This first half of this chapter focuses on the design of a dual
feed subsurface drip irrigation system, which is the most
common agricultural drip system. The first example
demonstrates the procedure for design and economic compari-
son of alternative mainline and submain designs for subsurface
drip irrigation. Uniformity is calculated for an entire irrigation
zone rather than an individual lateral. Submains are designed
with lateral flow rate vs. pressure curves just as laterals are
designed with emitter flow rate vs. pressure curves. The eco-
nomic analysis includes water, energy, and pipe costs. One of
the major advantages of a dual feed system is the automated
flushing process; the example evaluates the additional
pumping installation and pipe costs associated with flushing.

The last half of this chapter provides a rationale for the
selection between types of inline drip irrigation laterals.
There are many alternatives with different wall thicknesses,
tubing diameters, emitter spacings, emitter types, and
manufacturer’s coefficients of variation. How does one
decide which is the best alternative? A computer program
is provided that allows the evaluation of the various
alternatives. It uses Monte Carlo simulation to simulate the
effect of emitter degradation and tubing replacement interval
on yield and cost.

Example 18.1 Two possible pipe designs are presented in
Figs. 18.1 and 18.2. Because submains are split in design 1,
smaller submains can be used and emission uniformity is
improved. However, extra pipes are eliminated in design 2.
Determine, based on economics, whether design 1
(Fig. 18.1) is better than design 2 (Fig. 18.2). Assume
20 year project life and 8 % ROR. There is a 0.2 % slope
in the N-S direction with the upper end at North end. Assume
normal head losses in valves and fittings. The canal water
surface is 1 m below ground surface. Use the parameters
specified in Example 17.7.

The cost of energy is $0.10/kW-hr, and the cost of water
is $3.27/ha-cm. Annual ET, is 1 m/y. Irrigation efficiency is
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90 % and pumping efficiency is 80 %. Ignore the cost of
valves and fittings because the cost of valves and fittings in
the two designs is approximately the same.

Use Class 125 PVC pipe for submains and mainlines.
Mainlines are defined as those pipes that are upstream from
the valves. The design shown in Fig. 18.1 includes E-W
submains (1-32) that are fed from the center by EW mains
33-48, which are fed by N-S mainline 49-52. The design
shown in Fig. 18.2 includes submains that are fed directly
from the N-S mainline 49-52.

Drip irrigation laterals are 200 m length with 16 mm
tubing fed from both ends (Fig. 17.21). The cost of 16 mm
ID drip tape with turbulent emitters is $0.10/m. Emitters are
turbulent (x =0.5), 2 L/ at 100 kPa (k= 0.2),
spacing = 0.5 m.

For submain design, a relationship can be developed
between lateral inlet pressure at the submain and lateral
flow rate. The distal end pressure can be varied in the
worksheet in order to generate the inlet pressure vs. flow
rate curves (Fig. 18.3). As calculated in Chap. 17, the
upper lateral is 106.5 m long (213 emitters) and the lower
lateral is 93.5 m long (187 emitters) in the simulations
represented in Fig. 18.3. The lateral flow exponents 0.502
and 0.507 are nearly the same as the emitter flow exponents;
however, the Make calcs program varies the number of
emitters in upper and lower sections as inlet pressures
change (Fig. 18.4) and has a greater exponent for the upper
lateral section and a lower exponent for the lower lateral
section.

Design 1

The Design 1 valves and pipes for each zone are shown
in Fig. 18.5. The solenoid valve supplies the entire zone
(both halves with water) during an irrigation event. Isolation
gate valves are used to isolate the two halves of the zone
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Fig. 18.1 Drip irrigation design < 400 m >
number 1 for Example 18.1. Dark 43 2
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during flushing. Cutting the zones in half during flushing
reduces the flow rate and required size of the mainline during
flushing. It also enables the farmer to irrigate half of the
zone, if necessary. The EW mainline supplying the submains
is designed to supply the entire zone with water during
irrigation or half the zone during flushing. Laterals on the
right half of the zone are not shown in Fig. 18.5.

mains 41 and 42

Design of Submains for Design 1

The submain design is subject to the following criteria. First,
pressure loss along the submain should be minimized in
order to maintain uniformity. Second, the submains should
carry the flow required for flushing, which is significantly
higher than the irrigation flow rate.
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Fig. 18.2 Drip irrigation design < 400 m >
number 2 for Example 18.1 —® A
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The area supplied by each submain in Fig. 18.5 is approx-
imately 1 ha (100 m x 100 m).

_ E.Q,A, 20,000 emitters/ha * 2 LPH*1 ha

Q= o 3,600

3.600 =11.1LPS

The flow velocity in 83 mm ID (3 in.) Class 125 pipe at 11.1
LPS is 2.2 m/sec. The 83 mm pipe flow velocity decreases

below 1.5 over the last third of the submain. The velocity in
107 mm ID (4 in.) Class 125 pipe at 11.1 LPS is 1.3 m/sec.
Thus, 107 mm pipe is acceptable based on the 1.5 m/sec rule
for the first two-thirds. However, the 1.5 m/sec rule might
be ignored in this case because a pressure surge is dissipated
by the multiple outlets to laterals.

During flushing, the lateral inlet flow rates in the upper
submain are 1,000 LPH (calculated in previous chapter), and
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Fig. 18.3 Lateral flow rate versus pressure for upper and lower
sections, keeping number of emitters constant on upper and lower
sections at 213 and 187, respectively
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Fig. 18.4 Lateral flow rate versus pressure for upper and lower
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sections at 213 and 187, respectively
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lateral discharge flow rates to the lower submain are
360 LPH (Fig. 13.22). Thus, the upper submain must carry
1,000 LPH/lateral * 100 laterals = 100,000 LPH = 27.8
LPS. The lower submain divides the flushing discharge
flow rate in two directions, so the largest flow rate in the
lower submain is 360 LPH * 50 laterals = 18,000 LPH = 5
LPS. The flow velocity in 107 mm ID (4 in.) Class 125 pipe
at 27.8 LPS is 3.1 m/sec.

If the criterion for submain diameter is based on the
1.5 m/sec rule, then a 107 mm pipe is not acceptable during
flushing (3.3 m/sec velocity at 28 LPS flow rate). However,
if slowly-closing 107 mm (4 in. gate valves are used as
flushing outlets on the lower submain (Fig. 18.5), then
water hammer will not occur because the gate valves require
10 to 20 seconds to close; the velocity will slowly decrease
as the gate valves close. Sundance Farms in Arizona has a
system that is similar to the design in this example: they use
107 mm submains and 107 mm gate valves, and they have
never had water hammer problems during flushing.

In order to derive the lateral inlet flow rate vs. pressure
curve for the flushing lateral (Fig. 18.6), the Flushing dual
feed lateral worksheet varies downstream pressure and
records the upstream flow rate and pressure in cells

06:Q15. Based on the information in these cells, the equa-
tion for lateral inlet flow rate is Quera = 278H%*¢, where H
is the pressure at the lateral inlet. The pressure at the end of
the upper submain should be set to 16.2 m in order to have
2 m head at the end of the last lateral (Fig. 18.7).

The lateral inlet flow rates along the submain during
irrigation are based on the equation in Fig. 18.4, Qaeral-
upper = 146 H %, and the requirement that inlet pressure
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Fig. 18.6 Lateral inlet flow rate and discharge flow rate versus inlet
pressure during flushing from upper submain
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Fig. 18.7 Upper submain pressure and lateral inlet flow rate distribution during flushing for a 107 mm diameter upper submain
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Fig. 18.8 Upper submain pressure distribution and lateral flow rates during irrigation

is 11.4 m. The inlet flow rate and pressure into the upper
submain (Fig. 18.8) are 12.1 LPS and 11.3 m, respectively.
The calculations for the lower submain are shown in
Fig. 18.9.

The inlet pressure and flow rate in the lower submain are
11.9 m and 10.5 LPS. Thus, the total flow rate to the half
zone during irrigation is 22.6 LPS. The flow rate to the zone
if all emitters had the same pressure and flow rate would be
22.2 LPS (11.1 * 2); thus, the percent wasted water in the
zone is (22.6 — 22.2)/(22.2) * 100 % = 1.8 %. The low
percentage of wasted water might indicate that the system
is overdesigned, but the large diameters are needed for
flushing.

Design of Mainlines for Design 1
The E-W mainlines (for example, pipe 33 in Fig. 18.1)

cannot exceed the 1.5 m/sec rule because there is a solenoid
valve that could close quickly and cause water hammer.

During irrigation, the flow rate of the upper mainline that
supplies submains 1 and 2 (Fig. 18.1) is twice the single
submain flow rate, (12 LPS) (2 zones) = 24 LPS. The
flushing flow rate is 27.8 LPS. The flow velocity in
158 mm (6 in.) Cl 125 pipe at 27.8 LPS is 1.4 m/sec < 1.5

m/sec. The pressure loss during flushing in the 100 m
mainline at 27.8 LPS is 0.94 m. During irrigation
(24 LPS), the pressure loss is 0.73 m. All mainlines (except
mains 41 and 42 in Fig. 18.1) must be designed for the upper
submain flushing flow rate. Mains 41 and 42 are not used to
supply water for flushing laterals; however, their irrigation
flow rate of 10.6 * 2 = 21.2 LPS requires 158 mm pipe to
remain below the 1.5 m/sec rule.

The N-S mainline should be designed to carry the entire
irrigation flow rate (45.2 LPS) to the last zone. This
design flow rate for the system is based on the fact that
8 zones are required (Chap. 17) and each of the eight blocks
requires 45.2 LPS. First, try 206 mm (8 in. pipe. The flow
velocity at 45.2 LPS is 1.4 m/sec, and the friction loss is
0.71 m/100 m. The last section of N-S mainline can be
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Fig. 18.9 Lower submain pressure distribution and lateral flow rates during irrigation

Table 18.1 Pipe diameters, friction loss, and pressure loss for mainline sections (Fig. 18.1) from pump to worst case mainline (number 42)

Pipe 4346 (700 m) 45 LPS 47 (200 m) 21 LPS 42 (100 m) 21 LPS
Pipe size cost h¢ (m) AP (m) h¢ (m) AP (m) h¢ (m) AP (m)
6 (158 mm) $5.87/m na >1.5 na >1.5 —1.28 —0.88 —0.64 —0.64
8 (206 mm) $9.71/m —4.7 -3.5 —0.36 +0.04 —0.18 —0.18
10 (256 mm) $18.6/m —1.6 —-0.4 —0.12 +0.28 —0.06 —0.06

107 mm (4 in. because mains 41 and 42 carry a maximum
21.2 LPS flow rate. The friction loss in 158 mm pipe at
21.2 m/sec is 0.64 m/100 m. Friction losses for mainline
pipe diameters are shown in Table 18.1. The elevation loss
between the pump and mains 39 and 40 is 600 m * 0.2 m/
100 m = 1.2 m. The pressure gain due to elevation was
subtracted from the friction loss in order to calculate AP in
Table 18.1. The elevation gain is 0.4 m in section 47 and O m
in section 42.

Slightly higher pressure will be supplied to the upper
zones that are closer to the pump because of friction loss in
the mainline. If one zone has a pressure that is higher than
others, then gate valves can be installed and partially closed
to dissipate the excess energy. Using gate valves to dissipate
energy decreases their expected life; however, gate valves

are relatively inexpensive compared to automatic pressure
reducing valves. If flanged gate valves are used, then they
are easily replaced.

The next step is to compare pipe costs and energy costs.
In sections 43-46, the difference in the pump pressure
requirement is 3.1 m (3.5 m and 0.4 m) between the 8 in
and 10 in pipe. The depth of water required per year
(described in problem statement) at 90 % irrigation effi-
ciency is 1 m/0.9 = 1.11 m. Use Eq. 2.15 to determine the
cost of energy.

E

~0.0272(1,110 mm)(3.1 m) 117 kW — hr/ha

0.8
117 kW = hr\ ( $0.10
($/ha) = ( i > (kW - hr) = $11.70/ha
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Difference between annual cost of 206 mm (8 in.) and
256 mm (10 in.) pipe is $11.70/ha * 32 ha = $374/yr.

Present value of annual energy savings ($374) with
256 mm (10 in.) pipe (20 year, 8 %) is $3,675

The cost of 700 m of 256 mm (10 in.) pipe (Table 18.1) is
700 * $18.60/m = $13,000

The cost of 700 m of 206 mm (8 in. pipe) is
700 * $9.71 = $6,800

The extra cost of 256 mm (10 in.) pipe is
$13,000 — $6,800 = $6,200. This is more than the present
value of the energy savings with 256 mm (10 in.) so use the
206 mm (8 in.) pipe in sections 43—46.

In section 47, the pressure requirement for 158 mm (6 in.)
pipe is 0.88 m greater than the pressure requirement for 8 in.
pipe. The cost of energy must be calculated for the entire
farm unless a variable frequency pump is purchased.

o 0:0272(1, 110 mm)(0.88 m)

s/ = (

=332 kW — hr/ha

$0.10
kW — hr

0.8
33.2 kW — hr
ha

) = $3.32/ha

Total yearly cost for 32 ha = $3.32/ha * 32 = $106/yr.

Present value of energy saving with 206 mm (8 in.) pipe
(20 year, 8 %) is $1,043

The cost of 200 m of 206 mm (8 in.) pipe (Table 18.1) is
200 m * $9.71/m = $1,942

The cost of 200 m of 158 mm (6 in. pipe is 200 m *
$5.87 = $1,174

The extra cost of the larger pipe is
$1,942 — $1,174 = $768. Thus, the energy savings
($1,043) with larger pipe in section 47 is greater than the
cost difference ($768): select the larger pipe, 206 mm.

A cost analysis can also be made for E-W mainlines. The
difference in pressure loss between 6 in pipe and 8 in pipe
(Table 18.1) is 0.64 — 0.18 = 0.46 m. The yearly energy
savings is $56, and the present value of energy savings is
$545. The difference in cost of pipe for all the 100 m mains
is $7,680. Thus, it is more economical to use the smaller pipe
for the E-W submains.

Pump Requirement for Design 1

The system pressure requirement is based on supplying
the minimum pressure to the worst-case emitter, which
is located at the end of the last lateral on submain 25
(Fig. 18.1). Assume typical pressure drops in valves, filters,
and fittings: 2 m head loss in the solenoid valve, 8 m head
loss in the sand filter, and 5 m head loss in other valves and

18 Drip Irrigation System Design

fittings. The pump is extracting water from a canal with
water surface 1 m below the ground surface.

10.2 m
+1.2 m
+0.4 m
+2m
+0.7 m
+4.7 m
-1.2m
+8 m
+5 m

Minimum operating pressure for emitters
Pressure loss in lateral

Pressure loss in submain

Pressure loss in solenoid valve

Pressure loss in E-W main

Pressure loss in 700 m N-S mainline

Elevation gain in 700 m N-S mainline

Pressure loss in sand filter

Friction loss in valves and fittings (check valve,
manifold, pump suction)

+1 m  Elevation of ground surface above canal water surface

32m  Total pump pressure requirement

Thus, the pump flow requirement is 45.2 LPS and pres-
sure requirement is 32 m during irrigation. If pumping effi-
ciency is 80 %, then the power requirement during irrigation
is (Eq. 2.17)

PoWiigae = Qpgh/Eff = 0.0452%1,000 kg/m?*
9.8 m/sec2%32 m*0.001 kW/W/0.8 = 17.7 kW

During flushing, the pressure required at the submain inlet is
18.5 m (Fig. 18.7). If isolation valves are used and only half
of the zone is flushed at a time, then required flow rate is
27.8 LPS. The total pressure requirement during flushing is

18.5 m Minimum operating pressure at submain inlet
(Fig. 18.7)

+2m  Pressure loss in solenoid valve

+0.9 m Pressure loss in E-W main

+2.0 m Pressure loss in 700 m N-S mainline

- 1.2 m Elevation gain in 700 m N-S mainline

+8 m  Pressure loss in sand filter

+5m  Friction loss in valves and fittings (check valve,
manifold, pump suction)

+1 m  Elevation of ground surface above canal water surface

359 m Total pump pressure requirement

Piiushing = Qpgh/Eff = 0.0278*1, 000 kg/m3*
9.8 m/sec?*35.9 m*0.001 kW/W/0.8 = 12.2 kW

The power requirement for flushing is less than the power
required for irrigation. It would be preferable to find a pump
that has both points (45 LPS @ 32 m and 27 LPS @ 37 m) on
the pump curve. It is more important to optimize (highest
efficiency point) the pump for the irrigation use because that
is the primary energy use.
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Cost of Tubing and Pipe for Design 1

Total length of drip tubing in design 1 is the field area
divided by the lateral spacing.

32 ha*10,000 m?/ha/(1 m/lateral) = 320,000 m

Drip tape 320,000 m * $0.10/m = $32,000
Submain 4 inch 100 * 32 = 3,200 m * $2.72/m = $8,704
Mainline 6 inch 100 * 10 = 1,000 m * $5.87/m = $5,870

Mainline 8 inch 900 m * $9.71 = $8,739
Total = $55,313
Design 2

The second design is not included in the Chapter 17 and
18 lateral and submain calculations workbook. Design
2 (Fig. 18.2) does not have E-W mains, but only has E-W
submains. During irrigation, a minimum of 4 ha is irrigated
at one time (44.4 LPS). During flushing, the gate valve in the
center of the lower submain (Fig. 18.13) is shut, and flush
valves are only turned on one side of the lower submain at
a time.

The lateral design characteristics during irrigation and
flushing are the same as design 1 (From Fig. 18.3,
K = 127 and x = 0.502). Lateral flow rate vs. pressure
was input into the upper submain spreadsheet for a 200 lat-
eral outlet submain (Fig. 18.10). For this design, 106 mm
(4 in.) is used for the last 50 m, and 158 mm (6 in.) is used
over the first 150 m. The 1.5 m/s rule would allow a switch to
106 mm (4 in.) before 150 m, but energy losses and flow
change were excessive with a longer length of 106 mm
(4 in.) pipe. The pressure required at the upper submain
connection to the N-S mainline is 12.2 m (Fig. 18.10).
Total flow is 24.4 LPS.

446 12.2
444 12.1
T Flow rate
S 442 120
@ Pressure 11.9 _é_
S 440 =
H 118 ¢
& 438 2
I 117 §
[ a
g 436 11.6
434 115
432 11.4
0 50 100 150 200
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Fig. 18.10 Pressure and flow distribution in upper submain during
irrigation for design 2: 106 mm (4 in.) pipe is used for last 50 m and
158 mm (6 in.) pipe is used for first 150 m
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For the lower submain laterals, K = 111 and x = 0.507.
The lower submain has 125 laterals at 158 mm (6 in.) diam-
eter and the rest at 106 mm (4 in.), and the pressure require-
ment at the beginning of the submain is 12.5 m because
water is going uphill (Fig. 18.11).

The flow rate required during irrigation in the upper
submain is 24.4 LPS, and the flow rate required in the
lower submain is 22.5 LPS. Thus, the total flow rate required
during irrigation is 46.9 LPS (22.5 + 24.4). If the entire zone
were irrigated at the design flow rate, then the flow rate
would be 44.4 LPS. Thus, the percent wasted water with
this design is (46.9-44.4)/44.4 = 5.5 %.

During flushing, the flow rate increases to 58.3 LPS
(Fig. 18.12), and the pressure requirement at the upper
submain connection to the N-S mainline is 20 m.

Thus, the power requirement during flushing is signifi-
cantly higher than the irrigation power requirement, and a
booster pump is required during flushing. In addition, the
N-S mainline flow velocity would slightly exceed the 1.5 m/
sec rule with 207 mm (8 in.) pipe at 59 LPS. It might be
possible to save energy by flushing half of the zone with the
configuration shown in Fig. 18.13. Half of the zone is flushed
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Fig. 18.11 Pressure and flow distribution in lower submain during
irrigation for design 2: 106 mm (4 in.) pipe is used for last 75 m and
158 mm (6 in.) pipe is used for first 125 m
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Fig. 18.12 Pressure and flow distribution in upper submain during
flushing for design 2
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Fig. 18.13 Flow directions during flushing for the two halves of the zones in design 2
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Fig. 18.14 Pressure distribution and flow rates during flushing last
half of zone

at a time by dividing submains in half with gate valves. The
valve positions and flow directions as the two halves are
flushed are shown in Fig. 18.13. When the half of the zone
farthest from the N-S mainline is flushed (left side of
Fig. 18.13), the lateral flow rates in the first half of the
submain (laterals 1-100) are calculated based on irrigation
flow rates (Fig. 18.3) and based on flushing flow rates
(Fig. 18.6) in the latter half of the lateral.

The pressure distribution and lateral inlet flow rates dur-
ing flushing of the outer half of the zone (left side of
Fig. 18.13) are shown in Fig. 18.14. The total flow rate in
the upper submain is 43.3 LPS and the flow rate in the first
half of the lower submain is 10.6 LPS (Fig. 18.8) so the total
flow rate during flushing is 53.9 LPS. The 1.5 m/sec rule is
slightly exceeded in the N-S mainline. The pressure required
at the submain inlet is 21.3 m. This flow rate (53.9 LPS) is

7 LPS greater than the irrigation flow rate (46.9 LPS), and
increased pressure through use of a booster pump during
flushing would be required; thus, a booster pump would
still be needed, and the design would be much more com-
plex. Thus, the original design without gates valves is
selected (59 LPS).

Pipe Costs for Design 2

Assume that the same N-S mainline pipe sizes are required.

Polyethylene 320,000 m * $0.10/m = $32,000
tubing

L. Submain 75 * 8 = 600 m * $2.72/m = $1,632
106 mm

U. Submain 50 * 8 = 400 m * $2.72/m = $1,088
106 mm

L. Submain 125 * 8 = 1,000 m * $5.87/m = $5,870
158 mm

U. Submain 150 * 8 = 1,200 m * $5.87/m = $7,044
158 mm

Mainline 900 m * $9.71 = $8,739
206 mm

Total = $56,373

Pump Requirement for Design 2

The flow rate in both the upper and lower submains during
irrigation is 45.2 LPS. The energy required at the inlet to the
submains during irrigation is 11.8 m. The worst-case emitter
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is the emitter at the end of the last lateral on submain
11 (Fig. 18.2). Use the same pressure losses in valves,
fittings, and lifting from canal as in design 1.

10.2 m Minimum operating pressure for emitters

+1.2 m Pressure loss in lateral

+0.8 m Pressure loss in submain

+2m  Pressure loss in solenoid valve

+4.7 m Pressure loss in 700 m N-S mainline

—1.2 m Elevation gain in 700 m N-S mainline

+8 m  Pressure loss in sand filter

+5m  Friction loss in valves and fittings (check valve,
manifold, pump suction)

+1m  Elevation of ground surface above canal water
surface

32m  Total pump pressure requirement

Thus, the pump flow requirement is 46.9 LPS and pres-
sure requirement is 32 m during irrigation.

If pumping efficiency is 80 %, then the power require-
ment during irrigation is (Eq. 2.17)

Pirrigation = Qpgh/Eff = 0.0469%1,000 kg/m3*
9.8 m/sec>*32 m*0.001 kW/W/0.8 = 18.4 kW

If only half of the zone is flushed at a time, then the pressure
required at the inlet to laterals is 18.5 m. If isolation valves
are used and only half of the zone is flushed at a time, then
required flow rate is 59 LPS. The total pressure requirement
during flushing is

20m  Minimum operating pressure at submain inlet
(Fig. 18.7)

+2m  Pressure loss in solenoid valve

+5.9 m Pressure loss in 700 m N-S mainline

-1.2 m Elevation gain in 700 m N-S mainline

+8 m  Ressure loss in sand filter

+5 m  Friction loss in valves and fittings (check valve,
manifold, pump suction)

+1 m Elevation of ground surface above canal water
surface

45 m  Total pump pressure requirement

Pﬂushing = ngh/Eff = 0059*1, 000 kg/nl3><
9.8 m/sec?*45 m*0.001 kW/W/0.8 =32.5 kW

The power requirement for flushing is much greater than the
power required for irrigation. Thus, a booster pump is required
during flushing. In addition, extra flow rate is required which
may be difficult to add, depending on the water source. Possi-
bly, a reservoir would need to be constructed to provide extra
water during flushing. The requirement of extra flushing
capacity adds costs that are not in design 1.
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The Design 1 water application is has higher uniformity
so yield should be greater and environmental contamination
should be less. However, only capital cost, water cost, and
energy cost are included in this economic comparison.

Economic Comparison of Designs 1 and 2

Pipe Design 2 has a
$56,373 — $55,313 = +$1,060.

higher = pipe  cost:

Pump Estimate the extra booster pump required for flushing
in design 2 costs $4,000.

Water Cost The percent wasted water in design 1 is 1.8 %
while the percent wasted water in design 2 is 5.5 %. The
difference in efficiency is used to calculate the extra annual
volume of water required for design 2 is

AV == (1 m)(32 ha)(0.055 — 0.018) = 1.18 ha —m

The annual extra cost of water for design 2 is (1.18 ha-m)
($3.27/ha-cm) (100 cm/m) = $387/yr. The present value
(20 years, 0.08) of the extra cost is $3,800 for the entire farm.

Energy Cost Ignore the cost of flushing because it is an
insignificant fraction of total energy use. Time of operation
is the volume required divided by the minimum (worst-case)
application rate.

V/Q = (1 m*32 ha*10,000 m?/ha)/(0.0444 m*/sec)/
(3,600 sec /hr) = 2,020 hours

The pump power is multiplied by the time of operation to
find annual energy use.

Design 1: P*t = 17.7 kW * 2,020 hours = 35,791 kW-hrs
— $3,579/yr @ $0.10/kW-hr

Design 2: P*t = 18.4 kW * 2,020 hours = 37,168 kW-hrs
— $3,717/yr @ $0.10/kW-hr

The difference in power cost between design 1 and design
2 is $158/yr. The present value (20 years, 0.08) of the extra
cost of power in design 2 is $1,600.

Difference in present value between designs 1 and 2
(+ means design 2 is more expensive):

+3$5, 000(capital) + $3,800(water) + $1,600(energy) =
+ $10, 400

Decision The present value of design 1 is less than design
2. It is also possible that an auxiliary reservoir will be needed


http://dx.doi.org/10.1007/978-3-319-05699-9_2
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to provide extra flow capacity for flushing for design 2.
In addition, design 1 adds the flexibility of irrigating half
zones. Select design 1.

An Economic Rationale for Selecting Between
Drip Lateral Types

There are numerous types of inline drip systems. This sec-
tion shows how to use economics and expected spatial
variability and reliability of different drip lateral types to
select between inline drip products. Factors that influence
variation and cost include tubing diameter and length, emit-
ter type, flow rate, spacing, and expected life. The
Chapter 18 Economic analysis workbook incorporates
these factors in an economic analysis. The variation is com-
bined with crop water production functions (CWPF) to
assess the effect of spatial variation on yield and profit.
Present value of yields over the life of the project is com-
pared to the present value of the cost of tubing and emitter
replacement for various alternatives. In the Drip lateral CV
analysis  worksheet, columns A:I make hydraulic
calculations for the lateral. Columns K:V simulate
randomized application depths for a range of minimum
application depths specified in Row 17 (Fig. 18.15).

If there are multiple emitters per plant, then the
manufacturers coefficient of variation for single emitters is
divided by the square root of the number of emitters per
plant in order to find the variability of water application to
plants. This standard statistical procedure is used to calculate
the standard deviation of mean values based on the standard
deviation of individual members of a sample group.

° Ccv CV pmister
Omeans = W = CVmeans = W = CVpiant = ]\;Tn?te
(18.1)
where

Omeans = Standard deviation of application rate per plant,
mm

N = number of emitters per plant

CVimeanssCVplane = coefficient of variation of application
rate per plant, mm.

The Drip lateral CV analysis worksheet develops
equations for yield and leaching vs. CV for each of the
lateral options in the worksheet (Table 18.2). Columns Y:
AJ calculate yield as a function of the application depths.
Columns AL:AW calculate leaching as a function of

A B C D E 3 G I J ¥ L H ] 5] P

Wente Minimum  Average Average Value of

PR depth depth Average Cost of Cost of

Melon applied applied leaching water or cotton energy or cotton
1 — Min pressure (kPa) 100.00 (cm) {em) (cmand$) (S/ha) yield (Sha)  yield (S/ha) Profit (S/ha)
2 | watermelon [+ ]| Lateral diameter [mm] 16.00 40 41741071 0 1364933 20197266 43532864 30295898 28495637
3 Emitter spacing [m] 0.25 45 0 15355497 22708252 48974472 34062378 3203.7083
4 Kinematic viscosity  1.00E-06 50 0 17061663 25219238 5441608 37828857  3557.853
5 Slope (- downhill) m/m -0.0020 55 0 18767829 27.730224 59.857668 41595337 3911.9977
6 Precipitation 7.50 cm 60 3 204.73995 30225097 65299296 45337646 4263.6919
7 |Plant CV min 0.01 Plant CV  0.050000 65 67829241 22180162 3253066 70.740904 4879599 45865961 |Finds
8 Plant CV max 0.15] Min application depth 40 cm 70 73.046875 34141133 76.182512 512117  4803.7926 |maximum
9 Interval 5 cm 75 78.264509 6.07M593 3485228 8162412 5227842 4884.2215|§ 4834
10 80 83482142 34990993 B87.065728 5248649 4877.5958 |Wnte max
11 Emitter exponent x 05 85 88.699776 35 92507336 5250 4851 2446 |opposite
12 Emitter K 0.2 LPH and Kpa 90  93.91741 2141741 35 97948944 5250 48235237 |CV
13 Tubing length (m) 100.0 95 99.135044 26635044 3 35 103.39055 5250 47958028
14 Number of emitters 400 —e — —
15 Avel 41741071 46.958705 52176339 57.393973 62.611607 67.829241
16 Z P-D-W Q | Qtotal v Re D-W hf Depth (cm) |
17 Emitter [m] _ |Awerage ﬂ# [Lph] m/s| [m 40 [ a5 | 50 [ 55 [ 60 [ 65
18 400 | 3.12916 10.200 2.00000 | 2.00000 0.0028 4.1 14476 | 0.000009 60 -
19 399 | 013085 nnan PR P P ~===~—T 000018 |
20 8| 02567 2.40000 02t SEE s
21 7] 136448 | . 2.35000 )0003: S ¢ i
22 6| 097245 | & 5 30000 - 44 aE e P )
23 055285 | = 000053 | o
24 [ osera9 | § 225000 | 000062 | 3¢
25 3| 106468 - 2.20000 000070 2
26 92| 066656 | B ;15000 - 1000079 26
27 1] -030683 | T - [ B
28 Garrd | & 2-10000 1 097 168 -
29 -0.96460 | 'E 2.05000 - JE
30 0.99996 | W 2.00000 - 4 0 + T '

38917 ) 2 4

ggl - 1.95000 . ""JZL 0 100 2(.‘(? 3:0 00 500
33 2 3700 0 100 200 300 400 500 [oo0141 | Emitter number
3 34 | 083859 Emitter number . L
35 3 88828 41761904 46982142 5220238 57422618 62642856 67.8630%4
36 52 74515 | TUOTYI | T 9YYET | T 9YRGU | UUSIS | 63962 | UUIEZ [ U 1 43474326 48908617 54342907 59777198 65211489 7064578
37 a1l .nazem [ 10192 | 189823 | 3maa183 | 0 0&RA3 I saan1 | nar2a ['n 1 393314TA 44 247911 49 1R4345 K4 DROTA SR 997214 A3 913649

Fig. 18.15 Emitter flow rates over and variable application rates
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Table 18.2 Five drip tape alternatives for subsurface drip irrigation of watermelons (Drip lateral CV analysis worksheet)

AK AL AM AN A

AF

AQ AR AS AT

Type Cost (S'm) Repl (yv) diam (mm) k X spacng Min Press (kPa) type
4 1 § mil tape 0.09 5 16 0.1 05 0.25 50 Turbulent
S 2 § mi tape 0.07 5 16 02 05 05 50 Turbulent
3 15 ol tape 0.12 10 12 02 05 05 50 Turbulent
4 15 mil tape 0.2 10 16 2 0 05 100 Pressure comp
5 15 mil tape 0.24 10 16 1 0 028 100 Pressure comp

application and plant water uptake. A VBA program is
triggered with the Monte Carlo simulation button in order
to simulate yield and leaching over the range of CV values
specified in B7 and B8. The Monte Carlo simulation selects
the best irrigation depth for each manufacturer’s CV and
thus finds the maximum benefit for each alternative and CV
value (Fig. 18.19).

Because CV is specified for each year, the benefit vs. CV
curves (Fig. 18.19) can be used in the financial analysis
(Watermelon financial calcs and Cotton financial calcs
worksheets) in order to calculate the value of each system
for the life of the project.

The replacement interval for in-line drip irrigation tub-
ing primarily depends on tubing wall thickness (the com-
mon units are mils). In general, 6 and 8 mil tubing are
considered thin wall and are only designed to last one or
two seasons while 15 mil tubing is considered thick wall
and has been observed to last for 15-20 years on subsurface
drip irrigated farms. New, high-quality, in-line emitters
typically have a coefficient of variation (CV) in the range
of 2-3 %. The CV increases over time. This type of infor-
mation is compiled in Table 18.2 and is used in the Monte
Carlo simulation.

Example 18.2 A subsurface drip irrigation system will
be installed for irrigation of watermelon. The five drip tape
alternatives are shown in Table 18.2. Select the best alternative.

There is a 10 yr project life and 8 % ROR. Initial cost of
installation, other than tubing price and tape injection and
connection, is the same for all types of tubing. Drip tape
replacement cost is $150/ha (tape injection and connection).
The cost of energy is $0.10/kW-hr. Pumping efficiency is
80 %. The cost of water is $3.27/ha-cm. The environmental
penalty for leaching is $1/ha-cm. Effective seasonal precipi-
tation is 7.5 cm. Fixed costs other than water, energy, tubing,
and leaching are $3,700/ha/yr, which includes annualized
capital costs (irrigation mainline, submain, and pump station
installation) and annual costs such as seed, fertilizer, labor,
and fuel, cultivation, and harvesting. Maximum watermelon
yield is 35 metric tons/ha @ $150/metric ton.

Laterals are 100 m long and laid on a downward slope
(—0.002 m/m). All emitters on 0.5 m spacing have a nominal
2 L/h flow rate. The minimum operating pressure for turbu-
lent emitters is 50 kPa (k = 0.2828 and x = 0.5). The mini-
mum operating pressure for pressure compensating emitters
is 100 kPa (k = 2.0 and x = 0). All emitters on 0.25 m
spacing have a nominal 1.0 L/h flow rate. All emitters have
initial 2.5 % manufacturer’s CV and 2.5 % increase in CV
per year.

Watermelons are commonly planted in the center of
2 m beds with 0.5 m between plants. In order to increase
wetted root volume (larger water and nutrient reservoir)
for the watermelons, 3 drip laterals are installed on each
bed (Fig. 18.16). All tubing is buried 20 cm below the soil
surface.

There has been little research directed toward developing
a watermelon CWPF. Thus, the FAO Ky value will be used
to develop a linearized CWPF for yield vs. dry stress. With
respect to wet stress, there is often a decrease in watermelon
yield due to over watering; however, the decrease is caused
by melon splitting or other physiological responses that
would be unlikely to occur with subsurface drip irrigation
laterals buried at 20 cm depth. Therefore, there is no need to
penalize the yield due to overwatering. The seasonal ET, is
0.8 m, and if greater than or equal to 0.8 m is provided, then
yield is the maximum potential yield, 35 metric tons/ha.
Watermelon are sensitive to water stress so K, = 1.1
(FAO). An equation for the watermelon yield vs. applied
water depth with 7.5 cm precipitation is

A P
Y =(1-K,(1—- W+ Y max
AWreq

= (1 - 1.1 (1 —w)>35 metric tons

0.8
where

AW = applied depth, m.

Thus, a step function is used to calculate watermelon
yield (Fig. 18.17).
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Fig. 18.16 Watermelon bed and
drip lateral locations
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Fig. 18.17 Watermelon AW with seasonal

precipitation = 0.075 m

yield versus

If AW <0.725 Y = (0.00312 + 1.375*AW)*35
Else YL =35

Excess water (AW + P > 0.8 m) is leached.

Pipe installation costs include the price of the tubing
(Table 18.2) and labor. The length of tubing/ha is the area
divided by the spacing.

10,000 m*/(2 m/3 tubes) = 15,000 m tubing/ha.

The cost of option 1 installation (just tubing installation, not
mainline etc.) is

15,000 m*$0.09/m + $150(labor per ha) = $1,500/ha

Solution
1. Develop an equation for annual yield benefit vs. CV for
each of the five tubing alternatives.

Options 2—4 have 3 emitters per plant (emitter spacing
= 0.5 m, watermelon spacing = 0.5 m, 3 laterals per plant).
As calculated below, the CV,, during the first year is
0.0145 (1.5 %) and increases by the same amount every
year, based on the problem definition. With 0.25 m spacing
and 6 emitters per plant, options 1 and 5 have a CVpy
during the first year equal to 0.01 (1 %) and increase by
the same amount each year.

Cvemitter _ 0.025

Cvp[am = W = W = 00145
cv - 0.025
Cvp[am = W = W = 0010

A VBA macro is triggered by the Monte Carlo button that
automatically increases CV from the minimum to the maxi-
mum (cell B7:B8) for each tubing alternative and finds an
optimal depth and profit based on the information in
Fig. 18.18. The profit (column N) is calculated as yield —
water cost — energy cost — leaching cost.

An equation for maximum profit vs. CV is developed for
each tubing option (Fig. 18.19). Only two equations are
needed in this example because there are only two different
emitter configurations (3 emitters per plant and 6 emitters
per plant).

The next step is to incorporate the equations in Fig. 18.19
in an economic analysis. Because. The fixed costs of $3,700
per year are subtracted from the equations derived in
Fig. 18.19. The CV,,y for each of the tubing alternatives
are shown in Table 18.3.

The next steps in the analysis are run in the Watermelon
financial calcs worksheet. Annual profit vs. year is calcu-
lated based on the equations (Fig. 18.19) and expected
annual CV values for each alternative (Fig. 18.20). The
user must enter the equations into the appropriate columns
in rows 2—11.

The annual fixed costs ($3,700/ha) are subtracted from
the profits and are then converted to present values in the
second and third tables and then summed in line 40 in the
Watermelon financial calcs worksheet (Fig. 18.21).

Decision Select option 2 because it has the highest present
value, $6,098 (the least expensive alternative). The cost of
replacing option 2 at the end of the 5th year is more than paid
for by the increased uniformity.

Example 18.3 Repeat Example 18.2, but for cotton. There
is one drip lateral per row of plants with 1 m spacing
between rows. Use the Grimes and El-Zik CWPF
(Chap. 2), and the leaching fraction equation based on the
Grimes and El-Zik CWPF developed in Chap. 6. Cotton
price is $0.92/kg. Fixed annual costs are $600/year. Soil is
sandy loam. Emitter spacing is 0.5 m.

Yield is calculated with the Grimes and El-Zik
(Fig. 2.1) cotton yield function Y = (—3954 + 1067
(AW +P) %% _ 5414 (AW +P)). Leached depth =
0.2736e-0469AW + P)

With sandy loam and 2 L/h emitter flow rate, the wetted
diameter (Table 15.2) is 0.7 m. Thus, the overlap is 0.35 m/
0.5m * 100 % = 70 %. The 1.0 L/h flow rate emitters have
a 0.4 m wetted diameter in the sandy loam soil (estimated


http://dx.doi.org/10.1007/978-3-319-05699-9_2
http://dx.doi.org/10.1007/978-3-319-05699-9_6
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- - E F G H I | 3 K L o N
Minimum  Average Average Value of
depth depth Average  Costof watermelon Costof watermelon
applied applied  leaching water or cotton energy  or cotton
Min pressure (kPa) 100.00 fem) (cm)  (cmand$)  (S/ha) yield (Sha)  yield ($Ma) Profit (Smha)
40 0 13654457 20204811 43.549216 3030.7217 28506279
45 0 15361265 22716741 48.992868 3407.5111 3204 9056
50 0 17068072 2522867 54.43652 3784.3005 3559.1833
55 0 187.74879  27.7406 59.880172 416109 3913461
60 8 204.81686 30241529 65323824 4536.2294 4266.0659
85 32554522 T0.767476 48831783 4590.08%
70 73.074313 3425381 76211128 51380714 48207825 |maximum
75 78.293907 34898078 81654781 52347116 48910301|5 4891
80 83513501 34991169 B87.098433 52486754 4877456 |Write max
85 88.733095 3499939 92542085 5249.9085 48509748 i
90 93 97.985737 5250
Tubing length (m) 100.0 95 10342939

Number of emitters 400

Fig. 18.18 Economic optimization for each tubing alternative for a given CV and irrigation flow characteristics

Fig. 18.19 Profit versus CV for 7 S T U [ v [ ]

W I X
each of the tubing alternatives 3 | Option 1 Option 2 Option 3 Option 4 Option 5
_‘ —
a3 $ 4923| 5§
6 | $ 491518
7 | $ 489418
S 488585
$ 487018
s 484818
11 0
12 0.1 s —e—Option 1
13 | $4,940 :
For y=-878.73x+4952.4 e e
~1i5 [ s —#—Option 3 2
ig — $4,900 | —0ption 4 lielc
Tio umie & 5% | —+—Option 5 3
19 79.80681 & $4,860 —— Linear (Option 5) 1
20  80.11972 y=-894.21x+4939.4 1
-5 sa3%0 | —— Linear (Option 3) 1
22 80631 $4820 | 1
_ 23 | T876
24 71.6540 $4800 1 1
25 829658 $4780 : . . 2
—gg 8;0008 o] 0.05 0.1 0.15 0.2 :
28 76.39% < 1
29 | 7721895205 82 04513656 86.87132106 91.69750556 _ 1
Table 18.3 Annual CV,,,,, for tubing options
yr Option 1, .25 m Option 2, .5 m Option 3, .5 m Option 4, .5 m Option 5, .25 m
1 0.01 0.0145 0.0145 0.0145 0.01
2 0.02 0.029 0.029 0.029 0.02
3 0.03 0.0435 0.0435 0.0435 0.03
4 0.04 0.058 0.058 0.058 0.04
5 0.05 0.0725 0.0725 0.0725 0.05
6 0.01 0.0145 0.087 0.087 0.06
7 0.02 0.029 0.1015 0.1015 0.07
8 0.03 0.0435 0.116 0.116 0.08
9 0.04 0.058 0.1305 0.1305 0.09
10 0.05 0.0725 0.145 0.145 0.1
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Fig. 18.20 Annual profits

(yield — water — energy — leaching A B¢ .. E E_.__¢ B : 1. K
y— X yr Option 1 Option 2 Option 3 Option 4 Option 5

cost) for each alternative in i

Watermelon financial costs 2 1 001 493484 00145 493117 00145 489528 00145 492473 001 | 492854

worksheet 3 2 002 492668 0029 491934 0029 488357 0029 491247 002  4920.08
4 3 003 491852 00435 49075 00435 487185 00435 49002 003 491162
5 4 004 491036 0058 489567 0058 486014 0058 488793 004  4903.16
6 5 005 49022 00725 488384 00725 484842 00725 487567 005 48947
7 6 001 493484 00145 493117 0087 48367 0087 48634 006 488624
8 7 002 492668 0029 491934 01015 482499 0.1015 485113 007  4877.78
9 8 003 491852 00435 49075 0.116 481327 0.116 483886 008  4869.32
1w 9 004 491036 0058 489567 0.1305 480156 01305 48266 009  4860.86
1| 10 0.05 49022 00725 488384 0.145 478984 0.145 481433 0.1 48524
12
13 Annual benefit (S/ha) Tubing installation costs (S/ha)
14 | Optl Opt 2 Opt 3 Opt 4 Opt5 | Optl Opt2 Opt 3 Opt 4 Opt 5
15, 0 0 0 0 0 0 1500 1200 1950 3150 3730
1) 1 0|
17 2 4960 0 |
3 4940 —]
19 4 0
205 4920 h\ o |
21 6 y \\‘\\‘// \:\\\ 0
22 [T T 4900 2 0|
23 [N B s \ \\"\\\?Rx\\ \'\- 0
4| 9 g e o |
25| 10 | _§ 4860 0
2 T s T e 8 =
j; *% \ \’K pt5 |
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30 1 4800 HH —=<Opt4 —==Opt5 _\A &
31 2 046

4780 ' e

2 3 0 2 4 6 g 10 12 S
33| 4 184
24 5 Year 3|

based on linear difference between doubled flow rates in
Table 11.4). The overlap is 0.2 m/0.25 m * 100 % = 80 %.
Thus, both emitter spacings have approximately % overlap.
Plants that are close to one emitter would probably have root
systems with access to water from the far emitter, so assume
2 emitters per plant (Fig. 18.22) for the emission uniformity
equation.

The CVpjane as a function of emitter CV is calculated as
follows for all options.

Veminer _ 0025 _ 17
o

CVplam = 20' 5

Likewise, each plant receives water from 4 emitters with the
0.25 spacing. Thus, the CVp,e would be calculated as
follows:

CV emitrer  0.025
Cvplant =

s =0.0125

40.5 -

Annual CV values for the different tubing options are shown
in Table 18.4.

Using the Drip lateral CV analysis worksheet,
vs. CV curves are not linear for cotton (Fig. 18.23).
polynomial trendlines are used to fit the data.

The next step is to input the annual CVs and profit vs. CV
equations into the Cotton financial calcs worksheet. Fixed
annual costs are $600; thus, for option 5, the annual benefits
are calculated as

profit
Thus,

—1074 CV? +11 CV
+ 833600

Annual benefit(option 5) =

The length of tubing/ha is the area divided by the spacing.

10,000 m?/(1 m/tubes) = 10,000 m tubing/ha.

For example, the cost of option 1 installation (just tubing
installation, not mainline etc.) is

10,000 m*$0.09/m + $150(1abor per ha) = $1,050/ha

The calculated benefit per year in the Cotton financial calcs
worksheet is shown in Fig. 18.24.
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A B C D E F G H I J K
2 1 0.01 493484 0.0145 4931.17 0.0145 489528 0.0145 492473 0.01 4928.54
3 2 0.02 4926.68 0.029 491934 0.029 488357 0.029 491247 0.02 4920.08
4 3 0.03 401852 0.0435 49075 0.0435 487185 0.0435 49002 0.03 4911.62
5 4 0.04 491036 0058 489567 0.058 4860.14 0.058  4887.93 0.04 4903.16
6 5 0.05 49022 0.0725 488384 0.0725 484842 0.0725 4875.67 0.05 48947
7 6 0.01 493484 0.0145 4931.17 0.087 4836.7 0.087 4863 4 0.06 4886.24
8 7 0.02 4926.68 0.029 491934 0.1015 482499 0.1015 4851.13 0.07 4877.78
39 8 0.03 491852 0.0435 4907.5 0.116 4813.27 0.116 4838.86 0.08 4869.32
10 9 0.04 491036 0.058 489567 0.1305 4801.56 0.1305 4826.6 0.09 4860.86
11 10 0.05 4902.2 0.0725 4883 .84 0.145 4789 84 0.145 481433 0.1 48524
12
13 Annual benefit (S/ha) Tubing installation costs ($/ha)
14 | Optl  Opt2  Opt3  Opt4 Opt5 | Optl  Opt2  Opt3  Optd  Opts
1s| 0 0 0 0 0 0 1500 1200 1950 3150 3750
16 1 4935 4931 4895 4925 4929 0 0 0 0 0
17 2 4927 4919 4884 4912 4920 0 0 0 0 0
18 3 4919 4908 4872 4900 4912 0 0 0 0 0
19 4 4910 4896 4860 4888 4903 0 0 0 0 0
20 5 4902 4884 4848 4876 4895 1500 1200 0 0 0
21 6 4935 4931 4837 4863 4886 0 0 0 0 0
22 7 4927 4919 4825 4851 4878 0 0 0 0 0
23 8 4919 4908 4813 4839 4869 0 0 0 0 0
24 9 4910 4896 4802 4827 4861 0 0 0 0 0
25, 10 4902 4884 4790 4814 4852 0 0 0 0 0
26 |
27 Yearly profit (S/ha) Present value of yearly profit (S/ha)
28 Optl  Opt2  Opt3  Opt4d  Opt5  Optl  Opt2  Opt3  Optd  Opts
290 0 1500  -1200  -1950  -3150  -3750  -1500  -1200  -1950  -3150  -3750
30 1 1235 1231 1195 1225 1229 1143 1140 1107 1134 1138
| 2 1227 1219 1184 1212 1220 1052 1045 1015 1039 1046
32 3 1219 1208 1172 1200 1212 967 959 930 953 962
33 B 1210 1196 1160 1188 1203 890 879 853 873 884
34 5 -298 -16 1148 1176 1195 -203 -11 782 800 813
35 6 1235 1231 1137 1163 1186 778 776 716 733 748
36 7 1227 1219 1125 1151 1178 716 711 656 672 687
37 8 1219 1208 1113 1139 1169 658 652 601 615 632
38 9 1210 1196 1102 1127 1161 605 598 551 564 581
39 10 1202 1184 1090 1114 1152 557 548 505 516 534
40 ITotel I 5664 6098 5766 4749 4274
Fig. 18.21 Annual benefits and costs and present values in Watermelon financial calcs worksheet
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Table 18.4 Annual CV,,, for tubing options in cotton

yr Option 1, .25 m Option 2, .5 m Option 3, .5 m Option 4, .5 m Option 5, .25 m
1 0.0125 0.0177 0.0177 0.0177 0.0125
2 0.025 0.0354 0.0354 0.0354 0.025
3 0.0375 0.0531 0.0531 0.0531 0.0375
4 0.05 0.0708 0.0708 0.0708 0.05
5 0.0625 0.0885 0.0885 0.0885 0.0625
6 0.0125 0.0177 0.1062 0.1062 0.075
7 0.025 0.0354 0.1239 0.1239 0.0875
8 0.0375 0.0531 0.1416 0.1416 0.1
9 0.05 0.0708 0.1593 0.1593 0.1125
10 0.0625 0.0885 0.177 0.177 0.125
Fig. 18.23 Profit versus CV for $ 850
cotton analysis in Drip lateral CV
analysis worksheet $ 840
$ 830
$ 820
=== QOption 1 y=-1142.9x2 + 19.618x + 846.1
£ $ 810
o ~8— Opt =-841.91¢ -
& $800 Option 2y =-841.91x% — 15.839x + 845.62
$ 790 ~=== Option 3 y =-848.35x% — 22.894x + 838.56
$780 § =7 Option4d y= —1060.4x2 + 6.9183x + 831.34
$ 770 | =#=Option 5 y=-1074.1x + 11.043x + 833.49
$ 760 .
0 0.05 0.1 0.15
CcvV
A B c D E F G H I J K I.
yr Option 1 Option 2 Option 3 Option 4 Option 5
1 ]
2 1 0.0125 846.17 0.0177 845.08 0.0177 [ 83789 0.0177 831.13 0.0125 833.46
z) 2 0.025 84588 0.0354 844 00 0.0354 E836:69-..0.0354 “83026~ 0025 33.09
4 3 0.0375 |
B 4 005 _ 850
6 5 0.0625
7 6 0.0125 840
8 7 0025
9 8 0.0375 = 830
10 9 005 £
11 10 0.0625 =
12 | 3 820 |
13 _:g
a
14 | Optl 5 810 <
15 0 0 Z
16 1 846 —+—0Optl -@-Opt2 -aA—Opt3
800 A =
17 2 846 —><Opt4 —#-Opt5s
18 3 845
19 4 844 ?90 T T T T T
20 5 843 0 2 - 6 8 10 12
21 6 846 Year
22 7 846 ey s — N T v u v - :

Fig. 18.24 Annual profits (yield — water — energy — leaching cost) in Cotton financial calcs worksheet
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A B C D E F G H I J K

1 yr Option 1 Option 2 Option 3 Option 4 Option 5

2 1 0.0125 846.17 0.0177 845.08 0.0177 83789 0.0177 831.13 0.0125 833 46

3 2 0.025 84588 0.0354 844.00 0.0354 83669 0.0354 83026 0.025 833.09

4 3 0.0375 84523 0.0531 842 41 0.0531 83495 0.0531 82872 0.037 832.39

5 4 0.05 84422 0.0708 840.28 0.0708 83269 0.0708 826.51 0.05 831.36

6 5 0.0625 84286 0.0885 837.62 0.0885 82989 0.0885 82365 0.0625 82998

7 6 0.0125 846.17 0.0177 845.08 0.1062 82656 0.1062  820.12 0.075 828.28

8 7 0.025 84588 0.0354 844.00 0.1239 82270 0.1239 81592 0.0875 826.23

9 8 0.0375 84523 0.0531 842 41 0.1416 81831 0.1416 811.06 0.1 82385

10 9 0.05 84422 0.0708 840.28 0.1593 81338 0.1593 80553 0.1125 821.14

11 10 0.0625 84286 0.0885 837.62 0.177 807.93 0.177 79934 0.125 818.09

12

13 Annual benefit (S/ha) Tubing installation costs (S/ha)

14 Opt 1 Opt 2 Opt 3 Opt 4 Opt 5 Opt 1 Opt 2 Opt 3 Opt 4 Opt 5

15 0 0 0 0 0 0 1050 850 1350 2150 2550

16 1 846 845 838 831 833 0 0 0 0 0

17 2 846 844 837 830 833 0 0 0 0 0

18 3 845 842 835 829 832 0 0 0 0 0

19 4 844 840 833 827 831 0 0 0 0 0

20 5 843 838 830 824 830 1050 850 0 0 0

21 6 846 845 827 820 828 0 0 0 0 0

22 7 846 844 823 816 826 0 0 0 0 0

23 8 845 842 818 811 824 0 0 0 0 0

24 9 844 840 813 806 821 0 0 0 0 0

25 10 843 838 808 799 818 0 0 0 0 0

26

27 Yearly profit (S'ha) Present value of yearly profit ($'ha)

28 Opt 1 Opt 2 Opt 3 Opt 4 Opt5  Optl Opt 2 Opt3  Opt4d Opt 5

29 0 -1050 -850 -1350 -2150 -2550 -1050 -850 -1350 -2150 -2550

30 1 246 245 238 231 233 228 227 220 214 216

31 2 246 244 237 230 233 211 209 203 197 200

32 3 245 242 235 229 232 195 192 187 182 184

33 4 244 240 233 227 231 180 177 171 166 170

34 5 -807 -612 230 224 230 -549 -417 156 152 157

35 6 246 245 227 220 228 155 154 143 139 144

36 7] 246 244 223 216 226 143 142 130 126 132

37 8 245 242 218 211 224 132 131 118 114 121

38 9 244 240 213 206 221 122 120 107 103 111

39 10 243 238 208 199 218 112 110 96 92 101

40 [Totar | -121 196 181 -664 -1014

Fig. 18.25 Annual benefits and costs and present values in Cotton financial calcs worksheet

The annual fixed costs ($600/ha) are subtracted from the
profits and are then converted to present values in the second
and third tables and then summed in line 40 in the Cotton
financial calcs worksheet (Fig. 18.25).

Option 1 does not yield a positive present value at the
required rate of return, and options 2 and 3 are barely
positive. Options 4 and 5 are highly unprofitable. If crop

failure were to occur in one or more years, and this
analysis was based only on normal yields, then options
2 and 3 would not be profitable in this analysis. This
example shows why drip irrigation systems are usually
installed for high value crops. The yield may not pay for
the added cost of the drip system (typically $2,500/ha
capital cost).
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Fig. 18.26 Optimal AW, versus CV, . for cotton and watermelon

Examples 18.2 and 18.3 assumed only one crop per year,
and the same crop every year with constant fixed costs,
constant yield and crop price. However, many drip systems
are installed in areas that support 2 crops per year.

A comparison of the cotton and watermelon examples
demonstrates the differences in watering practices between
high value and low value crops. Watering can be excessive
with high value crops (Fig. 18.26) because the goal is to
maintain maximum yield, but under watering of some parts
of the field is economically justified with low value crops.
When CV increases with cotton, there is no change in the
optimal watering depth. The reason that cotton optimal
watering depth does not increase with CV is that there is a
relatively important financial cost associated with
overwatering some parts of the field. The value of the addi-
tional water is not justified by an increased income from the
crop. However, water is a relatively small cost in compari-
son to the profit from watermelon. Thus, it is never beneficial
to underwater some parts of the field in order to save money
on water.

Questions

1. A 90 m long submain supplies 12 mm ID laterals that are
90 m long. This is a single feed system. The laterals are
spaced 1 m apart. Emitters are spaced every 0.3 m,
k = 0.25, and x = 0.41. Slope of laterals is 1 % down-
hill. Manufacturer’s coefficient of variation is 5 % and
number of emitters per plant is 2. Verify that the lateral
has at least 90 % emission uniformity. If not, then
increase the pipe diameter. The submain is on level
ground. Find the lateral flow rate vs. pressure equation
(Fig. 18.3) and design the submain (select diameters).
Because of flushing, minimum allowable size of the
submain is 100 mm. The minimum acceptable pressure

4.

6.
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is 80 kPa. Find the required inlet pressure for the
submain. Also, determine whether the emission unifor-
mity is greater than 90 % for the entire zone.

. Repeat question 1; however, there is no slope on the

lateral. Evaluate emission uniformity on the individual
lateral and in the zone. Is the emission uniformity above
or below 90 %. Compare the exponent and the coeffi-
cient in the lateral flow pressure equation to that of
question 1. Explain the differences and similarities.

. Repeat question 2, but change to dual feed laterals with

submains that are 180 m apart. For the purpose of hydrau-
lic calculations, laterals are 90 m long to the midpoint.
Emission uniformity should be greater than 90 % for any
zone; thus, increase the pipe diameter to 14 mm, and
determine whether this diameter results in an emission
uniformity that is greater than 90 % for the entire zone.
If the emission uniformity is more than 1 % greater than
90 %, then there is no need to make an additional calcula-
tion for the zone, because the zone will drop the uniformity
by less than 1 %. There is no need to show all the graphs
and equations. Just the results are sufficient.

Based on the parameters in questions 2 and 3, calculate
the inlet pressure needed for the submains. Find the
equation for submain inlet flow vs. pressure.

. Based on the parameters in questions 2—4, evaluate

flushing in the dual feed lateral with submains spaced
on 180 m intervals. Use the Flush dual feed lateral
worksheet. Find the inlet pressure required and the
equation for lateral flow vs inlet pressure.

Based on the parameters in questions 2-5, evaluate
flushing in the submain. There are 100 laterals spaced
1 m apart. Use the Submain flushing worksheet. Check
that flow velocity is not excessive. Pipe flow velocity
restrictions (normally < 1.5 m/sec) can be relaxed for
flushing mode, as long as the owner slowly closes valves
during the flushing process, keep the velocity below
2 m/sec in this question. Find the required inlet flow
velocity and pressure. Find the equation for inlet pres-
sure vs. flow rate.

. Using the information compiled in questions 1-6, design

a pump, filter, and mainline system for a level field that
has dimensions 400 m x 400 m. Allow 20 m for a
central road so the length of laterals (distance between
submains) is 180 m. Use the 100 m x 180 m zones that
you have already designed. The road travels in the EW
direction, and the pump is in the NW corner. Using the
structure in Fig. 18.1, specify the required pipe sizes in
mains 33-38 and 43-45. The irrigation schedule allows
for 8 zones so each zone is run by itself. For example,
pipes 1 and 5 are activated at the same time, etc...
Mains 33-36 are used for flushing because flushing
originates in submains 1, 2, 3,4, 9, 10, 11, and 12. Use



Questions

the Chapter 18 Mainline workbook to find flow velocities
and head losses. Specify the required pump flow rate and
pressure. You do not need to pick a particular pump
(unless you want to). 0 year project life and 8 % ROR.
The cost of energy is $0.10/kW-hr, and the cost of water
is $3.27/ha-cm. Annual ETc is 1 m/y. Irrigation efficiency
is 90 % and pumping efficiency is 80 %. Sand filter losses
are 7 m and pump station losses are 3 m. Solenoid valve
losses are 2 m. Do not worry about the flushing flow rate
or pressure or the booster pump that would be required
for flushing.

. Open the Chapter 18 Economic analysis workbook and
Cotton Drip lateral CV analysis worksheet. Reduce the
plant CV in cell E7 to 0.05. Select cotton as the crop in
cell A2. In the range E1:E14, change the tubing diameter
to 12, the plant CV to 0.05, the emitter coefficient to 0.2,
and the emitter exponent to 0.5. Note, the Monte Carlo
simulation program changes these values during the
simulation. Plot the emitter flow rates in column D
vs. emitter number in column A. Plot the 40 cm appli-
cation depth in column K vs. emitter number in column
A. Explain why some of the application depths are less
than 40. You can highlight one of the cells in Column K
and look at the equation in order to find the answer. Plot
the yield vs. emitter number curve for the 50 cm depth in
column AA and the 75 cm depth in column AE. Explain
the shapes of the yield curves.

. Open the Chapter 18 Economic analysis workbook and
Cotton Drip lateral CV analysis worksheet. Move the
graph away from table T5:X13. Clear cells T5:X13.

10.

11.
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Click the Monte Carlo Cotton button in cell P1. Watch
what happens in cells H2:W13. Then click the Monte
Carlo Cotton button in cell Al and watch what happens
in column E. and explain how the algorithm works. How
many simulations are run at each tubing option and CV
value (count the number of blinks in the formula bar for
each condition)?

Open the Chapter 18 Economic analysis workbook and
Cotton Drip lateral CV analysis worksheet. Select cot-
ton as the crop in cell A2. As shown below, change the
replacement period for the 8 mil tape to 2 years (column
AN), and run the Monte Carlo simulation by clicking the
Monte Carlo button in cell B1. Note: the Monte Carlo
simulation requires several minutes running time.
Notice that the VBA program changes the parameters
in the range E1:E14. Make Trendlines for each of the
curves in the profit vs. CV graph in the range T1:X13.
Compare with the equations in Fig. 18.23. If they are
different, then explain why. Explain why options 1-2
have higher profit vs. CV than options 3-5. Explain why
option 3 has higher profit than option 4.

In the Cotton financial calcs worksheet, change the CV
values for the every other year replacement scheme in
columns B and D for options 1 and 2, as described in
question 10. Add installations costs every other in cells
G15:H25. How does every other year replacement affect
the annual benefit in rows 2:11 (also shown in the
graph)? How does every other year replacement affect
the overall profit of the system as shown in row 40?
What is the only remaining option with positive
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