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Abstract A simple procedure was developed for the

design of low-cost, gravity-fed, drip irrigation single-

manifold subunits in hilly areas with laterals to one or both

sides of the manifold. The allowable pressure head varia-

tion in the manifold and laterals is calculated individually

for different pressure zones, and the manifold subunit

design is divided into independent processes for laterals

and manifold. In the manifold design, a two-stage optimal

design method is used. In the first design stage, the pipe

cost is minimized and a set of optimal manifold pipe

diameters is obtained. In the second design stage, a partial

list of available diameters is prepared based on the calcu-

lated optimal diameters, and the lengths for available

diameters and pressure head of every lateral location along

the manifold are calculated. The size of each of the pres-

sure sections is determined according to the pressure head

distribution along the manifold. Using the proposed

methodology, the minimum manifold pipe cost is obtained,

and the target emission uniformity is satisfied for gravity-

fed drip irrigation subunits.

Introduction

The cultivation of fruit trees and other crops can be more

profitable in upland hilly areas due to favorable climatic

conditions, such as those found in northwest China. How-

ever, farmers grow rain-fed crops in these areas with rel-

atively low yields when irrigation water is scarce. Hand-

watering of crops, as used on a small scale in some water-

scarce upland areas, is perhaps the most efficient water

application method, but it requires a huge amount of labor.

Drip irrigation can be used instead of hand-watering with

minimal water losses and a significant reduction in labor,

and it has the potential to increase crop yield (Singh 1978).

Also, due to topographical advantages, drip irrigation

systems in hilly or mountainous areas can be pressurized

by elevation change without the need for pumping. In some

gravity-fed drip irrigation systems, there is no energy cost

associated with their operation, nor is there a need for

pump equipment and power units to drive the pumps,

whereas in others, water must be pumped up to a reservoir

above the irrigated area.

Different technical aspects of the design of drip irriga-

tion systems have been discussed in detail by Keller and

Bliesner (1990) and Bucks and Nakayama (1986). Wu

(1997) assessed drip irrigation systems with respect to the

relative effects of hydraulic design, emitter manufacturing

variation, grouping of emitters, and emitter plugging. The

design of multi-diameter and multi-outlet pipes laid on flat

or sloping lands has been analyzed by many researchers

(e.g., Anwar 1999; Ajai et al. 2000; Jain et al. 2002; Mahar

and Singh 2003; Valiantzas 2002; Juana et al. 2004;

Yildirim 2007). Procedures for the optimal design and

operation of a multiple subunit drip irrigation system on

flat ground were developed by Dandy and Hassanli (1996).

Ravindra et al. (2008) also developed a design procedure
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for drip irrigation subunits. Bhatnagar and Srivastava

(2003) investigated gravity-fed drip irrigation systems for

hilly terraces in which low-pressure emitters were used, but

without dividing the irrigated area into subunits with dif-

ferent pressure ranges.

In many drip irrigation systems in hilly or mountainous

areas, the manifold runs downhill and laterals are laid

along elevation contours. In these systems, emitters should

be chosen according to the nominal design pressure that

best matches the available pressure at the entrance of each

lateral. For instance, emitters designed for a low operating

pressure can be used on the upper segments of the mani-

fold, and emitters with a high operating pressure can be

used on the lower part of the manifold. Thus, there could be

several ‘‘pressure sections’’ (e.g., low, middle, and high

pressure sections), consisting of groups of adjacent laterals

along the manifold, in which each section would use

emitters that are appropriate for the average available

pressure in that section.

In this paper, the hydraulic characteristics of different

pressure sections along the manifold are analyzed and a

design procedure is presented for low-cost, gravity-fed drip

irrigation systems that can use pressure-compensating

emitters but do not require the use of pressure regulators.

The design criteria are such that the target emission uni-

formity is satisfied in each of the pressure sections and the

manifold pipe sizing results in minimal pipe cost. The

design procedure considers one or more pressure sections

in which potentially different emitters are matched to the

pressure range in groups of laterals along the manifold.

Design assumptions

For the proposed design procedure, a single drip irrigation

subunit consisting of a manifold running downhill along a

constant, uniform slope from a water supply tank feeds

water to laterals on both sides of the manifold. The laterals

are uniformly spaced along the manifold, and emitters are

uniformly spaced along the laterals. In the design, the

manifold pipe may have several different pipe diameters to

accommodate lateral inlet pressure requirements and to

minimize the cost of the pipe. The laterals are assumed to

be laid along elevation contours and the manifold runs

downhill. According to the proposed design procedure, the

water pressure in the manifold will increase monotonically

in the downhill direction, provided the ground slope is

sufficiently steep. Many different emitter designs could be

used, but for practicality the manifold subunit may be

divided into only 1–4 pressure sections, each with only one

type of emitter. Appropriate emitters are chosen according

to the allowable head range in each of the pressure sec-

tions. Therefore, the design pressure at each emitter is

matched to the pressure at the entrance of each lateral. An

example of the steady-state pressure change along a man-

ifold and laterals (with laterals to only one side) is illus-

trated in Fig. 1.

Uniformity analysis of a gravity-fed drip irrigation

system subunit

To achieve the desired water distribution uniformity, the

minimum emitter discharge in the different pressure sec-

tions can be related as follows (Keller and Bliesner 1990):

qni ¼
qaiEu

1� 1:27CVmi
ffiffiffiffi

Np

p ð1Þ

where Np is minimum number of emitters from which each

plant receives water; qai is the average emitter discharge in

the ith pressure section; qni is the minimum emitter dis-

charge in the ith pressure section; CVmi is the emitter

coefficient of manufacturing variation in the ith pressure

section; and Eu is the target irrigation uniformity (fraction).

Equation 1 assumes a normal distribution of emitter

discharges, which is generally true when the Eu is greater

than about 85%. For system design purposes, the average

emitter discharge is set equal to the desired emitter dis-

charge. The head-discharge relationship for emitters is

assumed to take the following general form:

q ¼ KdHx ð2Þ

where q is the emitter discharge (m3/h); Kd and x are

empirical parameters; and H is the pressure head (m) in the

lateral at the emitter location. Equation 2 is valid within a

given range of pressure heads, depending on the emitter

design.

The minimum emitter pressure in different pressure

sections can be expressed as:

Fig. 1 Example of a steady-state pressure distribution with four

pressure sections in a gravity-fed drip irrigation subunit
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Hni ¼ Hai

qni

qai

� � 1
xi

ð3Þ

where xi is the emitter discharge exponent in the ith

pressure section; Hai is the average emitter pressure head in

the ith pressure section (m); and Hni is the minimum

emitter pressure head in the ith pressure section (m). The

allowable pressure head variation in different pressure

sections can be calculated as follows (Keller and Bliesner

1990):

DHsi ¼ 2:5 Hai � Hnið Þ ð4Þ

where DHsi is the allowable pressure head variation in the

ith pressure section (m).

The allowable pressure head variation in a pressure

section is the sum of the pressure head variations in the

laterals and manifold:

DHsi ¼ DHsmi þ DHsLi ð5Þ

where DHsmi is the allowable manifold pressure head var-

iation in the ith pressure section (m) and DHsLi is the

allowable lateral pressure head variation in the ith pressure

section (m).

Alternatively, Eq. 5 can be expressed as:

DHsi ¼ liDHsi þ 1� lið ÞDHsi ð6Þ

where li is a number between 0 and 1, referred to herein as

a distribution coefficient. Thus, DHsmi = liDHsi and

DHsLi = (1 - li)DHsi.

Then, the maximum allowable pressure head in the ith

pressure section can be calculated as:

Hmi ¼ Hni þ DHsi ¼ 2:5Hai � 1:5Hni: ð7Þ

And, the manifold pressure head in different sections

should satisfy the following condition:

Hmi ¼ Hmði�1Þ þ lDHsi þ DHi;ði�1Þ ð8Þ

where Hm(i-1) is the allowable pressure head at the

downhill end of the manifold in the (i - 1)th pressure

section (m); li is the distribution coefficient of the

manifold pressure head variation in the ith pressure

section (m); and DHi,(i-1) is the inlet pressure head

difference from last (downstream) lateral in the (i - 1)th

pressure section to the first lateral in the ith pressure

section. In general, because the distance between laterals is

small compared to the length of the manifold in each

pressure section, DHi,(i-1) is of small magnitude and can be

omitted from Eq. 8. Also, the distribution uniformity is

greater when omitting DHi,(i-1) than when including it, so

the omission of this term makes the design somewhat more

conservative. Thus, li can be calculated from Eq. 8 as:

li ¼
Hmi � Hmði�1Þ

DHsi

ð9Þ

where Hmi is the maximum allowable pressure head in the

ith pressure section.

Lateral hydraulic calculations

The proposed design procedure can be applied in two

ways: (1) for a specified lateral diameter, calculate the

maximum allowable lateral length or (2) for a specified

lateral length, calculate the minimum allowable lateral

diameter. This is to accommodate practical considerations

in which only a few different lengths will fit the size and

shape of the irrigated area, depending on the pipe layout,

and there are usually only three or four available lateral

pipe diameters on the market. Because the laterals are laid

along elevation contours, the ground slope along the lateral

is equal to zero. Thus, the lateral friction loss for a given

pipe diameter can be calculated as:

HfLi� 1� lið ÞDHsi ð10Þ

where HfLi is the lateral friction loss in the ith pressure

section (m), which can also be calculated as:

HfLi ¼ KfSe

X

Neð Þi

j¼1

Qn1

Lði;jÞ

Dn2

Li

ð11Þ

where K is a coefficient to account for local hydraulic

losses at each emitter (K C 1); f is a constant equal to

84,000 s2/m; n1 and n2 depend on the friction loss equation

(n1 = 1.75 and n2 = 4.75 for the Blasius equation); Se is

the emitter spacing along the lateral (m); QL(i,j) is the lateral

discharge at the jth emitter in the ith pressure section (m3/

h); DLi is the lateral inside diameter in the ith pressure

section (mm); and (Ne)i is the calculated number of emit-

ters along a lateral in the ith pressure section.

For practicality, the design procedure assumes that the

same diameter is used for all laterals in a pressure section,

but different pressure sections can each have a different

lateral diameter. In the design procedure, the smallest

available lateral pipe diameter is chosen such that the target

Eu is satisfied in each of the pressure sections. Of course,

for laterals running uphill or on level ground, the largest

available pipe diameter will give the best pressure

uniformity.

The number of emitters per lateral and lateral length is

determined according to the process shown in Fig. 2, based

on Eq. 11, when the lateral diameter is specified. Then, the

maximum allowable lateral length in a given pressure

section can be calculated as:

LLið Þa¼ Se Neð Þi ð12Þ

where (LLi)a is the maximum allowable lateral length (m).

This maximum lateral length can be compared to different
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subunit layout alternatives and the most appropriate of

them can be selected.

Manifold hydraulic design

The manifold pressure head needs to increase in the

downhill direction in a gravity-fed drip irrigation system

because the elevation decreases along the manifold. Most

currently available long-path turbulent flow emitters and

pressure-compensating emitters require an operating water

pressure head of 5 m or more for best performance.

Additional pressure head is required to overcome the

friction losses in different components of the system. Thus,

the average hydraulic gradient in each pressure section is

less than or equal to the ground slope along the manifold.

The maximum head in each pressure section is assumed to

be at the lowest (downstream) point in the manifold within

that pressure section, which is true when the manifold slope

is sufficiently steep and the pipe diameter is not too small.

The allowable manifold friction loss can be calculated as

follows:

Hfmð Þa¼ JmLm þ Hm0 � Hm;Na
ð13Þ

where (Hfm)a is the allowable manifold friction loss (m); Jm

is the ground slope (assumed constant) along the manifold

pipe (Jm [ 0 for downhill slopes); Lm is the total manifold

length (m); and Hm0 is the pressure head at the uphill end of

the manifold (m); Hm;Na
is the pressure head at the downhill

end of the manifold (m).

The manifold design process consists of two stages, as

described in the following paragraphs. The first stage cal-

culates the exact required manifold pipe inside diameters,

and the second stage selects the most appropriate diameters

from a list of available pipe diameters.

Stage I: optimal pipe diameters

When the decision variable is taken as a combination of

pipe diameters, the pipe objective function is to minimize

the manifold pipe cost and can be written as follows (Zhu

et al. 2005; Holzapfel 1990):

min W ¼ bSL

X

NL

j¼1

D2
j ð14Þ

where W is the total manifold pipe cost ($); Dj is the

diameter of the jth manifold pipe segment (m); SL is the

uniform lateral spacing (m); NL is the total number of

laterals along the manifold (Fig. 3); and,

b ¼ 10ð�6ÞpcWcPHltC

2rt

cW Hlt

2r
þ 1

� �

ð15Þ

where C is pipe material price ($/kg); cp is pipe material

density (kg/m3); r is pipe allowable tensile stress (kN/m2);

cw is water bulk density (9.8 kN/m3); t is pipe useful life

(year); and Hlt is the allowable pipe operating pressure

head (m).

The actual manifold friction loss is set equal to the

allowable loss:

KfSL

X

NL

j¼1

Qn1

j

Dn2

j

 !

� Hfmð Þa¼ 0 ð16Þ

Li

Li

i

m n
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Fig. 2 Iterative calculation process for determining the number of

emitters per lateral and the lateral length
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where Qj is the discharge of the jth pipe segment (m3/h). A

supplemental function can be written as follows:

Z D1;D2. . .;DNL
ð Þ

¼ bSL

X

NL

j¼1

D2
j þ k KfSL

X

NL

j¼1

Qn1

j

Dn2

j

 !

� Hfmð Þa

 !

ð17Þ

where Z(D1, D2,…, DNL) is the supplemental function and

k is a sufficiently large number (typically k[ 1010).

When k is a very large number, the solution to the ori-

ginal function (Eq. 14) is equal to the supplemental

function, and the term in parentheses should be zero

according to Eq. 16.

Because the design variable is the pipe diameter, the

objective function (Eq. 17) is minimized when the deriv-

ative qZ/qDj is equal to zero. The following equation is

obtained by differentiating Eq. 17:

2bSLDj � kn2KfSL

Qn1

j

Dn2þ1
j

¼ 0 ð18Þ

whereby k is defined as:

k ¼
2bDn2þ2

j

n2KfQn1
j

ð19Þ

in which k is the same for every pipe segment. Thus, from

Eq. 19,

k ¼ 2bDn2þ2
1

n2KfQn1

1

¼
2bDn2þ2

j

n2KfQn1

j

ð20Þ

whereby,

D1

Dj

� �n2þ2

¼ Q1

Qj

� �n1

ð21Þ

and,

Dj ¼ D1

Qj

Q1

� �

n1
n2þ2

: ð22Þ

Substituting Eq. 22 into Eq. 16, the following equation

is obtained:

D1 ¼ Q
n1

n2þ2

1

KfSL

P

Q
2n1

n2þ2

j

Hfmð Þa

2

6

4

3

7

5

1
n2

: ð23Þ

Finally, the diameter of the jth manifold pipe segment

can be calculated as:

Dj ¼ Q
n1

n2þ2

j

KfSL

PNL

j¼1 Q
2n1

n2þ2

j

Hfmð Þa

0

B

@

1

C

A

1
n2

: ð24Þ

Stage II: selecting from available manifold diameters

Stage I of the design procedure results in the calculation of

exact manifold pipe diameters based on an optimization

process as described earlier, but the final design must take

into account only those pipe diameters that are commer-

cially available in the required range of sizes. The enu-

meration method is applied in Stage II after first compiling

a list of Nd different available manifold pipe diameters

based on the results from Stage I of the design procedure.

Minimization of the annual operating cost is taken as the

objection function for selecting from among the list of

available pipe diameters, where the pipe diameter is a

decision variable.

The minimum cost of the jth manifold pipe segment was

expressed by Pleban and Shacham (1984) and Zhu et al.

(2005):

min W j; kð Þ ¼ bSLD2
j;k þ 2:78ð10Þ�3ETHfmðj;kÞQj ð25Þ

where Hfm(j,k) is the friction loss of the jth pipe segment

using the kth diameter (m); E is energy cost ($/kWh); and T

is the total annual irrigation system operation time (h). The

friction loss in the jth pipe segment with the kth pipe

diameter can be calculated as follows:

Hfmðj;kÞ ¼ KfSL

Qn1

j

Dn2

j;k

 !

ð26Þ

where Dj,k is the kth diameter of the jth pipe segment (mm).

The minimal cost from the first to the jth pipe segment

can be expressed as follows:

min WðjÞ ¼ min Wðj� 1Þ þmin Wj;k; k ¼ 1; 2; . . .;Nd

� �

ð27Þ

where min W(j) is the minimal cost from the first to the jth

pipe segment; W(j - 1) is the minimal cost from the first to

the (j - 1)th pipe segment; J is the number of pipe

segments, from 1 to NL (Fig. 3); Wi,k is the cost of the jth

pipe segment with the kth diameter; min {Wi,k} is the

minimum cost of the jth pipe segment with the optimal

available diameter; and Nd is the number of available

diameters. Equation 25 is subject to the following condition:

X

NL

j¼1

Kf
Qn1

j

Dn2

k

SL

 !

� Hfmð Þa ð28Þ

where NL is the number of lateral along the manifold.

Required manifold inlet pressure head

Some emitters may have zero discharge if the manifold

inlet pressure head is insufficient to meet the minimum
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emitter operating pressure at all locations along the lat-

eral. Zhu et al. (2009) demonstrated that the minimum

emitter operating pressure is affected by field micro-

topography, which describes small surface elevation

irregularities along a lateral. Due to these irregularities,

the actual elevations of some emitters are higher than the

assumed elevations, resulting in relatively low pressures.

The field roughness height is defined as the difference

between the elevation of an assumed uniform (sloping or

level) ground surface and the actual elevation of a given

emitter. Thus, when the manifold inlet pressure head is

insufficient, the discharge at some emitters might be

zero.

Zhang and Wu (2005) and Zhu et al. (2009) developed

the following formula using Taylor binomials:

qzv ¼ x
DZ

Ha

� �

ð29Þ

where qzv is the discharge variation rate caused by field

micro-topography; x is as defined in Eq. 2; DZ is the

maximum ground roughness height difference (m); and Ha

is the required average emitter pressure head (m). The

discharge variation rate caused by micro-topography

decreases with increasing average pressure head at the

emitters, and with decreasing surface roughness height.

However, this discharge variation is usually neglected in

conventional drip irrigation system designs, and it has been

suggested (Zhang and Wu 2005) that qzv is negligible when

it is less than 0.05.

The required minimum manifold inlet pressure head is

(Keller and Bliesner 1990):

Hm0ð Þmin¼ Ha þ 0:75 HfLð Þ1 ð30Þ

where (Hm0)min is the required minimum manifold inlet

pressure head (m).

Design procedure

The design procedure, which was presented in detail ear-

lier, can be summarized in the following steps:

Step 1: emitter hydraulic calculations

1. Apply Eq. 1 to determine the nominal emitter flow

rates according to the design parameters;

2. Apply Eq. 3 to calculate the minimum emitter heads

in each of the pressure sections;

3. Apply Eq. 4 to determine the allowable head

variation in each of the pressure sections;

4. Apply Eq. 7 to obtain the maximum allowable head

in each pressure section; and

5. Apply Eq. 9 to calculate the distribution coeffi-

cients, li, for each pressure section.

Step 2: lateral hydraulic calculations

6. Apply Eq. 10 to calculate the lateral friction loss in

each pressure section;

7. Apply Eq. 11 to calculate the lateral friction losses

in a different way, and equating the results to the

respective values from Eq. 10; and

8. Apply Eq. 12 to determine the maximum allowable

lateral length in each pressure section.

Step 3: manifold hydraulic calculations

9. Apply Eq. 13 to calculate the allowable manifold

friction loss;

10. Apply Eq. 24 to determine the exact diameter of

each manifold pipe segment (Stage I);

11. Apply Eqs. 25–28 to select from the available

diameters for each manifold pipe segment (Stage

II); and

12. Apply Eqs. 29 and 30 to calculate the required

manifold inlet pressure head.

Step 4: pressure unit divisions

13. Calculate the pressure head at each lateral

inlet along the manifold, and find the pressure

head of the lateral inlet that matches the maximum

allowable head in each pressure section, as deter-

mined in Step 1 of this design procedure.

Sample drip system designs

Consider an example design of a gravity-fed pipe drip

irrigation subunit where the data and calculation steps are

shown in Table 1. A 100-m long manifold has 25 laterals

equally spaced at Sl = 4 m, whereby the laterals are only

to one side of the manifold. The maximum difference in

field roughness height along lateral is 0.2 m. The ground

slope along the manifold is Jm = 0.2 and the emitter

spacing is 0.3 m. For this sample design, the number of

pressure sections is specified as Na = 3, the manifold inlet

pressure head is Hm0 = 4 m, and the target emission uni-

formity is Eu = 0.8. The desired average emitter discharge

of the three pressure sections is equal to 0.003 m3/h, and

the average emitter pressure heads in the same three sec-

tions are 5, 8, and 10 m, respectively, from uphill to

downhill. The emitter manufacturing variation coefficient

of the three pressure areas is equal to 0.07. The maximum

roughness height difference (DZ) along the lateral is 0.2 m.

The minimum desired emitter discharge (qn1, qn2, and

qn3) of the three pressure sections is 0.0025 m3/h. The

minimum emitter pressure heads of three pressure sections

(Hn1, Hn2, and Hn3) are equal to 3.64, 5.82, and 7.28 m,

respectively. The discharge variation rate caused by micro-

364 Irrig Sci (2010) 28:359–369

123



topography (qzv) is 0.027. The head variations in the three

pressure sections are DHs1 = 4.61 m, DHs2 = 5.43 m, and

DHs3 = 6.80 m, respectively. The maximum emitter

pressure heads of the three pressure sections (Hm1, Hm2,

and Hm3) are equal to 7.03, 11.3, and 14.1 m, respectively.

Finally, the distribution coefficients of manifold pressure

head variation of the three pressure sections (l1, l2, and l3)

are equal to 0.89, 0.77, and 0.41, respectively.

According to Eqs. 10–12, the maximum allowable lat-

eral lengths in the different pressure sections are 51.9, 54.9,

and 51.6 m for 20-, 16-, and 12-mm pipe diameters,

respectively, from uphill to downhill. The lateral pipe

diameters are selected such that the target Eu is satisfied,

while minimizing the cost of the lateral pipe. A lateral

length of 51 m was used in this sample design, so the

number of emitters per lateral is 170. The required mini-

mum manifold inlet pressure head is 4.00 m and the cal-

culated manifold inlet pressure head is 3.98 m, thereby

satisfying the design requirement. In order to validate the

rationality of emitter operating pressure head in pressure

section one, qzv = 0.02 was calculated using Eq. 29, which

is small enough and will not significantly influence the

irrigation uniformity.

Using Eq. 13, an allowable manifold friction loss of

9.93 m is calculated for the given manifold inlet pressure

head of 4 m, outlet pressure head of 14.1 m, and elevation

difference of 20 m. Using Eq. 24, the optimal diameter of

each pipe segment was obtained for the allowable manifold

friction loss. As shown in Table 2, the calculated manifold

diameter changed from 18.3 to 42.1 mm. Therefore, in

Stage II of the design procedure, three nominal diameters

(50, 40, and 25 mm, respectively) were selected. Then, the

suitable length of pipe segment of the manifold for each of

the three nominal diameters was calculated. The manifold

pipe segment lengths for the 50, 40, and 25 mm diameters

are 20, 40, and 40 m, respectively. The total friction loss

along the manifold is 10.2 m, which, when compared to

allowable friction loss of 9.93 m, is only a 1.7% difference.

The head at each lateral location along the manifold (Hmj)

is shown in Table 2, where the actual Eu is calculated from

Eqs. 1 and 3 by calculating qni for each pressure section,

then solving for Eu.

From Tables 1 and 2, it is seen that the first pressure

section is from the first to the fifth lateral (from the uphill

end of the manifold), in which the manifold pressure

ranges from 4.00 to 6.88 m because the required pressure

head of manifold in the first pressure section is from 4.00

to 7.03 m. The second pressure section is from the sixth

to the fourteenth lateral in which the manifold pressure

ranges from 7.18 to 11.0 m, and the required pressure

head of manifold in the second pressure section is from

7.03 to 11.3 m. The third pressure section is from the

fifteenth to the twenty-fifth lateral in which the manifold

pressure ranges from 11.6 to 13.8 m, and the required

pressure head of manifold in the third pressure section is

from 11.3 to 14.1 m. The design results are shown in

Fig. 4, and it is seen in Table 2 that the actual Eu values

are approximately equal (0.80) or greater than (0.85) the

target Eu of 0.83.

Alternative designs

The number of pressure sections selected for a given design

depends on the availability of emitters on the market,

engineering judgment, manifold slope, and manifold inlet

pressure. In the earlier mentioned design example, if there

were only one or two pressure sections, different manifold

design results would be obtained, as shown in Tables 3 and

4. When Na equals 1, the emitter is the same as that used in

Table 1 Calculations for the design of a sample gravity-fed drip irrigation subunit with three pressure units

Step Parameters Equations Calculation results

1 Na = 3; Hm0 = 4 m; Lm = 100 m; Eu = 0.80;

qa1 = qa2 = qa3 = 0.003 m3/h; Ha1 = 5 m; Ha2 = 8 m;

Ha3 = 10 m; x1 = x2 = x3 = 0.5;

CVm1 = CVm2 = CVm3 = 0.07. The discharge coefficients

are Kd1 = qa1/Ha1
x ;. Kd2 = qa2/Ha2

x ; Kd3 = qa3/Ha3
x

(1) qn1 = qn2 = qn3 = 0.0025 m3/h

(3) Hn1 = 3.64 m; Hn2 = 5.82 m; and Hn3 = 7.28 m

(4) DHs1 = 4.61 m; DHs2 = 5.43 m; and DHs3 = 6.8 m

(7) Hm1 = 7.03 m; Hm2 = 11.25 m; and Hm3 = 14.08 m

(9) l1 = 0.89; l2 = 0.77; and l3 = 0.41.

2 DL1 = 20 mm; DL2 = 16 mm; DL3 = 12 mm; Se = 0.3 m;

f = 8.4(10)4; m = 1.75; n = 4.75; K = 1.05

(10)–(12) LL1 = 51.9 m; LL2 = 54.9 m; and LL3 = 51.6 m

3 Jm = 0.2 (13) (Hfm)a = 9.92 m

SL = 4 m; NL = 25; Ne = 170 (24) Dmj (see Table 2)

r = 2,500 kN/m2; C = $3/kg; c = 800 kg/m3; E = $0.1/

kWh; Hlt = 40 m; t = 5 yr; T = 400 h; Dm1 = 50 mm;

Dm2 = 40 mm; and Dm3 = 25 mm

(25)–(28) Lm1; Lm2; Lm3 (see Table 2)

DZ = 0.2 m; DL1 = 20 mm; LL1 = 50 m; and Hn1 = 3.64 m (29)–(30) qzv = 0.02; (HfL)1 = 0.34 m; (Hm0)min = 3.98 m
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the first pressure section of the earlier mentioned example

with three pressure sections. The maximum allowable lat-

eral length is 51.9 m, and this was rounded down to

51.0 m. The maximum allowable friction loss along the

manifold is equal to 17.0 m. From Table 4, it is seen that

the manifold pressure ranges from 4.00 to 6.86 m (from the

first to the twenty-fifth lateral), and the required manifold

pressure head in the first pressure section is from 4.00 to

Table 2 Manifold design

results for three pressure units
j (Qm)j

(m3/h)

Stage I Stage II Pressure

unit

Actual

Eu
Dm

(mm)

Hfmj

(m)

Dm(j,k)

(mm)

Hfn(j,k)

(m)

Hm

(m)

0 – – – – – 4.00

1 12.8 43.3 0.59 50 0.30 4.50

2 12.2 42.8 0.58 50 0.28 5.02 1 0.82

3 11.7 42.3 0.57 50 0.26 5.56

4 11.2 41.9 0.55 50 0.24 6.08

5 10.7 41.4 0.54 50 0.22 6.62

6 10.2 40.8 0.53 50 0.20 7.18

7 9.69 40.3 0.51 50 0.20 7.76

8 9.18 39.7 0.5 40 0.48 8.36

9 8.67 39.2 0.48 40 0.44 8.96

10 8.16 38.5 0.47 40 0.39 9.28 2 0.79

11 7.65 37.9 0.45 40 0.35 9.64

12 7.14 37.2 0.43 40 0.31 10.1

13 6.63 36.5 0.42 40 0.27 10.5

14 6.12 35.8 0.4 40 0.23 11.0

15 5.61 35.0 0.38 40 0.20 11.5

16 5.10 34.1 0.36 40 0.17 12.1

17 4.59 33.2 0.34 25 1.33 12.7

18 4.08 32.2 0.32 25 1.08 13.3

19 3.57 31.2 0.3 25 0.85 12.8

20 3.06 29.9 0.28 25 0.66 12.5 3 0.79

21 2.55 28.6 0.25 25 0.47 12.5

22 2.04 27.0 0.22 25 0.32 12.6

23 1.53 25.1 0.19 25 0.19 12.9

24 1.02 22.6 0.15 25 0.09 13.4

25 0.51 21.4 0.1 25 0.03 14.0

Total manifold friction loss 9.56 m

40 m40 m20 m
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7.03 m. The actual Eu value of this pressure section is

approximately 0.80, which is equal to the target Eu. The

design results for the manifold subunit are shown in Fig. 5.

When Na is equal to 2, the allowable friction loss along

the manifold is equal to 12.7 m. From Table 4, it is seen

that the first pressure section is from the first to the six-

teenth lateral (from the uphill end of the manifold), in

which the manifold pressure ranges from 4.00 to 6.94 m

because the required manifold pressure head in the first

pressure section is from 4.00 to 7.03 m. The second

Table 3 Calculations for the design of an example gravity-fed drip irrigation subunit with one and two pressure units

Na = l Na = 2

Parameters Calculation results Parameters Calculation results

qa1 = 0.003 m3/h;

Hal = 5 m; x1 = 0.5;

CVml = 0.07

qnl = 0.0025 m3/h; Hnl = 3.64 m;

DHsl = 4.61 m; Hml = 7.03 m;

l1 = 0.89

qal = qa2 = 0.003 m/h;

Hal = 5 m; Ha2 = 8 m;

x1 = x2 = 0.5;

CVml = CVm2 = 0.07

qnl = qn2 = 0.0025 m/h; Hnl = 3.64 m;

Hn2 = 5.82 m; DHsl = 4.61 m;

DHs2 = 5.43 m; Hml = 7.03 m;

Hm2 = 11.25 m; l1 = 0.89; l2 = 0.77

DLl = 20 mm LLl = 51.9 m

(Hfc)a = 17.0 m

DLl = 20 mm; DL2 = 16 mm LLl = 51.9 m; LL2 = 54.9 m

(Hfm)a = 12.7 m

Table 4 Manifold design results for one and two pressure units

j Na = 1 Na = 2

Stage I Stage II Actual Eu Stage I Stage II Pressure

unit

Actual

Eu
Dm

(mm)

Hfmj

(m)

Dm(j,k)

(mm)

Hfm(j,k)

(m)

Hm

(m)

Dm

(mm)

Hfmj

(m)

Dm(j,k)

(mm)

Hfin(j,k)

(m)

Hm

(m)

– n – – – 4.00 – – – – 4.00

1 37.6 1.00 40 0.75 4.05 39.9 0.75 40 0.75 4.05

2 37.2 0.98 40 0.69 4.16 39.5 0.74 40 0.69 4.16

3 36.8 0.96 40 0.64 4.32 39.1 0.72 40 0.64 4.32

4 36.4 0.94 40 0.60 4.52 38.6 0.70 40 0.60 4.52

5 35.9 0.92 40 0.55 4.77 38.2 0.69 40 0.55 4.77

6 35.5 0.89 40 0.50 5.07 37.7 0.67 40 0.50 5.07

7 35.0 0.87 40 0.46 5.41 37.2 0.65 40 0.46 5.41

8 34.5 0.85 40 0.42 5.79 36.7 0.64 40 0.42 5.79 1 0.80

9 34.0 0.82 40 0.38 6.21 36.1 0.62 40 0.38 6.21

10 33.5 0.80 32 0.99 6.02 35.6 0.60 32 0.99 6.02

11 32.9 0.77 32 0.88 5.94 35.0 0.58 32 0.88 5.94

12 32.3 0.74 32 0.78 5.96 0.80 34.3 0.56 32 0.78 5.96

13 31.7 0.71 32 0.69 6.08 33.7 0.54 32 0.69 6.08

14 31.1 0.69 32 0.60 6.28 33.0 0.51 32 0.60 6.28

15 30.4 0.65 32 0.51 6.57 32.3 0.49 32 0.51 6.57

16 29.6 0.62 32 0.43 6.94 31.5 0.47 32 0.43 6.94

17 28.8 0.59 32 0.36 7.38 30.6 0.44 32 0.36 7.38

18 28.0 0.56 32 0.29 7.88 29.7 0.42 32 0.29 7.88

19 27.0 0.52 20 2.16 6.52 28.7 0.39 25 0.75 7.93

20 26.0 0.48 20 1.65 5.67 27.6 0.36 25 0.57 8.16

21 24.8 0.44 20 1.20 5.27 26.3 0.33 25 0.42 8.55 2 0.88

22 23.4 0.39 20 0.81 5.26 24.8 0.29 25 0.28 9.07

23 21.7 0.33 20 0.49 5.57 23.0 0.25 25 0.17 9.70

24 19.5 0.27 20 0.24 6.13 20.7 0.20 25 0.08 10.4

25 16.3 0.19 20 0.07 6.86 17.3 0.14 25 0.02 11.2

Totals 17.0 17.1 12.70 12.8
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pressure section is from the seventeenth to the twenty-fifth

lateral in which the manifold pressure ranges from 7.38 to

11.2 m, and the required manifold pressure head in the

second pressure section is from 7.03 to 11.3 m. It is seen in

Table 4 that the actual Eu values of the two pressure sec-

tions are approximately equal to 0.80 and 0.88, respec-

tively, satisfying the target Eu of 0.80. The design results

for this manifold subunit are shown in Fig. 6.

It is seen that all three design alternatives presented here

for the sample system meet the target Eu of 0.80. However,

based on manifold and lateral pipe diameter differences,

the alternative with three pressure sections is less expen-

sive than the one with two pressure sections, which is

cheaper than that with only one pressure sections. When

the pipe allowable pressure of 200 kPa is selected, the

pipes (including manifold and laterals) cost are $333.5,

$341.2, and $459, respectively, for three, two, and one

pressure sections. Thus, with multiple pressure sections,

the cost of the system can be reduced while still meeting

the target emission uniformity. In addition, the emitter

discharge variation generated by micro-topography, qzv,

equal to 0.020, 0.013, and 0.010 when the emitter operating

pressure is 5, 8, and 10 m, respectively, decreases with

increasing emitter operating pressure.

In the sample designs, the emitter discharge variation

generated by micro-topography was neglected because a

relatively high emitter operating pressure was chosen.

However, if a low emitter operating pressure were selected,

qzv can be more than the allowable discharge variation and

the target uniformity will not be attained.
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Summary and conclusions

A simple gravity-fed drip irrigation system design proce-

dure was developed for low-cost, single-manifold subunits

with multiple pressure sections in mountainous areas,

optionally using pressure- compensating emitters, but

without the use of pressure regulators. The design proce-

dure is based on two optimization stages for optimizing

manifold pipe diameters and satisfying the target emission

uniformity. In the first stage, pipe cost minimization is used

as the objective function, and pipe diameter is used as a

decision variable. In the second stage, commercially

available pipe diameters are selected, and the length of

each available diameter and pressure head at each lateral

location along the manifold are determined. The length of

the pressure sections is determined according to pressure

head distribution in the manifold and the required pressure

head of the different pressure sections. Using the proposed

methodology, not only is the minimum manifold pipe cost

obtained, but the target emission uniformity can also be

satisfied. The design procedure can be applied in a

spreadsheet application on a personal computer. Although

this design procedure has the advantages of potentially

lower hardware cost and higher uniformity than traditional

design approaches for gravity-fed drip irrigation systems, it

also has the disadvantage of a somewhat more complex

installation and less convenient maintenance due to the

different pressure sections.
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