rate
of advance of the furrow stream down
the furrow, the design depth of irriga-
tion and the physical dimensions of the
field. Their analysis shows that, if a
single (or nonreduced) stream size is
used, a minimum of about 20 percent
runoff can be expected for most intake
rates with stream advance to total ir-
rigation time ratios approximating 0.20.

The amount of runoff to be expected
can also be computed quickly by the
graphical technique shown here. This
method also requires data on intake
rate and stream advance for the par-
ticular field. The advance data (Fig.
2A) is used to obtain intake oppor-
tunity times at various distance inter-
vals along the length of run. Cumula-
tive intake curves for the field at any
given time are then computed using
the intake curve (Fig. 2B) and are
plotted in Fig. 2C. Average cumula-
tive intake values are plotted in Fig. 3.

Using the mass balance concept, the
amount of runoff is the difference be-
tween cumulative depth of application
and average cumulative intake for the
fields as shown in Fig. 3. The average
cumulative-intake curve and the ap-
plication rate are used to obtain the
rate of runoff. The average intake rate
for the field at any time is the slope of
the average cumulative intake curve
and can be determined by drawing a
tangent to this curve at the desired
time. The rate of runoff is the differ-
ence between the application rate and
the average intake rate, or the slopes
of the two curves, at the given time.
In the example, Fig. 3, the application
rate is 10 gpm per furrow and the

average intake rate is 8 gpm per furrow
after 3 hr, leaving a runoff rate of 2
gpm per furrow.

When designing cutback streams, the
net effect of reducing the stream size
can also be determined by this method.
This example shows that by reducing
the applied stream size to match the
average intake rate at 3 hr results in
0.6 in. of runoff at the end of 12 hr of
irrigation. If the stream was not re-
duced, 1.5 in. of runoff would have
occurred after 12 hr. The effect of re-
ducing the application rate at other
times can be tried to determine the
maximum reduction in runoff. The ef-
fect of returning water to the field at
different rates can also be evaluated.
If the designer is familiar enough with
the area and irrigation practices, de-
sign runoff quantities may be estimated.
Where the water supply is reasonably
constant over the season, such as
pumped supplies or continuous deliv-
eries from a canal, the amount of run-
off expected from a given farm will
probably be quite uniform. With a
variable water supply, the amount of
runoff may also vary. The amount of
runoff may also vary over the irrigation
season because intake rates change. In
most areas, intake rates are relatively
high in the spring and after cultiva-
tions. Later in the season they usually
decrease and runoff percentages in-
crease unless application rates are
changed.

Design Procedure

The procedure for designing recir-
culating irrigation systems is similar to
designing any other type of pumping

system. The design and operating con-
ditions are determined, fixed costs and
annual operating costs are computed,
and finally the total annual cost is de-
termined. The following information
is needed to design the system:

Rate and quantity of water diverted
to the farm

Irrigation practice analysis
Reservoir size
Pumping rate for returning water to

the system
Total operating head, including both

elevation and friction head
Pipe diameter and type
Pump type, size and efficiency
Motor size and efficiency.
The total hours of operation are de-

termined from the number of hours per
irrigation and the number of irrigations
per year that may be expected.

The rate at which water is diverted
to the farm from external sources may
be changed if the runoff is recirculated,
since most systems are designed to use
a specific flow rate. The total amount
of water diverted to the farm can be
decreased by the amount of runoff
saved. This is the amount of runoff
which occurred under the previous
practice and not necessarily the amount
recirculated because some water may
be recirculated more than once.

The amount and rate of runoff to be
handled can be determined by analysis
of the farmer's irrigation practice as
previously discussed. These data are
used to determine the reservoir capac-
ity necessary for the proposed method
of handling the runoff. Reservoir size
will be smallest if the runoff is pumped
back at the rate it occurs, and largest



FIG. 4 Plan view of example farm showing direction of irrigation of fields and flow
of runoff water.
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if the the runoff is stored and handled
as a separate supply. The smallest
quantity of water will be handled and
equipment costs will be least if the
runoff is used to effect a cutback in ir-
rigation.

Fixed costs include the cost of the
pumping plant (including pump, strain-
er, fittings, starter, wiring), structures,
reservoir, and pipeline. The annual
fixed costs are determined using an
amortization factor based on the design
life and the interest rate paid for bor-
rowed money. The annual operating
costs include the power cost and main-
tenance for the given pumping installa-
tion. The total annual cost for a given
design is the sum of the annual fixed
costs and the annual operating costs.
Since the fixed costs and the operating
costs are not entirely independent, anal-
yses should be made with different
rates of pumping and pipeline sizes to
determine the minimum total annual
cost.

If the different factors involved in
the total annual cost can be expressed
as a function of pipe diameter, total
dynamic head and flow rate, then a
minimum cost can be obtained by par-
tial differentiation and simultaneous
solutions of the partial derivatives. An
example of this for gravity-irrigation
pipelines has been given by Horn (3).
Pipeline costs for a given gage pipe
can usually be expressed in terms of
cost per linear foot per inch of diame-
ter. Some irrigation power rates can
be expressed as a function of head,
flow rate, and pumping hours, but it is
difficult to find pump prices which
have a mathematically describable re-
lationship to head, capacity and effi-
ciency.

Design Example

A southern Idaho farm of 105 irriga-
ble acres, obtaining water from a de-

mand canal system, is used as an ex-
ample. The farm layout (Fig. 4) shows
that the water enters the farm at the
high point and is distributed along the
north side of the farm and down both
the east and west sides to irrigate lower
lying fields. All runoff water drains
into the central point indicated. This
central point or reservoir location lies
750 ft from the lower distribution ditch,
which is level and can be supplied
from either end, and about 1,500 ft
from the farm delivery point. The slope
of the land is one percent giving 15
feet elevation difference between the
collection point and the farm delivery
point.

The measured water use on this farm
for 1964 is given in Table 1. These
data are given by months since the
power rate structure for irrigation
pumping in this area is on a monthly
billing basis. Three hundred ac-ft of
water were applied during the year,
with almost 35 ac-ft or 11.6 percent
runoff. Assuming that this 11.6 per-
cent runoff can be saved, the diversion
to the farm can be reduced by this
amount. An allowance for seepage
and evaporation from the reservoir may
have to be made.

Cost analyses for delivering water to
the lower ditch and to the farm de-
livery point for different pumping rates
and different pipe sizes are shown in
Figs 5 and 6, respectively. These are
total annual costs for electric pump-
ing plants having wire-to-water effi-
ciencies of 60 percent. Prices were
based on 14-gage, welded-steel pipe
and side-suction centrifugal pumps. A
15-year expected equipment life and a
6 percent interest rate were used for
computing fixed annual costs. If the
water is pumped the 750-ft distance,
the most economical pipe diameter for
0.2 cfs pumping rate is 3 in. with an
annual cost of about $160. This most

TABLE 1. WATER-USE RECORDS FOR
EXAMPLE FARM

Applied,
acre-feet

Runoff,
acre-feet

Runoff,
percent

May 38.42 3.30 8.6
June 15.18 1.19 7.8
July 92.34 7.45 8.1
August 84.53 12.41 14.7
September 64.22 9.11 14.2
October 6.55 1.38 21.1

Total 301.24 34.84 11.6

economical pipe diameter increases
with pumping rate to 8 in. and an an-
nual cost of about $245 for pumping
1.0 cfs. If the water is returned to the
farm-delivery point, the minimum-cost
pipe diameters are also 3 in. for 0.2
cfs and 8 in. for the 1.0-cfs pumping
rate. Total annual costs are increased
since more head and a longer pipe are
involved. Corresponding total annual
costs are $225 and $400, respectively.
The linear increase in total annual cost
after the minimum pipe diameter is
reached is the effect of a minimum
power charge which in this case is
equivalent to a 3-hp installed demand
charge. In the example area, it is
cheaper to connect to the normal farm-
stead system if the installed horsepower
is 2-hp or less and operating time is
less than 500 hr a month.

The recommended design in the
above example would be to pump 0.2
cfs with provision to return the water
to both the original delivery point and
the lower lying distribution ditch. The
annual cost of this system will be about
$2.10 per acre. This system could be
used either to effect a cutback irriga-
tion or provide a separate supply for
smaller sets. The reservoir size is de-
termined from the average runoff and
should store about 15 percent runoff
for a 24-hr irrigation. With an aver-

FIG. 5 Total annual cost as a function of
pumping rate and pipe diameter for a
750-foot pipeline.
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FIG. 6 Total annual cost as a function of
pumping rate and pipe diameter for a
1600-foot pipeline.



age inflow of 1.0 cfs, this is approxi-
mately 'A ac-ft of storage. If the farmer
planned his irrigation sequence so that
all of the collected runoff could be
used on the lower field, the pipeline
cost could be reduced.

The effect of pump efficiency on
system annual cost should be closely
evaluated. For the example given,
comparative costs were computed us-
ing 30 and 60 percent efficient pumps.
To maintain the same total annual cost
at a 0.4-cfs pumping rate, a 30 percent
efficient pumping unit would have to
be purchased at a first cost equal to
only 25 percent of the 60 percent ef-
ficient pump. At a 1.0-cfs pumping
rate, the extra operating cost of a 30
percent efficient unit is more than the
fixed annual cost of a 60 percent ef-
ficient unit. In other words, at this
pumping rate a 30 percent efficient
pumping unit obtained free would still
have a higher total annual cost than
would the system using a 60 percent
efficient pump purchased at a normal
price.

Summary
Recirculating irrigation systems con-

sisting of a runoff collecting system,
storage unit, pumping installation, and
return pipe are being used increasingly
to reduce total water use on the farm.
These systems improve irrigation ef-
ficiency in two ways: (a) by saving
runoff and thereby decreasing overall
diversion requirements, and (b) by
providing the means of altering man-
agement practice so that deep percola-
tion losses are reduced.

These systems can be most effective
in improving irrigation practice when
they are used to achieve a cutback or
reduced stream flow. This allows the
farmer to obtain efficient irrigation by
surface methods, reusing runoff water
with minimum investment and operat-
ing cost. A cutback system will return
collected runoff water to the supply sys-
tem at a rate calculated to give the re-
quired stream size during the advance
period and as adequate stream size for a
cutback stream when pumping of stored
water ceases. A method for determin-

ing rates and amount of runoff and
time and size of a cutback stream is
presented.

After the total diversion is decreased
by the amount of runoff saved, there
will be only small differences in the
amount of water used due to the
method of handling the runoff water
in the farm system. The method of us-
ing runoff water will affect the rate and
amount of runoff handled and this will
be reflected in the cost of owning and
operating the system. Close attention
should be given by designers to se-
lection of efficient pumping units, since
the total annual cost varies greatly with
the efficiency of the pumping installa-
tion.
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