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ABSTRACT 

Gravity bubbler irrigation is a new mode of irrigation activated by the existing 

pressure in conventional irrigation supply channels. In gravity flow systems on steep 

slopes, pressure increases in the downstream sections of the pipe and must be dissipated 

for uniform application. A design procedure for gravity bubbler irrigation systems on 

inclined steep slopes or converted to bench terrace systems is described in detail. The 

design is based on the use of orifices as energy dissipating devices. Laboratory tests 

were conducted to determine graphical relationships and coefficients for estimating the 

head loss for an orifice made from PVC. The head loss coefficient is a function of the 

orifice to pipe diameter ratio and can be expressed by an equation of the form K0=a/3b 

where a and b are constants determined from test data and /3 is the ratio of diameters. 

A prototype gravity bubbler irrigation system was designed and installed. 



CHAPTER 1 

INTRODUCTION 

Irrigation and reclamation are two mainstay means of increasing land productivity. 

Soil reclamation, erosion control, and drainage practices can increase land productivity. 

Irrigation can improve both the quality and the quantity of crop production. 

Terracing is one of the most common practices for managing soil, water, and crops 

in hilly or mountainous areas. Terraces are used throughout the world in both arid and 

humid regions. It has been estimated that over 36 million hectares of crop land in the 

United States could be more effectively protected from runoff and erosion damage 

through the use of terrace systems (Schwab, 1992). For several thousand years, bench 

terraces have been widely used throughout the world. A bench terrace system consists 

of a series of flattened shelf-like areas that convert a steep slope of 20 to 30 percent to 

a series of level or nearly level benches as shown in Figure 1.1. Bench terraces are 

used mainly to retain runoff and to provide more efficient distribution of water in both 

irrigated and dry land productions. 

Irrigation has been practiced in some form since the earliest recorded history of 

agriculture. Civilizations have been dependent on the development of irrigated 

agriculture to provide the agrarian basis of a society and to enhance the security of their 

people. In the last few decades, new methodologies have been developed which aid in 

apply irrigation water efficiently. 
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Figure 1.1 A Typical Bench Terrace (After Schwab, 1992) 
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Microirrigation is the most recent pressurized irrigation technique that uses closed 

conduit pipes to apply water to the soil near the plant root zone. However, limitations 

in our ability to develop large scale pressurized irrigation systems due to the increase 

in energy and maintenance cost have made the prospect for gravity irrigation systems 

more favorable in certain locations. 

Stephen Rawlins (1977) first described a gravity closed conduit system called a 

"Bubbler" irrigation system which operates at low pressures. It differs from other 

microirrigation systems in that it is based on gravity flow. The system does not require 

an external energy source or expensive filtration systems. Even when pumping is 

needed, low lift, low-energy pumps would be adequate. Gravity bubbler irrigation 

systems delivers water to the crop using a network of a mainline, a manifold and lateral 

lines with discharge points spaced along the length by means of small diameter 

polyethylene (PE) pipe, hereafter called delivery hoses, Figure 1.2 and 1.3. It is 

suitable for permanent tree crops such as orchards and vineyards. Traditional surface 

irrigation systems, such as furrows, can be easily converted to gravity bubbler irrigation 

system. Water is applied to the soil surface in a small stream or fountain from an 

opening with a point of discharge rate ranging from 0.5 to 1 gpm (0.032 to 0.063 lps). 

The discharge rate normally exceeds the infiltration rate of the soil and a small basin 

around the tree is used to control the distribution of water. The basins are usually 

circular or rectangular in shape and are bordered by small levees so that water is 

uniformly distributed over the root zone. 
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Figure 1.2 A Typical Gravity Bubbler Irrigation System Field Layout 
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Figure 1.3 Schematic of Delivery Hose Connected to a Lateral 
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The operating head required at the source can range from 2 to 6 ft (0.5 to 2 meters). 

The lateral diameter range from 1.5 to 5 in (40 to 125 mm) whereas, delivery hose 

diameters range from 0.25 to 0.5 in ( 6 to 12.5 mm). The laterals are either laid for 

every tree row or laid midway between two rows of trees, and the delivery hoses are 

inserted in the laterals to deliver water to the trees. Delivery hose heights are adjusted 

for equal flow rates from the hoses. 

In arid and semi-arid regions defined as "areas where the potential water losses by 

evaporation and transpiration are greater than the amount of water supplied by 

precipitation", water has become a scarce resource. Considering energy, water, and 

skilled labor shortages in developing countries, bench terrace systems can be aided by 

gravity bubbler irrigation systems on steep slopes for more economical crop and land 

production. 



CHAPTER 2 

OBJECTIVES 

Designs and installations of gravity bubbler irrigation documented in the literature 

are predominantly for level or gradual slopes (0-3 %). The ability to use a gravity 

bubbler irrigation system on steep slopes or non-uniform lands eliminates the cost of 

leveling and eases the limitations on lateral lengths. The pressure distribution for steady 

state flow in closed conduit systems is a linear combination of elevation changes and 

friction head losses. On level fields where slope is nearly zero, the pressure distribution 

along the lateral is almost identical to the friction head losses. The maximum and 

minimum pressures are at the inlet and the outlet of the lateral respectively, Figure 2.1. 

On gradually sloped fields, the pressure gain due to the downhill slope does not exceed 

the friction head losses. Hence the maximum pressure is at the inlet and the minimum 

pressure is somewhere upstream of the outlet, Figure 2.2. On steep slopes where the 

elevation change exceeds the pipe friction or hydraulic gradeline slope of the flowing 

water, the minimum pressure is at the inlet and pipeline pressure increases in 

downstream sections of the pipe, Figure 2.3 and 2.4. The resulting high pressure can 

give non-uniform flow, affecting the distribution uniformity and causing high velocity 

streams. These high velocity streams often cause excessive soil erosion. Also, higher 

velocity streams would require setting delivery hose heights greater than the maximum 

of 3.3 ft (1 m) or the minimum of 1 ft (0.3 m) as practiced by previous researchers. 

The maximum of 3.3 ft (1 meter) for soil erosion control from falling water or the 
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Figure 2.1 Elevation, Head Loss, and Pressure Distribution on Level Field 
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Figure 2.2 Elevation, Head Loss, Pressure Distribution on Gradual Slope Field 
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Figure 2.3 Schematic of Pressure Gain on Steep Slope Field 
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Figure 2.4 Elevation, Head Loss, Pressure Distribution on Steep Slope Field 
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minimum of 1 ft (0.3 meter) for protection from impounded water and trampling by 

workers or animals. Another problem encountered on steep slopes is that the pipe may 

not flow full when it is difficult to get sufficient flows from upstream outlets. 

One approach for large laterals and steep slopes would be that the diameter of 

laterals may have to be reduced several times to balance the pipe friction with the 

changes in elevation. However, the approach requires extensive calculations and 

complicates the design and installation procedures. Also, it may increase the cost due 

to the construction complexity of several pipe diameter reductions. In addition, cost 

savings associated with diameter reduction are minimum because the lengths of each 

pipe size are typically short. 

Another approach would be the use of pressure regulators or gate valves to control 

the discharge and the head but this will increase the system cost. Hence, the proposed 

approach is the use of concentric orifices as energy dissipating devices placed at 

intervals in the mainline or the manifold or at the lateral intake to control excess energy 

generated in the system due to elevation. The specific objectives of this study are : 

1. Experimentally explore flow rate versus head loss relationship for different 

orifice-to-pipe diameter ratios and develop graphical charts for design purposes. 

2. Develop a systematic design procedure for gravity bubbler irrigation system on 

steep slopes converted to bench terraces. 

3. Design and installation of a gravity bubbler irrigation system on an inclined 

steep slope or converted to bench terraces. The installation will be either under actual 

field conditions or a prototype on the Campus Agricultural Center. 



CHAPTER 3 

LITERATURE REVIEW 

3.1 GRAVITY BUBBLER IRRIGATION 

In arid and semi-arid regions where water resources are scarce and energy costs are 

high, the need for highly efficient irrigation systems as well as low energy input systems 

becomes more imperative. Closed conduit systems, like sprinkler and drip, are 

potentially capable of high irrigation efficiencies but require pumping to pressurize 

water. The savings in water is often offset by the expense of increased energy and 

maintenance cost. 

Stephen Rawlins (1977) first described a new system of irrigation developed for 

orchard crops while working at U.S Salinity Laboratory at Riverside, CA. Water was 

supplied to each tree in a row on either side of a lateral by means of a delivery hose of 

3/8 in. (9.5 mm) diameter smooth PE pipe. The delivery hose connected to a larger 

diameter corrugated plastic pipe, hereafter called a lateral, 3 in. (75 mm) diameter. The 

laterals were buried 2 ft (0.6 m) deep between alternate tree rows and the delivery hoses 

were attached at regular intervals to deliver water to each tree. At the trees, the water 

was allowed to bubble out of the tubes at predetermined rates ranging from 0.5 to 1.0 

gpm (0.032 to 0.063 lps). The system was connected to an existing concrete pipeline 

and needed only 2 to 6 ft (0.5 to 2 meter) head of water to operate. Two gravity 

bubbler irrigation system tests one at Tacna, Arizona and the other at Riverside, 

California have been described by Rawlins (1977). The laterals were made of 
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corrugated plastic pipe, the same as that normally used for agriculture drainage, but 

without slots. Corrugated plastic pipe was used to reduce the system cost. Emission 

uniformity of 89.2 and 97.3 percent at Tacna, Arizona and Riverside, California was 

obtained before and after dynamic calibration, respectively. Dynamic calibration is a 

procedure by which errors in friction head loss calculations can be evenly distributed 

along the lateral by adjusting the elevation of each delivery hose and performed after 

the delivery hose elevations have been set at their calculated height. 

Rawlins (1977) reported the installation cost to be $610/acre when using PE 

corrugated laterals of 3 in (75 mm) diameter and $660/acre when using 4 in (100 mm) 

diameter PE corrugated laterals. The cost included trenching, corrugated tubing, 

connectors and delivery hoses. Even though these costs might change due to inflation, 

they are comparable with or lower than many complete microirrigation system that 

include pumps and filters. The advantages of a gravity bubbler irrigation systems are 

substantially less operation and maintenance costs over the long term due to lower 

energy requirements and no mechanical break downs. 

Thornton (1980) designed and installed a gravity bubbler irrigation system to 

determine the feasibility of use on larger areas. The system was installed in a section 

of citrus orchard located near Thermal, California to irrigate 300 trees. A combination 

of corrugated plastic pipe and PVC pipe were used for laterals to maintain a proper 

hydraulic profile. Design and installation techniques were similar to that described by 

Rawlins (1977). However, the lateral design was more complex due to the long length, 

2,400 ft (732 m), the lateral was decreased in diameter several times in the direction of 
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flow. 

Hull (1981) described a gravity bubbler irrigation system installed by Carr and Kay, 

1980, in an apple orchard at the National College of Agriculture Engineering at Silsoe, 

England. The system was designed to irrigate 320 trees. Hull (1981) concluded that 

the system is very sensitive to change of pressure head and a constant head source is 

essential for a commercial orchard or plantation. Also, he recommended an evaluation 

of the system on a large scale despite the successful demonstration of the system on a 

small area. 

The gravity bubbler irrigation design by Rawlins (1977), Thornton (1980), and Hull 

(1981) were similar. The design head was 3.3 ft (1 meter); corrugated PE laterals; 

smooth PE 3/8 in (9.5 mm) pipe delivery hoses; and the design flows ranged from 0.5 

to 1.0 gpm (0.032 to 0.063 lps). Friction head loss calculations for corrugated PE 

laterals were based on Manning's equation for flow in rough pipes with Manning's 

roughness coefficient n=0.016. Delivery hose friction head loss calculations were 

derived from Darcy-Weisbach equation of friction head losses and the Blasius equation 

for the friction coefficient for flow in smooth pipes . 

Most researchers have stated that their major problems were the unavailability of 

commercial water tight fittings; high labor requirement for installation; animals chewing 

the tubes; insects entering the delivery hose; and limited lateral lengths, Rawlin (1977), 

Thornton (1980), and Hull (1981). 

Roth (1980's) designed and installed a gravity bubbler irrigation system at Yuma, 

Arizona, to irrigate citrus trees on a 2 acre (0.8 ha) area. The system was installed on 
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level ground and laterals were made of PVC because commercial pipe fittings were 

available. Later in 1987, Roth designed a second system for the Citrus Agricultural 

Research Center at Waddell, Arizona to irrigate 12.7 acre (5 ha) of citrus trees. The 

system was different from the Yuma installation in that the laterals were corrugated PE 

pipe not PVC. In 1989, a third system was installed at Maricopa Agricultural Center 

(MAC), Maricopa, Arizona using PVC laterals. The gravity bubbler irrigation system 

at MAC was documented by Waheed (1990). All three systems are in operation with 

minor problems of air locks in the laterals and delivery hoses due to undulations created 

during field installation. The use of PVC pipes facilitated the delivery hose connection 

to the laterals and reduced friction head losses in the laterals, a critical factor for gravity 

bubbler system on level fields. Roth introduced the idea of inserting the delivery hoses 

through 3/4 in (19 mm) diameter PVC pipe stakes to protect the hoses from animals and 

to give more flexibility in adjusting delivery hose height, Figure 3.1. 

Waheed (1990) experimentally explored the flow rate versus head loss relationships 

for small diameter PE tubing and compared the results with various formulas for 

calculating head loss. Analysis indicated that the Dracy-Weisbach equation and the 

Blasius equation provided an accurate estimate of friction head loss in small diameter 

plastic tubing as well as in large diameter PVC laterals up to Reynolds' numbers of 

100,000. The minor losses such as entrance or exit loss from delivery hose were 

assumed to be negligible. The air locks problem was examined and results indicated 

that the head needed to flush out the trapped air was dependant on the sum of heights 

of successive undulations. 
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Nordby (1992), examined the effect of neglecting minor losses in the gravity bubbler 

irrigation system and concluded that the flow rate from each delivery hose can be very 

sensitive to small errors in friction head loss computations. In addition, Nordby and 

Canfield 1993, evaluated the flow uniformity from the gravity bubbler irrigation system 

installed at CAC, Waddell, AZ. The discharge and the head were measured from each 

delivery hose. The actual flow rate was compared to the theoretical flow rate calculated 

from the measured head. A correlation coefficient of 0.80 was obtainable provided that 

the air trapped was flushed out before irrigation. 

Reynolds (1993) developed a comprehensive design procedure for gravity bubbler 

irrigation system on level and gradual slopes (0-3 %). Head loss gradient charts were 

developed based on the Darcy-Weisbach equation. Systematic delivery hose elevation 

calculations using a spreadsheet on a personal computer were presented, as well as, 

design examples for gravity bubbler irrigation system on level and gradual slopes. In 

addition, air locks in the laterals and delivery hoses were experimentally investigated 

and minimum design flow rates for various pipe diameters were recommended to 

prevent air locks. 
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3.2 ORIFICES 

The orifice is one of the oldest devices for measuring or regulating the flow of 

fluids. The orifice meter consists of an orifice in a plate that is then inserted between 

the flanges of a pipe. A typical orifice meter is shown in Figure 3.2. The disadvantage 

of using an orifice meter in flow measurements is a large head loss, but it is an 

advantage when it is used as an energy dissipating device. 

Beitler and Masson (1949) used segmental and eccentric orifices in 4 and 6 in (100 

and 150 mm) pipes to measure flow rate. Fry and Davis (1958) were searching for an 

inexpensive and relatively simple method for metering water used in irrigation 

(sprinkler) systems. The segment was placed at the top of the pipe and only two 

pressure taps were made, one upstream and the other one downstream from the plate. 

They found that square-edge orifice plates worked well. 

Perry (1963) investigated the metering of two phase flow, such as soil sediment in 

water or air bubbles in water, when using a standard circular orifice meter. The 

solution presented was to use an orifice shape defined by a segment of circle with the 

chord vertical as a metering device. The idea was that the secondary material should 

be able to pass unimpeded through the meter as long as the segment does not abstract 

more than half of the pipe area. Seven different sizes of orifices in a 2 in (50 mm) line 

were studied. The analysis included a comparison between the analytical and the 

measured coefficient of loss and coefficient of discharge though orifice. 

Humpherys (1986) conducted laboratory tests to examine the feasibility of using 
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orifices made of galvanized sheet metal as dissipating energy devices in gated pipes used 

for surface irrigation on steep slopes and non-uniform land. Aluminum conveyance pipe 

6, 8, and 10 in (150, 200, and 250 mm) without outlets or gates were used to determine 

the head loss for different orifice sizes and discharge rates.. Flow rates ranged from 220 

to 890 gpm (14 to 56 lps). Pipe length up stream from the orifice was 16 ft (5 meters) 

while down stream lengths varied from 16 to 30 ft (5 to 9 meter). The orifice to be 

tested was installed inside the coupling which joined the two lengths of pipe. 

Piezometer taps were spaced 20 in (50 cm) along the length of the test pipe with closer 

spacing down to 2 in (5 cm) immediately downstream from the orifice. It was 

concluded that orifices placed at intervals in gated pipes can be used to dissipate excess 

energy. Also, the coefficient of head loss or energy dissipation through an orifice is a 

function of the orifice to pipe diameter ratio. Two head loss equations for 6, 8, and 10 

in (150, 200, and 250 mm) pipe diameters, as a function of orifice velocity head and 

orifice to pipe diameter ratio, were derived from experimented data. A design example 

was illustrated using orifices for a gated pipeline. 

In summary, the available literature on gravity bubbler irrigation systems describes 

various design procedures for level and gradual slopes. In addition, the head loss versus 

flow rate for different orifice to pipe diameter ratios were established for large pipe 

sizes and high flow rates, considerably higher than possible for gravity bubbler 

irrigation system pipe diameters and flow rates. 
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CHAPTER 4 

HYDRAULICS 

4.1 Gravity Bubbler Irrigation 

To move water, whether moving it uphill, downhill, or horizontally, requires 

energy. A gravity flow water system is powered by gravitational energy. The amount 

of such energy in the system is determined by the relative elevation of all points in the 

system. The purpose of a gravity closed conduit design is to properly manipulate 

frictional energy losses to move desired flows through the system. This is accomplished 

by conserving energy at some points and "burning it off" (friction) at other points. The 

three mainstay principles of closed conduit gravity flow system hydraulics are expressed 

in the mass conservation (continuity equation), the energy conservation (Bernoulli's 

equation), and friction loss equations. 

4.1.1 Mass conservation (Continuity Equation) 

The law of conservation of mass states that matter can be neither created nor 

destroyed; thus the mass of fluid entering one end of a closed conduit system during a 

given time interval must equal the mass leaving the other end of the system during the 

same time interval. The equation of continuity relates flow, velocity, and pipe size 

together. The equation has the form of : 
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jdQ = JvdA 4 .1 

Evaluating the integral in terms of the average velocity through the cross section for 

Steady state incompressible flow gives 

Q = V A = constant 4.2 

where, 

Q = flow rate, cfs, (m3/sec) 

V = average velocity, fps, (mps) 

A = cross sectional area, ft2, (m2) 

The equation means that for a constant flow through a closed conduit system, at any 

point the flow must be equal to the flow at any other point. If the pipe size changes, 

the velocity of the flow will change until the flow is again constant. 

4.1.2 Energy Conservation (Bernoulli Equation) 

In a closed conduit system, energy is presented in three forms: potential, pressure, 

and kinetic (velocity). In an ideal system as water flows through the frictionless 

pipeline, it possesses energy in each of these forms. From point to point along the pipe 

line the amount of energy in each form will fluctuate but the total of the energies will 

remain constant at all points along the pipe line. In a real system, however, some 

amount of energy is converted into heat by friction and turbulence of the flow. The heat 
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is absorbed by the pipe walls or increases the water temperature and is lost from the 

system (i.e water no longer holds the energy). The energy equation or Bernoulli 

equation states that in a stream of fluid having steady flow, the sum of the velocity 

head, the pressure head, and the elevation head at any section, minus the velocity head, 

the pressure head, and the elevation head at a section that is farther downstream equals 

the head that is lost between the sections. Mathematical expression of the energy 

equation is 

f/vdv = "/•Y ~/dz 4.3 

For incompressible fluids between any two sections and steady flow, 

where, 

hf = friction head loss in pipes, ft, (m) 

h^ = minor losses in pipes, ft, (m) 

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

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

z = elevation of pipe centerline with respect to a reference datum, ft, (m) 

7 = specific weight of water, lb/ft3, (N/m3) 

g = gravitational acceleration, 32.2 ft2/sec, (9.81 m2/sec) 
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The head that accelerates on the water from rest to the velocity at that point is called 

the velocity head, V2/2g. The pressure at that point divided by the unit weight of water 

is called the pressure head, pAy . The distance of a given point in the system from an 

arbitrary datum to the pipe centerline is the elevation head, z. The piezometric head is 

the sum of the pressure head and the elevation head ( H = pAy + z). The hydraulic 

grade line (HGL) is a plot of the piezometric head. Whereas, a plot of the piezometric 

head plus the velocity head is the energy grade line (EGL), Figure 4.1. 

4.1.3 Friction Loss Equations 

4 . 1 . 3 . 1  F r i c t i o n  H e a d  L o s s  (  h f )  

4.1.3.1.1 Full Flow Systems 

In the full flow systems, the flow is carried to the end of the line assuming no 

outlets. The friction head losses include frictional losses of water rubbing against the 

pipe and the internal turbulence of the water molecules against each other. The Darcy-

Weisbach equation is the most universal formula used for computing friction head losses 

where, 

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

f = friction coefficient 

L = pipe length, ft, (m) 
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Figure 4.1 Sketch of Energy Conservation Principle in Close Conduit Steady, Incompressible Flow Systems 
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D = pipe inside diameter, ft, (m) 

V = average flow velocity in the pipe, fps, (mps) 

The Moody diagram shows the relationship between relative roughness of the pipe 

e/D, where e is absolute roughness of the material, and the friction coefficient for 

different values of Reynolds numbers, Figure 4.2. The Reynolds number is a ratio of 

interia force per unit area to viscous force per unit area. 

where v is kinematic viscosity ft2/sec (m2/sec). Also, the friction coefficient, f, can be 

computed by the following equations. 

For Re-<2000, f=— 
R e  

For 2000 •< R -< 10s f = 0,316 (Blasius Eq.) 4 8 

Rh 

For 105 •< Re •< 107, f= °'13 4-9 
e TD 0.172 •Ke 

The lower limit for Blasius equation can be set at Reynolds number of 2000 for 

desk-top calculations as defined by Wu and Fangmeier (1974). Revising Dracy-

Weisbach equation and incorporating different friction coefficient equations along with 
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Reynolds number equation, a general formula for computing friction head loss is 

obtained. 

h£ = K 

where, 

K = unit conversion constant 

m = velocity exponent 

n = diameter exponent 

Q = flow rate, gpm (lps) 

D = pipe inside diameter, in (mm) 

L = pipe length, ft (m) 

Qm L 4.10 
j)2m«n 

Values of K, m, and n for different flow regimes and equations are given in Table 

4.1 and detail examples on how to obtain m, n, and K are shown in Appendix A . 

4.1.3.1.2 Diminishing Flow (Multi-outlet) Systems 

When water is being removed at intervals along the closed conduit pipe, the friction 

loss for a given diameter and length of pipe will be less than if the flow was constant 

for the entire length. There are two approaches to compute friction head losses in the 

multi-outlet pipe systems. 
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Table 4.1 Velocity exponent, diameter exponent, and unit conversion constant needed 
for general friction head loss equation 4.10 

Description K  K** m n 

Laminar < 2000 0.00062 E 
41824 M 

1 2 

Blasius Eq. 2000 to 105 0.00132 E 
7.89x10s M 

1.75 1.25 

Turbulent 10s to 107 0.00101 E 
9.58x10s M 

1.828 1.172 

D-W general 0.03113 * f E 
8.26xl07* f M 

2 1 

Hazen-Williams* 10s to 107 0.00111 E 
1.29xl06 M 

1.852 1.167 

* K value based on C=140 
** K values based on water temperature at 70 F (20 C) 
E : English units 
M : Metric units 

The first approach is to start at the last outlet on the line and work back to the 

supply line, computing the friction head loss between each outlet. The general equation 

for friction head loss (Eq. 4.10) calculations can be used for each segment with, Q, and, 

L, being replaced by flow rate in that segment, q, and segment length, (, respectively. 

The friction head loss in the pipe is the sum of all segment friction head losses. 

The second approach is a procedure developed by Christansen (1942). He 

developed an adjustment factor, F to correct for the friction head loss calculated from 

the general equation for full flow that assumes all of the flow is carried to the end of 

the line. Values of F, assuming that the first outlet is one full spacing from the 



48 

beginning of the pipe can be computed from the following approximation expression, 

Christansen (1942). 

F = ^ 
m+1 2N 6N2 4.11 

where N is number of outlets and m is velocity exponent from Table 4.1. For N > 10, 

the last term can be omitted. The equation assumes that the multiple outlets are evenly 

spaced with equal discharge. Jensen and Fratini (1957) modified the equation for the 

first outlet one half spacing from supply line. 

1 2 + [ (N-l)m + (N-2)m + . . + lm] 
2N-1 (2N-1) Nm ' 4-12 

F values for different number of outlets along the line are given in Table 4.2. 

The friction head loss for multiple outlet pipe is expressed as: 

o w 
hf = F * K — L 4.13 1 2m+n 

where, 

hf = friction head loss for multiple outlet pipe, ft (m) 

F = Christansen reduction coefficient, Table 4.1. 



Table 4.2 Christansen Reduction Factor, F, Values 

Number 
Outlets 

Full Spacing One-half Spacing Number 
Outlets Velocit y Exponent, m Velocit y Exponent, m 
Number 
Outlets 

1 1.75 1.828 2 1.852 1 1.75 1.828 2 1.852 
1 1.00 1.01 1.01 1.00 1.00 1.00 1.02 1.01 1.00 1.01 
2 0.75 0.65 0.64 0.63 0.64 0.67 0.53 0.52 0.50 0.52 
3 0.67 0.55 0.54 0.52 0.53 0.60 0.46 0.44 0.42 0.44 
4 0.63 0.50 0.49 0.47 0.49 0.57 0.43 0.41 0.39 0.41 
5 0.60 0.47 0.46 0.44 0.46 0.56 0.41 0.40 0.38 0.40 
6 0.58 0.45 0.44 0.42 0.44 0.55 0.40 0.39 0.37 0.39 
7 0.57 0.44 0.43 0.41 0.43 0.54 0.39 0.38 0.36 0.38 
8 0.56 0.43 0.42 0.40 0.42 0.53 0.39 0.38 0.36 0.38 
9 0.56 0.42 0.41 0.39 0.41 0.53 0.39 0.38 0.36 0.37 
10-11 0.55 0.42 0.41 0.39 0.40 0.52 0.38 0.37 0.35 0.37 
12-15 0.53 0.40 0.39 0.37 0.38 0.52 0.38 0.37 0.35 0.36 
16-20 0.53 0.39 0.38 0.36 0.38 0.51 0.37 0.36 0.34 0.36 
21-30 0.52 0.38 0.37 0.35 0.37 0.51 0.37 0.36 0.34 0.36 
31-70 0.51 0.37 0.36 0.34 0.36 0.50 0.37 0.36 0.34 0.35 
>70 0.51 0.37 0.36 0.34 0.36 0.50 0.37 0.36 0.34 0.35 
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4.1.3.2 Minor Losses (hm|) 

Minor losses represent the losses due to change in flow direction (elbows, tees ), 

change in pipe geometry (expansion, contraction), and/or flow obstructions (gate or 

globe valves). The term minor is used because they are frequently small in magnitude 

relative to energy or head losses due to friction. In general, the loss is usually 

expressed as a loss coefficient (Kc) times velocity head. 

hml = K< 
V2 4.14 

2g 

An optional method of allowing for the minor losses in the pipe is by expressing 

them in terms of equivalent length. Equivalent length is a length of pipe which itself 

would create the same loss of head as the fitting alone. For the same average velocity, 

combing Darcy-Weisbach equation and minor loss equation gives equivalent length (Le): 

Ke „ 4.15 Le = -f D 

Information concerning loss coefficient, Kg, in standard pipe fittings is to be found 

in hydraulics handbooks and in the catalogs of manufactures. 

In summary, for gravity bubbler irrigation the general friction head loss equation 

with m=1.75 and n=1.25 are commonly used for sizing small smooth pipe diameter 

pipes up to 5 in ( 125 mm). For pipe larger than 5 in (125 mm), Keller and Bliesner 

(1990) note that the Reynolds number will typically be larger than 10s, hence m= 1.828 

and n=1.172 for turbulent flow are recommended. For corrugated pipe as used by 

previous researchers, the use of Darcy-Weisbach equation, m=2 and n=l with an f 
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value of 0.07 are recommended. In irrigation pipe networks, the flow is turbulent in 

the upstream sections and laminar in the downstream section. As the flow diminishes 

in the system the friction head losses are corrected for multiple outlets. Also, since the 

velocities are very low in the downstream sections, friction head losses are essentially 

negligible, but the turbulent flow formulas are still used in the laminar flow sections. 

The total friction head losses are the sum of the friction head losses and the minor losses 

in the pipe. 
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4.2 Orifice 

In recent years, the thin plate or sharp edged orifice has been commonly employed 

to measure the flow rates of fluids in pipe lines or into open air. In its simplest and 

most familiar form, the orifice is merely a circular hole in a thin flat plate that is 

clamped between the flanges at a joint in the pipe line. The orifice plane is 

perpendicular to the axis of the pipe and the hole is concentric with the pipe. Pressure 

connections, for attaching a differential gage or separate static gages, are made at side 

holes in the pipe wall on both upstream and downstream from the orifice plate. The 

pressure difference on both sides of orifice are measured, Figure 4.3. The difference 

of pressure or differential head is utilized to determine the rate of flow. 

The orifice equation is derived from the continuity and energy equations. 

4 1 fi 
VG = Cd(2g Ah)0-5 

where, 

V0 = orifice average flow velocity = Q/A0, fps (mps) 

Cd = coefficient of discharge (available in most mechanic books) 

Ah = differential pressure head measured by pressure taps located upstream and 
downstream from the orifice. Difference between minimum pressure head 
upstream and minimum pressure head downstream of the orifice, ft (m). 

A0 = orifice area, ft2 (m2) 
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Figure 4.3 Sketch of an Orifice Plate at a Joint in the Pipe with Pressure Taps. 
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c c 
cd 1= 4.17 

d 4 
1  "  C c

2  ( )  
D N 

where, 

Cv = velocity coefficient 

Cc = contraction coefficient 

d„ = orifice diameter 

D = pipe diameter 

If a series of static pressure taps are made in the pipe on each side of the orifice and 

manometers connected to them, manometers will show the variation in static pressure 

along the pipe. Figure 4.4 illustrates the typical static pressure gradient in the vicinity 

of an orifice. 

Close to the inlet side of the orifice, the static pressure in the pipe increases slightly 

and reaches its maximum value at the entrance of the orifice. The pressure drops 

abruptly as it flows through the orifice and, on the other side of orifice, the pressure 

continues to decrease slightly. The minimum value is reached at a short distance from 

the outlet side of the orifice. Beyond this minimum point, the pressure increases again, 

slowly at first, then rapidly for short distance, then again slowly until its second 

maximum is reached several diameters from the orifice plate. The acceleration and 

deceleration of the flow stream is accompanied by considerable turbulence and the 

consequent dissipation of energy. 



J ^ s s s =-^=-= = = _ ^ N 

= != = = = = =~= = = == ̂ |[T^T>T>T>T>T>t5T>^^Vr5^T^%^ L:-^ =>:§ =:--= ^ 

— 

Q. 
0 
1 
to 
© 

:§ 
CO 

"3 K 

Figure 4. Diagrammatic Representation of Flow Through a Thin Plate Orifice. 

Lh Ui 



CHAPTER 5 

EXPERIMENT 

5.1 General 

Concentric orifice plates placed at intervals in the mainline, the manifold, or at the 

lateral intake, can be used to dissipate excess energy. They can also check the water 

so that the pipe flows full. Pipe orifices are widely used for flow measurement and the 

discharge coefficient, are readily available. However, when orifices are used for energy 

dissipation, velocity head recovery downstream from the orifice must be considered and 

information for this use is limited. Head loss information presented by the American 

Society of Mechanical Engineers (ASME, 1959) pertains to square edge orifices clamped 

between flanges at a pipeline joint with stringent installation requirements. 

An orifice for irrigation pipe is loosely installed inside the bell end of a pipe 

coupling and is held in place by the male end of a companion pipe. Also, head loss as 

defined by ASME for basic orifice flow equation is the "difference between the 

minimum pressure head upstream from the orifice and the minimum pressure head 

downstream from the orifice". In contrast, head loss for energy dissipation orifice is 

defined as the "difference between the minimum head upstream of the orifice and the 

maximum pressure head downstream from the orifice (i.e., velocity recovery point)". 

Because of the different conditions noted, pressure loss data presented by the ASME can 

not to apply exactly to concentric orifices in gravity bubbler irrigation systems on steep 

slopes for energy dissipation. Therefore, laboratory tests were conducted to obtain 
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energy or head loss coefficients for orifices used in gravity bubbler irrigation pipes. 

Laboratory investigation included experimentally developing head loss versus flow rate 

relationships for different orifice to pipe diameter ratios. The experiment apparatus was 

limited by laboratory facilities available in the irrigation laboratory at the University of 

Arizona, Campus Agricultural Center, Tucson, Arizona. 

5.2 Components 

5.2.1 Water Source 

The water was pumped from an available sump of 16x10x12 ft (4.9x3x3.7 meter) 

with two centrifugal pumps connected to it. The first was an electrical centrifugal pump 

with maximum capacity of 80 gpm (5 lps). The inlet and the outlet pipes were 1 and 

2 in (25 and 50 mm) in diameter respectively. The second pump was a gasoline 

combustion engine centrifugal pump. Both the inlet and the outlet pipes were 4 in (100 

mm) in diameter. This pump was used for flow rates that ranged from 75 to 200 gpm 

(4.7 to 12.6 lps). On both pumps, a by-pass valve was installed to allow for variable 

flow rates as needed for the experiment, Figure 5.1. The fittings were made to allow 

easy change for various pipe diameter connections. The head loss caused by fittings 

was kept to a minimum for maximum pressure variability in the system. The 

quantitative weighing method was used for measuring the flow rate. In the quantitative 

weighing method, the fluid quantity weight is measured by filling a container in a 

measured time interval. The weighing tank was mounted on a platform scale of 1000 

lb (450 kg) capacity. 
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Figure 5.1 Schematic of a By-Pass Valve Connection 
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5.2.2 Pipes 

Laboratory tests were conducted for typical pipe sizes used in gravity bubbler 

irrigation systems. Pipe sizes ranged form 1.5 to 4 in (40 to 100 mm) in diameter. The 

total pipe length was 40 ft (15 m) made of PVC. PVC pipes were used instead of 

corrugated PE pipes because of the many problems documented when using corrugated 

PE pipes. Using PVC pipe minimizes problems associated with air locks. Also, the 

PVC pipes reduces friction losses, commercial fittings are readily available, and 

facilitates the delivery hose connection. As described by Rawlins (1977), corrugated 

PE pipe connections are quite cumbersome and time consuming, especially if large scale 

systems has to be installed. In addition, using corrugated PE pipes may provide only 

minimal savings because the flow capacity for a given corrugated PE pipe diameter is 

the same as for the next smaller diameter PVC pipe available (Reynolds, 1993). Hence, 

a smaller diameter PVC pipe will, in most cases, cost the same and deliver the same 

flow per unit head loss as the next larger corrugated PE pipe diameter. Moreover, 

corrugated PE pipes require higher flushing velocities for sediment deposition in the 

laterals which may require external energy. 

5.2.3 Orifices 

For each pipe diameter, six orifice to pipe diameter ratio tests were conducted. The 

ratios ranged from 0.2 to 0.8 and for each ratio the flow rate was varied three times. 

The concentric orifices were made of PVC and sized to fit inside the bell end of a pipe 

coupling and held in position by the male end of a companion pipe, Figure 5.2. The 



60 

fittings were loose and simple to allow for easy exchange of orifices with no leaks 

noted. 

5.2.4 Pressure Taps 

The experiment required determining the head loss coefficient from actual 

measurement of upstream minimum pressure head from the orifice and downstream 

maximum pressure head from the orifice. It was necessary to measure pressure head 

as accurately as possible at different flow rate. Because the gravity bubbler irrigation 

systems are based on gravity flow and require proper manipulation of frictional energy. 

Pressure taps (manometers) were installed along the pipe length for pressure head 

measurements. 

5.3 Procedure 

Laboratory tests were conducted using 1.5, 2, 2.5, 3, and 4 in (40, 50, 60, 75, and 

100 mm) diameter PVC conveyance pipes. The pipes were without delivery hose outlets 

and were only used to determine the head loss coefficient for different orifice sizes and 

discharge rates. Pipe lengths upstream from the orifice were approximately 18 ft (6 m), 

while downstream lengths were approximately 22 ft (6.5 m). The pipe lengths were 

adequate for downstream velocity head recovery. The orifice to be tested was installed 

inside the coupling which joined the two lengths of pipe. Since the head loss for the 

coupling was found to be small, all of the measured head loss with an orifice installed 

was attributed to the orifice. 
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Figure 5.2 An Orifice Plate Installed Inside the PVC Pipe. 
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Concentric orifices diameters ranged from 0.3 to 3.2 in (7.6 to 81 mm). These 

sizes represent orifice to pipe diameter ratios, (30, ranging from 0.2 to 0.8 where 

/30=d0/D; d0 is the orifice diameter and D is the inside pipe diameter. Orifices were 

made using commercial shop procedures and circle cutters. The actual orifice diameter 

and actual pipe inside diameter, which sometimes varied from nominal diameter, were 

used to determine /30. 

Piezometer taps locations with respect to the plane of an orifice have wide a range 

of definitions in the literature published. The ASME defines five general commercial 

work pressure tap locations; flange taps, vena contracta taps, taps at one D and one-half 

D, corner taps, and pipe taps. In the flange taps, the center of the pressure holes are 

respectively one inch from the upstream and downstream faces of the orifice plate. In 

the vena contracta taps, the center of the inlet pressure tap is located between 0.5 to 2 

pipe diameter from the upstream. The center of the outlet pressure tap is placed at the 

position of minimum pressure downstream of the orifice plate. In taps at one D and 

one-half D, the center of the inlet pressure tap is located one pipe diameter preceding 

the inlet face of the orifice plate. The center of the outlet pressure tap is placed one-

half pipe diameter downstream of the orifice plate. In corner taps, the pressure holes 

open in the corner formed by the pipe wall and the orifice plate. In pipe taps, for the 

upstream tap 2.5 diameter distance and 8 pipe diameter distance for downstream tap. 

Since most of these pressure taps definitions are designed for orifice flow meter 

differential head readings, their applicability for energy dissipating orifices is limited 

because in the energy dissipating orifices, the maximum pressure head downstream or 
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point of velocity recovery is needed. Hence, the location of pressure taps for energy 

dissipating orifices should be such that both the minimum and maximum values of 

pressure head will be observed. For establishing a pressure taps location criteria, the 

first tap locations on the 2 in (50 mm) PVC pipe were designed. The design was based 

on theoretical calculations resulting in of closer spacing immediately downstream form 

the orifice, Figure 5.3, to measure a fairly refined pressure gradient. However, 

subsequent tests indicated that this number of pressure taps were not necessary and a 

modified version was applied for 1.5, 2.5, 3, and 4 in (40, 60, 75, and 100 mm) pipes, 

Figure 5.4. 

The test pipe was placed at approximately zero slope. The pipe circuit terminated 

with a flexible elbow to direct water either into the tank or into the channel back to the 

sump. The following procedure was followed at all times in the collection of 

experiment data. The pump was started, the by-pass valve was adjusted until the 

desired pressure differential of head was established. Then all manometers tubing were 

checked for air bubbles and flushed if necessary. The system was allowed to operate 

for at least fifteen minutes prior to taking any data. The elapsed time was to allow the 

system to reach steady state conditions. 

After 15 minutes had elapsed, the water temperature was recorded, the manometers 

were read and the tare weight of the tank was adjusted. The water was then diverted 

into the weighing tank. A stop watch was started as the scale pointer indicated the 

adjusted tare weight. An additional weight of 100 or 200 lb (45 to 90 kg) was placed 

on the scale. 
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66 

When the water tank weight reached the additional weight, the stop watch was stopped 

and the water was diverted back into the return channel. After the time was recorded, 

valves on the weight tank were opened to allow the water to return to the sump. While 

the weighing tank was draining, the manometers were read again. By this time the 

weighing tank was empty and its drain valves were closed, thus one data collection cycle 

was completed. The above outlined procedure was repeated three times for each /30 

ratio prior to changing by-pass valve position. The average values Of the manometers 

and the time were determined. Due to fluctuation in manometers, the maximum and the 

minimum readings were recorded for each manometer. 

The by-pass valve then was adjusted to a different pressure head differential and the 

procedure was repeated. After three different by-pass valve adjustments, the pump was 

shut-off and a different orifice plate was installed in the pipe. For each pipe diameter, 

six different orifice plates were tested. A summary of all experimental data is in the 

Appendix B. 

Two additional tests were conducted using eccentric orifices. The tests were on 4 

in (100 mm) PVC pipe with orifice inside diameter of 2.000 in and 2.404 in. The 

orifices were installed so that the maximum opening area was at the bottom of the pipe. 

A summary of test data is given in Appendix D. 

5.4 Analysis 

The head loss, H0, illustrated schematically in Figure 5.5, is the difference between 

the minimum pressure head upstream and the maximum pressure head downstream from 
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the orifice. The differential head, Ah, is the difference between the minimum pressure 

upstream and the minimum pressure head downstream from the orifice defined by 

ASME for orifice loss coefficient Cd. 

The head loss past an orifice can be expressed as a function of velocity head and 

head loss coefficient. 

where, 

H0 = head loss representing the energy dissipating through an orifice, ft (m). 

K0 = dimensionless coefficient of head loss or energy dissipation through an orifice 
a function of /30. 

V0 = orifice average flow velocity = Q/A0, fps (mps). 

Q = flow rate, cfs (m3/sec). 

A„ = orifice area, ft2 (m2). 

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

The head loss coefficient, K0, was determined from the test data with a rearranged 

form of equation 5.1 where 

„ . 2g H0 5 . 2  
° 77T-



Upstream HGL 

Downstream Hydraulic Grade Line (HGL) 

Figure 5.5 Schematic of the Head Loss Through an Orifice Plate. 
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The coefficient was found to be primarily a function of the diameter ratio, /30, 

(Humpherys, 1987). Values of K0 at different flow rates for a given orifice varied 

within two percent from their average which for practical purposes is not significant. 

Therefore, average values of K0 for the three test runs at different flow rates for a given 

orifice and pipe diameter were plotted logarithmicaly as a function of l-/30 as shown in 

Figure 5.6. The factor l-/30 was used rather than /30 so the data would plot as a straight 

line on log-log plot. The head loss coefficient, K,,, approaches the coupling loss 

coefficient, K,. as /30 approaches one. 

From Figure 5.6, the head loss coefficient, K„, can be related to 1-j80 factor by 

K0 = a(l-/30)b where a and b are the power function best fit parameters to the test data. 

Table 5.1 represents the head loss coefficient as a function of l-/30 factor for the five 

diameter pipes tested. The minimum pressure head was at approximately 0.5 to 1 ft 

(0.15 to 0.3 m) from the upstream of the orifice plate. The maximum recovery point 

downstream of the orifice ranged between 1 to 2 ft (0.3 to 0.6 m). Detailed calculations 

of head loss coefficient can be found in Appendix C. 

In the literature for orifice flow meter loss coefficient, a fourth power straight line 

was used for close-up pressure taps (ASME, 1959). Fitting a straight line of fourth 

power relation to test data (i.e K0 = a[l-(/30)4]b, gave ± 0.03 change in the correlation 

coefficient R2. However, the fourth power straight line relation narrows down the 1-/J0 

factor range. Four values of l-/30 factor were in 0.8 to 0.9 range. For eccentric orifices 

inside diameter of 2.000 in and 2.404 in, the head loss coefficients were 1.75 and 1.35 

respectively. 
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Table 5.1 Head loss coefficient as a function of l-/30 

Pipe diameter K0 = a(l-/30)b R2 

1.5 in (40 mm) K0 = 3.92(l-/30)121 0.982 

2.0 in (50 mm) K, = 3.38(1 -ft)1-05 0.963 

2.5 in (60 mm) K0 = 4.59(l-/?0)1-37 0.987 

3.0 in (75 mm) K0 = 3.99(1-/Jo)1-22 0.993 

4.0 in (100 mm) K„ = 3.93(l-/30)113 0.998 

The head loss coefficient for 2.000 in eccentric orifice varied two percent from 

concentric orifice average head loss coefficient for the same diameter. While, the 2.404 

in eccentric orifice varied eight percent from the head loss coefficient for the same 

concentric size diameter. 

5.5 Mathematical and graphical relations 

Combining equations from table 5.1 with equation 5.1 gives the head loss for the 

flow through orifices for different pipe diameters, Table 5.2. Head loss curves similar 

to Figures 5.7 to 5.11 can be constructed for different orifice sizes, flow rates, and pipe 

diameters from these equations. The graphs or the equations can be used to select 

orifice sizes for energy dissipation in gravity bubbler irrigation systems on steep slopes. 

The constructed graphs are based on an actual measured pipe inside diameter. Note that 

head loss equations for 6 and 8 in. (150 and 200 mm) are developed for irrigation 

aluminum conveyance pipes. 
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Table 5.2 The head loss as function of l-/30 factor and velocity head. 

pipe diameter H0 = [a(l-/?0)b](V0
2/2g) 

1.5 in (40 mm) H0 = [3.92(1 -/J,,)1 '21] (V 02/2g) 

2.0 in (50 mm) H0 = [3.38(1 -/30)1 °5] (V 02/2g) 

2.5 in (60 mm) H0 = [4.59(1-/3 ̂ (V^g) 

3.0 in (75 mm) H0 = [3.99(1-/30)L22] (V0
2/2g) 

4.0 in (100 mm) H0 = [3.93 (1 -/30) '•13] (V 02/2g) 

6.0 in (150 mm)* Ho = [1.75(l-/Jo)1,20](Vo
2/2g) 

8.0 in (200 mm)* Ho = [2.42(l-/30)1 38](V0
2/2g) 

* After Humpherys, 1987. 
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Figure 5.7 Diagram of the Head Loss for Concentric Energy Dissipating Orifices in a 
1.5 in (40 mm) PVC pipe (ID=1.710 in) for Different Size Orifices and 
Flow Rates. 
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Figure 5.8 Diagram of the Head Loss for Concentric Energy Dissipating Orifices in a 
2.0 in (50 mm) PVC pipe (ID=2.170 in) for Different Size Orifices and 
Flow Rates. 
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Figure 5.9 Diagram of the Head Loss for Concentric Energy Dissipating Orifices in a 
2.5 in (60 mm) PVC pipe (ID=2.620 in) for Different Size Orifices and 
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Figure 5.10 Diagram of the Head Loss for Concentric Energy Dissipating Orifices in 
a 3.0 in (75 mm) PVC pipe (ID=3.225 in) for Different Size Orifices and 
Flow Rates. 
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Figure 5.11 Diagram of the Head Loss for Concentric Energy Dissipating Orifices in 
a 4.0 in (100 mm) PVC pipe (ID=4.030 in) for Different Size Orifices 
and Flow Rates. 
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CHAPTER 6 

DESIGN 

6.1 General 

Water can not move or flow from one place to another without using energy. The 

potential energy in the water defined by the difference in level between water surface 

upstream and the surface downstream operates gravity irrigation systems. The purpose 

of a gravity bubbler irrigation design is to properly manipulate frictional energy losses 

and deliver an equal volume of water to each tree. In designing gravity bubbler 

irrigation systems, the primary objective is to determine the pipe network diameters such 

that the friction head losses and minor losses are less than the available head at the 

water source point, Figure 6.1. 

Gravity bubbler irrigation systems are somewhat different from other microirrigation 

systems because they are based on gravity flow and do not require external energy. A 

unique feature of a gravity bubbler irrigation system is the flexible delivery hoses in 

contrast to small emitters commonly used with microirrigation systems. The delivery 

hoses allow greater rates of water to discharge into the small basin around the tree. 

Hence, gravity bubbler irrigation systems do not require high quality water. 

Another major difference between the design of gravity bubbler irrigation and other 

microirrigation systems is the design flows are assumed at the beginning of the design. 

These flow rates usually exceed the peak crop evapotranspiration. Therefore, gravity 

bubbler irrigation systems tend to operate less frequently than other microirrigation 

systems such as drip. 
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Figure 6.1 Definition Sketch for Gravity Bubbler Irrigation Systems Design (after Reynolds, 1993) 
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A gravity bubbler irrigation pipe network on steep slopes consists of a mainline, 

control head device, manifold, laterals, and delivery hoses. The mainline delivers water 

to the manifold and the manifold delivers water into the laterals. The delivery hoses 

which are connected to the lateral distribute water to the trees. 

6.2 Procedure 

The design of any irrigation system may be divided into a number of steps which 

the engineer follows. The design procedure developed in this study is based on a 

composite of earlier gravity bubbler irrigation designs on level or gradual slopes with 

additional considerations for steep slopes. The steps required to design a gravity 

bubbler irrigation system on steep slope are discussed in the following sections. Also, 

the associated design parameters and equations are discussed in detail for each step. 

The procedure is applicable to both the incline steep slope fields and steep slope fields 

converted to bench terrace systems. However, the design procedure is an iterative or 

trial and error process until the optimum use of available resources and preferences are 

achieved. 

6.2.1 Design Parameters 

6.2.1.1 Field Layout 

An elevation profile of the field is needed to determine the following parameters: 

Plan and profiles of the piping system 

Field width, W 
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Field length, L 

Slope of field's length, SL 

Cross-slope of field, Sw 

The field plan and profiles are important for delivery hose elevation computations 

and an error will affect the uniformity of discharge from delivery hoses. The slope of 

the field in another crucial factor in design since the systems are based on gravity flows. 

The slope of the field's length, SL, effects the laterals design. The lateral design on 

level fields differ slightly than those on gradual slopes. In bench terrace systems, the 

benches are usually level. If soil erosion is not a factor, the benches could be a long 

level strip for lateral burial only to reduce leveling cost. On steep slopes, the cross-

slope of the field, Sw, is needed to determine the pressure distribution along the 

manifold for orifices location and size selection of orifices. 

6.2.1.2 Plant spacing 

Spacing per plant, Sp, and row spacing, Sr, are two parameters needed for designing 

gravity bubbler irrigation systems. Spacing per plant determines the delivery hose 

spacing while, row spacing determines laterals spacing. Citrus trees, for example, are 

usually planted on 20 by 20 ft (7 by 7 m) or 30 by 30 ft (10 to 10 m) spacing depending 

upon the variety of citrus (oranges, lemon, or grapefruit). Palm date trees, howvere, are 

planted on a 26 by 26 ft (8 by 8 m) spacing. 
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6.2.1.3 Lateral and Delivery Hose 

6.2.1.3.1 Spacing 

The delivery hose spacing, Se, is a function of plant spacing, Sp, and designer's 

preferences. The lateral spacing S,, is a function of plant row spacing, Sr. To apply 

Christansen reduction factor for multiple outlet pipes friction losses, the number of 

outlets and the location of first outlet is needed. For a lateral per plant row, the 

delivery hose spacing is equal to the plant spacing (Se=Sp) and the lateral spacing is 

equal to plant row spacing (S,=Sr), Figure 6.2. 

For a lateral located mid-way between two plant rows, two delivery hoses are 

assumed to act as one outlet to water plants on both sides of the lateral then, the 

delivery hose spacing is equal to plant spacing (Se=Sp), Figure 6.3. However, if one 

delivery hose is the outlet for each side of the lateral, than the assumption is that the 

delivery hose spacing is equal to one-half plant spacing (Se=0.5Sp). Since the outlets 

from the lateral will be a distance apart, the assumption is made to validate Christansen 

reduction factor use for equal spacing between outlets. In both cases, the lateral 

spacing is equal to twice the plant row spacing (S1=2Sr). 

The first outlet is recommended to be located at one-half plant spacing to minimize 

friction head losses in the lateral. Because Christansen reduction factors for one-half 

spacing are smaller than full spacing, Table 4.2. 

6.2.1.3.2 Delivery Hose Design Flows 

As previouslly mentioned, the design flows for gravity bubbler irrigation are 
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assumed at the beginning of the design. To select design flow rates for the delivery 

hoses, qdh, the designer should consider the minimum hose diameter required to maintain 

allowable friction head losses in the system. Also, the optimum delivery hose diameter 

to ensure uniformity of discharge and flow velocity to flush air out of pipes. Table 6.1 

gives design flushing velocities and flows. 

Table 6.1 Design Flushing Velocities and Flows 
(after Reynolds, 1993) 

Inside Theor. Design Design 
diameter Flushing Flushing Flushing 

velocity, Velocity, Flow, 
Vertical pipe U or J Bends Q=VA 

in (mm) fps (mps) fps (mps) gpm (lps) 

0.16 (4) 0.23 (0.07) 0.70 (0.22) 0.04 (0.003) 

0.25 (6) 0.29 (0.09) 0.90 (0.28) 0.14(0.009) 

0.38 (10) 0.35 (0.11) 1.10 (0.34) 0.39 (0.024) 

0.50 (13) 0.41 (0.12) 1.30 (0.40) 0.79 (0.050) 

0.75 (19) 0.50 (0.15) 1.60 (0.48) 2.19(0.138) 

1.00 (25) 0.57 (0.17) 1.80 (0.56) 4.49 (0.283) 

1.25 (32) 0.64 (0.20) 2.10 (0.63) 7.84 (0.494) 

1.50 (38) 0.70 (0.21) 2.20 (0.68) 12.37 (0.779) 

2.00 (51) 0.81 (0.25) 2.60 (0.79) 25.39 (1.600) 

Previous researchers have used delivery hose diameters of 0.25 and 0.38 in (6 and 

10 mm) with flow rates of 0.5 to 0.75 gpm (0.032 to 0.047 lps). These design flows 

rates have velocities greater than the minimum flushing velocities required to prevent 

air locks. On steep slopes where available head is usually greater than 6.5 ft (2 m), 
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delivery hoses of small diameter such as 0.25 in (6 mm) should be considered to deliver 

flow rates of 0.5 to 1.0 gpm (0.032 to 0.063 lps). 

6.2.1.3.3 Lateral Burial Depth 

Lateral burial depth is a function of available trenching machinery and associated 

cost of trenching. Deeper depths will increase cost and lesser depths may not anchor 

the pipe adequately or protect it from heavy loads. From previous research, a lateral 

burial depth of 1.5 ft (0.46 m) is recommended. However, greater depth may be 

required to protect pipelines if heavy machinery will operate in the field. 

6.2.1.4 Length and Number of Pipes 

The following parameters are needed for designing gravity bubbler irrigation and 

can be determined from the field layout. Figure 6.4 and 6.5 illustrate typical field 

layouts of gravity bubbler irrigation on steep slope. 

Ldh = Sr/2 + d, + 6.1 

L, = L - Sp/2 6.2 

Lm = W - Sr/2 for incline manifold, Fig. 6.3 6.3a 

Lm = Wlb * Nlb + H, * N,b - Sr/2 for terrace, Fig. 6.4 6.3b 

Ne = 2(L/Se) for lateral mid-way 6.4a 

Ne = (L/Se) for lateral per plant row 6.4b 

N, = W/(2Sr) Fig. 6.3 and Fig. 6.4 lateral mid-way 6.5a 

N, = W/Sr Fig. 6.4 and Fig. 6.2 lateral per plant row 6.5b 



87 

N| = [W,b/(2Sr)]*NIb Fig. 6.5 and Fig. 6.3 lateral mid-way 6.5c 

N| = [W,b/Sr]*N|b Fig. 6.5 and Fig. 6.2, lateral per plant row 6.5d 

Nt = Ne * N, 6.6 

where, 
d, = depth of lateral burial, ft (m) 

H, = terrace level height, ft (m) 

= maximum delivery hose height, ft (m) 

L = field length, ft (m) 

Ljj, = delivery hose length, ft (m) 

Lm = manifold length, ft (m) 

Ls = mainline length, ft (m) 

Se = delivery hose length, ft (m) 

Sp = spacing per plants, ft (m) 

Sr = spacing per plant row, ft (m) 

Ne = number of delivery hoses per lateral 

N, = number of laterals 

N,b = number of level bench terrace branches 

Nt = total number of plants 

W = field width, ft (m) 

Wlb = width of level bench terrace, ft (m) 
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6.2.1.5 Pipe Design Flows 

Based on desired delivery hose flow rate, the pipe design flow rate can be 

calculated. 

qi = Qdh * Ne 6.7 

qm = qi * N, 6.8 

Qs = N( * qdh 6.9 

where, 

qdh = delivery hose flow rate, gpm (lps) 

q, = lateral flow rate, gpm (lps) 

qm = manifold flow rate, gpm (lps) 

Qs = system capacity, gpm (lps) 

6.2.2 Constant Head Device 

For a gravity bubbler irrigation systems, the constant head device is a standpipe and 

a gate valve. A standpipe can also serve as an air release valve as well as sediment 

trap. For level or gradual sloped fields, a constant head device should be installed near 

the water source or somewhere along the mainline to provide constant design head 

during operation. For steep slope fields, a constant head device should be installed at 

the manifold entrance to provide constant design manifold inlet pressure head. Two 

manometers should be installed and attached permanently to the standpipe. One 

upstream of the gate valve to monitor the water source elevation and the other one 

downstream to monitor manifold inlet pressure. Operating the system at heads different 
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than the design inlet pressure head would affect pressure distribution and thus, effect the 

flow uniformity. The design head or inlet pressure head is defined as 

Hd = Hs - h, 6.10 

where, 

Hd = design head, ft (m) 

Hs = available head at the water source, ft (m) 

hj = friction losses in the mainline. 

The available head fluctuates while the design head remains constant during the 

operation of the system. 

6.2.3 Sizing Mainline 

The mainline length, Ls, is the distance between the water source and the design 

location of the constant head device. The available head at the water source, Hs, minus 

the design head at the entrance of the manifold, Hd, is the allowable friction head loss 

in the mainline. The diameter can be calculated by knowing the system capacity, Qs, 

the mainline length, Ls, and the allowable friction head loss, h,, using the friction head 

loss general formula equation 4.10 and Table 4.1. For Reynolds numbers up to 100,000 

Blasius equation K, m, and n are recommended. For Reynolds numbers greater than 

100,000 the turbulent flow equation K, m, and n are recommended. The diameter of 

the mainline should be large enough to maintain a minimum flushing velocity of 2 fps 

(0.6 mps). If the mainline connects to more than one manifold, the Christansen 

reduction factor should be considered in determining the mainline diameter. 



92 

6.2.4 Sizing Manifold 

Percent friction head loss method is defined as "setting a limit on the friction head 

loss in the pipe". For pressurized irrigation systems, the most economical design is 

with approximately 55 percent of friction head loss in the lateral and 45 percent in the 

manifold. In contrast, for gravity bubbler irrigation on level or gradual slopes, manifold 

friction head losses are assumed to be 5 percent or less of the design head. This is to 

allow all laterals along the manifold to have the same inlet pressure and to minimize 

delivery hose elevation calculations. Hence, the delivery hose elevations for one lateral 

design can be applied to all laterals connected to the same manifold. This assumption 

will increase manifold diameter and should be avoided if diameter increase becomes 

expensive. The alternative would be to size the manifold with a 20 percent pressure 

variation of the design head. In this case, the inlet pressure for each lateral will be 

different and the delivery hose elevations will have to be calculated separately for each 

lateral. 

On steep slopes, the friction head losses in the manifold are relatively small in 

magnitude compare to the pressure head gain due to down hill slope. The manifold 

diameter can be determined by two methods. 

6.2.4.1 Velocity Method 

The velocity method is defined as setting limit on the velocity in the pipe. Velocity 

limits are usually between 5 to 10 fps (1.5 to 3 mps), Keller and Bliesner, 1990. From 

the conservation of mass or the continuity equation, the diameter is equal to 



D = M 
Q K 
V 
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6.11 

where, 

K = conversion factor, 0.4058 E.units (1273 M.units). 

Q = flow rate, gpm (lps) 

V = average flow velocity in the pipe, fjps (mps) 

* D = pipe diameter, in (mm) 

6.2.4.2 Percent Friction Head Loss Method 

The allowable friction head loss is determined by the following equations: 

(hf)a = (Hup - Hd0) - Az 6.12 

Az = S0 * L 6.13 

where, 

(hf)a = allowable friction head loss, ft (m) 

Hup = pressure head upstream, ft (m) 

Hd0 = pressure head downstream, ft (m) 

Az = elevation change and negative for down slope 

S0 = ground bed slope, ft/ft (m/m) 

L = length, ft (m) 

Replacing the friction head loss, hf, in equation 4.13 by (hf)a, the manifold pipe 

diameter can be computed with appropriate K, m, and n depending on Reynolds 

number. 
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In the design, usually the pressure head upstream and pressure head downstream are 

equal because uniform inlet pressure to lateral is desired. In previous design methods, 

to control excess pressure in the manifold, the manifold diameter was reduced several 

times. In this study, orifice plates will be used to dissipate excess energy generated 

from elevation difference to provide same inlet pressure at each lateral intake. This is 

discussed in details in section 6.2.8. 

6.2.5 Pressure Distribution 

Flow in closed conduit multiple outlet irrigation lines is hydraulically steady, 

spatially varied pipe flow. The flow from a manifold into a laterals or the outflow of 

each delivery hose from a lateral is controlled by the pressure distribution along the 

manifold and the lateral lines. The pressure distribution along the manifold or the 

lateral is controlled by the energy drop through friction and the energy gain or loss due 

to slopes either down or up. As the flow rate in the line decreases with respect to the 

length, the energy gradient line will not be a straight line but a curve of exponential type 

(Jensen, 1983). The energy gradient line is expressed by a dimensionless pressure 

gradient line as derived by Wu and Giltin, 1974. 

R; = 1 - (1 - i)1+m 6.14 

where, 

Rj = friction drop ratio 

m = flow rate exponent 

i — length ratio = £/L 



95 

I = a given length measured from the upstream, ft (m) 

L = total length of the line, ft (m) 

Ri = (hf)i/hf 

where, 

(hf)i = friction head losses at length ratio, ft (m) 

hf = friction head losses in the pipe, ft (m) 

The friction losses can be determined from equation 4.13. The pressure distribution 

along the manifold or the lateral can be expressed mathematically as follows: 

H; = Hin - R, • hf ± (Az)*(£/L) 6.15 

where, 

H; = pressure head at length ratio, ft (m) 

Hin = inlet pressure head, ft (m) 

± = " + " sign for downslope, sign for upslope. 

The minimum pressure point can be determined by 

S 1/m 
i  = 1  -  [  _ .  °  3 6 .16 

Sf (m+1) 

where, 

i = g/L 

S„ = ground bed slope = A/L 

Sf = friction slope = hf/L 

A systematic tabular form of calculating pressure distribution is presented in section 

6.2.7. From the pressure distribution along a manifold line, the inlet pressure to the 
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laterals and orifice plates location can be determined. Also, from the pressure 

distribution along a lateral line, the delivery hose elevations can be determined. 

6.2.6 Sizing Lateral and Delivery Hose 

From the pressure distribution along the manifold, the designer should select a 

desired inlet pressure to the lateral. Since the systems are designed on steep slopes and 

the source of energy is gravity, the minimum pressure in the manifold is the limit for 

selection (i.e., no higher than minimum pressure). The selected lateral inlet pressure 

will fall within two categories. First, lateral inlet pressure is less than twice the 

maximum delivery hose height minus the minimum delivery hose height. Second, 

lateral inlet pressure is greater than twice the maximum delivery hose height minus the 

minimum delivery hose height. The allowable friction head loss in the lateral and the 

delivery hose is defined as "the difference between the lateral inlet pressure and the 

minimum delivery hose height". For the first category, the allowable friction head loss 

is equally divided between the lateral and the delivery hose for diameter calculations. 

For the second category, the maximum delivery hose height less the minimnm delivery 

hose height is the allowable friction head loss for the lateral. While, the lateral inlet 

pressure minus the maximum delivery hose height is the allowable friction head loss for 

the delivery hose. It is assumed that all delivery hoses have the same length. 

The practice published in the literature is to assume the maximum and the minimum 

delivery hose height are 3.3 and 1 ft (1 and 0.3 m) respectively. The maximum of 3.3 

ft (1 m) for soil erosion control from falling water. The minimum height of 1 ft (0.3 
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m) for protection from pounded water and trampling by workers or animals. However, 

the energy gain due to elevation difference is free of cost energy and the optimum use 

should be considered. Greater pressures and higher velocities in the pipes will help to 

prevent air locks in both the laterals and the delivery hoses. From the allowable friction 

head loss of the lateral, equation 4.13, and Table 4.1, the lateral diameter can be 

computed. For Reynolds numbers up to 100,000, Blasius K, m, and n should be used, 

otherwise turbulent flow K, m, and n should be used. Whereas, from the allowable 

friction head loss of the delivery hose, equation 4.10, and Blasius K, m, and n, the 

delivery hose diameter can be determined. 

For higher delivery hoses heights and control erosion, a tee can be connected at the 

point of discharge at the delivery hose. The upper end of the tee is exposed to 

atmospheric pressure. The tee is set at the calculated delivery hose elevation and a 

delivery tube from the side of the tee delivers the flow to the basin of the tree, Figure 

6.6. 

6.2.7 Delivery Hose Elevations 

After the lateral and the delivery hose pipe diameters have been determined, the 

lateral pressure distribution and the delivery hose elevations can be calculated. The 

actual friction head losses and minor losses must be determined in both the lateral and 

the delivery hose based on the selected diameters. Friction head losses in the lateral 

will change with length because flow decreases with respect to length. Whereas, the 

delivery hoses total head losses (i.e. friction head losses and minor losses) will be 
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constant. Equations discussed in pressure distribution section 6.2.5 will work for both 

the manifold and the lateral. A tabular form, Table 6.2, will facilitate recording of the 

data and calculations. The tabular form can be set up on a personal computer with 

spreadsheet software to speed the calculation process. The friction head loss for 

multiple outlets using Christansen reduction factor, Eq. 4.13. or by summing up the 

friction head losses in each length segment, Eq. 4.10. to be calculated separately perior 

the use of this tabular form. Also, total friction head losses in the delivery hose is 

needed. 

6.2.8 Orifices Selection 

Orifice plates convert pressure head to velocity head as water flows through the 

orifice opening. Consequently, the pipe pressure immediately downstream from an 

orifice, near the vena contracta, is reduced and is lower than that further downstream 

as shown in Figure 5.5. This might reduce the flow from outlets that may be located 

in this section of the pipe. To minimize this effect, it is best to use orifices with 

relatively larger diameter ratios. 

A greater number of orifices with larger /30 values will be required but they are 

relatively easy to install and their cost is nominal. A pressure distribution along the 

pipeline is needed to determine the number, size, and location of orifices to be used in 

the field. After selecting the desirable lateral inlet pressure, the orifices are selected to 

maintain this pressure head. For design purposes, two cases should be considered to 

select orifices. 
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Table 6.2 Pressure distribution and delivery hose elevation calculations tabular data 
form. 

Mainline, Manifold, and Lateral 

Inlet pressure, Hin, ft (m) 

Diameter, D, in (mm) 

Length, L, ft (m) 

Design flow rate, gpm (lps) 

Total friction losses, hf, ft (m) 

Velocity exponent, m, Table 4.1 

Ground bed Slope, S0, ft/ft (m/m) 

Delivery Hose 

Diameter, D, in (mm) 

Length, Ldh, ft (m) 

Design flow rate, qdh, gpm (lps) 

Friction head losses, ft (m) 

Minor head losses, ft (m) 

Total friction losses,(hf)^, ft (m) 

outlet £ i = e / L  Ri (hf). Az Hi D.H.E 

(hf)dh 
* all other terms as described in section 6.2.5. 
* Az is step function for bench terrace and linear function for inclined slope. 
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Case I, is the variable orifices sizes, or when orifices are placed at lateral intake 

which may give different orifice sizes for each lateral intake point. From the manifold 

pressure distribution and lateral inlet pressure, the head loss drop, H0, required at each 

lateral is determined. Knowing head loss drop, H0, lateral design flow, q,, and lateral 

diameter, D, the orifice size can be calculated from equations in Table 5.2 or read from 

corresponding graphs Figure 5.7 to 5.11. 

Case II, is the same orifice sizes, or when the orifice size at each lateral intake is 

the same. This requires orifices to be installed in the manifold. In this case, a desirable 

common pressure head is selected from manifold pressure distribution, higher than 

lateral inlet design pressure head. The head loss drop for lateral orifices selection would 

be the difference between the common pressure head selected and the lateral inlet 

pressure head which will be the same for all laterals. The head loss drop for manifold 

orifices selection would be the difference between the actual pressure at the point and 

the common pressure head. The actual pressure point should be between 1 to 1.5 ft (0.3 

to 0.5 m) upstream of the lateral intake point. From the laboratory tests, it was found 

that the velocity recovery point is 1 to 1.5 ft (0.3 to 0.5 m) downstream of the orifice. 
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CHAPTER 7 

FIELD INSTALLATION 

7.1 General 

Usually, constant diameter manifolds or laterals are preferred because they are 

convenient to install and maintain. On steep sloped fields where the increase in pressure 

from slope would result in nonuniform flows, manifolds or laterals are tapered having 

up to four different pipe sizes. As suggested by Keller and Bleniser (1990), this is done 

to economize on pipe costs and to keep the pressure head variation within the desired 

limits. 

However as mentioned, the diameter reduction method requires extensive 

calculations and may increase the cost due to construction complexity of several 

diameter pipes. In this study, concentric orifices are placed at intervals in the mainline 

or the manifold or at the lateral intake to keep the pressure head variation within the 

desired limits. The orifices are installed inside the coupling which joins the two pipes. 

The orifices are relatively easy to install and their cost in nominal compare to the pipe 

diameter reduction method. As part of this research, a gravity bubbler irrigation system 

was installed on a steep slope. The purpose was to determine correct installation 

procedures for orifices used as energy dissipating devices. Due to unavailability of a 

steep slope field, a prototype of the system was designed and installed. 
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7.2 Design and Operation 

The prototype of a gravity bubbler irrigation system was installed at the University 

of Arizona, Campus Agricultural Center. The system consisted of a manifold with 

lateral outlets, Figure 7.1. 

7.2.1 Design Parameters 

Cross Slope ' = 15 % 

Lateral section length = 5 ft 

Lateral design flow rate = 50 gpm 

No. of laterals outlets = 3 

Selected lateral diameter = 2 in. 

Spacing between laterals = 15 ft 

First lateral location = 10 ft from inlet. 

Manifold length = 45 ft 

Manifold flow capacity = 150 gpm 

Manifold design inlet pressure = 1 ft 

7.2.2 Sizing Manifold 

Using velocity method (section 6.2.4.1), the manifold diameter was determined to 

be 3 in. (75 mm) for a velocity limit of a 7 fps (2.1 mps) by equation 6.11. 

7.2.3 Manifold Pressure Distribution 

The friction head losses in the manifold were 0.8 ft (0.24 m) using equation 4.13. 

For N=3 and m=1.75, the Christansen reduction factor, F, is 0.54 from Table 4.2. 

The pressure distribution in the manifold is given in Table 7.1. 
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Figure 7.1 Schematic of a Prototype Gravity Bubbler Irrigation Design on Steep Slope at the Campus 
Agricultural Center. 
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7.2.4 Orifices Selection 

The system was designed for case II of the orifices selection method (section 6.2.8). 

This method provides a uniform lateral intake orifice which is more convenient in field 

installation. Also, it provides a full flow check in the manifold for sufficient flow from 

the first lateral outlet. From the manifold pressure distribution, Table 7.1, the inlet 

pressure at the first lateral was 2.10 ft (0.65 m). This pressure was selected as a limit 

for all laterals. The system was designed for open air discharge from the orifice, thus 

the pressure downstream of the orifice was zero. Therefore, the required pressure drop 

across the orifice was 1.9 ft (0.58 m) allowing 0.2 ft (0.06 m) for minor fitting losses. 

From Figure 5.8, at a discharge, Q, of 50 gpm (3.15 lps) and head loss, H„, of 1.9 ft 

(58 cm), the required orifice diameter is 1.4 in. (35 mm) at each lateral intake. 

The available inlet pressure at the second lateral was 4.04 ft (1.23 m). Hence, the 

head loss drop desired was 1.94 ft (0.6 m), which is the difference between the selected 

inlet pressure and the available inlet pressure. From Figure 5.10 at Q=100 gpm (6.3 

lps) and H0=1.94 ft (60 cm), the orifice diameter required was 2 in. (50 mm) for the 

manifold installed upstream the second lateral outlet. Similarly for the third lateral, at 

Q=50 gpm (3.15 lps) and K0=2.16 ft (66 cm), the orifice diameter required was 1.5 

in. (40 mm) installed upstream of the third lateral outlet. 

To install the orifices in the manifold and the lateral, a coupling was installed. The 

coupling location on the manifold was 1.5 ft (0.46 m) upstream the second and third 

lateral intake point as observed from laboratory tests that velocity recovery occurs 

between 1 to 2 ft (0.3 to 0.6 m) downstream the orifice. 
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Table 7.1 Pressure distribution in the manifold for Hj = 1.0 ft 

outlet I i=f/L Ri (hf)i A z Hi Hi* Hi" 

0 0.00 0.00 0.00 0.00 1.00 

5 0.11 0.28 0.22 0.75 1.53 

1 10 0.22 0.50 0.40 1.50 2.10" 

15 0.33 0.67 0.51 2.10 2.59 

20 0.44 0.80 0.64 3.00 3.36 

2 25 0.56 0.89 0.71 3.75 4.04 2.10 

30 0.67 0.95 0.76 4.50 2.80 

3 40 0.89 1.00 0.80 6.00 4.26 2.10 

45 1.00 1.00 0.80 6.75 2.85 

* Pressure head reduced by 1.94 ft (0.60 m) using 2 in. (50 mm) orifice 
** Pressure head reduced by 2.16 ft (0.66 m) using 1.5 in. (40 mm) orifice 

Pressure taps were installed on the manifold and the lateral for measuring the pressure 

head. On the manifold, the pressure taps were located 0.75 ft (0.23 m) upstream of the 

orifice coupling and at the lateral intake point for the three outlets. On the lateral 

section, the pressure taps were located 0.75 ft (0.23 m) upstream the orifice and 1.5 ft 

(0.46 m) downstream the orifice coupling. A pressure tap was installed at the manifold 

inlet for inlet pressure control. At the end of each lateral section, a 3 in. (75 mm) 

corrugated PE pipe was connected to carry the water back to the ditch. A larger 

diameter corrugated pipe was selected so that the open air flow condition is satisfied. 

7.2.5 Operation 

The system was connected to the centrifugal gasoline combustion engine pump. The 
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pump was started and adjusted until desired pressure and flow were established. The 

system was designed for 1 ft (0.3 m) inlet pressure but during the operation inlet 

pressure was limited to 0.8 ft (0.24 m). At 1 ft (0.3 m) pressure head, the pressure taps 

were over flowing and the open area for extension was limited. A similar procedure 

was followed to measure the flow rate from each lateral and manometer readings as 

outlined in section 5.3. It was necessary to make certain that while measuring the flow 

from laterals connected to corrugated PE pipe that the flow downstream of the orifice 

was open air flow. This was accomplished by avoiding any undulations or humps in the 

corrugated pipe section. 

7.3 Results and Discussion 

The lateral design flow rate was 50 gpm (3.15 lps) and the average measured flow 

rate form first, second, and third lateral was 46.3,48.5, and 48.7 gpm (2.92, 3.06, and 

3.07 lps) respectively. However, the operating inlet pressure was 0.8 ft (0.24 m) and 

the pressure distribution in the manifold was recalculated for comparison between the 

design and the actual measurements. From the recalculated pressure distribution Table 

7.2, the inlet pressure at the first lateral reduced from 2.10 ft (0.65 m) to 1.9 ft (0.58 

m). Thereby, the inlet pressure of 1.9 ft (0.58 m) was selected as a limit for all 

laterals. Hence, the required pressure drop across the orifice was 1.7 ft (0.52 m) 

allowing 0.2 ft (0.06 m) for minor fitting losses. From Figure 5.8, at a head loss, H0, 

of 1.7 ft (52 cm) and orifice diameter of 1.4 in. (35 mm), gives a design discharge, Q, 

of 47 gpm (2.96 lps). The manifold orifices remained unchanged since the difference 
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Table 7.2 Pressure distribution in the manifold for H-, = 0.80 ft 

outlet e i = t / L  Ri (hf)i A z Hj* H** 

0 0.00 0.00 0.00 0.00 0.80 

5 0.11 0.28 0.22 0.75 1.33 

1 10 0.22 0.50 0.40 1.50 1.90 

15 0.33 0.67 0.51 2.10 2.39 

20 0.44 0.80 0.64 3.00 3.16 

2 25 0.56 0.89 0.71 3.75 3.84 1.90 

30 0.67 0.95 0.76 4.50 2.60 

3 40 0.89 1.00 0.80 6.00 4.06 1.90 

45 1.00 1.00 0.80 6.75 2.65 

between selected lateral inlet pressure and the available inlet pressure did not change, 

1.94 ft (0.60 m) and 2.16 ft (0.66 m) at the second and the third lateral respectively. 

The lateral redesign flow rate of 47 gpm (2.96 lps) gives a difference of ± 1.0 gpm 

(0.063 lps) from the actual measured flow rate. This concludes that orifices placed at 

intervals in the mainline, the manifold, or at the lateral intake can be used to dissipate 

excess energy. The design HGL and the measured HGL are shown in Figure 7.2. The 

results show that the energy dissipating concentric orifices work well in keeping the 

pressure head variation within the desired limits. A summary of data is given in 

Appendix E. 

Two additional tests were conducted on the steep slope manifold set up. The first 

test was designed to compare the design graphical relationships and the actual field 

measurements of flow rate on steep slope layout. A variable orifices selection method 
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was used (section 6.2.8). Three arbitrary orifice diameters were selected 1.6, 1.4, and 

1.2 in. (40, 35, 30 mm) and placed in the first, the second, and the third lateral 

respectively with no orifices in the manifold. The pressure head upstream of each 

orifice and the flow rate from each lateral were measured. The pressure head 

measurements were 1.1, 4.3, and 6.0 ft (0.34, 1.31, and 1.83 m) and the average flow 

rates were 57.9, 67.9, and 53.7 gpm (3.65, 4.28, and 3.38 lps) for the first, the second, 

and the third lateral respectively. From Figure 5.8, the design flow rates are 60, 70, 

and 55 gpm (3.78, 4.41, and 3.47 lps) based on the measured pressure head, H„, and 

given orifice diameter. The average error in the flow rate measurements is 

approximately 3 percent. In general, the variable orifices selection method should be 

considered when sedimentation is a major concern. 

The second test was similar to the first but orifices were eccentric with 1.2, 1.4, and 

1.6 in. (30, 35, 40 mm) in diameter. The pressure head measurements were 0.6, 3.5, 

and 5.5 ft (0.18, 1.07, and 1.68 m) and the average flow rates were 45, 65, and 49 gpm 

(2.84, 4.10, and 3.09 lps) for the first, the second, and the third lateral respectively. 

From Figure 5.8, the design flow rates are 50, 70, and 58 gpm (3.15, 4.41, and 3.65 

lps) based on the measured pressure head, H„, and given orifice diameter. The 

difference between the design flow rates and the measured flow rates ranged from 7 to 

15 percent. Thus, a more extensive study of eccentric orifices is needed. 
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CHAPTER 8 

SUMMARY AND CONCLUSIONS 

The inception of gravity bubbler irrigation system was fifteen years ago. The 

objective of this alternative irrigation system is to efficiently utilize the available 

irrigation water supplies with minimum energy and maintenance cost. Gravity bubbler 

irrigation systems can be activated by existing pressure in the conventional supply 

channels. The system is based on gravity flow and does not require an external energy 

source or elaborate filtration equipment. The systems operating and maintenance costs 

are minimal. Despite their simplicity and advantages, gravity bubbler irrigation systems 

are not used extensively. As reported by previous researchers, one of the limitation is 

the manifold or the lateral length on gradual or steep slopes. One approach would be 

the diameter reduction method but it requires extensive design calculations. Also, cost 

savings associated with diameter reduction are minimum because the length of each pipe 

is typically short. As an alternative approach, concentric orifices placed at intervals in 

the mainline or the manifold or the lateral can be used to dissipate excess energy in the 

system and check the flow for full flow conditions. The orifices can be made of PVC 

and installed inside the bell end of a pipe coupling and is held in place by the male end 

of a companion pipe. The orifices are easy to install and their cost is minimal. 

Laboratory test were conducted to obtain the head loss coefficients for energy 

dissipating concentric orifices installed in typical gravity bubbler irrigation pipes. The 

head loss coefficient, K„, can be expressed by an equation of the form K0=a/3b where 
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a and b are constants determined from laboratory test data regression analysis. The 

head loss, H0, as function of l-/30 factor and velocity head, was developed for five PVC 

pipe diameters 1.5, 2, 2.5, 3, and 4 in. (40, 50, 60, 75, and 100 mm). The laboratory 

investigations included developing the head loss versus flow rate relationships for 

different orifice to pipe diameter ratios to use for design purposes. 

A comprehensive design procedure for gravity bubbler irrigation systems on steep 

slopes using concentric orifices as energy dissipating device is presented in this study. 

The design procedure recommended include: 

1. Determining the design parameter which include field layout, lateral spacing, 
delivery hose spacing, lateral burial depth, and delivery hose design flow. The delivery 
hose design flow should meet the minimum flushing velocities required for preventing 
air locks. 

2. Calculating the pipe lengths and design flows for the mainline, the manifold, and 
the lateral. 

3. Constant head device design. It is recommended that the device be located at the 
manifold inlet. 

4. Sizing the mainline and the manifold either by the velocity method or percent 
head loss method. The use of PVC pipes is recommended over corrugated PE pipes. 
The PVC pipes reduce friction losses, commercial fittings are available, facilitates the 
delivery hose connections, and easy orifice installation. 

5. Calculating the friction head losses in the manifold and determining the pressure 
distribution in the manifold. The friction head losses can be calculated either by 
individual segments or the Christansen reduction factor method. 

6. Sizing the lateral and the delivery hose. Delivery hose diameters larger than 
0.375 in (10 mm) increase the potential for air locks and decrease water application 
uniformity. 

7. Calculating delivery hose elevations by establishing the tabular data form. 
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8. Selecting orifices. The same orifice size at each lateral intake, which requires 
orifices to be placed in the manifold, is recommended. It has the advantage of uniform 
lateral design and simpler installation procedures. Also, it requires less time for steady 
state conditions and checks the flow for sufficient flow at upstream laterals. The 
variable orifices method might be considered when water quality is a major factor. The 
orifices should be located at 1 to 2 ft (0.3 to 0.6 m) upstream of desired pressure drop 
point. 

The following topics are suggested for future research in gravity bubbler irrigation 

systems: 

1. Experimentally explore the sedimentation deposition in the gravity bubbler 

irrigation pipelines and how it would effect the orifices. 

2. Further refine orifice head loss coefficients, K„, for eccentric orifices. 

3. Design and install a gravity bubbler irrigation on a actual steep sloped field using 

energy dissipating orifices concentric and eccentric for larger scale use feasibility and 

comparing it with diameter reduction method. 

4. A study of wetting pattern under alternative irrigation systems in orchards for 

optimum use of irrigation water supplies. 
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APPENDIX A 

Velocity exponent, m, diameter exponent, n, and 
unit conversion constant, K 

Al. Velocity and diameter exponents (m and n) 

A 1.1 Laminar flow 

Combining equation 4.5 and 4.7 gives 

h _ 64 L V2 

f Re D 2g 

replacing Re by equation 4.6 gives 

h = 64 v y2 
f V D D 2g 

Combining velocity and diameter terms gives 

, 64 v V , hf = —— —- L 
2g D2 

so, m=l and n= 2. 

A1.2. Blasius Equation 

Combining equation 4.5 and 4.8 gives 

h  _ 0 .316  L 
f " Re0-2s D 2g 

replacing Re by equation 4.6 gives 

h  = 0-316 v 0 - 2 5  I ,  
f  (VD) 0 - 2 5  D 2g  

combining velocity and diameter terms gives 
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h = 0.316 v°-25 V1-75 L 
f 2g d1-25 

so, m=1.75 and n=1.25. 

Similarly turbulent flow m and n can be derived. 

A1.3. Hazen-William Equation 

Hazen-William equation in its original form is 

for English units 

V = 1.32 C R0-63  s0-54  

for metric units 

V = 0 .85 C R0-63 s°-54 

where, 
V = average flow velocity, fps (mps) 

C = Hazen-William roughness coefficient 

R = hydraulic radius, ft (m) 

S = friction slope = hf/L, ft/ft (m/m) 

since for pipes R=D/4 and S=hf/L, for English units 

h = [ 1 1 1.852 r V 1 1.852 L 
f 1.32 C (0.25) 0,63 D0,63 

so, m=1.852 and n= 1.167 
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A2. Unit conversion constant, K 

A2.1 Laminar flow 

t, 64 v V T 
" f  =  - ~ ^  L  

2g D2 

from Continuity equation Q=AV and A=(7r/4)D2 

^ 128 v Q , hf = L 
gn D4 

for Q=cfs (m3/sec), D=ft (m), g=32.2 ft/sec2 (9.81 m/sec2), and j>=ft2/sec (m2/sec). 

K = 128 V 
gu 

For Q=gpm and D=in 

K = 128 V D2)4 
git 448.8 

For Q=lps and D=mm 

K = 128 v (1000)4 

gn 1000 

A2.2 Blasius Equation 

, 0.316 v0-25 V1-75 T hf = r —L 
2g \1.25 

from Continuity equation Q=AV and A=(7r/4)D2 
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h = 0.316 v0-25 Q1-75 
f TT 1.75 r>4.75 

2g( -J )  D  

for Q=cfs (m3/sec), D=ft (m), g=32.2 ft/sec2 (9.81 m/sec2), and j>=ft2/sec (m2/sec). 

K = 0.316 v0-25 

TT 1.75 
2g<|) 

For Q=gpm and D=in 

K = 0.316 V 0 - 2 5  (12)4-75 

2g(-E)1-7S (448.8)1"75 

For Q=lps and D=mm 

K = . 0 .316 V 0 - 2 5  (1000) 4-75 

2g (JL) 1-75 (1000) 1-75 

A2.3 Turbulent flow 

v, 0.13 v0-172 V1"828 T n* = L 
f 2g d1-167 

from Continuity equation Q=AV and A=(7r/4)D2 

h  _ 0 .13  y° - 1 7 2  Q 1 - 8 2 8  

E , *rr 1.828 yi 4.828 
2g( -J )  D  

for Q=cfs (m3/sec), D=ft (m), g=32.2 ft/sec2 (9.81 m/sec2), and j»=ft2/sec (m2/sec). 



For Q=gpm and D=in 

K 

For Q=lps and D=mm 

K 
0.13 v0-172 

2g(|)' 
1.828 

0.13 v0-172 (12) 

2 g (  — )  1 - 8 2 8  (  4  4  8  .  8 )  1 - 8 2 8  

K _ 0.13 y°-172 (10QQ)4-828 

2 g ( - 5 . ) 1 ' 8 2 8  ( 1 0 0 0 ) 1 ' 8 2 8  
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A2.4 Darcv-Weisbach general form 

hf = f i: II 
f D 2g 

from Continuity equation Q=AV and A=(7t/4)D2 

f Q2 
hf = 

2g(|)2 D5 

hence for Q=cfs (m3/sec), D=ft (m), and g=32.2 ft/sec2 (9.81 m/sec2) 

f K = 

For Q=gpm and D=in 

K= (12)! 

2 g ( — ) 2  ( 4 4 8 . 8 ) 2  

For Q=lps and D=mm 



f (1000)5 

2 g( | ) 2  dOOO) 2  

A2.5 Hazen-William Equation 

For English units 

h _ r 1 1 1.852 r V -11.852 T 
f 1.32 C (0.25) 0-63 D°-63 

For metric units 

h = [ 1 1 1.852 r V 1 1.852 L 
f 0.85 C (0.25) 0-63 D0-63 

from Continuity equation Q=AV and A=(7r/4)D2 

A n1.852 
hf = [ = 3 1-852 -2 L 

1.32 C 71 (0 . 25) 0,63 
D4.8S2 

A n1.852 
hf = [ ± j1-852 0 L 

0.85 C n (0.25) 0-63 D4.852 

For Q=gpm and D=in 

_ [ 4 1 1.852 (12) 4.852 
1.32 C 71 (0 . 25) °-63 (448.8) 1-852 

For Q=lps and D=mm 

K = [ 4 ji.esa (1000) 4-852 

0.85 C 71 (0 . 25) 0,63 (1000) 1-852 

The following Table presents the unit conversion constant, K values for different 

temperatures and Hazen-William roughness coefficients. 
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Table A1. Unit conversion constant, K values 

Equation Temp. Vicosity K English units Temp. Viscosity K metric units 

Fdeg. 

vis x 10*5 

sq. ft/sec Laminar Blasius Turbulent Cdeg. 

vis x 10*6 

sq. m/sec Laminar Blasius Turbulent 

LAMINAR, 40 1.664 0.00097 0.001479 0.00109 5 1.519 63088 873805 1028171 

BLASIUS, 50 1.41 0.00082 0.001419 0.001059 10 1.308 54325 841738 1002060 

and 60 1.217 0.00071 0.001368 0.001033 15 1.141 47389 813479 978791.9 

TURBULENT 70 1.059 0.00062 0.001321 0.001008 20 1.007 41824 788465 957984.1 

FLOW 80 0.93 0.00054 0.001279 0.000986 25 0.897 37255 765990 939112.3 

EQUATIONS 90 0.826 0.00048 0.001241 0.000966 30 0.804 33392 745313 921597.5 

DARCY-WEISBACH GENERAL 

FORM 

0.03113 *f 8.26 X 10*7 * f 

HAZEN-WILLIAM 

C 

130 0.001269 1479149 

EQUATION 

140 0.001106 1289454 

150 0.000974 1134786 
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APPENDIX B 

EXPERIMENTAL DATA 

The appendix contains laboratory test data for the five PVC pipes. For each pipe 

diameter, there are six Tables corresponding to six different concentric orifice 

diameters. For each orifice to pipe diameter ratio, there are three trials. The Tables 

are arranged in the order of increasing orifice diameter then increase in pipe diameter. 

Each Table contains measurements of flow rate, water temperature, and pressure head 

upstream and downstream of the orifice. 
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Table B1.1 Data for pipe ID= 1.710 in and Table B1.1 Data for pipe IDs 1.710 in and Table B1.1 Data for pipe IDs 1.710 in and 

concentric orifice ID= 0.606 in concentric orifice ID= 0.608 in concentric orifice ID= 0.608 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 100.00 Weight of water, lb 100.00 Weight of water, lb 100.00 

Average time, sec 53,40 Average time, sec 58.95 Average time, sec 73.95 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 9.85-9.90 1 - 1 _ 
2 9.80 - 9.05 2 8.50-8.55 2 6.30 - 6.35 

3 9.75 - 9.80 3 8.45 - 8.50 3 6.20-6.30 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 1.50-1.60 1 - 1 -

2 2.55-2.65 2 - 2 

3 2.65-2.68 3 2.65-2.67 3 -

4 2.67-2.68 4 2.66-2.67 4 2.63-2.64 

5 2.65-2.66 5 2.66-2.67 5 2.63 

6 2.65-2.66 6 2.64-2.65 6 2.63 

7 2.62 - 2.63 7 2.62 - 2.63 7 2.60 

Table B1.2 Data for pipe ID= 1.710 in and Table B1.2 Data for pipe ID= 1.710 in and Table B1.2 Data for pipe ID= 1.710 in and 

concentric orifice ID= 0.762 in concentric orifice ID= 0.762 in concentric orifice ID= 0.762 in 

Trail 1 Trail 2 Trail 3 

Weigth of water, lb 100.00 Weigth of water, lb 100.00 Weigth of water, lb 100.00 

Average time, sec 33.46 Average time, sec 40.27 Average time, sec 52.57 

wator temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 9.95-10.00 1 7.50-7.55 1 5.50 • 5.60 

2 9.85-9.90 2 7.40-7.45 2 5.49-5.54 

3 9.80 - 9.85 3 7.30-7.35 3 5.47-5.50 

Downstream of the orific outlot pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 1.10-1.20 1 1.50-1.60 1 1.90-2.00 

2 2.70-2.B0 2 2.70-2.75 2 2.60 • 2.63 

3 2.90-2.95 3 2.82-2.84 3 2.67 - 2.68 

4 2.92-2.95 4 2.62-2.83 4 2.67 -2.68 

5 2.90-2.93 5 2.82-2.83 5 2.66-2.67 

6 2.85-2.90 6 2.78-2.60 6 2.64-2.65 

7 2.75 - 2.80 7 2.73-2.74 7 2.61 -2.62 
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Table B1.3 Data for pipe ID= 1.710 in and Table B1.3 Data for pipe ID= 1.710 in and Table B1.3 Data for pipe IDs 1.710 in and 

concentric orifice ID= 0.902 in concentric orifice IDs 0.902 in concentric orifice ID- 0.902 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 100.00 Weight of water, lb 100.00 Weight of water, lb 100.00 

Average time, sec 23.97 Average time, sec 27.53 Average time, sec 41.44 

water temperatrue, F 53.00 water temperature, F 53.00 water tempearture, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 9.75 - 9.60 1 7.95 - 8.00 1 4.82-4.86 

2 9.40-9.50 2 7.80 - 7.75 2 4.80-4.84 

3 9.40 • 9.45 3 7.73-7.78 3 4.75-4.80 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 1.00-1.10 1 1.42-1.48 1 2.00-2.05 

2 3.15-3.25 2 3.00 • 3.05 2 2.70-2.75 

3 3.34 - 3.36 3 3.15-3.17 3 2.79-2.80 

4 3.35 - 3.37 4 3.15-3.17 4 2.79-2.80 

5 3.33-3.35 5 3.14-3.15 5 2.79-2.80 

6 3.24-3.26 6 3.08-3.11 6 2.76-2.77 

7 3.08-3.11 7 2.95-2.97 7 2.68-2.70 

Table B1.4 Data for pipe IDs 1.710 in and 

concentric orifice ID= 1.025 in 

Table B1.4 Data for pipe ID* 1.710 in and 

concentric orifice ID= 1.025 In 

Table B1.4 Data for pipe ID= 1.7101 

concentric orifice IDs 1.025 in 

n and 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 100.00 Weight of water, lb 100.00 Weight of water, lb 100.00 

Average time, sec 10.18 Average time, sec 21.70 Average time, sec 38.90 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 10.00-10.10 1 - 1 4.08-4.10 

2 9.55-9.65 2 7.48-7.54 2 3.95-4.00 

3 9.55-9.65 3 7.30 - 7.40 3 3.90-3.95 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 1.20-1.30 1 - 1 -

2 3.90 • 3.95 2 - 2 2.78 - 2.80 

3 4.13-4.15 3 3.52-3.58 3 2.83-2.84 

4 4.12-4.13 4 3.65 • 3.66 4 2.83-2.84 

5 4.04-4.06 5 3.62 - 3.64 5 2.82-2.83 

6 3.90-3.95 6 3.60 - 3.62 6 2.78-2.80 

7 3.65 - 3.68 7 - 7 2.75-2.76 
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Table B1.5 Data for pipe ID= 1.710 in and Table B1.5 Data for pipe ID= 1.710 in and Table B1.5 Data for pipe ID= 1.710 in and 

concentric orifico ID= 1.305 in concentric orifice ID= 1.305 in concentric orifice IDs 1.305 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 100.00 Weight of water, lb 100.00 Weight of water, lb 100.00 

Average time, sec 10.91 Average time, sec 12.63 Average time, sec 15.19 

wator temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.30 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 10.20-10.30 1 8.40 • 8.50 1 6.60 - 6.90 

2 9.75 - 9.80 2 7.95-8.00 2 6.35-6.45 

3 9.45-9.50 3 7.80-7.85 3 6.35-6.45 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 3,35 - 3.45 1 3.20-3.25 1 3.05-3.10 

2 6.62-6.65 2 5.60 • 5.65 2 4.75-4.80 

3 6.75 - 6.80 3 5.72-5.75 3 4.84-4.87 

4 6.70 - 6.73 4 5.69 - 5.72 4 4.79-4.82 

5 6.45-6.50 5 5.53 • 5.55 5 4.67-4.70 

6 6.10-6.12 6 5.25 - 5.26 6 4.53-4.55 

7 5.50-5.55 7 4.80-4.83 7 4.15-4.20 

Table B1.6 Data for pipe ID= 1.710 in and 

concentric orifice ID= 1.425 in 

Table B1.6 Data for pipe IDs 1.710 in and 

concentric orifice IDs 1.425 in 

Table B1.6 Data for pipe 10= 1.710 in and 

concentric orifico ID= 1.425 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 100.00 Weight of water, lb 100.00 Weight of water, lb 100.00 

Average time, sec 10.22 Average time, sec 12.19 Average time, sec 15.14 

water temperature, F 53.00 water temperature, F 53.00 water temeprature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 9.45-9.55 1 7.60-7.70 1 6.05-6.15 

2 8.95-9.00 2 7.05-7.10 2 5.55 - 5.65 

3 8.60 • 8.65 3 6.80-6.90 3 5.50-5.60 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 5.45-5.50 1 4.65 - 4.68 1 4,00-4.10 

2 7.35 - 7.35 2 5.90 • 5.95 2 4.85-4.90 

3 7.41 -7.44 3 5.95-5.97 3 4.88-4.94 

4 7.35 - 7.37 4 5.92-5.94 4 4.85-4.88 

5 7.16-7.18 5 5.75 - 5.78 5 4.74-4.76 

6 6.67-6.70 6 5.44 - 5.46 6 4.50-4,57 

7 6.00 - 6.05 7 4.97 - 5.00 7 4.22-4.24 
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TablaB2.1 Data for pipe ID= 2.170 in and Table B2.1 Data for pipe IDs 2.170 in and Table B2.1 DataforpipelD=2.170inand 

concentric orifice ID= 0.405 in concentric orifice 10= Q.4Q5 in concentric orifice ID= 0.405 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 100.00 Weight of water, lb 100.00 Weight of water, ib 100.00 

Average time, sec 123.80 Average time, sec 139.84 Average time, sec 150.40 

Water temperature, F deg 53.00 Water temperature, F 53.00 Water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, fi Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 9.84-9.65 1 8.16-8.18 1 7.28 - 7.29 

2 - 2 8.16-6.18 2 7.26-7.28 

3 9.83 - 9.84 3 8.14-8.15 3 -

4 9.63 - 9.84 4 8.10-8.12 4 7.26-7.28 

5 9.83 -9.B4 5 8.10-8.12 5 7.26-7.28 

6 9.83 - 9.84 6 8.10-8.12 6 7.26-7.26 

Downstream of the orifice outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 2.20-2.23 1 2.25-2.27 1 2.30-2.31 

2 2.16-2.22 2 2.26 - 2.28 2 2.28-2.32 

3 2.16-2.30 3 2.26-2.30 3 2.30-2.32 

4 2.40-2.44 4 2.44-2.47 4 2.44 • 2.46 

5 - 5 - 5 2.50-2.51 

6 2.52 6 2.52 6 2.52 

7 - 7 - 7 

e 2.52 8 2.52 8 2.52 

9 - 9 - 9 -

10 2.52 10 2.53 10 2.53 

11 2.53 11 2.53 11 2.52 

12 2.53 12 2.53 12 2.52 

13 2.53 13 - 13 -
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Table B2.2 Data for pipe IDs 2.170 in and Table B2.2 Data for pipe IDs 2.170 In and Table B2.2 Data for pipe ID* 2.170 in and 

concentric orifice ID= 0.604 in concentric orifice ID= 0.804 in concentric orifice IDs 0.804 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 100.00 Weight of water, lb 100.00 Weight of water, lb 100.00 

Average time, sec 30.50 Average time, sec 41.96 Average time, sec 51.50 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the oriftce outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 10.00-10.0 1 6.45-6.50 1 -

2 9.90-10.00 2 6.45-6.50 2 5.13-5.18 

3 9.90-10.00 3 6.45-6.50 3 5.15-5.20 

4 9.90-10.00 4 6.45-6.50 4 5.13-5.16 

5 9.90-10.00 5 6.45-6.50 5 5.13-5.16 

6 9.90-10.00 6 6.45-6.50 6 5.13-5.16 

Downstream of the orifice outlet pres.head, ft Downstream of the orific outlet pres.head, fl Downstream of the orific outlet pres.head, ft 

1 1.45-1.55 1 - 1 _ 
2 1.45-1.55 2 - 2 -

3 1.65-1.85 3 - 3 _ 
4 2.40-2.55 4 - 4 _ 

5 2.75-2.80 5 - 5 _ 
6 2.78-2.82 6 2.64-2.66 6 2.60-2.62 

7 2.80-2.84 7 2.64-2.65 7 2.62-2.63 

8 - 8 2.65 8 2.62 • 2.63 

9 2.82-2.84 9 2.66 9 2.63-2.63 

10 2.82-2.84 10 2.64-2.65 10 2.62 - 2.63 

11 2.82-2.04 11 2.63-2.64 11 2.61 -2.62 

12 2.78-2.80 12 2.60 12 2.61 -2.62 

13 2.76-2.77 13 - 13 2.61 
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Table B2.3 Data for pipe ID= 2.170 in and Table B2.3 Data for pipe ID= 2.170 in and Table B2.3 Data for pipe ID= 2.170 in and 

concentric orifice ID= 0.996 in concentric orifice ID= 0.996 in concentric orifice ID= 0.996 in 

Trial 1 Trial 2 Trial 3 

Weight of water, fb 100.00 Weight of water, lb 100.00 Weight of water, lb 100.00 

Average time, sec 21.70 Average time, sec 29.36 Average time, sec 37.59 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, f Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 - 1 - 1 _ 

2 - 2 - 2 -

3 _ 3 - 3 _ 
4 9.20 - 9.30 4 6.20-6.30 4 -

5 9.15-9.25 5 6.15-6.20 5 4.70-4.80 

6 9.00 - 9.05 6 6.00-6.05 6 4.65-4.75 

Downstream of the orifice outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 1.55-1.65 1 - 1 _ 
2 1.50-1.60 2 - 2 _ 
3 1.90-2.05 3 - 3 _ 
4 2.70-2.85 4 - 4 _ 

5 3.10-3.20 5 2.84-2.85 5 2.67-2.69 

6 3.15-3.20 6 2.84 - 2.86 6 2.70-2.71 

7 3.19-3.22 7 2.84-2.85 7 2.70-2.71 

8 3.18-3.20 8 2.83-2.84 8 2.68 • 2.69 

9 3.18-3.20 9 - 9 _ 

10 3.18-3.20 10 2.81 -2.82 10 -

11 3.10-3.14 11 - 11 

12 3.10-3.12 12 - 12 -

13 - 13 - 13 -
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Table B2.4 Data for pipe IDs 2.170 in and Table B2.4 Data for pipe ID* 2.170 in and Table 82.4 Data for pipe IDf 2.170 in and 

concentric orifice ID= 1.205 in concentric orifice ID= 1.205 in concentric orifice ID= 1.205 in 

Trial 1 Trial 2 Triat3 

Weight of water, lb 100.00 Weight of water, lb 100.00 Weight of water, ib 100 

Average time, sec 14.33 Average time, sec 21.40 Average time, sec 17.63 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstreem of the orifice ouUet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 1 - 1 -

2 _ 2 - 2 -

3 - 3 - 3 -

4 - 4 - 4 -

5 9.60-9.70 5 5.55-5.60 5 6.95-7.05 

6 9.55-9.65 6 5.50-5.55 6 6.90 - 7.00 

Downstream of the orifice outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 _ 1 - 1 -

2 2 - 2 -

3 _ 3 - 3 -

4 _ 4 3.20-3.22 4 3.60 - 3.63 

5 4.25-4.28 5 3.20-3.24 5 3.60 • 3.63 

6 4.30-4.34 6 3.22-3.23 6 3.56-3.60 

7 4.25-4.30 7 3.20-3.22 7 3.52-3.53 

8 4.22-4.25 8 3.18-3.20 8 3.48 - 3.50 

9 4.18-4.19 9 3.14-3.16 9 3.43 - 3.45 

10 4.10-4.05 10 3.09-3.10 10 -

11 4.02-4.00 11 - 11 -

12 - 12 - 12 -

13 _ 13 - 13 -
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Table B2.S Data for pipe IDs 2.170 in and Table B2.S Data for pipe ID= 2.170 in and Table B2.S Data for pipe ID= 2.170 in and 

concentric orifice IDs 1.605 in concentric orifice ID= 1.605 in concentric orifice ID= 1.605 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 100.00 Weight of water, lb 100.00 Weight of water, lb 100 

Average time, sec 10.04 Average time, sec 11.63 Average time, sec 14.18 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft upstream of the orifice outlet pres. head, ft 

1 - 1 - 1 _ 

2 8.20-8.25 2 6.55-6.60 2 5.30 • 5.35 

3 8.10-8.15 3 6.45-6.50 3 5.20 - 5.25 

4 8.05-8.10 4 6.40-6.45 4 5.17-5.20 

5 7.95-8.00 5 6.35-6.40 5 5.15-5.18 

6 7.90 - 7.95 6 6.35-6.40 6 5.15-5.18 

Downstream of the orifice outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 4.15-4.20 1 - 1 

2 4.20 - 4.30 2 - 2 _ 
3 5.45-5.55 3 _ 3 _ 

4 5.85-5.95 4 - 4 -

5 6.05-6.10 5 4.95 • 5.00 5 4.22-4.25 

6 6.10-6.15 * 6 5.02-5.05 6 4.25-4.30 

7 6.10-6.15 7 5.02 - 5.05 7 4.24-4.26 

8 6.05-6.10 8 4.98-5.02 8 4.22-4.23 

9 5.95-6.00 9 4.90-4.92 9 4.15-4.18 

10 5.95-6.00 10 4.80-4.85 10 _ 

11 5.85-5.90 11 4.68-4.70 11 -

12 5.75-5.80 12 - 12 _ 
13 5.58-5.60 13 - 13 -



Table B2.6 Data for pipe IDs 2.170 in and Table B2.6 Data for pipe IDs 2.170 in and 

concentric orifice ID= 1.900 in concentric orifice ID= 1.900 in 

Trial 1 Trial 2 

Weight of water, lb 100.00 Weight of water, lb 100.00 

Average time, sec 13.46 Average time, sec 10.54 

water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 - 1 -

2 - 2 -

3 - 3 -

4 - 4 -

5 4.85-4.95 5 6.30-6.35 

6 4.65-4.70 6 5.98 - 6.05 

Downstream of the orifice outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 - 1 -

2 - 2 -

3 - 3 -

4 - 4 -

5 4.44 . 4.46 5 5.35-5.38 

6 4.48-4.50 6 5.50-5.52 

7 4.48-4.50 7 5.65-5.68 

8 4.35-4.40 8 5.65-5.68 

9 4.25-4.30 9 5.65 - 5.68 

10 - 10 5.60-5.63 

11 - 11 5.44-5.46 

12 - 12 5.30-5.35 

13 - 13 -
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TableB3.1 Data for pipe IDs 2.620 in and TabloB3.1 Data for pipe ID= 2.620 in and Table B3.1 Data for pipe ID-2.620 in and 

concentric orifice ID-1.002 in concentric orifice ID= 1.002 in concentric orifice ID-1.002 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 100.00 Weight of water, lb 100.00 Weight of water, lb 100.00 

Average time, sec 23.53 Average time, sec 27.77 Average time, sec 39.64 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 6.85 - 6.95 1 7.10-7.15 1 4.70-4.75 

2 6.60 - 8.70 2 6.90 - 9.95 2 460 - 4.65 

3 8.60 - 8.70 3 6.80-6.90 3 4.55-4.60 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 1.84-1.90 1 2.00-2.05 1 2.23-2.25 

2 2.45-2.55 2 2.40-2.50 2 2.40-2.45 

3 2.90-2.94 3 2.74-2.77 3 2.54-2.56 

4 2.92-2.94 4 2.75-2.78 4 2.55-2.57 

5 2.92-2.94 5 2.60-2.62 5 2.58 • 2.59 

6 3.05 - 3.06 6 2.85-2.88 6 2.57-2.58 

7 2.96-2.98 7 2.74-2.76 7 2.55-2.56 

Table B3.2 Data for pipe IDs 2.620 in and Table B3.2 Data for pipe IDs 2.620 in end Table B3.2 Data for pipe ID= 2.620 in and 

concentric orifice IDs 1.250 in concentric orifice IDs 1.250 in concentric orifice IDs 1.250 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 100.00 Weight of water, lb 100.00 Weight of water, lb 100.00 

Average time, sec 14.69 Average time, sec 18.96 Average time, sec 33.64 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 6.80-6.65 1 6.25-6.30 1 -

2 8.70-8.75 2 6.10-6.20 2 3.60 - 3.70 

3 8.65-8.70 3 6.05-6.10 3 3.50 • 3.60 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 2.20-2.30 1 2.25-2.35 1 -

2 3.00-3.30 2 2.70-2.90 2 -

3 3.75-3.80 3 3.18-3.24 3 2.65-2.67 

4 3.76 - 3.82 4 3.22 • 3.24 4 2.65 - 2.67 

5 3.68 - 3.90 5 3.30 - 3.35 5 2.66-2.68 

6 3.88-3.90 6 3.30 - 3.34 6 2.65-2.67 

7 3.75-3.60 7 3.16-3.18 7 2.63-2.64 
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Table B3.3 Data for pipe ID= 2.610 in and Table B3.3 Data for pipe IDs 2.610 in and Table B3.3 Data for pipe IDs 2.610 in and 

concentric orifice ID= 1.500 in concentric orifice ID= 1.500 in concentric orifice ID= 1.500 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 100.00 Weight of water, lb 100.00 Weight of water, lb 100.00 

Average time, sec 11.45 Average time, sec 14.57 Average time, sec 21.12 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 8.35 - 6.40 1 6.25-6.35 1 4.45-4.50 

2 8.20 • 8.30 2 6.20-6.30 2 4.30-4.35 

3 8.20-8.30 3 6.18-6.22 3 4.15-4.25 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 3.10-3.25 1 2.85-2.95 1 2.65 - 2.70 

2 4.25-4.40 2 3.60-3.75 2 2.95-3.00 

3 4.78-4.84 3 3.98-4.00 3 3.10-3.14 

4 4.80-4.84 4 4.00-4.02 4 3.12-3.14 

5 4.85-4.86 5 4.04-4.06 5 3.22-3.25 

6 5.05-5.10 6 4.15-4.20 6 3.22-3.25 

7 4.65-4.90 7 3.90-3.94 7 3.08-3.10 

Table B3.4 Data for pipe ID= 2.610 in and Table B3.4 Data for pipe ID= 2.610 in and Table B3.4 Data for pipe IDs 2.610 in and 

concentric orifice IDs 1.800 in concentric orifice ID= 1.800 in concentric orifice ID= 1.600 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 100.00 Weight of water, lb 100.00 Weight of water, lb 100.00 

Average time, sec 13.42 Average time, sec 12.15 Average time, sec 11.25 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 5,00-5.10 1 5.80-5.85 1 6.25-6.30 

2 5.00-5.05 2 5.70 - 5.75 2 6.20-6.25 

3 5.00 - 5.05 3 5.70-5.75 3 6.20 - 6.25 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 - 1 - 1 -

2 - 2 - 2 

3 4.18-4.22 3 4.64-4.66 3 4.92-4.95 

4 4.18-4.22 4 4.64-4.66 4 4.92-4.95 

5 4.30 - 4.35 5 4.75-4.80 5 5.00-5.03 

6 4.30-4.34 6 4.90-4.95 6 5.20 - 5.24 

7 4.05-4.10 7 4.50-4.55 7 4.85-4.90 
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Table B3.5 Data for pipe IDs 2.610 in and Table B3.5 Data for pipe IDs 2.610 in and Table B3.5 Data for pipe IDs 2.610 in and 

concentric orifice ID= 2.015 in concentric orifice IDs 2.015 in concentric orifice IDs 2.015 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 100.00 Weight of water, lb 100.00 Weight of water, lb 100.00 

Average time, sec 13.43 Average time, sec 11.80 Average time, sec 10.25 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pros, head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 4.60*4.90 1 5.34-5.38 1 6.40-6.45 

2 4.65 - 4.70 2 5.25 - 5.28 2 6.32-6.38 

3 4.60-4.70 3 5.20-5.24 3 6.25 - 6.30 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 - 1 - 1 _ 
2 - 2 - 2 

3 4.20-4.25 3 4.70-4.74 3 5.47-5.50 

4 4.22-4.26 4 4.70-4.74 4 5.47 - 5.50 

5 4.37-4.40 5 4.85-4.90 5 5.52 - 5.56 

6 4.32-4.36 6 4.90-4.95 6 5.85-5.90 

7 4.10-4.14 7 4.60-4.65 7 5.40-5.44 

Table B3.6 Data for pipe IDs 2.610 in and Table B3.6 Data for pipe ID= 2.610 in and 

concentric orifice ID= 2.250 in concentric orifice IDs 2.250 in 

Trial 1 Trial 2 

Weight of water, lb 100.00 Weight of water, lb 100.00 

Average time, sec 13.23 Average time, sec 11.47 

water temperature, F 53.00 water tempareature, F 53.X 

Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 - 1 5.20-5.25 

2 4.55-4.60 2 5.17-5.22 

3 4.50-4.55 3 5.17-5.22 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 - 1 -

2 - 2 -

3 - 3 -

4 - 4 4.93-4.95 

5 4.40-4.45 5 5.05-5.09 

6 4.18-4.22 6 5.00-5.05 

7 7 4.73-4.75 
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Table B4.1 Data for pipe ID- 3.225 in and Table B4.1 Data for pipe ID= 3.225 in and Table B4.1 Data for pipe IDs 3.225 in and 

concentric orifice ID= 1.025 in concentric orifice ID= 1.025 in concentric orifice ID= 1.025 in 

Triall Trial 2 Trial 3 

Weight of water, Ib 100.00 Weight of water, Ib 100.00 Weight of water, Ib 100.00 

Average time, sec 27.20 Average time, sec 32.01 Average time, sec 44.76 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the oriftce outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 8.65 - 8.70 1 6.92-6.95 1 5.45 - 5.48 

2 8.25 • 8.35 2 6.83-6.85 2 5.40 • 5.45 

3 8.15-8.20 3 6.80-6.82 3 5.40-5.43 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 3.50-3,54 1 3.63-3.65 1 3.73-3.75 

2 3.60-3.70 2 3.65 - 3.75 2 3.75-3.85 

3 4.04-4.05 3 3.98-4.00 3 3.95-3.96 

4 4.04-4.05 4 4.00-4.02 4 3.95 - 3.96 

5 4.05-4.06 5 4.00-4.02 5 3.95 • 3.96 

6 4.05-4.06 6 4.02-4.03 6 3.91 -3.92 

7 4.02-4.03 7 3.99-4.00 7 3.90-3.92 

Table B4.2 Data for pipe IDs 3.225 in and Table B4.2 Data for pipe IDs 3.225 in and Table B4.2 Data for pipe ID= 3.225 in and 

concentric orifice ID= 1.201 in concentric orifice ID= 1.201 in concentric orifice ID= 1.201 in 

Trial 1 Trial 2 Trial 3 

Weight of water, to 100.00 Weight of water, lb 100.00 Weight of water, lb 100.00 

Average time, sec 17.74 Average time, sec 20.99 Average time, sec 41.16 

water temperature, F 53.50 water temperature, F 53.00 water temperature. F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 8.82-8.86 1 7.60-7.65 1 4.85-4.88 

2 8.78-8.80 2 7.60-7.65 2 4.80-4.82 

3 8.70-8.75 3 7.55-7.60 3 4.80-4.82 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 3.14-3.18 1 3.40 • 3.45 1 3.60-3.82 

2 3.35 - 3.45 2 3.60 - 3.75 2 3.80-3.64 

3 3.95-4.00 3 4.00-4.03 3 3.94-3.95 

4 4.05-4.08 4 4.05-4.06 4 3.95-3.96 

5 4.05-4.08 5 4.06 - 4.07 5 3.95 - 3.96 

6 4.08-4.10 6 4.30-4.35 6 3.95-396 

7 4.02 • 4.05 7 4.10-4.14 7 3.94-3.95 
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Table B4.3 Data for pipe ID= 3 225 in and Table B4.3 Data for pipe ID= 3.225 in and Table B4.3 Data for pipe ID= 3.225 in end 

concentric orifice ID= 1.502 in concentric orifice ID= 1.502 in concentric orifice ID= 1.502 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 200.00 Weight of water, lb 200.00 Weight of water, lb 200.00 

Average time, sec 37.72 Average time, sec 25.80 Average time, sec 16.93 

water temperature, F - 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 5.60 - 5.70 1 - 1 9.30 - 9.40 

2 5.50 • 5.60 2 7.30 - 7.40 2 9.25-9.35 

3 5.50-5.60 3 7.20-7.30 3 9.25 • 9.30 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 3.70 - 3.80 1 3.30-3.40 1 2.00-2.15 

2 3.65 - 3.95 2 3.60 - 3.70 2 2.50-2.70 

3 4.10-4.18 3 4.10-4.20 3 3.50 • 3.65 

4 4.15-4.25 4 4.20-4.30 4 3.60-3.85 

5 4.15-4.25 5 4.25-4.35 5 3.80-3.85 

6 4.15-4.22 6 4.25-4.35 6 3.75-3.60 

7 4.13-4.20 7 4.24-4.26 7 3.70 - 3.75 

Table B4.4 Data for pipe ID= 3.225 in and Table B4.4 Data for pipe ID= 3.225 in and Teble B4.4 Data for pipe IDs 3.225 in and 

concentric orifice IDs 1.BOO in concentric orifice ID= 1.600 in concentric orifice ID= 1.800 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 200.00 Weight of water, lb 200.00 Weight of water, lb 200.00 

Average time, sec 12.92 Average time, sec 14.72 Average time, sec 20.26 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 9.50-9.60 1 - 1 _ 

2 9.40-9.50 2 6.15-8.25 2 6.20-6.30 

3 9.40 - 9.45 3 6.05-8.15 3 6.10-6.20 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 2.30-2.50 1 2.30 • 2.50 1 3.20 • 3.30 

2 3.20-3.50 2 3.05-3.25 2 3.60-3.70 

3 4.40-4.50 3 4.00-4.15 3 4.10-4.20 

4 4.60-4.70 4 4.20-4.30 4 4.15-4.25 

5 4.60-4.70 5 4.25-4.30 5 4.15-4.25 

6 4.55-4.65 6 4.20-4.25 6 4.00-4.10 

7 4.45-4.55 7 4.10-4.15 7 3.95-4.05 
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Table B4.5 Data for pipe ID= 3.225 in and Table B4.5 Data for pipe ID= 3.225 in and Table B4.5 Data for pipe 10= 3.225 in and 

concentric orifice ID= 2.000 in concentric orifice ID= 2.000 in concentric orifice ID-2.000 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 200.00 Weight of water, lb 200.00 Weight of water, lb 200.00 

Average time, sec 11.08 Average time, sec 12.93 Average time, sec 18.17 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 9.45 • 9.55 1 7.65-7.75 1 -

2 9.40 - 9.45 2 7.55-7.65 2 5.60 - 5.70 

3 9.35 - 9.40 3 7.55-7.65 3 5.50-5.60 

Downstream of the oriftc outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream cf the orific outlet pres.head, ft 

1 3.35-3.45 1 3.30-3.40 1 3.30-3.40 

2 4.50-4.70 2 4.20-4.30 2 3.60 - 3.90 

3 5.50 - 5.60 3 4.90-5.00 3 4.10-4.20 

4 5.70-5.80 4 5.00-5.10 4 4.20-4.30 

5 5.70-5.80 5 5.00 - 5.05 5 4.20-4.30 

6 5.70 - 5.73 6 4.95 - 5.00 6 4.20-4.23 

7 5.57 - 5,60 7 4.88-4.92 7 4.10-4.15 

Table B4.6 Data for pipe ID= 3.225 in and Table B4.6 Data for pipe ID= 3.225 in and Table B4.6 Data for pipe IDS 3.225 in and 

concentric orifice ID- 2.400 in concentric orifice ID= 2.400 in concentric orifice 1D= 2.400 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 200.00 Weight of water, lb 200.00 Weight of water, lb 200.00 

Average time, sec 13.36 Average time, sec 10.99 Average time, sec 9.62 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 - 1 - 1 _ 
2 5.65-5.75 2 6.95-7.10 2 6.00-8.10 

3 5.55-5.65 3 6.80*6.90 3 7.85-7.95 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 4.05-4.15 1 4.60-4.70 1 4.90-5.00 

2 4.65-4.75 2 5.50-5.60 2 6.05-6.20 

3 4.85 - 4.90 3 5.75 - 5.85 3 6.45-6.55 

4 4.90 - 4.95 4 5.80 - 5.90 4 6.55-6.65 

5 4.85-4.90 5 5.75-5.85 5 6.45-6.55 

6 4.80-4.65 6 5.65-5.75 6 6.40-6.50 

7 4.70-4.75 7 5.45 • 5.55 7 6.20-6.30 
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Table B5.1 Data for pipe ID= 4.030 in end Table B5.1 Data for pipe ID= 4.030 in and Table B5.1 Data for pipe ID= 4.030 in and 

concentric orifice ID= 1.205 in concentric orifice ID* 1.205 in concentric orifice ID= 1.205 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 200.00 Weight of water, lb 200.00 Weight of water, lb 200.00 

Average time, sec 34.36 Average time, sec 38.58 Average time, sec 43.34 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 9.80-10.00 1 - 1 -

2 9.85-9.95 2 6.65 - 8.75 2 7.65-7.75 

3 9.80 - 9.90 3 8.50-8.60 3 7.60 - 7.80 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 3.50-3.60 1 3.60-3.70 1 3.70 - 3.75 

2 3.50-3.60 2 3.60-3.70 2 3.70-3.75 

3 3.60 - 4.00 3 3.90-4.00 3 3.90 • 4.00 

4 4.10-4.15 4 4.05-4.14 4 4.05-4.10 

5 4.20-4.23 5 4.15-4.20 5 4.10-4.15 

6 4.18-4.20 6 4.14-4.18 6 4.10-4.15 

7 4.18-4.20 7 4.14-4.18 7 4.08-4.13 

Table B5.2 Data for pipe IDs 4.030 in and Table B5.2 Data for pipe IDs 4.030 in and Table B5.2 Data for pipe ID= 4.030 in and 

concentric orifice ID= 1.605 in concentric orifice ID= 1.605 in concentric orifice IDs 1.605 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 200.00 Weight of water, lb 200.00 Weight of water, lb 200.00 

Average time, sec 16.57 Average time, sec 20.96 Average time, sec 28.75 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 - 1 - 1 -

2 9.50 - 9.60 2 8.20 - 6.30 2 6.45-6.55 

3 9.40-9.50 3 8.15-6.25 3 6.35-6.45 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 3.00-3.15 1 3.20 • 3.30 1 3.50-3.60 

2 3.00-3.15 2 3.20 • 3.30 2 3.50 - 3.60 

3 3.60-3.70 3 3.65 • 3.85 3 3.80-3.90 

4 4.00-4.10 4 3.95-4.05 4 3.95-4.05 

5 4.18-4.24 5 4.10-4.15 5 4.05-4.15 

6 4.18-4.24 6 4.10-4.15 6 4.05-4.15 

7 4.14-4.18 7 4.10-4.13 7 4.04-4.08 
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Table B5.3 Data for pipo ID= 4.030 in and Tabte B5.3 Data for pipe ID= 4.030 in and Table 85.3 Data for pipe ID= 4.030 in and 

concentric orifice ID= 2.005 in concontric orifice ID= 2.005 in concentric orifice ID= 2.005 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 200.00 Weight of water, lb 200.00 Weight of water, lb 200.00 

Average time, sec 12.35 Average time, sec 14.12 Average time, sec 17.40 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 - 1 - 1 -

2 9.15-9.25 2 7.70-7.80 2 6.35-6.40 

3 9.10-9.20 3 7.65-7.75 3 6.25 • 6.35 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 3.70 - 3.80 1 3.65-3.75 1 3.45-3.55 

2 3.90-4.00 2 3.75-3.90 2 3.55-3.65 

3 4.65-4.85 3 4.30-4.50 3 3.90-4.00 

4 5.00-5.10 4 4.60-4.70 4 4.15-4.25 

5 5.20 • 5.25 5 4.75-4.80 5 4.25-4.30 

6 5.18-5.22 6 4.70 - 4.75 6 4.20 • 4.25 

7 5.15-5.18 7 4.68-4.72 7 4.20-4.25 

Table B5.4 Data for pipe ID= 4.030 in and Table 85.4 Data for pipe ID= 4.030 in and Table 85.4 Data for pipe ID= 4.030 in and 

concentric orifice ID= 2.400 in concentric orifice ID= 2.400 in concentric orifice ID= 2.400 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 200.00 Weight of water, lb 200.00 Weight of water, lb 200.00 

Average time, sec 10.33 Average time, sec 11.50 Average time, sec 15.60 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.C0 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 - 1 - 1 -

2 8.70 - 8.80 2 7.35-7.45 2 5.50-5.60 

3 8.65 - 8.75 3 7.30-7.40 3 5.45 - 5.55 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 5.00-5.10 1 4.55-4.65 1 4.00-4.10 

2 5.35 • 5.45 2 4.60-4.90 2 4.10-4.25 

3 5.95 • 6.05 3 5.25 - 5.35 3 4.40-4.50 

4 6.20-6.30 4 5.45-5.50 4 4.50-4.55 

5 6.35-6.40 5 5.55 • 5.60 5 4.55-4.60 

6 6.30 - 6.35 6 5.55 - 5.60 6 4.55-4.60 

7 6.25-6.30 7 5.4B-5.54 7 4.50-4.54 
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Table B5.5 Data for pipe ID= 4.030 in and Table B5.5 Data for pipe IDs 4.030 in and Table B5.5 Data for pipe ID= 4.030 in and 

concentric orifice ID= 2.804 in concentric orifice ID= 2,804 in concentric orifice ID= 2.804 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 200.00 Weight of water, lb 200.00 Weight of water, lb 200.00 

Average time, sec 8.93 Average time, sec 10.28 Average time, sec 12,84 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 1 - 1 -

2 8.45-8.55 2 6.95-7.05 2 5.65 - 5.75 

3 8.35-8.45 3 6.90-7.00 3 5.60 • 5.70 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 6.10-6.30 1 5.30-5.40 1 4.60-4.70 

2 6.55-6.65 2 5.65-5.75 2 4.80-4.95 

3 7.00-7.10 3 5.90-6.00 3 4.95 - 5.50 

4 7.10-7.20 4 6.05-6.10 4 5.10-5.15 

5 7.20-7.25 5 6.08-6.14 5 5.10-5.15 

6 7.20-7.25 6 6.05-6.12 6 5.05 - 5.12 

7 7.15-7.20 7 5.95-6.05 7 5.05 - 5.08 

Table B5.6 Data for pipe IDs 4.030 in and Table B5.6 Data for pipe IDs 4.030 in and Table B5.6 Data for pipe ID= 4.030 in and 

concentric orifice ID= 3.030 in concentric orifice IDs 3.030 in concentric orifice IDs 3.030 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 200.00 Weight of water, ib 200.00 Weight of water, Ib 200.00 

Average time, sec 8.52 Average time, sec 9.27 Average time, sec 10.94 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft 

1 - 1 - 1 _ 

2 8.65-8.70 2 7.60-7.70 2 6.30 • 6.40 

3 8.60 • 8.65 3 7.55-7.65 3 6.25-6.35 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 6.95-7.00 1 6.20-6.30 1 5.30-5.40 

2 7.40-7.50 2 6.60-6.75 2 5.60-5.65 

3 7.70 - 7.80 3 6.85 • 6.95 3 5.70 - 5.80 

4 7.80-7.90 4 6.90 - 7.00 4 5.75-5.85 

5 7.80-7.90 5 6.95-7.05 5 5.80-5.85 

6 7.75-7.85 6 6.90-7.00 6 5.80 • 5.85 

7 7.70 - 7.80 7 6.87-6.93 7 5.76 - 5.82 
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APPENDIX C 

HEAD LOSS CALCULATIONS 

The appendix contains detail head loss coefficient calculations for the laboratory test 

data of the five PVC pipes. There are six Tables for each pipe diameter and within in 

each Table there are head loss coefficients for the three trials. The Tables are arranged 

in the order of increasing orifice diameter then pipe diameter. 
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Table C1.1 Head loss coefficients for 1.5 in (40 mm) pipe 

pipe IDS 1.710 in and concentric orifice IDs 0.608 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (lb/c.ff 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 0.608 

Orifice Diameter (ft) 0.051 

Orifice Area (sq.ft) 0.002 

Description Trial 1 Trial 2 Trial 3 

Water Weight (ib) 100.00 100.00 100.00 

Time (Sec) 53.40 58.95 73.95 

Minimum head upstream (ft) 9.75 8.48 6.25 

Maximum head downstream (ft 2.67 2.67 2.63 

Difference in head (ft) 7.08 5.81 3.62 

Discharge (cfs) 0.03 0.03 0.02 

Discharge (gpm) 13.47 12.20 9.73 

Velocity (fps) 14.88 13.48 10.75 

Reynolds number 55760.66 50529.23 40279.89 

Head loss coefficient Ko 2.06 2.06 2.02 

Table C1.3 Head loss coefficients for 1.5 in (40 mm) pipe 

pipe ID= 1.710 in end concentric orifice ID= 0.902 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (Ib/c.ft) 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 0.902 

Orifice Diameter (ft) 0.075 

Orifice Area (sq.ft) 0.004 

Description Trial! Trial 2 Trial 3 

Water Weight (Ib) 100.00 100.00 100.00 

Time (Sec) 23.97 27.53 41.44 

Minimum head upstream (ft) 9.42 7.75 4.78 

Maximum head downstream (ft 3.36 3.16 2.00 

Difference in head (ft) 6.06 4.59 1.98 

Discharge (cfs) 0.07 0.06 0.04 

Discharge (gpm) 30.01 26.13 17.36 

Velocity (fps) 15.07 13.12 8.71 

Reynolds number 83763.63 72931.86 48451.11 

Head loss coefficient Ko 1.72 1.72 1.68 

Table C1.2 Head loss coefficients for 1.5 in (40 mm) pipe 

pipe ID= 1.710 In and concentric orifice ID= 0.0.762 In 

Datum minus pipe CL (in) 0.200 

Specific weight of water (Ib/c.ft 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 0.762 

Orifice Diameter (ft) 0.064 

Orifice Area (sq.ft) 0.003 

Description Trial 1 Trial 2 Trial 3 

Water Weight (Ib) 100.00 100.00 100.00 

Time (Sec) 33.46 40.27 52.57 

Minimum head upstream (ft) 9.80 7.32 5.48 

Maximum head downstream (ft 2.94 2.83 2.68 

Difference in head (fl) 6.86 4.49 2.60 

Discharge (cfs) 0.05 0.04 0.03 

Discharge (gpm) 21.50 17.86 13.68 

Velocity (fps) 15.12 12.57 9.63 

Reynolds number 71031.20 59019.22 45210.27 

Head loss coefficient Ko 1.93 1.83 1.95 

Table C1.4 Head loss coefficients for 1.5 in (40 mm) pipe 

pipe IDs 1.710 in 8nd concentric orifice ID= 0.1.025 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (Ib/c.ft) 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-0S 

Orifice Diameter (in) 1.025 

Orifice Diameter (ft) 0.085 

Orifice Area (sq.ft) 0.006 

Description Trial 1 Trial 2 Trial 3 

Water Weight (Ib) 100.00 100.00 100.00 

Time (Sec) 16.18 21.70 38.90 

Minimum head upstream (ft) 9.60 7.35 3.90 

Maximum head downstream (ft 4.14 3.65 2.84 

Difference in head (ft) 5.46 3.70 1.06 

Discharge (cfs) 0.09 0.07 0.04 

Discharge (gpm) 39.56 33.14 16.49 

Velocity (fps) 15.38 12.89 7.19 

Reynolds number 97187.92 B1422.88 45420.99 

Head loss coefficient Ko 1.49 1.43 1.32 



Table C1.S Head loss coefficients for 1.5 in (40 mm) pipe 

pipe IDs 1.710 in and concentric orifice 10=0.1.305 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (ib/c.ft 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 1.305 

Orifice Diameter (ft) 0.109 

Orifice Area (sq.ft) 0.009 

Description Trial 1 Trial 2 Trial 3 

Water Weight (lb) 100.00 100.00 100.00 

Time (Sec) 10.91 12.63 15.19 

Minimum head upstream (ft) 9.45 7.82 6.40 

Maximum head downstream (ft 6.78 5.74 4.66 

Difference in head (ft) 2.67 2.08 1.54 

Discharge (cfs) 0.15 0.13 0.11 

Discharge (gpm) 65.92 56.95 47.35 

Velocity (fps) 15.61 13.66 11.36 

Reynolds number 127202.24 109879.37 91361.19 

Head loss coefficient Ko 0.69 0.72 0.77 

Table C2.1 Head loss coefficients for 2.0 in (50 mm) pipe 

pipe IDs 2.17 in and concentric orifice IDs 0.405 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (lb/c.ft) 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 0.405 

Orifice Diameter (ft) 0.034 

Orifice Area (sq.ft) 0.001 

Description Trial 1 Trial 2 Trial 3 

Water Weight (lb) 100.00 100.00 100.00 

Time (Sec) 123.80 139.84 150.40 

Minimum head upstream (ft) 9.83 8.10 7.27 

Maximum head downstream (ft 2.53 2.53 2.53 

Difference in head (ft) 7.30 5.57 4.74 

Discharge (cfs) 0.01 0.01 0.01 

Discharge (gpm) 5.81 5.14 4.78 

Velocity (fps) 14.47 12.81 11.91 

Reynolds number 36120.55 31977.43 29732.21 

Head loss coefficient Ko 2.25 2.19 2.15 

Table C1.6 Head loss coefficients for 1.5 in (40 mm) pipe 

pipe IDs 1.710 in and concentric orifice IDs 1.425 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (ib/c.ft 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 1.425 

Orifice Diameter (ft) 0.119 

Orifice Area (sq.ft) 0.011 

Description Trial 1 Trial 2 Trial 3 

Water Weight (lb) 100.00 100.00 100.00 

Time (Sec) 10.22 12.19 15.14 

Minimum head upstream (ft) 8.62 6.65 5.55 

Maximum head downstream (ft 7.42 5.96 4.92 

Difference in head (ft) 1.20 0.89 0.63 

Discharge (cfs) 0.16 0.13 0.11 

Discharge (gpm) 70.37 59.00 47.51 

Velocity (fps) 14.16 11.87 9.56 

Reynolds number 124355.29 104258.50 83943.93 

Head loss coefficient Ko 0.39 0.41 0.44 

Table C2.2 Head loss coefficients for 2.0 in (50 mm) pipe 

pipe 1D= 2.17 in and concentric orifice ID= 0.804 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (tb/c.ft) 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 0.804 

Orifice Diameter (ft) 0.067 

Orifice Area (sq.ft) 0.004 

Description Trial 1 Trial 2 Trial 3 

Water Weight (lb) 100.00 100.00 100.00 

Time (Sec) 30.50 41.96 51.58 

Minimum head upstream (ft) 9.95 6.45 5.14 

Maximum head downstream (ft 2.84 2.66 2.63 

Difference in head (ft) 7.11 3,79 2.51 

Discharge (cfs) 0.05 0.04 0.03 

Discharge (gpm) 23.50 17.14 13.94 

Velocity (fps) 14.90 10.83 8.81 

Reynolds number 73854.02 53683.21 43670.95 

Head loss coefficient Ko 2.06 2.08 2.08 
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Table C2.3 Head loss coefficients for 2.0 in (50 mm) pipe 

pipe ID= 2.17 in and concentric orifice IDs 0.996 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water <lb/c.ft 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 0.996 

Orifice Diameter (ft) 0.083 

Orifice Area (sq.ft) 0.005 

Description Trial 1 Trial 2 Trial 3 

Water Weight (lb) 100.00 100.00 100.00 

Time (Sec) 21.70 29.36 37.59 

Minimum head upstream (ft) 9.00 6.00 4.65 

Maximum head downstream (ft 3.20 2.85 2.70 

Difference in head (ft) 5.80 3.15 1.95 

Discharge (cfs) 0.07 0.05 0.04 

Discharge (gpm) 33.14 24.50 19.13 

Velocity (fps) 13.65 10.09 7.88 

Reynolds number 83793.62 61931.93 48372.48 

Head toss coefficient Ko 2.00 1.99 2.02 

Table C2.5 Head loss coefficients for 2.0 in (50 mm) pipe 

pipe ID= 2.17 in and concentric orifice ID= 1.605 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (tb/c.ft) 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 1.605 

Orifice Diameter (ft) 0.134 

Orifice Area (sq.ft) 0.014 

Description Trial 1 Trial 2 Trial 3 

Water Weight (lb) 100.00 100.00 100.00 

Time (Sec) 10.04 11.63 14.18 

Minimum head upstream (ft) 7.92 6.38 5.16 

Maximum head downstream (ft 6.15 5.02 4.28 

Difference in head (ft) 1.77 1.36 0.88 

Discharge (cfs) 0.16 0.14 0.11 

Discharge (gpm) 71.64 61.84 50.72 

Velocity (fps) 11.36 9.81 8.04 

Reynolds number 112388.35 97023.13 79575.39 

Head loss coefficient Ko 0.88 0.91 0.88 

Table C2.4 Head loss coefficients for 2.0 in (50 mm) pipe 

pipe IDs 2.17 in and concentric orifice ID= 1.205 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (Ib/c.ft 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 1.205 

Orifice Diameter (ft) 0.100 

Orifice Area (sq.ft) 0.008 

Description , Trial 1 Trial 2 Trial 3 

Water Weight (lb) 100.00 100.00 100.00 

Time (Sec) 14.33 17.63 21.24 

Minimum head upstream (ft) 9.55 6.95 5.52 

Maximum head downstream (ft 4.32 3.61 3.22 

Difference in head (ft) 5.23 3.34 2.30 

Discharge (cfs) 0.11 0.09 0.08 

Discharge (gpm) 50.19 40.80 33. B6 

Velocity (fps) 14.12 11.48 9.53 

Reynolds number 104880.99 85249.27 70760.11 

Head loss coefficient Ko 1.69 1.63 1.63 

Table C2.6 Head loss coefficients for 2.0 in (50 mm) pipe 

pipe IDs 2.17 in and concentric orifice ID= 1.9 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (ib/c.ft) 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 1.900 

Orifice Diameter (ft) 0.158 

Orifice Area (sq.ft) 0.020 

Description Trial 1 Trial 2 

Water Weight (lb) 100.00 100.00 

Time (Sec) 13.46 10.54 

Minimum head upstream (ft) 4.68 5.98 

Maximum head downstream (ft 4.50 5.66 

Difference in head (ft) 0.18 0.32 

Discharge (cfs) 0.12 0.15 

Discharge (gpm) 53.43 68.24 

Velocity (fps) 6.05 7.72 

Reynolds number 70816.00 90434.85 

Head loss coefficient Ko 0.32 0.35 
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Table C3.1 Head loss coefficients for 2.5 in (60 mm) PVC pipe 

pipe ID« 2.620 in and concentric orifice ID= 1.002 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (lb/c.ft 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 1.002 

Orifice Diameter (ft) 0.084 

Orifice Area (sq.ft) 0.005 

Description Trial 1 Trial 2 Trial 3 

Water Weight (lb) 100.00 100.00 100.00 

Time (Sec) 23.53 27.77 39.64 

Minimum head upstream (ft) B.65 6.85 4.57 

Maximum head downstream (ft 3.07 2.87 2.58 

Difference in head (ft) 5.58 3.98 1.99 

Discharge (cfs) 0.07 0.06 0.04 

Discharge (gpm) 30.57 25.90 18.14 

Velocity (fps) 12.44 10.54 7.38 

Reynolds number 76814.00 65085.83 45596.20 

Head loss coefficient Ko 2.32 2.31 2.35 

Table C3.3 Head loss coefficients for 2.5 in (60 mm) PVC pipe 

pipe ID= 2.620 in and concentric orifice ID= 1.500 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (lb/c.ft) 62.400 

Water Temperature F dog. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 1.500 

Orifice Diameter (ft) 0.125 

Orifice Area (sq.ft) 0.012 

Description Trial 1 Trial 2 Trial 3 

Water Weight (lb) 100.00 100.00 100.00 

Time (Sec) 11.45 14.57 21.12 

Minimum head upstream (ft) 8.25 6.20 4.20 

Maximum head downstream (ft 5.07 4.17 3.24 

Difference in head (ft) 3.18 2.03 0.96 

Discharge (cfs) 0.14 0.11 0.08 

Discharge (gpm) 62.81 49.36 34.05 

Velocity (fps) 11.41 8.96 6.18 

Reynolds number 105446.77 82866.54 57166.93 

Head loss coefficient Ko 1.57 1.63 1.62 

Table C3.2 Head loss coefficients for 2.5 in (60 mm) PVC pipe 

pipe IDs 2.620 in and concentric orifice ID= 1.250 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (lb/c.ft 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 1.250 

Orifice Diameter (ft) 0.104 

Orifice Area (sq.ft) 0.009 

Description Trial 1 Trial 2 Trial 3 

Water Weight (lb) 100.00 100.00 100.00 

Time (Sec) 14.69 18.96 33.64 

Minimum head upstream (ft) 8.67 6.07 3.57 

Maximum head downstream (ft 3.89 3.34 2.67 

Difference in head (ft) 4.78 2.73 0.90 

Discharge (cfs) 0.11 0.08 0.05 

Discharge (gpm) 48.96 37.93 21.38 

Velocity (fps) 12.80 9.92 5.59 

Reynolds number 98627.55 76415.54 43068.93 

Head loss coefficient Ko 1.88 1.79 1.85 

Table C3.4 Head loss coefficients for 2.5 in (60 mm) PVC pipe 

pipe IDs 2.620 in and concentric orifice ID- 1.800 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (lb/c.ft; 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 1.800 

Orifice Diameter (ft) 0.150 

Orifice Area (sq.ft) 0.018 

Description Trial! Trial 2 Trial 3 

Water Weight (lb) 100.00 100.00 100.00 

Time (Sec) 13.42 12.15 11.25 

Minimum head upstream (ft) 5.02 5.72 6.22 

Maximum head downstream (ft 4.33 4.93 5.22 

Difference in head (ft) 0.69 0.79 1.00 

Discharge (cfs) 0.12 0.13 0.14 

Discharge (gpm) 53.59 59.20 63.93 

Velocity (fps) 6.76 7.46 8.06 

Reynolds numbor 74973.02 82809.71 89434.48 

Head loss coefficient Ko 0.97 0.91 0.99 



145 

Table C3.5 Head loss coefficients for 2.5 in (60 mm) PVC pipe 

pipe ID= 2.620 in and concentric orifice IDs 2.015 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (Ib/c.ft 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 2.015 

Orifice Diameter (ft) 0.166 

Orifice Area (sq.ft) 0.022 

Description Trial 1 Trial 2 Trial 3 

Water Weight (lb) 100.00 100.00 100.00 

Time (Sec) 13.43 11.88 10.28 

Minimum head upstream (ft) 4.65 5.22 6.27 

Maximum head downstream (ft 4.38 4.93 5.88 

Difference in head (ft) 0.27 0.29 0.39 

Discharge (cfs) 0.12 0.13 0.16 

Discharge (gpm) 53.55 60.54 69.96 

Velocity (fps) 5.39 6.09 7.04 

Reynolds number 66923.55 75655.16 87430.28 

Head loss coefficient Ko 0.60 0.50 0.51 

Table C4.1 Head loss coefficients for 3.0 in (75 mm) pipe 

pipe ID= 3.225 in and concentric orifice ID= 1.025 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (lb/c.ft) 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 1.025 

Orifice Diameter (ft) 0.085 

Orifice Area (sq.ft) 0.006 

Description Trial 1 Trial 2 Trial 3 

Water Weight (lb) 100.00 100.00 100.00 

Time (Sec) 27.20 32.81 44.76 

Minimum head upstream (ft) 8.15 6.80 5.42 

Maximum head downstream (ft 4.05 4.02 3.95 

Difference in head (ft) 4.10 2.78 1.47 

Discharge (cfs) 0.06 0.05 0.04 

Discharge (gpm) 26.44 21.92 16.07 

Velocity (fps) 10.28 8.52 6.25 

Reynolds number 64958.69 53851.76 39474.45 

Head loss coefficient Ko 2.50 2.46 2.42 

Table C3.6 Head loss coefficients for 2.5 in (60 mm) PVC pipe 

pipe ID= 2.620 in and concentric orifice ID= 2.250 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (lb/c.ft 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 2.250 

Orifice Diameter (ft) 0.168 

Orifice Area (sq.ft) 0.028 

Description Trial 1 Trial 2 

Water Weight (lb) 100.00 100.00 

Time (Sec) 13.23 11.47 

Minimum head upstream (ft) 4.52 5.20 

Maximum head downstream (ft 4.42 5.06 

Difference in head (ft) 0.10 0.14 

Discharge (cfs) 0.12 0.14 

Discharge (gpm) 54.36 62.71 

Velocity (fps) 4.39 5.06 

Reynolds number 60839.79 70175.27 

Head loss coefficient Ko 0.33 0.35 

Table C4.2 Head loss coefficients for 3.0 in (75 mm) pipe 

pipe IDs 3.225 in and concentric orifice IDs 1.201 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (Ib/c.ft) 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 1.201 

Orifice Diameter (ft) 0.100 

Orifice Area (sq.ft) 0.008 

Description Trial 1 Trial 2 Trial 3 

Water Weight (lb) 100.00 100.00 100.00 

Time (Sec) 17.74 20.99 41.16 

Minimum head upstream (ft) 8.72 7.57 4.81 

Maximum head downstream (ft 4.08 4.33 3.95 

Difference in head (ft) 4.64 3.24 0.86 

Discharge (cfs) 0.09 0.08 0.04 

Discharge (gpm) 40.54 34.27 17.47 

Velocity (fps) 11.48 9.70 4.95 

Reynolds number 85002.84 71841.37 36636.30 

Head loss coefficient Ko 2.27 2.22 2.26 
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Table C4.3 Head loss coefficients for 3.0 in (75 mm) pipe 

pipe ID= 3.225 in and concentric orifice ID= 1.502 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (ib/c.ft) 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.fl/sec 1.35E-05 

Orifice Diameter (in) 1.502 

Orifice Diameter (ft) 0.125 

Orifice Area (sq.ft) 0.012 

Description Trial 1 Trial 2 Trial 3 

Water Weight (lb) 200.00 200.00 200.00 

Time (Sec) 37.72 25.80 18.93 

Minimum head upstream (ft) 5.60 7.20 9.25 

Maximum head downstream (ft 4.25 4.35 3.85 

Difference in head (ft) 1.35 2.85 5.40 

Discharge (cfs) 0.08 0.12 0.17 

Discharge (gpm) 38.14 55.75 75.99 

Velocity (fps) 6.91 10.10 13.76 

Reynolds number 63932.02 93469.60 127391.22 

Head loss coefficient Ko 1.82 1.80 1.84 

Table C4.4 Head loss coefficients for 3.0 in (75 mm) pipe 

pipe ID= 3.225 in and concentric orifice ID« 1.800 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (Ib/c.fl) 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 1.800 

Orifice Diameter (ft) 0.150 

Orifice Area (sq.ft) 0.018 

Description Trial 1 Trial 2 Trial 3 

Water Weight (lb) 200.00 200.00 200.00 

Time (Sec) 12.92 14.72 20.26 

Minimum head upstream (ft) 9.45 8.10 6.15 

Maximum head downstream (ft 4.70 4.30 4.25 

Difference in head (ft) 4.75 3.80 1.90 

Discharge (cfs) 0.25 0.22 0.16 

Discharge (gpm) 111.34 97.72 71.00 

Velocity (fps) 14.04 12.32 8.95 

Reynolds number 155748.91 136703.53 99322.60 

Head loss coefficient Ko 1.55 1.61 1.53 

Table C4.5 Head loss coefficients for 3.0 in (75 mm) pipe 

pipe ID= 3.225 in and concentric orifice !D= 2.000 in 

Table C4.6 Head loss coefficients for 3.0 in (75 mm) pipe 

pipe ID= 3.225 In and concentric orifice ID= 2.400 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (Ib/c.ft) 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 2.000 

Orifice Diameter (ft) 0.167 

Orifice Area (sq.ft) 0.022 

Description Trial 1 Trial 2 Trial 3 

Water Weight (lb) 200.00 200.00 200.00 

Time (Sec) 11.08 12.98 18,17 

Minimum head upstream (ft) 9.38 7.60 5.55 

Maximum head downstream (ft 5.80 5.08 4.30 

Difference in head (ft) 3.58 2.52 1.25 

Discharge (cfs) 0.29 0.25 0.18 

Discharge (gpm) 129.83 110.82 79.17 

Velocity (fps) 13.26 11.32 8.09 

Reynolds number 163452.01 139526.06 99672.44 

Head loss coefficient Ko 1.31 1.27 1.23 

Datum minus pipe CL (in) 0.200 

Specific weight of water (Ib/c.ft) 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 2.400 

Orifioe Diameter (ft) 0.200 

Orifice Area (sq.ft) 0.031 

Description Trial 1 Trial 2 Trial3 

Water Weight (lb) 200.00 200.00 200.00 

Time (Sec) 9.62 10.99 13.36 

Minimum head upstream (ft) 7.90 6.85 5.60 

Maximum head downstream (ft 6.60 5.88 4.93 

Difference in head (ft) 1.30 0,97 0.67 

Discharge (cfs) 0.33 0.29 0.24 

Discharge (gpm) 149.53 130.89 107.67 

Velocity (fps) 10.61 9.28 7.64 

Reynolds number 156882.22 137325,47 112964.59 

Head loss coefficient Ko 0.74 0.72 0.74 



Table C5.1 Head loss coefficients for 4.0 in (100 mm) pipe 

pipe IDs 4.030 in and concentric orifice ID= 1.205 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (Ib/c.ft 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 1.205 

Orifice Diameter (ft) 0.100 

Orifice Area (sq.ft) 0.008 

Description Trial 1 Trial 2 Trial 3 

Water Weight (lb) 200.00 200.00 200.00 

Time (Sec) 34.36 38.58 43.34 

Minimum head upstream (ft) 9.85 8,55 7.70 

Maximum head downstream (ft 4.22 4.20 4.15 

Difference in head (ft) 5.63 4.35 3.55 

Discharge (cfs) 0.09 0.08 0.07 

Discharge (gpm) 41.86 37.29 33.19 

Velocity (fps) 11.78 10.49 9.34 

Reynolds number 67482.23 77913.15 69356.01 

Head loss coefficient Ko 2.61 2.55 2.62 

Table C5.3 Head loss coefficients for 4.0 in (100 mm) pipe 

pipe IDs 4.030 in and concentric orifice ID- 2.005 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (lb/c.ft) 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 2.005 

Orifice Diameter (ft) 0.167 

Orifice Area (sq.ft) 0.022 

Description Trial 1 Trial 2 Trial 3 

Water Weight (lb) 200.00 200.00 200.00 

Time (Sec) 12.35 14.12 17.40 

Minimum head upstream (ft) 9.15 7.70 6.30 

Maximum head downstream (ft 5.25 4.78 4.28 

Difference in head (ft) 3.90 2.92 2.02 

Discharge (cfs) 0.26 0.23 0.18 

Discharge (gpm) 116.47 101.67 82.67 

Velocity (fps) 11.84 10.35 8.40 

Reynolds number 146277.89 127941.36 103823.68 

Head loss coefficient Ko 1.79 1.75 1.84 
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Table C5.2 Head loss coefficients for 4.0 in (100 mm) pipe 

pipe ID= 4.030 in and concentric orifice ID= 1.605 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (Ib/c.ft 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 1.605 

Orifice Diameter (ft) 0.134 

Orifice Area (sq.ft) 0.014 

Description Trial 1 Trial 2 Trials 

Water Weight (lb) 200.00 200.00 200.00 

Time (Sec) 16.57 20.96 28.75 

Minimum head upstream (ft) 9.45 6.20 6.40 

Maximum head downstream (ft 4.24 4.15 4.15 

Difference in head (ft) 5.21 4.05 2.25 

Discharge (cfs) 0.17 0.15 0.11 

Discharge (gpm) 77.46 68.63 50.03 

Velocity (fps) 12.28 10.68 7.93 

Reynolds number 121527.09 107669.75 78495.93 

Head loss coefficient Ko 2.22 2.20 2.30 

Table C5.4 Head loss coefficients for 4.0 in (100 mm) pipe 

pipe ID= 4.030 in and concentricorifice IDs 2.400 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (Ib/c.ft) 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 2.400 

Orifice Diameter (ft) 0.200 

Orifice Area (sq.ft) 0.031 

Description Trial 1 Trial 2 Trial 3 

Water Weight (lb) 200.00 200.00 200.00 

Time (Sec) 10.33 11.50 15.60 

Minimum head upstream (ft) 8.70 7.35 5.50 

Maximum head downstream (ft 6.38 5.58 4.55 

Difference in head (ft) 2.32 1.77 0.95 

Discharge (cfs) 0.31 0.28 0.21 

Discharge (gpm) 139.25 125.08 92.21 

Velocity (fps) 9.88 8.87 6.54 

Reynolds number 146099.41 131235.38 96744.03 

Head loss coefficient Ko 1.53 1.45 1.43 



Table C5.5 Head loss coefficients for 4.0 in (100 mm) pipe 

pipe ID= 4.030 in and concentric orifice IDs 2.604 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (lb/c.ft; 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 2.804 

Orifice Diameter (ft) 0.234 

Orifice Area (sq.ft) 0.043 

Description Trial 1 Trial 2 Trial 3 

Water Weight (lb) 200.00 200.00 200.00 

Time (Sec) 8.93 10.28 12.84 

Minimum head upstream (ft) 8.40 6.95 5.65 

Maximum head downstream (ft 7.25 6.12 5.15 

Difference in head (ft) 1.15 0.83 0.50 

Discharge (cfs) 0.36 0.31 0.25 

Discharge (gpm) 161.08 139.93 112.03 

Velocity (fps) 8.37 7.27 5.82 

Reynolds number 144654.04 125657.64 100604.41 

Head loss coefficient Ko 1.06 1.01 0.95 
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Table C5.6 Head loss coefficients for 4.0 in (100 mm) pipe 

pipe IDs 4.030 in and concentric orifice ID= 3.030 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (lb/c.ft 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 3.030 

Orifice Diameter (ft) 0.253 

Orifice Area (sq.ft) 0.050 

Description Trial 1 Trial 2 Trials 

Water Weight (lb) 200.00 200.00 200.00 

Time (Sec) 8.52 9.27 10.94 

Minimum head upstream (ft) 8.62 7.60 6.30 

Maximum head downstream (ft 7.90 7.02 5.85 

Difference in head (ft) 0.72 0.58 0.45 

Discharge (cfs) 0.38 0.35 0.29 

Discharge (gpm) 168.83 155.17 131.49 

Velocity (fps) 7.51 6.90 5.85 

Reynolds number 140306.51 128954.85 109269.78 

Head loss coefficient Ko 0.82 0.78 0.85 
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EXPERIMENTAL DATA 

The appendix contains laboratory test data and head loss coefficient calculations for 

the eccentric orifices. 

\ 
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Table 01.1 Data for the three trials of pipe ID= 4.030 in and eccentric orifice ID= 2.000 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 200.00 Weight of water, lb 200.00 Weight of water, lb 200 

Average time, sec 12.06 Average time, sec 13.90 Average time, sec 19.57 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. hoad, ft Upstream of the orifice outlet pres. head, f 

1 9.45 - 9.55 1 7.90 - 8.00 1 5.70 - 5.80 

2 9.40 • 9.45 2 7.85-7.95 2 5.65 - 5.70 

3 9.40 - 9.45 3 7.85-7.95 3 5.65-5.70 

Downstream of the orifie outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 3.90-4.00 1 3.70-3.80 1 3.60-3.70 

2 3.75-3.90 2 3.65-3.75 2 3.55 - 3.65 

3 3.90-4.10 3 3.75 - 3.85 3 3.65 - 3.75 

4 4.30-4.50 4 3.90-4.10 4 3.80-3.90 

5 5.25 - 5.35 5 4.75-4.85 5 4.15-4.20 

6 5.25 - 5.35 6 4.75-4.85 6 4.15-4.20 

7 5.28 - 5.32 7 3.75-3.80 7 4.10-4.15 

Table D1.2 Data for the three trials of pipe IDs 4.030 in and eccentric orifice ID= 2.404 in 

Trial 1 Trial 2 Trial 3 

Weight of water, lb 200.00 Weight of water, tb 200.00 Weight of water, lb 200.00 

Average time, sec 10.04 Average time, sec 11.64 Average time, sec 17.75 

water temperature, F 53.00 water temperature, F 53.00 water temperature, F 53.00 

Manometer Readings Manometer Readings Manometer Readings 

Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, ft Upstream of the orifice outlet pres. head, f 

1 8.65-8.75 1 7.10-7.20 1 5.00-5.10 

2 8.60 - 8.70 2 6.95-7.05 2 4.95 - 5.05 

3 8.60 • 8.65 3 6.95-7.05 3 4.95 - 5.05 

Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft Downstream of the orific outlet pres.head, ft 

1 5.10-5.30 1 4.60-4.70 1 3.90-4.00 

2 5.15-5.25 2 4.50-4.60 2 3.80-3.90 

3 5.40-5.80 3 4.80-5.10 3 4.00-4.10 

4 5.80-6.10 4 5.00 • 5.30 4 4.10-4.20 

5 6.35-6.45 5 5.45 • 5.50 5 4.25-4.35 

6 6.35-6.45 6 5.45-5.50 6 4.25-4.35 

7 6.33 - 6.41 7 5.40 • 5.45 7 4.20-4.30 
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Table 02.1 Head loss coefficients for 4.0 in (100 mm) PVC pipe 

pipe ID= 4.030 in and eccentric orifice tD= 2.000 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (Ib/c.ft] 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.ft/sec 1.35E-05 

Orifice Diameter (in) 2.000 

Orifice Diameter (ft) 0.167 

Orifice Area (sq.ft) 0.022 

Description Trial 1 Trial 2 Trial 3 

Water Weight (to) 200.00 200.00 200.00 

Time (Sec) 12.06 13.90 19.57 

Minimum head upstream (ft) 9.40 7.85 5.65 

Maximum head downstream (ft 5.30 4.80 4.15 

Difference in head (ft) 4.10 3.05 1.50 

Discharge (cfs) 0.27 0.23 0.16 

Discharge (gpm) 119.28 103.49 73.50 

Velocity (fps) 12.18 10.57 7.51 

Reynolds number 150169.84 130291.25 92542.07 

Head loss coefficient Ko 1.78 1.76 1.71 

Table D2.2 Head loss coefficients for 4,0 in (100 mm) PVC pipe 

pipe IDs 4.030 in and eccentric orifice IDs 2.404 in 

Datum minus pipe CL (in) 0.200 

Specific weight of water (fb/c.ft) 62.400 

Water Temperature F deg. 53.000 

Kinematic Viscosity sq.flfeec 1.35E-05 

Orifice Diameter (in) 2.404 

Orifice Diameter (ft) 0.200 

Orifice Area (sq.ft) 0.032 

Description Trial 1 Trial 2 Trial 3 

Water Weight (lb) 200.00 200.00 200.00 

Time (Sec) 10.04 11.64 17.75 

Minimum head upstream (ft) 8.60 7.00 5.00 

Maximum head downstream (ft 6.40 5.45 4.30 

Difference in head (ft) 2.20 1.55 0.70 

Discharge (cfs) 0.32 0.28 0.18 

Discharge (gpm) 143.27 123.58 81.04 

Velocity (fps) 10.13 8.74 5.73 

Reynolds number 150069.30 129441.22 64884.27 

Head loss coefficient Ko 1.38 1.31 1.37 
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APPENDIX E 

PROTOTYPE GRAVITY BUBBLER IRRIGATION SYSTEM DATA 

Table E.l Prototype gravity bubbler irrigation system data 

Inlet point CL from datum (ft) 10.40 

Inlet pressure manometer reading (ft) 11.40 

Lateral section # 1 (from upstream) 

lateral CL from datum (ft) 9.20 

manometer reading at the tee (ft) 11.00 

manometer upstream 2 in. pipe orifice (ft) 10.80 

water weight (lb) 100.00 

average time (sec) 14.76 

Lateral section § 2 

lateral CL from datum (ft) 6.35 

manometer reading at the tee (ft) 8.70 

manometer upstream 2 in. pipe orifice (ft) 8.40 

3 in. pipe coupling CL from datum (ft) 6.70 

manometer upstream 3 in. pipe coupling (ft) 10.95 

water weight (lb) 100.00 

average time (sec) 14.82 

Lateral section # 3 

lateral CL from datum (ft) 4.32 

manometer reading at the tee (ft) 6.65 

manometer upstream 2 in. pipe orifice (ft) 6.40 

3 in. pipe coupling CL from datum (ft) 4.65 

manometer upstream 3 in. pipe coupling (ft) 9.00 

water weight (lb) 100.00 

average time (sec) 15.52 
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