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ABSTRACT

Unsteady vertical flow of water in unsaturated soils was simulated
utilizing S/360 CSMP {Continuous System Modeling Pragram), a recently
developed language specially designed for digital simulation of tran-
sient phenomena that can be represented by differential equations. The
principles of conservation of mass and of Darcy's law, which Tead to
the derivation of the unsaturated flow equation, were directly applied
to specify the flow system. The boundary conditions described a no-flow
situation across the top surface and an impermeable Tayer across the
bottom of the soil mass considered. The initial condition specified a
uniform pressure potential, corresponding to a water content uniform
with depth,

Two computer programs were developed. One simulated vertical un-
steady infiltration through the surface into a homogeneous unsaturated
soil. Simulation results were obtained for three different soils--Yolo
light clay, Adelanto loam, and Pachappa loam. The results for Yolo
light clay compared favorably with the available numerical solutions of
Philip for the same soil and for identical boundary and initial condi-
tions. The solutions for the other two soils demonstrated the workabil-
ity of the model for soils having different hydraulic characteristics.

The other computer model simulated unsteady vertical flow of water
in an unsaturated homogeneous soil during infiltration from a buried
source and through the following drying period, in a sequence. The con-
sumption of water by plant roots, considered to be a nonlinear function

of the time of day, was taken into account. The consumption rate at
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any given time was assumed to be distributed in a linearly decreasing
manner with depth of the root zone. The model has the capacity to con-
sider the source at any desired level.

Simulation data for buried sources were obtained for Yolo light
clay, using a soil depth as well as a root depth of 60 cm, in two sets.
The first set had an initial uniform water content of 0.2375 (ecm3/cm?),
whereas 0.32 (cm3/cm3) was the value for the second set. A daily root
consumption of 0.635 cm was used. In each set, three different depths
of the source, i.e., 10, 20, and 30 cm, were used. For each source
location, simulation results were obtained for varying durations of the
irrigation and drying cycle which were controlled by a chosen water con=<
tent value at a specified point in the soil mass. The whole system,
thus, worked like an automated subirrigation installation.

The water content profiles with time were plotted for each simula-
tion run. The patterns of water distribution with time for each source
location were analyzed in light of two important criteria: (i) adequacy
of the supply of water with respect to the need at different parts of
the root zone, and (ii) overall irrigation efficiency. Two new concepts,
availability coefficient and proportionality coefficient, which help
evaluate the effectiveness of vertical water distribution in a subirri-
gation system, were defined and illustrated.

For the assumed distribution of the root consumption with time and
depth, the 10-cm depth source provided better distribution of water with
time and space compared to the 20-cm and 30-cm source locations. Irri-
gation from zero depth, as in the case of trickle irrigation, appeared

to be the best system for the given conditions,



The S/360 CSMP Tanguage proyed to be efficient in simulating the
transient water flow phenomena in unsaturated soils. The principal ad-
vantage of the numerical procedure followed was in its complete general-
ity and the ease with which numerical data on the hydraulic character-
istics of the soil may be used without arbitrary assumptions and func-
tion fitting procedures. The models developed are capable of consider-

ing diverse boundary and initial conditions.
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CHAPTER I

INTRODUCTION

The tremendous increase in the demand for irrigation water over
the past years has put enormous pressures on the water resources of
the nation. In the High Plains of Texas, where ground water supplies
are declining every day, the cost of irrigation water is already at
a premium. It is estimated that a serious shortage of ground water
in that area will occur by 1990 if the present rate of depletion is
continued. As such, improvements over the existing methods or new
techniques in irrigation aimed at curtailing the water losses are in
greater need today than ever before. Subirrigation, the technique
of applying the water beneath the soil surface through multiorificed
or porous synthetic pipes, shows great promise in this respect.

One of the primary benefits resulting from the use of subirriga-
tion is the substantial increase in the irrigation efficiency compared
to the conventional methods. Since the water is applied in the root
zone of the plant where it is actually consumed, all the facets that
constitute irrigation efficiency, i.e., water-application efficiency,
water-use efficiency, etc., can be maintained at a high degree of
efficiency. Prevention of surface wetting results in considerable

curtailment of water Toss by surface evaporation. A 20 to 40 percent



savings in irrigation water could be expected in cotton production in
Texas with subirrigation when compared to a well designed surface
system {Zetzsche and Newman, 1966).

A mathematical model capable of predicting the movement of water
in unsaturated soils during irrigation from a buried source and re-
distribution is essential for development of a subirrigation system
design method. This work was specifically aimed toward achieving
that goal. The objectives were:

1. To develop a dynamic computer model that would describe the
transient flow of water in an unsaturated soil during and after
irrigation from a buried source. The model should take into account
the effects of gravity and the consumption of water by plant roots
as a dynamic process.

2. To characterize criteria for a subirrigation system design
and to develop an approach utilizing the model for determining the
optimum depth of the subirrigation source.

3. To examine possibilities of utilizing the computer mode]

for scheduling of subirrigation.



CHAPTER TII
REVIEW OF LITERATURE

The theory of flow of water in unsaturated soils is the theo-
retical basis for the design of subirrigation systems. By use of'
the equation of continuity and Darcy's law, Klute (1951) derived
explicitly the equation for flow of water in unsaturated media.

The continuity equation for flow through a homogeneous soil,

as shown in Figure 1, is
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where p is the fluid density, o is the volumetric water content,

v is the volume flux in the direction of flow, and t is the time.
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Figure 1 Infinitesimal parallelopiped of soil



Assuming that the volume flux is given by an equation similar to

Darcy's law for saturated flow, we have

_ Sg

vy = -K X,
- v 89

Vy = K sy , and (2)
_ [

vz = K3z,

where K is the hydraulic conductivity and ¢ is the hydraulic poten-

tial. Substitution of equation (2) into equation (1) yields
§{p8) _ 8 8¢ 6 8¢ 8 8¢
5t = S((DK(SX) + E&_(DK‘S‘Y) + “"""‘(DK ) . (3)

Assuming a constant fluid density, equation {3) can be written in

vector form as

(=)

gﬂ = v+ (K vo). (4)
If the hydraulic potential is considered as the sum of the

pressure potential, h, and the gravitional potential, x (positive

upward), i.e., if

¢ =h+x, (5)

and if both h and K are regarded as single-valued functions of

6, equation (4) becomes

56 _ g, &K
e (K vh) + = - (6)

Equation (4) is the general differential equation for the flow
of water through an unsaturated homogeneous porous medium. Equation

(6) incorporates the concepts of pressure potential and gravitational

potential.



In view of the nature of the differential equation {4) and the
nonlinear relations between parameters, most efforts have concentra-
ted on seeking numerical rather than analytical solution of the
problem. Pioneering work in this area was done by Philip (1957a,
1969) who developed a numerical solution technique for infiltration
into a semi-infinite, homogeneous, one-dimensional soil with uniform
initial water content. His solution has the form of a power series
in t1/2;

3/2
K= vt et bt e ey f(o) tV2 4 o, (7)

in which x is the vertical ordinate and the coefficients v, x, v,

... f, (8) are functions of & and are the solutions of a series of
ordinary differential equations which can be solved by numerical
methods (1957a). Philip also established the effect of initial water
content and water depth over the soil surface in vertical, one-
dimensional infiltration (1957b, 1958). Wang (1963) developed a
numerical method for one-dimensional infiltration and her results
showed good agreement with those of Philip.

Whisler and Klute (1965) developed a numerical solution for
unsteady flow of water in a vertical soil column drained from satura-
tion to equilibrium under gravity with a water table. They used the
relaxation technique to solve the pressure head form of equation (6).
Whisler and Watson (1968) presented a numerical analysis of the one-
dimensional gravity drainage problem using the pressure head form of

the differential equation of flow and utilizing a digital computer.



Singh and Franzini (1967) obtained a solution of the two-
dimensional diffusion equation for unsteady and unsaturated flow
from a cylindrical source of finite radius. Neglecting gravity, they
transformed equation (6) into an ordinary differential equation which
was solved by a numerical technique. Their procedure was, however,
proven to be incorrect by Philip (1968). An approximate solution to
the flow from a spherical source with water content dependent
diffusivity was obtained by Singh (1970) by the method of weighted
residuals.

Shih and Kriz (1969) developed a mathematical solution for un-
saturated unsteady radial flow of water in a homogeneous soil
surrounding a tong infinitely permeable pipe that supplied water under
pressure. Their solution considered the effect of gravity. However,
application of the solution requires a mean value of the soil-water
diffusivity, a concept first introduced by Gardner (1962). This
concept is unrealistic because, in unsteady unsaturated flow, the
soil-water diffusivity is a time variant parameter.

In a dynamic system where irrigation water is applied to meet
transpirational demand of crops, water uptake by plant roots both
during and after irrigation is an important part of the whole system.
High efficiency in the use of irrigation water requires a minimum of
infiltration below the root zone. Knowledge of rooting depth and
root activity with depth are therefore important in the design of
irrigation systems and to the determination of the proper time and

amount of application. Hall et al. (1953) and Hommes and Bartz



(1963) indicated that root uptake decreased rapidly with depth for
corn, cotton, and peanuts throughout the growing season. Nakayama
and Van Bavel (1963) reported that approximately 90 percent of the
water uptake by sorghum occurred from the upper 60 percent of the
root zone in all of various irrigation treatments. A general "rule
of thumb" frequently used is that 40, 30, 20, and 10 percent of the
total transpiration requirement is supplied respectively from each
successively deeper one-guarter of the root zone (Danielson, 1967).

The root activity with depth is not a constant factor through-
out the entire growing season. Continued development of root
branches and their elongation through the soil make the root activity
with depth a changing function with time. De Backer and Boersma
(1968) developed the concept of "root exploration rate" which is
defined as the time rate of change of the depth of maximum root
activity. They developed a method of determining the advance of the
depth of maximum root activity during the water depletion cycle.
They concluded that, combining the water availability coefficient and
the porosity of the soil with the root exploration rate, it is
possible to predict the rate of water utilization by the plants.

For an accurate evaluation of the actual flow process during
and following irrigation, solution of equation (6) having the root
uptake function incorporated, is necessary. Whisler et al. {1968)
applied numerical analysis to the steady-state flow equation for
evapotranspiration from a vertical soil column. The water uptake by

the plant roots was incorporated into the flow equation as a constant



negative source term. The final differential equation was expressed

as

(k(n)Shy + K(B) 4 5 -, (8)

_S
§z
where z is the vertical direction and S is the source term. No
analogous study has been reported for the unsteady unsaturated flow
system.

The dynamic simulation Tanguage S/360 CSMP (Continuous System
Modeling Program) is a recently developed computer language (IBM,
1967) for analyzing transient phenomena. A problem is defined by a
differential equation, or a set of differential equations, with known
boundary and initial conditions. Curry (1969) used S/1130 CSMP, an
earlier version of 5/360, for the dynamic modeling of plant growth.
Wierenga and De Wit (1970) utilized $/360 CSMP in simulating transfer
of heat in soils. A comprehensive attempt to model plant growth in
S/360 CSMP was reported by De Wit et al. (1970) which demonstrated
the power of the method for dealing with complex biological systems.
Lambert (1971) illustrated the use of CSMP in several agricultural
engineering problems.

The preceding review of literature may be summarized by the
following general statements:

1. The theory of transient flow of water in unsaturated soils
is too complicated to be accurately solved analytically. As a result,
researchers have resorted to numerical techniques for solutions.

With the advent in recent years of high speed digital computers,



interest in this area has grown considerably.

2. No solution technigue is presently available that can yield
a usable solution to the problem of unsteady flow of water from sub-
surface sources while taking into account the effect of gravity as
well as the plant root consumption. These considerations are impor-
tant in subirrigation design.

3. Plant root activity is a dynamic rather than a static
characteristic of the plant. It varies with the depth in the soil as
well as the time of the day. Also, the pattern of root activity
changes with the age of the plant. Thése are considerations impor-
tant for accurate accounting of the unsteady flow of water in an
unsaturated soil.

4. S/360 CSMP is a computer language designed to simulate
phenomena that are changing with time. Its power in dealing with
transient systems has been demonstrated. In view of the dynamic
nature of the unsteady flow process in an unsaturated soil, this
method seems to offer excellent possibilities of producing a useful

solution.
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CHAPTER III

THE PROBLEM AND ITS SIMULATION

The Problem Statement

The problem is the description of unsteady vertical flow of
water in an unsaturated homogeneous so0il during and after irrigation
from a subsurface source. The effect of gravity as well as the con-
sumption of water by plant roots are to be taken into account. The
root consumption is assumed to be a Tlinear function with depth having
the maximum value at the surface and gradually decreasing with depth.
The consumption rate is a nonlinear function of the tir= of day and
is proportional to the potential evapotranspiration for a day which
is assumed to be representative for the growing season.

The following are the boundary and initial conditions considered
in this study:

1. There is no flow across the top and bottom boundaries of
the soil mass.

2. The soil has a uniform initial pressure potential, corre-

sponding to a water content uniform with depth.

The CSMP Simulation

Two computer programs were developed in the course of this

study. The first one simulated the vertical unsteady infiltration
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through the surface into a homogeneous unsaturated soil. The second
program was used to simulate transient flow of water during infiltra-
tion from a buried source and redistribution through the drying
circle in a homogeneous unsaturated soil. In this program, the
consumption of water by plant roots was taken into account.

The CSMP simulations will be discussed in this section under
three subheads: "General Technique,”" "Infiltration through the
Surface," and "Infiltration from Buried Sources and Redistribution."
The "General Technique” section will deal mainly with the CSMP
modeling method. The computer program for infiltration from buried
sources and redistribution will be presented in this section for
better understanding of the terminology used to describe the CSMP
simulation approach. In the other two sections, the respective

details of input data used will be discussed.

General Technique

The simulation model developed to describe unsteady flow of
water in unsaturated soils is not restricted to the aforementioned
boundary and initial conditions. It is general in form and adaptable
equally well to other boundary and initial conditions.

The approach taken in developing the model is fundamentally
different from previous methods. Most other approaches, as exem-
plified by Whisler and Klute (1965), developed a difference equation
equivalent to the differential equation (6) which was solved by

numerical techniques. But in this model, the basic concepts of
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conservation of mass and of Darcy's law, which Tead to the derivation
of the unsaturated flow equation, were directly applied to specify
the flow system.

The modeling concept consisted primarily of dividing the soil
vertically into a Targe number of uniformly thin layers. The
hydraulic properties of the soil (conductivity vs. water content;
pressure potential vs. water content) being known, the initial
hydraulic conductivity (COND), pressure potential (PRPOT), and water
content (ICON) values were assigned to the center of each layer.

The hydraulic potential in a given layer was always the sum of the
pressure potential and gravitational potential (X). The latter was
defined as zero at the soil surface. The average hydraulic conducti-
vity (KOND) across a boundary of a layer was calculated by the method
of averaging the hydraulic conductivities (COND) of the Tayers above
and below that boundary. The flow rate (FLOWIN) across a given
boundary for time t+at was calculated by applying the principles

of Darcy's law using the hydraulic properties for time t. At any
instant, the flow of water to and from a given layer was found from
the gradient of hydraulic potential existing between that particular
layer and its two adjacent layers. The source for irrigation water
was simulated by keeping a given layer saturated at all times during
irrigation. Figure 2 illustrates the salient features of the model-
ing .concept. The abbreviations used in this figure are explained

in Table 1.
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Table 1T  Definition of abbreviations used in Figure 2

FLOWIN(I) = Rate of flow across top boundary of Ith Tayer, cm/sec.

COND(I) = Hydraulic conductivity of Ith layer, cm/sec.

PRPOT(I) = Pressure potential of Ith Tayer, cm.

HYDPOT(I) = Hydraulic potential of Ith layer, cm.

KOND(I) = Average hydraulic conductivity across top boundary of Ith
layer, cm/sec.

RTCON(I) = Root consumption rate of Ith layer, cm/sec.

NFR(I} = Net rate of flow into Ith layer, cm/sec.

ICON(I)

Initial water content of Ith Tayer, cm3/cm3.

WCON(I) = Water content of Ith layer, cm3/cm3.
X(I) = Gravitational potential of Ith layer measured from surface, cm.
TX(I)

DX(I)

Thickness of Ith layer, cm.

il

Distance between centers of {I-1)th and Ith layer, cm.

The root uptake rate (UPTAKE) was assumed to be a nonlinear
function of the time of day, as shown in Figure 3, and propoftiona]
to the potential evapotranspiration for the same time, as illustrated
in Figure 4 (Howell et al., 1971). A daily total uptake of 0.635 cm
was used. The fraction of the UPTAKE attributed to a given layer was
termed as the "root factor" (RFACT). The distribution of RFACT with

root depth was taken to be a linearly decreasing function, as

illustrated in Figure 5, in which the sum of the RFACT values for all



16

Aep JO BWLY YILM 33ea ayejdn 2004 40 UOLINGLURSLQ € S4nbL4

SHNOH ‘Ava 40 3INL

AY 9 Nd 8 NOON 21 NYe 102
2 vl 1) 2l 1 [¢]] 6 8 F 9 g 0 .

¢ T T T T T T T T T ? 00
g
"
c

- — pir
2 3
=
m
o
5
m
§
P
.
m
e bt

— . 0otxe
Qe
E 4
2
[+]

Q
L 1 1 \ ) 1 i 1 ] i Qorre



17

diysuoiye)aa Aep jo awiy “sA uoljedrdsuedjoders [e13ualod  aunbry

SYNOH 'Ava 40 3L

WY9 Wd 8 NOON 2! Wvg 10D
+2 A, £l ¢ 2 N O 6 g L 9 S ¥ £ 2 | 0
g o ||
o o pey
2] 2 o
? EAE I 4
“, [+.]
2|, g
& & @ ° -
2| o o m
=~ - &
e L =
a — =~ =
] - ] >
a1l al - & r
2|l e wl|d m
2L @ £
& | & T
o
b
3
o
=
[»]
=




18

25 F

30|

DEPTH, X(I), CM

35 |

40 |-

55 |-

80

] 1 ] L } n

0.0

Figure 5 Distribution of the root factor (RFACT)

00667 0133 0200
ROOT FACTOR, RFACT (I)

with root depth (X)

0267

0333



19

the layers was equal to one. At any instant t, the root consumption
rate (RTCON) at a given layer was equal to the UPTAKE for that time
multiplied by the appropriate RFACT value. The time {RTIME) for
calculating UPTAKE was set to zero after every 24 hours.

During each iteration, the net flow rate (NFR) to a given layer
was calculated by applying the principle of conservation of mass.

The incremental water content of each layer was then calculated by
integrating its NFR, using the fourth order Runge-Kutta method of
integration (METHOD RKS). This quantity was added to the previous
initial water content to obtain the updated water content {WCON) as
well as the corresponding hydraulic conductivity and pressure poten-
tial values for each layer. These values were then taken as the
initial values for the next iteration, in a continuing updating
procedure.

The infiltration rate (INRATE) from the soufce at a given time
t was the sum of the absolute values of the flow rates across the top
and bottom boundaries of the source layer. The total amount of water
infiltrated (TOTINT) at time t was calculated by integrating the
infiltration rate using METHOD RKS and adding to it the amount infii-
trated prior to time t (PRETOT).

The computer program is shown in Table 2. Comment cards begin-
ning with an asterisk were inserted to help explain the important
aspects of the model. Some of the special features of $/360 CSMP are
explained below.

The STORAGE statement allows one to specify that certain variable
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Table 2 5/360 CSMP simulation of unsteady vertical infiltration

e

NITIA

10

20

41

of water from buried sources and redistribution in Yolo
1ight clay

STORAGE FLOWIN{200},PRPOT{200),COND{200)sKOND{200),HYDPOT{2001
STORAGE TX(200).DX(200),X(200)4RTCUN(200),RFACT(200}
DIMENSION NFR{200),WCGN(200),1CON[200)4WE200) 4 WORKL200])
EQUIVALENCE (WCONLyWCON(L23 e {NFRL,NFR{1)),{ICONL,ICONT(L}}
FIXED [+NLsIPEPE,LDPART

PARAMETER NL=60,1PIPE=21

NL=NUMBER OF LAYERS

IPIPE=LAYER NUMBER OF THE SOURCE

TX{I)=THICKNESS OF ITH LAYER, CM

DXULI)=DISTANCE BETWEEN CENTERS OF {I-1)TH AND I1TH LAYER, CM
X{1}=GRAVIT. POTENTIAL OF ITH LAYER MEASURED FROM SURFACE, CM
PRPOT{I)=PRESSURE POTENTIAL OF ITH LAYERs CM
HYDPOT{I)=HYDRAULIC POTENTIAL OF ITH LAYER, CM
CONDUI)=HYDRAULIC CONDUCTIVITY OF 1TH LAYER, CM/SEC
KOND({I)}=AV. HYDR. CONDUC. ACROSS TOP BOUNDARY OF ITH LAYER, CM/SEC
ICON(T1)=INITEAL WATER CONTENT OF ITH LAYER, VOLUMETRIC FRACTION
WCON{ 1) =WATER CONTENT OF ITH LAYER, VOLUMETRIC FRACTION
FLOWIN{I)=RATE OF FLOW ACRDSS TOP BOUNDARY OF ITH LAYER, CM/SEC
NFRII)=NET RATE OF FLOW INTO ITH LAYER, CM/SEC

INRATE=RATE OF INFILTRATION INTO THE SOIL, CM/SEC
TOTINT=TOTAL AMOUNT OF INFILTRATIQN INTO THE SGIL, CM
RTCON(I}=RDOT CONSUMPTION RATE OF ITH LAYER, CM/SEC
RFACT{ [ }=RODT FACTOR VALUE AT ITH LAYER

L i

NOSORT

LOPART=1PIPES]

DO 10 [=1,KL

TX{1¥=1.0

CONTINUE

X{1)=0.5%TX{1}

DO 20 1=s2,KNL

DXEI)=(TX{I-10+TX{10}/2.0

X{I)=X({I-1)+DX{I} ‘

CONTINUE

DO 30 I=1,NL

PRPOTIII=-140.0

ICONIT)=NLFGEN{WCONT (PRPOT(1Y)

COND(I }=NLFGENICONDT, ICONII})

RFACTII)=AFGENIRDISTN,X{I))

CONTINUE

RTIME=TIME OF DAY FOR CALCULATING ROOCT CONSUMPTION, SEC
RTIME=0.0 .

PRETOT=INITIAL VALUE OF TODTINT, CM

PRETOT=0.0

FLOWIN(1)=0.0

FLOWININL#1}=0.0

SWITCH=1 MEANS THAT INFILTRATION CYCLE IS *ON*

SWITCH=2 MEANS THAT DRYING CYCLE IS *ON’

SHITCH=1

KOND{L)Y=CONDE 1) .

HYDPOT{L)}=PRPOTIL}I-XI1)

DO 40 I=1,NL

WRITE(6,423X(11}

FORMAT(IH F7.2)
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Table 2 (continued)

40

* # #

CONTINUE

FUNCTION RDISIN=0.04040341540+0.02323,30.040.01666,+45.0¢0.00¢c..
60.0,0.00333

FUNCTION CONSUM=0,0,0.043600.0,0.0,5400.0,0.0000013214+...
9000.0,0,00000441,12600.0,0.0000097,16200.0,0.000014Ll1ysen
19800.040.00001895423400.0+0.00002405,27000.0,0.00002345¢...
30600.0,0.00002194,+34200.0,0.00001805,37800.040.000015454...
41400.0,0.00001155445000.0,0.00000864,48600.0,0.00000467944.
50400.0,0.0,86400.0,40.0

SOIL - YOLO LIGHT CLAY

FUNCTION WCONT=-500000040,0.0259=~280000.040.054~61000.0+0.0754..»
~17700.0,0.10,~-8250.040.125,-4000.030.154=1330.0+0.20s4++»
~660.040.23759-62040¢0.2408,-580.0,0.24%214+.
~540.0¢0424814~500.050.2520,=460.040.2562+—420.040.2412y4..
—380.010.26624—3400050.27254-30C.0+0.2787+s-260.0,0.28629%4+
~220.040.29504-180.040.3050,~140.0,0.23200,-100.0,0.3400+4.»
—80.040.35004=60.0,0.38004—%0.040.4200¢-20.0+0.46004...
~12.040.47604,—-8.040.48404-%4040.492040.0,0.5000

FUNCTION CONDT=40¢20y2375,.0000000520¢42408,.0000000552¢%«¢
2442, .0000000600,.248L+.00000006504+2520,.0000000685y...
e25624 0000000750, .26124.0000000824%4.2662,.0000000910y4..
«2725, 0000001025, .2787,.00000011804+.2862+.000000135C...
22950, .00000016004.3050,.00000019004.32004.0000002600410..
«3400,.0000004100,4.3500,, C0000053004.3800,.00000095001...
«4200,.0000019100,.4600,.0000040000+.4760+.0000055500 4.~
«4B40,.0000064000,.4920,.0000077000,.5000,.0000092500
FUNCTION POT=,025,~5000000.0,.050,-280000.0+.0754-61000.04¢++
wl00s—17700.04+.12594—8250.0,4150,=400040422009—1330.0se0-
2e23754=660405.24084—62020122442¢-580+0r000
e26124—420.04.26624~380.0,+2725¢=340.04.27874=300.0¢.4.
e2B624—260407.29504-220.04¢3050,-180.0+.3200+-140+07sa4=
«34004—100.0y+3500+4-80207438004-6040+.42009=40.0s...
«4600,=20.04.47603—12.04.4840,—8.09+49204—4.0,.5000,0.0
WCONL=INTGRLL {CON14NFR]1 4,601

DYNAMIC

*

50
*

60
x

70

80

NOSORT

KEEP=0 IS5 AN INVALID ITERATION AND HENCE KEPT OUT OF RTIME
IFIKEEP.EQ.Q} GO TD 50

RTIME=RTIME+«DELT

CONTINUE

SETTING RTIME BACK ¥TO ZEROD AFTER EVERY 24 HOURS
IFIRTIMEL.GELB6400.0) GO TOD 60

Go T 70

RYIME=(RTIME-86400.0)

UPTAKE=ROOT UPTAKE RATE AT A GIVEN TIME
UPTAKE=NLFGEN(CONSUM,RTIMEL)

DO 80 I=1.NL

RYCONL(T = {UPTAKEY*(RFACT(I}}

CONT INUE

IFISWITCH.EQ.2) GO TO 140

WCON{ IPIPE)=0.50
CONDI{IPIPE)=D.00000925.
KONDL{IPIPE)=0.00000925
KONDUIPIPE+1Y=0.00000925
PRPOF(IPIPE)=0.0

DO 90 I=2«NL
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Table 2 {continued)}

90

100

110

120

130

140

150

L&60

170

180
200

IF{1.EQ.IPIPE} GO TO 90
IF{I.EQ.LOPART) GO TO 90
KONDILY={COND{I)+COND{I-1}}/2.0
CONTINUE

DO 100 I=2.NL
HYDPOT(1)=PRPOTLI}=X{1]
FLOWIN(1)= (HYDPOTULI-1)-HYDPOTLIL)I*KONDLI) 7DXLT)
CONTINUE

INRATE=ABS (FLOWINC(IPIPE) }+ABS{FLOWIN{IPIPE+L))
TOTINT=INTGRLIPRETDT, INRATE}
CALCULATING NET WATER. CONTENT
DO 110 I=1.NL

IF{I.EQ.IPIPE} GO TO 110
NFRUTJ=FLOWIN{I)-FLOWINSI+1)}~-RTCONL D)
CONTINUE

DO 120 I=1l.NL

WII)=WCON(I}
WCONT{I¥=LIMIT(C.08,0.50,W(I)}
WORK(L}=NFRI{I)

CONTINUE

00 130 I=L.NL

IFLI.CQ.IPIPE) GO TO 130
COND{LI=NLFGENUICONDT,WCON{E))
PRPOTIIV=NLFGEN{POT WCON{I})
CONTINUE

GO TO 200

DO 150 I=2+NL .
KOND{I)={COND{T1}+COND{I-1})}/2.0
HYDPOT({)=PRPOT{IV-X{{)
FLOWIN{I)={HYDOPOT(I-1)~HYDPOTL L) }*KONDLII/DXAI)
CONTINUE

INRATE=0.0

DO 160 I=14NL
NFR{I)=FLOWIN(IJ—FLOWINC(T+)-RTCONI I}
CONTEINUE

DO 170 I=14NL

WlEi=WCON{ 1}
WCONCE)=LIMIT(0.08,0.50+¥W(11)
WORK({E)=NFRI(I)}

CONTINUE

DD 180 I=1lyNL
COND{I)=NLFGEN(CONDT,WCON{I1)
PRPOT(1}=NLFGEN{POT WCONT1})
CONTINUE

WCON1=WCONI1}

WCON2=WCONL2)

WCON3=WCON(3)

WCON4=WCON (4]

WCONS=WCON{(S)

WCON6=WLONI(6]

WCONT=WCONLT)

WCONB=WCONIB)

WCONS=WLONI(9])

WCON1O=#CON{ 10}

WCONIL=WCONI{LL)

WLON12=WCON(L2)

WCON13=WCON{13)

WCONL4=WCON{14)
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Table 2 (continued)

WCONIS=WCONLE5)

WCONL16=WCONILE)

WCONLT=WCONILT)

WCONIB=WCON{18)

WCONL9=WCUNI19)

WCON20=WCON[20)

METHOD RKS

PRINT WCONZ,WCON3 . WCON4 ,WCONS, WCONG s HCONT , WCONS 4 WCON9 yWCONLO v o v s
WEDN1Y g WEONL12 WWCONI3 5, WCON14 s WCONL5 s WCONLG g WCONLIT 4 WCONLB,aw s
WCONLY «WCON20 4RTIME sDELTTOTINT, INRATE

RELERR WCON1=0.10

RELERR TOFINT=0.10 .

TIMER DELT=25.0, PRDEL=3600.0, FINTIM=1000000.0
FINISH WCON9=0.35%

CONT INUE

RESET FINISH

PARAMETER SWITCH=2

RELERR WCUN1=0.10

RELERR TOTINT=0.10

TIMER PRDEL=3600.0, FINTIM=5000000.0

FINISH WCON20=0.35 :

END ‘

syop
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names, which appear on that card, are subscripted and the number with-
in the parentheses must be the maximum number of storage locations
necessary to contain data for the corresponding variable. The FIXED
statement allows declaration of the listed variahles as being integer
numbers. The PARAMETER card allows variables to have assigned values.

The program has two primary sections --- INITIAL and DYNAMIC.

The INITIAL segment is performed just once before the simulation runs,
whereas the DYNAMIC segment computations are performed during each
iteration. The NOSORT statement after the INITIAL and DYNAMIC labels
declares that all the subsequent structure statements within the
section are to be considered procedural, thus permitting unrestricted
use of FORTRAN conditional logic and branching.

The hydrau1ic properties of the soil were defined fn the INITIAL
section by nonlinear function generators (NLFGEN) which provided
Lagrange quadratic interpolation between consecutive points. The X
and Y coordinates of the function points were entered segquentially
following the function label and the symbolic name of the function
(e.g., FUNCTION WCONT). The symbolic names WCONT, CONDT, and POT
represented the pressure potential vs. water content, water content
vs. hydraulic conductivity, and water content vs. pressure potential
relationships, respectively, for the soil. The functions RDISTN and
CONSUM, respectively, specify the depth vs. root factor and the time
of day vs. root consumption rate relationships. The statement

WCONT = INTGRL (ICON1, NFR1, 60)

specifies to the S/360 CSMP translator that the total number of
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integrators indicated in the DYNAMIC section of the model should be
augmented by the quantity 60. The symbols WCON1, ICON1, and NFRT,
which are the output, the initial value, and the integrand, res-
pectively, are dummy variables EQUIVALENCEd to the first elements of
the corresponding vector arrays, WCON, ICON, and NFR.

The DYNAMIC section of the program may be divided, in order to
explain its contents, into four segments. The first segment beginning
right after the NOSORT statement ends in the statement numbered 80.
In this part, the root consumption rate at time t is computed for
each layer. The system variable KEEP equal to zero means a trial
evaluation; hence, it is kept out of the calculation for root con-
sumption time (RTIME)}. The second segment, which ends in statement
numbered 130, constitutes the irrigation cycle. This segment is run
through only when SWITCH = 1, i.e., irrigation is on. The drying
cycle, or the third segment, consists of the part of the program from
statement numbers 140 through 180. When SWITCH = 2, i.e., during
the drying period, the simulation skips the second segment for cal-
culation. The fourth and last segment which consists of the rest of
the program is common to both the irrigation and drying cycle.

The METHOD RKS provided the variable step fourth-order Runge-
Kutta method of integration. In this method, the integration inter-
vals are adjusted to meet selected error criteria. The error in
integration is set by the relative error (RELERR) and the absolute
error {ABSERR) of the integral. When any of these errors is specified

for any integrator, the last error specified before an END or CONTINUE
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card is applied to all integrators that are unspecified. The PRINT
statement enabled printing of the selected ocutput variables at time
intervals indicated by the OUTDEL value in the TIMER card. FINTIM
specified the maximum simulation value for time, the independent
variable.

The FINISH card allowed definition of terminating conditions
other than FINTIM. Use of CONTINUE cards enabled automatic sequenc-
ing of irrigation and drying cycles. It permitted the simulation to
accept changed data and control statements, without resetting time,
and to continue the run. A combination of END and STOP cards
specified termination of the sequence.

The fourth order variable-step Runge-Kutta method of integration
(METHOD RKS) is one of the seven different routines that are available
in S/360 CSMP to perform the integration operation. The variable-step
method was preferred over a fixed-step method because it provides the
capacity to adjust the integration intervals to satisfy sﬁecified
error bounds. The error in integration is set by the value given to
the relative error (RELERR) and absolute error (ABSERR) of the out-
put. When nothing is mentioned in the program about the error, the
relative and absolute errors are set by the system at 0.0001 and
0.001, respectively. This device allows specification of the desired
error in integration and also elimination of the possibility of
unstable solutions.

In the variable-step Runge-Kutta method, the integration interval

is reduced to satisfy the following criterion:
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[Yerat - ¥s | . Error
A+ R Yeaatl ~ A+ R [Yigptl

<1, (9)

where Y. is Ygspt calculated by Simpson's ruie, and A and R are the
absolute and relative errors corresponding to the particular integra-
tor value. Further information on the language are available in the

CSMP manual (IBM, 1967).

Infiltration through the Surface

The development of a dynamic computer program capable of simula-
ting vertical infiltration through the surface was the Togical step
to precede the evolvement of the dynamic model for infiltration from
buried sources. Here, the plant-root consumption of water was not
considered. The availability of a theoretical solution due to
Philip (1957a, 1957b) provided an opportunity for comparison.

The computer program is shown in Table 3. The basic modeling
concept and the boundary conditions in this case were exactly the
same as described eariier. This program differed from the program
for infiltration from buried sources, as illustrated in Table 2
(p. 19-22), in that here the source was not below but at the surface,
and that it did not consider consumption of water by plant roots
during the infiltration process. A pressure potential of -660.0 cm
of water, which was uniform with depth, was used as the initial
condition. A soil mass 50-cm deep and divided into layers each one-
centimeter thick was used. Simulation data were obtained for three

different soils -~ Yolo 1light clay, Adelanto loam, and Pachappa ioam.
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Table 3 5/360 CSMP simulation of unsteady vertical infiltration

N

10

20

30

through surface into unsaturated Yolo light clay

STORAGE PRPOT(200),COND(200),KONDI2C0) yHYOPOT(200)FLOWIN{200)
STORAGE TX{200),DX(200),X(200)

DIMENSION NFR{200),WCONI2001,ICONC20Q)+W(200]) +WORK{200)
EQUIVALENCE {(WCONL,WCON{1})s{NFRL NFR{1}),{ICONLI,ICONI{1)])

FIXED T 4NL,IPIPE,LOPART

PARAMETER NL=50,IPIPE=1

NL=NUMBER OF LAYERS

{PIPE=LAYER NUMBER OF THE SOURCE

TX{LI=THICKNESS OF ITH LAYER, CM

DX{I}=DISTANCE BETWEEN CENTERS OF (I-1)TH AND ITH LAYER, CM
X{1)=GRAVIT. PUTENTIAL OF ITH LAYER MEASURED FROM SURFACE, CM
PRPOT(I)=PRESSURE POTENTIAL OF ITH LAYER, CM
HYDPOT{I)=HYDRAULIC POTENTIAL OF ITH LAYERs CM
COND(1}=idYCRAULIC CUNDUCTIVITY OF ITH LAYER, CM/SEC

KOND{ 1 )=AV. HYDR. CONDUC. ACROSS TOP BOUNDARY OF ITH LAYER, CM/SEC
ICONCI}=INITIAL WATER CONTENT OF ITH LAYER, VOLUMETRIC FRACTION
WCONEIY=WATER CONTENT OF ITH LAYERs VOLUMETRIC FRACTION
FLOWIN{L)=RATE 0OF FLOW ACROSS TOP BOUNDARY OF ITH LAYER, CM/SEC
NFR(I)=NET RATE OF FLOW INTO ITH LAYER, CM/SEC

INRATE=RATE OF INFILTRATION INTO THE 50IL, CM/SEC

TOTINT=TOTAL AMOUNT OF INFLILTRATIGON INTO THE SOIL, CM

NITIAL

NOSORT

DO 10 I=1sNL

TX(I}=1.0

CONTINUDE

X{L}=0.5%TX{1)

DO 20 I1=2.NL *
DXCT)=A{TX{I-1)+0XU(I} /2.0
XU=X{§i-1)+DX{1)

CONTINUE

00 30 I=1sNL
PRPOT(I}==660.0
ICONIT}=NLFGEN[WCONT «PRPOTH(
COND{I)=NLFGEN(CONDT . ICON(1}
CONT INUE

PRETOT=0.0

LOPART=1PIPE+]

BOUNDARY CONDITIONS
FLOWIN(1)=0.0
FLOWININL+]1}=0.0
WCONLIPIPE}Y=0.500
PRPOTL(IPIPE}=0.0
KONO(IPIPE)=0.00000925
KOND(IPIPE+1}=0.00000925
HYDPOT(1)=PRPOTIL}-X(1])

SOIt — YUOLO LIGHT CLAY
FUNCTION WCONT=—13300+4.204~660u922375,4—620,1+2408¢—5804102%421404.
"540-; -2481'-50001' -25203—460. 9-25621"420-1.2612['380- 1-2662)-0 -
=2340.1027254= 3000927871 2604+428624=220442950+=18044+30%0¢+.~
~140.9+32004~100uye34001~8001+3500y=604y+3800,-404re42009can.
—20a1+4600,—1244eaTO0—8a ¢ra%840,~4%.444920,0.0,.5000

FUNCTIDN CUONDT=40y204+2375,.0000000520,.2408,.00000005524..~

1
)
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Table 3 (continued)

«24424.0000000600+.2481,,00000006504.,2520,.00000006854.4.
«2562,.0000000750).2612,.00000008244426625.0000000910).44
«27254.0000001025+4.27874.,000000L180,.2862,.00000013501+++»
«2950y.00000016004.30504.0000001900,43200,.0000002600,44+4
«3400,.,00000041004.3500,.0000005300,+.38007.00000095004,.
«%42004.00000191004.46004.,00000400004.4T7604.0000055500144.4
+4840,.0000064000,.4920,.00000770004.5000,.0000092500

FUNCTION POT=,2004~1330.442375:—660.¢.24084-62009224424=5B00tose
«24B14—540.4225201=5004142562+-46041426123—4204142662+—3800102es
2w 27254-34009e27874=3004 922862 4=260e4429503—2204+30504—180eraes
#3200+¢=140.+434004y~10041435004~80.9.38001-604y+4200s—400rsue
«4600+4— 204+ 44T604—12+4.498409—Baps4920,~%4+.5000,40.0
WCONI=INTGRL{ICON],NFR1,+50)

DYNAMIC

40

50

70

BO

NOSORT

DD 40 I=2,4NL

IFLT.EQ.IPIPE) GO TO 40

IF(1.EQ.LAOPART} GO TQ 40
KONDLUI)={COND{ 1) +CONDI(I-1))/2.0

CONTINUE

DO 50 I=24NL

HYDPOT{ I} =PRPOTII1)-X(1)

FLOWIN(1)= [HYDPOT{I-1}-HYDPOT{I))*KOND{1)/DX(1)
CONTINUE '
INRATE=A3S({FLOWINIIPIPE})+ABS{FLOWIN{IPIPE+])}
TOTINT=INTGRL{PRETOY y INRATE}

DO 60 I=14NL :

IF{I.EQ.IPIPE} GO TO 60
NFR(II=FLOWIN(T)-FLOWIN{I+1)

CONTINUE

LIMITING THE LOWEST AND RHIGHEST POSSIBLE WATER CONTENTS
DO 70 I=1,.NL

WII}=wWCON{I}

WCON(Ti=LIMITI0.0,0.500,W(I))

WORK{II=NFR{I)

CONTINUE

UPDATING HYDRAULIC CONDUCTIVITY AND PRESSURE POTENTIAL
DO 80 T=1.NL

i1F(].EQ.IPIPE) GO TO 80

CONDUTI=NLFGENICONDT WCON(I))
PRPOTOI)=NLFGEN(POT,WCON{L))

CONTINUE

WCONZ=WCON{2)

METHOD RKS

PRTPLT WCON2,TOTINT(INRATE)

TIMER DELT=2.0, QUTDEL=1000.0, FINTIM=100000.0
END

sTopP
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For Yolo light clay, the hydraulic characteristics, as shown in
Figures 6 and 7, were taken from the work of Moore (1939) as used by
Philip (1969)}. For the other two soils, the data given by Jackson

et al. (1965}, Figures 8 and 9, were used. In each case, infiltration
was continued Tong enough to ensure penetration of the wetting front

to a depth of 40 c¢m or more below the surface.

Infiltration from Buried Sources and Redistribution

The computer model, as presented in TaB]e 2 (p. 19-22), was used
for the dynamic simulation of vertical infiltration and redistribution
during the drying cycle in a homogeneous unsaturated soil. The
source was located below the soil surface and consumption of water by
plant roots was taken into account. Yolo 1ight clay soil 60-cm deep
was used. The soil was divided into layers each of which was one
centimeter thick. A root depth of 60 cm was used. A daily total
root consumption of 0.635 cm of water, distributed nonlinearly with
the time of day, as illustrated in Figure 3 (p. 15), was used.

Three Tlevels of the source, 10, 20, and 30 cm below the soil
surface, were used. Two sets of simulation data were obtained. The
initial water content was maintained uniform at 0.2375 (ecm3®/cm3) for
the first set and at 0.32 (cm3/cm3) for the other. In each case, one
irrigation cycle was first performed which was followed by one drying
cycle. The duration of each cycle was monitored by the specified

water content value at a selected point, called the control point.
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In the first set of simulation, both the cycles in each run were
monitored by the same control point. Two, three, and four simulation
runs were performed for source locations at 10, 20, and 30 cm,
respectively. For each source, the first control point was located
at four centimeters above the center of the source whereas the
others were lTocated two centimeters apart toward the soil surface.
The cut-off water content values at the control points for the irriga-
tion and the drying cycle were specified at 0.35 (cm3/cm3) and 0.32
(cm3/cm3), respectively.

In the second set, one simulation run was performed for the
10-cm source Tevel with the control point for the irrigation cycle
specified at eight centimeters above the center of the source. Two
simulation runs, the irrigation cycle control point Tocated at eight
centimeters above the center of the source for one and at 12 cm
above for the other, were performed for each of the other two source
levels. In each case, the control point for the drying cycle was
specified at one centimeter above the center of the source. The cut-
off water content value at the contrel points for both the cycles

were set at 0.35 (cm3/cm3) for each simulation in this set.
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CHAPTER IV

SUBIRRIGATION DESIGN CRITERIA

General Considerations

The design considerations for a subirrigation system, assuming
a constant source, revolve around three basic questions: ({a) At what
depth should the source be Tocated? (b) When should one irrigate?

(c) How much water should one apply? Question (a) calls for determin-
ing the optimum depth of the source for a particular soil and crop
and (b) and (c) raise the question of irrigation scheduling.

The optimum depth of the source is the one that assures the
following criteria:

(i) Adequate supply of water, as needed in different depths of
the root zone, must be supplied,

(ii) The overall irrigation efficiency should be as high as
possible,

Irrigation efficiency, in a conventional system, can be divided
into six segments: (1) water-conveyance efficiency, (2) water-
application efficiency, {3) water-storage efficiency, {4) consumptive-
use efficiency, (5) water-use efficiency, and (6) water-distribution
efficiency (Israelsen and Hansen, 1965). Whereas it is usually
difficult to maintain a high degree of efficiency in all the segments

in a conventional surface irrigation system and, as such, a careful

balance between them is necessary, subirrigation ensures a very high
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degree of efficiency in the first four segments (assuming negligible
surface evaporation and deep percolation). The water-use efficiency
and the water-distribution efficiency are the areas where particular
attention should be given in designing an efficient subirrigation
system,

The concept of water-distribution efficiency, as it applies to a
conventional system, is a measure of the evenness of distribution in
a horizontal axis along the length of run. The distribution along
the vertical direction is more important in a subirrigation system.
For the one-dimensional system considered in this study, the vertical
distribution pattern is the only consideration.

The effect of gravity is dependent upon the degree of saturation
in a given soil. Since the initial water content is assumed to be
uniform with depth, gravity causes more water to infiltrate in the
downward direction than in the upward direction. This, ajong with
the fact that the root consumption rate decreases with depth, suggests
that a higher efficiency can be expected only when the source is
located above the middle of the root zone.

From the operational point of view, however, for a subirrigation
system to be installed in the field, the source should be Tocated
beTow the tillage depth. From that consideration, 30 cm should per-
haps be regarded as the minimum depth of the source in a field where
normal tillage operations are done. For controlled plots (e.qg.,

green house), however, a shallower depth may be workable.
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Two New Concepts

In order to evaluate the effectiveness of vertical water distri-
bution in a subirrigation system, two new concepts are introduced.
They are: (1) Availability Coefficient, and (2) Proportionality
Coefficient. Before defining these concepts, it is necessary to
explain the term "desirable water content profile." It is assumed
that for a given crop and soil, there exists a water content profile
with depth which is optimum for crop production. This profile is
termed as the "desirable water content profile.” In a subirrigation
system, it is desirable to maintain water content profiles as close
to this ideal profile as possible. The definition of the coefficients

are given below.

- o o 1 Afo AX,
Availability Coefficient, C, = 1.0 - N—(lfnwi - ani I).
where axP. = positive value of the deviation of water content

i
of ith observation from the desired water content

at that point,

Axn, = negative value of the deviation of water content
of ith observation from the desired water content
at that point,

Dwi = desired water content of ith observation,
and N = number of observations.
The availability coefficient, Ca’ is a measure of the degree of

excess or deficiency of water in the root zone with respect to the

amount represented by the desirable water content profile. The



40

maximum value of the coefficient is 1.0.

AX

. . . s 1 i
p 1 f t, = 1.0 - 5 [)F 3
roportionality Coefficien C, 0 -3 (ZDWT)

where Xy = absolute deviation of water content of ith obser-
vation from the desired water content at that
point,

and other parameters are the same as defined earlier.

The proportionality coefficient, Cp,is indicative of the average
proximity of a given water content profile to the desirable profile.
When the deviation from the ideal profile is zero, the proportionality
coefficient is 1.0,

It is the combined effect of the two coefficients, rather than
any one of them, that is important in evaluating the effectiveness
of vertical water distribution in a subirrigation system. This is
because, for an optimum design situation, both adequacy of supply as
well as efficiency of the system are equally important. Figure 10
contains seven illustrative profiles indicating the relative merits of
each. Examples (a) and (b) are cases of excess water near the bottom
and the values of the toefficients are very Tow. Examples (c) and
(d) have the same values of C, and of Cp; but judging from the root
extraction pattern shown in Figure 5 (p.17) and the effect of gravity,
example (d) would be the case of better distribution. Out of
examples (e) and (f), both of which have the same values of C, and Cp,
one may be tempted to choose example (e) over (f) because of its

sufficiency of water appiied. But a correct decision can only be made
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Illustration of the availability coefficient,
C,. and the proportionality coefficient, Cp
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when the comparative effects of both the cases on crop yield are
known. It is interesting to note that although in each of examples
{c), (d), and (g) the value of Ca = 1.0, it is only in (g) that Cp
has a value of 1.0. |

The ideal profile that is desirable for optimum yield is 1ikely
to be dependent on the crop as well as the soil. It is expected that
this profile would be a function of the root extraction pattern for a
given soil and crop. Field experiments are necessary for determining
the nature of the ideal profile.

A numerical example, which illustrates the technique of computa-
tion of the coefficients, Ca and Cp, is furnished below.

Example. The water content values of the desirable profile and
the actual profile measured at indicated depths are given in Table 4.

The values of Ca and Cp are computed also,



Table 4

a
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Example of computation of the availability coefficient,
C_., and the proportionality coefficient, Cp

Depth Measured

Water content (2-3) (4/3)
water of desired
content profile

(cm) (em3/cm?3) {em3/cm3) (ecm3/cm3)

1 2 3 4 5

0 .48 45 +.03 +.0667

5 50 .43 +.07 +.1630
10 50 .41 +.09 +.2190
15 .50 .39 +.11 +.2820
20 .49 .37 +.12 +.3240
25 47 .32 +.15 +.4680
30 4z .30 +.12 +.4000
35 .35 .27 +.08 +.2960
40 .29 .25 +.04 +.1600
45 23 .22 +,01 +,0455
50 .18 .20 -.02 -.1000
55 14 A7 -.03 -.1760
60 .10 15 -.05 -.3330
zAxP. zAxni

= 2.4242, and )r— = 0.6090
DN DW

AX
Therefore, Zﬁml'= 2.4242 + 0.6090 = 3.0332
i

Ca

C
p

I

1.0 - (2.4242 - 0.6090) = 1.0 - (1.8152) = 0.8615

1.0 - (3.0332) = 1.0 - 0.233 = 0.767
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CHAPTER ¥

RESULTS AND DISCUSSION

The results obtained from simulation utilizing the two computer
programs, Tables 2 (p. 19-22) and 3 {p. 27-28), will be discussed
separately. Although infiltration through the surface may be con-
sidered to be a special case of infiltration from a buried source,
the former process is important in itself because of its influence

in many natural as well as artificially induced hydrologic events.

Infiltration through the Surface

The results of simulation on the three soils, Yolo light clay,
Adelanto loam, and Pachappa loam, are presented in Figures 11 through
18 in the form of water content profiles with time, average infiltra-
tion rates with time, and cumulative amounts of infiltration with
time. The results from Yolo Tight clay provided a comparison with
the solution obtained for identical boundary and initial conditions
by Philip (1957a, 1957b), whereas those for Adelanto and Pachappa
loam demonstrated the workability of the method for soils having
different hydraulic characteristics (Bhuiyan et al., 1971).

Comparison between vesults obtained for Yolo light clay by
simulation and Philip's method, as illustrated in Figures 17, 15, and
17, shows fairly good agreement. It is evident, however, that CSMP

solution yields water content profiles which penetrate to a greater
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depth for a given time and have a less abrupt end to the profiles.
The hydraulic properties of Yolo light clay used in this work were
read from the curves presented by Philip (1969). To make them ysable
for the purpose of the comparison, the water content vs. conductivity
curve shown by Philip had to be extrapolated and, thus, unavoidable
errors might have been introduced into the input values of the CSMP
model. However, it is interesting to note that a comparison of water
content profiles obtained in field experiments and calculated by
Philip's method (Nielsen et al., 1961) showed a similar comparison to
that illustrated in Figure 11.

Figure 12 (p. 44) demonstrates the effect of a lower initial
pressure potential, -2000.0 cm of water, on the water content pro-
files. Although the wetting front penetrated less deeply, the total
amount of infiltration, as calculated by the program, was higher in
this case than that in the case of Figure 11 (p. 43). The total
infiltration amounts were 4.37 cm and 3.84 cm, respectively.

The infiltration process was more rapid in Adelanto and Pachappa
 spils than in Yolo 1light clay, as one would expect from their hydrau-
1ic properties. The infiltration rates calculated by the model were
the instantaneous values and were highly variable. Therefore, average
infiltration rates for each soil, as shown in Figures 17 (p. 49) and
18 (p. 50}, were obtained by measuring the slopes from the appro-
priate cumulative infiltration curves.

The error in integration for solutions in Yolo light clay was

specified to be equal to, or jess than, 0.1 percent, which meant a
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very high degree of accuracy. In the case of the other two soils,
the error limit was increased to 10 percent in order to reduce the
required computer time. The more hydraulically conductive the soil
1s, the smaller are the integration steps to meet a given error bound.
Thus, in case of more. conductive soils, the total number of itera-
tions to reach a given time solution becomes very Targe in comparison

to what is necessary for a less conductive soil.

Infiltration from Buried Sources and Redistribution

The water content profiles, presented in Figures 19 through 32,
i1lustrate how water is distributed in time and space during infiltra-
tion from buried sources and, subsequently, redistributed through the
drying cycle. Tables 5 and 6 summarize the main aspects of the
simulated data.

Let us consider the results of simuTation for the source at
30-cm depth and initial water content of 0.2375 (cm3/cm®). When the
control point is Tocated four centimeters above the center of the
source, as shown in Figure 24, there is no infiltration above layer
21 and below layer 41. The root consumption rate being the highest
in the top of the root zone, the drying cycle profile at the end of
11.0 hours shows considerable depletion of water from the initial
value in that part. This depletion is avoided in Figures 25, 26, and
27 where the control points are further away from the source compared
to the previous case. There are, however, two other interesting

developments that become evident in these figures. First, depletion
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Table 5 Summary of pertinent results of computer simulation
with initial uniform water content
of 0.2375 (cm3/cm3)

Source Location (cm below sur- Duration Total amount Duration

face) of of infiltrated of
irrigation _ drying
cycle cycle
control control

point for point for
irrigation drying

cycle* cycle** (hours} (cm) {hours)
10 6.5(Fig. 19) 6.5 1.875 1.872 7.16
10 4.5(Fig. 20) 4.5 6.080 3.326 4.4]
20 16.5(Fig. 21) 16.5 1.875 1.872 10.00
20 14.5(Fig. 22) 14.5 5.125 3.040 27.10
20 12.5(Fig. 23) 12.5 11.250 4,567 42.20
30 26.5(Fig. 24) 26.5 1.875 1.872 11.00
30 24.5(Fig. 25) 24.5 5.125 3.047 28.00
30 22.5(Fig. 26} 22.5 11.000 4,498 48.75
30 20.5(Fig. 27) 20.5 17.700 5.744 64.90

* Cut-off water content value at the control point for irrigation
cycle = 0.35 (cm3/cm3)

** Cut-off water content value at the control point for drying
cycle = 0.32 (em3/cm3)
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Table 6 Summary of pertinent results of computer simulation
with initial uniform water content
of 0.32 (cm3/cm3)

Source Location (cm below sur- Duration Total amount Duration

face) of of infiltrated of
irrigation drying
cycle cycle
control control

point for point for
irrigation drying

cycle* cyclex* (hours) (cm) (hours)
10 2.5(Fig. 28) 9.5 10.43 3.365 44,00
20 12.5(Fig. 29) 19.5 4.15 2.003 57.18
20 8.5(Fig. 30) 19.5 13.00 3.739 115.00
30 22.5(Fig. 31) 29.5 4.15 2.002 78.00
30 18.5(Fig. 32) 29.5 12.73 3.658 165.04

* Cut-off water content value at the control point for irrigation
cycle = 0.35 (cm3/cm3)

** Cut-off water content value at the control point for drying
cycle = 0.35 (cm3/cm3)
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from initial water content occurs during the irrigation cycle.
Second, accumulation of water at the bottom increases in proportion
to the distance of the control point from the source. If the irriga-
tion cycle is continued for a long time, or after several irrigation
cycles, a build-up of water table at the bottom can be expected.
Identical results also are obtained with initial uniform water content
of 0.32 (cm3/cm3), as shown in Figures 31 (p. 66) and 32 (p. 67),
although they have different locations and cut-off water content
values of the control points. It is evident that an excessive
accumulation of water at the bottom will result in Tow values of the
availability and proportionality coefficients and create poor water-
use efficiency, since this water will not 1ikely be utilized by the
plant.

The simulation results for the source at 20 cm depth illustrate
a similar trend. With the drier initial water content and control
point four centimeters above the center of the source, as shown in
Figure 21 (p. 55), the top six centimeters and the bottom 22 cm of
the root zone deplete water at the end of the drying cycle. In
Figure 22 {p. 56}, having the control point moved six centimeters
above the center of the source, no significant depletion of water from
the initial value is evidenced at the end of the drying cycle. But,
it is obvious from the pattern of movement of the profiles with time
that accumulation at the bottom will start if the drying cycle is
continued longer or another set of cycles is performed. In Figure 23

{p. 57), the control point is set further away from the source than
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in Figure 22 (p. 56). This resulted in a longer duration for both of
the cycles. As a result, depletion from the initial water content at
the end of the irrigation cycle and considerable accumulation of water
at the bottom at the end of the drying cycle are evident. With the
wetter initial condition, the build-up of water at the bottom, as
shown in Figures 29 (p. 64) and 30 (p. 65), is greater than compara-
tive cases with the drier initial condition.

The simulation for the 10-cm deep source provided more preferable
distribution of water than the other two source locations. The
depletions that are shown in the lower half of the root zone, at the
end of the drying cycles in Figures 19 (p. 53} and 20 (p. 54), are
expected to be supplemented later from water near the source.
Accumulation of water at the bottom even with the wetter initial
condition and at the end of 44.0 hours of the drying cycle, Figure 28
(p. 63), is almost nil. This indicates that the distribution pattern
is in close proportion to the actual consumption by the p]ént roots.

Considering the facts discussed above, it becomes evident that
the 10-cm deep source provides better consumptive use and vertical
distribution efficiency than the other two deeper Tocations of the
source. This naturally leads one to make a general premise that the
shallower the subirrigation source, the better the system. If the
distribution of the consumption rate with depth, as assumed in Figure
5 (p. 17) is true, this is the expected conclusion. Thus, trickle
irrigation may be considered to be the best irrigation system, if

surface evaporation can be prevented effectively.
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The simulation model, as presented in Table 2 (p. 19-22), was
applied for irrigation from the surface. The initial water content
was maintained at 0.32 (cm3/cm3) for this simulation. The resulting
water content profiles at 12.0 and 21.0 hours during the irrigation
cycle are shown in Figure 33. It is very interesting to note that
the water content profile at the end of 21.0 hours remained very
close to the initial profile, thus suggesting the possibility of a
continuous irrigation for a very long time. Further simulation data
in this area are necessary before making any definite conclusions.
This solution is theoretically sound for a trickle irrigation system.

The simulation data obtained with initial uniform water content
of 0.32 (cm3/cm3) were also analyzed in light of the availability
coefficient, Cz, and the proportionality coefficient, Cp. These
terms have been defined and discussed in section 4.2 of Chapter IV
(p. 37 through 41). Since the desirable water content profile for a
crop grown in Yolo 1ight clay was not known, it was assumed to be a
vertically uniform profile at the water content value of 0.32
(em3/em3). The end of the drying cycle was considered to be the most
appropriate time for making measurements. For the purpose of
comparison between the C; and Cp values calculated from two distri-
butions, it is necessary to have equal duration of the irrigation
cycle.

In order to calculate the values of Cy and Cp, 25 points, the
first one being at the surface, along the water content profiles were

used for each case. The points selected were all 2.5 cm apart.
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Table 7 shows the coefficient values with other pertinent information.

Details of the calculation are given in Table 8.

Table 7 Calculated values of the availability coefficient,
Ca» and the proportionality coefficient, Cp, from
water-content profiles with initial uniform water

content of 0.32 (cm3/cmd)

Item Location (cm below surface) of Duration Ca Cp
No.  Source Control Points {hrs) of
Irrigation Drying Irriga- Dry-
cycle cycle tion ing

cycle cycle

1 10{Fig. 28) 2.5 9.5 10.43 44.00 .9254 .9234
2 20(Fig. 29) 12.5 19.5 4.15 57.18 .9468 .9468
3 20(Fig. 30) 8.5 19.5 13.00 115.00 .8920 .8915
4  30(Fig. 31) 22.5 29.5 4,15 78.00 .9256 .9240
5 30(Fig. 32) 18.5 29.5 12.73 165.04 .8783 .8774

0f the C; and Cp values calculated for the 20- and 30-cm source
solutions, items 2 and 4 of Table 7 are comparable because both of
them have the same duration {4.15 hours) of the irrigation cycle.
Both the C; and the Cp values for the 20-cm source solution are
higher than for the 30-cm one. In item 2, Cy and Cp have the same

value because there was no point in the simulated profile at the end
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Table 8 Calculation of the availability coefficient, C;, and
the proportionality coefficient, Cp, for solutions
with initial uniform water content of 0.32 (cm3/cm3)

Point Deviation of water content values (cm3/cm3) of the simulated
no. profiles from the desirable value of 0.32 {cm3/cm3)

Fig. 28 Fig. 29 Fig. 30 Fig. 31 Fig. 32

1 -.008 .000 -.002 -.002 -.001

2 .004 .000 .000 -.002 -.002

3 .015 .002 .004 -.002 .004

4 .024 .007 .009 .002 .007

5 .032 .012 .014 .006 .004

6 .040 .017 .020 .010 .009

7 .058 .022 .024 .014 .013

8 .060 .027 .027 .018 015

9 .06 .032 .030 .020 .018
10 .060 .034 .034 .023 021
1 .050 .034 .038 .026 .024
12 .040 .034 .042 .028 .028
13 .034 .032 .046 .030 .031
14 .029 .030 .056 .033 .034
15 .025 .026 .058 .034 ,038
16 .021 .023 .054 .034 .044
17 .016 .020 .046 .034 .058
18 .012 .018 .044 .035 .063
19 .008 .014 .044 .035 .067
20 .005 012 .044 .036 .072
21 .003 .010 .044 .036 .076
22 .002 .008 .044 .036 .081
23 .002 .008 .044 .036 .086
24 .002 .008 .048 .037 .092
25 .002 .009 .052 .038 .098
TaxP; .605 .427 866 .601 .977
Jaxn; .008 .000 .002 .006 .003
Jax; 613 .427 .868 .607 .980

N 25 25 25 25 25
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Table 8 (continued)

Fig. 28 Fig. 29 Fig. 30 Fig. 371 Fig. 32
1 AXP4 AX14
N |ZEW?_ - EW;_] .0746 .0532 . 1080 0744 217
1 oAXj
N ZEW% .0766 .0632 . 1085 .0760 L1226
Ca .9254 .9468 .8920 L9256 .8783
Cp .9234 .9468 .8915 .9240 8774
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of the drying cycle with a water content value less than that of the
desirable water content profile, as can be seen in Figure 29 (p. 64).
Neglecting the difference between the irrigation cycle durations in,
and comparing the values of the coefficients of, items 3 and 5 of
Table 7 {p. 73), the 20-cm source solution is found to produce

higher values of both C; and C, than the deeper source solution. The

P
10-cm source solution, item 1 of Table 7 {p. 73), has a much higher
duration of the irrigation cycle (10.43 hours) compared to the dura-
tion (4.15 hours) for each of items 2 and 4. However, the values of
C4 and Cp for item 1 are very nearly equal to those for item 4 and
slightly Tess than those for item 2. From this, it is expected that
with an irrigation cycle duration of 4.15 hours, the 10-cm source
solution will yield much higher values of the coefficients than other
solutions with the source at lower depths but having the same duration
of the irrigation cycle.

The results from this analysis support the previous conclusion
that the 10-cm deep source provides better efficiency than the other
two deeper Tocations of the source. They also demonstrate the capa-
city of the coefficients, C; and Cp, in measuring the effectiveness
of vertical distribution of water in a subirrigation system. The
accuracy of this analysis is, however, dependent on the validity of
the assumed desirable water content profile with respect to actual
field situations.

The computer model could be used to simulate data and determine

irrigation schedules for each source location based on the soil-water
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status alone. This, however, would require obtaining simulation
results for several sequences of the irrigation and drying cycles
in each case. It would be interesting to see if the systems attain
a quasi steady-state situation over an extended period.

The questions of "when" and "how much" to irrigate can, however,
only be answered through crop response measurements. In order to
obtain a true measure of the plant water status, measurements shouid
be made on the plant itself, not in the soil or the atmosphere. The
status of the water in the plant represents an integrated effect of
the atmospheric demand, soil-water potential, rooting density and
distribution, as well as other plant characteristics. Clark and
Hiter (1971) recommended Teaf-water potential as a good measurement
on plant for irrigation scheduling. It is expected that a dynamic
computer model could be developed for irrigation scheduling which
would consider the pertinent parameters involved.

It is known that in spite of enough water being available in
the soil, plants wilt temporarily during certain critical periods of
the day. This happens when the evapotranspirational demand for water
exceeds the rate at which plant roots can extract water from the
soil. Howell et al. (1971) established that by direct application
of water by mist irrigation to the crop canopy during critical hours
of the day, the plant-water balance was effectively controlled and
the soil water utilization increased. A combination of mist and sur-
face irrigation yielded as much as 60 percent more crops compared to

the yields resulting from surface irrigation alone (Howell et al.,
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1971). It is believed that a combination of subirrigation and mist
irrigation would be a very desirable system. The present model

could be adjusted to accommodate the necessary modifications for such
a combined system. Two parameters, the leaf-water potential for the
mist irrigation and the soil-water potential for the subirrigation,
would have to be measured for irrigation scheduling. The entire
system could be automated utilizing separate measuring devices Tocated
in the plant and in the soil.

The simulation results shown in this study are synchronized in
time for the irrigation cycie to start at 6:00 a.m., as has been
shown in Figures 3 (p. 15) and 4 (p. 16). The results will be
different if the starting time is set at some other value. It may,
however, be assumed that no appreciable difference in the simulation
results will occur with a starting time of + 2 hours from the assumed
time,

In the model, the source has been incorporated by considering
it to consist of a Tayer of saturated soil. This assumption is true
when subirrigation is done by synthetic porous pipes which run just
full so that the water at the outer periphery is at atmospheric
pressure. Any pressure above atmospheric is not accounted for in the
model, because the water content vs. pressure potential relationship,
as shown in Figure 7 (p. 31), is not considered for any value of the
pressure potential greater than zero. The apparent limitations of
the applicability of the model are, however, not major. First,

porous plastic pipes are available and are being used for
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subirrigation. Second, it has been shown by Philip (1958) that the
effect of positive pressure on the infiltration into unsaturated

soils is negligible.
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CHAPTER VI
SUMMARY AND CONCLUSIONS

A computer model was developed to simulate unsteady vertical
flow of water in an unsaturated soil during infiltration from a
buried source and through the following drying period. The model
utilized S/360 CSMP (Continuous System Modeling Program), a recently
developed language specially designed for digital simulation of
transient phenomena that can be represented by differential equations.
The mode] has the capacity to consider the source at any desired
level. The effect of gravity and the consumption of water by plant
roots which was considered to be a nonlinear function of the time of
day were taken into account. The consumption rate at any given time
was assumed to be distributed in a linearly decreasing manner with
the depth of the root zone.

The principles of the conservation of mass and of Darcy's law,
which lead to the derivation of the partial differential equation
describing unsteady flow in unsaturated media, were applied directly
in the development of this model. Its application required knowledge
of the hydraulic characteristics of the chosen soil.

A particular form of the general model, which described the
unsteady vertical infiltration through the surface, was applied to
three different soils -- Yolo light clay, Adelanto loam, and Pachappa

Toam. In this particular solution consumption by plant roots was not
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considered. The results for Yolo T1ight clay compared favorably with
the numerical solutions of Philip for the same soil and for identical
boundary and initial conditions. The solutions for the other two
s0ils demonstrated the workability of the model for soils having
different hydraulic characteristics.

Two sets of simulation data for the general model were obtained
for Yolo Tight clay using a soil depth as well as a root depth of
60 ¢cm. The first set had an initial uniform water content of 0.2375
(cm3/cm3), whereas 0.32 (cm3/cm3) was the value for the second set.
Boundary conditions always dictated a no-flow situation across the
surface and an impermeable layer at the bottom of the soil mass. A
daily total root consumption of 0.635 cm was used. In each set, three
different depths of the source, i.e., 10, 20, and 30 cm, were used.
For each source location, simulation results were obtained for
varying durations of the irrigation and drying cycle. The length of
time through which each cycle continued was controlled by a chosen
water-content value at a specific point in the soil mass. The whole
system, therefore, worked 1ike an automated subirrigation instaila-
tion.

The water-content profiles evaluated with time were plotted for
each simulation run. The patterns of water distribution with time
for each source location were analyzed in light of two important
criteria: (i) adequacy of the supply of water with respect to the
need at different parts of the root zone, and (ii) overall irrigation

efficiency.
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The S/360 CSMP language proved to be efficient in simulating the
transient water flow phenomena in unsaturated soils. The principal
advantage of the numerical procedure followed was in its complete
generality and the ease with which numerical data on the hydraulic
characteristics of the soil may be used without arbitrary assumptions
and function fitting procedures. The model developed was not
restricted to the boundary and initial conditions used for solutions
in this study. Other conditions could be considered easily. Refine-
ment of the present program also could accommodate other variables
that may be deemed necessary.

As a result of this research, the following specific conclusions
were drawn:

1. The unsteady vertical infiltration from the surface into an
unsaturated soil was simulated accurately by the particular computer
model developed in this work.

2. The general simulation model developed in this research can
be used to describe the phenomena of transient vertical water flow
in an unsaturated soil during infiltration from a buried source and
redistribution through the following drying cycle, in a sequence,
taking into account the root consumption activity. This model can
conveniently be used to simulate water distribution phenomena involved
in subirrigation practices.

3. Two new concepts are defined -- availabiTlity coefficient and
proportionality coefficient. These help evaluate the effectiveness

of vertical water distribution in a subirrigation system. The
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water-use efficiency is the other area that needs to be considered
for determining the overall efficiency of the system. Other segments
of irrigation efficiency are generally very high in subirrigation by
virtue of the nature of the application of water.

4. For the assumed distribution of the root consumption with
time and depth, the 10-cm depth source provided better distribution
of water with time and space compared to the 20-cm and 30-cm source
locations. Irrigation from zero depth, as in the case of trickle
irrigation, appeared to be the best system for the given boundary

and initial conditions.
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LIST OF SYMBOLS AND ABBREVIATIONS

Xs ¥, Z

AX, Ay, AZ

partial derivative

fluid density

water content

time

volume flux

axes of the coordinate system

small change in the x, y, and z direction,
respectively

hydraulic conductivity
hydraulic potential
divergence of

gradient of

pressure potential
vertical ordinate

coefficients which are functiens of @ in
equation (7}

source term

availability coefficient

proportionality ccefficient

number of observations

positive value of the deviation of water

content of ith observation from the desired
water content of that point
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AXn

DW,
i

AX

CSMP
S/360
NL
IPIPE
TX

DX

Xy X
PRPOT
HYDPOT
COND
KOND

ICON
WCON
FLOWIN

LIST OF SYMBOLS AND ABBREVIATIONS (continued)

negative value of the deviation of water
content of ith observation from the desired
water content of that point

desired water content of ith observation
absolute deviation of water content of ith
chservation from the desired water content
at that point

summation

continuous system modeling program
system/360

number of layers

layer number of the source

thickness of layer

distance between centers of two adjacent
layers

gravitational potential
pressure potential
hydraulic potential
hydrauiic conductivity

average hydraulic conductivity across the
top boundary of a given layer

initial water content
water content

rate of flow across the top boundary of a
given layer
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LIST OF SYMBOLS AND ABBREVIATIONS (continued)

NFR net rate of flow

INRATE rate of infiltration

TOTINT total amount of infiltration

RTCON root consumption rate of a given layer

RFACT root factor

UPTAKE root uptake rate

RTIME time of day

WCONT function giving pressure potential vs. water
content relationship

CONDT function giving water content vs. hydraulic
conductivity relationship

POT function giving water content vs. pressure
potential relationship

RDISTN function giving depth vs. root factor
relationship

CONSUM function giving time of day vs. uptake rate
relationship

Yisat value of y at time t+at

Yg value of Ygyp calculated by Simpson's Rule

A absolute error

R relative error

CM, cm centimeter or centimeters

HRS, hrs hours

SEC second or seconds
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Fig.

CDT

LIST OF SYMBOLS AND ABBREVIATIONS (continued)

page
figure

central daylight time





