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Abstract:
Surge flow border irrigation can be accomplished by accumulating, then releasing water and letting it
flow down the field. To apply this concept to border irrigation a dosing siphon and automatic drop gate
were designed and tested. The dosing siphon holds back the water because of trapped air, and has a
maximum practical flow of 22 L/s. The drop gate can be built for virtually any head and flow rate. The
gate opens automatically when the water level on the upstream side of the gate rises to a predetermined
level and remains open until the water surface drops to a lower predetermined level. The gate then
returns automatically to its closed position by action of a counter balance weight. The automatic drop
gate was tested in the laboratory and a discharge equation developed.

A mathematical model based on the differential storage equation was developed to simulate field
conditions. The model was verified with laboratory tests. Field experiments were also conducted to
evaluate surge flow border irrigation systems using the automatic drop gate. Surge flow and
conventional continuous flow were compared. The surge flow treatments showed a higher uniformity
of water penetration. Surge flow also showed a higher potential application efficiency than continuous
irrigation under the same inflow. The higher efficiency of surge flow can be attributed to the rapid
advance of the water front which is due to the accumulation of the small inflow, reduction in
infiltration, and reduction in surface hydraulic roughness. Both the dosing siphon and automatic drop
gate have practical application under appropriate field conditions. 
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ABSTRACT

Surge flow border irrigation can be accomplished by accumulating, 
then releasing water and letting it flow down the field. To apply this 
concept to border irrigation a dosing siphon and automatic drop gate 
were designed and tested. The dosing siphon holds back the water 
because of trapped air, and has a maximum practical flow of 22 L/s. The 
drop gate can be built for virtually any head and flow rate. The gate 
opens automatically when the water level on the upstream side of the 
gate rises to a predetermined level and regains open until the water 
surface drops to a lower predetermined level. The gate then returns 
automatically to its closed position by action of a counter balance 
weight. The automatic drop gate was tested in the laboratory and a 
discharge equation developed.

A mathematical model based on the differential storage equation was 
developed to simulate field conditions. The model was verified with 
laboratory tests. Field experiments were also conducted to evaluate 
surge flow border irrigation systems using the automatic drop gate. 
Surge flow and conventional continuous flow were compared. The surge 
flow treatments showed a higher uniformity of water penetration. Surge 
flow also showed a higher potential application efficiency than 
continuous irrigation under the same inflow. The higher efficiency of 
surge flow can be attributed to the rapid advance of the water front 
which is due to the accumulation of the^small inflow, reduction in 
infiltration, and reduction in surface hydraulic roughness. Both the 
dosing siphon and automatic drop gate have practical application under 
appropriate field conditions.
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CHAPTER I 

INTRODUCTION

Field irrigation is concerned with transference of water from a 

conveyance system to the plant root zone. The logical possibilities for 

irrigation are:

(a) to run the water over the surface so that it infiltrates the 

soil 5

(b) to pass water into the soil at depth so capillary action 

raises it to the root zone, or;

(c) to cause water to fall to the ground in such a way that 

neither crop nor soil is damaged.

These are the basic categories of water application practice known 

as surface irrigation, sub— irrigation, and overhead irrigation. Each 

has inherent advantages and hazards which affect its value for a 

particular situation. The demands on water supplies are steadily 

increasing and in many areas the ground water supplies are being 

depleted. Irrigation is the largest consumer of water in many parts of 

the world and, hence, has received a great deal of attention during the 

past decade and will be receiving greater attention in the future.

In some, areas surface irrigation has earned a reputation for being 

inefficient and wasteful. About two-thirds of the 25 million hectares 

(61 million acres) of irrigated land, in the U.S. is now served by 

surface means (Irrigation Journal, 1979). The percentage is even higher

J
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in many other parts of the world. Anticipated shortages of water and 

the high cost of energy to drive alternative systems, such as 

sprinklers, suggest that surface irrigation will remain popular, 

especially if abuses can be avoided. High runoff and deep percolation 

losses are cited as prime problems. However, there is nothing inherent 

about surface irrigation that causes inefficiencies. These 

inefficiencies are commonly the result of improper management and the 

irrigator's inability to completely control the water because of 

inadequate equipment.

Surface irrigation uses open channel flow to spread water over a 

field. The driving force in such systems is gravity, so surface 

irrigation is also called gravity flooding. Surface irrigation systems 

generally require a smaller investment than do other types of irrigation 

systems. However, this is not always the case, especially if extensive 

land forming is needed for an efficient system. In fact, the need for 

extensive land forming for surface irrigation is one of the main reasons 

other types of irrigation systems have been developed. In addition, some 

soils that are shallow, erosive, or on steep slope simply cannot be 

surface irrigated.

Surface irrigation can be accomplished by several application 

methods. These include border, furrow, check, and basin. In each case 

water moves over the land surface in an open channel flow. The water may 

be contained in small earth channels called furrows or corrugations or 

it may move as shallow overland flow over a carefully smoothed soil 

surface as in border irrigation. Aside from differences in channel
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geometry and boundary conditions, the basic flow characteristics are 

much the same in all of the surface methods.

In border irrigation, water moves over the soil surface as shallow 

overland flow. The soil surface is permeable to water. The length of the 

border strip parallel to the flow is usually great with respect to the 

width. The surface in ay have a zero to small slope longitudinally and is 

preferably level in the transverse direction. Surface water depth is 

usually very small with respect to border width. The land surface may or 

may not be vegetated.

In the operation of border irrigation systems a relatively large 

stream of water is turned into the strip at the upper end. The water 

ponds at the upper end to an appreciable depth and also moves down the 

strip as a wave. The stream is generally turned off before it reaches 

the lower end which is then irrigated by water which flows down from the 

upper portion. In order to adequately irrigate the lower portion some 

runoff or ponding is usually required. The border strip method of 

irrigation is complicated. However, when adequately designed and 

properly used it is probably the most efficient and requires the least 

labor of all methods.

In the basin method the field to be irrigated is divided into level 

areas bounded by dikes or ridges. Water is turned in at one or more 

points until the desired gross volume has been applied to the area. The 

flow rate must be large enough to cover the entire basin in 

approximately 75 percent of the time required for the soil to absorb the 
desired amount of water. Water is ponded until it infiltrates. This
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irrigation method is best suited to soils of moderate to low intake 

rates. Basin irrigation can also be applied to soils that have a 

moderately high to high intake rate but basin areas need to be small.

In some situations the farmer receives a small stream of water 

under a continuous delivery system. This continuous delivery system is 

often inefficient and excessive water use contributes to drainage 

problems. Attention has therefore been given to the advance phase of 

surface irrigation, which is primarily controlled by stream size, 

because of its bearing on intake opportunity time. Surface irrigation 

design and management objectives are generally to complete the advance 

phase of the irrigation as quickly as possible so that differences in 

intake opportunity time are minimized. Large stream sizes are required 

for the water to advance quickly. Cutback streams or runoff recovery 

systems can be used to minimize the runoff and deep percolation losses 

during the intake phase.

Automatic surface irrigation systems reduce labor, energy, and 

water inputs and maintain or increase farm irrigation, efficiency. 

Automation is the use of mechanically or electrically actuated gates, 

structures, controllers, and other devices and systems to automatically 

control the amount of water diverted and applied.

The ideal irrigation system would have a low energy requirement, be 

automated, provide nearly instantaneous advance, and prevent runoff 

during the intake phase.

Stringham and Keller (1979) suggested surge flow as a method of 

automating cutback furrow irrigation. Surge flow is in essence an
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operational practice in which irrigation is accomplished by cycling 

inflow to the field to produce a series of short pulses of water flowing 

over the field surface. These pulses are termed hydraulic surges, and 

thus lead to the name surge flow. The pulses are independent water 

applications whose sum is designed to satisfy the antecedent soil 

moisture deficit. These intermittent water applications lead to a 

discontinuity in the infiltration process, the result of which is often 

a reduction in surface layer permeability. However, this effect is 

widely variable depending on soil compaction and prior wetting history, 

surface water velocities, and duration of on-off periods. The exact 

mechanisms of surge flow irrigation are not completely known. However, 

the surge flow irrigation should in general yield the following results:

1. The alternating on-off system of controlling water delivery 

should achieve nearly uniform water penetration oyer the 

entire field.

2. Surges should provide water application efficiencies 

comparable to sprinkling without the high energy costs 

required to operate the sprinklers.

3. Surge systems should be partially or fully automated to reduce 

labor requirements and enable irrigation timing to best suit 

the crop and soil conditions.

The objectives of this study are:

I. To develop automated equipment for the practical application 

of surge irrigation to borders and basins. The automated 

equipment should be capable of collecting small inflows for a

. 5
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period of time in a head ditch or a reservoir and discharging 

the water when the water surface rises to a certain level.

To develop a mathematical model which embodies the 

characteristics of the hdad ditch, the automatic device arid 

required flow rates and which will yield the cycle time 

required for surge flow border irrigation.

To conduct field evaluations of surge flow border irrigation 

devices and systems and compare the surge flow systems with 

conventional continuous flow systems.



7

CHAPTER 2
i
SURFACE IRRIGATION THEORY 

General

The border-strip method of surface irrigation utilizes a strip of 

land sloping longitudinally and level or nearly so laterally across the 

strip. The water is bounded by borders (ridges) to restrain the lateral 

flow of the water. In operation, a stream of water is turned into the 

strip at the upper end. It ponds there to an appreciable depth and also 

moves down the strip as a wave. The stream is turned off before the 

wave reaches the lower end which is then irrigated by water which was 

ponded on the upper portion.

Phases of a typical irrigation are shown in Fig. I and described in 

the following manner.

Advance Phase

The rate of advance down a border will be affected by five major 

factors. The first is the unit inflow. This may vary throughout the 

irrigation or remain constant.

The slope of the border determines the rate at which energy is 

added to the flowing water. Only a single average slope of the entire 

irrigation run is normally considered.
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The forces restraining flow are those due to resistance— both from 

the soil surface and vegetation. The soil surface changes during an 

irrigation and between irrigations. The vegetative roughness is a 

function of the vegetation involved. Vegetation factors considered are 

stem rigidity, stem length, stem diameter and stem density, and the 

presence of leaves. These factors must be considered in combination and 

make the roughness representation difficult. Nevertheless, most 

analyses to date consider only a single roughness parameter, such as 

Manning's n.
Another factor affecting advance rate is the infiltration 

characteristic of the soil. Infiltration varies with time (during and 

between irrigations) and space (location within the field). Again, 

approximations are necessary. It is common in the field of irrigation 

to use a two-parameter infiltration representation. The most popular 

are the Kostiakov-Lewis (original or modified), the Philip, or the Soil 

Conservation Service representations.

Recession phase
Rmssion Curvo

Storage phase

Advance phase

Distance down border

Figure I. Definition sketch showing certain border irrigation terms
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Channel shape is the final variable affecting advance. Borders are 

considered a wide shallow rectangular channels. Therefore, the hydraulic 

radius is considered equal to the depth of flow.

Storage Phase

When water first reaches any point on the soil surface, the- ' .

infiltration is generally high. The infiltration rate rapidly declines, 

however, often to some relatively constant value. Thus, when the water 

reaches the end of the border, the infiltration rate is constant or 

decreasing at every point within the border. The tail end of the border 

may have a dam over which the water cannot pass, and thus water begins 

to accumulate on the soil, as well as within the profile. Even if no 

dam exists, the soil is absorbing water. This phase, during which water 

covers the entire soil surface, is known as the storage phase. The 

storage phase ends when the inflow ceases (time Tco)-

Depletion Phase

At some appreciable time after turning the water off the ponded 

water at the upper end will disappear by infiltration and movement on 

down the strip. This interval of time between turn off and 

disappearance is known as the depletion phase or as the recession lag 

time.

Recession Phase

The water that once covered the surface has either entered the soil 

or flowed to a lower portion of the field. This is known as the 

recession phase. Ideally this recession of water from the surface
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begins at the head end and progress down the field until the water has 

either entered the soil or runoff. When the ponded water has been 

absorbed by the soil (or runoff at the end), the irrigation is complete.

Infiltration

Infiltration is the term applied to the process of water entry into 

the soil, generally by downward flow through all or part of the soil 

surface. 'The rate of this process determines how much water will enter 

the root zone, and how much if any, will runoff.

The infiltration rate is defined as the volume flux of water 

flowing into the profile per unit of soil surface area. This flux, with 

units of velocity, has also been referred to as infiltration velocity. 

For the condition wherein the water supply exceeds the ability of the 

soil to absorb water, infiltration proceeds at a maximal rate, which 

Horton (1940) called the soil's infiltration capacity. The infiltration 

rate generally decreases with time. Thus, the cumulative infiltration, 

which is the time integral of the infiltration rate, has a curvilinear 

time dependence with a gradually decreasing slope. As time elapses the 

infiltration rate asymptotically approaches.a constant rate. This rate 

is termed the final infiltration capacity, or basic intake rate.

The time of irrigation is fixed by the quantity of water required 

to replenish the soil-moisture supply and the rate of infiltration. The 

length of time during which water is held on the soil surface also helps 

determine the length of run for border-strips or irrigation furrows and 

the size of the irrigation stream.
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Infiltration Equations

The historical order of appearance of some widely applied 

infiltration rate equations are presented as follows.

The earliest equation was introduced by Green and Ampt (1911),

! f = fc + (b/F) (2.1)

where

f = infiltration rate 

f = final constant infiltration rate 

F = cumulative infiltration 

b = characterizing constant

The next equation is that of Kostiakov (1932),

f = Kk t"a (2.2)

where

t = time after infiltration starts

Kk, a - constants which depend on the soil and initial conditions.

The parameters in these equations have no physical interpretation and 

must be evaluated from experimenal data.

In some irrigation studies an extended or modified Kostiakov 

equation is used as follows,

F = a tb + c t (2.3)

where a, b, and c are constants which must be determined experimentally.
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The third equation was derived by Horton (1940),

(2.4)

where

= infiltration capacity at t = 0
P = a soil parameter which controls the rate of decrease of 

infiltration rate.

The equation contains three constants which must be evaluated 

experimentally.

The fourth equation is that of Philip (1957),

where s is a parameter which Philip called sorptivity. Sorptivity has a 

physical meaning involving the geometry of the soil pore spaces, the 

surface tension and the viscosity of water.

The fifth equation was proposed by Holtan (1961):

Sj. = water storage capacity of the soil's first impeding strata 

a, n = constants dependent on soil type, surface and cropping

conditions.

The USDA, Soil Conservation Service (1974), classified soils into intake 

families. The equation of these families takes the following form.

f = fc + (1/2) s t-1/2 (2.5)

f = fc + a (St - F)n (2.6)

where
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F = a tb + c (2.7)

where

a, b, c =  constants unique to each intake family

Border Irrigation Hydraulics

The phenomenon of surface irrigation is characterized by unsteady 

varied flow and is further complicated by the fact that boundaries are 

moving and that interfacial tension forces are in effect. As a natural 

phenomenon, the laws of mass, energy, and momentum conservation must be 

satisfied. It is known that surface water flow in irrigation can be 

described by the equations of Saint-Venant (Fig. 2). The following are 

the governing flow equations.

Saint-Venant Equations

The partial differential equations of Saint-Venant (Chow, 1959; 

Henderson, 1966; Strelkoff, 1969), governing the unsteady, nonuniform 

surface water flow in border irrigation consist of an equation of 

continuity comprising a volume balance and an equation of motion, 

representing an impulse-momentum balance. For surface irrigation 

hydraulics it can be assumed that the flow is essentially one 

dimensional, i.e, that it is effectively guided by the channel walls. 

The channel is assumed to be prismatic and it is also assumed that the 

flow is gradually varied, i.e, that the pressure distribution in all 

cross sections is hydro static. An additional assumption is that the 

velocity distribution in each cross section is virtually uniform, but 

drops to zero at the walls. A further assumption is that the resistance
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to the flow introduced by soil surface roughness and plant stems and 

leaves, is dependent upon flow depth and velocity in the same way as if 

the flow were steady and uniform and without seepage. Finally, the 

bottom slope is assumed small so that the cosine of its angle with the 

horizontal is essentially unity. The effect of these assumptions was 

discussed at length by Strelkoff (1969).

Figure 2. Definition sketch for Saint-Venant Eguations.

The continuity equation (Fig. 2) is

3A dQ
----  + ----  + 1  = 0 (2.8)at ax

where

A = cross-sectional flow area taken at the middle of the element.

Q = discharge

I = volumetric rate of infiltration per unit length of channel

An impulse-momentum balance states that the sum of the net 

hydrostatic pressure force on the water instantaneously contained within 

a slice, plus the gravitational force, minus the resisting force of wall 

friction and plant retardancei equals the momentum net flux out of the
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slice, plus the rate at which momentum builds within the slice. Stated 

mathematically, in the above order, this is

9y d(pQV) d(pVAdX)
- yA — —  ax + Yas ax - Fax = ax — ;—  + - - - -ax ax at

In the above equation, y is the unit weight of water, y(X,t) is the 

depth of flow, S0 is the bottom slope , F is the total resisting force 

per unit length of channel, V(X,t) = Q(X,t)/A(y) is the average velocity 

of flow and p is the mass density of water. Considering zero-velocity 

components for the flow that is drawn off in soil infiltration, there is 

no loss of momentum by the water within the slice from this source. 

Division of the equation by the weight of the slice and passage to the 

limit aX ---> 0 yields the equation of motion

i av v av ay iv

The complete solution of Eqs.(2.9) and (2.8) either by finite difference 

techniques or the method of characteristics is commonly known as a full 

hydrodynamic model (Bassett and Fitzsimmons, 1976; Katapodes and 

Strelkof f, 1977).

Kinematic-Wave Equations

The kinematic-wave approximation can be obtained by setting the 

right-hand side only of Eq. (2.9) equal to zero. The method fails for 

any stage of an irrigation where the bottom slope approaches the 

horizontal anywhere in the flow. .In a kinematic wave the surface flow
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at all points is considered to be at normal depth. The application of 

kinematic —wave theory to border— irrigation flow was studied by Smith 

(1972).

Zero-Inertia Equations

In the case of border irrigation, the depths and velocities are 

typically so small as to suggest that the acceleration or inertial terms 

which are the first two terms of Eq. (2.9) are small compared to the 

remaining terms and could be safely neglected. The first operational 

zero-inertia model of the complete irrigation process reported by 

Strelkoff and Katapodes (1977) neglected these terms.

Along with Eq. (2.8) the governing equation becomes,

8y
---- = S0 - S f (2.10)
3X

Volume-Balance Equations

Equation (2.9) can be entirely supplanted by two assumptions 

regarding the flow of water on the soil surface. The first assumption 

is that the depth of flow at the upstream end of the field equals normal 

depth for the given inflow. The second is that the average depth of 

surface flow is a given constant fraction, t' of the normal depth 

typically 0.7< ry <1.0. Computations for the advance phase of an 

irrigation (prior to cutting off the water), based on this volume- 

balance approach have been executed numerically (Hall, 1956). The 

solution of the volume balance equation has been expressed in series 

form by Philip and Farrell (1964) for infiltration equations of the
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Kostaikov type or Philip type. Michael (1968) added a solution for 

an infiltration equation of the Soil Conservation Service type.

At any given time after the start of an irrigation, the stream has 

advanced to some point X in the field and surface and sub-surface 

profiles appear as in Fig. 3.

Figure 3. Schematic diagram illustrating the infiltration-advance 
problem.

The infiltration rate I, is related to the depth of infiltration F, 

by the formula.

dF(X,t)
I = T --------

a t

in which T is the top width of the flow. The depth of infiltration is 

dependent primarily upon the infiltration opportunity time, i.e, the 

time the water has been in contact with the soil.

In order to prove that the working equation of Lewis and Milne 

(1938) can be derived from the general continuity equation the following

analysis is proposed.
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Integrating Eq. 

result

(2.8) with respect to X from 0 to X yields the

d
Q = —

dt

fx d
A dX + T —

0 dt

fX
F dX 
o

Integrating this equation with respect to time and dividing the 

equation by T or the width of border,- yields

-t rX
q dt = (A/T) dX +

0
F dX

where q is the flow per unit width of border.

If y is defined as the average depth of water on the soil surface, 

then the cross sectional area of the flow along the soil surface is y X 

where:

y x =
•x

(A/T) dX
0

where, F is a function of (t - ts), and X is a function of ts» 

The following can be written:

F dX = F (dX/dts) dts

fX
F dX

•'o
F (t-ts) x '(ts) dts

0

q t y X  +
•t

F (t-ts) X (ts) dts
0

(2.11)
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where

ts = value of t at which X(t) = s

F(t_ts) = accumulated infiltration at the point X = s at time ts 

s = value of X at t = ts, and

X'(ts) = value of dX/dt at t = ts

Equation (2.11) was originally proposed by Lewis and Milne (1938). 

Philip and Parrel (1964) analysed the physical restrictions on X and F 

in Eq. (2.11). The equation is valid if X is a monotonic increasing 

function of t. This condition on X(t) places a restriction, on the form 

of F(t) for which the analysis is valid. Sufficient conditions are

dF d2F
F > 0 , --- > 0 and — —  < 0

dt dt2

Generally, the physical restrictions on F are such that these conditions 

are realized and Eq. (2.11) is valid. Philip and Farrel (1964), using 

the Faltung or convolution theorem of Laplace transformation, obtained 

the general solution of Eq. (2.11) as follows.

X I
--  = L-I ______ :_____  (2.12)
q s3 L(F) + y s2

Equation (2.12) represents the general solution of Eq. (2.11) in terms 

of Laplace transformation. It can be applied to different forms of 

F(t), depending on whether the appropriate transformations and inverse 

transforms can be evaluated readily.

Michael (1968) obtained the following particular solutions of the 

Soil Conservation Service infiltration equation (Eq. (2.7)):
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Btb

For a small value of t, i.e, ----:---  < I
F (2+b)

q t
X -

I Btb B2 t2b
4-

B3 t3b B4 t4b
—  4- —

-

c+y r(2) r (2+b) r (2+2b) F (2+3b) r (2+4b)

(2.13)
a r (b+1)

where, B = -----------
c + y

B tb
For large value of t, i.e, ---------- > I

F  (2+b)

q t
X

Btb F (2-b) 

I

(Btb)4 r  (2-4b)

(Btb)2 T(2-2b) (Btb)3 T  (2-3b)

(2.14)

Surface Irrigation Automation

Automatic Structures

A structure can be classified as fully automatic or semiautomatic. 

Fully automatic structures usually use sensing devices located in the 

field or programmed timers to trigger their operation. A fully 

automatic gate will reset itself after the completion of one irrigation 

and be ready for the next. A semiautomatic gate will require manual 

resetting between irrigations. These gates are usually triggered by a

mechanical timer.
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Boundurant and Humpherys (1962) described some automatic structures 

of the check type which control the water level in farm distribution 

ditches. After checking the water level to a raised position for a 

predetermined time, the automatic gate releases, allowing the water to 

flow to the next set. Individual furrows or border strips receiving the 

water must be well graded so they may be irrigated without the farmer's 

attention. A timing or sensing device is required to trigger these 

automatic structures. The energy required to operate the structure 

itself is usually obtained from the flowing water. Automatic controls 

vary from simple alarm-clock-timer released checks to elaborate radio 

and electronically controlled structures with programmable timers or 

moisture-sensing devices.

Cutback streams from lined ditches can be obtained by constructing 

the ditch in a series of level bays with spile outlets at equal 

elevation along the side of the ditch. Water is released sequentially 

downstream from one bay to the next by timed check gates. As the water 

advances to the next check, the water level in the upper bay is lowered 

and flow from the upper bay outlets is reduced (Carton, 1966; 

Humpherys, 1971; Nicolaescu and Kruse, 1971; Hart and Borrelli, 1972; 

Evans, 1977).

Automatic Discharge Control

Higher water application efficiency may theoretically be obtained 

if the flow in a furrow is reduced or cutback after the water has 

reached the end of the.field. This technique is difficult,to employ in 

practice because of the time required to readjust the individual furrow



22

streams and the difficulty in managing the surplus water. Structures 

and systems were developed to automatically reduce the flow of water to 

the furrow after a prescribed time interval (Garton, 1966K

Pneumatically operated and radio controlled valves were also 

developed to control the discharge from turnout structures (Raise et 

al., 1965). These valves control the discharge from alfalfa-type 

valves, an underground pipeline system or from turnouts in the farm 

ditches. The pneumatic valve for pipeline distribution systems is 

essentially an inflatable O-ring which when inflated forms an annular 

seal between the alfalfa valve seat and valve lid. The lay-flat 

pneumatic valve for ditch systems is a flat, rectangular tube that 

inflates to form a closure within the underground portion of the turnout 

pipe. Inflation and exhaustion of air from the valves is remotely 

controlled by a signal transmitted by wire or by radio from a centrally 

located timing device.

The most common gates for automatic control of open channel systems 

are the drop closed and drop open types. The drop closed gate is used 

to divert water directly onto irrigated fields or from one ditch into 

another. In the open position, it is suspended over a flow opening and, 

when tripped, falls by its own weight to stop the flow of water. 

Semiautomatic drop closed gates and dams tripped by mechanical timers 

are extensively used in New Zealand (Taylor,1965 ; Stoker, 1978).

The drop open gate is hinged so that when tripped, it either falls 

or swings open to allow water to flow downstream. Gates may be tripped 

by different actuating devices such as mechanical timers, solenoids, 

floats, or pneumatic and hydraulic cylinders. Gates of various
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configurations and design have been used by different investigators 

(Calder and Weston, 1966; Kinberl in, 1966 ; Humpherys, 1969; Hart and 

Borrelli, 1970; Lorimor, 1973 ; Evans, 1977 ; Raise et al., 1980).

Surge Flow Irrigation

Chow (1959) referred to a moving hydraulic jump due to an abrupt 

decrease or increase in flow, such as that caused by sudden closing or 

opening of a gate, as a surge.

Stringham and Keller (1979) first introduced the concept of surge 

flow furrow irrigation. The system they described used an automated 

gated pipe with a microprocessor control unit. The cutback capability 

was accomplished by reducing the time instead of the instantaneous flow 

rate into the furrow. Stringham and Keller concluded that most simple 

irrigation valves could be operated in an on-off mode quite effectively, 

but not in the fully-on, partially-off mode needed for cutback systems. 

In order to achieve the needed cutback flow they cycled the valves on 

and off in a manner that achieved a time averaged cutback flow without 

changing the instantaneous discharge, of the valves. When the valves are 

open half the time and closed half the time the same average stream size 

is achieved as if half the flow runs full time. The cycle time can be 

variable. Three banks of four furrows, each 660 ft long were studied. 

Each bank supplied two wheel rows and two non-wheel rows (wheel rows 

refer to furrows compacted by tractor tires). The surge valves for all 

three banks were set to give a discharge of 13 gpm. The first bank had 

a constant rate until the water reached the end of the furrow. The 

second bank was cycled at a steady rate of 8 seconds on and 8 seconds



24

off giving an average flow rate of 6.5 gpm. The third bank was cycled 

at a steady rate of 16 seconds on and 8 seconds off giving an average 

flow rate of 8.6 gpm. They reported that the advance time for the 16 

sec on, 8 sec off, furrows was faster than the advance time for the 

steady flow in spite of the fact that the average stream flow was only 

about 67 percent as large. Furthermore, for the first 300 ft of furrow, 

the advance rate in all three operational modes was nearly the same even 

though the 8 sec on, 8 sec off flow regime had an average stream size of 

only 50 percent of the steady flow.

There have been two approaches to conducting surge flow 

experiments. The first approach was to use different instantaneous 

streams with different cycle ratios to give an equal quantity of water 

applied to each furrow over a given cycle time. The second approach was 

to use a constant stream with different cycle times and constant cycle 

ratios to give a time average stream equal to the continuous flow. The 

second approach eliminates the effects of using variable instantaneous 

flow rates on the advance rate.

Bishop et al. (1981) conducted field tests to study the effect of 

cycling furrow inflows on advance rates. They reported that the effects 

of surge flow irrigation were most apparent during the first irrigation. 

In the second irrigation the advantages of surge flow were substantially 

reduced. The difference between the continuous and surge flow 

treatments was significant and the differences among the surge flow 

treatments were not. In the second irrigation when infiltration 

differences were less noticeable in the field or when tractor wheel
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compaction reduces these differences mechanically, the advance under 

surge flow was much closer to the advance under continuous flow.

Walker et al. (1982) developed a flowing infiltrometer that 

measures furrow intake under conditions representative of actual field 

conditions. The extended Kostiakov equation was used to fit the field 

measurements. These investigators noticed a significant reduction in 

the opportunity time exponent and uncertain reduction in the basic 

intake rate. The. number of tests run was too small to determine the 

specific differences between surged and continuous waterings. The 

effect of soil type on infiltration in surge flow was dependent on the 

stability of soil aggregates.

Podmore and Duke (1982) conducted a study of surge flow in furrow 

irrigated corn. Surge irrigation in furrows was achieved by equipping 

gated pipe with a pneumatically activated pillow valve for each furrow. 

The ratio of average steady state infiltration rates, derived from 

inflow and outflow measurements, for surge irrigation to that of 

continuous flow was approximately 0.5, indicating that surge irrigation 

had a significant impact on the infiltration process. A constant furrow 

inflow and cycle ratio of 50% duty and a variable cycle time was used. 

This procedure resulted in a more rapid advance for the continuous flow 

treatment since, in a given time, twice as much water was applied to the 

continuous flow treatment as compared to the surge treatments. In 

another experiment the continuous flow rate was reduced by 50% so that 

all treatments had the same average flow rate. In this case the surge 

flow treatments advanced slightly more rapidly than the continuous flow 

treatments. The reported irrigation efficiency for surge flow was lower
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or equal to that for continuous flow. The same gross application was 

used for all treatments. Since the surge treatments produced lower 

steady state infiltration rates, more runoff was produced when compared 

to continuous flow irrigation. Consequently, lower irrigation 

efficiencies resulted. No significant difference was reported for the 

surge flow and continuous flow treatments.

Podmore et al. (1983) switched surge irrigation applications to 

continuous flow at half the instantaneous inflow rate after about 75% of 

the furrows had completed advance. They concluded that surge irrigation 

with cutback after advance gave higher application efficiencies than 

either continuous flow or fully surged conditions. They suggested that 

the optimum surge system might begin an irrigation with short cycle 

times and increase the cycle times as the advance progressed.

A compelete analysis of border irrigation would require information 

on the effect of land slope, infiltration, roughness of soil surface, 

vegetation, and depth of water on the advance rate.
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CHAPTER 3

SURGE FLOW IMPLEMENTATION

Surge flow requires turning the water on and off. When small, 

continuous flows are available these flows can be accumulated, then 

released. Two methods of water accumulation were considered, the 

dosing siphon and the automatic drop gate.

Dosing Siphon

The dosing siphon was developed by Hazen (1974,1975 A,B) for the 

hydraulic transport of livestock and poultry wastes. More recently, 

Markel (1981) analyzed the dosing siphon operation. The dosing siphon 

starts to release water when the level rises to a predetermined.level, 

then stops releasing water when the level drops to a lower predetermined 

level.

The plan for the dosing siphon which was constructed and used in 

laboratory tests is shown in Fig. 4. The siphon consists of a water 

reservoir with a bell compartment. The bell compartment has a closed 

upper portion and an open lower portion which is spaced above the bottom 

of the reservoir.

Theory of Operation

The sequence of events that occur during a dosing siphon operating 

cycle are shown in. Fig. 5. In step (a), if a siphon has just been
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B ell Compartment

W ater , 
ReservoirMax

W a te r -
Level

Min.
Water
Level

A ir Charging 
Hole Air Release Trap

Trap Leg

Figure 4. Dosing siphon. The water reservoir will continue to fill 
until head , is equal to the air release trap leg L. 
Further filling forces an air bubble through the trap to
release the air and start the flow.
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Figure 5. Sequence of events that occur during a dosing siphon 
operating cycle (after Markel, 1981).
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constructed, the trap must be filled with water, before the unit can 

function. In step (b), the water level will rise equally in both the 

reservoir and inside the bell until the air-charging hole in the bell is 

covered. At this time, the air within the bell is sealed off by water at 

the bottom of the bell and by water in the first leg of the trap. In 

step (c), as more water flows into the reservoir, the level of water in 

the reservoir will rise, but the level of water in the bell rises only 

enough to displace water in the siphon tube. The pressure in the trapped 

air increases as the water level in the reservoir increases. The water 

levels in the two arms of the trap become unbalanced to counter the air 

pressure. In step (d), the water level in the first trap leg reaches its 

lowest possible level. Further water added to the reservoir forces a 

bubble of air through the second leg of the trap. In step (e), during 

discharge, the water level in the reservoir drops to the level of the 

bottom of the bell. At this juncture, large quantities of air will flow 

under the bell, interrupting flow and the cycle begins again.

In Fig. 4 a supplementary trap, called the air-release trap, is 

provided to enhance the release of the air from the bell at the 

beginning of the discharge phase. This trap height is slightly less than 

the main trap height, so the water in the small trap is swept out very 

rapidly after the first bubble of air passes upward through this small 

trap. The down leg of this trap leads up into the top of the bell so 

that air is scavenged from the bell by this trap while water is flowing 

down the main discharge pipe. Once all the air from the bell has been 

removed, water also flows through this trap to recharge it.
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Dosing Siphon Design

Siphon configuration is shown in Fig. 4. An initial assumption is 

that the air in the bell is incompressible. The design parameters are 

outlined in the following order.

1. Choose the distance, t and the cross-sectional area of the 

discharge pipe, Ap-

2. Determine the bell compartment cross-sectional area, A^ (6 to 8 

times Ap)-

3. Calculate using the following equation,

L1 Ap = l4 (A1 " V
The preceding equation states that the volume of water 

displaced from the first trap leg, Must equal the water

occupying the vertical interval in the bell, L̂ .

4. The distance Lg is equal to 25 to 50 mm to compensate for air 

compressibility.

5. The height of the air charging hole, Lg, is equal to 10 -15 mm.

6. The clearance under the bell, L2• should be chosen to give a 

perimeter flow area of at least twice the cross-sectional area 

of the discharge pipe so that this area will not restrict flow 

during discharge,

. L2 Jt Db = 2(n/4) Dp2 

Where Db is the bell diameter, 

and 0^ is the pipe diameter.

7. The distance, L^ is governed by the same considerations as Lg, 

according to the following equation.
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L6 n Dp = 2 (ji/4) Dp2 

Therefore: L6 = Dp/2

8. The vertical distance from the discharge end of the pipe to the 

maximum water level in the reservoir should be at least five 

times the pipe diameter, as stated by Hazen (1975 B).

Hazen (1974, 1975 A, B) indicated that the position of the bottom 

of the bell compartment determines the level of the water at the end of 

the discharge cycle. The position of the bottom of the bell compartment 

should be as close to. the bottom of the reservoir as possible without 

restricting flow into the bell compartment to give maximum reservoir 

capacity. The minimum vertical distance from the discharge end of the 

conduit to the water level in the reservoir of five tube diameters is 

needed to insure that the discharge pipe flows full. The position of the 

upper end of the conduit with respect to the bell compartment is also 

quite important. Insufficient intrusion of the conduit into the 

compartment will result in premature discharge and lack of complete 

siphoning. Inadequate clearance between the top of the conduit and the 

top of the bell compartment will restrict flow into the conduit thereby 

reducing the rate of discharge. The bell compartment air charging 

opening must be above the low water level and it can be circular, an 

inverted D, rectangle, square, or an inverted V. Hazen (1975 A, B) also 

claimed that the natural rotational movement of the water as it enters 

the upper end of the conduit can be substantially eliminated if the 

upper end of the conduit is beveled rather than horizontal. The bevel 

from 30° to about 60°, but 450 is preferred. A beveled uppercan vary
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end will reduce entrance losses and provide up to a 50% increase in the 

throughput of the dosing siphon.

Automatic Drop Gate

Some irrigation projects have continuous inflow without adequate 

head for proper operation of the dosing siphon. The need for an 

automatic device that functions under any head available to the farmer 

led to the development of the automatic drop gate. The gate opens 

automatically when the water level on the upstream side of the gate 

rises to a predetermined level and remains open until the water surface 

drops to a lower predetermined level. The gate then returns 

automatically to its normally closed position by action of a counter 

balance weight. This gate has the following advantages:

1. Opens and closes automatically.

2. Can be designed for any head available between the water 

surface in the basin and the irrigated land.

3. Can be designed with head ditch characteristics incorporated so 

the required cycle ratio for surge flow irrigation can be 

achieved.

4. Needs no electronic system or timer to cycle.

5. Needs minimal management.

6. Easily designed and economically fabricated.

Theory of Operation

The automatic drop gate mechanism is shown in Figs. 6 and 7. The 

equilibrium conditions for the gate occur at the closing position and at 

the opening position when the moments due to the counter weight equal
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the moments resulting from the water acting on the gate. When the water 

level on the upstream side of the gate rises to a height such that the 

moments due to the resultant force from the water pressure exceed the 

moments due to the counter weight the gate opens automatically. The 

gate remains open as long as the moments due to the water acting on the 

gate exceed the moments due to the counter balance. When the water level 

drops to a lower predetermined level, the gate automatically returns to 

its normally closed position. Points A, B, C, and D which include the 

floating link A-C should follow the same line of action in both open and 

closed positions to give the most uniform torque over the operating 

range. The linear displacement A-B made by the link OO-A is equal to the 

displacement C-D of the top of the gate due to movement from the closed 

to the open position. Equation development follows:

AB = CD or

2 Rl sin(p/2) = 2 Rg sin(@/2)

The angle 6 made by moving the gate from the closed position to the open 

position is always 90*,so

Rl = (0.7071/sin(p/2)) Rg (3.1)

From the geometry the distance Y between the two pivots 00 and 0 is,

Y = Rg + Rl (sin a + cos a ) (3.2)

Where, a = (90* - p )/2

Also from the geometry the length of floating link Z can be determined 

as follows:

Z cos 45 = Rl sin a + Rl cos a - Rl sin a 

Z = 1.4142 Rl cos a (3.3)



35

Lever Arm Weight

Frame

Floating Link

Plastic Sheet

Aluminum Gate

Plastic Hinge

Figure 6. Schematic drawing of drop gate.



36

Closed Position

Figure 7. Automatic drop gate mechanism.
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Force Analysis

Referring to Fig. 8 the moment T1 about the pivot 0 due to the 

force exerted by the water acting on the gate while the gate is closed 

and ready to open is:

T1 = Y hcg A (1/3)(h)

T1 = l(gm/cm3)((l/2)h) (h)(L)(h/3)

T1 = (I/6)(L) h3 (3.4)
Where,

L = the effective width of the gate (cm).

Y  = the specific weight of water (gm/cm3)

h = the height of the water behind the gate at opening (cm).

hcg = the depth of water above the centroid of the plane area, A.

Figure 8. Water forces acting on the gate in both open and closed 
positions.

In order for the gate to close and prevent water flow when the 

water surface drops to o.2h the counter weight must overcome the

following forces:
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1. The weight of the gate.

2. The weight of the water over the gate.

When the gate is just ready to close, the moment about the pivot 

0, Tg is*

T2 = (I gm/cm3) .2h Rg L O.SRg + Wg 0.5Rg 

The gate should open before the water gets to the top of the gate.

Thus

h = 0.9 Rg

where 0.9 was used for the opening conditions as a factor of safety to 

insure that the gate will open before any overflow can occur,

T2 = 0.09 Rg3 L + 0.5 Rg Wg (3.5)

This equation implies that the gate is ready to close when the 

depth of water over it is equal to 0.2h of water.

The second important consideration in designing the gate is to 

keep the lever OO-W horizontal when the gate is closed. This gives 

maximum torque from the counter balance W(gm).

The ratio of the torque at the closing and opening positions due to 

the water acting on the gate must be equal to the ratio of the torque 

due to the counter balance weight,

T2 = T  open position = W X  cosp 

T1 = T  closed position = W X  cos 0 = W X

T2ZT1 = cos p (3.6)
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To determine the counter weight magnitude let X equal the torque 

lever length for the counter weight at any instant. This means X = at 

the closing position, and X = cosp at the opening position. Taking 

the moment of the counter balance weight at any instant about the pivot 

00 gives,

W X = G Rl cos (p/2) (3.7) 
Where G is the transmitting force to the floating link AC and is in the 
direction of the link and again taking the moment about the pivot 00 

gives,
T = G Rg cos (6/2) (3.8) 

Where T is the torque about the pivot 00 at any instant. Eliminating G 

between Eqs. (3.7) and (3.8) gives

W • X/T = (RL/Rg) (cos p/2)/(cos 6/2) (3.9)

Substituting T = Tj, and X = Rjy

W = T1 (cos p/2)/(Rg cos 6/2) (3.10) 

It can also be seen that substituting T = T2 and X = RLcosp yields the 

same answer for determining W by knowing that T2 = T% cosp.

Critical Design Criteria-Gate Opening and Closing

When the head on the closed gate reaches the design opening head 

the change occurs rapidly due to decreased resisting torque of the 

upward moving weight and increased opening torque due to water on the 

gate. This rapid change in torque is not as noticeable during the 

closing cycle and ceases to exist when the inflow rate approaches the 

outflow rate at a head equal to or greater than the design closing head.
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The critical relationships for gate closing using the weir formula 

requires that:

Qin < a(.2h)r

As the gate starts to close the closing torque of the weight arm 

increases slowly while the weight of the water on the gate decreases 

slowly. At the same time the momemtum of the water in the direction of 

flow starts to act upon the gate. This momentum component is small 

compared to the weight of the water. However, the combined effect is 

significant and it may be necessary for the head to drop below the 

design closing head for rapid gate closing.

Critical Considerations for Design

The preceding analysis has shown that gate closure occurs when 

the water surface drops below 0.2h. Thus the inflow to a reservoir 

area must be less than the outflow corresponding to the head of 0.2h 

over the gate. If the inflow rate exceeds an amount which has a 

corresponding head of o.2h the gate will stay open because the water

surface over it will not drop enough.

It can be seen that there is a compromise in designing the gate 

between the closing head and the weight of the gate material itself. The 

lighter the gate, the larger the closing head, and the consequent 

accommodation of adequate inflow. For lightness the.gate material 

selected is Aluminum 6061-T6, 2.5 mm. thick. A plastic hinge is used to 

join the gate with the frame. Plastic sheeting is used as sides for the 

gate to prevent leakage around the gate when it is in the closed

position.
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CHAPTER 4 

LABORATORY TESTS

Equipment

An automatic drop gate and a dosing siphon were designed and 

constructed, then tested in the laboratory to check performance and 

determine head discharge relationships. A rectangular "plywood flume 

240x120x66 cm was used as a reservoir. A strain gauge pressure 

transducer was used to measure the water depth in the flume. Depth 

measurements were recorded on a strip—chart recorder as a function of 

time. A 30x30 cm drop gate was tested with variable inflow rates. Tests 

with a 15 cm siphon used three variables: inflow rate, the length of 

the downpipe trap leg, and the minimum head or the distance between the 

top of the discharge pipe and the lowest head in the reservoir.

The changes of the water depth in the flume during one cycle were 

obtained directly from the strip-chart. One cycle is defined as the 

period required for a complete opening and closing, i.e, the time 

between the first opening to the next opening. The data gathered from 

each test include:

1. Inflow rate.

2. Highest water level.

3. Lowest water level.

4. Total time the gate is open, on-time.
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5. Total time the gate is closed, off-time.

6. Outflow rate.
All the preceding data were obtained from the strip-chart record as 

described later.

Dron Gate Tests

Typical strip chart records that show the depth of water as a 

function of elapsed time during the drop gate operation with, different 

inflow rates are presented in Figs. 9 and 10. These figures show that 

the inflow function is linear and the outflow is curvilinear. A 

continuity equation was developed to describe the discharge function of 

the drop gate shown by these figures. The continuity equation was 

applied to the control volume as shown in Fig. 4.3,

The continuity equation is,
ds

Vp Q = --- (4.1)
dt

Since the density is constant.
dH

Qin " Qout = At —  dt
(4.2)

When the gate is closed (called off-time) the outflow is equal to 

zero and

Q in = At (dH/dt)

Qll „„„ be measured by tno.iug the mater surface area, At, »tich is 

constant, and. the rate of water rise. This is the slope of a straight 

line as shown in Figs. 9 and 10.
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Figure 9. Depth changes during one cycle using the 30 cm drop gate and 
inflow of 11.5 L/s.
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inflow of 3.6 L/s.

Figure 10.
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Qin

Figure 11. The control volume for applying the continuity equation to 
the drop gate system.

When the gate is open (called on-time) the outflow is variable and 

the slope of Fig. 9 is not constant. The rate of change of this slope 

(dH/dt) is negative. The outflow (Qont) can be written as:

Qont = Qin - At (dH/dt)on (dH/dt when gate is open)

and
Qin = At (dH/dt)0ff (dH/dt when gate is closed)

therefore,

Qont = At(dH/dt)off - At(dH/dt)on (4.3)

Where Qont could be expressed in the weir type equation,

0„„, - . Br «■«>
The slope of a curvilinear function at any given point of H is 

equal to the slope of a line drawn tangent to the curve at that point. 

The terminology of the derivative is.

dH
= limit

AH

dt At— ►O At
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The slope or tangent to the curve can be determined by using two points, 

a small distance apart, to define the tangent. The chord between these 

two points approximates the actual slope. The average head was taken at 

the midpoint of these chord sections. Table I represents the discharge 

versus head relationship obtained from different strip charts as 

described and shown in Fig. 9. This procedure was developed to determine 

the discharge equation for the gate because it was not possible to 

obtain adequate inflow for constant head tests.

Table I. Head on the drop gate versus discharge obtained from several 
tests as shown in Fig. 10.

H(m) Q(L/s)

0.1539 36.420
0.1319 24.384
0.0862 16.284
0.1207 20.759
0.1777 44.236
0.0863 16.511
0.1319 25.970
0.1893 46.020
0.0835 15.350
0.1377 31.860
0.2005 54.516

The data presented in Table I were plotted on log-log paper (Fig. 

12) and used to determine the value of the constants in the empirical 

relationship between the discharge and the head on the drop gate as 

shown by Eq. (4.4) modified to logarithmic form as:

log Q = log a + r log H

A least squares method was used to determine these constants. The 

method is summarized in Table 2.



46

30 0

200

.07 .09 .1

Head, m

Figure 12. Drop gate discharge as a function of head.
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Table 2. Summary of least squares method calculations.

No. Q(L/s) log Q H(m) log H log Q log H (log H)2

I 36.420 1.561 .1539 -0.81276 -1.26872 o.66058
2 24.384 1.387 .1319 -0.87975 -1.22021 0.77397
3 16.284 1.212 .0862 -1.06449 -1.29016 1.13314
4 20.759 1.317 .1207 -0.91829 -1.20938 0.84326
5 44.236 1.646 .1777 -0.75031 -1.23501 0.56297
6 16.511 1.218 .0863 -1.06399 -1.29594 , 1.13207
7 25.970 1.415 .1319 -0.87975 -1.24484 0.77396
8 46.020 1.663 .1893 -0.72285 -1.20210 0.52251
9 15.350 1.186 .0835 -1.07831 -1.27887 1.16276
10 31.860 1.503 .1377 -0.86107 -1.29419 0.74143
11 54.516 1.737 .2005 -0.69788 -1.21222 , 0.48704

Total 15.845 -9.7294 -13.7516 8.7937

The least squares method is described as follows:

I(log H)2 log Q - Ilog H !(log Q log H)
(4.5)

n £(log H)2 - ( Ilog H)2

Substituting the corresponding values from Table 4.2 into the preceding 

equation gives:

log a
(8.7937) (15.845) - (-9.7294) (-13.7516) 

11 (8.7937) - (-9.7294)2

a = 476.79

The exponent r, can be determined from the following equation,

n !(log H log Q) - Ilog Q Ilog H 

n I(log H)2 - ( Ilog H)^

Substituting the corresponding values in the preceding equation.
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11 (-13.78516) - (-9.7294) (15.845)
---------- — ------------------ --------

11 (8.7936) - (-9.7294)2

r = 1.3995

The general form for the drop gate empirical equation then becomes:

Q = 476.79 Hi.4 (4.7)

The constant a. is the product of discharge coefficient and the gate 

width as:

a = c L = 476.79

where L = 0.292 m

therefore: c = 1632.28

The discharge equation becomes:

Q = 1632.28 L H1*4 L/s (4.8)

The equivalent equation in English units would be:

Q = 3.33 L Hl.4 cfs

Error Analysis

The probable error, E(%) of the value of the calculated flow (Qc) 

from the measured flow (Q) was calculated from least squares fit 

equation as,

E(%) = (10s - D x  100 (4.9)

Where s is the logarthmic standard deviation.
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The variance is a measure of the goodness of fit of the empirical 

equation to the actual observed values. The variance for the linear 

equation is defined as s2 and is calculated from:

Where,

S2 E n 2 (4.10)

= log Q - (log a + r log H) (4.11)

Q, H = the observed values 

n = the number of data points

s = the standard deviation and is a measure of the accuracy of fit 

Qc= the calculated value of the discharge using the empirical 

equation.

The numbers used in determining the probable error are tabulated in 

Table3.

Table 3. Probable error calculations for the drop gate empirical 
equation.

No. Q (L/s) log Q H (m) log H ei
.2

ei
I 36.420 1.561 0.1539 -0.8127 0.0205 0.00042
2 24.384 1.387 Q.1319 -0.8797 0.0596 0.00356
3 16.284 1.212 0.0862 -1.0645 , 0.0239 0.00057
4 20.759 1.317 0.1207 -0.9183 -0.0757 0.00573
S 44.236 1.646 0.1777 . -0.7503 0.0181 0.00033
6 16.510 1.218 0.0863 -1.0640 0.0293 0.00086
7 25.970 1.415 0.1319 -0.8797 -0.0316 0.00100
8 46.020 1.663 0.1893 -0.7228 -0.0033 0.00001
9 15.350 1.186 0.0835 -1.0783 0.0173 0.00030
10 31.860 1.503 0.1377 -0.8611 0.0302 0.00091
11 54.516 1.737 0.2005 -0.6978 0.0357 0.00127

Total 0.01497
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O'. 01497
=  ---------------

1 1 - 2
s = 0.04079

E(%) = (100.04079 - i ) x ioo = 9.8 %

Using Eq.(4.8) to predict the discharge under a certain head on the 

drop gate yields a probable error of 9.8 %.

The equation for a broad-crested weir is:

Q = 1877 L Hl-5 L/s (Q = 3.4 L Hl-S cfs) (4.12)

The probable error due to the use of the broad-crested weir equation, 

was found to be 13%, as calculated from Appendix A, Table 12.

The strip chart records gave the relationship between the head and 

time which were used to determine the discharge. If it is assumed that 

these two sources of error are caused by independent measurements, then 

the total probable error in results due to error in measurement 

techniques is the sum of the two,

AQ/Q = (At/t) + r (AH/H) (4.13)

Where r is the exponent in Eq.(4.8).

The minimum time increment, At, that could be measured on the chart, At
1 ■ . ■ •

was I second, and the minimum depth increment, AH, was 10 mm per line.

The average time for one cycle was 100 seconds, and the total head was 

about 200 mm. The exponent of the empirical equation, r is 1.4. 

Substituting these values into Eq. 4.13 gives

AQ/Q (%) = [(1/100) + 1.4(10/200)] x 100

8%
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The probable error in the discharge determined by the method of 

least squares was 9.8%, as compared to an 8% probable error in results 

due to errors in measurement techniques. These two error estimates 

agree quite closely.

Dosing Siphon Tests

A dosing siphon 150 mm in diameter similar to the one shown in Fig. 

4 was used in laboratory tests. A typical depth change during one cycle 

of operation of the dosing siphon is shown in Fig. 13. Two inflow rates 

were used. Figure 14 shows a nearly linear relationship between head and 

time for the discharge as well as the fill portion of the cycle. The 

water depths obtained from the strip chart records were used to 

determine the discharge function for the dosing siphon. The continuity 

equation was applied to the control volume as shown in Fig. 15 to 

determine the outflow function.

The method used to apply the continuity equation to the dosing 

siphon for determining the discharge versus head relationship is the 

same as that described for the drop gate. The data from different strip 

charts are shown in Table 4. The data were plotted on log-log paper 

(Fig. 16) and used to develop the empirical discharge equation for the

dosing siphon.
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Figure 13. Depth changes during one cycle using two different inflow 
rate s.
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Figure 14. Depth changes during three sequential cycles using the same 
inflow.
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Max. water level

Min. water level

Figure 15. The control volume for applying the continuity equation to 
the dosing siphon system.

Table 4. Head on the dosing siphon versus discharge. Data obtained from 
several tests.

H(m) Q(L/s)

0.4267
0.3706
0.2545
0.7684
0.6236
0.7303
0.3892
0.3283
0.1426
0.3810
0.4115

21.580
20.645
14.670
28.094
26.111
30.303
20.844
18.748
9.431

17.813
19.088

The calculations for the discharge equation are shown in Appendix 

A, Table 13. The following empirical equation was developed using the 

method of least squares.

Q = 36.35 H - 6 6 LZs (4.14)
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Figure 16. Dosing siphon discharge as a function of head for the 
experimental data shown in Table 4.
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The dischage constant a of 36.35 is the product of the dischage 

coefficient, c, and the area of the discharge pipe, Ap* The area of the 

discharge pipe, Ap = .01895 

therefore:

Q = 1918.52 Ap H*66 L/s (Q = 2.87 Ap H‘66 cfs) (4.15)

Error Analysis

The probable error in the discharge determined by the method of 

least squares is 6.9%. The calculations are shown in Appendix A, Table 

14.

The general orifice equation for flow is:

Q = c  Ap

The average discharge coefficient can be determined as shown in Table 5, 

and was found to be cav< = 1696.0.

Table 5. Discharge coefficient calculations for dosing siphon.

tVbs. (L/s) Hobs. (™)
21.580 
20.645 
14.670 
28.094 
26.111 ’ 
30.303 
20.844 
18.748 
17.813 
19.088

0.4267
0.3706
0.2545
0.7684
0.6236
0.7303
0.3892
0.3283
0.3810
0.4115

1743.57 
1789.83 
1534.75 
1691.49 
1745.10 
1871.48 
1763.37 
1726.91 
1523.09 
1570.46
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The orifice equation using the average discharge coefficient would 

be:

Q = 1696 Ap H'S L/s (Q= 3.07 Ap H*5 cfs) (4.16)

The probable error in the discharge determined by the orifice equation 

was found to be 7.6%. Calculations are shown in Appendix A, Table 15. 

The probable error as a result of error in measurement techniques, can 

be summarized as follows

The exponent in the empirical equation, r = .66 

The minimum reading on time scale, At = I second 

The average cycle time, t = 100 seconds 

The minimum reading on depth scale, AH = 10 mm 

The average measured depth, H = 200 mm 

Substituting the preceding values in Eq. 4.13,

AQ/Q (%) = [(1/100) + 0.66 (10/200)] x 100 

= 4.3%

It can be seen that the probable error in the discharge determined by 

the method of least squares is 6.9%, compared to 4.3% probable error in 

results due to error in measurement techniques.

Dosing Siphon Performance '

The results of a test conducted to verify the effect of

increasing the inflow under the same minimum head of 606 mm (Ĥ  in Fig. 

15) and using a 100 mm downpipe trap leg are shown in Fig. 13. The 

siphon will reset with a 5.23 L/s inflow rate which corresponds to 2 

mm/s rate of water rise in the reservoir. As soon as the inflow was 

increased to 6.17 L/s which corresponds to 2.45 mm/s rate of water rise.
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the siphon did not reset. The rate of water rise is important because it 

affects the opportunity time for air to enter the bell and interrupt the 

flow so the siphon can reset.

Figure 14 shows the effect of changing the minimum head to 300 

mm while using the same downpipe trap leg of 100 mm. With larger minimum 

head shown in Fig. 13 the siphon began releasing water at a depth of 320 

mm, but with the lower minimum head shown in Fig. 14 the siphon started 

to release water at a depth of 270 mm. As the minimum head decreases 

the maximum head also decreases until it reaches a point at which the 

siphon does not reset. This minimum head was found to be about 260 mm 

which is close to twice the siphon diameter (150 mm). Hazen (1975 B) 

indicated that the minimum head must be about five times the siphon 

diameter. Figure 14 also shows that at the beginning of the dosing 

siphon continuous operation the first cycle time was longer than the 

consequent cycles. Under low head, the amount of air entering the bell 

decreases every cycle as the elapsed time increases.
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CHAPTER 5

MATHEMATICAL MODEL OF SURGE FLOY/ OPERATION

A mathematical model was developed to simulate the emptying and 

refilling time for a head ditch and to give the required frequency ratio 

for surge flow irrigation. The discharge function for both the drop gate 

and the dosing siphon are incorporated in the model. The following 

assumptions were made.

1. The head ditch is large enough to function as a reservoir.

2. The effect of movement of a steep negative wave, created by 

sudden water release, on the outflow hydrograph can be 

neglected.

3. The positive wave traveling upstream due to the sudden closure 

of the device through which water is already flowing can be 

neglected because the flow discharge before the closure is 

usually limited.
4. The outflow hydrograph is independent of downstream conditions, 

or their effect can be neglected.

5. The resistance to flow along the ditch does not affect the 

shape of the free-outflow hydrograph.

6. The ditch can be considered a prismatic channel.
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Model Development

The cycle ratio of a given ditch depends on these relations: ditch 

inflow hydrograph, cross sectional shape, the depth of water, the device 

opening characteristics (area, shape, position in relation to ditch and 

irrigated land), and type of flow (free-surface, flow under pressure).

Storage Outflow Function

The simple differential storage equation was considered.

ds
p — Q =  --  (5.1)

dt

With p the inflow to the head ditch, Q the outflow from the ditch, and 

ds/dt the rate of change of the storage volume with time.

The solution of Eq. (5.1) is feasible if integrable mathematical 

expressions can be written for, p, Q, and s.

Outflow Rating Curve

The outflow rating curve, a relation of the outflow discharge 

through the device to the water level in the head ditch, can be 

determined by,

Q = a hr (5.2)

Where h is the water level above the depth for which Q = 0, and a and r 

the coefficients which depend only on boundary conditions (outlet shape) 

and type of flow (closed or free outlets). The values of a and r were 

determined from the laboratory calibration tests for the drop gate and

the dosing siphon.
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Inflow Hvdrograoh

It is practically impossible to describe an entire natural inflow 

hydrograph by a simple mathematical expression however, it is feasible 

to determine some of their parts by simple mathematical expressions. The 

simplest forms of the function p = f(t) to be used in this analysis are: 

(I) p = O ( zero inflow, such as when the water is fully stored in the 

upstream ditch) (2) p = p0 = constant or nearly constant (regulated 

constant inflow from upstream).

Storage Function

The storage function, which relates the volume in the ditch to its 

level can be written as follows,

ds = At dh (5.3)

Where s is the storage volume, his the depth of water above the level 

of zero outflow and is the water surface area at depth h.

Ditch cross-sections considered in analyzing storage depth 

relationships were rectangular, trapezoidal, and parabolic.

Trapezoidal Cross-Section. Figure 17 shows the conditions that control 

water surface area in a ditch. The surface area is affected by changes 

in slope and reach length. The assumption of a prismatic channel 

(channel built with unvarying cross section and constant bottom 

slope) are necessary to make the solution of the problem feasible. Two 

conditions exist the first shown in Fig. 17 when the water surface is in
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contact with the upstream check and the second when the water surface 

falls below the upstream check.

h-b-H
L. = L L,= o

Figure 17. Schematic representation of the trapezoidal cross-section 
characteristics along the reservoir.

Under the first condition, d > Sq L 

Where,

d = the water depth at the site of the flow device. 

so = the ditch bottom slope.

L = the ditch reach length.

From Fig. 17 the following expression for the water surface area can be 

written,

(b + 2zd) + (b + 2z (d - Sq L))
At -----------------------:------------ L

where:

At = the water surface area, 

z = the side slope, 

b = the bottom width.



62

Simplifying terms,

At = (b L - z s0 L2) + 2 z L d (5.4)

Under the second condition, d < s0 L 

Again from Fig. 17 the following relationship can be written:

(b + 2 z d) + b d
At - -------;------ - —2 S0

where, d/S0 = Ls Fig. 17.

Simplifying,

At = b d/s0 + z d2/s0 (5.5)

The depth of the water, d, can be related to the head on the existing

flow device such as a dosing siphon or drop gate.

For the dosing siphon shown in Fig. 18, the following relationships

exists:

d = h — Y

Where,

h = the effective head on the dosing siphon.

Y == the difference in elevation between zero storage and zero head.

■ For the drop gate shown in Figi 18, the following relationship

exists,
d = h + Ho

Where,

Hq = the difference in the level of zero outflow and the level of zero

storage.
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(Q )

Figure 18. Definition sketch for (a) dosing siphon, (b) drop gate.

Generally, 

Where,

the depth equation can be written as follows, 

d = h + c

c = -rY for the dosing siphon

c = H0 for the drop gate

Substituting Eq.(5.6) into Eq.(5.4) yields.

or.
= (b L - z s0 ) + 2 z L(h + c)

= (b L - z s0 + 2 z c L) + 2 z L h

Substituting Eq.(5.6) into Eq.(5.5) yields.

(5.6)

(5.7)

At = (h + c) b/s0 + (h + c)2 z/sor,

At = (b c/s0 + c z/s0) + (b/s0 + 2 c  z/s0) h + (z/s0) h2 

A general expression for A^ may be written as

At = Ao + aI b + A2 h2

(5.8)
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where Aqi Aj , and K<i are constants for a given prismatic trapezoidal 

channel.

The surface area for a rectangular cross-section ditch can be 

derived from the equation for the trapezoidal cross-section by 

substituting z = 0 in both Eq.(5.7) and Eq.(5.8).

Parabolic Cross-Section. Referring to Fig. 19 the following equation 

was used for the parabolic cross-section.

At the first section (Lg = q ) the depth equals d, and in the next

d X2 at Ls = 0

section, Ls upstream, from the first section, the depth is (d - S0Ls)'

so
d for all values of Ls

or.
X = [(d - Sq Ls )/cp],5 (5.9)

L

Figure 19. Definition sketch for using parabolic cross-section.
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For a small element of surface area, which has a (2X) width 

length increment.

dAt = (2X) dLs

Substituting Eq.(5.9) into Eq.(5.10), the integral is

.5 (d - so Ls )-5 dLs

which yields upon integration.

At = •------ —  [ < d - S0 Ls)3/2 I
V p '  . °

Considering the following two cases.

Condition I, d ■> s L 

The limits for this case are,

Ls = 0 Ls = L

Inserting the limits in Eq.(5.11) yields.

At = [<d' 

Substituting Eq.(5.6) into Eq.(5.12),

sn L)3/2 d3/2 ]

-4

3 s,
[(h + c s0 L)3^2 - (h + c)3/2 ]

and dLs

(5.10)

(5.11)

(5.12)

(5.13)
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Condition 2, d < S0 L 

The limits for this case are,

Ls = 0 Ls = d/s0

Inserting the limits in Eq.(5.11) yields

At = — -----, d3/2- .53 s0 Cp

Substituting Eq.(5.6) into Eq.(5.14),

4
At = ------- g. (h + c)3/2

3 s0 Cp

(5.14)

(5.15)

Refill Time

Using a constant inflow, P0, ^ith zero outflow, Qout, to refill the 

reservoir the following equation can be written.

or.

integrating.
(5.16)

Substituting the general expression for Ati case of trapezoidal

or rectangular cross-section.

At
.h2 2

A0 + Al h + A2

Po
hi

dh
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A0 Ai A2
At = — —  (I12 - hj) + ---- (h22 - hi2) + ---- (h23 - h^3)

Po 2Po 3Po

In the case of a parabolic cross-section

(5.17)

,h2 (h + c)3/2 - (h + c - Sg L)3^2

2 2
At= ---[(h2+c)^2-(hi+c)^2] - --- I (h2+c-s0 L)^^2_(hi+c-s0L)^ 2]

Sp0 5Po (5.18)

Release Time

Writing the simple storge equation,

Q -  p = (ds/dt)

and inserting the value of Q = a hr, the following may be developed,

At
a hr - p- = --- dh

dt

Separating variables, 

the following:

and integrating the differential equation yields

(5.19)
a hr - pr

Numerical Solution. In many cases the water surface area, At in 

Eq.(5.19) cannot be described by an integrable expression as in the 

previous situation. In order to generalize the solution to handle any 

exponent in the outflow relationship, either integer or real, the 

numerical solution must be considered.
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There are numerous formulas for numerical integration, but for many 

engineering applications the trapezoidal rule is quite adequate. To 

recall its derivation, the required integral may be put in the following 

form,
b
/ f(x) dx 
a

Where by dividing the range of integration into n equal parts, the 

ordinates at the points of subdivision are.

f0 = f(a)» fi, f2>.... . fn-1• fn ~ f(b)
The definite integral above can be visualized as the area under the

function f(x), and thus any method of approximating an area is 

essentially a method of approximating this definite integral form.

The trapezoidal rule can be written as follows

1 I
A = & ( —  fo + fI + f2 + ....+ fn-1 + —  fn )2 2

Table 6. shows the computational pattern in detail.

Table 6. Trapezoidal rule method of computation.

X f (x) Average
Z

h
X

= / f(x) 
X0

dx

xo=a f O .... = O h
/ o

= / f(x) 
Xo

dx

xI fl (fo + fl>/2 = f0/2 + fi/2 h /l
= / f(x) 

X0
dx

x2 f2 (fl + f2)/2 = f0/2 + fl + f2/2 h *2= / f(x) dx
x0
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By more advanced methods it can be shown that the dominant part Of the 

error made by using the trapezoidal rule to approximate an integral is

fn fo
12

h2

If this quantity is subtracted from the last integral, the improved 

value would be obtained.

A computer program written in BASIC is presented in Appendix B for 

determining the emptying and refilling time for specific ditch 

conditions.

Analytical Solution

The analytical solution for Eq.(5.19) is not feasible for most 

expressions of At and values of r, but it is useful to find an 

analytical solution for at least one case to verify the model. The 

following case was considered.

r = 1/2 t̂ = Ao + A1 h

Equation (5.19)^can be mathematically divided into two parts after 

substituting the preceding values in order to be integrated as follows.

substituting.

r A0
h%
r Al hj

hi
a h * 5 - p0 J a h*5 -

hi
X2 = h 2 X d aIi

f " 2 X Ao dX -
*2 3' 2 Al Xj

a OAIX a X - P0

Pn
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substituting B = — P0^a * an^ integrating

2Aq + 3A1B(2B-1) 2A0B + 2A1B2 X1 + B
At— — ----------------- ( X1 — X2) — -------------- In ------

a a X2 + B

2 A1 SA1B
+ ---- [ (X1 + B)3 - (X2 + B)3] - ---- (X1 + X2 + 2B) (5.20)

3a a

In case of the inflow discharge p0 Eq.(5.20) yields

2A0
At = ---- (X1 - x2) 2 A1 

3a
(X13 - X23)

Snmmnrv of Runs Made with the Model

Model Verification

In order to determine whether the model was operating as intended, 

the following simplifying assumptions for which the model's true 

characteristics are known from the analytical solution was considered: 

rectangular reservoir.

bottom width (b) = 1.015 m (3.33 ft)

maximum depth == 0.289 m (.95 ft)

bottom slope = 0.0

reservoir length (L) = 2.438 m (8 ft)

dosing siphon as a control device

siphon diameter (Dp) ~ 0.155 m (6.115

flow coefficient (c) = 1.696 (3.01)

minimum water depth = .076 m (.25 ft)
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distance from bottom to siphon outlet = 0.228 m (.75 ft) 

inflow rate = 4.79x10“  ̂m^/s (.1693 cfs)

Substituting z=0 and S0 = 0 in Eq.(5.7) yields

At = A0 = b L

= (I.016)(2.438) = 2.477 m2

The discharge pipe cross-sectional area,

Ap = (n/4)(.155)2 = 0.01887 m2 

B = -(p0/a) = - (.00479)/[(.01887)(1.696)]

= - 0.15

X1 = (0.289 + 0.228) *5 = 0.719.

X2 = (.076 + 0.228)*5 = 0.5514

substituting the preceding values in Eq.(5.20), the emptying time can be 

obtained,

2Ao 2A0B X1 + B
At " ■ ■" (X1 — X2) — ----- In ---- ;—

a a X2 + B

the preceding equation yields on substitution,

At = 34.06 seconds

This compares to 34.78 sec. obtained from the computer program as shown 

in Appendix C, Fig. 36.

Substituting in Eq.(5.17) the refill time can be obtained,

At = (A0/p0)(h2 - Ii1)

= (2.4774/.00479)(.517 - 0.304)

= 110.16 seconds
/

This compares to 110.24 sec. obtained from the computer program as shown 

in Appendix C, Fig. 36.
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Model Validation

In order to determine whether the mathematical model is an accurate 

representation of the real system under study the results obtaind from 

the laboratory tests were compared to the results obtained from the 

mathematical model.

The following laboratory test was conducted: 

rectangular reservoir 

bottom width = 1.916 m (3.333 ft)

maximum depth = 0.537 m (1.763 ft) 

bottom slope =0.0 

reservoir length = 2.438 m (8 ft) 

drop gate as a control device 

gate width = 0-.292 m (0.958 ft) 

gate coefficient of discharge = 1.877 (3.4)

Distance-gate bottom to reservoir bottom = 0.305 m (I ft) 

minimum water depth = 0.366 m (1.2 ft) 

inflow rate = 0.0363 m^/s (.1282 cfs)

Experimentally the emptying time was found to be 22 seconds and the 

refill time was found to be 117 seconds. The computer program gave an 

emptying time of 22.7 seconds and a refill time of 117 seconds as shown

in Appendix C, Fig. 37.

Another lab test was conducted using the dosing siphon as follows: 

rectangular reservoir 

bottom width = 1.016 m (3.333 ft) 

maximum depth = 0.732 m (1.55 ft)
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bottom slope = 0.0 

reservoir length = 2.438 m (8 ft) 

siphon diameter = 0.155 in (6.115 in) 

flow coefficient = I.696 (3.01)

minimum water depth = .076 m (.25 ft)

distance from reservoir bottom to siphon outlet = .502 m (1.646 ft) 

inflow rate = .0513 m^/s (.18107 cfs)

Experimentally the following were found:

Emptying time = 45 seconds 

Refill time = 190 seconds

From Appendix C, Fig. 38» the mathematical model gave:

Emptying time = 43.9 seconds 

Refill time = 191.5 seconds

The maximum error was found to be about 2.5%, which is considered 

reasonable.
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CHAPTER 6

FIELD EVALUATION AND ANALYSIS 

Materials and Field Operation

Field experiments were conducted during the 1983 irrigation season 

at the Post Research Center near Bozeman, MT. The purposes of the 

experiments were to evaluate surge flow border irrigation systems using 

the automatic drop gate and compare the surge flow systems with 

conventional continuous flow systems.

The field was divided into eight border strips each 3 m by 102 m 

and separated by dikes I m wide and 0.3 m high. The slope in the 

direction of irrigation was 1.5 percent. There was nearly zero cross 

slope. Field layout is shown in Fig. 20. The soil was a silty clay loam.

Physical properties of the soil are shown in Table 7.

Table 7. Soil physical properties.

Depth %Sand %Clay SbSilt Available water* (cm/m)

O-SQcm
30-60cm

8 33.2
6 39.2

58.8
54.8

22.1
20.8

’•‘Moisture percentage at wilting point is 50 % of the field capacity and 
the bulk density is 1.3 gm/cm

For the surge flow experiments, basins 4.5 m by 3 m were 

constructed at the head of border strips No. 2, 5 and 7. The basins 

accumulated the inflow from the supply pipe for a period of time
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—  33

JOcm
Gate

60 cm 
Gate

/5  cm 
Gate

Dimensions are in meters

Basin
4 -5 x 3

Figure 20. Field layout for border irrigation systems using three drop 
gate sizes.
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(off-time) then released the accumulated water (on-time) using the 

automatic drop gate. The drop gate was built in three sizes 15, 30, and 

60 cm and installed in borders No. 7, 2, and 5, respectively.

The developed mathematical model was used to calculate the cycle 

time produced by using a specific automatic drop gate size as shown in 

Table 8. The cycle time has been defined as the period required for a 

complete on/off cycle, i.e;, the time between the beginning of one surge 

to the beginning of the next. The inflow to the basin was measured 

volumetrically and the same inflow was used for the continuous and surge 

treatment to evaluate various surge flow rates and cycle times as 

compared to conventional continuous flow border irrigation.

A full evaluation was performed for each treatment as follows:

1. The soil moisture deficiency was determined using a soil 

sampling tube and gravimetric samples.

2. The infiltration rate and cumulative infiltration were 

measured using a cylinder infiltrometer.

3. The advance and recession rates were measured using stakes 

placed at 10 m intervals.

4. The field slope was determined by measuring the elevation at 

. each s take.

5. The time for water to reach each station was recorded.

6. The time when the water disappeared from the surface at each 

station was recorded.

The irrigation treatments applied are described in Table 8.
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Table 8. Irrigation Treatments Applied.

Border Date 
No.

Irrigation mode Inflow rate(L/min) 
Basin Border

2 7/26/83

3 7/26/83

8 8/1/83

7 8/1/83

6 8/2/83

5 8/2/83

4 8/2/83

1 8/2/83

8 8/17/83

7 8/17/83

5 8/17/83

3 8/17/83

2 8/17/83

One surge with 18 min on and 300 
30 min off using 30cm gate 
and 4.5x9m basin.

continuous

Four surges with 3 min on and 66.7 
18 min off using 15cm gate 
and 4.5x3m basin.

Continuous

Four surges with 3 min on and 100 
12 min off using 15cm gate 
and 4.5x3m basin.

Continuous

Four surges with 3 min on and 200 
6 min off using 15cm gate 
and 4.5x3m basin.

Continuous.

Two surges with 4 min on and 200 
18 min off using 15cm gate 
and 4.5x3m basin.

Continuous

Two surges with I min on and 200 
18 min off using 60cm gate 
and 4.5x3m basin.

Continuous

Two surges with 2 min on and 200 
18 min off using 30cm gate 
and 4.5x3m basin.

300

66.7

100

200

200

200



78

Utilization of Field Data

The procedures for preparing data for analysis are outlined below.

1. The advance and recession curves for each test were plotted. 

Surge flow is combined with the continuous flow for the same 

discharge on one sheet for comparison.

2. The advance and recession curves were extrapolated beyond the 

end of the measuring station until intersection to graphically 

portray the runoff.

3. All the individual, cumulative infiltrated depth curves from 

the cylinder infiltrometer data were plotted on log-log paper.

A general cumulative infiltrated depth equation was developed.

4. The infiltrated depth along the border-strip was calculated 

from the intake opportunity time at each station and plotted.

Infiltration Characteristics

The USDA, Soil Conservation Service, classifies soils into intake 

families. The equation for these families is as follows

P — & b̂ + c  (6.1)

Where F is the cumulative intake (mm), t is the time water is in contact 

with the soil (min), and a, b and c are constants unique to each intake 

family.
Field experimental data on accumulated infiltration versus time 

(Table 9), when plotted on a uniform co-ordinate paper (Fig. 21), gave a 

parabolic curve. When the data were plotted on log-log paper in Fig. 22 

a linear relationship was indicated. Some data on the initial stage of
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o In filtration  ra te  

x Accumulated in filtra tion

o 140

E l a p s e d  T i m e ,  m in u te s

Figure 21. Plots of accumulated infiltration and average infiltration 
rate vs. elapsed time, based on the experimental data 
presented in Table 9.
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Figure 22. Cumulative cylinder infiltration curves from a bare silty 
loam soil.



the experiment usually fall along a slight curved line. Since the 

constant c rectifies this slight deviation from the linear log-log 

relationship, Eq. (6.1) is considered more comprehensive than the 

Kostiakov equation (Eq. (2.2)).

The infiltration rate at any. time t is obtained by differentiating . 

Eq. (6.1) as follows:

dF/dt = a tb-1 .(6.2)

Table 9. Sample data of cylinder infiltrometer (Test I).

Elapsed time Difference Cumulative . Difference Average
min : sec min : sec infiltration (mm) rate

( mm) (mm/hr)

00:00 — - - -

1:40 1:40 7 7 252
2:25 2:25 11 : 4 99.3
4:20 2:40 14 3 67.5
7:12 2:52 17 3 62.8
14:30 7:18 22 5 41.
20:28 5:58 24 2 20.1
26:30 6:02 27 3 29.8
40:20 13:50 33 6 26.0
51:30 11:10 38 5 26.8
64:30 13: 44 6 27.7
77:30 13: 50 6 27.7
91:30 16: 56 6 22.5

107:30 16: 62 6 22.5

The functional relationship between F and t is best represented by 

Eq. (6.1). The values of the constants a, b and c may be determined by 

the method of averages using the mathematical procedure suggested by 

Davis (1943) for developing the empirical equations. From the 

logarithmic form of Eq. (6.1)

Log(F - c) = Log a + b Log t
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It is evident that Log (F - c) vs. Log t is a linear relationship. The 

first step is to plot F vs. t. A smooth curve is then drawn 

corresponding to the points. Near the extremities of the curve points 

t^ F^ and tg F2 are selected. The geometric mean of the points is then 

taken to obtain tg. Fg is then read corresponding to tg.

Since the three points lie on the curve

Fj - c = a tjk

Fj ~ c = a tjk

and
bF3 - c = a t3

and since t3 = (tj tj)0*5

then a t3b = (a tib a t2b 0̂"5

or

Fg - c = [( Fj - c )( Fj - c )I® ^

from which

F1 F2 - F32
C = ---------------Fj + F2 - 2 F3

From the plot of F against t (Fig. 21)

For Ij= 4.33 min. Fj = 14 mm, and

For tj= 107.5 min. Fj = 62 mm.

The rectifying value is found from the relation 

. )0.5t3 = ( tj t2 >
= ( 4.33 x 107.5 )0.5 = 21.57 min
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The corresponding value of F3 as determined from Fig. 21 is 26 mm. 
The value of the constant c is obtained from Eq. (6.3) as follows:

c = [14(62) - (26)2] / [ 14 + 62 - 2(26) ] = 8.0 mm

The c value of 8 is subtracted from each value of F in Table 9.' 

The logarithms of ( F — 8 ) and t are taken. The variables are related 

by the expression

F — 8 = a t̂

the logarithmic form of which is

Log ( F - 8 ) = Log a + b Logt (6.5)

Substituting the data on average infiltration F and elapsed time t 

presented in Table 9 into Eq. (6.5) yields the following Equations:

0.4771 = Log a + 0.3832 b
0.7781 = Log a + 0.6364 b
0.9542 Log a + 0.8573 b
1.1461 Log a + 1.1613 b
1.2041 = Log a + 1.3117 b
1.2787 = Log a + 1.3117 b

1.3979 = Log a + 1.6056 b
1.4771 =' Log a + 1.7118 b
1.5563 = Log a + 1.8095 b
1.6232 = Log a + I.8893 b
1.6812 = Log a + 1.9614 b
1.7323 = Log a + 2.0314 b

Adding the first six Equations and the last six

5.83 83= 6 Log a + 5.6616 b (i)

1.578 = 6 Log a + 11.00% (ii)

Dividing Eq. (i) and Eq. (ii) by 6,

0.9730 = Log a + 0.9436 b (iii)
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1.578 = Log a + 1.8348 b

Which yield, on subtraction,

0.6049 = 0.8912 b

or b = 0.6788

Substituting for b in Eq. (iii)

Log a = 0.9730 — 0.9436 (0.6788) 

or a = 2.1504

so the general equation for the cumulative infiltration depth is as 

follows,

F = 2.15 tO'^788 + 8 (6.6)

Equation (6.6) was developed using the data obtained from the 

cylinder infiltrometer Test (I) which lies between Test (2) and Test (3) 

as shown in Fig. 22. Equation (6.6) is plotted in Fig. 22.

Analysis

Cumulative Intake Curves

Cumulative intake curves are plotted in Fig. 22 from data obtained 

from three cylinders. The, slope of the consistent portion of the lines 

neglecting the effect of rapid initial intake was used to draw a 

straight line typical of all tests. This is shown as a dashed line in 

Figs. 22 and 23. Later the adjusted line (Fig. 23), using the 

procedure described below, was drawn and was used for the evaluation 

process because it shows an average intake rate for the whole field and
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therefore is more representative than the data from any one of the three 

cylinders. Averaging the data from all three cylinders to plot only one 

line would produce a misleading curve because it would not indicate the 

range of conditions that actually exist.

Adjusted Cumulative Intake

Adjusted cumulative intake is developed for continuous irrigation 

as shown in Fig. 24. At each station on the total strip (actual and 

extrapolated portions) the opportunity time (time that water was on the 

ground), T0 was noted by measuring the time interval between the advance 

and recession curves (Fig. 24). The corresponding depth infiltrated, D 

was taken from the typical cumulative intake curve in Fig. 23 and 

tabulated in Table 10 for the same stations. The average depth for each 

10m, D / 10 meters, was determined and entered as shown in Table 10. 

Thus, the average depth infiltrated for the entire strip was found to be 

approximately 53 mm as indicated. The general procedure followed in 

this analysis was developed by Merriam and Keller (1978).

To check the correctness of the location at which the typical 

curve was drawn, the actual average depth of water applied was computed 

by using the relationship mm = L/min x min H m  x m). The border spacing 

is 5 m and the strip width is 3 m, but the effective wetted width was 

measured experimentally to be 2.2 m. For the wetted strip length of 80 

meters the depth applied for the application time of 121 minutes is:

67.7 L/min x 121 min
D = _________________ ___  = 46 mm

2.2m x 80 m
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IO
Time, minutes

IOO

Figure 23. Cumulative cylinder infiltration curves with typical and 
adjusted intake.
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• Continuous flow (66.7 Liters/min.) 
x Surge flow (3  min."on" and 18 min. "off")

IO 20 30 40 50 60 70 80 90 100 HO 120
Distance, meters

Figure 24. Advance-recession curves for surge flow and continuous flow 
for field test No. I.
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The "adjusted" line (Fig. 23) was drawn parallel to the "typical" 

line through this depth of 46 mm at 78 min, the time of which the 

typical line has an average depth of 53 mm.

As a check, and since the values would be used later, the 

adjusted depths at each station, the average depths between stations, 

and the average depth for the whole length were computed again using the 

adjusted curve (Table 10), and found to be 46 mm. This adequately 

checks the 46 mm computed depth of inflow and indicates that the 

adjusted curve on Fig. 23 is reasonably correct.

The adjusted depths of infiltration along the strip are plotted 

on Fig. 25.

Table 10. Depth infiltrated based on opportunity times from Fig. 24 for 
continuous flow treatment and depths infiltrated taken from 
the "typical" line in Fig. 23.

Station-meters x 10
Items

0 1 2 3 4 5 6 7 8

T0 124 116 107 96 87 73 51 43 17

Typical Intake Curve Data

Depth-mm 
Av. Depth 
Av. Depth

70
69 

on 80

68 64 60 57 51 44
66 62 59 54 48

meters = 428 / 8  = 53 mm

37
41

21
29

Adjusted Intake Curve Data

Depth—mm 62 60 .56 52 50 45 38 32 19
Av. Depth 61 58 54 51 47 41 35 25
Adj. Depth on 80 meters = 372 / 8 = 46 mm
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•  Continuous flow o f 66.7 L/m /n. 
o Surge flow J  min. "on" and 18 min. "off

Av. depth oppll#d on 80m : 46mm

Cent.
flow
Du=65 %  
PELQ = 65 %LO

Av. depth applied on SOm= 28mm  
Du = 73%
PELQ « 7 7 %

Distance, meters

Figure 25. Adjusted depth infiltrated along the irrigated border-strip.

Surge flow involves a cycled application of water such that a 

complete irrigation may consist of 2-4 individual pulses. Figure 24 

illustrates the typical behavior of a surged border system as compared 

to continuous irrigation by tracing the advance and recession 

trajectories of individual surges.

In order to compare the water distribution in surge flow with 

continuous flow a conservative method of analysis was followed to 

calculate the infiltrated depth based only on the opportunity time. 

This procedure neglected any effect of surface seal on the infiltration 

function due to the intermittent irrigation.
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Adjusted cumulative intake is developed as shown in Fig. 24 at each 

station on the total strip (actual and extrapolated portions). This was 

done by adding the opportunity time, from each surge, which was noted 

by measuring the time interval between the advance and recession curves. 

The corresponding depth infiltrated, D, was then taken from the typical 

cumulative intake curve in Fig. 23 and tabulated in Table 11 for the 

same stations.

Table 11. Depth infiltrated based on opportunity times, Tq from Fig. 24 
for surge flow treatment and depths infiltrated, D, taken from 
the "typical" line in Fig. 23.

Station-meters x 10
Item -------- — ——--------------------------- — --------------0 1 2 3 4  5 6 7 8 9

T -min 18 18 21 21 21 19 15 11 5 3iO ______  •____ __________________ _
Typical Intake Curve Data

Depth—mm 22 22 24 24 24 23 20 17 10 7.5
Av. Depth 22 23 24 24 24 22 19 14 8/2
Av.Depth on 85 meters = 176/8.5 = 21 mm

Adjusted Intake Curve Data

Depth—mm 29 29 32 32 32 30 26 22 13 10
Av. Depth 29 31 32 32 31 28 24 17 12/2
Av.Depth on 85 meters = 230/8.5 = 27 mm

The average depth for each 10 m, D/10 m, was determined and entered 

as shown in Table 11. Since the end section of the strip was only 5 m 

long instead of the usual 10 m unit length, its average was determined 

proportionally to its length (5:10). Thus, the average depth infiltrated 

for the entire distance (extrapolated) was found to be approximately 21

mm as indicated.
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To check the correctness of the location at which the "typical" 

curve was drawn, the actual average depth of water applied was computed. 

The border spacing is 5 m and the strip width is 3 m, but the effective 

wetted width was measured experimentally to be 2.43 m for the wetted 

strip length of 85 m. Therefore, the depth applied for four surges each 

3 min on and 18 min off, i.e, 21 min cycle, is:

66.7 L/min x 21 min ( cycle time ) x 4 surges
D = __ :__________________________________________  = 27 mm

2.43 m x 85 m

The "adjusted" line (Fig. 23) was drawn parallel to the "typical" 

line through this depth of 27 mm at 16 minutes, the time at which the 

typical line has an average depth of 21 mm.

The adjusted depths at each station, the average depths between 

stations, and the average depth for the whole length (extrapolated) were 

computed again as a check using the "adjusted" curve (Table 11), and was 

found to.be 27 mm. This adequately checks the 27 mm computed depth of 

inflow and indicates that the "adjusted" curve in Fig. 23 is reasonably 

correct.

The "adjusted" depths of infiltration along the strip are plotted 

with the continuous flow in Fig. 25. _

The same procedure was followed for each test and the results are 

shown in Appendix D-, Tables 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 

and 27. The advance and recession curves were also drawn and shown in 

Figs. 26, 27, 28, 29, 30, and 31.
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4 5 .5 /4 5 ,7 3  - 9 9 %  PELQ = 45.5/52.18 = 87  %
4 k. D - 4 5 mm

—~ K- -Qjl Loop_____

Distance, meters

601-
• Continuous flow of 3 0 0  L/m in. 
x Surge flow

15 /f a j

.

0  IO 20 30 40  50 60  70 80 90 IOO MO 120 130

Distance, meters

Figure 26. A pilot field test for one surge using a 30 cm gate compared 
to continuous flow.
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d - x --------
3 0  - Du = Z l .5 /29 .75  = 7 2 %  4 ^ 0  = P z T ^ i l
) ' /3q 44=7/* ^ ^ ; ^
)- /o > >  T

40

30

20
IO

O
O 10 20 30 40 50 60 70 80 90

Distance, meters

70
' •

64 54 
■ • —

35 _ • - /Z/Z
IZ

130

Figure 27. Advance-recession curves for surge flow and continuous flow
for field test No. 2.
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Distance, meters
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• Continuous flow of 2 0 0  L/min. 
x Surge flow 3 min"on"6 min."off‘

20 30 40 50 60 70 80 90 IOO HO 120 130

Distance, meters

Figure 28. Advance-recession curves for surge flow and continuous flow
for field test No. 3.
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Distance, meters

6 0  r -

48
42e"

30

•  Continuous flow 
2 0 0  L /m in .

X Surge flow (15 cm gate) 
4 min "on'' / 8 min 'Offu

40 50 60 70 80

Distance, meters
120 130

Figure 29. Advance-recession curves for surge flow using a 15 cm gate 
and continuous flow for field test No. 4.
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Du= 2 6 . 2 / 2 9 . 7 : 8 8 %  
PELQ :  2 6 . 2 / 3 1 . 3  = 84  %

Distance, meters

Continuous flow 
2 0 0  L /m in .

/ min. "on " !8  min 'off

Distance, meters

Figure 30 Advance-recession curves for surge flow using a 60 cm gate 
and continuous flow for field test No. 5.
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x___
Du =2 6 .6 /3 0 , 3  = 8 8 %  
PELQ= 2 6 , 6 / 3 2 . 3  = 82 %

Distance, meters

00 —

O 10 20 30 40 50 60 70 80 90 IOO MO 120 130

Distance, meters

•  Continuous flow 
2 0 0  L/m in.

X Surge flow (30cm  gate) 
2  min. 'on" 18 min. o f f '

Figure 31. Advance-recession curves for surge flow using a 30 cm gate 
and continuous flow for field test No. 6.
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Performance Parameters

The yield versus water relationship for any crop is a complicated, 

time-dependent function of the quantity of water made available to the

plant. If the irrigation system provides a uniform distribution of
*

water, then each plant in a field should receive an identical amount of 

water. For this reason, not only the average application, but also the 

spatial distribution of that application, is important.

In order to interpret measurements and make comparisons between 

systems a common basis is necessary. This basis is provided by the 

performance parameters distribution uniformity (DU) and potential 

application efficiency (PELQ). Both of the efficiencies involve a low 

quarter (LQ) concept developed by the USDA, Soil Conservation Service, 

and recommended as the standard for comparing alternative conditions.

Distribution Uniformity

The DU is the average depth infiltrated over the low quarter of the 

area divided by the average depth infiltrated over the actual strip 

length. The DU describes how uniformly the water was distributed along 

the strip for the condition tested. A high percentage would indicate 

that the advance and recession curves are parallel but would not tell 

whether the irrigation was adequate. For this percentage, which 

concerns only the infiltrated water, runoff is not pertinent. The 

average infiltration for the 80 m was found to be 46 mm from the 

computations as tabulated in Table 10 or graphically from Fig. 25, for 

continuous flow irrigation.
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Minimum depth can,be defined as the average depth over the quarter 

of the area receiving the least infiltration. For continuous irrigation 

the average depth was 30 mm over the 20 m length of strip. This is 

shown graphically on Fig. 25. The DU can be calculated as follows:

DU = (30/46) x 100 = 65%

In case of surge flow the average infiltration for the 80 m 

distance was found to be 28 mm (224 mm/8 stations) from the computations 

as tabulated in Table 11 or graphically from Fig. 25. The average depth 

of the lowest one-quarter (20.5 mm) for the least 20 m in this test is 

shown graphically on Fig. 25. The DU can be calculated as follows:

DU = (20.5/28) x 100 = 73 %

The preceding procedure was followed to calculate the distribution 

uniformity for each test and the results are shown in Figs. 25, 26, 27, 

28, 29, 30, and 31.

Potential Application Efficiency

The soil moisture deficit (SMD) is expressed numerically as a depth 

of water indicating the dryness of the root zone at the time of 

measurement. This depth is identical to the depth of water to be 

replaced in the root zone by irrigation under normal management.

The SMD was checked by taking soil samples to a depth of 60 cm. The 

average SMD was found to be 11.5 cm. Since satisfying the SMD for a 

certain crop was not the objective of this study, the potential
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application efficiency was considered instead of the application 

efficiency.

The potential application efficiency (PELQ) indicates a measure of 

system performance attainable under reasonably good management when the 

desired irrigation is being applied. It is the ratio of the minimum low 

quarter depth infiltrated when it just equals the management allowed 

deficit (MAD) or SMD to the average depth applied. For the continuous 

irrigation Fig. 25 shows that the LQ minimum was 30 mm for the least 20 

m, the average depth on the 80 m long field, including the portion that 

was runoff (in this case there is none)

D = 372/8 = 46 mm

so if MAD equaled the depth over the IQ

PELQ = (30/46) x 100 = 65%

For surge flow the LQ was 20.5 mm, calculated from Fig. 25. From 

Table 11 the average depth on the. 80 m run, including the portion that 

was runoff, is 28.75 mm (230 mm/8 stations), so if MAD equaled the 

minimum LQ

PELQ = (20.5/28.75) x 100 =71%

The PEIQ was calculated for each test and appears on the adjusted, 

infiltrated depth along the border in Figs. 25, 26, 27, 28,.29, 30, and

31. '
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Surge flow irrigation has a PELQ higher than continuous irrigation 

under the same inflow, which indicates that surge flow uses either less 

water to achieve the same efficiency or uses the same amount of water at
i

a higher efficiency. The higher efficiency of surge flow can be 

attributed to the rapid advance of the water front; In addition, the DU 

and PELQ were calculated neglecting any effect of intermittent 

irrigation on infiltration. If the effect of intermittent infiltration 

were considered, the DU and PELQ for surge flow should be increased 

drastically.

Advance Rate

The advance rate is one of the most important parameters in the 

success of surface irrigation. When the advance time is short the water 

distribution efficiency is high. It can be seen from Figs. 24, 25, 26, 

27, 28, 29, 30, and 31 that the surge flow treatment cuts the advance 

time drastically. In this study the reasons for achieving this rapid 

advance can be attributed to the following:

1. The accumulation of a small inflow to produce a large outflow. 

The direct effect of this accumulation is to increase the 

advance rate. The effect of stream size is shown in Fig. 32.

2. The surface seal due to intermittent wetting. The surface 

aggregates which collapse and slake down during wetting may. 

form a slick layer of dispersed mud, which clogs the surface 

macropores (the interaggregate cavities which serve as the
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principal avenues for the infiltration of water) and thus tend 

to inhibit the infiltration of water into the soil. Such a 

layer is often called a surface seal. The first surge 

advances over dry soil. The next surge advances first over a 

wet soil (wet advance), then over a dry soil (dry advance). 

The infiltration during the wet advance is cut drastically by 

the effect of surface seal. It was found in this study that as 

a result of intermittent wetting advance distance for the 

second surge was about 60% more than the first surge (Figs. 

24, 26, 27, 28, 29, 30, and 31).

3. The surface hydraulic roughness of the wet advance is less 

than the surface hydraulic roughness of the.dry advance. 

Therefore the second surge ran faster over the smooth wet 

surface. It appears that the infiltration and hydraulic 

roughness interact to give this rapid advance of the next 

surge.

The quantitative reduction in infiltration rate and hydraulic 

roughness due to intermittent application are not known. To describe how 

the hydraulic roughness and the infiltration interact with the other 

variables to increase the rate of advance, a simple equation can be 

developed and then validated.
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----------Calculated advance
curves using Eqw(SJS) 

Measured advance for 
continuous flow 
treatments:

•  •  •  6 6 .7  L /m in . 
x x x  /OO L /m in . 
o o o  2 00  L/m in.
□ D D 3 0 0  L/m in.

UJ 48

20 30 80 90 100

P osition  o f ad v a n c e  f r o n t ,  m e te rs

Figure 32. Comparison of the calculated position of the water front to 
the observed position for the continuous flow irrigation 
using different stream size.
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Equations representing the flow are more useful if they pertain to 

a border strip of unit width. On a unit width border strip, the volume 

of water run onto the strip is equal to 60 T* cubic meter. The volume 

run onto the strip is equal to the volume of intake (FaLt) plus the 

volume of water in temporary surface storage (yaLt). From this 

relationship a rate of advance equation can be developed.

where:

Qu = Irrigation stream per meter of strip width (cubic meter per second) 

Ta = Time of application (minutes)

Fa = Average depth of intake (meter)

Equation (6.8) is valid when the time of application (Ta) equals or 

exceeds, the advance time (Tt). If the water is turned off before the 

advancing front has reached the end of the border strip, the actual rate 

of advance may be slightly slower than indicated. In this case Ta has 

to be substituted for T^, otherwise the following conditions must be

60 ^u Ta = Fa Lt + 7a Lt (6.7)

= Length of advance (meter) 

ya = Average depth of flow (meter)

(6.8)

used:

M  Ta > Tt

If Ta < Tt

Eq. (6.8) is valid 

substitute Ta = Tt in Eq. (6.8)
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The average depth of intake (Ffi) can be calculated easily for a 

linear advance function. Similarly, the average depth of flow (da)» or 

the average depth of surface storage, can be calculated most readily for 

a condition of flow over an impervious surface. The rate of advance is 

curvilinear rather than linear. Therefore, the average depth of intake 

is underestimated. On the other hand, the average depth of surface 

storage is correspondingly overestimated, Tfye indicated surface storage 

depth is greater than the actual surface storage depth because part of 

the water infiltrates into the soil during advance. Since the two terms 

are combined, the errors involved are compensating and, therefore, have 

little effect on the overall results.

The general equation for accumulated intake of water into the soil 

was developed experimentally (Eq.(6.6)). Therefore, when the advance is 

assumed to vary linearly with time, the average depth of water that 

infiltrates the soil in the time (Tt) required for the advancing front 

to reach a point from the head of the border strip can be obtained by 

integrating Eq. (6.1) between the limits of Tt and zero and then 

dividing by Tt. Thus,

Tt Tt
/ F dt = / (a t® + c) dt 
o o

Tt Tb+1 Tt
(Fn t) = (a ------- + c t)

o b+1 o

Fa Tt
a Tt1

c T.
b+1
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a
Fa= ------ Tbt + c (6.9)

b+1

Another method of determining the average depth of intake (Fa) 

to consider that the intake relationship with time is parabolic. 

Therefore, the average intake can be calculated as follows:

2
Fa Tt = 7“ Fmax Tt 3

2
F, Tt = —  <a.Ttb <■:«) It 

3

Fa = 0.67 (a Ttb + c) (6.10)

The maximum and average depth of water on an impervious border 

strip at any time during the advance period can be computed oh a 

quasirational basis using the Manning equation:

I
Q = - A  R2/3 S01/2 

n

where

A -  Cross sectional area of flow (square meter). 

n = Roughness coefficient in Manning's equation.

Q = Irrigation stream for a border strip (cubic meter per second),

R = Hydraulic radius.

Sq = Slope of border strip or irrigation slope (meter per meter).

For a wide rectangular channel R = y, and considering a unit-width strip.

A = y.
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yn --------  (6.11)

So"

The normal depth (yn) is the maximum depth that occurs at the head 

of the border strip for a given flow, irrigation slope, and given 

hydraulic roughness (n). Assuming that the advance wave over the surface 

has an elliptical shape, the average depth of surface storage can be 

obtained as follows:

ya . L = (jt/4) yn . L

ya = 0.785 yn (6.12)

If is considered to be equal to Ta and Eqs. (6.9) and (6.12) are 

combined with Eq. (6.8), the length of advance (Lfc) can related to 

the time of advance (Tt) for a given soil having intake parameters (a), 

(b), and (c) ; a given stream size (Q).; and a given roughness 

coefficient (n) as follows:
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I

1000

60 qU Tt

a .
I--- Tfct> + c] + 0.785
1+b

(6.13)

Formula Validation

The best way to validate the formula (Eq. (6.13)) before using it, 

is to compare the results of using Eq. (6.13) with the result of a well 

known formula which has already been validated and verified. An accepted 

formula was derived by Philip and Ferrel (1964) using as a basis a 

formula originally proposed by Lewis and Milne (1934).
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The following field conditions were given by Michael (1978) in a 

field test of a border strip irrigation in a wheat field, the following 

observations were made:

Qu = 1600 cm3/min/cm, 

ya = 8 cm.

F = 0.84 t*55 + 0.63

Michael determined the distance advanced by the water front 54 min after 

the start of irrigation to be 65.34 m, using Eq. (2.13).

Using the same data in predicting the water front advance by Eq.

(6.13);

1600 x 54

[.84/(1 + .55)](54)*55 + .63 + 8
= 6404 cm

Percentage error — [(65.34 - 64.04)765.34] x 100 2%

If the subsurface shape factor equals 0.67 which corresponds to the 

parabolic shape as developed in Eq.(6.10), the following answer can be

obtained

1600 x 54

.67[ .84 (54)-55 + .63] + 8
6414 cm

Percentage error = [(65.34-64.14)/65.34] x 100 = 1.8%

Another field test was outlined by Michael (1978).

The field test was in a border strip at a pre-sowing irrigation on a

sandy loam soil
Qu = 2880 cm3/min/cm 

Pa = 2.345 cm
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F = 2.7 t-49 + 0.142

Michael determined the distance advanced by the water front 26 min after 

the start of irrigation to be 66.17 m using Eq. (2.14).

Using the same data in predicting the water front advance by Eq. (6.13)

2880 z 26
L = ____________________________________ — = 6550.8 cm

[2.7/(1 + .49)](26).49 + .142 + 2.345

Percentage error = [(66.17 — 65.51)/66.17] x 100 = 1%

Using 0.67 as a shape; factor

2880 x 26
L = ______ _______ ________ !-----------  = 6586.57 cm

.67[ 2.7 (26)'49 + .142] + 2.345

Percentage error = [(66.17 — 65.865)/66.17] x 100 = .5%

It can be seen that the parabolic shape factor gives less deviation 

than the more sophisticated formula. Using the linear integration of 

the intake depth to obtain the average depth (Eq.(6.10)) gives a close 

approximation of the answer obtained using the parabolic shape factor. 

It can also be noticed that the average water depth was given by field 

measurements, and was not calculated by Michael (1978). Difficulties 

which are normally encountered in estimating the Manning (n), and the 

shape factor for surface storage were excluded.
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The results of using the formula in predicting the advance curves 

in contiuous irrigation are shown in Fig. 32 with, the observed data 

obtained from using four different stream sizes. The Manning (n) was 

estimated to be 0.1 for the field which was not planted, but weedy. The 

formula cannot be used for surge irrigation except for the first surge, 

because the equation for predicting the infiltration under surge flow is 

not available.

In the first set of experiments the effect of varying the "off 

time" was tested. The gate size, basin size, and "on time" were held 

constant. To obtain a variable off time 1 the inflow to the basin was 

changed.

Figure 33 shows the effect of "off time" on the advance rate. For 

the first surge there is no effect, but for the next surge the effect 

becomes clear. For example the 6 min—off shows the fastest advance, the 

12 min-off is the next fastest, and the 18 min-off the slowest. This 

result may be explained as follows. In the first surge there was no 

difference between the treatments. After that the difference due to the 

off time starts fo be pronpunced. In the 6 min—off cycle sir was sti^l 

entrapped in the soil and the surface seal was more pronounced than with 

the longer "off time. "

In the second set of experiments the effect of varying the "on-time" 

was tested by varying the gate size and keeping the basin size, inflow 

rate, and "off-time" constant, the effect of varying "on-time" on the 

first and second surge are shown in Fig. 34 and Fig. 35, respectively.
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3  36

o 18 min. off - 3  min. on 
Qcon = 66.7 L/min.

X 12 min "off"-3 min. "on' 
Qcon. =100 L/min. 

e 6 min "off"-3 min. "on' 
Qcon. -2 0 0  L/min.

Distance, meters

Figure 33. The effect of off-time on the advance rate.
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o 15 cm Gate
x 30 cm Gate
•  60 cm Gate

Distance, meters

Figure 34. The effect of gate size on the advance rate of the first 
surge.

o 15 cm Gate (4 min on -  18 min off) 
x 30 cm Gate (2 min on-18  min off) 
•  60cm Gate ( I min on-18m in off)

Distance, meters

Figure 35. The effect of gate size on the advance rate of the second 
surge.
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It can be seen that using the 60 cm gate produced the fastest 

advance in the first surge. This was caused by a large flow rate 

initially released by the large gate (Fig. 34). After 50 m of advance 

(Fig. 35) the 15 cm gate shows the fastest advance. Equation (6.8) may 

introduce a logical explanation for this phenomenon by noting that the 

numerator is a volume equal to the instantaneous inflow multiplied by 

the cycle time. The instantaneous inflow to the basin was constant in 

all cases, but the "on-time" was I, 2, and 4 min for the 60, 30, and 15 

cm gate size, respectively. The "off—time" was 18 min for all 

treatments. Consequently, the cycle time was 19, 20, and 22 min for the 

60, 30, and 15 cm gate size. Therefore, the released volume per cycle 

for the 15 cm gate size was large enough to catch up after 50 m of 

advance distance due to the higher surge volume.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

Surge flow irrigation requires turning the water on and off during 

the irrigation. To accomplish surge flow a small continuous inflow can 

be accumulated in a head ditch or a reservoir, then released. Two ways 

to apply this concept to border irrigation were investigated, a dosing 

siphon and ail automatic drop gate. The dosing siphon constructed of 15 

cm FVC pipe worked successfully. The dosing siphon required a minimum 

head of about 25 cm. The discharge equation was experimentally 

determined (Q = 1918.52 Ap H*66 L/s). The discharge equation fit the 

experimental data with 6.9% probable error. With the 15 cm dosing 

siphon and 60 cm available maximum head the average discharge is 22 L/s 

(340 gpm). This discharge would irrigate a border strip approximately 

10x100 m which is practical in some situations. Large dosing siphons 

were not tested because of material and construction restraints.

The need for an automatic device that functions under any head 

available and which could be made in virtually any size led to the 

development of the automatic drop gate. The gate opens automatically 

when the water level on the upstream side of the gate rises to a 

predetermined level and remains open during the discharge phase until 

the water surface drops to a lower predetermined level. The gate then 

returns automatically to its normally closed position by action of a 

counter balance weight. The discharge equation was determined
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experimentally (Q = 1632.28 L H1-4 L/s). The discharge equation fit 

the experimental data with 9.8% probable error. Considering an average 

size gate of 60 cm width with 30 cm available head, the average 

discharge is 102 L/s (1631 gpm). This discharge would irrigate a border 

strip about 25x200 m which is practical in many situations.

The design of the gate was based on having the closing head equal 

0.2 of the opening head (H). In order for the gate to close as 

intended, the inflow rate must be less than the outflow corresponding to 

the head of 0.2 H over the gate (Q < 1632.28 L (0.2H)^*4).

A mathematical model based on the differential storage equation was 

developed to simulate the emptying and refilling time of the reservoir 

or head ditch where flows are accumulated and to give the required 

frequency ratio for surge flow irrigation. The trapezoidal rule was 

used to obtain a general solution for the storage outflow function. The
I

model was verified by comparing it to a special analytical solution of 

the storage outflow function. For validation purposes the results 

obtained from the laboratory tests were compared to the results obtained 

from the mathematical model. The maximum error for determining the 

cycle time was found to be about 2.5%.

Field experiments were conducted to evaluate surge flow border 

irrigation systems using the automatic drop gate and to compare the 

surge flow systems with conventional continuous flow. For surge flow 

experiments, basins of 4.5 m by 3.0 m were constructed at the head of 

the border strips. The basins accumulated the inflow from the supply 

pipe for a period of time (off-time), then released the accumulated 

water (on-time) using the automatic drop gate. The drop gate was built
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in three sizes 15» 30» and 60 cm. The developed mathematical model was 

used to calculate the cycle time required when using a specific drop 

gate size. The inflow to the basin was measured volumetrically. The 

same inflow was used for continuous and surge treatments in order to 

evaluate various surge flow rates and cycle times as compared to 

continuous flow border irrigation.

The advance and recession curves for each test were obtained. A 

general cumulative infiltrated depth equation was developed using 

cylinder infiltrometer data. In order to compare the water distribution 

in surge flow with continuous flow a conservative method of analysis was 

followed to calculate the infiltrated depth based only on opportunity 

time. This procedure neglected the effect of surface seal on the 

infiltration function due to the intermittent irrigation. In order to 

interpret measurements and make comparisons between systems the 

distribution uniformity (DU) and the potentail application efficiency 

(PELQ) were determined for each test. The surge flow treatments showed 

a higher DU which indicates that the depth of water infiltrated was more 

uniform than the continuous flow. Surge flow irrigation also had a 

higher PELQ than continuous irrigation under the same inflow, which 

indicates that surge flow used less water to achieve the same 

efficiency or used the same amount of water at a higher efficiency. The 

higher efficiency of surge flow can be attributed to the rapid advance 

of the water front. In this study the reasons for achieving this rapid 

advance can be attributed to the following:

I. The accumulation of a small inflow to produce a large outflow. 

The surface seal due to the intermittent wetting.2.
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3. The surface hydraulic roughness of the wet advance is less 

than the surface hydraulic roughness of the dry advance.

An equation was developed, then validated, to describe how the 

hydraulic roughness and the infiltration interact with the other 

variables in border irrigation to increase the rate of advance.

The effect of on-time and off-time on the advance rate was tested. 

The 6 min off-time showed an advance faster than the 18 min off-time. 

The 60 cm gate (19 min cycle time) produced the fastest advance during 

the first surge. After 50 m of advance the 15 cm gate (22 min cycle 

time) showed the fastest advance due to the higher surge volume.

The dosing siphon can be used by the farmer where a minimum head of 

about 25 cm can be maintained, a small inflow is common, and small 

borders are used. The drop gate can be built in any size up to about 75 

cm and used by the farmer under any head available where a small inflow 

exists.

The concept of accumulating a small inflow to produce a large flow 

using the automatic drop gate showed a substantial improvement of both 

DU and PELQ in border irrigation under the conditions tested. This 

study is a first attempt to apply surge flow to border irrigation. 

Additional studies under varying conditions of slope, border size, soil 

type, inflow rate, cycle time and cycle ratio will be necessary to 

verify the adaptability of surge flow border irrigation in other

situations.
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LEAST SQUARES METHOD CALCULATIONS
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Table 12. Probable error calculation for using the broad crested weir
equation.

No. Q (L/s) log Q H (m) log H ei
2

®i
I 36.420 1.561 0.1539 -0.8127 0.0411 0.00169
2 24.384 1.387 0.1319 -0.8797 -.0324 0.00105
3 16.284 1.212 0.0862 -1.0645 0.0697 0.00486
4 20.759 1.317 0.1207 -0.9183 -.0445 0.00198
5 44.236 1.646 0.1777 -0.7503 0.0324 0.00105
6 16.510 1.218 0.0863 -1.0640 0.0750 . 0.00562
7 25.970 1.415 0.1319 -0.8797 -.0043 0.00002
8 46.020 1.663 0.1893 -0.7228 0.0082 0.00006
9 15.350 1.186 0.0835 -1.0783 0.0644 0.00415
10 31.860 1.503 0.1377 -0.8611 0.0556 0.00309
11 54.516 1.737 0.2005 -0.6978 0.0448 0.00201

s = 0.05334, E(%) = 13%

/

Table 13. Least squares method calculations 
discharge equation.

for dosing siphon empirical

No. Q (L/s) log Q H (m) log H log Q log H (log H)2

I 21.580 1.334 0.4267 -.3698 -.4934 0.1368
2 20.645 1.315 0.3706 -.4311 — .566 9 0.1858
3 14.670 1.167 0.2545 -.5943 -.6935 0.3532
4 28.094 1.449 0.7684 -.1144 -.1657 0.0131
5 26.111 1.417 0.6236 -.2051 -.2906 0.0421
6 30.303 1.482 0.7303 -.1365 -.2023 0.0186
7 20.844 1.319 0.3892 -.4098 -.5405 0.1679
8 18.748 1.273 0.3283 -.4837 -.6157 0.2340
9 9.431 0.975 0.1426 -.8458 -.8247 0.7155
10 17.813 1.251 0.3810 -.4191 -.5242 0.1756
11 19.088 1.281 0.4115 -.3856 -.4940 0.1487

a = 36.35, r = 0.66
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Table 14. Probable error calculations for the dosing siphon empirical 
equation.

No. Q (L/s) log Q H (m) log H ei
2ei

I 21.580 1.334 0.4267 -.3698 0.0175 0.00031
2 20.645 1.315 0.3706 -.4311 0.0389 0.00152
3 14.670 1.167 0.2545 -.5943 -.0013 0.00000
4 28.094 1.449 0.7684 -.1144 -.0360 0.00130
5 26.111 1.417 0.6236 -.2051 -.0082 0.00007
6 30.303 1.482 0.7303 -.1365 0.0115 0.00013
7 20.844 1.319 0.3892 -.4098 0.0288 0.00083
8 18.748 1.273 0.3283 -.4837 0.0316 0.00100
9 9.431 0.975 0.1426 -.8459 -.0273 0.00074
10 17.813 1.251 0.3810 -.4191 -.0330 0.00109
11 19.088 1.281 0.4115 -.3856 -.0250 0.00063

s = 0.02911, E(%) = 6.9%

Table 15. Probable error calculations for 
orifice equation.

the dosing siphon using the

No. Q (L/s) log Q H (m) log H ei
2ei

I 21.580 1.334 0.4267 -.3698 0.0119 0.00014
2 20.645 1.315 0.3706 -.4311 0.0235 0.00055
3 14.670 1.167 0.2545 -.5943 -.0428 0.00183
4 28.094 1.449 0.7684 -.1144 -.0007 0.00000
5 26.111 1.417 0.6236 -.2051 0.0125 0.00016
6 30.303 1.482 0.7303 -.1365 0.0433 0.00187
7 20.844 1.319 0.3892 -.4098 0.0169 0.00028
8 18.748 1.273 0.3283 -.4837 0.0078 0.00006
9 17.813 1.251 0.3810 -.4191 -.0464 0.00215
10 19.088 1.281 0.4115 -.3856 -.0331 0.00109

s = 0.03195, E(%) = 7.6%
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APPENDIX B

PRINT-OBT OF THE COMPUTER PROGRAM
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5 PRINT
10 PRINT MODELING SURGE FLOW
11 PRINT O OO O €>0000000 OO O 400 O O OOO
12 DIM Y(300)
13 DIM TF(300)
15 PI=3.141593 4
20 PRINT
30 PRINT IS THE RESERVOIR RECTANGULAR(I),TRAPEZOIDAL(2),PARABOLIC(3)
40 INPUT S
50 REM S IS TYPE! OF RESERVOIR
60 ON S GOTO 80,200,250
80 PRINT FOR RECTANGULAR CROSS SECTION INPUT DIMENSIONS
90 Z=O
100 REM Z=SIDE SLOPE ON RESERVOIR
H O  PRINT VfflAT IS BOTTOM WIDTH, FEET 
120 INPUT B
130 PRINT WHAT IS THE MAXIMUM DEPTH,FEET 
140 INPUT D
150 PRINT WHAT IS BOTTOM SLOPE,O.--
160 INPUT SO
170 PRINT WHAT IS RESERVOIR LENGTH,FEET
180 INPUT L
190 IF S=I THEN 310
195 IF S=3 THEN 300
200 PRINT FOR TRAPEZOIDAL CROSS SECTION INPUT DIMENSIONS
210 PRINT WHAT IS THE SIDE SLOPE,HORIZONTAL COMP.--
220 INPUT Z 
230 S=I 
240 GOTO 100
250 PRINT FOR PARABOLIC CROSS SECTION INPUT DIMENSIONS
260 PRINT VfflAT IS RESERVOIR TOP WIDTH,FEET
270 INPUT X8
280 X8=X8/2
290 GOTO 130
300 CP=D/X8**2
310 PRINT WHICH CONTROL DEVICE,DROP GATEQ) ,BOSING SIPHON(2)
320 INPUT AC
330 IF AC=2 THEN 450
340 PRINT INPUT DROP GATE DIMENSIONS
350 PRINT WHAT IS GATE WIDTH,FEET
360 INPUT W9
370 PRINT WHAT IS GATE COEFFICIENT OF DISCHARGE 
380 INPUT C9 
390 E=C9@W9 
400 R=3/2
405 PRINT WHAT IS THE GATE BOTTOM DEPTH
406 INPUT HO 
410 GOTO 520
450 PRINT INPUT DOSING SIPHON DIMENSIONS 
460 PRINT WHAT IS SIPHON DIAMETER,INCHES 
470 INPUT D8
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480 PRINT WHAT IS FLOW COEFFICIENT 
490 INPUT C9
500 E=(C9*PI*D8*e2/4)/144 
510 R=I/2
520 PRINT WHAT IS IHE MINIMUM WATER DEPTH,FEET
530 INPUT HS
540 IF AC=I THEN 590
550 PRINT DISTANCE FROM BOTTOM IO SIPHON OUTLET,FEET-DOWN IS PLUS
560 INPUT Y
570 C=-Y
576 H3=HS-C
580 GOTO 600
590 C=HO
595 H3=HS-C
600 PRINT WHAT IS THE INFLOW,CFS
610 INPUT PO
620 HB=(l.ieP0/E)ee(l/R)
640 IF H3>HB THEN 660 
650 HS=HB
660 IF D<=(SO@L) GOTO 730
670 IF H8>=(SO»L) GOTO 800
680 Hl=D-C
690 H2=SO*L-C
710 M=3
720 GOTO 830
730 IF D< (SO61L) THEN 750
740 GO TO 760
750 L=DZSO
760 Hl=D-C
770 H2=H3
780 M=2
790 GOTO 830
800 Hl=D-C
810 H2=H3
820 M=I
830 IF S=3 THEN GOTO 1250 
840 ON M GOTO 850,920,1010 
850 A0=B6lL-ZoS06Lo6‘2+20Z0C6L 
860 Al=Z0Z0L 
870 A2=0
880 AS=O
881 IN=INT((H1-H2)/.01)
882 FOR KN=I TO IN
883 TF(KN)=AOZPO0(KN°0.01)+Al/(2.°PO)0((H2+KN°.01)002-H2002)
884 NEXT KN
890 TRf=AOZPO0(H-H2)+A1Z(2.°PO)0(H1002-H2002)
891 UO=Hl
895 UF=HZ
896 K=I
897 C=O
900 GOSUB 2000
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905 GOSUB 3200
906 GOSUB 3000 
910 STOP
920 AO=B0C/SO+C®Z/SO 
930 A1=B/S0+20C°Z/SO 
940 A2=Z/S0 
950 A3=O
960 TRF=A0/P0°(H1-H2)+A1/(2°P0)0(H1002-H2002)+A2/(S0PO)0(HI003-H2003)
961 UO=Hl
962 UF=H2
963 K=I
964 C=O
970 GOSUB 2000 
980 GOSUB 3200 
990 GOSUB 3000 
1000 STOP
1010 AO=B0L-Z0SO0L°02+20Z0C0L 
1020 Al=20Z°L 
1030 A2=0 
1040 A3=O
1050 TRF1=A0/P0°(H1-H2)+A1/(20PO)0(H1002-H2002)
1051 NI=INT((H1-H2)/.01)
1052 FOR KN=I TO NI
1053 TF(KN)=AO/PO0(KN0.Ol)+Al/(2°P0)0((H2+KN0.Ol)002-H2002)
1054 NEXT KN 
1060 UO=Hl 
1070 UF=H2
1080 K=I
1081 A4=0
1082 AS=O
1083 BU=O
1085 C=O
1086 SR=SO
1087 SO=O
1090 GOSUB 2000 
1100 TA=T 
1105 PRINT
1110 AO=-B0HO/SR-HO0Z/SR 
1120 Al=B/SR-20HO0Z/SR 
1130 A2=Z/SR 
1140 A3=O
1150 RTF2=A0/P0o(H2-H3)+Al/(2oP0)o(H2oo2-H3oo2)+A2/(30PO)0(H2003-H3003) 
1170 TRF=TRFl+RTF2
1180 IN=INT((H2-H3)/.01)
1181 IN=INfNI •
1182 FOR KN=(NIfl) TO IN
1183 TF(KN)=AO/PO°(KN-NI)°.Ol+Al/(2°P0)0((H3+(KN-NI)°.01)002-H3002)+A2/ 
(3 0PO)0((H3+(KN-NI)0.Ol)002-H3 °02)
1184 NEXT KN 
1190 UF=HS



131

1195 PRINT 
1200 GOSUB 2000 
1210 T=T+TA 
1215 PRINT 
1220 GOSUB 3200 
1230 GOSUB 3000 
1240 STOP
1250 ON M GOTO 1260,1410,1560 
1260 BU=4. / O 6SO0SQR(CP))
1270 AO=O 
1280 Al=O 
1290 A2=0 
1300 A4=l 
1310 A3=l 
1320 A5=l
1330 TRF=2/(5*P0)o((El+C)*o2.5-(E2+C)o*2.5-(El+C-S0OL)*O2.5+(B2+C-S0OL) 
002.5)
1335 TRF=TRFOBU 
1340 UO=Bl 
1350 UF=B2 
1360 K=I 
1370 GOSUB 2000 
1380 GOSUB 3200 
1390 GOSUB 3000 
1400 STOP
1410 BU=4/(3 OSOOSQR(CP))
1420 AO=O 
1430 Al=O 
1440 A2=0 
1450 A3=l 
1460 A4=l 
1470 A5=0
1480 TEF=2/(50PO)0((E1+C)S02.5-(E2+C)0*2.5)
1485 TRF=TRFSBU 
1490 UO=El 
1500 UF=H2 
1510 K=I 
1520 GOSUB 2000 
1530 GOSUB 3200 
1540 GOSUB 3000 
1550 STOP
1560 BB=4/(30SO»SQR(CP))
1570 AO=O 
1580 Al=O 
1590 A2=0 
1595 A3=l 
1610 A4=l 
1620 A5=l
1630 TRF1=2/(5SPO)S((E1+C)so2.5-(E2+C)GG2.5_(E1+C-SOSL)002.5+(E2+C- 
SO°L)°S2.5)
1640 UO=Bl
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1650 UF=H2 
1660 K=I 
1670 GOSUB 2000 
1680 T=TA 
1690 AO=O 
1700 Al=O 
1710 A2=0 
1720 A3=l 
1730 A4=l 
1740 AS=O 
1745 SO=O
1750 TBF2=2/(5<,P0)c'((H2+C)oo2.5-(H3+C)o»2„5)
1760 TRF=TRF1+TBF2 
1770 TSF=IBFciBU 
1780 UF=H3 
1790 GOSUB 2000 
1800 T=T+TA 
1810 GOSUB 3200 
1820 GOSUB 3000 
1830 STOP
2000 SEM SUBROUTINE TRAPEZOIDAL RULE
2010 DEF FNA(X)=(AO+AlC'X+A20X 1>C,2+A30(A40BUci(X+C)^!.S-AS0BUl5(X+C- 
SO0D 00I.5))/(E0X00R-PO)
2020 H=.Ol
2030 MEi= INT((UO-UF)ZH)
2035 M=MM-K+!
2040 FOR LL=I TO MM 
2050 IF K=I THEN 2070 
2060 GOTO 2090
2070 SUM=(FNA(UO)+FNA(UO-H))/2 
2080 GOTO 2100
2090 SUE!=SUEl+(FNA(UO-(K-I)0H)+FNA(UO-K0H))/2 
2100 Y(K)=H0SUM-(FNA(UO)-FNA(UO-K0H))0H002/12 
2110 K=K+1 
2120 NEXT LL 
2130 T=Y(K-I)
2140 N=K-I 
2150 RETURN
3000 REEI SUBROUTINE GRAPHICAL OUTPUT
3010 PRINT GRAPHICAL OUTPUT,Y AXIS IS THE TIME RATIO AND ,X AXIS IS THE 
WATER SURFACE ELEV.,FEET
3015 PRINT
3016 PRINT TAB(3) X TAB(9) Y
3017 PRINT TAB(I) Hl TAB(7) 0.0 
3020 PRINT TAB(IS) 0
3030 FOR J=16 TO 72 
3040 PRINT TAB(J) .
3050 NEXT J
3060 FOR K=2 TO N STEP 5 
3070 J=INT(57°Y(K)ZY(N)) +14
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3075 IF J>15 THEN 3080
3076 J=15
3080 EL=Hl-(K-I)o.Ol
3081 PRINT TAB(I) EL TAB(7) Y(K)
3085 PRINT TAB(IS) . TAB(J) *
3090 NEXT K
3091 IN=INT((H2-H1)/.01)
3092 FOR KN=I TO IN STEP 5
3093 EL= H1+KNO.01
3094 J=INT(570TF(KN)/TF(IN))
3095 TEF=TF(SN)+Y(N)
3096 PRINT TAB(I) EL TAB(7) TRF
3097 PRINT TAB(IS) . TAB(J) «
3098 NEXT KN 
3100 RETURN
3200 REM SUBROUTINE FOR PRINTING TIME RATIO 
3210 PRINT
3220 PRINT 
3230 PRINT 
3240 PRINT 
3250 PRINT 
3260 PRINT 
3270 RETURN 
3290 END

dooooooooooooooooooosoooiseeooooooooo

EMPTYING TIME = ,T, SEC 
REFILL TIME = ,!RF, SEC



134

APPENDIX C 

COMPUTER OUTPUT
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MODELING SDHGE FLOW

IS IHE RESERVOIR RECTANGULAR(I).TRAPEZOIDAL(2).PARABOLICt3) I 
FOR RECTANGULAR CROSS SECTION INPUT DIMENSIONS 
WHAT IS BOTTOM WIDTH.FEET 3.3333 
WHAT IS THE MAXIMUM DEPTH.FEET .95
WHAT IS BOTTOM SLOPE.O .--- O
WHAT IS RESERVOIR LENGTH,FEET 8
WHICH CONTROL DEVICE,DROP GATE(I),DOSING SIPHON(Z) 2
INPUT DOSING SIPHON DIMENSIONS
WHAT IS SIPHON DIAMETER,INCHES 6.115
WHAT IS FLOW COEFFICIENT 3.0106
WHAT IS THE MINIMUM WATER DEPTH,FEET .25
DISTANCE FROM BOTTOM TO SIPHON OUTLET.FEET-DOWN IS PLUS .75 
WHAT IS THE INFLOW, CFS .169312

EMPTYING TIME = 34.7828 SEC.
REFILL TIME «= 110.249 SEC.

GRAPHICAL OUTPUT,Y AXIS IS THE TIME RATIO AND ,X AXIS IS THE WATER SURFACE ELFV.,FEET

X
I
1.01

Y
0.0 • 
1.57499

1.11
•

17.3248

1.21 33.0747

1.31 48.8246

1.41 64.5744

1.51 80.3243

1.61 96.0742

1.69 111.097

1.59 115.437

1.49 119.956

1.39 124.678

1.29 129.628

1.19 134.842

1.09 140.361

Figure 36. Computed cycle time for the dosing siphon using 4.8 L/s 
inflow rate.
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MODELING SURGE FLOW

IS THE RESERVOIR RECTANGULAR(I),TRAPEZOIDAL(2),PARABOLIC(3) I
FOR RECTANGULAR CROSS SECTION INPUT DIMENSIONS
WHAT IS BOTTOM WIDTH,FEET 3.333
WHAT IS THE MAXIMUM DEPTH,FEET 1.7625
WHAT IS BOTTOM SLOPE,0.--  0
WHAT IS RESERVOIR LENGTH,FEET 8
WHICH CONTROL DEVICE. DROP GATE(1).DOSING SIPHON(Z) I
INPUT DROP GATE DIMENSIONS
WHAT IS GATE WIDTH,FEET .958333
WHAT IS GATE COEFFICIENT OF DISCHARGE 3.4
WHAT IS THE GATE BOTTOM DEPTH I
WHAT IS THE MINIMUM WATER DEPTH,FEET 1.2
WHAT IS THE INFLOW.CFS .128205

EMPTYING TIME - 22.6976 SEC.
REFILL TIME = 116.988 SEC.

GRAPHICAL OUTPUT.Y AXIS IS THE TIME RATIO AND .X AXIS IS THE WATER SURFACE ELEV..FEET

X Y
.2 0.0
.21 2.07979

.31 22.8777

.41 43.6757

.51 64.4736

.61 85.2716

.71 106.069

.7525
116.735

.6525
118.265

.5525
120.24

.4525
122.935

.3525
126.958

.2525
134.096

Figure 37. Computed cycle time for the automatic drop gate using 3.6 
L/s inflow rate.
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MODELING SDRGE ELOW

IS TOE RESERVOIR RECTANGULAR (I).TRAPEZOIDAL (2). PARABOLIC(3) I 
FOR RECTANGULAR CROSS SECTION INPUT DIMENSIONS 
WHAT IS BOTTOM WIDTH,FEET 3.3333 
WHAT IS TOE MAXIMUM DEPTH,FEET 1.55
WHAT IS BOTTOM SLOPE, O .---O
WHAT IS RESERVOIR LENGTH,FEET 8
WHICH CONTROL DEVICE.DROP G A T E d ).DOSING SIPHON(Z) 2
INPUT DOSING SIPHON DIMENSIONS
WHAT IS SIPHON DIAMETER,INCHES 6.115
WHAT IS FLOW COEFFICIENT 3.0106
WHAT IS TOE MINIMUM WATER DEPTH,FEET .25
DISTANCE FROM BOTTOM TO SIPHON OUTLET.FEET-DOWN IS PLUS 1.64583 
WHAT IS TOE INFLOW,CFS .18107

EMPTYING TIME = 43.9261 SEC.
REFILL TIME - 191.453 SEC.

GRAPHICAL OUTPUT,Y AXIS IS TOE TIME RATIO AND ,I AXIS IS THE WATER SURFACE ELEV.,FEET

X Y 
1.89583

0.0 •............................................................
1.90583

1.47271

2.10583 
30.927

2.30583
60.3812

2.50583
89.8355

2.70583
119.29

2.90583
148.744

3.10583 
178.198

3.18583 
192.036

2.98583
197.99

2.78583
204.192

2.58583
210.671

2.38583
217.467

2.18583 
224.626

Figure 38. Computed cycle time for the dosing siphon using 5.1 L/s 
inflow rate.
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TYPICAL AND ADJUSTED INTAKE
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Table 16. Typical and adjusted intake for continuous flow treatment for
a pilot field test.

Station-meters x 10
T j___ . „ „ - - - - - - -  -j. IC Ul ....—  ' '

0 1 2  3 4 5 6 7 8 9 10 11 12 13

Ty-min 33 32 31 28 26 26 23 22 20 18 15 12 8 3

Typical Intake curve Data

D-mm 32 31 30
Av.D 32 31 30
Av.D on 130 meters =

29 28 28 26 25 23
29 28 27 26 24 23

315/13 = 24 mm

22 20 17 14 7.2
21 19 15 10

Adjusted Intake Curve Data

D—mm 40 40 39 3
av.D 40 40 39
Adj.D on 130 meters =

18 35 35 32 32 30
37 35 34 32 31 29

401/13 = 31 mm

28 25 22 17 9.4
27 24 20 13

D =( 300 L/min x 30 min)./(2.2m x 130 m) = 31 mm

Table 17. Typical and 
pilot field

I adjusted intake for surge flow treatment for a 
test.

Station-meters x 10
. X LCUI ■

0 1 2 3 4 5 6 7 8 9 10 11 12 13

T —min 18 18 18iO 18 18 18 19 19 19 19 18 17 13 6

Typical Intake Curve Data

D-mm 22 22 22 22 22 22 23 23 23
Av.D 22 22 22 22 22 23 23 23 23
Av.D on 130 meters = 281/13 = 22 mm

23 22 21 18 11 
23 21 20 15

Adjusted Intake Curve Data

D—mm 45 45 45
Av.D 45 45 45
Adj.D on 130 meters =

45 45 45 47 47 47
45 45 46 47 47 47
574/13 = 45 ram

47 45 44 37 23
46 45 41 30

D = (300 L/min x 48 min x I surge)/(2.43 m x 130 m) - 45 mm
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Table 18. Typical and adjusted intake for continuous flow treatment for
field test No. 2.

Station-meters x 10
Item

0 1 2 3 4 5 6 7 8 9

T0-min 82 76 70 64 54 44 35 25 16 10

Typical Intake Curve Data

Depth-mm 
Av.Depth 
AV.Depth

55 53 50 47 43 38 33
54 52 58 45 41 35 30

on 85 meters = 348/8.5 = 41 mm

27
24

21 16 
18/2

Adjusted Intake Curve Data

Depth-mm 
Av.Depth 
Adj.Depth

53 

on 85

50 48 45 41 36 31
52 49 47 43 39 34 29
meters = 325/8.5 = 39 mm

26
23

20 15
18/2

D = (100 L/min x 80 min)/(2.43 m x 85 m) = 39 mm

Table 19. Typical and adjusted intake for surge flow treatment for 
field test No. 2.

Station-meter x 10
Item

0 1 2 3 4 5 6 7 8 9

T0-min 26 26 28 27 24 19 15 13 6 2

Typical Intake Curve Data

Depth-mm 
Av.Depth 
Av.Depth

28 28 29 28 26 23 20
28 29 29 27 25 21 19

on 85 meters = 197.7/8.5 = 23 mm

18
15

11 7.7
9.4/2

Adjusted Intake Curve Data

Depth-mm 
Av.Depth 
Adj.Depth

35 

on 85

35 37 36 33 29 25
35 31 37 34 31 27 24
meters = 243.5/8.5 = 29 mm

23
19

14 7.4
11/2

D =(100 L/min x 15 min x 4 surges)/(2 .43  m x 85 m) -  29 mm
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Table 20. Typical and adjusted intake for continuous flow treatment for
field test No. 3.

Station—meters z 10 
Item --------------------------------------

0 I Cf)CS 5 6 7 8 9

T0-min 44 42 40 36 34 28 26 20 16 9

Typical Intake Curves

Depth-mm 38 37 36 34 32 - 29 28 24 20 15
Av.Depth 38 37 35 33 31 28 26 22 18
Av.Depth on 90 meters = 268/9 = 30 mm

Adjusted Intake Curve Data

Depth—mm 45 44 43 40 39 35 33 28 25 17
Av.Depth 45 44 42 40 37 34 31 27 21
Adj.Depth on 90 meters = 321/9 = 36 mm

D = (200 L/min % 44 min)/(2.73 m x 90 m) = 36 mm

Table 21. Typical and adjusted intake for surge flow treatment for 
field test No. 3.

Station-meter x 10
Item

T0-min

0 I 2 3 4 5 6 7 8 9

23 22 23 21 19 17 16 15 8 5

Typical Intake Curve Data

Depth—mm 26 25 25 24 23 21 21 20 14 10
Av.Depth 26 26 25 24 22 21 20 17 12/2
Av.Depth on 85 meters = 187/8.5 = 22 mm

Adjusted Intake Curve Data

Depth-mm 36 35 36 34 32 30 29 28 19 14
Av.Depth 36 35 35 33 31 30 29 24 17/2
Adj.Depth on 85 meters = 261.5/8.f Il W H mm

D = (200 L/min x 9 min x 4 surges)/(2.73 m x 85 m) = 31 mm
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Table 22. Typical and adjusted intake for continuous flow treatment for
field test No. 4.

Station-meters z 10
Item

0 1 2 3 4 5 6 7 8 9 10 11

T0-min 44 42 41 40 36 35 30 26 22 17 13 8

Typical Intake Curve Data

Depth-mm 
Av.Depth

38 37 36 35
38 37 36 34

33 33 30 28
33 32 29 27

25 21
23 20

18 14
16

Av.Depth on H O  meters = 325/11 = 29 mm

Adjusted Intake Curve Data

Depth-mm 47 45 45 44 42 41 37 34 31 26 22 17
Av.Depth 46 45 45 43 42 39 36 33 29 24 20
Adj.Depth on H O  meters = 402/11 = 36 mm

D = (200 L/min x 44 min)/(2.2 m x H O  m) = 36 mm

Table 23. Typical and adjusted intake for surge flow treatment for 
field test No. 4.

Station-meters x 10
item

0 I 2 3 4 5 6 7 8 9 10 11

T ""min xO 14 15 16 18 19 20 21 19 17 12 11 8

typical Intake Curve Data

Depth-mm 19 20 21 22 23 24 24 23 21 17 16 14
Av. Depth 20 20 22 23 24 24 24 22 19 17 15
Av.Depth on H O  meters = 230/11 = 21 mm

Adjusted Intake Curve Data

Depth-mm 30 31 33 35 36 37 39 36 34 27 26 21
Av.Depth 31 32 34 36 37 38 38 35 31 27 24
Adj.Depth on H O  meters = 362/11 = 33 mm

D = (200 L/min x 22 min x 2 surges)/(2.43 m x H O  m) = 33 mm
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Table 24. Typical and adjusted intake for continuous flow treatment for
field test No. 5.

Item
Station-meters x 10

0 1 2 3 4 5 6 7 8 9 10 11 12

T -min 44 44 41 38 34 30 24 24 20 16 12 7 4

Typical Intake Curve Data

Depth—mm 
Av.Depth 
Av.Depth

38 38 36 35 32 30 26
38 37 36 34 31 28 26

on 115 meters = 317/11.5 = 27 mm

26
25

24
23

21
19

17
15

12 9
10/2

Adjusted Intake Curve Data

Depth-mm 
Av.Depth 
Adj.Depth

44
44
on

44 42 40 37 34 30
43 41 39 36 32 30

115 meters = 365/11.5 = 31 mm

30
29

27
26

24
22

20
17

14 10
12/2

D = (200 L/min x 44 min)/(2.43 m x 115 m) = 31 mm

Table 25. Typical and adjusted intake for surge flow treatment for 
field test No. 5.

Station-meters x 10
Item

0 I 2 3 4 5 6 7 8 9 10 11

Tg-min 18 17 17 17 19 19 19 17 14 13 9 3

Typical Intake Curve Data

Depth—mm 22 21 21 21 23 23 23 20 19 18 15 7.5
Av.Depth 22 21 21 22 23 23 22 20 19 17 11
Av.Depth on H O  meters = 221/11 = 20 mm

Adjusted Intake Curve Data

Depth-mm 31 30 30 30 32 32 32 30 27 26 21 H
Av.Depth 31 30 30 3]L 3:I 3:I 3]L 29 27 24 16
Adj.Depth on H O  meters = 28 mm

D = (200 L/min x 19 min x 2 surges)/(2.43 m x H O  m) = 28 mm
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Table 26. Typical and adjusted intake for continuous flow treatment for
field test No. 6.

Item
Station-meters z 10

0 1 2 3 4 5 6 7 8 9 10 11

To-min 44 44 41 39 34 30 26 23 20 15 12 7

Typical Intake Curve Data

Depth-mm 
Av.Depth 
Av.Depth

38 38 36 35 32 30 28 26
38 37 36 34 31 29 27 25

on H O  meters = 323/11 = 29 mm

24 20
; 22 19

17
15

13

Adjusted Intake Curve Data

Depth—mm 43 
Av. Depth 43
Adj. Depth on

43 42 40 37 34 32 29
43 41 39 36 33 31 28

H O  meters = 358/11 = 33 mm

27 22
25 21

20
18

15

D = (200 L/min x 44 min) /(2.43 m x H O  m) = 33 mm

Table 27. Typical and adjusted intake for surge flow treatment for 
field test No. 6.

Item
Station-meters x 10

0 1 2 3 4 5 6 7 8 9 10 11

T -min 15 15 16 16 18 18 17 16 13 12 10 6

Typical Intake Curve Data

Depth-mm 
Av.Depth 
Av.Depth

20 20 21 21 22 22 22 21 
20 21 21 22 22 22 22 20 

on H O  meters = 217/11 = 20 mm

18 17
18 16

15
13

11

Adjusted Intake Curve Data

Depth-mm 30 30 31 31 33 33 32 31
Av.Depth 30 31 31 32 33 33 32 29
Adj.Depth on H O  meters = 323/11 = 30. mm

27 26
27 25

23
20

17

D = (200 L/min x 20 min x 2 surges)/(2.43 m x H O m) = 30 mm
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