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ABSTRACT 

A study was carried out to establish the criteria needed for the design, 

installation and operation of low head bubbler irrigation systems for use in orchards 

and vineyards. Analysis of the results of laboratory experiments indicate that, for 

the range of flows used in low head bubbler irrigation systems, the Blasius equation 

provides accurate estimates of head loss in small diameter plastic tubings as well as 

large diameter PVC laterals for Reynolds numbers up to 100,000. Moreover, the 

Hazen-Williams equation with roughness parameter C = 130 provides accurate 

estimates of head loss in plastic tubings for Reynolds number less than 10,000. A 

roughness parameter equal to 140 works for Reynolds numbers from 10,000 to 

25,000, and for Reynolds numbers greater than 25,000, the Hazen-Williams equation 

with C = 150 provides accurate predictions of head loss. 

The results of laboratory experiments to investigate the causes of air locking 

in small diameter delivery hose reveal that the undulations which are created during 

field installation are the primary cause of air locking. Results indicate that the head 

needed to flush out the trapped air is independent of i) the tubing diameter, ii) the 

shape of the undulations and iii) the presence of water in the lower portions of 

undulations, but depends on the sum of heights of successive undulations. It was 

concluded that if the sum of heights of all the undulations exceeds the maximum 

allowable head loss in the tubing, water will not be able to flow out of the tubing. 

Analysis of materials (used in this study) and installation costs indicates that the 

capital investment is nearly the same as a pressurized drip system. Long term 

savings in terms of energy and maintenance make low head bubblers an attractive 

alternative to pressurized drip systems for irrigating orchards or vineyards. 
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CHAPTER 1 

INTRODUCTION 

Irrigation has been practised from ancient to modern times throughout the 

world. Surface irrigation was the principle method until the middle of this century 

when technology, energy and industrial support became available to sustain a rapid 

rise in the use of sprinkler systems. Also, the need to improve the efficiency and 

economics of water application has resulted in extensive development of drip 

irrigation systems. At first, the idea of drip irrigation was considered too expensive 

for practical use, but the development of economical plastic pipe made its field use 

practical. 

Drip irrigation is described as the frequent, slow application of water to soils 

through mechanical devices called emitters or applicators, located at selected points 

along the water delivery lines. The emitters dissipate the energy from the distribution 

system by means of orifices, vortices and torturous or long flow paths, thus allowing 

a limited volume of water to discharge. This flow rate is low enough that the water 

does not pond on the surface. This transfers control of infiltration from the soil to the 

irrigation system. The slow rate of water application improves water penetration on 

problem soils, reduces runoff and controls deep percolation. Also, weed growth is 

reduced due to the limited wetting area around the plants. The disadvantages of drip 

irrigation include sensitivity to emitter clogging which reduces emission uniformity, 

salinity buildup in the soil and continuous maintenance of filtration equipment and 

energy for pumping. This means that water is saved at the expense of increased 

operation and maintenance cost. 



1 5 

Recent innovations designed to adapt drip irrigation to different conditions 

include the development of technical variants to the original concept such as elaborate 

moving units as well as simplified bubbler systems and the use of spitters or micro 

sprinklers rather than emitters (Hillel,1985). 

Rawlins (1977) first described a low head, closed conduit system called a 

bubbler irrigation system which operates at low pressure. It is suitable for permanent 

tree crops such as orchards and vineyards. This system operates in a manner, which is 

very similar to a pressurized drip system and delivers flow rates from 0.032 to 

0.063 liter/sec (i/sec) (0.5 to 1 gallons per minute (gpm)) through a small diameter 

PE (polyethylene) tubing, hereafter called a delivery hose, connected to a larger 

diameter PVC (Poly Vinyl Chloride) pipe or corrugated PE plastic pipe, hereafter 

called a lateral. The laterals are buried between alternate tree rows and the delivery 

hoses, attached at regular intervals deliver, water to each tree. Water is applied to a 

basin around each tree. Irrigation uniformity close to 100 % can be achieved with this 

system. Depending upon the size of the system, the operating head required at the 

source can range from 0.5 to 2 meters (2 to 6 feet). 

Most researchers (Rawlins (1977), Thornton (1980), Kay (1980) and Hull 

(1981)) used corrugated PE plastic pipes as laterals which resulted in installation 

problems due to the unavailability of commercial water tight fittings between the 

lateral and the delivery hose. Corrugated PE plastic laterals were used to reduce the 

cost of the system. Moreover, most of these systems had been designed as a single 

lateral system on fields with considerable ground slope in the flow direction. This put 

no constraint on the flow rate as well as the available head because the head loss in 

the lateral was more than compensated by the gain in head due to slope. Each of these 

systems was designed for a flow rate of 0.063 l/sec (1 gpm) which produces a high 
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enough velocity through the delivery hose to minimize air locking problems. Roth 

(1990) installed a bubbler irrigation system on level ground in Yuma, Arizona. PVC 

pipes were used for the manifold and laterals in this system which was designed for a 

flow rate of 0.047 l/sec (0.75 gpm) per tree using 12.7 mm (0.5 inch) PE delivery 

hose. Each time the system was turned on some of the delivery hoses did not flow 

because of air locking. These hoses had to be tapped to release the entrapped air. To 

relieve this problem, Roth installed 10 mm (0.39 inch) delivery hoses which increased 

the head to flow 0.047 l/sec (0.75 gpm). The problem of air locking in the delivery 

hoses demonstrates the need to conduct experiments with multilateral bubbler 

irrigation systems using PVC for laterals (for which better water tight fittings are 

available) on gentle ground slopes (< 0.1 %) and smaller flow rates. 

Low flow rates are used in bubbler irrigation systems which means the flow 

rate from each delivery hose can be very sensitive to small errors in head loss 

computations. A proper evaluation of frictional head losses in manifolds, laterals and 

delivery hoses is essential to achieving optimum uniformity of hose discharge. It is, 

therefore, essential to test the accuracy of available head loss formulas for small 

diameter polyethylene tubing with laboratory experiments. 

The objectives of this study are: 

1. Experimentally explore flow rate versus head loss relationships for small 

diameter polyethylene tubing and compare with various formulas. 

2. Investigate the causes of air locking in the delivery hoses and determine the nature 

of the relationship between the head needed to overcome air locking and tubing 

diameter and investigate if any other factors are involved. 

3. Evaluate the economics of using a low head bubbler in place of a conventional 

pressurized drip system. 
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4. Design and install a low head bubbler irrigation system to determine correct 

installation procedures. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 Development of Bubbler Irrigation System: 

The need to improve the efficiency and economics of water application is well 

recognized throughout the world. This need is becoming even more economically 

important in the United States as labor and energy costs spiral upwards. Moreover, 

environmental considerations may bring increasing restrictions in the future, on all 

water supplies both in quantities and effluent quality (Worstell, 1975). 

These constraints combined together have resulted in the use of closed conduit 

systems like sprinkler and drip. These systems are potentially capable of higher 

irrigation uniformities and water savings than surface systems. A closed conduit 

water distribution system makes it possible to apply water at a rate low enough so 

that water does not pond on the soil surface. This transfers control of infiltration 

from the soil to the irrigation system. If during each irrigation, water is uniformly 

delivered in increments sufficiently small so that the soil storage capacity is not 

exceeded, variations in soil properties in a field no longer cause differences in the 

quantity of water stored for crop use. Each plant can receive its water supply 

directly. But, as most of these systems require pumping to pressurize water, water 

is often saved at the expense of increased energy consumption. 

Rawlins (1977), first described a closed conduit system called a low head 

bubbler irrigation system that reduces the energy requirement so that the pressure 

head often available from a surface ditch is sufficient. This is a type of drip irrigation 

system that typically delivers flow rates of 0.032 to 0.063 l/sec (0.5 to 1 gpm) to 

each tree through a small diameter polyethylene tubing (delivery hose) attached to a 



larger diameter lateral of corrugated plastic pipe which is buried in between two tree 

rows. For sparsely planted crops like orchards or vineyards, uniform irrigation can 

be achieved by filling small basins around trees with equal quantities of water. 

Depending upon the size of the system, the operating head required varies from 0.6 to 

2 meters (2 to 6.5 feet). Two test systems, one in Tacna, Arizona and the other in 

Riverside, California have been described in Rawlins's (1977) work. 

In designing the systems, a lateral diameter was chosen that kept the total 

head loss in the system less than the head available at the water source. The total 

head loss is the sum of head loss in the lateral up to the point of contact with the 

delivery hose and the head loss in the delivery hose. The head loss for a lateral with 

uniformly spaced outlets was estimated by Rawlins using the Manning's equation with 

a friction coefficient of 0.016 (Hersmeir and Willardson, 1970) and assuming the inlet 

flow ran the full length of the lateral. This number was then multiplied by a reduction 

coefficient (Karmelli and Keller, 1975), to compensate for discharge along the line. 

The head loss across each delivery hose was calculated using the Blasius equation 

(Karmelli and Keller, 1975). This equation is valid for smooth pipes only and is a 

simplified version of the Darcy-Weisbach formula. 

The procedure used by Rawlins to determine the proper elevation of the 

delivery hose at each tree to provide an equal flow rate was as follows: First, by 

standing water at a fixed static head in the lateral, a reference level was found and 

marked on each tree by raising the delivery hose at each tree until the water level 

stood at its opening. This gave the level of water source and all subsequent elevation 

measurements were made relative to this reference elevation. The head loss occuring 

within the lateral between each pair of hose connections when the system was 

operating was then estimated using the Manning's equation. Knowing the head loss 
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through the delivery hose as computed before, the delivery hoses were then attached 

to each tree. 

The goal was to eliminate the effect of head losses down the lateral by 

adjusting the outflow elevations so that each delivery hose had the same head loss 

across it. At the first pair of trees, the outlet of the delivery hose was attached at an 

elevation lower than that of the water source by a distance equal to the sum of 1) the 

head loss in the lateral from the source to the first hose connection, and 2) the head 

loss in the delivery hose. At each subsequent pair of trees along the lateral, the outlet 

of the delivery hose was lowered an additional distance equal to the additional head 

loss in the lateral. 

Once the hoses were attached to all the trees, a more precise, dynamic 

adjustment of the outflow elevations at each tree was made with the system 

operating. This was done by raising each hose, one at a time, to the point where water 

ceased to flow. A distance equal to the desired head loss through the delivery hose 

was measured down from this point and the delivery hose was relocated at this point, 

which assured that each delivery hose had the same head loss across it. 

The corrugated polyethylene pipe used was the same as that normally used for 

agricultural drainage, but without slots. Due to the unavailability of suitable fittings, 

water tight connectors had to be developed to use it as an irrigation lateral. The 

details of these connections, as described by Rawlins, are quite cumbersome and time 

consuming, especially if a large scale system has to be installed. Similar problems 

were faced while connecting delivery hoses with the laterals. To attach the delivery 

hose to each tree, a plastic barbed-tee fitting was stapled to the trunk. This 

arrangement is prone to damage by animals which can disturb the outflow elevation of 
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the delivery hose. Although, the connections were quite rigid and no leaks had been 

reported at both sites, they are not feasible for large scale installations. 

Emission uniformities of 89.2 % (before dynamic calibration) at the Tacna, 

Arizona site and 97.3 % (after dynamic calibration) at the Riverside, California site 

had been obtained. These values are extremely high compared with commercial 

irrigation systems. This is due to the fact that outlets are individually adjusted. 

Rawlins (1977) reported the installation cost (including trenching, corrugated 

tubing, connectors and delivery hose) to be $ 610/acre when using PE corrugated 

laterals of 7.62 cm (3 inch) diameter and $ 660/acre when using 10.16 cm (4 inch) 

diameter PE corrugated laterals. These costs were comparable with or lower than 

many complete drip systems including pumps and filters. The longer life advantage of 

a completely buried system, and the lower energy and filtration requirements make 

this system an attractive alternative, particularly for relatively level fields. 

Worstell (1975) had earlier described the criteria for design, construction and 

operation of an experimental buried lateral gravity multiset irrigation system. The 

multiset concept divides the furrow length into several smaller lengths, by PVC 

laterals buried 30.48 cm (12 inch) below ground running perpendicular to the furrows. 

Instead of supplying water to each tree through a delivery hose, as in case of a 

bubbler system, water is supplied to each furrow through a nozzle in the buried 

lateral, in quantity small enough so that it does not form into an erosive stream. The 

system was operated automatically from a gravity water supply with the head at the 

inlet of 1.7 to 1.8 meters (5.5 to 6 feet). When pressure was applied to laterals, the 

water quickly jetted to the surface and flowed down the furrow. A major operation 

problem was the erosion and sloughing of the backfilled soil of the trench due to initial 
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turbulence at each outlet. This was remedied by placing a 3.81 cm (1.5 inch) plastic 

tube over each jet to conduct water to the surface without erosion. 

The concept in the design of multiset systems is the same as the bubbler 

system with the only difference being the outflow device, which is an orifice for the 

former and a simple pipe outlet for the latter. The experimental system was installed 

on a two acre field and silage corn was grown on furrows with 30 inch spacing. 

Depending upon the area to be irrigated and the sizes of laterals and manifolds used, 

the installation cost for the system was between $ 310 / acre - $ 410 / acre. The 

author concluded that in addition to producing an excellent crop, the multiset system 

only applied 67 % of the water compared to normal furrow irrigation and erosion 

from the field was also eliminated. 

Thornton et. al. (1980) designed and installed a bubbler irrigation system to 

determine the feasibility of use on larger acreages. They used a section of a citrus 

orchard located near Thermal, California which had previously been difficult to 

furrow irrigate. In order to maintain a proper hydraulic profile, a combination of 

corrugated plastic and PVC pipes were used for lateral. The site selected was a single 

row of 300 orange trees spaced at 8 feet apart with a ground slope of 1.4 %. Design 

and installation techniques similar to that described by Rawlins (1977) were used. 

According to the authors, the total estimated installation cost for this system was 

$ 745 /acre excluding engineering. A drip system for the same block would cost 

$ 800 / acre. These are installation costs but the pumping and filtration requirements 

of a drip system would no doubt be the most significant operational cost difference 

between the two. These added costs would favor the bubbler system if installation 

labor could be reduced. 
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Kay et. al. (1980) and Hull (1981) experimented with a bubbler irrigation 

system in an apple orchard at the National College of Agricultural Engineering Silsoe, 

UK. This system served only one row of apple trees and was also designed and 

installed according to the procedures described by Rawlins (1977). The authors had 

similar observations as mentioned above about the system performance. 

2.2 Hydraulics of Drip Irrigation Laterals: 1 

Plastic is the predominant pipe material used for drip irrigation laterals and 

manifolds. Flexible pipe usually made of polyethylene ranges in size from 25.4 mm 

(1 inch) hose, used in laterals down to 0.89 mm (0.035 inch) ID tubing used as 

emitters. Manifolds are commonly constructed of rigid PVC (Poly Vinyl Chloride) 

ranging in diameter from 25.4 mm (1 inch) upwards. 

Proper evaluation of frictional head losses in drip irrigation laterals and 

manifolds is essential to achieving optimum uniformity of emitter discharge. Because 

the primary sources of head losses are pipe friction and minor losses, it is necessary 

to evaluate them as accurately as possible. Flows in laterals and manifolds of drip 

systems (and bubbler systems as well) are generally restricted to the low Reynolds 

number range where advantages can be taken to simplify hydraulic formulas for 

frictional head loss (Keller and Karmelli; 1975, Watters, et. al; 1977). Accurate 

estimation of head loss in the delivery hoses of a bubbler irrigation system is very 

important because it represents a major portion of the total head loss in the system 

and is capable of influencing the system design. 

1 Although the discussion in this section pertains to drip irrigation laterals and 
manifolds, because of the similarity of flow characteristics and materials used, the 
results presented are directly applicable to bubbler systems' laterals and manifolds. 
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The hydraulics of small diameter plastic tubings used in drip irrigation laterals 

has been thoroughly researched. Most of the studies conclude that the Darcy-Weisbach 

equation, in conjunction with the Moody diagram for determining the friction factor, is 

the most universally applicable formula for computing head loss in pipes. This equation 

is awkward to use because a direct solution for the friction factor is not available. In 

order to simplify the use of Darcy-Weisbach equation, without loosing its accuracy, 

various linear approximations to the curved line on the Moody diagram have been 

presented. These approximations are applicable for different Reynolds number ranges. 

Of these, the Blasius equation is applicable for Reynolds number from 3,000 to 

100,000. Another approximation presented by Pong et. al. (1984) is applicable for 

Reynolds numbers less than 10,000 and is somewhat different than the Blasius 

equation. The Blasius equation is the single equation applicable over a wide range of 

Reynolds numbers but its validity for Reynolds number less than 10,000, which is 

usually the range for flow in the delivery hose of bubbler irrigation systems, is 

doubtful and needs experimental verification. 

The Hazen-Williams equation is an empirical equation which was developed for 

head loss computations in larger pipes and Reynolds number greater than 100,000. 

The use of this equation depends upon correct use of the roughness parameter for the 

pipe material. Researchers have established that this equation can also be used for 

head loss computations in small diameter pipes with Reynolds number less than 

25,000 by using a roughness parameter of 130. Because the head loss computation in 

the delivery hose of bubbler irrigation system greatly affects the system design, 

further investigation is needed to determine its validity below Reynolds numbers of 

10,000. 
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However, before the results of some of the studies are presented, an 

overview of the theory of various formulas used for head loss computation is 

presented as outlined by Watters and Keller (1978). 

Plastic pipe is commonly assumed to be hydraulically smooth and friction 

losses are often evaluated using the Hazen Williams equation: 

J = hf / L = K x (Q/C)1 852 x D"4-871 (21) 

where, 

J head loss gradient, m/m (ft/ft) 

hf pipe friction head loss, m (ft) 

L pipe length, m (ft) 

Q flow rate, Ips (gpm) 

C Hazen-Williams friction coefficient 

D inside pipe diameter, mm (inch) 

K a constant, 1.21x1010for Metric units 

(10.46 for English units) 

The Darcy-Weisbach equation in conjunction with the Moody diagram for 

determining the friction factor is the most widely used formula for computing 

frictional losses in pipes. It is given as: 

hf = f x L x V2 / (2 x g x D) (2.2) 

where, 

f = friction factor from the Moody diagram 

V = velocity of flow, mps(fps) 

g = acceleration of gravity, 9.81 m/sec2 (32.2 ft/sec2) 
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The Darcy-weisbach equation is good for flows of any Newtonian fluid ranging 

from laminar to completely turbulent flow. The friction factor for turbulent flow in 

smooth pipes is given by the following equation: 

1 / f1/2 = -0.80 + 2.0 x log (R x f1/2) (2.3) 

where, 

R = Reynolds number 

= V x D / v 

and, 

v = kinematic viscosity, m2/sec (ft2/sec) 

On the Moody diagram, equation 2.3 represents the smooth pipe line over the 

full turbulent flow regime. This equation is awkward to use because f cannot be 

directly computed for a given Reynolds number. However, for small pipes and tubes, 

the curved line on the Moody diagram can be approximated by a straight line over a 

limited range of Reynolds numbers. This has been done by Blasius (1913) for Reynolds 

numbers from 3000 to 100,000 where the resulting equation, known as the Blasius 

equation is: 

f = 0.316 / R0-25 (2.4) 

The advantage of equation 2.4 over equation 2.3 is that the value of f can be 

computed directly. Putting the value of f from equation 2.4 into the Darcy-Weisbach 

equation 2.2 gives the following: 

J  =  h f / L  =  K  x  Q 1 - 7 5  /  D 4 - 7 5  ( 2 - 5 )  
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with all other parameters remaining the same as equation 2.1, 

K = a constant, 7.89 x 10s for Metric units 

(1.305x 10"3 for English units) for water at 20°C 

Most drip irrigation hydraulic analyses ignore any differences in pipe friction 

head loss computations for the laminar flow range. The turbulent flow formulas are 

used even in the laminar flow range because velocities are so low that head losses are 

almost negligible. Hence, even large errors of 30 - 50% encountered in computing the 

very small head losses occuring in the laminar flow portions of the system are 

negligible. But, if laminar flow head loss is significant (such as in drip emitters), then 

the following equation for f can be used in place of equation 2.4: 

f = 64 / R (2.6) 

The corresponding head loss equation is: 

J  =  h f /  L  =  K x Q / D 4  ( 2 - 7 )  

where, 

K = a constant, 4.09 x 103 for Metric units 

(6.2 x 10'4 for English units) for water at 20°C 

For larger smooth pipes other straight line approximations to the smooth pipe 

line can be employed. Noting that the Blasius equation is used for Reynolds number up 

to 100,000, the following equation can be used equally well for Reynolds numbers 

from 100,000 to 10,000,000: 

f = 0.13 / RO-172. 

The corresponding head loss equation for 105 < R < 107 is: 

J = hf / L = K X Q1.828 / 04.828 

(2.8). 

(2.9) 
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where, 

K = a constant, 9.47 x 10s for Metric units 

(10*3 for English units) for water at 20°C 

2.2.1 Applicability of the Hazen-Williams Equation: 

The typical value of C = 150 is recommended in published tables for very 

smooth pipes using the Hazen-Williams equation; plastic pipe and tubing generally fit in 

this category. However, it should be recognized that the Hazen-Williams equation was 

originally developed for flow of water in water distribution networks where the 

Reynolds number was generally greater than 100,000. In drip irrigation systems, 

particularly in small emitter tubes and lateral hoses, flow ranges from the laminar 

region up to a Reynolds number from 20,000 to 40,000. Assuming that the smooth 

pipe line on the Moody diagram correctly describes the friction characteristics of 

plastic tubings, a comparison was made by Watters and Keller (1978) to determine 

the consequences of using the Hazen-Williams equation in this flow regime. In this 

comparison, the C value was converted to an equivalent f value and plotted on the 

Moody diagram. The plot clearly shows that within the Reynolds number range 

occuring in drip irrigation systems (R < 25,000), the Hazen-Williams equation with 

C = 150 seriously underestimates pipe friction losses. This has been recognized 

previously and it has been suggested that C = 130 be used when working with small 

diameter drip irrigation hoses (Bucks and Meyers, 1973; Howell and Hiller, 1974). 

2.2.2 Applicability of the Darcv-Weisbach Equation 

According to the work reported by Watters and Keller (1978), the friction 

factors for small diameter plastic tubings cluster around the smooth pipe line on the 

Moody diagram. While there is some variation depending upon tubing size and 
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manufacture, use of the Darcy-Weisbach equation with a smooth pipe friction factor is 

the recommended means of calculating head losses in these sizes of tubes and pipes. 

This has also been suggested by Wu and Fangmeier (1974) and Wu and Gitlin (1973 and 

1974). 

Watters and Keller (1978) also described a set of simple equations (eq. 2.5-

2.9) based on the Darcy-Weisbach equation to represent the entire range of plastic 

pipe sizes and flow rates encountered in drip and other irrigation systems. The 

equations are simpler to apply and considerably more accurate than the more 

commonly used Hazen-Williams equation. According to their work, a composite plot of 

all PVC and plastic tubing data and the Blasius equation on the Moody diagram shows a 

reasonable fit for Reynolds numbers less than 25,000. They conclude that the Blasius 

equation is the more appropriate equation because it covers the plastic pipe and tubing 

sizes and flow rates commonly used for drip irrigation laterals and manifolds. 

In a study carried out to determine the temperature effects on drip line 

hydraulics, Pong et. al. (1984) plotted equation 2.3 (friction factor versus Reynolds 

number), divided it into several linear segments and expressed each as a simple 

power function of the form: 

f = a x Rb (2.10) 

where, 

R < 104 a = 0.545 b = -0.315 

104 < R < 105 a = 0.294 b = -0.245 

105 < R , 106 a = 0.141 b = -0.182 

R > 106 a = 0.0699 b = -0.133 

For Reynolds numbers from 104to 105, the range commonly encountered in 

drip systems, the power function / = 0.294 x R-°-245 is very close to the Blasius 
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equation i.e 1 = 0.316 x R~0-25. For Reynolds number < 10,000, the power function is 

given as f - 0.545 x r~0-315 which is different than the Blasius equation. As mentioned 

in the beginning of this section, this raises some doubts as to the use of the Blasius 

equation in this Reynolds number range. 
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CHAPTER 3 

MATERIALS AND METHODS 

The primary objectives of this study were to conduct laboratory studies to 

verify available head loss formulas, investigate the air locking problem in small 

diameter plastic tubing and evaluate a field installation of a multilateral low head 

bubbler irrigation system. A description of the materials and methods involved in 

carrying out various components of this study is presented in the following sections. 

3.1 Laboratory Investigations: 

The laboratory investigations consisted of the verification of head loss 

formulas and the air locking problem. 

3.1.1 Experimental Verification of Head Loss Formulas: 

Laboratory investigations involved experimental verification of various 

formulas available for head loss computations in small diameter plastic tubing and PVC 

pipe. The formulas to be compared with measured head loss observations were the 

Blasius equation, the Darcy-Weisbach equation and the Hazen-Williams equation with 

roughness parameter C equal to 130, 140 or 150. 

This required the actual measurement of head loss in the tubings and pipe 

sizes, at different flow rates. A water source was needed which could provide flow at 

various heads. As different tubing and pipe sizes were to be investigated, the source 

also had to have fittings allowing easy changeovers between observations. The head 

loss caused due to fittings also needed to be kept to a minimum. In order to account for 

the manufacturing imperfections in the tubing diameter, an average diameter for each 

tubing was determined by filling 1.5 meter (5 feet) length of tubing with water and 
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then weighing it. For each tubing size, the procedure was replicated using five 

different tubing samples, the diameter of each sample being an average of five 

observations. Table 1 shows the nominal and measured inside diameters of PE tubing 

and PVC pipes used for investigation. 

Table 1. Nominal and Measured Inside Diameters of PE Tubings and PVC Pipes 

I  P L A S T I C  P V C  |  
| Nominal Measured Nominal | Measured | 
| mm (inch) mm (inch) mm (inch) | mm (inch) | 

I I 

| 6.35 (0.250) 6.50 (0.256) 12.70 (0.50) 
I i 
| 18.54 (0.730) | 

| 9.50 (0.375) 9.70 (0.383) 19.05 (0.75) | 23.00 (0.905) | 
| 12.44 (0.490) 12.6 (0.496) 25.40 (1.00) | 25.40 (1.040) | 
| 15.49 (0.610) 15.4 (0.608) I I 

A constant head device was constructed to measure the flow rates through the 

PE tubing and PVC pipe sizes. It consisted of a 2.4 meter (8 feet) long, 30.48 cm 

(12 inch) ID PVC pipe which was capped at the bottom. At a height of 61 cm (2 feel) 

from the bottom, a 5.08 cm (2 inch) diameter hole was made and a 5.08 cm (2 inch) 

saddle was glued on. The manifold was 0.46 meter (1.5 feet) long and had three 5.08 x 

5.08 x 1.27 cm (2 x 2 x 0.5 inch) and one 5.08 x 5.08 x 1.9 cm (2 x 2 x 0.75 inch) 

PVC tees attached to it. The ends with diameter of 1.27 and 1.9 cm (0.5 and 0.75 

inch) were used to connect different diameter tubings to the manifold using 

compression fittings. These could be easily replaced for different tubing sizes. Holes 

of diameter 25.4 mm (1 inch) were drilled in the standpipe at regular interval of 

15.24 cm (6 inch) above the point where the manifold was attached. Overflow could be 

allowed through these holes or they could be capped with plastic stoppers to provide 
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flow through the tubing at different heads. A manometer was attached at the base of 

the manifold for head measurement. The standpipe pipe was positioned with the capped 

end at the bottom. Water pumped from a small reservoir was supplied to it through a 

1.9 cm (0.75 inch) supply hose. A gate valve was used to regulate the flow in the 

supply hose. Figures 1 and 2 show details of the standpipe and manifold. 

There are two ways in which the head loss could be determined. The first 

method involves using head measuring devices attached at the start and at the end of 

the tubing length to be studied. The difference in the head readings at each end would 

give the head loss for a certain flow rate in the tubing. Flow rate would also be 

measured. The head loss can be calculated using a second method by applying 

Bernoulli's equation between the open water surface in the standpipe and the outflow 

from the tubing. If the free water surface is designated as 'A' and the outflow end of 

the tubing is designated as 'B', the Bernoulli's equation can be written as: 

P a / y  +  V A 2 / ( 2 x g )  +  Z A  =  P b / y +  V B 2 / ( 2 x g )  +  Z B  +  h ,  ( 3 . 1 )  

where, 

Pa = pressure at open water surface, N/m2 (lb/ft2) 

y = unit weight of water, N/m3 (lb/ft3) 

VA = velocity of flow at open water surface, m/sec (ft/sec) 

g = acceleration due to gravity, 9.81 m/sec2 (32.2 ft/sec2) 

ZA = height of open water surface above given datum, m (ft) 

Pb = pressure at the outflow end, N/m2 (lb/ft2) 

VB = velocity of flow at the outflow end, m/sec (ft/sec) 

Zg = height of outflow end above given datum, m (ft) 

hf = head loss in the tubing length, m (ft) 
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Figure 1: View of the standpipe of the constant head device 
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Figure 2: View of the manifold of the constant head device 
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Since Pa= Pb = atmospheric pressure and Va=,0 , and if the datum is fixed at the 

outflow end, then the above equation is reduced to: 

hf = Za - VB
2 / (2 x g) (3.2) 

The entrance loss coefficient for a sharp edged entrance is 0.5 and the total 

head loss is divided by the tubing length to get the head loss gradient as: 

J = h, / L = (ZA - 1.5 x VB
2 / (2 x g)) / L... (3.3) 

where, 

J = head loss gradient, m/m (ft/ft) 

L = tubing length, m (ft) 

Due to the simplicity of using Bernoulli's equation and the unavailability of 

suitable laboratory equipment needed for direct measurement of head loss, equation 

3.5 was used for head loss determinations. This is an indirect method of measuring 

head loss, but accurate measurement of flow rate can assure reliable head loss 

calculation. 

This method required the measurement of the flow rate at various heads. Five, 

six meter (20 foot) lengths of each size tubing were studied. A level platform, 

6 meters (20 feet) long and 0.3 meter (1 foot) wide was placed at a height of 61 cm 

(2 feet) from the ground surface (same height as the manifold). The tubing, after being 

connected to the manifold, was laid on this platform to keep it straight and level. The 

platform was wide enough to test only one tubing size at a time. The supply hose was 

dropped in the standpipe to reduce air entrainment. For example, if the flow rate at a 

head of 61 cm (2 feet) was to be measured, the openings in the standpipe at 15.24, 

30.48 and 45.72 cm (6, 12 and 18 inch) were capped with rubber stoppers. Flow from 

the pump was adjusted so that water rose to the 61 cm (2 foot) head and started 
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overflowing through the hole in the pipe at that point. A balance, between the inflow 

from the pump and outflows from the tubing and the hole at 61 cm (2 feet) head point, 

was then established in a short time. At that time the measurement for flow rate was 

taken. The flow rate was measured by weighing the amount of water collected and the 

time interval measured with a stop watch. Flow rate measurements for heads ranging 

from 15.24 to 167.6 cm (6 inch to 5.5 feet) could be recorded in 15.24 cm (6 inch) 

increments. The outflow end of the tubing was lowered in 15.24 cm (6 inch) 

increments to measure the flow rate for head values from 167.6 to 243.8 cm 

(5.5 to 8 feet). 

It was difficult to establish the head at an exact level because of the time 

needed to adjust the flow from the pump. The standpipe was first filled with all 

openings capped and the flow from the pump was adjusted so the head was established 

at 167.6 cm (5.5 feet). A flow rate was measured at that head. Instead of adjusting 

the flow from the pump which was time consuming, each successive lower head 

observation was recorded by removing the stopper immediately below the previous 

head. Due to the outflow from the hole, a new balance in inflow and outflows was 

reached and the head was established close to the desired level. Each successive 

observation was taken in a similar manner until the head of 91 cm (3 feet) was 

reached. At this point inflow from the pump was reduced to account for the reduced 

outflow from the tubing due to lower operating head. This ensured establishment of 

successive heads close to the desired levels. Flow rates for each size tubing were 

measured at heads ranging from 15.24 cm to 2.44 meters (6 inch to 8 feet) in 

15.24 cm (6 inch) increments. At each head, an average value of the flow rate was 

determined by taking at least five measurements. In each case equation 3.5 was 

applied to compute the measured head loss gradient. The measured flow rate values 
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were inserted in equations 2.1, 2.2 and 2.5 to obtain head loss gradient predicted by 

the Hazen-Williams equation, the Darcy-Weisbach equation and the Blasius equation 

respectively. A comparison was then made with the measured head loss values. The 

same procedure was used for the three PVC pipe sizes shown in Table 1. 

Variation in the flow rate observations due to experimental procedure was 

determined for the plastic tubings only. This was done by taking ten discharge 

observations at heads of 15.24, 30.48, 61, 91, 122 and 153 cm (0.5, 1, 2, 3, 4 and 

5 feet) for all tubing sizes. An overall coefficient of variation was determined using 

this data. The measured data is presented in Appendix A. Manufacturer's variation 

was also determined using five samples of each of the four tubing sizes. Average 

discharge readings were observed at selective heads and the coefficient of variation 

was determined using this data for each tubing. The measured data is given in 

Appendix A. 

3.1.2 Air Locking Investigations: 

The second part of the laboratory investigations was a study of the causes of 

air locking in the delivery hoses of bubbler systems through simulation of field 

conditions in the laboratory. The information needed was to determine how much 

additional head was required to flush out the trapped air and how the amount of 

additional head might be related to the tubing diameter, flow rate, flow velocity or 

any other factors. The four tubing sizes studied were 6.4 mm (0.25 inch), 9.5 mm 

(0.375 inch), 12.7 mm (0.5 inch) and 19.05 mm (0.75 inch). 

It was a bit unclear at the beginning how air could be trapped inside the tubing. 

It was decided to arrange the tubing in a shape to form a series of humps. If some 

water was left in the trough of the farthest downstream hump, it could trap air 
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between this point and the water source. In order to accomplish this objective, the 

experimental set up was designed as follows: 

Clear vinyl tubing of the four sizes mentioned above were used for this 

investigation. The same constant head device was used. In order to simulate field 

conditions, a 1.5 meter (5 feet) length of polyethylene tubing was connected to the 

manifold. A 3 meter (10 feet) piece of clear tubing was attached to the PE tubing using 

a barbed fitting. Another piece of polyethylene tubing, 1.5 meter (5 feet) long, was 

attached to the clear tubing and the outlet was put at a height of 46 cm (1.5 feet). This 

simulated the way in which a buried delivery hose is connected to the lateral and is 

fixed at the design elevation in actual field installations. The clear tubing was used to 

observe the phenomenon of air locking and to determine when the trapped air was 

flushed out. 

A wooden board, 0.3 meter (1 foot) wide and 3 meters (10 feet) long, was 

attached at right angles to the platform, used for flow rate measurements. The clear 

tubing was rested against the board to allow shaping of humps. Arrangement was made 

to adjust the humps to heights of 7.62, 15.24, 22.86 and 30.48 cm (3, 6, 9 and 12 

inch). The spacing between the humps could be adjusted to 0.46, 0.61 and 0.76 meters 

(1.5, 2 and 2.5 feet). For a certain combination of the tubing diameter, hump height, 

hump spacing and number of humps (experimental set up), the head was slowly raised 

in the device and that head reading was recorded at which the air was completely 

flushed out. This was the way each observation was recorded. Figures 3 and 4 show 

the experimental set up used for air locking investigations. 

The first objective was to determine, if the presence of water in the troughs 

of the humps had any effect on the amount of head needed to flush out the trapped air. 

This was done as follows; Water was filled in the troughs of the humps in various 



Figure 3: View of the experimental set up for air locking investigations 

Figure 4: View of the experimental set up for air locking investigations 
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combinations such as one at a time, two at a time, three at a time, all at a time and 

none at a time. In each of these cases, the observation was recorded as mentioned 

earlier. This process was repeated for a number of experimental set ups. The results 

indicate that the presence of water in the troughs did not have any effect on the head 

needed to flush out the trapped air. Therefore, the air locking experiment was 

performed with the tubing left free of water. 

The following procedure was adopted in order to study the effect of various 

other factors such as tubing diameter, hump spacing, hump height and number of 

humps on the amount of head needed to flush out the trapped air; For a certain tubing 

diameter, the experiment was set up at all possible combinations of hump spacing, 

hump heights and number of humps. The observation for head was recorded in each 

case as mentioned above. This process was repeated for the four tubing sizes. 

3.2 Field Installation of Bubbler Irrigation System: 

A low head bubbler irrigation system was installed at University of Arizona Maricopa 

Agricultural Center (MAC), located 90 miles north of Tucson. A dead level plot 

measuring 88.4 meter by 118.9 meter (290 feet by 390 feet) was available for this 

purpose. The layout of the plot is shown in Figure 5. As shown in the layout, the 

reservoir located southeast of the plot was used as the water supply source. A PVC 

pipe 38.1 cm (15 inch) in diameter supplies water to the plot through several equally 

spaced alfalfa valves along the west edge of the plot. The valve located at a distance 

of 54.9 meter (180 feet) from the southwest corner of the plot was used as the inlet 

for the manifold. Procedures and materials involved in system design, installation and 

o p e r a t i o n  a r e  o u t l i n e d  i n  t h e  f o l l o w i n g  s e c t i o n s .  
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3.2.1 Design Procedure: 

A major portion of the materials cost of a bubbler irrigation system is in the 

laterals and manifolds. As mentioned in chapter 2, in all the previously installed 

systems corrugated plastic pipe was used for manifolds and laterals. Because 

commercial water tight fittings are not available for these pipes, it was decided to 

use PVC pipe for the laterals and manifold for this study. Water tight fittings are 

commercially available for PVC pipes and are easy to work with in the field. A 

comprehensive list of all materials used in the system installation is given in 

Appendix B. 

The first step in system design was to determine the head available at the inlet 

of the system. A level survey showed that the maximum water surface elevation in 

the reservoir was 1.22 meters (4 feet) higher than the plot elevation (dead level). 

Allowing for the head loss in the PVC pipe carrying water from the reservoir to the 

plot, the head available at the system inlet was 1.14 meters (3.75 feet). Allowing for 

the periodic variation in water elevation in the reservoir, it was decided to design the 

system for an operating head of 0.9 meter (3 feet). This allowed for a minimum 

reservoir elevation of 0.9 meter (3 feet). 

The system was layout so the manifold run along the west edge of the plot and 

laterals were connected to it at specified intervals. The next step was the selection of 

tree spacing. A variety of different olives and deciduous trees were to be planted. 

Two different inter-row spacings were used; for the olives trees the spacing was 

6 meters (20 feet) and the spacing for the deciduous trees was 4.5 meter (15 feet). 

The spacing between all tree rows was 6 meters (20 feet). Four rows of already 

planted grapes were also to be irrigated by the system. The spacing for the grape 

vines was 1.8 meters (6 feet) and that between vine rows was 4.25 meters (14 feet). 
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Except for the grapes where the lateral spacing had to be 8.5 meters (28 feet), all 

other laterals were spaced at 12.2 meters (40 feet). 

The laterals are located between alternate tree rows and supply water to both 

rows through delivery hoses running to each tree. The first three laterals beginning 

from the south edge of the plot supply water to six rows of olive trees spaced 

6 meters (20 feet) apart. The next three laterals supply water to six rows of 

deciduous trees spaced 4.5 meters (15 feet) apart. The last two laterals supply water 

to four rows of grapes. As the grape vines are very closely spaced and they require 

less water than the fruit trees, it was decided that instead of a delivery hose to each 

vine, a delivery hose spaced 3.7 meters (12 feet) apart would provide water to two 

vines. The layout of laterals and manifold is shown in Figure 6. 

In designing bubbler irrigation system, the primary objective is to choose the 

manifold, lateral and delivery hose diameter such that the total head loss in the 

system is less than the head available at the source. The total head loss is the sum of 

head loss in the manifold, lateral, and delivery hose. In order to keep the head loss to 

a minimum, the manifold diameter was chosen to be 15.24 cm (6 inch). Another 

requirement was to choose the lateral and delivery hose diameter such that the height 

of delivery hose should not be less than 0.3 meter (1 foot) at the farthest tree in the 

lateral. The allowable total head loss, therefore, was not to exceed 0.61 meter 

(2 feet). 

There are three different inter-row spacings in the system, so three lateral 

types needed to be evaluated for the maximum head loss. The system was designed for 

a flow rate of 0.0473 l/sec (0.75 gpm) per tree. Based on this, flow rates and 

Reynolds numbers in various sections of the manifold and laterals were computed. The 
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Blasius equation was used for head loss computations since all of the Reynolds number 

values were less than 100,000. 

The head loss for a lateral with uniformly spaced outlets was computed 

assuming the inlet flow ran the full length of the pipe. This number was then multiplied 

by a reduction coefficient to compensate for discharge along the line. The reduction 

coefficient for any first outlet spacing is given by the following expression: 

1 / (1 - R) x F - (R / (1 - R)) (3.4) 

where, 

F* reduction coefficient for any first outlet spacing 

reduction coefficient if first outlet is spaced at one full spacing 

1 / (m + 1) + 1 / (2 x N) + (m - 1)0-5 / (6 x N2) 

a correction for first spacing other than one full spacing 

[1 - (S* / S)3 / N 

F 

R 

and, 

m exponent of flow rate term in Hazen-Williams equation 

1.852 

N total number of outlets in the lateral 

S 

S* spacing of the first outlet of the lateral from the manifold 

constant spacing of the remaining outlets 

After incorporating the above mentioned roughness coefficient, the Blasius 

equation is given as: 

J  =  h f / L  =  K  x  F *  x  Q 1 - 7 5  /  D 4 - 7 5  ( 3 . 5 )  
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where, 

J head loss gradient, 

head loss , 

m/m (ft/ft) 

meters (feet) 

L tubing length, meters (feet) 

K a constant, 7.89 x 105 for Metric units 

1.305 x 10-3 for English units for water at 20°C 

reduction coefficient for any first outlet spacing F 

Q flow rate, liter/sec (gpm) 

D tubing diameter, mm (inch) 

Flow rates, velocities, lengths and head loss in various sections of the three 

lateral types are shown in Figures 7a, 7b and 7c. As a single size lateral did not 

satisfy the head loss limitation, the three lateral types were designed as a 

combination of 7.62 cm (3 inch) and 5.08 cm (2 inch) diameter PVC pipes. Based on 

experience with silt-laden irrigation water from the Snake River near Twin Falls, 

Idaho in an irrigation system (Worstell, 1975), Rawlins (1977) had suggested that 

flushing velocities less than 0.61 m/sec (2 ft/sec) can help prevent sediment 

accumulation in laterals. The opening of the gate valve at the end of each lateral in this 

design produces flushing velocities of 0.38, 0.45 and 0.49 m/sec (1.25, 1.48 and 1.6 

ft/sec) through the 7.62 cm (3 inch) portion of the three lateral types respectively. 

The flushing velocities through the 5.08 cm (2 inch) portion of each lateral are 0.84, 

0.99 and 1.14 m/sec (2.75, 3.25 and 3.5 m/sec) respectively. 

Because of the two lateral spacings, the length of delivery hose for trees 

served by laterals 1 to 6 was 4.6 meter (15 feet) and for laterals 7 and 8 was 

2.75 meter (9 feet). To keep the velocity in the delivery hose close to 0.61 m/sec 

(2 fps) to minimize air locking, its diameter was designed to be 9.7 mm (0.38 inch). 
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The head loss in 2.74 meter (9 foot) and 4.6 meter (15 foot) lengths of this tubing 

size, as computed by the Blasius equation are given as: 

Head Loss in 2.74 m (9 ft) length = 0.206 m (0.68 ft) 

Head Loss in 4.6 m (15 ft) length •= 0.344 m (1.13 ft) 

Table 2: Total Head Loss in the System through each Lateral 

Lateral | H e a d L o s s  (cm) | 
No. | Manifold | Lateral | Del. Hose Total | 

1 | 2.72 
I 
| 11.90 

I 
| 34.40 49.02 | 

2 | 2.59 | 11.90 | 34.40 48.89 | 
3 | 2.21 | 11.90 | 34.40 48.51 | 
4 | 1.45 | 13.10 | 34.40 48.95 | 
5 | 0.00 | 13.10 | 34.40 47.59 | 
6 | 1.65 | 13.10 | 34.40 49.15 | 
7 | 2.31 | 17.40 | 20.16 40.31 | 
8 | 2.49 | 17.40 | 20.16 40.49 | 

According to the information in this table, the maximum head loss equal to 

49.15 cm (1.61 feet) occurs in lateral 6. It satisfies the design requirement as it is 

less than 0.61 meter (2 feet). The system layout is shown in Figure 8. 

3.2.2 Installation: 

The first step for the field installation was to locate all trees, laterals and 

manifold. The trench for the manifold was 0.46 meter (1.5 feet) wide and 0.6 meter 

(2 feet) deep while those for the laterals were 0.3 meter (1 foot) wide and 0.6 meter 

(2 feet) deep. The trenches were dug by a standard trenching machine. The pipe sizes 



co 

JXrmC 

cvj 

106.7m 

73.2m, 7.62cm dia. PVC 

10.7m 

A 
4.25m 

| _ 79.3m, 7.62cm dia. PVC 
27.4m, 5.08cm 

dia. PVC 
-- — R 

33.5m, 5.08cm 
1 dia. PVC 

r || 

1 

'i— 

55m, 7.62cm dia PVC | 51.7m, 5.08cm dia. PVC j 

B 
If) 

CO 

" e 
IO 

. °® 

E 
CVJ 

E 
CM 
cvi * 

E cvj 
cvi 

E 

cvi 

E 
C4 
CO 

E 

N 

Field 

Boundary 

Laterals 

Manifold 

Figure 8: Design Layout of the Bubbler Irrigation System O 



51  

to be used as laterals are in 6 meter (20 feet) lengths with one end bell shaped. 

Similar diameter lengths of these pipes were glued together. A PVC adapter was used 

to connect the 7.62 cm (3 inch) and 5.08 cm (2 inch) diameter pipes. The manifold was 

joined with the laterals using PVC tees. Brass gate valves were attached at the end of 

each lateral to facilitate periodic flushing. 

After the manifold and laterals were in place, the delivery hoses were pulled 

into position using a modified single chisel attached to a three point hitch. This 

procedure was speedy but did not prove too successful as most of the hoses could not 

be buried to the desired depth due to hard top soil. A small self powered trencher was 

used to bury the delivery hoses. This proved very efficient and economical and can be 

recommended for use in large scale installations. 

The delivery hoses were connected to the laterals using wedge plugs (10 mm). 

A hole was drilled in the side of the lateral to allow the delivery hose and wedge to be 

inserted. Once inside the lateral, the plug was pressed against the lateral wall which 

caused further slipping in to the delivery hose. This caused the diameter of the 

delivery hose to enlarge. When pulled out it stuck against the walls of the hole thus 

providing a water tight connection. 

In previous bubbler system installations, researchers had either tied the 

delivery hoses to tree trunks or to wooden stakes to keep them at designed elevation. 

Using this type of installation leaves most of the tubing exposed to atmosphere which 

makes it open to damage by insects, birds and chewing animals. A new approach was 

tried for this installation. A slice, 15.24 cm (6 inch) long and just wide enough to 

allow the 9.7 mm (0.38 inch) delivery hose to be inserted, was cut through a 0.75 

meter (2.5 foot) long piece of 19 mm (0.75 inch) diameter PVC pipe (hereafter called 

a stake). The slice was cut at a distance of 0.3 meter (1 foot) from one end using a 
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milling machine. This end of the stake was driven into the ground within the basin 

surrounding the tree. The delivery hose, as it came out of the ground, entered the 

slice and was pushed up to come out of the other end. The slice was just wide enough 

not to pinch the hose, but tight enough to hold it fast to resist any changes in its 

elevation. The delivery hose could now be moved up and down to adjust it to the design 

elevation. An attempt was made to Keep a 5.08 to 7.62 cm (2 to 3 inch) length of the 

hose outside the stak6 by adjusting the stake. This arrangement keeps most of length 

of the delivery hose protected and its elevation is also quite resistant to disturbance 

by animals birds, wind, machinery etc. 

At the inlet of the system, the previously installed alfalfa valve was removed 

and a vertical 3 meter (10 foot) long, 15.24 cm (6 inch) diameter PVC standpipe was 

attached for air relief purpose. The manifold was connected to the standpipe through a 

15.24 cm (6 inch) diameter PVC pipe. A gear operated butterfly valve was attached in 

between the standpipe and the manifold to regulate the operating head and the flow 

rate. Two clear tubes were attached, one to the standpipe and the other to the 

connecting PVC pipe, to act as manometers. When the system is shut off, water 

elevation in the manometer upstream of the valve indicates the water surface 

elevation in the reservoir. As the valve is opened the upstream manometer starts 

falling because of head loss occuring due to increasing flow in the pipe carrying water 

from the reservoir. At the same time the downstream manometer starts rising due to 

increasing head in the system. The point of 0.91 meter (3 foot) operating head is 

marked on the stand pipe. Each time when the system is started the valve is opened so 

that the downstream manometer rises to the operating head mark. If the water 

surface elevation in the reservoir is lower than the maximum and the downstream 

manometer cannot rise to the operating head mark even with a fully open valve, the 
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emission uniformity will change in such a manner that all the delivery hoses will 

deliver less than the design flow rate, but flow rates from individual outlets will 

increase down the lateral. If the system is operated at a head greater than the design 

head, all delivery hoses will deliver more than the de.'ign flow rate but the flow rates 

from individual outlets will decrease down the lateral. 

3.2.3 Operation: 

Using a levelling instrument all the delivery hoses were raised to the height of 

the operating head so that no flow occured when the system was on. This served as a 

reference elevation and all subsequent elevation measurements were made relative to 

this. The head loss occuring within the laterals and manifold between each pair of hose 

and lateral connections, when the system is operating, was estimated using the 

Blasius equation. The head loss through the delivery hose had been computed earlier. 

The goal was to compensate for the head losses down the lateral by adjusting 

the outflow elevations so that each delivery hose had the same head loss across it. At 

the first pair of trees in each lateral, the outlet of the delivery hose was fixed at an 

elevation lower than the reference by a distance equal to the sum of i) the head loss in 

the manifold and lateral from the inlet to the first hose connection, and ii) the head 

loss in the delivery hose. At each pair of trees along the laterals, the outlet of the 

delivery hose was lowered an additional distance equal to the head loss in the lateral. 

Once the elevations were fixed, a more precise and dynamic adjustment of the 

outflow elevations was made with the system operating. A clear vinyl tubing 

19.05 cm (3/4 inch) in diameter and about 2 feet long was used for this purpose. This 

tubing had a barbed fitting attached at one end to connect it to the delivery hose. 

Starting from the point on the barbed fitting where the delivery hose would fit, a 

distance equal to the desired head loss in the delivery hose was marked on the tubing. 
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The tubing was inserted in the delivery hose and, when held upright, water rose in it. 

Adjustment was made in the outflow elevation of the delivery hose so the water level 

in the clear tubing was at the desired mark. Relocation of the outflow elevation at this 

point assured equal head loss and flow rate through each delivery hose. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Verification of Head Loss Formulas: 

One of the objectives of this study was to verify available head loss formulas 

through laboratory studies. For the four sizes of plastic tubing and three sizes of PVC 

pipe investigated, the flow rates at heads ranging from 15.24 cm to 243.84 cm 

(0.5 to 8 feet) were measured according to the procedure described in section 3.1.1. 

The data for each size has been presented separately in tables 5 to 11. In each of 

these tables, each flow rate observation is the average of at least five observations. 

The variation of flow rates was observed in plastic tubing by taking ten flow rate 

observations at selective heads as mentioned in section 3.1.1. The results presented 

in Appendix A show a coefficient of variation of less than 1 %. The smaller value of 

coefficient of variation in this case shows that the experimental results are 

consistent. The data for determination of coefficient of manufacturer's variation, as 

presented in Appendix A shows a value of less than 2 % which is considered as 

excellent according to ASAE Engineering Practice Standards. 

For each corresponding head and flow rate observation, the measured head loss 

gradient was determined using equation 3.5. Measured discharge values were then 

inserted in equation 2.1 to obtain the head loss gradient predicted by the Hazen-

Williams equation at roughness parameter C = 130, 140 and 150. The head loss 

gradient predicted by the Blasius equation and the Darcy-Weisbach equation were 

computed using equation 2.2 and 2.5 respectively. The friction factor f in the Darcy-

Weisbach equation was determined by trial and error solution of equation 2.3. At the 

bottom of each table, sum of squares of differences between measured and computed 
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values for all formulas are listed. The smaller this number, the more accurate is the 

formula in that Reynolds number range. These values for all tubings and PVC pipes 

have been combined and presented in Table 12 to discuss the applicability of the 

Hazen-Williams equation in different ranges of Reynolds numbers. 

The data presented in tables 5 to 11 has been explained using a set of graphs. 

For each table a set of four graphical illustrations is used to discuss the results. The 

first figure of each set compares the head loss gradient versus flow rate determined 

from each study and predicted by the Blasius and Darcy-Weisbach equations. The 

second figure compares the relationship between head loss gradient and flow rate for 

the measured values and those calculated using the Hazen-Williams equation at 

different roughness parameter values. The third figure compares the measured head 

loss gradient with the predicted head loss for all the Hazen-Williams, Blasius and 

Darcy-Weisbach equations. The deviation of head loss from the measured head loss 

straight line gives an estimate of how well each equation predicted the actual head 

loss. The measured head loss gradient corresponding to each discharge observation 

has been used to compute the Darcy friction factor for each size tubing and pipe 

investigated. A plot of friction factors obtained by the experiment, the Blasius 

equation and the Darcy-Weisbach equation is provided in the fourth figure of each set. 

The results for each tubing and pipe size are discussed separately in the following 

sections. 

Table 5 shows the measured and the predicted data for tubing diameter of 

6.5 mm (0.256 inch). Figure 9 shows that the Blasius equation and the Darcy-

Weisbach equation underestimate the head loss slightly in this flow range. This 

difference may be due to the reason, which was frequently observed while taking 

small flow rate observations at heads lower than 61 cm (2 feet), was that air bubbles 
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were easily entrained in water under these conditions. These bubbles restrict the flow 

path, reducing the flow rate and result in more head loss. Moreover, some deviation 

may be attributed to the fact that the flow takes place in the transition zone between 

laminar and turbulent flow. The Blasius equation and the Darcy-Weisbach equation 

follow plot very closely in this figure. Because the former is a straight line 

approximation of the later, they intersect each other close to flow rate of 

0.015 l/sec (Reynolds number = R = 3,000). 

Figure 10 shows that the Hazen-Williams equation with roughness parameter 

C = 140 and 150 is not a good predictor of head loss in this flow range. The head loss 

predicted by the Hazen-Williams equation with roughness parameter C = 130 provides 

better estimate above flow rate of 0.015 I / sec (R = 3,000). Figure 11 shows that 

the Blasius equation and the Darcy-Weisbach equation can be judged as the better 

predictors of head loss in this flow range as they follow the straight line of the 

measured head loss gradient very closely throughout the entire flow range. This is 

also evident from the sum of squares of differences values at the bottom of Table 5. 

The Hazen-Williams equation with C = 130, 140 and 150 follow them in order 

concerning the accuracy in predicting the head loss in this flow range. 

The Darcy-Weisbach equation is considered as the most accurate means of 

estimating the head loss in pipes. Friction factor values for the measured data as 

shown in Figure 12 should intersect the Blasius equation line close to the Reynolds 

number of 3,000. The measured line appears parallel to the Darcy-Weisbach equation 

line and intersects the Blasius equation line close to a Reynolds number of 7,000. This 

difference may have resulted due to the possible air entrainment or instability and 

unpredictability of flow because these Reynolds numbers fall in the transition or 

critical zone between laminar and turbulent flow (R = 3,000 to 10,000). As Reynolds 
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numbers of 7,000 to 8,000 are approached in the Figure 12, the measured line draws 

closer to the Darcy-Weisbach equation line which proves the unpredictability of flow 

in the lower Reynolds numbers (1,500 to 5,000). 

Figure 12 also helps us to investigate the applicability of the Blasius equation 

for Reynolds numbers less than 10,000 by making its comparison with the measured 

equation and the equation proposed by Pong et. al (1984). A log linear regression was 

performed between the friction factor and Reynolds number for the measured data to 

get a measured equation similar to the Blasius and Pong equations as follows: 

log(f) = log(a) + b x log(R) (4.1) 

where, 

the measured friction factor 

b 

a 

R 

Y intercept of the regression line 

slope of the regression line 

Reynolds number 

The resultant equation should be of the form: 

f = a x Rb (4.2) 

The regression output of the measured data is as follows 

Y Intercept 

R Squared 

No. of observations 

a 

0.991373 

-0.2487 

1 6  

Degrees of Freedom 14 

Slope of regression line = b = -0.31232 

The resultant regression equation is given by: 

log(f) = log(-0.2487) - 0.31232 x log(R) 
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Inverse logarithm of both sides gives the following equation: 

f = 0.56 x R-°-31 (4.3) 

The above mentioned three equations for friction factor and their 

corresponding head loss equations have been tabulated in Table 3 as follows: 

Table 3: Equations for Friction Factor (f) and Head Loss (hf) 

Equation Friction Factorff) Head Loss ^ 

Measured f = 0.56 x R"0-31 h, = K x Q1-69/ D4-69 

K = 1.425 x 10"3 

Blasius f = 0.25 x R'0-25 hf = K x Q1-75 / D4-75 

K = 1.305 x 10'3 

Pong f = 0.545 X 10"°-315 hf = K X Q1-685 / D4.685 

K = 1.332 x IO"3 

The delivery hoses in bubbler irrigation system are usually 4.5 to 6 meter 

(15 to 20 feet) long, have diameter of 9.5 to 12.7 mm (0.375 to 0.5 inch) and are 

designed for flow rates of 0.047 to 0.063 l/sec (0.75 to 1 gpm). For these conditions 

Reynolds numbers in the range of 6,400 to 8,500 are encountered, so that the 

equations mentioned above can be used for head loss computation. Comparison of the 

maesured equation with the Blasius and Pong equations has been presented in Table 4. 

The table shows the percentage errors in head loss and flow rate resulting by the use 

of the Blasius and Pong equations for a 4.5 meter (15 feet) length of 9.7 mm 

(0.383 inch) diameter plastic tubing with flow rates of 0.047 l/sec (0.75 gpm) and 

0.063 l/sec (1 gpm) respectively. 
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Table 4: Percentage Errors in Head Loss and Flow Rate 

| Equation j 

I 
Flow Rate - 0.047 l/sec | 

Head | % Error in | % Error in j 
Loss j Head Loss j Flow Rate j 
(cm) | <%) | (%) | 

I 

Flow Rate - 0.063 l/sec | 
Head | % Error in | % Error in | 
Loss j Head Loss | Flow Rate | 
(cm) | (%) | (%) | 

| Measured | 35.97 
I 
| 0.00 

I 
0.00 I 58.70 

1 
| 0.00 0.00 | 

| Blasius | 34.40 
I 
| 4.36 

1 
2.82 | 56.94 

1 
| 3.00 1.80 | 

I Pong I 33.50 
I 
| 6.07 

1 
4.33 | 54.60 

1 
| 6.98 4.20 | 

The error in flow rate resulting due to the use of the Blasius equation in place 

of the measured equation ranges from 2.8 to 1.8 % as given in Table 4, which shows 

that the Blasius equation is not significantly different from the measured equation to 

rule out its use in this Reynolds number range. As this is a single equation applicable 

over a wide range of Reynolds numbers, its use should be preferred over the 

measured equation or the one proposed by Pong et. al (1984). 

Table 6 gives the measured and the predicted data for tubing diameter of 9.7 

mm. Figure 13 shows that for flow rates larger than 0.045 l/sec (R = 6,000), the 

measured line on the plot follows very closely with the Blasius equation and the 

Darcy-Weisbach equation lines. As mentioned in case of Figures 9 and 12, the 

disagreement between the plotted values for R less than 6,000 can be due to the 

instability and unpredictability of flow. Figure 14 shows that the Hazen-Wiliiams 

equation with C = 150 underestimates the head loss in this range also, C = 130 

provides better estimates up to R = 5,000 and C = 140 is accurate for Reynolds 

numbers of 10,000 and higher. Between these Reynolds numbers (5,000 to 10,000), 

both estimate the head loss equally well so any of the two values of C can be used. 

Figure 15 indicates that the Blasius equation and the Hazen-Williams equation with 



TABLES: FLOW RATE versus HEAD LOSS GRADIENT RELATIONSHIP FOR PLASTIC TUBING 

TUBING DIAMETER = 6.5 mm 
TUBING LENGTH = 6.1 meter 
WATER TEMPERATURE = 70 degF 

Head Measured Velocity Velocity Reynolds Head Loss Gradient (m/m) 
Discharge Head Number 

(m/m) 

(cm) (l/sec) (m/sec) (m) 
Measured Hazen-Williams Equation Darcy-W. Equation 

(cm) (l/sec) (m/sec) (m) C = 130 C = 140 C = 150 Blasius V-Karman 

15.24 0.0077 0.23 0.004 1532 0.0243 0.0197 0.0171 0.0151 0.0217 0.0227 
30.48 0.0117 0.35 0.010 2335 0.0484 0.0429 0.0374 0.0329 0.0454 0.C462 
45.72 0.0150 0.45 0.016 2988 0.0724 0.0678 0.0591 0.0520 0.0699 0.0699 
60.96 0.0173 0.52 0.021 3453 0.0965 0.0886 0.0772 0.0679 0.0901 0.0895 
76.20 0.0201 0.60 0.028 3992 0.1203 0.1159 0.1010 0.0889 0.1161 0.1147 
91.44 0.0223 0.67 0.035 4444 0.1442 0.1414 0.1232 0.1085 0.1401 0.1375 

106.68 0.0243 0.73 0.041 4834 0.1682 0.1651 0.1440 0.1267 0.1623 0.1588 
121.92 0.0265 0.80 0.049 5273 0.1919 0.1940 0.1691 0.1488 0.1890 0.1840 
137.16 0.0279 0.84 0.054 5549 0.2160 0.2133 0.1859 0.1636 0.2066 0.2010 
152.40 0.0300 0.90 0.062 5964 0.2396 0.2437 0.2124 0.1870 0.2344 0.2270 
167.64 0.0322 0.97 0.072 6416 0.2630 0.2790 0.2432 0.2140 0.2663 0.2585 
182.88 0.0334 1.01 0.077 6642 0.2871 0.2975 0.2593 0.2282 0.2830 0.2739 
198.12 0.0351 1.06 0.085 6981 0.3108 0.3262 0.2844 0.2502 0.3087 0.2984 
213.36 0.0365 1.10 0.092 7257 0.3346 0.3505 0.3055 0.2689 0.3304 0.3188 
228.60 0.0383 1.15 0.102 7621 0.3581 0.3838 0.3345 0.2944 0.3600 0.3469 
243.84 0.0397 1.20 0.109 7897 0.3818 0.4099 0.3573 0.3145 0.3831 0.3690 

SUM OF SQUARES OF DIFFERENCE = 2.50E-03 8.14E-03 3.54E-02 3.13E-04 1.56E-03 
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TABLE 6: FLOW RATE versus HEAD LOSS GRADIENT RELATIONSHIP FOR PLASTIC TUBING 

TUBING DIAMETER = 9.7 mm 
TUBING LENGTH = 6.1 meter 
WATER TEMPERATURE = 70degF 

Head Measured Velocity Velocity Reynolds Head Loss Gradient (m/m) 
Discharge Head Number 

(cm) (l/sec) (m/sec) 
Measured Hazen-Williams Equation Darcy-W. Equation 

(cm) (l/sec) (m/sec) (m) o
 

I 
II
 

C
O

 
o

 

o
 

II
 o
 

C = 150 Blasius V-Karman 

15.80 0.0240 0.32 0.008 3197 0.0246 0.0229 0.0200 0.0176 0.0237 0.0236 
31.05 0.0353 0.48 0.017 4711 0.0480 0.0470 0.0410 0.0361 0.0467 0.0458 
46.00 0.0448 0.61 0.028 5973 0.0708 0.0730 0.0636 0.0560 0.0707 0.0687 
61.20 0.0536 0.73 0.040 7151 0.0937 0.1019 0.0888 0.0781 0.0969 0.0937 
76.40 0.0606 0.82 0.051 8077 0.1168 0.1276 0.1112 0.0979 0.1199 0.1156 
91.55 0.0675 0.91 0.064 9002 0.1396 0.1560 0.1360 0.1197 0.1450 0.1394 

106.65 0.0732 0.99 0.075 9759 0.1625 0.1812 0.1579 0.1390 0.1670 0.1603 
122.10 0.0795 1.08 0.088 10600 0.1857 0.2112 0.1841 0.1620 0.1930 0.1851 
137.90 0.0852 1.15 0.102 11358 0.2094 0.2399 0.2092 0.1841 0.2177 0.2087 
153.00 0.0902 1.22 0.114 12031 0.2321 0.2669 0.2327 0.2048 0.2408 0.2306 
168.25 0.0953 1.29 0.127 12704 0.2550 0.2952 0.2574 0.2265 0.2649 0.2537 
182.88 0.0984 1.33 0.136 13124 0.2776 0.3136 0.2734 0.2406 0.2804 0.2684 
198.12 0.1035 1.40 0.150 13797 0.3002 0.3440 0.2999 0.2639 0.3061 0.2925 
213.36 0.1085 1.47 0.165 14470 0.3227 0.3758 0.3276 0.2883 0.3327 0.3184 
228.60 0.1123 1.52 0.177 14975 0.3458 0.4004 0.3491 0.3072 0.3532 0.3382 
243.84 0.1167 1.58 0.191 15564 0.3685 0.4301 0.3749 0.3299 0.3779 0.3615 

SUM OF SQUARES OF DIFFERENCE = 1.80E-02 3. I3E-04 1.16E-02 6.51E-04 2.90E-04 
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C = 140 are the best equations in this flow range. This is also shown by their lower 

squares of differences values at the bottom of Table 6. The Darcy-Weisbach equation 

and the Hazen-Williams equation with C = 130 and 150 follow them in order regarding 

the accuracy of head loss prediction. In Figure 16, the initial disagreement between 

the plotted values occurs due to the instability of flow in this range of Reynolds 

numbers (< 7,000). The measured values are plotted very close to the Blasius and 

Darcy-Weisbach equations after this initial period of unstable flow. 

Table 7 and Figures 17 through 20 explain the head loss relationships for 

tubing diameter of 12.6 mm (0.496 inch). As in case of figures 9 and 13, for flow 

rates greater than 0.07 l/sec (R =7,000), the measured line is almost coincident with 

the Blasius and Darcy-Weisbach equation lines in Figure 17. Figure 18 shows that the 

Hazen-Williams equation with C = 140 gives accurate estimates of head loss from 

flow rate of 0.095 l/sec to 0.235 l/sec (R = 10,000 to 24,000). The use of C = 130 

can be recommended for Reynolds numbers less than 10,000. Figure 19 shows that 

the Darcy-Weisbach and Blasius equations predict the head loss very accurately in 

this flow range. The Hazen-Williams equation with C = 140, 150 and 130 follow them 

in order. Figure 20 shows that the friction factors determined by the experiment are 

plotted very close to the Darcy-Weisbach equation line after the initial period of 

unstable flow (R > 7,000). 

Table 8 and Figures 21 through 24 are for tubing diameter of 15.4 mm 

(0.608 inch). Figures 21 and 24 show similar results as described before in case of 

similar figures for smaller diameter tubings. Figure 22 verifies the earlier 

observation that the Hazen-Williams equation with C = 140 is accurate for Reynolds 

number of 10,000 to 25,000. For Reynolds numbers greater than 25,000, the Hazen-

Williams equation with C = 150 is suitable. Figure 23 shows that the Blasius and 



TABLE 7: FLOW RATE versus HEAD LOSS GRADIENT RELATIONSHIP FOR PLASTIC TUBING 

TUBING DIAMETER = 12.6 mm 
TUBING LENGTH = 6.1 meter 
WATER TEMPERATURE = 70 degF 

Head 

(cm) 

Measured 
Discharge 

(l/sec) 

Velocity 

(m/sec) 

Velocity 
Head 

(m) 

Reynolds 
Number 

Head Loss Gradient (m/m) Head 

(cm) 

Measured 
Discharge 

(l/sec) 

Velocity 

(m/sec) 

Velocity 
Head 

(m) 

Reynolds 
Number 

Measured Hazen-Williams Equation 
C = 130 C = 140 C = 150 

Darcy-W. Equation 
Blasius V-Karman 

15.80 0.0473 0.38 0.011 4858 0.0241 0.0226 0.0197 0.0173 0.0225 0.0220 
30.85 0.0713 0.57 0.025 7319 0.0465 0.0483 0.0421 0.0370 0.0460 0.0444 
45.70 0.0902 0.72 0.040 9262 0.0684 0.0747 0.0651 0.0573 0.0695 0.0667 
60.60 0.1066 0.86 0.056 10946 0.0902 0.1017 0.0887 0.0780 0.0931 0.0892 
76.85 0.1218 0.98 0.073 12500 0.1140 0.1301 0.1134 0.0998 0.1175 0.1124 
91.95 0.1356 1.09 0.090 13925 0.1359 0.1589 0.1385 0.1219 0.1419 0.1357 

107.05 0.1476 1.18 0.107 15156 0.1579 0.1859 0.1620 0.1426 0.1646 0.1574 
122.20 0.1602 1.29 0.126 16451 0.1796 0.2163 0.1886 0.1660 0.1900 0.1814 
137.25 0.1703 1.37 0.143 17487 0.2016 0.2423 0.2112 0.1859 0.2114 0.2017 
152.35 0.1823 1.46 0.163 18718 0.2230 0.2748 0.2395 0.2108 0.2381 0.2275 
167.30 0.1918 1.54 0.181 19689 0.2446 0.3018 0.2631 0.2315 0.2602 0.2488 
182.88 0.2006 1.61 0.198 20596 0.2674 0.3280 0.2859 0.2516 0.2815 0.2692 
198.12 0.2107 1.69 0.218 21532 0.2890 0.3592 0.3132 0.2756 0.3068 0.2934 
213.36 0.2189 1.76 0.236 22474 0.3111 0.3855 0.3361 0.2958 0.3280 0.3136 
228.60 0.2259 1.81 0.251 23187 0.3336 0.4085 0.3561 0.3134 0.3464 0.3316 
243.84 0.2347 1.88 0.271 24093 0.3553 0.4386 0.3823 0.3365 0.3704 0.3544 

SUM OF SQUARES OF DIFFERENCE = 3.74E-02 3.65E-03 3.22E-03 1.97E-03 9.17E-05 
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TABLE 8: FLOW RATE versus HEAD LOSS GRADIENT RELATIONSHIP FOR PLASTIC TUBING 

Head 

(cm) 

TUBING DIAMETER 
TUBING LENGTH 
WATER TEMPERATURE 

(l/sec) (m/sec) (m) 

15.4 mm 
6.1 meter 
7 0 deg F 

Measured Velocity Velocity Reynolds 
Discharge Head Number 

Head Loss Gradient (m/m) 

Measured Hazen-Williams Equation 
C = 130 C = 140 C = 150 

Darcy-W. Equation 
Blasius V-Karman 

16.65 0.0826 0.44 0.015 6942 0.0248 0.0239 0.0208 0.0183 0.0230 0.0222 
31.70 0.1218 0.65 0.033 10227 0.0466 0.0489 0.0427 0.0376 0.0453 0.0434 
46.35 0.1533 0.82 0.052 12877 0.0675 0.0750 0.0654 0.0575 0.0678 0.0649 
61.40 0.1811 0.97 0.072 15209 0.0888 0.1021 0.0890 0.0783 0.0907 0.0866 
76.80 0.2076 1.11 0.095 17434 0.1103 0.1314 0.1146 0.1008 0.1152 0.1101 
92.50 0.2295 1.23 0.116 19289 0.1326 0.1585 0.1382 0.1216 0.1375 0.1315 

107.50 0.2524 1.35 0.140 21197 0.1532 0.1888 0.1645 0.1448 0.1621 0.1551 
122.00 0.2713 1.46 0.162 22786 0.1734 0.2158 0.1881 0.1656 0.1840 0.1763 
137.25 0.2864 1.54 0.181 24058 0.1954 0.2386 0.2080 0.1831 0.2024 0.1937 
152.50 0.3104 1.67 0.212 26072 0.2152 0.2769 0.2414 0.2125 0.2329 0.2233 
167.75 0.3237 1.74 0.231 27185 0.2372 0.2992 0.2609 0.2296 0.2506 0.2404 
182.88 0.3407 1.83 0.256 28615 0.2579 0.3291 0.2869 0.2524 0.2741 0.2634 
198.12 0.3558 1.91 0.279 29887 0.2790 0.3567 0.3109 0.2736 0.2958 0.2841 
213.36 0.3697 1.98 0.301 31053 0.3004 0.3828 0.3337 0.2937 0.3163 0.3039 
228.60 0.3836 2.06 0.324 32219 0.3216 0.4099 0.3573 0.3145 0.3374 0.3242 
243.84 0.3943 2.12 0.343 33120 0.3436 0.4314 0.3760 0.3309 0.3541 0.3407 

SUM OF SQUARES OF DIFFERENCE = 4.73E-02 7.14E-03 1.21E-03 1.95E-03 2.04E-04 
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TABLE 9: FLOW RATE versus HEAD LOSS GRADIENT RELATIONSHIP FOR PVC PIPE 

PIPE DIAMETER 
PIPE LENGTH 
WATER TEMPERATURE 

18.5 mm 
6.1 meter 
7 0 deg F 

Head Measured Velocity Velocity Reynolds 
Discharge Head Number 

Head Loss Gradient (m/m) 

(cm) (l/sec) (m/sec) (m) 
Measured Hazen-Williams Equation 

C = 130 C =140 C = 150 
Darcy-W. Equation 

Blasius V-Karman 

17.10 0.1426 0.53 0.022 9969 0.0245 0.0268 0.0234 0.0206 0.0250 0.0240 
31.55 0.2025 0.75 0.043 14160 0.0446 0.0514 0.0448 0.0394 0.0462 0.0441 
46.30 0.2555 0.95 0.069 17865 0.0646 0.0791 0.0689 0.0606 0.0693 0.0663 
60.90 0.2972 1.11 0.093 20777 0.0845 0.1046 0.0911 0.0802 0.0903 0.0863 
77.35 0.3413 1.27 0.123 23864 0.1066 0.1351 0.1178 0.1037 0.1151 0.1102 
92.10 0.3748 1.39 0.149 26202 0.1266 0.1607 0.1401 0.1233 0.1355 0.1299 
107.00 0.4095 1.52 0.177 28628 0.1463 0.1893 0.1650 0.1452 0.1583 0.1521 
123.30 0.4378 1.63 0.203 30614 0.1689 0.2143 0.1868 0.1644 0.1780 0.1710 
137.80 0.4662 1.73 0.230 32599 0.1882 0.2408 0.2099 0.1847 0.1986 0.1911 
152.10 0.5009 1.86 0.266 35025 0.2058 0.2750 0.2397 0.2110 0.2252 0.2167 
168.00 0.5230 1.95 0.289 36569 0.2280 0.2979 0.2597 0.2285 0.2429 0.2342 

SUM OF SQUARES OF DIFFERENCE = 1.90E-02 3.67E-03 1.56E-04 1.14E-03 2.33E-04 
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Figure 28: Relationship between Reynolds Number and Friction Factor (f) for PVC pipe 
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TABLE 10: FLOW RATE versus HEAD LOSS GRADIENT RELATIONSHIP FOR PVC PIPE 

PIPE DIAMETER = 23 mm 
PIPE LENGTH = 6.04 meter 
WATER TEMPERATURE = 70degF 

Head Measured Velocity Velocity Reynolds Head Loss Gradient (m/m) 
Discharge Head Number 

(m/m) 

(cm) (l/sec) (m/sec) 
Measured Hazen-Williams Equation Darcv-W. Equation 

(cm) (l/sec) (m/sec) (m) C = 130 C = 140 C = 150 Blasius V-Karman 

16.50 0.2454 0.59 0.027 13802 0.0229 0.0254 0.0221 0.0195 0.0230 0.0220 
30.55 0.3476 0.84 0.054 19550 0.0417 0.0484 0.0422 0.0371 0.0422 0.0404 
47.20 0.4404 1.06 0.086 24766 0.0639 0.0750 0.0654 0.0575 0.0639 0.0613 
61.65 0.5154 1.24 0.118 28988 0.0826 0.1004 0.0875 0.0770 0.0842 0.0807 
76.55 0.5729 1.38 0.145 32217 0.1027 0.1221 0.1064 0.0937 0.1013 0.0973 
91.00 0.6347 1.53 0.178 35694 0.1211 0.1476 0.1287 0.1132 0.1212 0.1166 

106.10 0.6896 1.66 0.211 38781 0.1408 0.1721 0.1500 0.1321 0.1401 0.1352 
121.30 0.7482 1.80 0.248 42081 0.1598 0.2002 0.1745 0.1536 0.1616 0.1563 
136.10 0.7924 1.91 0.278 44564 0.1793 0.2227 0.1941 0.1708 0.1787 0.1727 
151.00 0.8441 2.03 0.316 47474 0.1977 0.2503 0.2182 0.1920 0.1996 0.1934 
165.50 0.8814 2.12 0.344 49567 0.2170 0.2712 0.2364 0.2080 0.2152 0.2087 

SUM OF SQUARES OF DIFFERENCE = 1.18E-02 1.42E-03 5.47E-04 1.57E-05 2.38E-04 
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Figure 30: Relationship between Flow Rate and Head Loss Gradient for PVC pipe with 
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TABLE 11: FLOW RATE versus HEAD LOSS GRADIENT REUTIONSHIP FOR PVC PIPE 

PIPE DIAMETER = 26.4 mm 
PIPE LENGTH = 4.2 meter 
WATER TEMPERATURE = 70 degF 

Head Measured Velocity Velocity Reynolds Head Loss Gradient (m/m) 
Discharge Head Number 

(m/m) 

(cm) (l/sec) (m/sec) 
Measured Hazen-Williams Equation Darcy-W. Equation 

(cm) (l/sec) (m/sec) (m) C = 130 C = 140 C = 150 Blasius V-Karman 

18.00 0.4296 0.78 0.047 21051 0.0316 0.0366 0.0319 0.0281 0.0318 0.0304 
30.80 0.5766 1.05 0.085 28253 0.0531 0.0631 0.0550 0.0484 0.0532 0.0510 
42.00 0.6871 1.26 0.120 33663 0.0713 0.0873 0.0761 0.0670 0.0723 0.0696 
64.00 0.8643 1.58 0.191 42349 0.1070 0.1336 0.1165 0.1025 0.1081 0.1044 
76.70 0.9552 1.74 0.233 46800 0.1272 0.1608 0.1402 0.1234 0.1287 0.1248 
91.25 1.0498 1.92 0.281 51437 0.1503 0.1915 0.1670 0.1469 0.1518 0.1475 
104.25 1.1280 2.06 0.325 55270 0.1709 0.2188 0.1907 0.1679 0.1722 0.1676 
118.25 1.2056 2.20 0.371 59072 0.1932 0.2475 0.2157 0.1899 0.1935 0.1885 
132.40 1.2807 2.34 0.419 62751 0.2156 0.2768 0.2413 0.2123 0.2150 0.2100 
148.30 1.3754 2.51 0.483 67387 0.2382 0.3158 0.2753 0.2423 0.2436 0.2385 
162.75 1.4567 2.66 0.541 71375 0.2586 0.3513 0.3063 0.2695 0.2694 0.2642 

SUM OF SQUARES OF DIFFERENCE = 2.75E-02 5.78E-03 2.68E-04 1.55E-04 1.25E-04 
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Darcy-Weisbach equations are the best predictors of head loss in this flow range also. 

They are followed by the Hazen-Williams equation with C= 150, 140 and 130 in order. 

Tables 9 through 11 present measured and predicted data for PVC pipes with 

diameter of 18.5 mm (0.73 inch), 23.0 mm (0.905 inch) and 26.4 mm (1.04 inch) 

respectively. Figure 25 shows that the regime of unstable flow is not encountered in 

this case because the Reynolds number corresponding to the least flow rate 

observation is 10,000. Therefore, the measured line follows very closely with the 

Darcy-Weisbach and Blasius equation lines in the entire flow range. Figure 26 

establishes that the Hazen-Williams equation with C = 150 gives accurate estimates of 

head loss for Reynolds numbers greater than 25,000. Figure 27 establishes once more 

that the Blasius and Darcy-Weisbach equations predict the head loss most accurately. 

Figure 28 follows the same reasoning as in case of Figure 25. Figures 29 to 36 are 

based on the data presented in tables 10 and 11. Observations concerning these 

figures are very similar to those of figures 25 to 28. 

Table 12 summarizes the comparison of the measured head loss with the head 

loss predictions of the Hazen-Williams equation with different roughness parameter 

values. It shows the values of sum of squares of differences between the measured 

head loss and predictions of each formula for different ranges of Reynolds numbers. 

The Blasius and Darcy-Weisbach equations have the smallest value in each range 

showing their validity for the entire Reynolds number range studied i.e.1,500 to 

72,000. For Reynolds numbers less than 25,000, C = 130 and C = 140 have the next 

smallest values which shows their applicability for this range. The Hazen-williams 

equation with C = 150 has the smallest values after the Blasius and Darcy-Weisbach 

equations for Reynolds numbers greater than 25,000, which shows its validity in this 

range. 
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Table 12: Sum of Squares of Differences beteween Measured 
Head Loss and Predictions by different Formulas 

j Reynolds Number j Hazen - Williams Equation Darcy-Weisbach Eq. j 
| Range | C = 130 C = 140 | C = 150 Blasius V-Karman | 

| 1532 - 7897 | 2.50E-03 8.14E-03 
I 
| 3.54E-02 3.13E-04 1.56E-03 | 

| 3197 - 15564 | 1.80E-02 3.13E-04 | 1.16E-02 6.51 E-04 2.90E-04 | 
| 4858 - 24093 | 3.74E-02 3.65E-03 | 3.22E-03 1.97E-03 9.17E-05 | 
| 6942 - 33120 | 4.73E-02 7.14E-03 | 1.21E-03 1.95E-03 2.04E-04 | 
| 9969 - 36569 | 1.90E-02 3.67E-03 | 1.56E-04 1.14E-03 2.33E-04 | 
| 13802 - 49567 | 1.18E-02 1.42E-03 | 5.47E-04 1.57E-05 2.38E-04 | 
| 21051 - 71375 | 2.75E-02 5.78E-03 | 2.68E-04 1.55E-04 1.25E-04 | 

In order to summarize the results of the comparison of the measured head loss 

and that predicted by the Blasius and Darcy-Weisbach equations for each PE tubing and 

PVC pipe, the data used to draw the Reynolds number versus friction factor plot for 

each individual tubing or pipe size was combined to draw an overall plot as shown in 

Figure 37. The figure shows that below and close to the region of unstable flow 

(R <= 7,000), disagreements between the measured friction factor and the values 

obtained by the Blasius equation and the Darcy-Weisbach equation are observed. For 

Reynolds numbers greater than 10,000, there are very little disagreements between 

the plotted values. This follows the results discussed in case of individual tubings and 

PVC pipe sizes investigated. 

In order to determine the significance of difference between the slopes of the 

measured line and the Blasius equation as plotted in Figure 37, a statistical analysis 

was performed. Using the data of Figure 37, a log linear regression was performed 

between the measured friction factor and the Reynolds number to obtain a measured 
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equation similar to the Blasius equation, as in case of equation 4.1. The regression 

output of the measured data is as follows: 

Y Intercept = a = -0.384 

R Squared = 0.984368 

No. of Observations = 97 

Degrees of Freedom = 95 

Slope of regression line = b = -0.2767 

The resultant regression equation is given by: 

f = 0.413 * R-°.277 ; ( 4 . 4 )  

A two-sided slope significance test (Ott Lyman, 1984) was performed to 

determine the significance of difference between the slopes of equation 4.4 and the 

Blasius equation. The value of test 't' and for a = 0.05, the critical value from the 

t table are as follows: 

t = -0.60615 

tcritical = 1.761 

As |t| < tcritical. there is no significant difference between the slopes of the 

two equations which shows that measured data is not significantly different from the 

predictions of the Blasius equation. Therefore, the Blasius equation can be used for 

head loss computation in plastic pipes for Reynolds numbers from 3,000 to 100,000. 

4.2 Air Locking Investigation: 

The first step in this investigation was to understand the mechanism of air 

locking in the delivery hoses of bubbler irrigation system. As explained in section 

3.1.1, the experiment was designed by setting up a series of humps of clear vinyl 
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tubing. The experiment was set up as a series of four humps each having a rise of 

15.24 cm (6 inch). The outflow end of the tubing was fixed at a height of 46 cm 

(1.5 feet) from the platform. Some water was left in the last trough of the series so 

that it could trap air between this point and and the water source. The head was 

slowly raised in the standpipe of the constant head device. It was observed that the 

water started rising very slowly in the riser of the first hump. While the water was 

rising, air bubbles could be seen escaping through the water in the last trough. When 

the water reached the top of the first hump, it started to trickle down into the second 

trough instead of flowing as a full pipe flow. The reason was that the entrance 

velocity was not high enough to be able to force full pipe. Also, the gravitational force 

at the top of the hump exceeded the lifting force due to surface tension to stop full 

pipe flow. Since the head in the standpipe was continuously increased forcing more 

water in the tubing, additional water started to trickle in the next trough. 

As the head continued to rise, water started to rise in the second hump 

because of continued trickling. At this time air bubbles could be seen escaping through 

the water in the rising legs of the first and second hump and the fourth trough. When 

the water rose to the top of the second hump, it started to trickle down to the third 

trough. With further raising of the head, water rose first in the third hump and then in 

the fourth hump which was followed by trickling in to the next troughs. When the 

water reached the top of the fourth hump and started to trickle down, the head in the 

standpipe was close to the sum of heights of all the humps. At this time water was 

present in the rising legs of all the humps and trickling continued in the falling legs 

where air was trapped but full pipe flow was still not possible. The trickling continued 

and the air bubbles kept on escaping through the water till the head in the standpipe 

was further raised a distance equal to the height above the platform where the 
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outflow end of the tubing was fixed. At this head all trapped air was released and 

water started flowing through the tubing normally. 

The observations outlined above indicate that the flow velocity at the entrance 

of the tubing is a crucial factor in the mechanism of air locking. A higher entrance 

velocity is capable of forcing the trapped air out of the tubing. In order to study the 

effect of higher entrance velocity on the removal of trapped air, the head in the 

standpipe was raised to a certain level before flow was allowed in the tubing. It was 

observed that relatively small initial heads of 15.24 to 23 cm (6 to 9 inch), depending 

upon the tubing size, were able to clear the tubing of the trapped air, even for humps 

of relatively large sizes which may not be expected in actual field installations. But 

even if such a mechanism is developed which can generate instantaneous head at the 

off-take of the system, it cannot possibly transfer its effect instantaneously to all the 

delivery hoses of the system. The overall effect in this case will be a gradual rise of 

head in the system. Therefore, a gradual rise of head is a close representation of the 

actual field installations. 

The effect of raising the head quickly instead of a gradual rise, on the 

mechanism of air locking, was also studied. The head in the standpipe was raised 

quickly by increasing the flow from the pump. It was observed that the mechanism of 

air locking followed the same pattern. This means that a quick rise of head cannot 

possibly replicate the effect of higher entrance velocity. These observations 

demonstrate the mechanism of air locking in the delivery hoses of bubbler system and 

indicate that as long as undulations are present in the delivery hoses, air locking can 

be caused irrespective of a gradual or rapid rise of the head in the bubbler system. 

The rest of the observations were, therefore, taken with a gradual rise of head. 
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With a similar experimental set up, the above mentioned process was repeated 

for the four tubing sizes investigated. A similar air locking mechanism was observed 

for tubings with diameter of 9.5 mm (0.375 inch), 12.7 mm (0.5 inch) and 19.05 mm 

(0.75 inch) but the observations for the 6.5 mm (0.25 inch) diameter tubing were 

different. In this case, when the water reached the top of the first hump as the head in 

the standpipe was raised, it started to flow as full pipe flow instead of trickling down 

in the first hump. The water quickly passed through all the humps and started to flow 

through the outflow end as soon as the head in the standpipe rose to the height of 

46 cm (1.5 feet), where the outflow end of the tubing was fixed. The reason for this 

was that when the water reached the top of the hump, the lifting force due to the 

surface tension exceeded the gravitational force because of the smaller tubing 

diameter and forced full pipe flow. A similar mechanism was observed for a very 

slow rise of head. When the effect of an instantaneous head was investigated for this 

tubing size, it was observed that when the head was raised from very small initial 

level such as 7.62 cm (3 inch), the air trapped in the tubing was cleared in the same 

way as a gradual rise of head. This also indicates that the problem of air locking in the 

bubbler system can be relieved by using smaller diameter delivery hose. 

The observations of tubings where air locking was observed showed that 

additional head was needed to release the trapped air. The next step was to find the 

amount of additional head required for each tubing diameter and its relation with 

other experimental variables such as hump spacing, hump height and the number of 

humps. In order to provide consistency in experimental observations, it was required 

to find out if the presence of water in the troughs at the beginning of experiment had 

any effect on the amount of additional head needed to flush out the trapped air. To 

investigate this, water was filled in the troughs in various combinations as described 
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in section 3.1.2. The observations recorded in each case were similar. When the tubing 

was left free of water, water rose to the top of the first hump and trapped air in the 

falling leg of the hump after it trickled down in the first hump. This process of air 

trapping continued in the successive humps with the rise of head in the standpipe. 

When the water reached the top of the last hump, the head in the standpipe was the 

same in all the cases; equal to the total height of all the humps. This process was 

repeated for the three tubing sizes and similar results were obtained. Therefore, 

further investigations were carried out with the tubing left free of water. 

The different variables were the tubing diameter, hump spacing, hump height 

and number of humps. For a tubing diameter of 9.5 mm (0.375 inch) and hump spacing 

of 46 cm (1.5 feet), the tubing was arranged in a series of four humps each with a 

rise of 7.62 cm (3 inch). The number of humps were later reduced to 3, 2 and 1. 

Observations were recorded in each of the four cases to study the effect of number of 

humps on the amount of additional head needed to release the trapped air. With the 

hump spacing remaining the same, the hump heights were increased each to 15.24 cm 

(6 inch), 22.86 cm (9 inch) or 30.48 cm (12 inch) and observations were recorded 

with 4, 3, 2 or 1 humps respectively. These same tests were repeated for hump 

spacings of 61 cm (2 feet) and 76.2 cm (2.5 feet) to study the effect of hump spacing 

on the amount of additional head needed to flush out the trapped air. In addition two 

other tubing diameters of 12.7 mm (0.5 inch) and 19.05 mm (0.75 inch) were tested. 

Table 13 shows the results of air locking investigations. The results indicate 

that the tubing diameter and the hump spacing did not have any effect on the amount of 

additional head needed to flush out the trapped air. For the three tubing sizes 

investigated and the three hump spacings tried, the amount of additional head was 

always equal to the the sum of heights of all the humps. It was observed that once the 



Table 13: Additional Head above the Outlet Elevation, needed to release the trapped Air for different 
Tubing Sizes and Hump Spacings 

Tubing 
7 
| Hump 

Additional Head needed to release Iho trappod "Air" (cm) | 

Dla. | Spacing Hump Holght • 7.62 cm | Hump Holght - 15,24 cm | Hump Height - 28. 36 cm | Hump Height - 30.48 cm | 

(mm) I (cm) 

I 

No"" ol Humps } 

i o
 

iZ
 

of Humps J No. ol Humps | No"" oi Humps | 

I 
I 

2 3 4 J 2 3 4 | 1 2 3 4 | 1 2 3 4 I 

I 
| 45.72 8.00 16.00 22.50 31.00 | 15.50 31.00 46.00 61.00 | 29.00 58.00 86.50 115.00 | 31.00 61.00 91.50 122.00 | 

9.52 
1 
| 60.96 7.75 15.50 23.00 30.50 | 15.00 30.50 45.75 61.50 j 30.00 58.50 87.00 116.00 | 30.50 60.25 91.00 120.50 | 

| 76.2 8.25 15.75 23.00 31.00 | 16.00 31.50 46.00 60.50 | 29.50 57.75 86.25 115.00 | 31.25 61.75 90.50 121.00 | 

1 
| 45.72 8.25 15.75 22.00 31.25 | 15.00 31.50 45.75 60.75 | 28.75 58.50 86.00 114.50 | 30.75 61.50 91.00 122.50 | 

12.7 
1 
| 60.96 8.00 15.50 22.75 30.75 | 15.50 30.00 46.00 60.50 | 30.00 57.75 86.25 115.00 | 31.50 60.50 91.50 121.50 j 

| 76.2 
1 

8.00 15.00 23.00 31.00 j 15.25 31.00 45.50 61.00 j 29.50 57.50 87.00 115.00 | 30.50 60.75 91.00 122.00 | 

1 
| 45.72 7.75 15.50 21.75 31.00 | 15.00 31.50 45.50 61.00 j 29.00 58.00 86.00 115.00 | 31.00 61.50 91.50 122.00 | 

19.05 | 60.96 8.00 16.00 22.00 31.00 | 15.75 31.00 46.00 61.50 | 30.00 57.50 86.50 114.75 | 31.00 61.00 90.75 122.50 | 

| 76.2 8.25 16.25 22.50 30.75 | 15.50 31.25 45.50 61.25 | 29.50 58.25 86.50 115.50 | 31.25 60.75 91.00 123.00 j 
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head in the standpipe exceeded this value, the flow started normally as in case of no 

humps. 

The observations in case of 6.35 mm (0.25 inch) tubing diameter suggest that 

the problem of air locking can possibly be relieved by using smaller diameter delivery 

hose. The question now arises that when the amount of additional head needed to 

release the trapped air is independent of the tubing diameter, how can the use of 

smaller diameter delivery hose relieve the problem of air locking. This can be 

explained using Figure 38. The figure shows a 4.5 meter (15 feet) long delivery hose 

connected to a lateral 61 cm (2 feet) below ground level. It has undulations the heights 

of which are labelled as x, y and z cm. After coming out of the ground, the delivery 

hose is fixed at an elevation of h cm. The hydraulic grade line is located at a height of 

H cm above the ground surface. In the figure, H - h cm is the required head loss in 

the delivery hose. 

As undulations are present in the delivery hose, an additional head equal to 

their sum of heights i.e (x + y + z) will be needed to release the trapped air. The 

additional head means the head in the lateral above the design elevation of the delivery 

hose. So, in order for the flow to take place H - h > x + y + z. If H - h < x + y + z 

then water will not be able to flow. For example, the head losses in 4.5 meter 

(15 feet) lengths of plastic delivery hoses with diameters of 9.7 mm (0.383 inch), 

12.6 mm (0.496 inch) and 15.4 mm (0.608 inch) have been computed for a flow rate 

of 0.063 l/sec (1 gpm) using the Blasius equation as follows: 

Head Loss in 9.7 mm delivery hose = 56.95 cm (1.87 ft) 

Head Loss in 12.6 mm delivery hose = 16.7 cm (0.55 ft) 

Head Loss in 15.4 mm delivery hose = 6.34 cm (0.21 ft) 



Hydraulic Grade Line 

Ground Surface 

CD 
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Figure 38: Illustration of the mechanism of Air Locking 
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The head losses listed above are the values of H - h for the three delivery 

hoses. If x + y + z = 30 cm, water will not be able to flow out of the last two delivery 

hoses because in these cases H-h<x+y+z. This means that the smaller diameter 

delivery hose, which has a higher head loss across its length for the same flow rate, 

has a better chance of exceeding the sum of heights of undulations and therefore, can 

relieve air locking. 

4.3 Field Installation of Bubbler Irrigation System: 

PVC pipes were used for laterals and manifolds in place of corrugated plastic 

pipe as used by previous researchers. Our experience with PVC pipes shows that they 

are extremely easy to work with in the field. Small lengths of these pipes were easily 

glued together. The wedge plugs used to provide the water tight connection of the 

delivery hose with the lateral also performed satisfactorily. However, a few leaks 

were observed due to faulty drilling of the holes in the laterals. If the holes are 

carefully drilled, the wedge plugs provide a water tight connection. The arrangement 

of providing the PVC standpipes in the basin around each tree for fixing the delivery 

hose at the design elevation also proved successful in protecting the delivery hoses. 

It was realized during this study that the selection of suitable trenching 

equipment is very important. Using a standard trenching machine, the trenching for 

the laterals and the manifold was completed in 3 working days. The site has a very 

hard top soil, but for sites with relatively soft top soil, considerably less trenching 

work may be involved. The arrangement of the modified single chisel attached to a 

three point hitch to bury the delivery hoses did not prove too successful because of 

the hard top soil. For a relatively soft soil site, this arrangement would only take 4 to* 

6 hours to bury the delivery hoses of a system of the size installed here. This can 

reduce the labor requirement and improve the economics of system installation. 
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A complete list of the materials and labor cost is given in Appendix B. The total 

cost of materials and labor falls around $ 3900 and for the plot size of 2.6 acres, the 

unit price of system installation is $ 1500 / acre. 
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CHAPTER 5 

SUMMARY AND CONCLUSIONS 

The applicability of the Blasius equation and the Hazen-Williams equation 

(with roughness parameter C =130, 140 and 150) for head loss calculation in plastic 

delivery hose and laterals and manifolds of bubbler irrigation system has been 

analyzed. The Reynolds numbers usually encountered for flow in the delivery hose are 

less than 10,000 while for flows in laterals and manifolds the Reynolds number fall in 

the range 10,000 to 100,000. Pong et. al (1984) suggested an equation for head loss 

computation in plastic pipes for Reynolds number less than 10,000. A similar 

regression equation was obtained by the measured data of this study. For the plastic 

tubing diameters usually used for the delivery hoses (9.5 and 12.7 mm (0.375 and 0.5 

inch)) and the flow rates commonly encountered in them (0.047 and 0.063 l/sec 

(0.75 to 1 gpm)), the use of the Blasius equation in place of the measured equation 

results in error in flow rate of 2.8 and 1.8 %. This difference is not large enough to 

rule out the use of the Blasius equation for Reynolds numbers less than 10,000. For 

Reynolds numbers from 10,000 to 100,000, the measured data follows very closely 

with the head loss predicted by the Blasius equation. This shows the applicability of 

the Blasius equation for Reynolds numbers from 3,000 to 100,000. 

The superimposition of the measured head loss data upon the plots of head loss 

predicted by the Hazen-Williams equation with roughness parameter C= 130, 140 and 

150 shows that for different ranges of Reynolds number, head loss can be predicted 

by the Hazen-Williams equation using suitable values of the roughness parameter. 

The results of the air locking investigation- revealed that the problem of air 

locking can be relieved by using smaller diameter delivery hose. The reason being that 
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for the same flow rate and length, a smaller diameter delivery hose has more head 

loss in an equal length than a larger diameter delivery hose. Therefore, a smaller 

diameter delivery hose has a better chance to overcome the additional head needed to 

release the trapped air due to undulations present in the delivery hose (which is the 

primary cause of air locking in the deliver hose), because of a larger required head 

loss and can, therefore, avoid air locking. Bubbler irrigation system is a low head 

system and the head available at the source may limit the allowable head loss in the 

delivery hose, which represents a great part of the total head loss in the system. 

Depending upon the head available at the source, a trade off between the delivery hose 

diameter and the problem of air locking has to be adopted. If the head available at the 

source is small and the use of a smaller diameter delivery hose is not possible due to 

larger head loss across it, one solution to the problem of air locking is that the 

delivery hoses should be carefully laid in the field to prevent forming of any 

undulations. Otherwise, arrangement could be made to generate an instantaneous head 

at the system inlet to flush out the trapped air as demonstrated by laboratory 

experiments. But, if the head available at the source is sufficient or the system is laid 

on considerable positive slope, the use of smaller diameter delivery hose should be 

preferred. 

The bubbler irrigation system installed at the MAC has provided trouble free 

service for six months since it was installed. No leaks have been reported in the 

system. The installation cost for the system including the labor for trenching is 

$ 1500 / acre. Rawlins (1977) had reported the cost of the system to be $ 600 to 

650 / acre depending upon the size of the lateral. Thornton et. al (1980) reported the 

cost of their system as $ 745 / acre. Both of these systems used corrugated plastic 

pipe for laterals and manifolds and the system installed by Thornton et. al (1980) was 
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a single lateral system which involved a small number of fittings. Considering the 

above mentioned factors and the price rise in the materials cost since these systems 

were installed, the figure of $ 1500 / acre for the installation cost of this system is 

not large especially because PVC pipes and fittings have been used. A pressurized drip 

system of the same size may cost around $ 1200 / acre to $ 1300 / acre. 

From this study it was concluded that: 

1. The Blasius equation can be used, without sacrificing too much accuracy, for 

computing head loss in the delivery hose of bubbler irrigation system where Reynolds 

numbers less than 10,000 are encountered. Its use for head loss computation in 

laterals and manifolds of bubbler system ( R from 10,000 to 100,000) was also 

established. 

2. The Hazen-Williams equation with roughness parameter C = 130 gives accurate 

estimates of head loss in plastic pipe for Reynolds numbers less than 10,000. For 

Reynolds numbers from 10,000 to 25,000, roughness parameter C = 140 and for 

Reynolds numbers greater than 25,000, the Hazen-Williams equation with C = 150 

give accurate predictions of head loss. 

3. The undulations in the delivery hose which are created during field installation are 

the primary cause of air locking in the delivery hose of bubbler irrigation system. The 

amount of additional head needed to release the trapped air is independent of i) the 

tubing diameter (for diameters bigger than an optimum value between 6.35 and 

9.5 mm (0.25 and 0.375 inch)), ii) the shape of the undulations, and iii) the presence 

of water in the lower portions of the undulations, but is always equal to the sum of 

heights of successive undulations. If the sum of heights of all the undulations exceeds 

the maximum allowable head loss in the delivery hose, water will not be able to flow 

out of the delivery hose. Some outside effort such as greater head or a pressure surge 
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is needed to release the trapped air. If enough head is available at the source, the 

problem can also be relieved by using smaller diameter delivery hose. 

4. The installation cost of the bubbler system in this study (including material and 

labor) is comparable to a pressurized drip system of the same size. Moreover, future 

savings in energy and maintenance favor the use of bubbler systems in orchards and 

vineyards. About 70 % of the materials cost was incurred on PVC pipes and fittings in 

this systerti. Development of commercial water tight fittings for corrugated plastic 

pipes would promote its use in place of PVC pipes and make the bubbler systems more 

attractive economically. 

5.1 Future Research Objectives: 

Future research can be focussed on the following objectives: 

1. To determine the optimum plastic tubing diameter between 6.35 and 9.5 mm 

(0.25 and 0.375 inch), which can avoid air locking, as shown by the results of this 

study. 

2. To carry out studies to determine limits of flushing as well as flow velocity 

through the laterals which can help avoid sedimentation. 

3. To study the variation in emission uniformity of the bubbler system installed at 

Maricopa during this study, when the system is operated at heads other than the 

design head. 

4. To develop a computer program to determine the ultimate length of lateral of a 

certain diameter, that can be used for a given design head. 
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APPENDIX A 

TABLES OF DATA 

This Appendix contains tables of data which were used for analysis in this 

study. Table A1 contains data used to determine the variation in experimental results. 

Table A2 summarizes this data to determine the coefficient of experimental variation. 

Table A3 contains data to determine the variation in tubing performance due to 

manufacture. Table A4 uses this data to determine an average value of coefficient of 

manufacturer's variation. 



Table A1: Data Collected to determine the Variation in Experimental Results 

T U B 1 N G D 1 A M E T E R (mm) 

6.5 1 9.7 12.6 1 
1 

15.4 

HEAD WATER TIME ROW | WATER TIME RCW | WATER TIME ROW | WATER TIME FLCW 
WEIGHT RATE | WEIGHT RATE I WEIGHT RATE | WEIGHT RATE 

(cm) <gm) (sec) (l/sec) 1 <gm) (sec) (l/sec) t (9m) (sec) (l/sec) | 
1 

(flm) (sec) (I'sec) 

235 30.84 0.00762 | 730 30.51 0.023927 | 733 15.34 0.047784 | 1281 15.37 0.083344 
233 30.11 0.007738 I 758 30.87 0.024555 | 754 15.47 0.048739 | 1251 15.09 0.082903 
232 30.31 0.007654 I 728 30.55 0.02383 | 739 15.41 0.047956 | 1319 15.68 0.08412 
231 30.24 0.007639 | 731 30.46 0.023999 I 734 15.24 0.048163 | 1301 15.53 0.083773 

15.24 239 30.34 0.007877 | 749 30.66 0.024429 I 723 15.28 0.047317 | 1289 15.48 0.083269 
235 30.29 0.007758 | 743 30.53 0.024337 | 730 15.31 0.047681 | 1249 15.29 0.081687 
282 36.01 0.007831 | 735 30.41 0.02417 | 731 15.36 0.047591 | 1310 15.61 0.083921 
234 30.31 0.00772 | 725 30.29 0.023935 I 735 15.46 0.047542 | 1243 15.02 0.082756 
233 30.23 0.007708 | 735 30.51 0.02409 | 723 15.31 0.047224 | 1248 15.17 0.082268 
231 30.22 0.007644 | 729 

1 . 

30.43 0.023957 I 709 15.18 0.046706 | 1265 15.32 0.082572 

MAXIMUM 0.007877 1 0.024555 0.048739 | 0.08412 
MINIMUM 0.00762 1 0.02383 0.046706 | 0.081687 
MEAN 0.007719 1 0.024123 0.04767 | 0.083061 
RANGE 0.000257 1 0.000725 0.002033 | 0.002433 
STANDARD DEVIATION 8.55E-05 1 0.000243 0.000553 1 0.000772 
COEFF. OF VARIATION (Cv) 0.011075 1 0.010078 0.011609 | 0.009295 

346 30.04 0.011518 I 725 20.18 0.035927 I 1075 15.04 0.071476 | 1258 10.21 0.123213 
351 30.33 0.011573 | 721 20.05 0.03596 | 1097 15.18 0.072266 | 1233 10.02 0.123054 
353 30.16 0.011704 | 749 20.61 0.036342 | 1087 15.11 0.071939 | 1248 10.18 0.122593 
371 31.35 0.011834 I 720 20.05 0.03591 | 1071 15.05 0.071163 | 1243 10.18 0.122102 

30.48 354 30.29 0.011687 | 723 20.31 0.035598 I 1105 15.55 0.071061 | 1252 10.26 0.122027 
355 30.08 0.011802 | 731 20.44 0.035763 | 1095 15.21 0.071992 | 1246 10.24 0.12168 
356 30.38 0.011718 | 715 20.13 0.035519 | 1071 15.03 0.071257 | 1240 10.13 0.122409 
351 30.27 0.011596 | 722 20.23 0.03569 1 1076 15.09 0.071306 | 1229 10.02 0.122655 
349 30.27 0.01153 | 715 20.19 0.035414 | 1089 15.11 0.072071 | 1235 10.13 0.121915 
355 30.21 0.011751 | 740 

I 
20.61 0.035905 I 1075 14.95 0.071906 | 1218 10.02 0.121557 

MAXIMUM 0.011834 I 0.036342 0.072266 | 0.123213 
MINIMUM 0.011518 I 0.035414 0.071061 | 0.121557 
MEAN 0.011671 I 0.035803 0.071644 | 0.12232 
RANGE 0.000316 I 0.000928 0.001205 | 0.001656 
STANDARD DEVIATION 0.000112 I 0.000267 0.000436 | 0.00056 
COEFF. OF VARIATION (Cv) 0.00958 I 0.007451 0.006085 | 0.004576 



Table A1: Continued 

T U B 1 N G D 1 A M E T 

I 

m
 

3J
 i 

(mm) 

6.5 1 9.7 I 12.6 15.4 

HEAD WATER TIME ROW I WATER TIME ROW | WATER TIME ROW WATER TIME ROW 
WEIGHT RATE | WEIGHT RATE I WEIGHT RATE WEIGHT RATE 

(cm) (gm) (sec) (l/sec) 1 (gm) (sec) (l/sec) I (gm) (sec) (l/sec) (gm) (sec) (l/sec) 

344 20.41 0.016854 1 805 15.11 0.053276 | 1104 10.32 0.106977 1523 8.34 0.182614 
355 20.53 0.017292 1 829 15.41 0.053796 | 1104 10.31 0.107081 1597 8.73 0.182932 
345 20.39 0.01692 I 837 15.58 0.053723 | 1073 10.08 0.106448 1497 8.22 0.182117 
343 20.31 0.016888 1 826 15.41 0.053602 | 1114 10.35 0.107633 1512 8.46 0.178723 

61 346 20.24 0.017095 | 817 15.35 0.053225 | 1072 10.09 0.106244 1399 7.71 0.181453 
349 20.33 0.017167 I 843 15.63 0.053935 I 1061 10.05 0.105572 1421 7.91 0.179646 
346 20.21 0.01712 I 812 15.17 0.053527 I 1079 10.09 0.106938 1419 7.86 0.180534 
354 20.33 0.017413 I 799 15.08 0.052984 | 1135 10.51 0.107992 1461 8.11 0.180148 
354 20.29 0.017447 | 814 15.31 0.053168 I 1078 10.11 0.106627 1473 8.18 0.180073 
346 19.95 0.017343 I 803 15.09 0.053214 | 1121 10.49 0.106864 1511 8.38 0.13031 

MAXMUM 0.017447 I 0.053935 I 0.107992 0.182932 
MINIMUM 0.016854 I 0.052984 I 0.105572 0.178723 
tJEAN 0.017154 I 0.053445 I 0.106838 0.180855 
RANGE 0.000593 I 0.000951 I 0.00242 0.004209 
STANDARD DEVIATION 0.000218 I 0.000315 I 0.000684 0.001369 
COEFF. OF VARIATION (Cv) 0.012705 I 0.005888 I 0.006398 0.007571 

450 20.71 0.021729 I 1013 14.86 0.06817 I 1253 9.35 0.134011 1533 6.65 0.230526 
474 21.83 0.021713 I 1034 15.39 0.067186 I 1161 8.62 0.134687 1563 6.82 0.229179 
439 20.37 0.021551 | 1049 15.59 0.067287 I 1229 9.05 0.135801 1470 6.43 0.228616 
435 20.01 0.021739 I 1038 15.52 0.066881 | 1298 9.55 0.135916 1471 6.43 0.228771 

90.5 439 20.15 0.021787 1 1021 15.22 0.067083 I 1271 9.44 0.13464 1549 6.75 0.229481 
437 20.13 0.021709 I 1019 15.21 0.066995 | 1284 9.54 0.134591 1517 6.66 0.227778 
436 20.02 0.021778 I 1021 15.19 0.067215 | 1333 9.91 0.134511 1559 6.82 0.228592 
441 20.27 0.021756 I 1051 15.67 0.067071 | 1174 8.59 0.136671 1508 6.58 0.229179 
439 20.35 0.021572 | 1033 15.28 0.067605 I 1223 9.09 0.134543 1473 6.38 0.230878 
445 20.28 0.021943 I 1032 

1 
15.25 0.067672 | 1233 

I 
9.05 0.136243 1608 7.06 0.227762 

MAXMUM 0.021943 1 0.06817 I 0.136671 0.230878 
MINIMUM 0.021551 1 0.066881 I 0.134011 0.227762 
MEAN 0.021728 1 0.067317 I 0.135161 0.229076 
RANGE 0.000391 1 0.001288 I 0.00266 0.003116 
STANDARD DEVIATION 0.00011 1 0.000391 I 0.000905 0.001027 
COEFF. OF VARIATION (Cv) 0.005065 1 0.005802 I 0.006699 0.004482 



Table A1: Continued 

T U B 1 N G D 1 A M E T m
 

1 
*
1

 

(mm) 

6.5 9.7 1 12.6 1 
1 

15.4 

HEAD | WATER TIME ROW | WATER TIME RCW | WATER TIME RCW I WATER "TOIE FLCW | 
WEIGHT RATE | WEIGHT RATE | WEIGHT RATE I WEIGHT RATE | 

(cm) | (gm) (sec) (l/sec) 1 (gm) (sec) (l/sec) | (gm) (sec) (l/sec) 1 (gm) 
1 

(sec) (l/sec) | 

536 20.33 0.026365 | 1214 15.24 0.079659 | 1540 9.66 0.15942 I 1625 5.92 0.274493 | 
535 20.29 0.026368 | 1274 15.96 0.079825 | 1535 9.58 0.16023 I 1589 5.88 0.270238 | 
695 26.62 0.026108 | 1219 15.28 0.079777 | 1544 9.62 0.160499 I 1555 5.68 0.273768 | 
532 20.34 0.026155 ) 1212 15.22 0.079632 | 1545 9.71 0.159114 | 1563 5.75 0.271826 | 

122 | 531 20.16 0.026339 | 1219 15.31 0.079621 | 1497 9.35 0.160107 | 1487 5.43 0.273849 | 
537 20.45 0.026259 | 1236 15.49 0.079793 | 1511 9.45 0.159894 I 1526 5.61 0.272014 | 
532 20.22 0.026311 | 1210 15.28 0.079188 | 1489 9.29 0.16028 | 1464 5.39 0.271614 | 
519 19.78 0.026239 I 1260 15.91 0.079195 | 1535 9.68 0.158574 | 1509 5.59 0.269946 | 
528 20.14 0.026216 I 1185 14.94 0.079317 | 1576 9.89 0.159353 | 1571 5.81 0.270396 | 
533 20.32 0.02623 | 1204 15.13 0.079577 | 1477 9.13 0.161774 I 1543 

1 
5.73 0.269284 | 

MAX MUM 0.026368 0.079825 | 0.161774 1 0.274493 | 
MINIMUM 0.026108 0.079188 | 0.158574 1 0.269284 | 
MEAN 0.026259 0.079559 | 0.159925 1 0.271743 | 
RANGE 0.000259 0.000636 | 0.0032 1 0.005209 | 
STANDARD DEVIATION 8.74E-05 0.00024 | 0.000886 1 0.001812 | 
COEFF. OF VARIATION (Cv) 0.003327 0.003023 | 0.00554 1 0.006668 | 

613 20.64 0.0297 | 1329 14.75 0.090102 | 1541 8.5 0.181294 | 1605 5.15 0.31165 | 
610 20.53 0.029713 | 1394 15.47 0.09011 | 1535 8.46 0.181442 | 1633 5.25 0.311048 | 
612 20.58 0.029738 | 1375 15.21 0.090401 | 1606 8.75 0.183543 | 1647 5.32 0.309586 | 
607 20.36 0.029813 ) 1351 14.99 0.090127 | 1611 8.82 0.182653 | 1667 5.35 0.311589 | 

152.5 | 605 20.34 0.029744 I 1359 15.11 0.08994 | 1571 8.65 0.181618 | 1606 5.19 0.309441 | 
616 20.61 0.029888 | 1345 14.96 0.089906 | 1573 8.73 0.180183 | 1642 5.27 0.311575 | 
603 20.34 0.029646 | 1369 15.22 0.089947 | 1544 8.41 0.183591 | 1644 5.33 0.308443 | 
613 20.66 0.029671 | 1447 16.01 0.090381 | 1579 8.69 0.181703 | 1661 5.41 0.307024 | 
605 20.29 0.029818 | 1398 15.42 0.090661 | 1625 8.93 0.181971 | 1559 5.09 0.306287 | 
613 20.59 0.029772 | 1350 14.93 0.090422 | 

I 
1602 8.81 0.181839 | 1599 

1 
5.15 0.310485 | 

MAXIMUM 0.029888 0.090661 | 0.183591 1 0.31165 | 
MINIMUM 0.029646 0.089906 | 0.180183 1 0.306287 | 
MEAN 0.02975 0.0902 | 0.181984 1 0.309713 | 
RANGE 0.000242 0.000755 | 0.003408 1 0.005364 | 
STANDARD DEVIATION 7.41E-05 0.000253 | 0.001038 1 0.001938 | 
COEFF. OF VARIATION (Cv) 0.002491 0.002804 | 0.005706 1 0.006256 | 
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Table A2: Summary of Experimental Variation Data 

TUBING HEAD F L O W  R A T  E (l/sec) I Cv 
DIA. I 

(mm) (cm) | MAXIMUM MINIMUM MEAN RANGE STD. DEV. | 
I 

<%) 

15.24 | 0.007877 0.00762 0.007719 0.000257 8.55E-05 | 1.11 
30.48 | 0.011834 0.011518 0.011671 0.000316 0.000112 | 0.96 

61 | 0.017447 0.016854 0.017154 0.000593 0.000218 | 1.27 
6.5 90.5 | 0.021943 0.021551 0.021728 0.000391 0.00011 | 0.51 

122 | 0.026368 0.026108 0.026259 0.000259 8.74E-05 | 0.33 
154.5 | 0.029888 0.029646 0.02975 0.000242 7.41 E-05 | 0.25 

15.24 | 0.024555 0.02383 0.024123 0.000725 0.000243 | 1.01 
30.48 | 0.036342 0.035414 0.035803 0.000928 0.000267 | 0.75 

61 | 0.053935 0.052984 0.053445 0.000951 0.000315 | 0.59 
90.5 | 0.06817 0.066881 0.067317 0.001288 0.000391 | 0.58 

9.7 122 | 0.079825 0.079188 0.079559 0.000636 0.00024 | 0.3 
154.5 | 0.090661 0.089906 0.0902 0.000755 0.000253 | 0.28 

15.24 | 0.048739 0.046706 0.04767 0.002033 0.000553 | 1.16 
30.48 | 0.072266 0.071061 0.071644 0.001205 0.000436 | 0.61 

61 | 0.107992 0.105572 0.106838 0.00242 0.000684 | 0.64 
12.6 90.5 | 0.136671 0.134011 0.135161 0.00266 0.000905 | 0.67 

122 | 0.161774 0.158574 0.159925 0.0032 0.000886 | 0.55 
154.5 | 0.183591 0.180183 0.181984 0.003408 0.001038 | 0.57 

15.24 | 0.08412 0.081687 0.083061 0.002433 0.000772 | 0.93 
30.48 | 0.123213 0.121557 0.12232 0.001656 0.00056 | 0.46 

61 | 0.182932 0.178723 0.180855 0.004209 0.001369 | 0.76 
15.4 90.5 | 0.230878 0.227762 0.229076 0.003116 0.001027 | 0.45 

122 | 0.274493 0.269284 0.271743 0.005209 0.001812 | 0.67 
154.5 | 0.31165 0.306287 0.309713 0.005364 0.001938 | 0.63 

Grand Mean = 0.668333 



Table A3: Data Collected to determine the Variation in Tubing Performance due to Manufacture 

1 1 
1 1. 

T U B I N G D I A M E T E R (mm) 

1 1 
1 1. 

6.5 I 
I 

9.7 I 
I 

12.6 I 
I 

15.4 

HEAD | TUBING | 
1 No. | 

(cm) | | 
1 1 

WATER 
WEIGHT 

(gtn) 

TIME 

(sec) 

FLCW 
RATE 

(l/sec) 

| WATER 
| WEIGHT 
I (gm) 
I 

TIME 

(sec) 

RON 
RATE 

(l/sec) 

| WATER 
| WEIGHT 
I (gm) 
I 

TIME 

(sec) 

FLCW 
RATE 

(l/sec) 

| WATER 
| WEIGHT 
I (gm) 
I 

TIME 

(sec) 

R£W 
RATE 

(l/sec) 

1 1 I 
I 2 j 

30.48 | 3 | 
I 4 | 
I 5 | 

532 
520 
527 
541 
536 

45.07 
45.37 
45.31 
45.32 
45.21 

0.011804 
0.011461 
0.011631 
0.011937 
0.011856 

| 743 
| 693 
| 681 
| 691 
| 695 
I 

20.42 
20.55 
20.24 
20.34 
19.87 

0.036386 
0.033723 
0.033646 
0.033972 
0.034977 

| 1165 
| 1189 
| 1123 
| 1102 
| 1121 
I 

15.36 
15.47 
15.17 
15.61 
15.33 

0.075846 
0.076858 
0.074028 
0.070596 
0.073125 

| 1340 
| 1412 
| 1364 
j 1406 
| 1289 
I 

11.24 
11.32 
11.04 
11.65 
10.26 

0.119217 
0.124735 
0.123551 
0.120687 
0.125634 

MAXIMUM 
MINIMUM 
MEAN 
RANGE 
STANDARD DEVIATION 
COEFF. OF VARIATION (Cv) 

0.011937 
0.011461 
0.011738 
0.000476 
0.000191 
0.016274 

I 
I 
I 
I 
I 
I 

0.036386 
0.033646 
0.034541 
0.00274 

0.001161 
0.0336 

I 
I 
I 
I 

I 

0.076858 
0.070596 
0.074091 
0.006263 
0.002444 
0.032988 

I 
I 
I 
I 
I 
I 

0.125634 
0.119217 
0.122765 
0.006416 
0.002722 
0.022171 

I 1 I 
I 2 I 

61 | 3 | 
1 4 | 
1 5 | 

514 
514 
508 
523 
503 

30.01 
30.29 
30.26 
30.49 
30.14 

0.017128 
0.016969 
0.016788 
0.017153 
0.016689 

| 1135 
| 1121 
| 1077 
| 1101 
| 1155 
I 

20.15 
20.12 
20.51 
20.24 
20.58 

0.056328 
0.055716 
0.052511 
0.054397 
0.056122 

| 1137 
| 1089 
| 1118 
| 1059 
| 1150 
1 

10.89 
10.16 
10.31 
10.44 
11.04 

0.104408 
0.107185 
0.108438 
0.101437 
0.104167 

| 1493 
| 1634 
| 1618 
j 1641 
| 1499 
I 

8.51 
8.93 
9.21 
9.09 
8.22 

0.175441 
0.182979 
0.175679 
0.180528 
0.18236 

MAXIMUM 
MINIMUM 
MEAN 
RANGE 
STANDARD DEVIATION 
COEFF. OF VARIATION (Cv) 

0.017153 
0.016689 
0.016945 
0.000464 
0.000205 
0.01208 

I 
I 
I 
I 
I 
I 

0.056328 
0.052511 
0.055015 
0.003817 
0.001588 
0.028872 

1 
1 
1 
1 
1 
1 

0.108438 
0.101437 
0.105127 
0.007002 
0.00275 

0.026162 

I 
I 
I 
I 
I 
I 

0.182979 
0.175441 
0.179397 
0.007538 
0.003618 
0.020169 



Table A3: Continued 

1 
1 

I 
| 

T U B I N G D I A M E T E R (mm) 

1 
1 

I 
I 

6.5 I 
I 

9.7 12.6 15.4 

HEAD | TUBING | WATER TIME ROW | WATER TIME FLCW | WATER TIME FLCW | WATER TIME ROW 

1 No. | WEIGHT RATE | WEIGHT RATE | WEIGHT RATE | WEIGHT RATE 
(cm) | 

1 
I 
I 

(gm) (sec) (l/sec) I (gm) 
I 

(sec) (l/sec) | (gm) (sec) (l/sec) | (gm) (sec) (l/sec) 

1 1 I 552 25.42 0.021715 | 1042 15.42 0.067575 | 1387 10.08 0.137599 | 1561 7.01 0.222682 

1 2 I 542 25.04 0.021645 | 1123 15.81 0.071031 | 1372 10.48 0.130916 | 1583 6.92 0.228757 
90.5 | 3 I 548 25.29 0.021669 | 1023 15.02 0.068109 | 1412 10.28 0.137354 | 1649 7.38 0.223442 

1 4 I 545 25.31 0.021533 | 1055 15.51 0.068021 | 1347 10.11 0.133234 | 1721 7.46 0.230697 

1 5 I 534 25.15 0.021233 | 1011 
I 

15.22 0.066426 | 1301 9.91 0.131282 | 1561 6.82 0.228886 

MAXIMUM 0.021715 I 0.071031 | 0.137599 | 0.230697 
MINIMUM 0.021233 I 0.066426 | 0.130916 | 0.222682 
MEAN 0.021559 I 0.068232 | 0.134077 | 0.226893 
RANGE 0.000483 I 0.004605 | 0.006683 | 0.008015 
STANDARD DEVIATION 0.000194 I 0.001702 | 0.003227 | 0.00359 
COEFF. OF VARIATION (Cv) 0.009015 I 0.024946 | 0.02407 | 0.015824 

1 | 549 20.59 0.026663 | 1230 15.48 0.079457 | 1627 10.37 0.156895 | 1607 5.95 0.270084 

2 I 540 20.12 0.026839 | 1240 15.53 0.079845 | 1607 10.26 0.156628 | 1665 6.01 0.277038 
122 | 3 I 545 20.44 0.026663 | 1166 15.21 0.07666 | 1681 10.45 0.160861 | 1721 6.46 0.266409 

4 I 547 20.23 0.027039 | 1232 15.33 0.080365 | 1595 9.84 0.162093 | 1704 6.32 0.26962 

5 I 538 20.34 0.02645 | 1234 
I 

15.13 0.08156 | 1489 9.18 0.1622 | 1832 6.59 0.277997 

MAXIMUM 0.027039 I 0.08156 | 0.1622 | 0.277997 
MINIMUM 0.02645 I 0.07666 | 0.156628 | 0.266409 
MEAN 0.026731 I 0.079578 | 0.159736 | 0.27223 
RANGE 0.000589 I 0.0049 | 0.005573 | 0.011588 
STANDARD DEVIATION 0.00022 I 0.001813 | 0.002767 | 0.005042 
COEFF. OF VARIATION (Cv) 0.008248 I 0.022783 | 0.017324 | 0.018521 



Table A3: Continued 

1 
1 

I 
I. 

T U B I N G 0 I A M E T E R (mm) 

1 
1 

I 
I 

6.5 I 
I 

9.7 I 
I 

12.6 I 
I 

15.4 

HEAD | TUBING | WATER TIME RON | WATER TIME ROW | WATER TIME FUCW | WATER TIME FLOW 
1 No. | WEIGHT RATE | WEIGHT RATE | WEIGHT RATE | WEIGHT RATE 

(cm) | 
1 

I 
I 

(gtn) (sec) (l/sec) I Om) 
I 

(sec) (l/sec) I (gm) 
1 

(sec) (l/sec) I (gm) 
I 

(sec) (l/sec) 

1 1 | 451 15.31 0.029458 | 943 10.66 0.088462 | 1427 8.01 0.178152 | 1694 5.57 0.304129 
1 2 I 451 15.17 0.02973 | 984 10.79 0.091196 | 1249 7.06 0.176912 | 1582 5.03 0.314513 

152.5 | 3 I 445 15.02 0.029627 | 902 10.28 0.087743 | 1485 8.15 0.182209 | 1699 5.61 0.302852 
I 4 I 456 15.42 0.029572 | 971 10.51 0.092388 | 1434 8.06 0.177916 | 1664 5.33 0.312195 
I 5 I 447 15.34 0.02914 | 891 

I 
9.99 0.089189 | 1725 

I 
9.44 0.182733 | 1695 

I 
5.59 0.30322 

MAXIMUM 0.02973 I 0.092388 I 0.182733 I 0.314513 
MINIMUM 0.02914 I 0.087743 I 0.176912 I 0.302852 
MEAN 0.029505 I 0.089796 I 0.179584 I 0.307332 
RANGE 0.00059 I 0.004645 I 0.005821 I 0.011661 
STANDARD DEVIATION 0.000227 I 0.001939 0.002682 I 0.005533 
COEFF. OF VARIATION (Cv) 0.007686 I 0.021595 I 0.014936 I 0.017999 



Table A4: Summary of Manufacture Variation Data 

TUBING HEAD F L O W  R A T  E (l/sec) I Cv 
DIA. I 

(mm) (cm) | MAXIMUM MINIMUM MEAN RANGE STD.DEV. | 
I 

(%) 

30.46 | 0.011937 0.011461 0.011738 0.000476 0.000191 | 1.63 
61 | 0.017153 0.016689 0.016945 0.000464 0.000205 | 1.21 

6.5 90.5 | 0.021715 0.021233 0.021559 0.000483 0.000194 | 0.9 
122 | 0.027039 0.02645 0.026731 0.000589 0.00022 | 0.82 

152.5 | 0.02973 0.02914 0.029505 0.00059 0.000227 | 0.77 

30.48 | 0.036386 0.033646 0.034541 0.00274 0.001161 | 3.36 
61 | 0.056238 0.052511 0.055015 0.003817 0.001588 | 2.89 

90.5 | 0.071031 0.066426 0.068232 0.004605 0.001702 | 2.5 
9.7 122 | 0.08156 0.07666 0.079578 0.0049 0.001813 | 2.28 

152.5 | 0.092388 0.087743 0.089796 0.004645 0.001939 | 2.16 

30.48 | 0.076858 0.070596 0.074091 0.006263 0.002444 | 3.3 
61 | 0.108438 0.101437 0.105127 0.007002 0.00275 | 2.62 

12.6 90.5 | 0.137599 0.130916 0.134077 0.006683 0.003227 | 2.41 
122 | 0.1622 0.156628 0.159736 0.005573 0.002767 | 1.73 

152.5 | 0.182733 0.176912 0.179584 0.005821 0.002682 | 1.49 

30.48 | 0.125634 0.119217 0.122765 0.006416 0.002722 | 2.22 
61 | 0.182979 0.175441 0.179397 0.007538 0.003618 | 2.02 

15.4 90.5 | 0.230697 0.222682 0.226893 0.008015 0.00359 | 1.58 
122 | 0.277997 0.266409 0.27223 0.011588 0.005042 | 1.85 

152.5 | 0.314513 0.302852 0.307382 0.011661 0.005533 | 1.8 

Grand Mean = 1.977 
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APPENDIX B 

LIST OF MATERIALS AND COST 

This Appendix contains a comprehensive list for all the materials and their 

cost, used in the installation of bubbler irrigation system at Maricopa Agricultural 

Research Center. The cost figures for labor needed for system installation have been 

given, based on experience gained during the system installation in this study. 



Table B1: List of Materials and Labor Cost 

124 

ITEMS QUANTITY UNIT TOTAL 

PRICE PRICE 

Materials 

1. 6 inch PIP low head 260 feet $66.54/c $173.00 
2. 3 inch IPS PVC 1800 feet $34.79/c $626.22 
3. 2 inch IPS PVC 1100 feet $20.36/c $223.96 
4. 6" x 6" x 3" Tees 8 units $9.31/e $74.48 
5. 3/4 inch IPS PVC 1200 feet $7.20/c $86.40 
6. 6 inch PIP Cap 2 units $2.16/e $4.32 
7. Wedge Plugs 400 units $0.16/e $64.00 
8. 10 mm Plastic Tubing 6000 feet $28.51/m $171.06 
9. 6 inch IPS CL125 30 feet $155.27/c $46.58 

10. 6 inch IPS Tees 2 units $21.89/e $43.78 
11.6 inch 9 degree Elbows 2 units $13.40/e $26.80 
12. 6 inch PIP PVC Adapter 4 units $4.83/e $19.32 
13. Butterfly Valve 1 unit $199.18/e $199.18 
14. 2 inch brass Gate Valve 8 units $9.05/e $72.40 
15. 6" x 6" x 6" PIP Tees 2 units $11.57/e $23.14 
16. PVC Glue 4 units $5.80/e $23.20 

Labor 

1. Layout Lump Sum $150 
1. Back hoe (rent) Lump Sum $200 
1. Trench digging 1 person for 3 working days $600 
3. Backfilling, building basins 1 person for 3 working days $300 
2. Laying of delivery hoses 2 persons for 1 working day $200 
3. Laying of laterals 2 persons for 1 working day $200 
4. Attaching delivery hoses 2 persons for 2 working days $400 

Total: $39277.62 
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