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Low-head bubbler irrigation systems are particularly 

well-suited for the irrigation of orchard crops, and these 

systems differ from other micorirrigation systems because they 

are based on gravity-flow, can operate at pressures as low as 

1 meter (3.3 ft), and do not require elaborate filtration 

systems. A design procedure for low-head bubbler systems is 

described in detail, and example designs for bubbler systems 

located on level ground and gradual slopes are also presented. 

The design procedure utilizes head loss gradient charts based 

on the Darcy-Weisbach equation to size the pipe diameters, and 

the delivery hose elevations are calculated by using a personal 

computer with spreadsheet software. The causes of air locks 

in the laterals and delivery hoses are also investigated, and 

minimum design flow rates for various pipe diameters are 

recommended to ensure flow velocities are high enough to prevent 

air locks from occurring within the delivery hoses. 
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CHAPTER 1 

INTRODUCTION 

Pressurized irrigation systems, in the form of sprin

klers and microirrigation, have played an important role in 

improving irrigation efficiency and water application 

uniformity during the past several decades. Microirrigation 

is the most recent technique that uses closed-conduit pipes 

to apply irrigation water to the soil near the plant root 

zone. Microirrigation achieves higher irrigation efficien

cies and higher yields than traditional surface irrigation 

systems, but at the expense of increased energy consumption, 

higher capital costs, and higher maintenance requirements to 

keep mechanized pumps and filtration systems operational. 

Microirrigation systems can be broadly categorized into 

four types; drip, spray, bubbler, and subsurface systems, 

based on their difference in hydraulic design or the method 

used to apply water to the soil. In addition, bubbler 

systems can be further sub-divided into high- and low-

pressurized systems. Low-head bubbler systems are based on 

gravity-flow; do not require mechanical pumps or filtration 

systems; and can operate at pressure heads as low as 1 meter 

(3.3 ft). They are particularly well-suited for the irriga

tion of orchard crops, and traditional irrigation systems, 

such as furrows, can be easily converted into bubbler 

systems. Keller (1990) ranked bubbler systems in the same 
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low-risk category as surface irrigation systems, since both 

systems are based on gravity flow and they do not require 

mechanical pumps or filtration systems. 

Bubbler irrigation systems consist of a mainline 

connected to a water source, a constant head device, mani

folds, laterals, and small-diameter delivery hoses, Figures 

1.1 and 1.2. The laterals are laid midway between two rows 

of trees, and small-diameter hoses (called delivery hoses or 

tubes) are inserted in the laterals to deliver water to the 

trees. Hoses are anchored to a tree or stake, and hose 

heights are adjusted so that water flows out from all hoses 

at equal rates. The name of the system, bubbler, is derived 

from the fountain of water streaming out from the hoses and 

from the bubbling noise made as air escapes from the pipe

lines when the system is turned on. 

The distinguishing feature of bubbler systems is the 

flexible delivery hoses, Figure 1.3, in contrast to small 

manufactured emitters commonly used with other microirriga-

tion systems. These hoses allow greater rates of water to 

discharge into the small basins, and they do not require a 

filtration system because of their large orifice openings. 

The basins are usually circular or rectangular in shape, and 

are bordered by low embankments, or levees, so that water is 

uniformly distributed over the root zone. 

The initial cost of installing bubbler systems is in the 

order of $1400-$1600 (1993 Cost Index) per acre (LIDCO, 1985; 
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Waheed, 1990), which is comparable to or lower than the cost 

of most other microirrigation systems that include pumps and 

filters. In addition, operation and maintenance costs for 

bubbler systems are substantially less than for other systems 

due to lower energy requirements and no mechanical break

downs . 

Despite their simplicity and advantages, bubbler systems 

are not extensively used in the United States or in develop

ing countries. Researchers speculate that bubblers are not 

used in this country because no manufactured components are 

needed and micro-irrigation companies would rather sell and 

install systems requiring component parts such as emitters, 

pressure regulators, and filters. In addition, the low use 

of bubbler systems may be related to the demonstrated 

suitability of these systems for orchard crops, but not for 

other crops, and to the possibility of air locks occurring in 

the delivery hoses and laterals that block or restrict water 

flow through the system. 

For developing countries, the advantages of bubbler 

systems are probably more important because many of these 

countries have an energy shortage and plastic emitters are 

not readily available. It appears that bubbler systems are 

not used in both developed and developing countries because 

engineers and farmers are not aware of this technology and 

there is no well-defined design procedure available to 

facilitate design and installation. 



This research aims to extend and promote the future use 

of bubbler irrigation by assisting potential users to design 

their own bubbler systems. Specific objectives of the study 

are to: 

1). Develop a systematic design procedure for bubbler 

systems. 

2). Define design criteria for each component part. 

3). Develop design criteria to prevent air locks when 

sizing the diameters of laterals and delivery hoses 

for a given head. 
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CHAPTER 2 

PREVIOUS WORK 

Stephen Rawlins (1977) published the first article on 

bubbler irrigation systems while working at the U.S. Salinity 

Laboratory at Riverside, California. Rawlins installed what 

became known as a bubbler system when he converted a low-head 

furrow irrigation system into a closed-conduit gravity-flow 

system at Tacna, Arizona. The goal of the project was to 

reduce the amount of excess irrigation runoff by increasing 

irrigation efficiency and, thereby, reduce salt levels in 

irrigation runoff. 

The original bubbler system at Tacna was later disman

tled, but another bubbler system was installed at Riverside, 

California. Both of these experimental systems consisted of 

76-mm (3-in) corrugated polyethylene (PE) laterals buried 0.6 

m (2 ft) deep and connected to an existing low-head concrete 

pipeline. The laterals were laid midway between the rows of 

trees and replaced the furrows that traditionally irrigated 

the citrus orchard. 

The delivery hoses were 9.5-mm (3/8-in) diameter smooth 

PE hoses, and the design flow rate per hose was 0.063 lps (1 

gpm) . To ensure equal discharge from all delivery hoses, the 

elevation of each delivery hose was calculated by subtracting 

from the static head the friction loss in the pipes and the 

change in elevation. After the delivery hoses were installed 
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at these computed elevations, the outflows of the delivery 

hoses were adjusted to be approximately equal by dynamically 

calibrating the system. 

Dynamic calibration is a procedure by which errors in 

friction loss calculations can be evenly distributed along 

the lateral by adjusting the elevation of each delivery hose. 

Dynamic calibration is performed after the delivery hose 

elevations have been set at their calculated elevations. The 

system is then turned on, and a clear plastic tube is placed 

on the end of each delivery hose, Figure 2.1. The distance 

the water rises up each tube is measured and compared to the 

calculated friction head loss of the delivery tube at the 

desired flow rate. The deviations between the theoretical 

and observed friction head losses are averaged, and the 

elevation of each delivery hose is then adjusted a distance 

plus or minus the average deviation. Rawlins reported dis

charge uniformity values of 89.2% before dynamic calibration 

at Tacna, Arizona, and 97.3% uniformity at Riverside after 

dynamic calibration. 

Other experimenters such as Thornton and Behoteguy 

(1980), Carr and Kay (1980), and Roth (1992) later installed 

bubbler systems after learning about these systems by 

visiting one of the pilot projects started by Rawlins. 

Thornton and Behoteguy (1980) followed Rawlin's example at 

Riverside and installed a bubbler system at Thermal, Califor

nia, to irrigate 300 trees along a windbreak. Their lateral 
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Figure 2.1 Clear Tube Attached to a Delivery Hose 
for Dynamic Calibration of a Bubbler System. 



26 

design was more complex than Rawlins, since their lateral was 

732 m (2400 ft) long. They used the same design procedure as 

Rawlins, but their lateral was decreased in diameter several 

times in the direction of flow because of the long lateral 

length. Thornton and Behoteguy stated that some of their 

major problems were due to the lack of manufactured water

tight fittings; animals chewing and insects entering the 

delivery hoses; and high labor requirements for installation. 

Carr (Carr and Kay, 198 0) first learned about bubbler 

irrigation systems during a visit at Riverside, California, 

and he later returned to England to design and install a 

bubbler system to irrigate 320 trees at the National Agricul

tural Engineering College at Silsoe. This same system is 

also described by Hull (1981). 

All of the bubbler systems described by Rawlins (1977), 

Thornton and Behoteguy (1980), Carr and Kay (1980), and Hull 

(1981) in their published articles were similar in design 

since they were all situated on fields with considerable 

ground slope; design head was 1 meter (3.3 ft); laterals were 

made of corrugated PE tubing; delivery hoses were made of 

smooth 9.5-mm (3/8-in) diameter PE tubing; design flows 

ranged from 0.032 to 0.067 lps (0.5 to 1.0 gpm) ; and the 

Manning and Darcy-Weisbach equations were used to size the 

lateral and delivery hose diameters, respectively. Carr and 

Kay mentioned that bubbler irrigation systems can operate at 

a minimum design head of 1 meter (3.3 ft) and a maximum head 
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of 5 meters (16.4 ft), and Hull stated bubbler systems are 

restricted to slopes of 1-3%. However, systems of lesser 

slopes were installed later by Roth (1992) in Arizona. 

During the 1980s, Roth (1992) installed bubbler systems 

at three different University of Arizona Research Stations 

located at Yuma, Maricopa, and Waddell, Arizona. All three 

systems are installed on level ground and are operating 

successfully to date (1993). Roth had first learned about 

bubblers during the 1970s at Tacna, Arizona, and he designed 

the Yuma system in the early 1980s to irrigate slightly over 

2 acres of various deciduous trees. The second system Roth 

designed was in 1987 for the Citrus Agriculture Research 

Center at Waddell to irrigate over 12 acres of various citrus 

trees. Roth's third system was installed at Maricopa in 1989 

and is similar in size to the Yuma system. The bubbler 

system installed at Maricopa was also documented by Waheed 

(1990). 

The systems at Yuma and Maricopa are different from 

other documented bubbler systems in that the laterals are not 

corrugated PE pipes and the systems are located on level 

ground. Roth used polyvinylchloride (PVC) pipes for laterals 

because commercial pipe fittings were available. PVC pipes 

also helped to reduce friction head losses, a critical factor 

for systems located on level ground, and facilitated connect

ing the delivery hoses to the laterals. However, PVC pipes 

increased capital costs slightly. Roth also modified the 



28 

supports of the delivery tubes by inserting the delivery 

hoses through 19-mm (3/4-in) diameter PVC pipes, Figure 1.2; 

this eased adjusting delivery hose height and helped to 

protect the hoses from animals, birds and insects. 

Waheed (1990) listed the total cost of the Maricopa 

bubbler system at $1620 (1993 Cost Index) per acre, with 

approximately 50 percent of the cost for labor and 50 percent 

for materials. The major portion of material costs was in 

the laterals and manifold. He also investigated the causes 

of air locks in the delivery tubes and compared his laborato

ry friction head loss values to values computed using the 

Hazen-Williams and Darcy-Weisbach equations. 

In summary, the available literature on bubbler systems 

describes various design aspects, but does not include a 

comprehensive design procedure. In addition, the dissemina

tion of bubbler design criteria has largely occurred by 

personal contact and by site visits to existing bubbler 

systems. A site visit is helpful to enable a designer to 

visualize the simple hydraulic principles of bubbler systems 

and to understand the various design intricacies. However, 

the fact that site visits seem to be a prerequisite to design 

bubbler systems probably confirms that the available litera

ture does not sufficiently explain bubbler irrigation design 

or convey the simplicity of such systems. 
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CHAPTER 3 

HYDRAULICS OF BUBBLER SYSTEMS 

Pressurized irrigation systems can be broadly catego

rized into two types: 1) sprinkler, and 2) microirrigation 

systems. Design procedures for most of the sub-branches of 

these systems are well defined by the American Society of 

Agricultural Engineers (ASAE) , irrigation firms,., and re

searchers. However, the design for low-head bubbler systems 

has not yet been well-defined and is somewhat different from 

other microirrigation systems because they are based on 

gravity-flow and do not require external energy. A specific 

design procedure is needed that simplifies bubbler design and 

clarifies their unique hydraulic characteristics. 

3.1 Energy and Friction Loss Equations 

The energy equation, or Bernoulli equation, is the 

primary hydraulic equation used for bubbler system analysis. 

Pi +zi + Zi! = +z2 + Ze! +Ehf+Ehml (3.1) 
Y 2g y 2g f ml 

where, hr = friction head loss in pipes, m (ft) 

hml = minor losses at pipe fittings, m (ft) 

v = flow velocity of water in pipes, mps (fps) 

p = pressure within the pipe, N/m2 (lb/ft2) 

z = elevation of pipe centerline with respect 
to a reference datum, m (ft) 
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7 = specific weight of water, N/m3, (lb/ft3) 

g = gravitational constant, 9.81 m2/s, (32.2 ft2/s) 

The terms V2/2g, p/7, and z are commonly known as the 

velocity, pressure, and elevation heads, respectively. The 

velocity head is the head that accelerates the water from 

rest to the velocity at that point. The pressure head is 

equal to the pressure at that point divided by the unit 

weight of water. The elevation head is the distance of a 

given point in the system from an arbitrary datum to the 

center line of the pipe. The sum of the pressure head and the 

elevation head is termed the piezometric head (H = p/7+z) . 

A plot of the piezometric head is the hydraulic grade line 

(HGL). A plot of the piezometric plus the velocity head is 

the energy grade line (EGL). 

The energy equation is useful to size the pipe diameters 

of a bubbler system by determining the piezometric heads for 

the upstream and downstream ends of the system. The piezo

metric heads at the upstream and downstream ends of the 

bubbler system are determined from the elevation of the water 

source and the field layout. The difference between the 

upstream and downstream piezometric heads is the total 

allowable head loss through the system. The friction loss 

through each pipe of the bubbler system will comprise a 

certain amount of the total allowable head loss. 

To initially size the pipe diameters, the velocity heads 

and minor head losses are assumed zero, Figure 3.1, but they 
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will be accounted for later when calculating the delivery 

hose heights. The diameter of each pipe can be determined by 

substituting the assumed flow rate, known pipe length, and 

calculated allowable head loss for each pipe component into 

the friction loss equation and solving in terms of diameter. 

For sprinkler and microirrigation design, the Hazen-

Williams friction loss equation is the most commonly used 

formula because of its simplicity. It is expressed as: 

/ _0 \ 1.852 

f  D 4 - 8 7  

where, K = 1.22 X 101" for metric units, (10.46, for English 
units) 

C = Hazen-Williams friction coefficient 

Q = flow of water, lps, (gpm) 

D = inside pipe diameter, mm, (in.) 

hr = friction head loss in the pipe, m (ft) 

L = length of lateral, m (ft) 

It should be recognized that the Hazen-Williams equation 

was originally developed for flow in water distribution 

networks where Reynolds numbers are greater than 100,000. For 

low-pressure systems, the Reynolds number is rarely greater 

than 100,000 for pipe diameters less than 128-mm (5-in), and 

for Reynolds numbers less than 25,000, a C-value of 150 for 

smooth plastic pipes seriously underestimates pipe friction 

losses, (Watters and Keller, 1978). Because bubbler systems 

tend to have low Reynolds numbers, the Hazen-Williams 
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equation traditionally has not been used for bubbler design. 

For sizing the delivery hoses of bubbler systems, the 

Darcy-Weisbach friction head loss equation was used by prior 

investigators. The Darcy-Weisbach equation is the most 

universal formula used for computing head loss in all types 

of pipes: 

h _f L V2 (3.3) 
' *D ~2g 

in which the friction factor, f, is obtained from the Moody 

diagram, Figure 3.2, or computed by the equations listed 

below. 

For smooth plastic pipes, the friction coefficient, f, 

for laminar (equation 3.4), transitional (equation 3.5), and 

turbulent (equations 3.6 and 3.7) flow conditions are: 

For < 2000, f = (3.4) 
R« 

For 2000 < < 4000, f = 3 .42 X 10"5 R„0-85 (3.5) 

For 4000 < Re < 105, f - 0-33-6 (3.6) 
R.0-" 

For 10s < Re < 107, f = 0,13 (3.7) 
* £ 0.172 v ' 

Keller and Bliesner (1990) and Boswell (1984) recommend 

equations (3.4), (3.6) and (3.7) in microirrigation design, 

with equation (3.6), the Blasius equation, having a Reynolds 

number lower limit of 2000. The Reynolds number lower limit 
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for the Blasius equation is typically 3000 to 4000, however, 

for desk-top calculations, equation (3.5) as defined by Wu 

and Fangmeier (1974) can be ignored by setting the lower 

limit for the Blasius equation at 2000. 

By combining the Darcy-Weisbach equation (3.3) and the 

Blasius equation (3.6), an equation for small diameter pipes, 

similar in form to the Hazen-Williams equation, is obtained: 

For 2000 < Re < 10\ hf = K = kQ^T, (3-8) 
,4.75 

where, D = inside diameter, mm (in), for pipes less than 128-
mm (5-in) diameter. 

K = 7.89 X 105 for metric units (0.00133, English 
units), and for water temperature at 20°C (68°F) . 

Values for K at different temperatures and viscosities are 

presented in Appendix A for the combined Darcy-Weisbach and 

Blasius equations. 

For smooth pipes larger than 128-mm (5-in), Keller and 

Bliesner (1990) note that the Reynolds number will typically 

be larger than 100,000. By incorporating equation (3.7) into 

the Darcy-Weisbach equation, a friction loss equation for 

large smooth pipes is obtained: 

< n 01'828 For 10s < R < 107, hf = K ~ L 
f D4-828 (3.9) 

where, D = inside diameter, mm (in), for pipes greater than 
128-mm (5-in) diameter. 

K = 9.58 X 105 for metric units, (0.001 for English 
units), and for water temperatures at 20°C (68°F). 

For sizing the corrugated polyethylene laterals, Rawlins 
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(1977), Thornton and Behoteguy (1980), Carr and Kay (1980), 

and Hull (1981)) used the Manning equation with an n-value of 

0.016. By setting the hydraulic radius to D/4 for pipes, the 

Manning equation is: 

hf = Kn2 L (3.10) 

D  3  

where, K = 1.02 X1011 for metric units, (13.12 for English 
units) 

n = Manning's roughness coefficient 

The Darcy-Weisbach equation can also be used to size the 

diameter of corrugated PE pipelines by assuming an f-value 

for corrugated PE tubing. To find which f-value to use, the 

Darcy-Weisbach equation can be set equal to the Manning 

equation, and the following relationship obtained: 

f = Kn2 (3 .11) 
_i 

D  3  

where, K = 124.5 for metric units, (185 for English units) 

D = inside pipe diameter, m (ft) 

From equation (3.11), an n-value of 0.016 will give an 

f-value of 0.068, or 0.07, for an inside pipe diameter of 

102-mm (4-in). An f-value of 0.07 for a 102-mm (4-in) 

diameter polyethylene pipe also agrees with experiments 

conducted by Hermsmeier and Willardson (1970). Figure 3.3 

compares the Darcy-Weisbach equation with an f-value of 0.07 

and the Manning equation with an n-value of 0.016 for three 

different pipe diameters. From these data, it appears that 
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an f-value of 0.07 is approximately the same as an n-value of 

0.016 for corrugated polyethylene pipe ranging from 51 to 154 

mm (2 to 6 in) in diameter. 

By substituting an f-value of 0.07 into equation (3.3), 

the Darcy-Weisbach equation for corrugated plastic tubing is: 

hf=K-^L (3.12) 
D5 

where, K = 5.78 X 106 for metric units, (0.00218 for English 
units). 

Hence, equations (3.8) for small smooth pipes, (3.9) for 

large smooth pipes, and (3.12) for corrugated PE pipes, are 

the final turbulent flow formulas recommended for calculating 

friction losses in bubbler systems when using the Darcy-

Weisbach equation. 

Watters and Keller (1978) also note that flow in 

irrigation laterals is typically turbulent in the upstream 

reach and laminar in the downstream as flow in the lateral 

decreases. However, the turbulent flow formulas are still 

used in the laminar flow sections of laterals because flow 

velocities are so low in the downstream sections that head 

losses are essentially negligible. 

In summary, three friction head loss equations are 

commonly used for the design of closed-conduit, micro-

irrigation systems: the Hazen-Williams, Manning, and Darcy-

Weisbach equations. These turbulent flow equations are also 

commonly used to calculate friction losses in the downstream 

reaches of irrigation laterals and manifolds, because the 
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flow in these reaches is laminar and friction losses are 

essentially negligible. Previous researchers in bubbler 

design sized the diameters for the corrugated PE laterals by 

using the Manning equation with an n-value of 0.016, while 

the diameters for the delivery hoses were sized by using the 

Darcy-Weisbach and Blasius equations. The same design proce

dure for sizing the laterals and delivery hoses is recommend

ed in this study, except the corrugated PE tubing diameters 

will be sized by using the Darcy-Weisbach equation with an f-

value of 0.07. 

3.2 Christiansen Reduction Coefficient 

The Christiansen (1942) reduction coefficient, F, is 

commonly used to calculate head losses in multiple outlet 

pipes and to initially size the diameters of mainlines, 

manifolds, and laterals. Applying the Christiansen reduction 

coefficient to head loss equations simplifies calculations 

for multiple-outlet pipes by estimating the friction loss 

along the entire length of the multiple-outlet pipe. The 

Christiansen factor is based on the assumptions that all the 

water is carried to the end of the line and that the multiple 

outlets are evenly spaced with equal discharge. 

When using the Christiansen coefficient, the total 

friction loss for a multiple outlet pipe is expressed as: 

hf = F * hr' (3.13) 
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where, hf = friction head loss between the upstream and 
downstream ends of a multiple outlet pipe, 
m (ft). 

F = Christiansen reduction coefficient that depends 
on the number of outlets along the multiple-
outlet pipe, Table 3.1. 

hf' = friction loss in a length of pipe assuming no 
outlets along the pipe, m (ft). 

Table 3.1. Christiansen Reduction Coefficient, F, for 
Equally-Spaced Outlets along Manifolds and Laterals'. 

Number 
of 

outlets 

F Number F Number 
of 

outlets (end)2 (mid)3 
of 

outlets (end) (mid) 

1 1.00 1.00 8 0.42 0.38 

2 0.64 0.52 9 0.41 0 . 37 

3 0.54 0.44 10-11 0.40 0.37 

4 0.49 0.41 12-15 0.39 0.37 

5 0.46 0.40 16-20 0.38 0.36 

6 0.44 0.39 21-30 0.37 0.36 

7 0.43 0.38 >31 0.36 0.36 
1. After Keller and Bliesner (1990). 
2. First outlet is a full space from pipe inlet. 
3. First outlet is one-half space from pipe inlet. 

As Table 3.1 indicates, Christiansen factors for half 

spacing for the first outlet are smaller than for full length 

spacing, thereby reducing the total friction loss in the 

lateral. For the design of bubbler systems, any savings of 

head is critical, and designing half-space for the first 

outlet is recommended to minimize head loss and to utilize 

the field area more efficiently for orchard crops. 
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3.3 Air-locks in Low-pressure Pipelines 

Air locks are often found in low-pressure gravity-flow 

systems where pockets of air may accumulate at the crest of 

pipe undulations. These air pockets absorb a significant 

amount of energy and may partially or entirely block the flow 

of water. When the flow is entirely blocked by air, no water 

will be discharged until the air is removed. 

Installation of air relief valves or standpipes just 

downstream from the crest of pipe undulations is the most 

common method to release air accumulations in water lines. 

However, installing air valves in bubbler systems is not a 

practical or economical solution. 

Jordan (1984) gives a good analysis of air locks and how 

to avoid them in the design of gravity-flow water supply 

systems, but his analysis is not directly applicable to 

bubbler systems since his analysis is for water supply 

systems with large elevation differences and long lengths of 

pipes. To prevent air locks from occurring in small-diameter 

pipes, Harrington (1971) suggests the following: 

Avoid air locks by: 

(1). Eliminating pipe undulations 
(2). Keeping the hydraulic grade line above the pipe

line. 
(3). Ensuring air does not enter at the pipeline inlet. 
(4). Ensuring that pipe flow will be sufficient to flush 

out air in the pipeline under the worst condition. 
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Relieve air locks by: 

(1). Providing outlets, air valves or standpipes, at 
critical locations along the pipeline. 

(2) . Arranging the water supply so that higher pressures 
can be introduced at the start of operation, and 
then cut back to normal pressure after all air has 
been flushed from the lines. 

Harrington calculated design velocities and flows to 

"flush" air from pipelines by comparing his laboratory 

results with the theoretical flow of an air bubble in a 

vertical pipe. For the vertical sections of pipe undula

tions, his laboratory results agreed closely with the 

theoretical velocity of an air bubble in a vertical tube, as 

presented by Nicklin (1962): 

i 
u^O.BSfgD)"2 (3.14) 

where, u„ = rising velocity of a bubble, fps 

D = inside diameter of a tube, ft 

g = acceleration due to gravity, ft2/s 

However, the flushing velocities for pipes with U or J 

bends were larger than the theoretical value for vertical 

tubes by a consistent factor. Therefore, Harrington simply 

multiplied the theoretical velocities by a factor consistent 

with his laboratory results for U and J bends. He obtained 

design flushing velocities and flows to prevent air locks 

from occurring in tubes ranging from 12.70- to 50.88-mm (1/2-

to 2-in) nominal diameters. 
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CHAPTER 4 

BASIC DESIGN CONSIDERATIONS 

4.1 General Concepts 

The goal of bubbler irrigation design for an orchard is 

to size the diameters of the pipelines to deliver an equal 

volume of water to each tree while keeping the total friction 

and minor head losses less than the available head at the 

water source. To permit flexibility in determining the best 

design, a thorough understanding of the hydraulic design 

principles of bubbler systems is required, and ingenuity must 

always be employed to keep costs low and designs flexible. 

Generally, the simpler the design, the less the material will 

cost. For example, minimizing the number of manifolds and 

laterals, which comprise a major portion of total material 

costs, will reduce costs. 

Corrugated polyethylene (PE), smooth PE, and polyviny-

lchloride (PVC) pipes are the most common pipe materials used 

for the laterals, and care should first be taken to design 

the bubbler system with internal pipe diameters that are 

commercially available in-country. In addition, using corru

gated PE pipe may be impractical for designs with very low 

heads on level ground, because the friction losses for corru

gated PE pipes are much larger and small pipe undulations may 

cause air locks in the laterals. 

Another important material consideration is the type of 
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connection used to connect the delivery hoses to the later

als. The type of connection chosen is often subject to the 

availability of materials at a particular locality because 

commercial connections are usually not available. 

Because bubbler systems are based on gravity flow, the 

slope of the field is another crucial factor in design. The 

design for systems located on level ground and those on 

gradual slopes differ slightly because their maximum and 

minimum delivery hose heights occur at different points along 

the lateral, as illustrated by comparing Figures 4.1 and 4.2. 

Also, systems on gradual slopes will gain energy down-slope, 

and this allows laterals to be longer than on level ground 

and permits greater diversity in design for a given available 

head. Correspondingly, designs on level ground do not gain 

energy; lateral lengths cannot be as long as on sloping 

ground with a given head; and design flexibility is limited. 

Another major difference between design of bubblers and 

other microirrigation systems is that design flows are 

assumed at the beginning of the design, and these flow rates, 

if run continuously, are typically much greater than the peak 

water requirement of any crop. In contrast, sprinkler and 

drip systems are typically designed to operate continuously 

for 90 percent of the time during the peak consumptive period 

and their design flow rates are calculated at the beginning 

of design. Therefore, bubbler systems tend to operate less 

frequently than sprinkler or drip irrigation systems because 
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their design flow rates are much greater. 

The design procedure developed in this study is 

based on a composite of earlier bubbler designs, and only one 

friction loss equation, the Darcy-Weisbach equation, is used 

to simplify calculations. This chapter discusses the steps 

required to design a bubbler system, and the associated 

design parameters and equations are also discussed in detail 

for each step. Design examples and criteria for bubbler 

systems located on level ground and gradual slopes are 

presented in Chapters 5 and 6, respectively. Irrigation 

frequency and duration of water application to meet the 

specific crop water requirements for a particular soil and 

climate are determined after all pipe and hose diameters have 

been selected, as discussed in Chapter 7. 

Chapter 8 presents design "flushing" velocities and 

flows for delivery hoses of various diameters to ensure that 

flow velocities are great enough to flush air out of the 

delivery hoses. Earlier bubbler designs arbitrarily assumed 

delivery hose flow rates at the beginning of design, but 

bubbler design can be improved by using the design flushing 

velocities of Chapter 8 as a means to prevent air locks from 

occurring in the delivery hoses. 

The major steps and associated design parameters for 

bubbler design are summarized as follows: 

Step 1: Determine field layout. 
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Draw site plan and elevation profile of field 
Field length, L 
Field width, W 
Slope of field, SL 
Cross slope of field, Sw 

Step 2: Design constant head device. 

Available head, Hs 
Design head, Hd 

Step 3: Select design criteria. 

Select type of crop 
Plant spacing, Sp 
Row spacing, Sr 

Delivery hose spacing, Sc 
Spacing of laterals, S, 
Spacing of first outlet (delivery hose) 
Depth of lateral, d, 
Maximum delivery hose elevation, Hnu)X 
Minimum delivery hose elevation, Hmin 
Design flow of delivery hose, (refer to Chap. 8) 

Step 4: Calculate length and number of pipes. 

Length of pipes 
Length of mainline, Ls 
Length of manifold, Lm 
Length of laterals, L, 
Length of delivery hoses, L^ 

Number of pipes and trees 
Number of delivery hoses per lateral, Nc 
Number of laterals, N, 
Total number of trees, N, 

Step 5: Calculate design flow rates for pipes. 

Delivery hose flow, qdh (from step 2) 
Lateral flow, q. 
Manifold flow, qm 
Mainline flow, Qs 

Step 6: Select pipe diameters. 

Common pipe diameters, D, (Table 4.2) 
Christiansen reduction coefficient, F, (Table 3.1) 
Friction loss equations (Tbale 4.1) 
Allowable friction head loss, (hf)a, (Equation 4.6) 
Head loss gradient, hf/L, (Figures 4.6 and 4.7) 
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Step 7: Calculate delivery hose elevations and 
check spreadsheet results. 

Calculate manifold head loss, hm, minor losses, hml, 
and lateral inlet pressures, Hu. 

Create a spreadsheet with the following columns for 
each lateral: 

Outlet (i) and section length (j) 
Flow through pipe section, Qj 
Section length, Lj 
Lateral length, (L,)j 
Ground Elevation, (Az)j 
Lateral friction loss, (hui)j 
Lateral HGL (piezometric head) 
Delivery hose friction losses, (hdh)j 
Minor losses and velocity head 
Total head losses, h, 
Delivery hose HGL (piezometric head) 
Delivery hose elevation with respect 
to the ground surface, (Hdo); 
Delivery hose elevation with 
respect to the reference datum,(Ay)j 

Check spreadsheet results by: 
Comparing Christiansen multiple-outlet estimate to 
the summation of values in column (6). 
Checking that delivery hose elevations are between 
maximum and minimum design values. 

Step 8: Plot piezometric diagram. 

Draw pieziometric diagram by plotting delivery hose 
elevations on the lateral profile. 

Step 9: Determine time of application (refer to Chap.7). 

Soil, Climate, and Crop Parameters 
Available water, AW 
Depth of root zone, Dra 
Maximum Allowable Depletion, MAD 
Conventional peak transpiration,!^ 
Percentage of area wetted, Pw 
Percentage of soil surface shaded by canopy,Pd 

Application Time and Net Water Requirements 
Maximum net depth of water application, dx 
Average peak transpiration, Td 
Maximum irrigation interval, fx 
Actual irrigation interval, f' 

Column (1) 
Column (2) 
Column (3) 
Column (4) 
Column (5) 
Column (6) 
Column (7) 
Column (8) 
Column (9) 
Column (10) 
Column (11) 
Column (12) 

Column (13) 



Net depth per irrigation, d„ 
Gross depth of water application, dg 
Application efficency, E# 
Gross water required by plant per day, G 
Application time, T, 
Number of irrigations 

Step 10: Install system and calibrate delivery hose 
elevations. 

Install bubbler system according to delivery hose 
calculations and use the constant head device or 
the lateral inlet pressure as the reference datum. 

Turn the system on and adjust delivery hose eleva
tions by dynamic calibration. 

A more detailed description of each design step and the 

associated design parameters follows. 

4.2 Step 1: Determine Field Layout 

The following parameters are determined from the field 

layout: 
Plan and profiles of the piping system. 
Field length, L. 
Field width, W. 
Slope of field, SL. 
Cross-slope of field, Sw. 

The field plan and profiles should be surveyed accurate

ly. Elevation surveys with an error of a few inches will 

affect delivery hose elevations by a few inches and also will 

affect the uniformity of flow through the system. Typical 

field layouts of bubbler systems are shown in Figure 4.3. 

For level ground designs, standpipes located in the middle of 

the field, as shown in Figure 4.3 (d), will reduce accumula

tion of friction loss errors since the laterals are shorter, 
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and the design head can more easily be distributed equally to 

each section of the field. 

4.3 Step 2: Design a Constant Head Device 

If the water source (reservoir or canal) does not 

operate at a constant head, a constant head device should be 

installed near the water source or somewhere along the main

line to a provide constant design head during operation. For 

this study, the constant head device is assumed to be a 

standpipe and gate valve. Other types of constant head 

devices could be considered by a designer, depending on site 

conditions. A standpipe can also serve as both an air 

release and sediment trap, as shown in Figure 4.4. 

For systems with a standpipe, two manometers should be 

installed (one upstream of the gate valve and one downstream) 

and attached permanently to the standpipe. The purpose of 

the upstream manometer is to monitor the reservoir elevation, 

and the purpose of the downstream manometer is to monitor the 

operating level of the bubbler system. A permanent reference 

mark should be made on the downstream manometer to indicate 

the system design head. 

One of the critical factors affecting the uniformity of 

flow in bubbler systems is operating the system at heads 

different from the design head (the permanent reference 

mark). Such operation will result in different flow rates 

for each delivery hose and will severely affect the uniformi-
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ty of the entire system. Fluctuations above or below the 

design head should be kept minimal to maintain high values of 

flow uniformity. 

The position of the constant head device determines the 

available head and the design head. The design head is 

defined as: 

Hd = H. - hs (4.1) 

where, Hd = design head, m (ft). 

Hs = available head, m (ft). 

hs = friction head loss between the water source 
and the constant head device, m (ft). 

The available head is measured at the water source 

elevation, and the design head is measured at the constant 

head device. The available head less the mainline head loss 

is the design head. The distinguishing differences between 

the two is that the design head will always remain constant 

and the available head will fluctuate. 

4.4 Step 3: Select Design Criteria 

The following design criteria must be selected before 

the design can proceed and are subject to the designer's 

preference, within certain limits: 

(1). Type of crop and spacing. 
Spacing per plant, Sp, m, (ft) . 
Spacing per tree row, Sr, m, (ft) . 
Spacing between laterals, S,, m, (ft) . 
Spacing between delivery hoses, Se, m, (ft) . 
Spacing for first outlet, Sp/2 or Sp, m, (ft) . 

(2). Depth of buried lateral, d,, m, (ft). 



55 

(3). Maximum and minimum delivery hose elevations, 
and H^, respectively, m, (ft) . 

(4). Delivery hose design flow, q^, lps (gpm). 

4.4.1 Spacings 

Plant spacings are dependent on the type of crop, and 

lateral and delivery hose spacings must conform to the plant 

spacings. For example, a common citrus tree spacing is 6.7 

x 6.7 meters (22 x 22 ft). So a lateral laid mid-way between 

tree rows will have a lateral spacing, S,, that is equal to 

twice the row spacing, or 13.4 meters (44 ft). The outlet 

spacing, Se, is equal to the plant spacing, or 6.7 meters (22 

ft). Note that this set-up assumes two delivery hoses are 

placed next to one another to act as one outlet and to water 

trees on both sides of the lateral. As previously mentioned 

in Chapter 3 (p. 40) , the first delivery hose outlet is 

recommended to be located at one-half the tree spacing to 

minimize friction losses in the lateral. 

The number of outlets and the location of the first 

delivery hose are the two factors required before the Christ

iansen reduction coefficient can be determined. If two 

delivery hoses are assumed to act as one outlet, the delivery 

hose spacing, Sc, is then equal to the plant spacing, Sp, and 

all delivery hose trenches will be perpendicular to the 

lateral. However, if one delivery hose is the outlet, than 

the delivery hose spacing, Sc, is one-half the plant spacing, 
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Sp/2, and alternate delivery hose trenches must be dug at less 

than right angles from the lateral to the tree. 

4.4.2 Lateral Burial Depth and Delivery Hose Elevations 

The recommended depth of the buried lateral is 0.4 6 m 

(1.5 ft) since deeper depths will increase trenching costs 

and lesser depths may not anchor the pipe adequately or 

protect it from heavy loads. If heavy machinery will be 

operated in the orchard, burial depths greater than 0.4 6 m 

(1.5 ft) may be required to protect the pipelines. 

For this study, all delivery hoses in a system are 

assumed to have the same length and the maximum and minimum 

delivery hose heights are assumed to equal 1 and 0.3 meters 

(3.3 and 1 ft), respectively. Delivery hoses set at eleva

tions lower than 0.3 meter (1 ft), risk damage from ponded 

water or trampling by workers or animals. Delivery hose 

heights could be set at heights higher than 1 meter (3.3 ft), 

but the falling water would increase soil erosion at the 

point of impact. One way to increase delivery hoses heights 

without increasing soil erosion is to place a tee at the 

point of discharge of the hose, and run a delivery tube from 

the side of the tee down to the basin, as illustrated in 

Chapter 8. The upper end of the tee is exposed to atmo

spheric pressure and is set at the calculated delivery hose 

height to obtain the desired flow. 
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4.4.3 Delivery Hose Design Flow 

Design flow rates for the delivery hoses, qdh, are a 

function of the minimum hose diameter required to prevent 

excessive friction losses and clogging; maximum orifice 

diameter to ensure uniformity of discharge; and flow velocity 

to flush air out of pipelines. Chapter 8 discusses in 

greater detail the minimum flow velocity limits for design 

purposes. 

To summarize the findings in Chapter 8, the delivery 

hose diameter is chosen based on customary orifice diameters 

of 6 to 10 mm (1/4 to 3/8 in). Common delivery hose flow 

rates of 0.032 or 0.047 lps (0.5 or 0.75 gpm) for 10-mm (3/8-

in) diameter tubes have been used in past bubbler designs. 

These design flows have velocities greater than the minimum 

flushing velocities required to prevent air locks from 

occurring in 10-mm (3/8-in) diameter delivery hoses. For 

systems where available head is greater than 2 meters (6.6 

ft), delivery hoses of 6-mm (1/4-in) diameter might be 

considered, and deliver flow rates of 0.013 to 0.063 lps 

(0.20 to 1.0 gpm) are required to prevent air locks. 

4.5 Step 4: Calculate Length and Number of Pipes 

Component parts of a bubbler system include the water 

source, constant head device, mainline, manifolds, laterals, 

and delivery hoses. The layout of these components must be 

determined before pipe diameters can be chosen, and the most 
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critical factors in determining the layout are location of 

the water source and slope of the field. 

The following parameters can be determined by simple 

geometry from the field layout as illustrated in Figure 4.5: 

(1). Length of pipes. 

L,, is the distance between the water source and 
desired location of the standpipe, m, (ft). 

( 2 )  

where, 

L,n W/2 - Sr (4.2-a) 

L, = L - Sp/2 (4.2 —b) 

Ldh 
= Sr/2 + d, + Hmax (4.2-c) 

' pipes and trees. 

Nc = 2L/Se (4.3-a) 

N, = W/2Sr (4.3-b) 

N, = Nc * N, (4.3-c) 

Ls 
= Mainline length, m (ft). 

Lm 
= Manifold length, m (ft). 

L. = Lateral length, m (ft). 

= Delivery hose length, m, (ft) . 

W = Field width, m (ft). 

L = Field length, m, (ft). 

sr = Row spacing, m, (ft) 

Sr 
= Plant spacing, m, (ft). 

<*, = Depth of lateral burial, m, (ft). 

H "max 
= Max. delivery hose height , m (ft). 

Nc 
= Number of delivery hoses 
lateral. 

per 
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Figure 4.5 Definition Sketch of Field Layout 



Se = Delivery hose spacing, m (ft). 

N, = Number of laterals. 

N, = Total number of trees. 

4.6 Step 5: Calculate Pipe Design Flows 

The pipe design flow rates are calculated from the 

assumed delivery hose flow rate: 

qi = 
qdh * Nt (4.4--a) 

= q. * n, (4.4--b) 

Qs 
= 

n, * q<ih (4.4--c) 

where, qdh 
= Delivery hose flow rate, lps, (gpm) • 

q. = Lateral flow rate, lps (gpm). 

qm 
= Manifold flow rate, lps, (gpm) • 

Qs 
= Mainline flow rate, lps, (gpm) • 

Ne 
= Number of delivery 
lateral. 

hoses along the 

4.7 Step 6: Select Pipe Diameters 

4.7.1 General 

Keller and Bliesner (1990) note that various designers 

use different methods to size components of sprinkler and 

micro-irrigation pipeline networks, including; 

1). Economic method - selecting the most economical 
pipe size when based on long-term pumping costs. 

2) . Unit head loss method - setting a limit on the head 
loss per unit length of pipe. 

3). Velocity method - setting a limit on the flow 
velocity. 
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4). Percent head loss method - setting a limit on the 
friction head loss for each pipe. 

The velocity method and the percent head loss method are 

often used to size pipelines for bubbler systems. The 

velocity method is useful for sizing the larger diameter 

pipes such as the mainline and manifolds, because long-term 

sediment deposition in the large diameter pipelines is a 

major concern. When using the velocity method, the continu

ity equation is used: 

Q=VA = ̂ -^ (4.5) 
K 

where, K = 1273 for metric units, (0.4058, for English 
units) 

Q = flow rate, lps (gpm) 

V = velocity of flow in pipe, mps (fps) 

D = inside diameter of pipe, mm (in) 

A = inside cross-sectional area of pipe, mm2 (in)2 

The value of 0.6 mps (2 fps) in the laterals was 

recommended by Rawlins (1977) and Worstell (1975) to prevent 

deposition of silt-laden sediment from irrigation waters in 

the laterals. Whether this velocity is sufficient to 

transport the sediment as suspended load in a given case 

depends on the particle size distribution of the material. 

Pipes sometimes must be designed with flow velocities 

less than 0.3 mps (2 fps) to prevent excessive friction loss. 

Under such conditions, it may be necessary to construct a 

sediment trap along the mainline or to flush out the system 
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regularly to maintain design capacity. In addition, gate 

valves or caps should be placed at the end of each manifold 

and lateral for flushing purposes. 

4.7.2 Friction Head Loss Equations 

Friction loss equations (water temperature at 20 °C and 

68 °F) for different pipe materials and component parts are 

summarized in Table 4.1. The mainline, manifold, and 

laterals can be either rigid PE and PVC pipe or flexible 

corrugated PE tubing, but the delivery tubes are always 

smooth plastic PE tubing. 

Table 4.1 summarizes the friction loss equation for each 

pipe component of a bubbler system, and Figures 4.6 and 4.7 

will simplify calculations when initially sizing smooth 

plastic pipes and corrugated PE tubing diameters. Figure 4.6 

is based on friction loss equations (3.8) and (3.9), and 

Figure 4.7 is based on friction loss equation (3.12). 

When using Figures 4.6 and 4.7 to size the initial 

diameters of multiple-outlet pipes such as the mainline, 

manifolds, and laterals, the Christiansen reduction coeffi

cient from Table 3.1 must be used. It is recommended to 

space the first delivery hose outlet one-half spacing from 

the manifold to reduce friction losses. 



Table 4.1 Friction Loss Equations for Sizing Pipe Diameters1 

Mainline, Manifolds, and Laterals Delivery Hoses 

Smooth PVC | Corrugated PE Smooth PE 

(a) . Pipe Diameter Equal to or Less than 128 mm (5 in) . 

hf/ (metric) 
ru." 

7 . 89 x 10s F u „e L 
D 

Equation (3.8)*F 

5 .7 8 x 10s F L 
D5 

Equation (3.12)*F 

n1-75 
7 . 89 xlO5 " nK L 

D 
Equation (3.8) 

hf, (English) 
O1-" 0.00133 F L 
D4-75 

Equation (3.8)*F 

0.00218 F L 
D5 

Equation i3.l2)*F 

O1-75 0.00133 — L 
D 

Equation (3.8) 

(b) . Pipe Diameter Greater than 128 mm (5 in) . 

hf, (metric) 

rti.828 
9.58x10s F u L j-)4.828 

Equation (3.9)*F 

5 .7 8 x 10s F -^L 
D5 

Equation (3.12)*F 

N/A 

hf/ (English) 

nl-828 
0.001 F " . a,0 L j-)4.028 

Equation (3.9)*F 

0.00218 F -^L 
Ds 

Equation (3.12)*F 

N/A 

1. Water temperature at 20°C (68°F) . 

a\ 
u> 
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4.7.3 Allowable Head Loss 

The allowable head loss gradient is determined by the 

following equation for both level ground and gradual-slope 

designs: 

hf _ (Hu-Hd0) -A Z  _  (hf)a { 4  6 )  

L FL FL 

where hf/L = head loss gradient, m/m (ft/ft) . 

Hu = pressure head upstream, m (ft). 

Hdo = pressure head downstream, m (ft) . 

Az = change in elevation between upstream and 
downstream and is negative for downslopes, 
m (ft). 

(hf)a = Allowable head loss in the pipe, m (ft) 

The design procedure for bubbler systems in this study 

proceeds from the water source to the distal end of the 

field. First, the mainline is sized with respect to the 

available head and the design head. Next, the manifold is 

sized as between 5 to 2 0 percent of the design head. 

Finally, the laterals and delivery hoses are sized simulta

neously by the percent head method, as discussed in Chapter 

5. 

4.7.4 Sizing Mainlines 

The allowable head loss in the mainline is the differ

ence between available head and design head. The available 

head is the water source elevation, and the design head is 
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the operating head at the standpipe or constant head device. 

The diameter of the mainline should be large enough to 

maintain flushing velocities of 0.6 mps (2 fps) to prevent 

long-term sediment deposition problems. If the available head 

is not great enough to maintain velocities of 0.6 mps (2 

fps), the diameter should be sized according to the differ

ence between available head and the desired design head. In 

the later case, it may be desirable to install a small 

sediment trap near the intake or near the constant head 

device. 

4.7.5 Sizing Manifolds 

The design of manifolds is easier than the design of 

laterals since the delivery hoses do not have to be sized at 

the same time. Keller and Karmeli (1974) indicate that when 

a percent head method is used to size manifolds for pressur

ized systems, the most economical design is with approxi

mately 55 percent of the head loss in the laterals and 45 

percent in the manifold. However, it is important to note 

that this design criteria for pressurized systems is not 

applicable to bubbler systems because the pressure gradient 

is small for low-head bubblers and the delivery hoses will 

consume a large percent of the design head. Therefore, the 

allowable head loss in the bubbler manifold must be less than 

4 5 percent of the design head. 

Past bubbler designs has shown that the allowable 
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manifold head loss, hm/ should be 20 percent or less of the 

design head at the standpipe. For manifolds sized with a 

pressure variation of 2 0 percent of design head, friction 

losses in the manifold must be calculated to determine the 

inlet pressure for each lateral. In this case, the delivery 

hose elevations will have to be calculated separately for 

each lateral because inlet pressure heads for each lateral 

will be different. 

A simple way to minimize calculations for delivery hose 

elevations is to assume the manifold friction losses to be 5 

percent or less of the design head. This assumption will 

increase the manifold diameter, but manifold friction losses 

can be neglected, allowing all laterals along the manifold to 

have the same inlet pressure. Thus, calculations of delivery 

hose elevations for one lateral can be applied to all 

laterals connected to the same manifold, and the number of 

hose elevation calculations will be reduced by the number of 

laterals connected to the manifold. This assumption should 

be avoided for long manifolds with five or more laterals, 

because the increase in manifold diameter will be prohibi

tively expensive. 

4.7.6 Sizing Laterals and Delivery Hoses 

Sizing of laterals and delivery hoses is discussed in 

detail at the beginning of Chapter 5. Table 4.2 presents 

current comparative prices of PVC and corrugated PE pipe 
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materials and is a useful guide for sizing pipe diameters. 

Costs are approximately the same for rigid PVC pipe and 

corrugated PE pipe for lateral diameters of 63 mm (2.5 in) 

and less. Therefore, PVC pipes are recommended for diameters 

of 63 mm (2.5 in) and smaller to minimize friction losses. 

For diameters greater than 63 mm (2.5 in) , corrugated PE 

laterals are cheaper, but this pipe material is unsuitable 

under certain conditions due to excessive head losses on low-

head systems. In addition, using corrugated PE pipes may 

provide only minimal savings because Figures 4.6 and 4.7 

indicate that the flow capacity for a given diameter corru

gated PE pipe is the same as for the next smaller diameter 

PVC pipe available. Table 4.2 also shows that the next 

smaller diameter PVC pipe that is available typically costs 

approximately the same as the larger corrugated PE pipe. 

Since the amount of flow and head loss gradient are the 

governing factors in bubbler design, a smaller diameter PVC 

pipe will, in most cases, cost the same and transmit the same 

flow per unit head loss as the next larger diameter corrugat

ed PE pipe that is commercially available. 

4.8 Step 7: Calculate Delivery Hose Elevations and Check 
Spreadsheet Results 

4.8.1 Total Head Losses 

After all pipe diameters have been determined, the 

elevations of the delivery hoses can be calculated by deter-
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Table 4.2. Common Pipe Diameters and Costs for Corrugated PE 
Tubing, Rigid PVC Pipe, and Flexible PE Tubing.1 

Internal Diameter 
(in) 

Equivalent Units 
(mm) 

Current Cost($/ft) 
/Comments 

(a). Corrugated PE Tubing (LIDCO, manuf acturers) 

2 52 .24 

3 78 .33 

4 102 .39 

6 154 .98 

8 204 1.43 

10 

12 

254 

306 

Available from 
manufacturer upon 
special request. 

(b). Rigid PVC Pipes (common sizes for laterals) 

1.25 32 0.13 

1.5 38 0.16 

2 52 0.24 

2.5 63 0.36 

3 78 0.52 

4 102 0.95 

6 154 1.68 

(c). PE Tubing 'Hardie Irrigation, manufacturers) 

5/32 4 .03 

1/4 6 .04 

3/8 10 .05 

1/2 

9/16 

5/8 

13 

15 

16 

Not recommended 
for delivery hoses 
due to low flow 
uniformity. 

11/16 18 

3/4 20 

1 26 
1. Prices quoted from Irrigation and Sprinkler Supply, Inc.; 
Tucson, Arizona; March, 1993. 
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mining the total head loss from the constant head device to 

the point of discharge. The total head loss is the sum of 

the friction and minor losses. 

h,= Ehf+Shm, (4.7) 

where, h, = Total head loss in pipes, m (ft) 

hf = Friction loss in pipes, m (ft) 

hml = Minor losses in pipes, m (ft) 

Friction loss equations from Table 4.1 must be used to 

estimate friction losses in the pipes. The head loss 

gradient charts in Figures 4.6 and 4.7 cannot be used to 

calculate delivery hose elevations because interpolation from 

these charts will not be sufficiently accurate to determine 

friction losses in the laterals and delivery hoses. 

4.8.2 Minor Losses 

All minor losses between the water source and the point 

of discharge must be accounted for, including pipe entrances, 

elbows, tees, reducers, valves, etc., 

h,„=CLZ! (4.8) 

where, CL = Loss coefficient in various pipe fittings 

Keller and Bliesner (1990) give a complete list of loss 

coefficients, and some common CL values for bubbler systems 

are listed in Table 4.3. 
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Table 4.3. Common Loss Coefficients, CL, for Bubbler Systems' 

Fitting cL 

Tees 0.9 
Elbows 0.9 
Square entrance 0.5 
Projected entrance 0.8-1.0 
Pipe contraction 0.7[l-(Dsm/Db)]2 
Gate valve, fully open 0.2 
Gate valve, 3/4 open 1.0 
Gate valve, 1/2 open 5.6 
Gate valve, 1/4 open 24 

1. From Albertson, et al.(1960) & Keller and Bliesner (1990) 
2. When determining the velocity head loss at a reducer, the 

diameter and flow that gives the highest head should be 
used. Dsm is the smaller diameter pipe and D,a is the 
larger diameter pipe. 

A simple method to use to account for head losses in 

bubbler systems is to compute or assume friction and minor 

losses from the constant head device to the lateral inlet 

junction. Then account separately in the spreadsheet for 

friction and minor losses from the lateral inlet to the point 

of discharge. 

In general, minor losses from the lateral inlet to the 

point of discharge will include losses due to: 

(1). The delivery hose projection into the lateral. 

(2). The change in lateral diameter. 

The velocity head term from the energy equation must 

also be accounted for and can be combined easily with the 

minor losses when calculating the delivery hose elevations in 

the spreadsheet tabulations. The velocity head may be 

computed by using: 
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V2 O2 _ =KJi- (4.9) 
2g D4 

where, K = 8 . 26 x 104 for metric units (2.59 x 10'3 for 
English units) 

Q = flow rate, lps (gpm) 

D = inside diameter, mm (in) 

V = flow velocity, mps (fps) 

4.8.3 Spreadsheet Calculations 

The use of a programmable calculator or personal 

computer with spreadsheet software will facilitate recording 

friction losses and minor losses in tabular form and speed 

calculations. Example spreadsheets for level ground and 

gradual slope designs are presented in Chapters 5 and 6. 

Symbols used to compute the spreadsheet columns are 

defined in the irrigation lateral sketch of Figure 4.8, and 

the spreadsheet columns from these tables are designated as 

follows: 

Col (1): The delivery hose outlet index is i, for 
i = 1,2,...,n. 

The lateral section index is j, for 
j = 1,2,...,n. 

Col (2) : The flow through each lateral section, Qj, is; 

Qj = 2qdh (n+1-j ) , for j = l,2,...,n (4.10) 

where, = design delivery hose flow rate, 
lps (fps). 
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Delivery Hose Outlets,(1) 

Lateral 
Inlet 

n-3 n-2 n-1 n 

Section Lengths# (j) 

Lateral 

Inle4r 1 I 2 I 3 I 4 I |n-3|n-2|n-3] n | 

Figure 4.8 Definition Sketch of an Irrigation Lateral 
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Col (3): The section length of the lateral, Lj, is; 

Lj = Se/2, for j = 1. 

Lj = Sc = Constant, for j = 2,3,..,n (4.11-b) 

where, Se = delivery hose spacing, m (ft). 

Col (4) : The length of the lateral from the inlet, (L,)j, 
is; 

(L,)j = Lj = Se/2, for j = 1. (4.12-a) 

(L,)j = (Lj) j.,+Lj/ 2 , for j = 2 , 3 , . ., n (4.12-b) 

Col (5) : The change in ground elevation from the inlet, 
(Az)j, is; 

(Az)j = (L,)j*(-SL), for j = 1,2,..,n (4.13) 

where, SL = slope of the field length along 
the lateral. 

Col (6) : The lateral friction loss at each section 
length, (hhl)j, is computed from the friction 
loss equations of Table 4.1; 

(hbt): ~K •%— Lj for j = 1,2, . . . ,n (4.14) 
J  D  4  A  

j 

where, K = constant units factor. 

Dj = internal diameter of the lateral 
section, mm (in). 

a = exponent constant of the head 
loss equations. 

Col (7): The lateral hydraulic gradeline, (HGL)j, is; 

(HGl)j = Hu , for j = 0 (4.15-a) 

(HGL)j = (HGL)j., - (hlat)jf for j =l,2,...,n (4.15-b) 

where Hu = lateral inlet pressure, m (ft). 
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Col (8) : The delivery hose friction loss, hdh/ is com
puted from friction loss equation (3.8); 

i  

where, K = 7.89 X 10s for metric units 
(0.00133, English units) for water 
temperature at 20°C (68°F) . 

Dj = delivery hose diameter, mm (in). 

Qi = design delivery hose flow rate, 
lps (fps). 

L; = length of delivery hose, m (ft) . 

Col (9) : Section 4.8.2 describes how to account for the 
velocity head and minor losses. 

The velocity head loss, V2/2g, is; 

"2 =K (4.17-a) 
n 4 2g D' 

where, K = 8.26 x 104 for metric units (2.59 
X 10"3 for English units) 

Some minor head losses along the lateral and 
delivery hoses, (hml)j and (hml)j, are; 

(hmI)j = CL*V2/2g (4.17-b) 

where, CL = 0.7[1 -(D„m/DJ ]2 for lateral 
contractions. 

Dsm = diameter of small pipe, mm (in) . 

Du = diameter of large pipe, mm (in). 

(h m , ) i  = CL*K*qdh2/Di4, (4.17-c) 

where, CL =1.0 for delivery hose projection. 

Col (10): The total head loss along the lateral and at 
the point of discharge, (h,)j, is; 

(h|); = (hiat)i+ (hdh)(hml)j for i = 1 (4.18-a) 
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(h|) i= Si«i-(i-i) (hut).+ (h^) j+ (h^) j, for i = 2 , 3,..,n. (4.18—b) 

Col (11): The delivery hose hydraulic grade line,(HGL),, 
is; 

(HGL); = H,.-^)*,-(!!„,) i+1 for i = 0 (4.19-a) 

(HGL) j = Hu~ (hj) j for i = 1, 2 , . . , n (4.19-b) 

where, Hu = lateral inlet pressure, m (ft). 

Col (12): The delivery hose elevation with respect to 
the ground level, (Hd)j, is; 

(HJ; = (HGL) j- (Az) j, for i = 1,2,..,n (4.20-a) 

Col (13) : The delivery hose elevation with respect to 
the reference datum, (Ay)j, is; 

(Ay)j = Hu-(HGL)j, for i = 1,2, . . ,n (4.20-b) 

The example problems in Chapters 5 and 6 follow the 

above format for designs on level ground and on gradual 

slopes. For the level ground design, column (5) will be zero 

and columns (11) and (12) will be equal. After the delivery 

hose elevations have been calculated, the spreadsheet results 

are scrutinized for design errors by: 

(1). Checking that the delivery hose elevations are 
between the maximum and minimum design values. 

(2). Comparing the calculated friction losses in the 
laterals (summation of column (5)) with the esti
mated Christiansen friction loss. 

4.9 Step 8: Plot Piezometric Diagram 

A piezometric diagram for the laterals and delivery 

hoses can be constructed from the above delivery hose 
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elevation table by plotting the hose elevations on the 

lateral elevation profile. If spreadsheet software such as 

Lotus or Quattro is used, these plots can be drawn by using 

the Graph Menus, with column (4) being the x-axis series, and 

columns (5), (7), and (11) being the y-axis series. Plotting 

an energy diagram of each lateral will help to ensure the 

design is correct. 

4.10 Step 9: Determine Time of Water Application 

Refer to Chapter 7. 

4.11 Step 10: Install System and Calibrate Delivery Hose 
Elevations 

Once the piezometric diagram is drawn, the bubbler 

system can be installed. The design head elevation marked on 

the constant head device (standpipe) is recommended as the 

best reference datum for installing the system to prevent 

ground undulations from affecting the delivery hose eleva

tions, column (13). After all delivery hoses have been set 

at the calculated elevations, the system should be turned on 

and dynamically calibrated, as described in Chapter 1, to 

ensure nearly equal flow rates at each delivery point. 
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CHAPTER 5 

LEVEL GROUND DESIGN 

5.1 General 

For systems on level ground, irrigation pipes have zero 

slope, and the allowable friction loss must be determined. 

The percent head method is used for sizing the lateral and 

delivery hose diameters because a trade-off exist between 

losses in these components. From equation (4.6), the 

allowable head loss for both the lateral and delivery hose is 

the lateral inlet pressure less the minimum delivery hose 

height. For design purposes, two cases should be considered 

to determine the percent of allowable head loss allocated to 

the delivery hoses and laterals. 

Case I, Figure 5.1, is for low design heads, or when the 

lateral inlet pressure is less than twice the maximum 

delivery hose height minus the minimum delivery hose height. 

In earlier designs of this type, 50 percent of the allowable 

friction head loss was generally allocated to the laterals 

and the other 50 percent allocated to the delivery hoses. 

Case II, Figure 5.2, is for higher design heads, or when 

lateral inlet pressure is greater than twice the maximum 

delivery hose elevation less the minimum delivery hose 

elevation. In this case, the allowable friction head loss 

for the lateral should be the maximum delivery hose elevation 

less the minimum delivery hose elevation. The allowable 
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friction head loss for the delivery hose should be the 

lateral inlet pressure minus the maximum delivery hose eleva

tion. At present no bubbler systems with design heads 

greater than 1 meter (3.3 ft) are documented in published 

literature. However, design following the strategy of Case 

II, will help to prevent air locks in both the laterals and 

delivery hoses because greater pressures and higher veloci

ties in the pipes will help to flush out pockets of air. 

For bubbler systems on level ground, reduction of the 

lateral diameter in the downstream direction is not recom

mended because of the possibility of long-term sediment 

deposition in the upstream section of the lateral. As 

explained by Rawlins (1977), reducing the diameter of the 

downstream part of the lateral will reduce total flow in the 

lateral during periods of flushing, thereby decreasing 

velocities in the upstream section of the lateral. Unless 

the system can be flushed by means other than gravity, 

sediment deposition in the laterals will be increased if pipe 

diameters are reduced downstream. Also, potential cost 

savings associated with reducing lateral diameters on level 

ground is minimal because these laterals are typically short. 
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5.2 Example Level Ground Design 

PROBLEM: Design a bubbler system to irrigate a citrus 

orchard with tree spacings of 6 m x 6 m (20 ft x 20 ft) . The 

field is level, and field dimensions are 120 m x 96 m (394 ft 

x 315 ft). The water source is a low-head pipeline located at 

the edge of the field. 

Assume a design head of lm (3.3 ft) is maintained at the 

standpipe, and the maximum and minimum delivery hose eleva

tions are 1 m (3.3 ft) and 0.3 m (1 ft), respectively. The 

first delivery hose will be located one-half spacing from the 

manifold to reduce lateral friction losses. 

CALCULATIONS: Follow the design procedure of Chapter 4. 

Step 1: Determine field layout. 

Refer to Figure 5.3 for the field layout. 

Given: 
Field length = L = 120 m (394 ft) 
Field width = W = 96 m (315 ft) 
Field slopes = Sw = SL = 0 

Step 2: Design constant head device. 

Constant head device is standpipe with gate valve. 
The given design head = Hd = Hs = 1.0 m (3.3 ft) 

Step 3: Select design criteria. 

Given: 
Tree spacing = Sp = Sr = 6 m (20 ft) 
Maximum delivery hose elev. = Himx = 1.0 m (3.3 ft) 
Minimum delivery hose elev. = Hlllin = 0.3 m (1.0 ft) 

Assume the lateral is laid mid-way between two rows of 
trees and that two delivery hoses are installed per 
spacing. 
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Del. hose spacing = Sc = Sp = 6 m (20 ft) 
Lateral spacing = S, = 2Sr = 12 m (40 ft) 
Depth of lateral = d, = 0.46 m (1.5 ft) 
Delivery hose flow = <gdh= 0.047 lps (0.75 gpm) 

Step 4: Calculate length and number of pipes. 

Length of pipes: 
Length of mainline = Ls = not applicable 
Length of manifold = Lni = W/2-Sr 

= 96/2 - 6 = 42 m (137.8 ft) 
Length of lateral = L, = L - Sp/2 

= 120 - 6/2 = 117 m (383.8 ft) 
Length of del. hose = Ldh = Sr/2 + d, + HIllax 

= (6m)/2 + 0.46m + lm 
= 4.46 m (14.8 ft) 

Number of pipes and trees: 
Number of del. hoses per lateral= Ne = 2L/SC 

= 240m/6m = 40 
Number of laterals = N, = W/2Sr = 96m/12m = 8 
Total number of trees = N,= Nc * N, = 32 0 trees 

Step 5: Calculate design flow rates for pipes. 

Flow in lateral = q, = qdh * Nc 
= (0.0473)(40)= 1.893 lps (30 gpm) 

Flow in manifold = qm = q, * N, 
= (1.893) (4) = 7.572 lps (120 gpm) 

Flow in mainline = Qs = qdh * N, 
= (0.047)(320= 15.0 lps (240 gpm) 

Step 6: Select pipe diameters. 

Mainline Diameter: This particular example does not 

have a mainline. If a mainline is required, the diameter 

would be sized to carry the system design capacity flow at a 

velocity of 0.6 mps (2 fps). The design head would then be 

determined by subtracting the mainline friction head loss 

from the available head. 

Manifold Diameter: By the percent head loss method, two 

conditions of allowable head losses within the manifold are: 
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(hf) a = 0.20 Hd = 0.20 m (0.656 ft) 

or, (ilf) a = 0.05 Hd = 0.05 m (0.164 ft) 

From Table 3.1, the Christiansen reduction coefficient, 

F, is 0.41 for 4 outlets, with the first outlet spaced one-

half spacing from the lateral inlet. By substituting the 

above values into equation (4.6), the manifold head loss 

gradients are: 

hf/L = (hf)a/ (FLm) =0.20/(0.41*42 m) = 0.012 

or, hf/L = (hf)a/(FLm) =0.05/(0.41*42 m) = 0.003 

From Figure 5.4, the above head loss gradients with a 

flow of 7.6 lps (120 gpm) give: 

Dm = 154-mm (6-in), corrugated PE pipe 

or, Dni = 204-mm (8-in) , corrugated PE pipe 

From Figure 5.5, the above head loss gradients with a 

flow of 7.6 lps (120 gpm) give: 

Dm = 102-mm (4-in), PVC pipe 

or, Dm = 154-mm (6-in), PVC pipe 

By comparing the above results to Table 4.2, a 102-mm 

(4-in) PVC pipe costs approximately the same as a 154-mm (6-

in) corrugated PE pipe, and a 154-mm (6-in) PVC costs 

approximately the same as a 204-mm (8-in) corrugated PE pipe. 

Therefore, a PVC pipe is chosen because pipe fittings are 

more readily available and fewer problems are associated with 

using rigid PVC pipe. In addition, a decision whether to use 

5 or 20 percent of the design is required. One of the advan-
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tages of using 5 percent of the design head is that the 

manifold head loss is small and can be neglected. This would 

reduce the number of delivery hose computations by eight-fold 

because the inlet pressures at all eight laterals can be 

assumed equal. For this problem, the 154-mm (6-in) PVC pipe 

(5 percent of the design head) will be chosen simply to 

reduce the number of delivery hose calculations. 

Lateral and Delivery Hose Diameters: Sizing the 

diameters of laterals and delivery hoses is the most critical 

aspect in bubbler system design. They must be determined 

simultaneously since a trade-off exists between the sizes of 

these components. 

For a lateral inlet pressure of 1 meter (3.3 ft), the 

allowable friction loss recommended for sizing the diameters 

of both the lateral and delivery hoses is chosen from Case I, 

Figure 5.1. 

From Case I, the allowable head loss for the lateral and 

delivery hose is: 

h, = hdh = 0.50(1 m-0.3 m) =0.35 m (1.14 ft) 

From Table 3.1, the Christiansen reduction coefficient 

is 0.36 for 40 multiple outlets with one-half spacing for the 

first outlet. By substituting the above values into equation 

(4.6), the head loss gradients for laterals and delivery 

hoses are: 

hr/L = (hf)a/FL| = 0.35 m/(0.36*117 m) = 0.008, laterals 
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hf/L = 0.35 m/4.46 m = 0.08, delivery hoses 

and the design flow rates are: 

q, = 1.89 lps (30 gpm). 

q^ = 0.047 lps (0.75 gpm). 

Finally from Figure 5.5, the following diameters for 

laterals and delivery hoses are obtained. 

D, = 63 mm (2.5 in) 

Ddh = 10 mm (3/8 in) 

Step 7: Calculate Delivery Hose Elevations 

After the lateral and delivery hose diameters are 

determined, the elevation of the delivery hoses can be 

calculated and tabulated as presented in Table 5.1. Each 

column of Table 5.1 is defined and described in detail in 

section 4.8.3 of Chapter 4. The friction loss equations used 

for columns (6) and (8) are from Table 4.1. 

Step 8: Check Spreadsheet and Plot Piezometric Diagram 

From column (12) of Table 5.1, the delivery hose eleva

tions are between the maximum and minimum delivery hose 

elevations. 

A piezometric diagram for the laterals and delivery 

hoses are constructed from Table 5.1 by plotting columns (5) , 

(7), and (11) on the lateral elevation profile, as shown in 

Figure 5.6. 
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Table 5.1 Delivery Hose Elevation Tabulation (Level Ground) 

Chosen lateral diameter = 63 mm (2.5 in) 

Lateral design flow = 1.89 Ips (30 gpm) 

Chosen delivery hose diameter = 10 mm (3/8 in) 

Delivery hose design flow = 0.0473 Ips (0.75 gpm) 

Out/ Flow Section Total Ground Lateral Lateral Hose V/Head Total Hose Hose Refer 

Sect. Length Length Elev. F/loss HGL F/loss +Minor losses HGL Elev Datum 

(i.fl Qj Lj (U)j (z)i (hlat)j (HGL)j (hdh)i losses (hl)i (HGL)i (z) (y) 

(Ips) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) 

0 1.000 0.00 

1 1.890 3 3 0.0 0.020 0.980 0.337 0.037 0.394 0.61 0.61 -0.39 

2 1.796 6 9 0.0 0.037 0.942 0.337 0.037 0.431 0.57 0.57 -0.43 

3 1.701 6 15 0.0 0.034 0.908 0.337 0.037 0.465 0.53 0.53 -0.47 

4 1.607 6 21 0.0 0.031 0.877 0.337 0.037 0.496 0.50 0.50 -0.50 

5 1.512 6 27 0.0 0.028 0.850 0.337 0.037 0.524 0.48 0.48 -0.52 

6 1.418 6 33 0.0 0.025 0.825 0.337 0.037 0.549 0.45 0.45 -0.55 

7 1.323 6 39 0.0 0.022 0.803 0.337 0.037 0.571 0.43 0.43 -0.57 

8 1.229 6 45 0.0 0.019 0.784 0.337 0.037 0.590 0.41 0.41 -0.59 

9 1.134 6 51 0.0 0.017 0.767 0.337 0.037 0.607 0.39 0.39 -0.61 

10 1.040 6 57 0.0 0.014 0.752 0.337 0.037 0.621 0.38 0.38 -0.62 

11 0.945 6 63 0.0 0.012 0.740 0.337 0.037 0.633 0.37 0.37 -0.63 

12 0.851 6 69 0.0 0.010 0.730 0.337 0.037 0.643 0.36 0.36 •0.64 

13 0.756 6 75 0.0 0.008 0.722 0.337 0.037 0.651 0.35 0.35 •0.65 
14 0.662 6 81 0.0 0.007 0.715 0.337 0.037 a658 0.34 0.34 -0.66 

15 0.567 6 87 0.0 0.005 0.710 0.337 0.037 0.663 0.34 0.34 -0.66 

16 0.473 6 93 0.0 0.004 0.707 0.337 0.037 0.667 0.33 0.33 -0.67 
17 0.378 6 99 0.0 0.002 0.704 0.337 0.037 0.669 0.33 0.33 -0.67 

18 0.284 6 105 0.0 0.001 0.703 0.337 0.037 0.671 0.33 0.33 -0.67 
19 0.189 6 111 0.0 0.001 0.702 0.337 0.037 0.671 0.33 0.33 -0.67 

20 0.095 6 117 0.0 0.000 0.702 0.337 0.037 0.671 0.33 0.33 •0.67 

Check results 

Sum of column (6) = 0.298 

Est. lateral f/loss = F * hf(lat) 

(O^evegOOOOOM 17/100'1.8900 ~ 1.75)/63 ~ 4.75 

0.295 

Therefore, summation of column (6) = estimated lateral head loss, OK. 

Also, check if delivery hose heights are between 1m and 0.3 m, OK. 
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Step 9: Determine Time of Application 

Refer to Chapter 7 for an example problem. 

Step 10: Install System and Calibrate Hose Elevations 

Once an energy diagram is drawn, the bubbler system can 

be installed. The design head elevation marked on the 

constant head device (standpipe) is recommended as the best 

reference datum for installing the system to prevent ground 

undulations from affecting delivery hose elevations, column 

(13). After all delivery hoses have been set at the eleva

tions as computed in Table 5.1, the system should be turned 

on and the delivery hose elevations adjusted by dynamic 

calibration as described in Chapter 1 to ensure equal flow 

rates at all delivery points. 
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CHAPTER 6 

GRADUAL SLOPE DESIGN 

6.1 General 

The major difference between designs for laterals on 

gradual slopes and on level ground is that energy is gained 

on sloping ground and the lateral diameter must be sized to 

keep the lateral hydraulic grade line (HGL) approximately 

parallel to the ground slope. Also, the minimum delivery 

hose elevation of 0.3 m (1 ft) is no longer located at the 

end of the lateral, but will occur somewhere upstream, 

Figures 4.2 and 6.1. 

For gradual slope designs, care must be taken to analyze 

the delivery hose HGL so that it is not less than the minimum 

delivery hose elevation or greater than the maximum delivery 

hose elevation. However, designs within ±0.15 m (0.5 ft) of 

the delivery hose design elevation limits may be acceptable 

since these limits were chosen arbitrarily and are not fixed. 

If the delivery hose HGL is not located between approxi

mately the maximum and minimum delivery hose elevations, the 

lateral diameter must be reduced somewhere along the lateral 

to allow the HGL to run more parallel to the ground slope. 

For bubbler systems with long laterals and steep slopes, the 

lateral diameter may have to be reduced several times to keep 

the lateral HGL approximately parallel to the ground surface. 

Pressure regulators can be used for lateral designs on steep 
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slopes, but this will increase material costs. 

Calculations to determine where to decrease lateral 

diameters down-slope for multiple outlet pipes are based on 

the following equation, (Keller and Bliesner, 1990): 

(hf) - h,, ' 
L =LJ___i_J?]T75 (6.1) »»> 1L h - h 

"sm la 

where,Lsni = length of the smaller pipe, m (ft). 

L, = total length of the lateral, m (ft). 

(hf)a = allowable head loss in the lateral, m (ft) . 

hb = friction loss for larger diameter pipe along the 
entire lateral length, m (ft). 

hsn, = friction loss for smaller diameter pipe 
along the entire lateral length, m (ft). 

The above equation is very useful for determining where 

to make a single reduction of the lateral diameter (two pipe 

sizes). For longer laterals, the pipe diameter may have to 

be reduced several times, and Keller and Bliesner (1990) 

describe in detail several procedures for multiple diameter 

reductions. 

For very long laterals, note that calculation errors for 

friction head losses will accumulate and that the f-value 

used for design is more prone to change over time due to scum 

build-up on the pipe walls or from sediment deposition in the 

laterals. Rawlins (1993) recommends that delivery hose 

elevations be adjusted by dynamic calibration from time to 

time to compensate for these changes, and he also recommends 
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placing gate valves at the nodes of each lateral reduction to 

help control the flow through the pipeline and to help 

compensate for accumulation of friction loss errors for long 

laterals over time. While gate valves can help to control 

the flow, they will not solve completely the problem of 

accumulated friction loss errors when determining the 

delivery hose elevations. Also, placement of valves on each 

node will increase material costs. Therefore, the maximum 

length of laterals on gradual slopes is limited by the 

accumulation of friction loss errors, and Thornton and 

Behoteguy (1980) recommended that lateral lengths longer than 

457 m (1500 ft) be avoided. 

6.2 Example Gradual Slope Design 

PROBLEM: Design a bubbler irrigation system to irrigate a 

deciduous orchard with tree spacings of 5 m x 5 m (16.4 ft x 

16.4 ft) . The bubbler system will replace a furrow system to 

improve irrigation uniformity and efficiency. 

The field has a slope of 2 percent, with a cross-slope 

of 1 percent, and field dimensions are 80 m x 200 m (26.2 ft 

x 656 ft). Reduce the diameter of the laterals and manifold 

each once (two pipe sizes). 

Assume a design head of 1.1 meter (3.6 ft) can be main

tained at the standpipe and the maximum and minimum delivery 

hose elevations are 1 m (3.3 ft) and 0.3 m (1 ft), respec

tively. 
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CALCULATIONS: Follow the design procedure of Chapter 4. 

Step 1: Determine field layout. 

Refer to Figure 6.2 for the field layout. 

Given: 
Field length = L = 200 m (656 ft) 
Field width = W = 80 m (26 ft) 
Slope of field = SL = 0.02 
Cross slope of field = Sw = 0.01 

Step 2: Design constant head device. 

Constant head device is standpipe with gate valve. 
The given design head = Hd = Hs= 1.1 m (3.6 ft) 

Step 3: Select design criteria. 

Given: 
Tree spacing = Sp = Sr = 5 m (16 ft) 
Maximum delivery hose elev. = H,,^ = 1.0 m (3.3 ft) 
Minimum delivery hose elev. = Hniin = 0.3 m (1.0 ft) 

Assume: 
Lateral is laid mid-way between two rows of trees 
and two delivery hoses comprise an outlet. 

Del. hose spacing = Se = Sp = 5 m (16 ft) 
Lateral spacing = S, = 2Sr = 10 m (32 ft) 
Depth of lateral = d, = 0.46 m (1.5 ft) 
Delivery hose flow = qdh= 0.032 lps (0.5 gpm) 

Step 4: Calculate length and number of pipes. 

Length of pipes: 
Length of mainline = Ls = not applicable 
Length of manifold = Lm = W-Sr 

= 80 - 5 = 75 m (246 ft) 
Length of lateral = L, = L - Sp/2 

= 200 - 5/2 = 197.5 m (648 ft) 
Length of del. hose = L^ = Sr/2 + d, + Hmax 

= (5m)/2 + 0.4 6m + lm 
= 4.0 m (13 ft) 

Number of pipes and trees: 
Number of del. hoses per lateral= Ne = 2L/SC 

=(2)200m/5m = 80 
Number of laterals = N, = W/2Sr = 80m/10m = 8 
Total number of trees = Nt = Nc * N, = 640 trees 



o Water source Field Slope = 2%. 
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Step 5: Calculate design flow rate for pipes. 

Flow in lateral = q, = * Ne 
= (0.03155) (80) -- 2.52 lps (40 gpm) 

Flow in manifold = qm = q, * N, 
= (2.52) (8) = 20.16 lps (320 gpm) 

Flow in mainline = Q, = q^ * Nt 
= (0.03155)(640) 
= 20.16 lps (320 gpm) 

Step 6: Select pipe diameters. 

Manifold diameter: The manifold has a 1 percent slope; 

therefore the pressure head at each lateral inlet will be 

slightly different. The manifold diameter should be reduced 

once (two pipe sizes) to maintain an inlet pressure head of 

nearly 1.1 meter (3.6 ft) for each lateral. 

The allowable head loss can be obtained from equation 

(4.6), 

(hf)a=(Hu-Hd0)-Az=(l.1-1.l)-(-0.01*75)= 0.75 m (2.46 ft) 

From Table 3.1, the Christiansen reduction coefficient, 

F, is 0.42 for 8 outlets, with the first outlet one full 

spacing from the inlet. By substituting the above values 

into equation (4.6), the manifold head loss gradient is: 

hf/L = (hf)„/Lm = 0.75/(0.42) (75) = 0.023 

From Figure 6.3, a design flow of 20.19 lps (320 gpm) 

and a head loss gradient of 0.023 will give a corrugated PE 

pipe with diameter of 204-mm (8-in). 

To reduce the manifold to a smaller size, the head loss 

for water to flow the entire length of the smaller and larger 

pipes must be determined. From Figure 6.3, the head loss 



100 

gradient for the 204-mm (8-in) corrugated PE pipe is 0.007. 

From equation (4.6), the total head loss running along the 

entire length for the 204-mm (8-in) pipe is equal to: 

hu = FL(hf/L) = (0.42) (75 m) (0.007 m) = 0.22 m (0.72 ft) 

To reduce the pipe to a smaller size, a pipe size of 

102-mm (4-in) is chosen because reducing to a 154-mm (6-in) 

pipe diameter does not reduce the lateral inlet pressures 

along the manifold very much. By using Figure 6.3, the head 

loss gradient for a 102-mm (4-in) pipe is 0.23, and the total 

head loss running along the entire length is: 

hsm = FL(hf/L) =(0.42) (75) (0.23) = 6.9 m (22.7 ft) 

From equation (6.1), the length of the smaller diameter 

pipe is: 

L_ = 7 5 [ °-75~°-22 ] T75 = 29 . 8 m (98 ft) 
,nn L 6.9-0.22 J v ' 

A pipe length of 30 m (98.4 ft) is chosen for the 102-mm (4-

in) section since this is the closest length to a lateral 

node on the manifold. 

The piezometric diagram tabulation for the manifold is 

shown in Table 6.1 and illustrated in Figure 6.4. Friction 

loss equation (3.12), obtained from Table 4.1, was used to 

calculate column (6) of Table 6.1. 

Lateral Diameter: The allowable head loss for the 

first lateral is obtained from equation (4.6) and is; 
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(hf). = (Hu—Hdo) -Az= (1.084-l)-(-0.02) (197.5) 
= 4.03 m (13.23 ft) 

where H„ = lateral inlet pressure for lateral # 1 
(from Table 6.1). 

From Table 3.1, the reduction coefficient, F, is 0.36 

for 40 multiple outlets, with the first outlet being one-half 

space from the inlet. By substituting the above values into 

equation (4.6), the head loss gradient for the lateral is: 

hr/L = (hf) ,/FL, = 4.03/(0.36*197.5) = 0.057 

To determine if a corrugated PE or smooth PVC pipe 

should be used for the laterals, a flow of 2.52 lps (4 0 gpm) 

and head loss gradient of 0.057 from Figure 6.3 will give a 

76-mm (3-in) corrugated PE pipe; and from Figure 6.5, a 51-mm 

(2-in) PVC pipe . From Table 4.2, the 51-mm (2-in) PVC and 

76-mm (3-in) corrugated PE pipes costs the same, however, the 

51-mm (2-in) PVC pipe is chosen because it is rigid. 

To reduce the diameter of the PVC lateral one pipe size, 

the next available diameter is found from Table 4.2 to be 38-

mm (1.5-in) PVC pipe. From Figure 6.5, the head loss 

gradients for the larger and smaller pipes are 0.03 and 0.15, 

respectively, and the head losses along the entire length for 

38-mm (1.5-in) and 51-mm (2-in) diameter pipes are: 

hu = FL,(hf)a = (0.36) (197.5 m)(0.03) = 2.13 m (7.0 ft) 

hsm = FL,(hf)a = (0.36) (197.5 m) (0.15) = 10.7 m (35.1 ft) 

From equation (6.2), the approximate length of the 

smaller diameter pipe is: 



Table 6.1 Manifold Piezometric Tabulation (Gradual Slope Design) 

Manifold (two pipe sizes) 
Larger diameter = 204 mm (8 in) 
Length = 45 m (147.6 ft) 
Flow range = 20.16 -10.1 Ips (320-160 gpm) 

Smaller diameter = 102 mm (4 in) 
Length = 30 m (98.4 ft) 
Flow range = 7.56 - 2.52 Ips (120-40 gpm) 

Out. Flow Section Total Ground Manifold Minor Total Manifold 
Sect. Length Length Elevation Hf Losses Hf HGL 
(i.j) (Ips) (m) (m) (m) (m) (m) (m) (m) 
(1) (2) (3) (4) (5) (6) (7) (8) (9) 

Lat. Inlet 
Presuure 
(m) 

(9) 

0 0 0 0 0.00 0.000 0.00 0.000 1.100 0.000 
1 20.160 5 5 -0.05 0.033 0.03 0.066 1.034 1.084 

2 17.640 10 15 -0.15 0.051 0.03 0.084 0.983 1.133 

3 15.120 10 25 -0.25 0.037 0.03 0.070 0.945 1.195 

4 12.600 10 35 -0.35 0.026 0.03 0.059 0.919 1.269 

5 10.080 10 45 -0.45 0.017 0.03 0.050 0.903 1.353 

6 7.560 10 55 -0.55 0.299 0.04 0.339 0.597 1.147 

7 5.040 10 65 -0.65 0.133 0.04 0.173 0.464 1.114 

8 2.520 10 75 -0.75 0.033 0.04 0.073 0.430 1.180 

Manifold friction head loss 0.630 m 
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L = 197.5 [ 4.03—2.3.3. 7775 _ 114>9m (376.9ft) 
,m L 10.7-2.13 J 

A pipe length of 115 m (377 ft) is chosen for the 38-mm (1.5-

in) diameter section along the lateral since the lateral 

nodes along the manifold occur at 5 m (16.4 ft) spacings. 

Delivery hose diameter: The allowable delivery hose 

friction head loss for gradual slopes is the upstream 

pressure head less the minimum delivery hose height: 

hdh = 1.084 - 0.3 m = 0.78 m (2.6 ft). 

and the head loss gradient is: 

hf/Ldh = 0.78 m/4 m = 0.195 m/m (ft/ft) 

From Figure 6.5, a head loss gradient of 0.195 and a design 

flow of 0.0315 lps (0.5 gpm) will give a delivery hose 

diameter, D^, of 10 mm (3/8 in). 

Step 7: Calculate delivery hose elevations 

After the lateral and delivery hoses are determined, the 

delivery hose elevations can be calculated and tabulated as 

presented in Table 6.2. Each column of Table 6.2 is defined 

and described in detail in section 4.8.3 of Chapter 4. The 

friction loss equations used for columns (6) and (8) are from 

Table 4.1. The same analysis (steps 6 and 7) must be done 

for each lateral because the inlet pressure at each lateral 

is different. 
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Step 8: Check spreadsheet and plot piezometric diagram 

Note that the delivery hose elevations in column (12) of 

Table 6.2 are slightly lower than the minimum delivery hose 

design height of 0.3 m (1 ft). Since the values are within 

±0.15 m (0.5 ft) of the delivery hose design limits, the HGL 

curve can be considered acceptable. 

The piezometric diagram for the lateral and delivery 

hoses is shown in Figure 6.6. 

Step 9: Determine time of application 

Refer to Chapter 7 for an example problem. 

Step 10: Install system and calibrate hose elevations. 

Follow the same procedure as previously described in 

Chapter 5. 



Table 6.2 Delivery 

(Gradual 
Hose Elevation Tabulation 
Slope Design) 

Lateral »1 (wrthTwo Pip* Sizes) 
Larger lateral diameter 
Larger pipe length 
Larger pipe flow range 

51 mm (2 in) 
82.5 m (270.7 ft) 

2.52*1.5 Ipt (40-24 gpm) 

Smaller lateral diameter 
Smaller pipe length 
Smaller pipe flow range 

30 mm (1.5 in) 
115 m (377.2 ft) 

0.045-0.063 Ipt (23.-1 gpm) 

Delivery hose diamater 
Delivery hose length 
Delrvery hose flow rate 

10 mm (3/6 in) 
4 m (13.12 ft) 

0.0315 Ips (0.5 gpm) 

Out/ Flow Section Total Ground Lai Lai Hose V/Head Total Hose Hose Refer 

Sect Length Length Elev. F/loss HGL F/loss +Minor lossas HGL Elev. Datum 
<i.j) Qi LJ (U)j WJ (hfatjj (HGL)i (hdh)i lossas (W)i (HGL)i M (y) 

(tp«) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) (m) 
(1) <*) (3) (4) (5) (6) (7) (8) («) (10) (11) (12) (13) 

0 0.0 0.00 1.084 0 935 . 0.00 
1 2.520 2.5 2.5 •0.05 0.077 1.007 0 133 0.016 0.226 0.856 0.906 -0.24 

2 2457 5.0 7.5 •0.15 0.147 0.660 0.133 0.016 0.296 0.711 0.661 •0.39 

3 2.394 5.0 12.5 -0.25 0.141 0.719 0.133 0.016 0.290 0.570 0.820 -0.53 
4 2.331 5.0 17.5 -0.35 0.134 0.565 0.133 0.016 0.283 0.436 0.786 •0 66 

5 2.268 5.0 2&.5 -0.45 0.126 0.456 0.133 0.016 0.277 0.307 0.758 -0.79 
6 2205 5.0 27.5 •0.55 0.122 0.335 0.133 0.016 0.271 0 166 0.736 •0.91 
7 2.142 5.0 32.5 -0.65 0.116 0.219 0.133 0.016 0.265 0.070 0.720 •1.03 
6 2.079 5.0 37.5 •0.75 0.110 0.109 0.133 0.016 0.259 -0.040 0.710 •1.14 
9 2.016 5.0 42.5 •0.85 0.104 0.004 0.133 0.016 0.253 •0.145 0.706 •1.24 
10 1.953 5.0 47.5 •0.95 0.099 -0.094 0.133 0.016 0.247 -0.243 0.707 •1.34 
11 1.690 5.0 52.5 •1.05 0.003 •0.167 0.133 0.016 0.242 •0.336 0.714 •1 44 
12 1.627 5.0 57.5 •1.15 0.068 •0.275 0.133 0.016 0.237 -0.424 0.726 •1.52 
13 1.764 5.0 62.5 •1.25 0.063 -0.357 0.133 0.016 0.231 -0.506 0-744 •1.61 
14 1.701 5.0 67.5 •1.35 0.077 •0.435 0.133 0.016 0.226 -0.564 0.766 -1.66 
15 1.636 5.0 72.5 •1.45 0.072 -0.507 0.133 0.016 0.221 . -0.656 0.794 •1.76 
10 1.575 5.0 77.5 •1.55 0.066 -0.575 0.133 0.016 0.217 •0.724 0.826 •1.82 
17 1.512 5.0 62.5 •1.65 0.063 -0.638 0 133 0.016 0.212 -0.787 0.863 •1.69 
16 1.449 5.0 67.5 •1.75 0.237 •0.675 0.133 0.017 0.366 •1.040 0.727 -2.14 
19 1.366 5.0 92.5 •1.65 0.219 -1.093 0.133 0.017 0.366 •1.259 0.606 •2.36 
20 1.323 5.0 97.5 •1.95 0.202 •1.295 0.133 0.017 0.351 •1 461 0.506 •2.56 
21 1.260 5.0 102.5 •2.05 0.165 •1.460 0.133 0.017 0.335 •1.646 0.421 -2.75 
22 1.197 5.0 107.5 •2.15 0.169 •1.650 0.133 0.017 0.319 •1.616 0.351 -2.92 
23 1.134 5.0 112.5 £.25 0.154 •1.604 0.133 0.017 0.303 •1.970 0.297 -3.07 
24 1.071 5.0 117.5 •2.35 0.139 •1.943 0.133 0.017 0.269 •2.100 0.258 -3.21 
25 1.006 5.0 122.5 -2.45 0.125 •2.069 0.133 0.017 0.275 •2.234 0.233 •3.33 
26 0.945 5.0 127.5 -2.55 0 112 •2.160 0.133 0.017 0261 •2.346 0.221 -345 
27 0.662 5.0 132.5 •2.65 0.099 •2.260 0.133 0.017 0.249 -2.446 0.221 •3.55 
26 0.619 5.0 137.5 -2.75 0.067 -2.367 0.133 0.017 0.236 •2 533 0.234 •3 63 
29 0 756 5.0 142.5 •2.65 0.076 -2.443 0.133 0.017 0.225 •2.608 0.258 •3.71 
30 0.693 5.0 147.5 •2.95 0.065 •2.506 0.133 0.017 0.214 •2 674 0.293 •3.77 
31 0 630 5.0 152.5 -3.05 0.055 •2.563 0.133 0.017 0.204 -2.729 0.338 •3.83 
32 0567 5.0 157.5 -3.15 0.046 •2.609 0.133 0.017 0.195 •2.774 0.393 •3.87 
33 0.504 5.0 162.5 -3.25 0.037 •2.64* 0.133 0.017 0.187 *2.612 0.455 -3.91 
34 0.441 50 167.5 -3.35 0.030 •2.675 0.133 0.017 0.179 •2.641 0.526 -3 94 
35 0.376 5.0 172.5 -3.45 0.023 •2.696 0.133 0.017 0.172 -2.864 0.603 •3.96 
36 0.315 5.0 177.6 •3.55 0.016 •2.714 0.133 0.017 0.166 •2.660 0.667 •3.98 
37 0.252 5.0 162.5 •3.65 0.011 •2.725 0.133 0.017 0.160 •2.691 0.776 •3.99 
36 0.169 5.0 167.5 •3.75 0.007 •2 732 0.133 „ 0.017 0.156 •2.698 0.669 -4 00 
39 0.126 5.0 192.5 -3.65 0.003 •2.735 0.133 0.017 0.153 •2.901 0.966 -4.00 
40 0.063 5.0 197.5 •3.95 0.001 •2.736 0.133 0.017 0.150 •2.902 1.065 •4.00 

Total lateral friction loss - 3.620 m 
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CHAPTER 7 

TIME OF WATER APPLICATION 

7.1 General 

Irrigation systems are designed so that the water 

provided and the depth of soil wetted meet plant water 

requirements. Initial steps in the design of sprinkler and 

drip irrigation systems relate to the time and frequency of 

water application needed to meet the requirements of a 

particular crop at a specific location, and most micro-

irrigation literature discusses in detail the parameters 

required to determine these parameters. 

Most sprinkler and drip irrigation systems are designed 

to operate 90 percent of the time to reduce the design flow 

capacity of the system, thereby minimizing pipe sizes and 

capital costs. However, past designs for low-head bubbler 

systems are based on a different premise. The delivery hose 

discharges were assumed arbitrarily at the beginning of the 

design and the time of water application to meet requirements 

for a particular crop at a specific location was determined 

later. Therefore, the design flow rates and system 

capacities for bubblers were much larger than for other 

microirrigation systems, and the operating time for bubblers 

was much shorter. 

The design procedure presented in this study follows the 

same pattern of earlier designs, except that design flows are 
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not chosen arbitrarily as in the past, but are based on 

flushing velocities and flows needed to prevent the 

occurrence of air locks in the pipelines. 

7.2 Soil, Climate, and Crop Parameters 

The following parameters must be determined to calculate 

duration of water application during peak consumption 

periods: 

• Available water-holding capacity of the soils, AW. 

• Effective crop root zones, D^. 

• Maximum allowable deficiency, MAD, values for 
various crops. 

• Typical peak daily and seasonal crop water require
ments in different climates, Ud. 

Often field work or other reference sources are needed 

to determine the values of AW, D,,,, MAD, and Ud. Preferably, 

local field data should be used, but in the absence of local 

field data, general design values for these parameters 

presented by Keller and Bliesner (1990) can serve as a very 

useful guide for design. 

The available water-holding capacity of the soil, AW, is 

the difference between the soil moisture content at field 

capacity, FC, and the soil moisture content at the permanent 

wilting point, PWP, and is expressed as: 
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(7.1) 

where Dra = depth of the plant's root zone, mm (ft). 

The total amount of water available for plant use in the 

soil is the sum of the available water-holding capacities of 

each soil horizon through which the plant's root zone passes. 

To determine the amount of irrigation water needed, the depth 

of the plant's roots, D^, and the type of soil the root zone 

penetrates must be known. 

The maximum allowable deficiency, MAD, factor is a 

management tool to ensure that water content does not fall 

below a certain percentage of the available water-holding 

capacity of the soil: 

where RAW = readily available water holding capacity, mm (in) 

MAD = maximum allowable deficiency, %. 

To determine the amount of irrigation water needed, the 

rate at which the plant consumes water, or the evapo-

transpiration rate, Ud, must be known. Evapotranspiration is 

a function of climate conditions and can be calculated by 

several methods. Local transpiration data for crops grown in 

Arizona can be determined from the USDA (1982) report, and 

fluctuations of evapotranspiration values for various 

locations within the state of Arizona can be interpolated 

from Yitayew (1990). 

RAW = MAD * D. 
r z  
(FC-PWP) 

100 
(7.2) 
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7.3 Application Time and Net Water Requirements 

The following steps are necessary to determine the time 

of application and the net water requirements (Keller and 

Bliesner, 1990) for a particular crop, at a specific 

location: 

(1 

( 2  

(3 

(4 

(5 

( 6  

(7 

( 8  

(9 

. Maximum net depth per irrigation, dx. 

. Average peak transpiration rate, Td 

. Maximum irrigation interval, fx. 

. Actual irrigation interval, f'. 

. Net depth per irrigation, dn. 

. Gross depth per irrigation, dg. 

. Gross water required by plant per day, G. 

. Application time, Ta. 

. Number of irrigations. 

7.3.1 Maximum Net Depth per Irrigation 

For micro-irrigation design, the net depth of water 

applied to the soil to replace the soil moisture deficit is: 

where, 

d = MAD Pw - (AW) D 
x 100 100 rz 

(7.1) 

MAD 

AW 

Pu, 

= Maximum net depth of water to be applied per 
irrigation, mm (in). 

= Maximum allowable depletion 

= Depth of root zone, mm (in) 

= Available water, mm (in) 

= Percentage of area wetted, % 
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Keller and Bliesner (1990) indicate that Pw for most 

micro-irrigation systems is between 3 3 and 67 percent. For 

bubbler systems, Pw is assumed to be the size of the micro-

basin, and therefore the basin should never exceed 67 percent 

of the tree spacing area. As a rule of thumb, the size of 

the micro-basin should expand with the size of the crop's 

canopy, until the canopy exceeds 67 percent of the area. 

7.3.2 Average Peak Transpiration Rate 

Estimates of the plant's consumptive use typically 

assume wetting of the entire field so that conventionally 

evapotranspiration rates, Ud, can be modified for 

microirrigation. The average evapotranspiration rate for 

microirrigation systems, Td, is a function of the conventional 

peak consumptive rate and the extent of the plant canopy. 

Tj = Ud[ 0. 1 (Pd) 0-5 ] (7.2) 

where, Td = average daily transpiration rate during the 
peak consumptive use month for a crop, mm/day 
(in/day). 

Ud = conventionally estimated average daily 
consumptive use rate during the peak use for 
a mature crop with a full canopy, mm/day 
(in/day). 

Pd = percentage of soil surface shaded by crop 
canopies at mid-day sun, %. 

Pd is best estimated by field observation and is simply 

the area of the shadow cast by the crop canopy at mid-day 

sun, divided by the tree spacing. Note, as the canopies of 
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the plants increase toward full coverage, Td approaches Ud. 

At full coverage, Pj will be equal to 100 percent, and Td will 

be equal to Ud. 

7.3.3 Maximum Irrigation Interval 

The maximum irrigation interval, or frequency of water 

application, to meet consumptive use requirements is: 

where, fx = maximum irrigation interval, days. 

7.3.3 Actual Irrigation Interval 

The actual irrigation interval, or frequency, f', is a 

management decision and is the time that elapses between the 

beginning of two successive irrigations. The value of f' 

should be less than or equal to fx days, and the value chosen 

is a decision made by the grower. The actual irrigation 

interval, f', multiplied by the application time, Ta, is the 

total hours of operation per irrigation. 

7.3.5 Net Depth per Irrigation 

The net soil depth to be wetted per irrigation, d„, to 

meet consumptive use requirements is defined as: 

fx = <VTu (7.3) 

(7.4) 
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7.3.6 Gross Depth per Irrigation 

Since the delivery hoses are not subject to 

manufacturing variations as are drip emitters, the best 

method to determine the gross depth of irrigation is similar 

to that for sprinkler systems. 

d -
g (7-5) 

100 

where, dg = gross depth of application , mm (in) 

Ea = application efficiency, % 

According to Keller (1990), the application efficiency 

for bubblers ranges from 60 to 85 percent, although the LIDCO 

company reports values of 92 percent water delivery efficien

cy. Based on these two sources, an assumed irrigation 

efficiency of 85 percent should be adequate for design 

purposes. 

7.3.7 Gross Water Required per Plant 

The gross volume of water required per plant per day, G, 

is a useful design parameter for selecting the time of 

application for bubbler systems. 

G = K^SpSrPw (7.6) 

where, K = 1.0 for metric units (0.623 for English units). 

G = gross volume of water required per plant per day, 
1/day (gal/day). 
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Sp = plant spacing, m (ft). 

Sr = spacing between the tree rows, m (ft). 

7.3.8 Application Time 

After the gross water required per tree is known, the 

application time can be determined by: 

Ta = K(G/qdh) (7.7) 

where, K = 0.00028 for metric units (0.017 for English 
units) 

Ta = time of application, hours/day. 

qdh = design flow for delivery hose, lps (gpm) . 

7.3.9 Number of Irrigations 

The total net water requirements is the seasonal water 

requirement of the crop less the effective precipitation on 

the area during the growing season. The net water require

ment divided by the net depth per irrigation, dn, will be the 

number of irrigations required during the growing season. An 

example problem follows to illustrate the method to determine 

the time of application and number of irrigations per season. 

7.4 System Design Capacity 

The system design capacity for a bubbler system can be 

defined as: 

Qs=Ntqdh = K dĝ r̂ pPw (7.8) 
^ -"-a 
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From the above equation, dg, f', Ta are of major impor

tance in that they have a direct bearing on the system 

capacity and the final size of the pipe diameters. It is 

obvious that a greater operating time (f'Tn) would decrease 

the system capacity and decrease the pipe diameters and cost 

of a system. 

For example, f' for design of drip systems is typically 

90 percent of the time for one day (i.e. 22 hours/day), and 

the time of operation is expressed as hours per day. For 

bubbler systems, f' might be a few days to one week and the 

time of application may be only eight hours per week of 

operation. 

In southern Arizona, bubbler systems generally operate 

8 hours per week during the peak summer months, and the 

average time of application is approximately 1 hour/day for 

citrus trees. Obviously, bubblers have short irrigation 

periods and large design flows when compared to other drip 

systems. The larger design capacity of bubbler systems 

increases material costs, however, the costs of bubblers are 

still competitive with micro-spray irrigation systems since 

pumps and filtration systems are not required and bubblers 

have minimal long-term operating costs, (LIDCO, 1985). 
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7.5 Example Time of Application Calculation 

PROBLEM: A grapefruit orchard with a spacing of 6.7 x 6.7 

meters (22 x 22 ft) and 50 percent maturity is grown in a 

medium texture sandy-loam soil. The peak consumptive use is 

5.6 mm/day (0.22 in/day) and the 12-month seasonal 

consumptive use is 1220 mm (48 in). 

FIND: The time of application for a bubbler system .to water 

the orchard when the design flow of the delivery hoses are 

0.0312 lps (0.5 gpm) and annual precipitation over the area 

is 250 mm (10 in). 

SOLUTION: Follow the procedure described in this chapter. 

Given: 

Sr = Sp = 6.7 m (22 ft) 
Percent of wetted area = Pw = 0.50 
Percent of soil surface shaded by the canopy = Pd = 0.50 
Peak consumptive use = Ud = 5.6 mm/day (0.22 in/day) 
Seasonal consumptive use = 1220 mm (48 in) 
Delivery hose flow rate = qdh = 0.0312 lps (0.5 gpm) 
Effective ppt. = 250 mm (10 in) 

From Keller and Bliesner (1990): 

Available water holding capacity = AW = 167 mm/m 
Maximum Allowable Depletion = MAD = 0.50 
Depth of root zone = D^ = 1.2 m (3.94 in) 
Application Efficiency = 0.85 

Step 1. Maximum Net Depth per Irrigation: 

dx = (AW) DIZ = (0.50) (0.50) (I67mm/m) (1.2m) 
= 50.1 mm 
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Step 2. Average Peak Transpiration: 

Td = Ud [ 0.1 (Pd) 0,5 ] = 5.6[0.1(50)°'5] 
= 3.96 mm/day (0.16 in/day) 

Step 3. Maximum Irrigation Interval: 

fx = dx/T,) = 50.1mm/ 3 . 96mm/day = 13 days 

Step 4. Actual Irrigation Interval: 

Assume the actual irrigation interval, f', is equal 
to 7 days. 

Step 5. Net Depth per Irrigation: 

dr = f'Tu = (7 days) (3.96 mm/day) = 27.7 mm (1.1 in) 

Step 6. Gross Depth per Irrigation: 

dg = dn/E„ = (27.7mm) / (.85) = 32.6 mm (1.3 in) 

Step 7. Gross Water Required per Plant: 

G = K(dg/f')SpSrPw 
= (1.0) (32.6/7) (6.7)2(0.50) 
= 104.5 1/day (28 gal/day) 

Step 8. Application Time: 

Ta = K(G/qdh) = (0.00028) (104.5/0.0312) 
= 0.93 hours/day 

Step 9. Number of Irrigations: 

Net water requirements = 1220-250 = 970 mm 
Number of irrigations = 970/27.7 

= 35 irrigations/year 
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CHAPTER 8 

AIR LOCKS IN BUBBLER SYSTEMS 

8.1 Air Lock Laboratory Experiments 

As part of this research, laboratory experiments were 

conducted to investigate the causes of air locks and to 

develop a better understanding of the air lock mechanism. 

Four equal lengths of 4.6-m (15-ft) long, clear PVC hose of 

various sizes, were attached to the constant head device to 

simulate the flow of water through smooth PE delivery hoses, 

Figure 8.1. A gate valve was installed at the inlet of each 

delivery tube, and four clear PVC hoses of 6-, 8-, 10-, and 

13-mm (1/4-, 5/16-, 3/8-, and 1/2-in) ID were attached to the 

gate valve. Clear PVC hoses were used to observe the air 

lock mechanism, and the friction factor for the PVC tubing 

was assumed equal to those for smooth PE delivery hoses. 

To determine if smaller or larger diameter tubes are 

more prone to air locks, the four delivery tubes of different 

diameters were set with two humps of identical height, and 

the point of discharge for each tube was set at the same 

elevation. The gate valve was then gradually opened and 

water allowed to trickle into the tubes at a slow rate until 

air was trapped in the critical sections between points B and 

C, Figure 8.2. The top of the trapped air pocket always 

occurred at point B, and complete air locks occurred if 

height t was greater than H. If the head was not sufficient 



Figure 8.1 Four Delivery Hoses Attached 
to a Constant Head Device. 
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to flush the air pockets out of the pipeline, the air pockets 

would either completely block the flow of water or only allow 

a small flow of water to pass through. 

After complete air locks were established in each tube 

with identical humps and pressure heads, the water level in 

the constant head device was increased to observe which tube 

would be the first to obtain enough energy to break the air 

lock and flush the air pocket out of the line. In each case, 

the smaller diameter tubes flushed the air pockets out before 

the larger diameter delivery tubes. 

The same experiment was repeated with the discharge end 

of each hose adjusted to a calculated elevation to allow the 

same amount of water to discharge, 0.025 lps (0.4 gpm), from 

each hose. As calculated from Table 8.3, the 8-, 10-, and 

13-mm (5/16-, 3/8-, and 1/2-in) diameter delivery hoses were 

set at 0.88, 0.134, and 0.033 m (2.9, 0.424 and 0.108 ft), 

respectively, lower than the constant head pressure. The 

gate valve was then opened both gradually and suddenly. Air 

locks were less prone to occur from sudden openings of the 

gate valve due to greater velocities in the pipes. However, 

even for sudden openings of the valve, air locks occurred 

more frequently in the 13-mm (1/2-in) diameter pipe than in 

smaller diameter pipes. 

The conclusion was that smaller diameter pipes in the 

first experiment require slightly less head to flush air 

pockets out of the line since the air bubble volume in the 
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critical section is smaller and has less shear to resist 

flow. For the second experiment, the flow rates were equal, 

but the smaller diameter pipes had an advantage since higher 

velocities were more effective in flushing air out of the 

hoses. Sudden opening of the gate valve also allowed 

increased velocities to flush out air from the tubes. 

8.2 Delivery Hose Design Velocities 

Harrington (1971) also found flow velocities to be a 

significant factor in air lock analysis, and he presented a 

simple method to calculate design velocities and flows needed 

to prevent air locks from occurring in smooth pipes with 

nominal diameters ranging from 13 mm to 52 mm (1/2 to 2 in). 

Harrington's method was extrapolated to calculate design 

flushing velocities and flows for hose diameters ranging from 

4 to 10 mm (5/32 to 3/8in), Table 8.1. Column (2) of Table 

8.1 is based on equation (3.14) which is the theoretical 

velocity of an air bubble in a vertical pipe. Column (3) is 

the design flushing velocity for sections with U or J bends, 

where the theoretical velocity for air bubbles in vertical 

sections is multiplied by a factor obtained by Harrington in 

laboratory experiments. Columns (4) and (5) are design flows 

calculated by the continuity equation. It is concluded that 

values from column (4) should serve as useful estimates to 

prevent air locks in bubbler design when initially assuming 

design flows for delivery hoses. 
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Table 8.1 Design Flushing Velocities and Flows 

Theor. Design Design Design 
Flushing Flushing Flushing Flushing 
Velocity, Velocity, Flow, Flow, 
Vertical U or J Q=VA Q=VA 

I.D. Pipes Bends 
(in) (ft/s) (ft/s) (gpm-US) (gpm-Imp) 

0.16 0.23 0.7 0. 04 0. 04 
0.25 0.29 0.9 0.14 0.12 
0.38 0.35 1.1 0.39 0.32 
0.50 0.41 1.3 0.79 0. 66 
0.75 0.50 1.6 2.19 1.82 
1.00 0.57 1.8 4.49 3.74 
1.25 0. 64 2.1 7.84 6.53 
1.50 0.70 2.2 12.37 10.31 
2.00 0.81 2.6 25.39 21.16 

(mm) (m/s) (m/s) (lps) (1pm) 

4 0. 07 0.22 0. 003 0.2 
6 0.09 0.28 0. 009 0.5 
10 0.11 0.34 0. 024 1.5 
13 0.12 0.40 0. 050 3.0 
19 0.15 0.48 0.138 8.3 
25 0.17 0.56 0.283 17.0 
32 0.20 0.63 0.494 29.6 
38 0.21 0.68 0.779 46.8 
51 0.25 0.79 1.600 96.0 
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8.3 Delivery Hoses Limitations 

The diameters of commercially available delivery hoses 

in the United States are presented in Table 8.2. To deter

mine the maximum desirable delivery hose diameter for bubbler 

systems, the friction head losses for four commercially 

available hoses of 4-, 6-, 10-, and 13-mm (5/32-, 1/4-, 3/8-, 

and 1/2-in) diameters are listed in Table 8.3. The length of 

delivery hoses was assumed constant and equal to 4.6 m (15 

ft) . This assumption is considered conservative because 

delivery hoses for bubbler systems are often longer and have 

larger head loss. 

From Table 8.3, a 13-mm (1/2-in) diameter tube has a 

small friction head loss, indicating that a small change in 

delivery hose elevation will severely affect the discharge of 

the tube. Also from Table 8.3, the friction head loss for 4-

mm (5/32-in) diameter pipes increase rapidly which makes the 

usefulness of this tube for bubbler design questionable. 

Therefore, on the basis of flow uniformity and friction head 

loss, two commercially available tubes, 13 mm (1/2 in) and 4 

mm (5/32 in), are eliminated, leaving two commercially 

available sizes, 6 mm (1/4 in) and 10 mm (3/8 in) for the 

delivery hoses. 

Figure 8.3 can be used to determine what diameter of 

delivery hose should be used for a given head. Figure 8.3 is 

based on the two general design cases presented in Chapter 5 

for level ground designs with low (Figure 5.1) and high 
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Table 8.2 Commercial Availability and Specifications 
for Dura-Pol Blue Strip Delivery Hoses 

Dura-Pol5' Blue Stripe1" Linear low density polyethylene hose 

Nominal 
Size 
Inch 

Hose 
Size 
mm 

i Min. Inside Max. Inside 
Diameter Diameter 

inch inch 

Min. Wall 
Thickness 

inch 

Max. Wall 
Thickness 

inch 

Coil 
Length 

leet 

Average 
Shipping 

Weight (lbs) 

Working 
Pressure 

(psi) 

EHD0433-100 V. 4 158 .163 .033 .038 1000 11 154 
EHD0437-300 y. A .167 .172 .037 .042 3000 33 154 
EHD0437-100 v. i . 157 172 .037 .042 1000 11 151 
EHD0437 010 v« A .167 .172 .037 .042 100 1 154 
EHD0437-005 '/. A .167 .172 .037 .042 50 .5 154 
EHD0645 050 6 .245 .255 .045 .050 500 9 132 
EHDI035-100 10 .388 .393 035 .040 1000 20 70 
EHD1335-100 13 .506 .511 .035 .040 1000 26 55 
EHD1350-100 13 516 .521 .050 .055 1000 38 75 
EHD1554-100 15 .569 .574 .054 .059 1000 45 74 
EHD1554-050 15 569 .574 .054 .059 500 22 74 
EHDI642-100 16 624 .629 .042 .047 1000 38 54 
EMD164S-100 Vi 16 .613 .618 .045 .050 1000 40 58 
EHD1645 050 y? 16 .613 .618 .045 .050 500 20 58 
EHD161S-025 Vi 16 .613 .618 .045 .050 250 10 58 

t EHF1615-100 Vi 16 .613 .618 .045 .050 1000 40 58 
EIID1817-100 18 .726 .731 .047 .052 1000 47 52 

it Elir201>2-t00 v. ?C .804 .809 .052 .058 1000 61 52 
CIIU20!>7IOO V. 20 804 .809 .057 .063 1000 06 !i6 
[IID2057-050 20 .804 .809 .057 .063 500 33 56 

1 t l i r  2057-100 >/. 20 804 .809 .057 .063 1000 66 56 
t CHI 2662-066 1 26 1 056 1.061 .062 .068 660 47 47 

EHD2667-066 1 26 1 056 1 061 .067 .073 660 66 51 
t EHF26G7-066 1 26 1.056 1.061 .067 .073 660 66 51 
« EHR1035-100 10 388 .393 .035 .040 1000 20 70 
« EHR1335-100 13 .506 .511 .035 .040 1000 26 55 
• EHR1554-100 15 .569 .574 .054 .059 1000 45 74 
« EHR1642-100 V i  16 .624 .629 .042 .047 1000 38 54 
• EHRI645-100 VI 16 .613 .618 .045 .050 1000 40 58 

Dura-Pol® Blue Stripe'" Shrink-Wrapped Hose 
EHW1554-010 15 .569 .574 .054 .059 100 5 74 
EHW1554-050 15 569 574 054 059 500 24 74 
tHD 1645-010 16 613 .618 .045 .050 too 4 58 
EHW1645 050 '/) 16 613 .618 .045 .050 500 21 58 

) Manulactured in Florida 

* Dura-Pol*'White Stripe • See chari above loi sizes available 
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Table 8.3. Friction Head Loss for Delivery Hoses 
4.6 meters (15 ft) Long1. 

Flow 

(gpm) 

hf for 
D=5/32" 
(ft) 

hf for 
D=l/4" 
(ft) 

hf for 
D=3/8" 
(ft) 

hf for 
D=l/2" 
(ft) 

0.10 2.413 0.257 0. 037 0. 010 

0.20 8.117 0.864 0. 126 0. 032 

0.30 16. 50 1.757 0.256 0. 065 

0.40 27 .30 2.906 0.424 0. 108 

0. 50 40.35 4 . 295 0. 626 0. 160 

0. 60 55. 51 5. 909 0. 861 0.220 

0.70 72.70 7.738 1. 128 0. 288 

0.80 91. 84 9.775 1.425 0.363 

0.90 112 .9 12.013 1.751 0.446 

1.00 135.7 14 .445 2. 105 0.537 

1. 10 17.067 2.487 0. 634 

1.20 19.874 2 . 896 0.739 

1.30 22.863 3.332 0. 850 

1.40 26.029 3.793 0. 967 

1. 50 29.369 4.280 1. 091 

1.60 32.880 4.792 1. 222 

1.70 36.561 5. 328 1. 359 

1.80 40.407 5. 889 1. 502 

1. 90 44.417 6.473 1. 651 

2 . 00 48.588 7.081 1. 806 

The above friction head losses were calculated by using 
equation (3.8) from Chapter 3. 

o1-75 hf = K L (3.8) 1 n4.75 

where, K = 7.89 x 105 (metric) = 0.00133 (English) 
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(Figure 5.2) design heads. 

When the maximum and minimum delivery hose elevations, 

Hnlax and Hmin/ are assumed to be 1 m (3.3 ft) and 0.3 (1 ft), 

respectively, the lateral inlet pressure for Case I (Figure 

5.1) and Case II (Figure 5.2) can be obtained. 

For Case I, if Hu < Hmax - Hmin = 0.7m (2.3 ft) 

then, Hu = hdh/0.5 + 1.0 m 

For Case II, if Hu > Hnm - Hmin = 0.7 m (2.3 ft) • 

then, Hu = hdll 

By assuming the delivery hoses are 4.6 m (15 ft) 

long, the delivery hose friction head losses, hdh, from Table 

8.3 are used to determine the lateral inlet pressures at 

various flow rates for various diameters. The results are 

plotted in Figure 8.3 and this graph can be used to determine 

which diameter of delivery hose is suitable for a given head. 

From Figure 8.3, it appears that 4-mm (5/32-in) hoses are not 

very practical for bubbler designs, but 6-mm (1/4-in) and 10-

mm (3/8-in) hoses are useful for most situations. 

Because 6- and 10-mm (1/4 and 1/2-in) hoses appear to be 

the most practical for bubbler design, the change of head 

loss for these two hoses were calculated for a temperature 

range from 68 to 90 degrees Fahrenheit, Table 8.4. Data in 

Table 8.4 indicate that the effects of viscosity are greater 

for the smaller diameter delivery hose than for the larger 

diameter hose. 
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Table 8.4 Change in Friction Loss at Different Temperatures 
for a Delivery Hose 4.6 Meters (15 ft) Long. 

Flow 

(gpm) 

hf at 
68°F 

D=l/4" 
(ft) 

hf at 
68°F 

D=3/8" 
(ft) 

hf at 
90°F 

D=l/4" 
(ft) 

hf at 
90°F 

D=3/8" 
(ft) 

Ahf 
for 

D=l/4" 
(in) 

Ahf 
for 

D=3/8" 
(in) 

0.10 0.257 0.037 0.239 0.035 0.21 0. 03 

0.20 0.864 0.126 0. 806 0.117 0.70 0.10 

0.30 1.757 0.256 1.638 0.239 1.43 0.21 

0.40 2 .906 0.424 2.710 0.395 2.36 0.34 

0.50 4.295 0. 626 4.004 0.584 3 .49 0.51 

0.60 5.909 0.861 5.509 0.803 4.80 0.70 

0.70 7.738 1.128 7.215 1.051 6.28 0.92 

0.80 9.775 1.425 9.114 1.328 7.94 1.16 

0.90 12.013 1.751 11.200 1. 632 9.75 1.42 

1.00 14.445 2.105 13.468 1.963 11.73 1.71 
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In summary, when sizing the delivery hoses for bubbler 

system design, the following should be considered: 

1). Smaller diameter delivery hoses are less prone to 

air locks than larger diameter hoses, and tubes ranging 

from 6- to 10-mm (1/4- to 3/8-in) diameter are probably 

best suited for bubbler design. 

2) . Smaller diameter hoses have greater head loss gradi

ents than larger diameter hoses, indicating that fluctu

ations in delivery hose elevations will have less effect 

on the flow rates and give the entire bubbler system 

better water application uniformity. 

3). Delivery hoses of 13-mm (1/2-in) diameter and 

greater are not recommended for bubbler systems since 

relatively large flows are required to prevent air locks 

and small fluctuations of the delivery hose elevation 

will significantly affect flow rate and water applica

tion uniformity. 

4). Design velocities and flow rates to flush air from 

6- to 10-mm (1/4- to 3/8-in) diameter hoses should be 

used when initially assuming the flow rates for the 

delivery hoses in bubbler design. 

5). Temperature and viscosity will have little effect 

for designs using 10-mm (3/8-in) diameter delivery 

hoses, but will have more pronounced effects on 6-mm 

(1/4-in) diameter delivery hoses. 
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CHAPTER 9 

CONCLUSIONS 

Microirrigation systems are sub-divided into four 

categories related to their difference in hydraulic design: 

drip, spray, bubbler, and subsurface systems. The design of 

bubbler systems differs from design of other microirrigation 

systems because they are based on gravity-flow and do not 

require external energy or elaborate filtration systems. The 

fact that the dissemination of bubbler design has occurred 

largely by site visits to existing bubbler systems, probably 

indicates that available literature does not adequately 

describe the simplicity of bubbler design. 

A comprehensive design procedure for bubbler irrigation 

systems is presented in this study. Steps recommended for 

bubbler design include: 

1) . Establishing the field layout and elevation of 
pipeline profiles. 

2). Designing a constant head device and establishing 
design elevations. 

3). Selecting design criteria. 

4). Calculating the length and number of pipes. 

5). Calculating the design flow for each pipe. 

6) . Sizing initial pipe diameters by using head loss 
gradient charts and using mid-way spacings for the 
Christiansen reduction coefficients. 

7). Calculating the delivery hose elevation by deter
mining the friction head losses in the laterals and 
delivery hoses. Checking that all delivery hose 
elevations are between the maximum and minimum 
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delivery hose elevations and comparing the calcu
lated friction head losses in the lateral to the 
Christiansen estimated friction head loss. 

8). Plotting the results of the delivery hose eleva
tions on the lateral profile to construct an energy 
diagram and dynamically calibrating the delivery 
hose elevations after installation. 

9). Determining the time of application during peak 
consumptive periods. 

10). Installing the system and dynamically calibrating 
the elevation of the delivery hoses. 

The use of a programmable calculator or computer with 

spreadsheet software is desirable to avoid errors and to 

speed calculations. Spreadsheet calculations can be set up 

easily by entering friction loss equations into the cells and 

calculating the delivery hose elevation in tabular form. 

Design limits for bubbler irrigation systems, as previ

ously defined by other authors, include: 

• Maximum and minimum design slopes: 0-3 %, from Hull 
(1981). 

• Maximum and minimum design heads: 1-5 m, 
(3.3-16.4 ft), from Carr and Kay (1980). 

• Maximum lateral length: 547 m, (1500 ft), from 
Thornton and Behoteguy (198 0). 

Other design criteria to consider when designing bubbler 

systems include: 

• Use mid-way spacing for first outlet along a 
lateral to better utilize field layout and to 
reduce the friction head loss along the lateral. 

• Use PVC pipes or smooth PE pipes, instead of 
corrugated PE pipes, for lateral diameters of 63-mm 
(2.5-in) and less. For these diameters, the cost of 
the two pipes will be approximately the same, and 
the PVC pipe will reduce friction losses and 
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minimize the possibility of air locks. 

• Avoid delivery tubes of 13-mm (1/2-in) diameter 
or larger on the basis of potential air lock 
problems and decreased water application unifor
mity. 

• Use delivery hose diameters less than 10-mm (3/8-in) 
to prevent air locks for designs with large available 
heads. 

• When assuming the delivery hose flow rates at 
the beginning of the design, use design "flushing" 
velocities and flows to prevent air locks in the 
delivery hoses. 

The following topics are suggested for future research 

in bubbler irrigation systems: 

1). Investigate sediment deposition in pipelines, and 

how it affects the friction coefficients used in design. 

2). Design simple gravity-flow sediment traps and con

stant head devices for various types of water sources. 

3). Simplify calculations for sizing multiple diameter 

lateral reductions for bubbler systems located on 

gradual and steep slopes. 

4). Determine optimal basin size for a given soil and 

climate, and investigate the possibility of extending 

the use of bubblers for crops other than orchard crops. 
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APPENDIX A 

UNIT CONSTANT/ K, VALUES 

Temperature 
(°F) 

Viscosity 
(ft2/sec) 

Constant, K1 
(English) 

4 0  1 . 6 6 4  x 1 0 " 5  0 . 0 0 1 4 8  

5 0  1 . 4 1 0  x 1 0 " 5  0 . 0 0 1 4 2  

6 0  1 . 2 1 7  X  1 0 " 5  0 . 0 0 1 3 7  

6 8  1 . 0 8 4  X  1 0 ' 5  0 . 0 0 1 3 3  

7 0  1 . 0 5 9  X 1 0 " 5  0 . 0 0 1 3 2  

8 0  9 . 3 0 0  X  1 0 " 6  0 . 0 0 1 2 8  

9 0  8 . 2 6 0  X 1 0 " 6  0 . 0 0 1 2 4  

Temperature 
(°C) 

Viscosity 
(m2/sec) 

Constant, K 
(metric) 

5 1.519 x 10"6 8.738 x 105 

10 1.308 x 10-6 8.418 x 105 

15 1.141 X 10"6 8.135 x 10s 

20 1.007 X 10"6 7.885 X 10s 

25 8.970 X 10"7 7.660 x 105 

30 8.04 0 X 10"7 7.453 x 105 

1. Use equation (3.8) to compute the unit constant, K, 

where K = 7.89 x 10s at 20°C or 0.00133 at 68°F. 

Equation (3.8) converts to: 

K = 8 ' 22) (")025 —(12)4'74-., (English) 
4a257T1'75 (32.2) (448. 8)175 

K _ 8 (0.32) (v) 0-25 (1000) 475 

40.257r1.7S (9.81) (1000)lJS' 
(metric) 
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