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B1 Introduction
This appendix explains the major computational procedures of the BORDEV
and FURDEV programs. Both packages are based on existing theories and
therefore we decided not to present all the details here. What we have done is
indicate the broad outlines and refer the interested reader to the relevant literature for further details. Because the core of the BORDEV and FURDEV
programs are based on the same principles, they are discussed together in one
appendix. Differences are indicated and explained where relevant.
We have used different approaches to simulate the various phases (advance,
ponding, depletion and recession). For instance, the volume balance method
has been used in both programs to simulate the advance phase. The details of
this approach can be found in Walker and Skogerboe (1987) and in Walker
(1989). To simulate the ponding, depletion and recession phases, simple algebraic approaches have been used as originally discussed in Strelkoff (1977).
Two things make the calculations for furrows more complicated than that
for borders (and basins). One concerns the geometry of the surface flow.
Furrows have complicated cross sections (see Section B5), whereas borders
have simple, very wide, rectangular sections. The second complication in furrow modelling is that water infiltrates in various directions along the wet section of the furrow, whereas borders only have vertical infiltration. Also, furrow calculations are done with the furrow spacing instead of the unit width of
one metre for basins and borders.
We shall discuss the advance phase first (in Section BZ), which has the
same equations and procedures in both FURDEV and BORDEV. Then follow
the approaches used for the ponding, depletion and recession phases for FURDEV (in Section B3) and for BORDEV (in Section B4). Furrow geometry factors are discussed in Section B5, followed by a description of the optimisation
procedure for the application efficiency (in Section B6).

B2

Advance phase

B2.1

Basic equations

To search for the distribution of the infiltrated depths along the border or furrow, we use the infiltration advance model that is based on three equations.
The first relates the advance of the water front in the furrow to the elapsed
time according to an empirical power law which can be written as

in which
= distance that the water front has travelled along the furrow (m)
x
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T, = elapsed time since water was let into the furrow (min)
p, r = empirical fitting parameters
Water infiltrates over the wetted distance as the water front advances, according to the modified Kostiakov-Lewis infiltration equation, which is the second
equation in the infiltration-advance model

D = kTa

+

foT

03.2)

in which
D
= cumulative infiltration (mm)
T
= intake opportunity time (min)
k, a, fo = empirical fitting parameters
These two equations are linked by the factor time: at a certain elapsed time,
T, in Equation B1, the intake opportunity time at the upstream end, T in
Equation B2, are the same. Once both relationships are defined, one can
determine the infiltrated depth at any distance along the furrow or border
during the advance phase. When the wetting front reaches the end of the field
(where x = L), T, equals the duration of the advance phase, TL. In a normal
design situation we know the fitting parameters of the infiltration equation,
but we do not know those of the advance equation, ie, we would want to determine TL, but do not know p and r. To solve this problem, we can use the continuity or volume balance equation (the third basic equation in the infiltration
advance model), which reads

s
X

QoT, =

O

s
X

A(x, t)dx

+

Z(x, t)dx

03.3)

O

where
Qo
= flow rate at the inlet boundary
A(x,t) = cross-sectional area of surface flow, variable with distance and time
Z(x,t) = cross-sectional area of infiltrated water, variable with distance and
time

This equation is called the volume balance equation because the left-hand
side represents the total inflow volume over time T,, which should equal the
surface storage volume, the first integral, plus the infiltrated volume, the second integral. If one writes
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where
A,, = inlet cross-sectional area
uy = surface-storage shape factor
and we insert the right-hand side of Equation B.4 into Equation B.3, the latter changes into the Lewis and Milne (1938) form of the volume balance equation. Assuming that as inflow starts the water level at the inlet immediately
rises to a constant normal depth, A,, remains constant. However, the water
surface dips towards the wetting front, and the average cross-section over X
equals cry&. This reduction factor is often found to be 0.7-0.8. FURDEV and
BORDEV use uy= 0.77.
Manning’s equation and some flow geometry coefficients are used to calculate
A,, from

in which
n
= Manning’s roughness coefficient
SO
= bed slope
C1, C2 = geometry constants
The factor 60 accounts for Qobeing expressed in m3/min, as commonly used in
American theory of the volume balance model, instead of m3/s.
The two geometry constants can be computed from values of al, u2,71, and 72,,
which are detailed in Section B5. The equations for C1 and C2 are
0.67

Cz

= u1(+)

(B.6)

and

Note, these values are important for furrows, ie, in the FURDEV model. In
BORDEV, with its simpler flow geometry, al = a 2 = 71 = 1.0 and 72 = O.
The infiltrated volume can be expressed as (Christiansen et al. 1966)
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X

J Z(X, T)dx = a,kT:

+ U;

fo T, X

(B.8)

O

in which (T, and ui are subsurface-storage shape factors. According to Kiefer
~
(1959), an approximate expression for the factor ( T is
a + r(1-a)+l
=

(T,

(1+ a)(l + r)

(B.9)

and u; equals
1

9

a, = -

(B.10)

l+r

Taking all elements of the volume balance together, we obtain
QoTx- 0.77& X - o,kTi X - (T; fo T, X = O

(B.ll)

This equation forms the basis of the advance phase calculations in the FURDEV and BORDEV programs. Given Qo and X, Equation B . l l is to be solved
for T,. The other parameters in Equation B . l l are also given, except the
power r of the advance equation, which appears in Equations B.9 and B.lO.

B2.2

Solution

Equation B . l l is a non-linear equation with two unknowns, ie, T, and r.
According to Walker and Skogerboe (1987), values for these two unknowns
can be derived using a two-stage iterative procedure. The procedure is
explained in detail in Walker and Skogerboe (1987, p.141) as well as in Walker
(1989, p.69), and will only be summarised here. The essence of the procedure
consists of two iterative loops, as illustrated in Figure B.1. The inner loop
forms the core of the algorithm, in which, for a “given” value of r (starting
value r = 0.51, the advance time to the mid-distance point, T0.5~,(using X =
L/2) and to the downstream end, TL, (using X = L) are calculated iteratively.
The starting value for T, is found from

T, =

5&
&O
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(B.12)
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Figure B.l

Inner and outer loops to find.r and TL

Then, the Newton-Raphson iteration method (se for example, Walker and
Skogerboe 1987) is used to find the next value of T,, ie, by applying

(B.13)

In our case this yields

Ti''

i

QoTf - 0.77-

= T, -

- uz k(TfIaX -

uLfoT$X

i a-1

Qo

- auz k(T,)

X -

(B.14)

f,, X

The inner loop ends if I Txi+l - T,' I < 0.1 min and T, equals T0.5~
or TL. The
outer loop calculates r iteratively. As mentioned above, the starting value is
0.5, but after calculating T0.5~and TL, a revised estimate of r is found as follows
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If I rJ+I-rJ
I I0.001, the calculation is concluded and we have found both r and
TL. By using Equation B.l we find p =
and the advance equation is
known. It is now possible to find the infiltrated depth along the whole border
or furrow length for the end of the advance phase.

B2.3

Assumptions and limitations

Equation B.5 assumes that flow depth at the inlet boundary instantaneously
rises to a normal depth and that for any given flow rate and system parameters combination, the average flow depth remains constant during the
advance phase, irrespective of advance distance and time. In deriving
Equation B.ll from Equation B.3, the following are implicitly assumed:
1. The flow rate is constant during the advance phase.
2. The soil is homogeneous throughout the length of run of the border or furrow.
3. Manning’s channel roughness coefficient is constant.
4. The flow channel is prismatic.
5 . Cutoff time is greater than advance time.

B3

Ponding, depletion and recession in FURDEV

B3.1

Ponding

Water continues to infiltrate during the ponding phase. To ascertain how
much water infiltrates at various points along the furrow, we need to know the
duration of the ponding phase. The ponding phase begins at the end of the
advance phase, TL, and ends at the cutoff time, Tco.In FURDEV, cutoff time
is either given as an input variable (in Calculation Mode 4)or must be calculated (in Calculation Modes 1, 2 and 3, where Dmin = Dreq).This means that
in Calculation Mode 4 the duration of the ponding phase is fixed and is
Tco-TL.
The cutoff time is found iteratively in Modes 1, 2 and 3. A first estimate of
T,, is made and the depletion and recession times are calculated resulting in
a revision of the first estimate of TcO,etc. The first estimate of T,, is obtained
from
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(B.16)
where
= advance time to the downstream end point (min)
Treq = required intake-opportunity time to infiltrate Dreq(min)

TL

Then, based on this first estimate, the depletion and recession phases are simulated as outlined below, whereby Dmin is calculated. If Dmin is virtually equal
to Dreq, then the calculation of T,, is concluded. If not, a new estimate of T,,
is made and so on.

B3.2

Depletion

During depletion and recession, both infiltration and runoff occur and to be
able to quantify both, we must know the duration of the two phases. We use
the approach suggested by Strelkoff (1977) for border irrigation, modified and
elaborated for furrow irrigation by Ley (1978) and Essafi (19831, as outlined
in Walker and Skogerboe (1987).Assumptions for the depletion phase, according to the Strelkoff model, are (see Figure B.2):
1. The sum of infiltration and runoff after cutoff continues to equal the precutoff inflow, Qo.
2. At the time of cutoff, the surface-water profile is a straight line.
.
3. Water depths at both ends correspond with uniform flow.
4. During depletion, the downstream outflow (runoff) and depth remain constant; the upstream depth decreases to zero at the end of depletion.

L

Figure B.2

I

Depletion phase assumptions
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The depletion time, Td, equals the sum of T,, and the duration of the depletion period, sometimes called Tlag. Tlag is the time it takes the upper end to
fall dry after cutoff. It is found by dividing the volume removed during depletion by the removal rate following assumption 1,according to:

(B.17.)

Next, we calculate the wedge-shaped volume of water, Vd (m3), that can be
removed from the furrow during the depletion phase (Figure B.2) using the
following approximate expression

where 0.23 equals 1- uy , with uy the surface shape factor, which is taken as
0.77 in FURDEV. V,, is the volume of water under surface storage at T,, (m3).
Thus, 23 % of V,, leaves the field during the depletion phase, as opposed to
the 50 per cent assumed for borders. Evidently, this is-an approximation
which appears to work satisfactorily. Now, according to Ley (1978), we express
v c o as

where

do = V l a 2 Y,""- 1, d i = u1u2 Y?2
2

1, b2 =

1
~

UZ-

1

, a2

=(&)

(B.20)

in which u1 and u2 are furrow geometry factors (Section B5) and Y, and YL are
the water depths at the head and at the tail of the furrow, respectively, at cutoff. Because of the assumed normal depths at both ends, these water depths
are known via the geometry relation A = ulY''2 and the Manning expression
for A as used in Equation B.5. The YL is found from QRI T,,, the runoff rate during the depletion phase
Pa,

QRIT,,

= & o - IT,, L -

(B.21)

Wf
in which the infiltration term equals the average of the rates at the beginning
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and the end of the furrow

IT,, =

i T c ~+ iTco - TL

(B.22)

2

and for i we can use the instantaneous form of the Kostiakov-Lewis equation

(B.23)

iT = akTa-' + fo

The expression LPav/Wfin Equation B.21 indicates the infiltrating area (corrected for the furrow width, Wf),being the product of the furrow length, L, and
the average wet perimeter, Pav.The latter is derived from the average wet
area u&,, which gives the water depth and the wet perimeter using the
geometry factors UI, UZ, 71 and 72.
We thus find Tlag, applying Equation B.17, and so Td = T,, + Tlag. The infiltration opportunity time along the furrow at the end of the depletion-phase is
then Td at the furrow head, and Td - TL at the tail, and Td - T, in between.
The only remaining item we need to know in order to define the final infiltration distribution is the recession time.

B3.3

Recession

Simplified assumptions have been introduced by Strelkoff (1977) and later by
Ley (1978) to create algebraic equations to solve the recession problem:
Water surface profiles during the recession phase are straight lines parallel to the water surface profile at the end of the depletion phase (see
Figure B.3).
At any instant during recession, flow depth at the downstream end is
normal for the corresponding flow rate.
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Figure B.3 Recession phase assumptions
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The value of T, varies with the distance along the furrow, X. The array of
points, (X,T,(X)), that define the recession trajectory are calculated using a
recursive procedure, in which the receded distance is fured as multiples of U24,
and the time required for the receding edge to trail to that point from an adjacent point is calculated as T,(X). This recession time follows from the removed
volume of water between two steps, divided by the average removal rate.
The procedure starts with determining the volume of water under surface
storage at any given time during recession, V,, (m3), as a function of the
water-covered length of the furrow. This length equals

1' = L - CAXi

(B.24)

Looking at Figure B.3, we can see that the water depth at the lower end is
equal to the slope of the water surface, S,, multiplied by this 1'. This slope is
found by dividing the water depth at the lower end at the end of the depletion
phase by furrow length, L. Using A = alY"2 , and substituting Y = Sy.ll,we find
V,, as the distance integral of A as follows

v,, (1' )

UlS,"2

=

iu2+1

(1 )

(B.25)

The volume of water under surface storage at the end of the depletion phase
equalled Vco-Vd, which volume equals V,, at the start of the recession phase,
when the whole furrow is still wet. To force this, a correction factor, Cf,needs
to be applied

(B.26)

The difference between V,, at moment i can be subtracted from that at i-1 to
give the removed volume, Vfm.
Now we still need to determine the removal rate for each volume. This rate
has a runoff term and an infiltration term. For each step i, the runoff rate is
calculated using Manning's equation, or
1
Q Li -

(2)G

~60 S,0'5

(B.27)

n

QL-'.

and the average Q& is then easily found from
and
As usual, the crosssectional area at the downstream end is found from q(1' S,)"2.
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The average infiltration rate is found from two adjacent rates at i and i-1. One
such rate, Ii, is calculated using the ratio of Pp and Pm, (Ley 1978).

(B.28)

where
1~~ = the average infiltration rate at Td and Td-TL, equivalent to Eq. B.22,
with Td replacing T,,
PI' = the average wetted perimeter for the water-covered length of the furrow
P,,
= wetted perimeter at T,,
We find P,, from

(B.29)

where 71 and 72 are geometry factors (Section B5). In FURDEV Pii is calculated as follows: (i) the equation of the wetted perimeter is integrated over 1'
numerically, using the composite trapezoidal rule for 14 intervals and (ii) the
quantity thus obtained is then divided by 1' and is adjusted by multiplying it
by Cf (Walker and Skogerboe 1987). The time required for the receding edge
to travel from 1' to li+l can be derived from the following equation

(B.30)

If we add these time intervals from the start of recession, we obtain the recession time T,,, at various stations along the furrow in minutes, the maximum
value being Tre,(L) at the downstream end of the furrow. If we add this maximum to Td, we get the recession time T,, marking the end of the irrigation.
Having computed depletion and recession times, we now remember that when
we started the ponding phase we assumed a value for T,, in Calculation
Modes 1-3. To check if this assumption was satisfactory, we first calculate
Dminby looking at the infiltrated depth at the upstream and the downstream
ends and calling the minimum value Dmin.If this Dmindiffers by more than
0.001Dreq from Dreq, we need a revised estimate of T,, and the whole procedure of the depletion and recession computations is repeated to finally get a
revised value of Dminthat satisfies the condition that Dminmust be virtually
equal to Dreq.
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For the 25 points along the. furrow we can now determine the infiltrated
amounts by first finding the infiltration opportunity time at each point. We use
add values of
the cutoff time and the advance function to give values of TCO-TX,
the depletion time (or lag time, Tiag)and also add the recession times, Tree. This
will allow us to calculate the infiltrated depths along the furrow length.

B4

Ponding; depletion and recession in BORDEV

The BORDEV algorithm relating to the ponding, depletion and recession phases follows the theory as developed by Strelkoff (1977) and summarised.in
Walker and Skogerboe (1987). Different approaches are followed for Modes 1-3
and Mode 4.In Modes 1-3 the cutoff time is calculated such that the minimum
infiltrated depth will be equal to the required depth (Case 2 below). In Mode 4
this is not the case and T,, is given as input (Case 1below). The last-mentioned
approach is discussed first because it is the more straightforward one.
Case 1. In this case (calculation Mode 4),T,, is part of the input data so it is
impossible to enforce the requirement Dmin= Dreq. The procedure is to first
calculate the depletion time Td and then the recession time T, can be calculated. The depletion time Td is determined with Equation B.31
r

.

(B.31)

where Y, = depth of flow at the inlet, according to Equation B.5.
The recession time T, is then calculated as
0 095 ,0.47565

TJX) = Td

+

(S,)

0.20735 x0.6829

(B.32)

O 237825

0.52435

(1)

SO

'

In this, I is the average infiltration rate over the border length, which is a
function of the prevailing value of Td, as
.

I = akT:-lL

-

a(a - l)kT:-2

TL L

+

'ak(a - l)(a - 2) T:-3

r + l

2 (2r + 1)

a(a - N a - 2) (a - 3) kT$-4 T i L
-
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6 (3r + 1)

TiL

+

f,L

(B.33)

and S, is the water surface slope, determined as

(B.34)

The use of Td in Equation B.33 assumes that the variation in the intake rate
of the soil during the recession phase is negligibly small. This is a plausible
assumption. As all necessary parameters are known, the infiltrated depths
over the border length can now be calculated.
Case 2. Here the condition that Dmin = Dreq is to be enforced (Calculation
Modes 1-3). Core of the procedure is again the determination of the depletion
time Td. Using Equation B.31 the cutoff time T,, can then be determined. The
calculation of Td involves an iteration process whereby the following equation
is used, which equation is similar to Equation B.32.

(B.35)

In this, a first estimate Td(1) must be made, for which we take Td(1) = Tr(L),
the latter being found as T,(L) = Treq + TL,where TL is the advance time (this
first estimate Td(1) in fact is the recession time, assuming that the minimum
infiltrated depth occurs at the downstream end of the border). Summarising,
the procedure runs as follows:
1. Let Td(1) = Tr(L), where Td(1) is the initial estimate of Td
2. Calculate Td(2), a revised estimate of Td, using Equation B.35
3. As long as I Td(2) - Td(1)I > 0.1, then redo the above step b with Td(1) =
Td(2)
4. When I Td(2) - Td(1) I < 0.1, the depletion time Td equals Td(2)
Now, check that there is no under-irrigation at the upstream end of the border by calculating Dus with the Kostiakov-Lewis equation as
(B.36)
If the assumption was correct we can now calculate T,, with Equation B.31. If
the assumption was not correct and under-irrigation appears to occur at the
upstream end:
5. Set Td = Treqand solve Equation B.31 for T,,
6. Calculate I and S , using Equations B.33 and B.34, respectively

As with Case 1, now that all the necessary parameters are known the infiltrated depths along the length of the border can be calculated.
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B5.

Furrow geometry parameters

Furrow geometry is an important input in the modelling of the furrow irrigation process. There are three geometric elements that have a direct bearing on
the surface hydraulics, infiltration and soil erosion in open channels:
- Cross-sectional area of flow, A, is required to estimate surface storage and
flow velocity
- Wetted perimeter, P, affects the infiltration
- Hydraulic radius, R, is needed to calculate the flow resistance
These geometric elements of a channel are functions of flow depth, Y, and the
geometry of the section. Hydraulic channels are often prismatic, but furrows
rarely are and mostly have an irregular cross-section. Moreover, the original
furrow cross-section often changes in the course of the season due to the irrigation stream. The cross-sectional shapes of newly formed furrows can vary
from triangular to trapezoidal. The eventual hydraulically-stable shape is
dependent on the soil physical properties as well as on the magnitude and distribution of the shear force (Chow 1959). Many researchers have assumed
that the final stable geometric shape obeys some kind of power law
(Fangmeier and Ramsey 1978; Elliott et al. 1982; Walker and Skogerboe
1987), such as Equation B.37, which relates the top width of the water in the
furrow, T, to the water depth, Y

T = alp2
where
T
Y
al and

(B.37)

= top width of flow
= depthofflow
a2 =

coefficient and exponent of the power function, respectively

The wet cross-sectional area, A, can be derived by integrating Equation B.37
over Y, producing
A = ulV2

(B.38)

where the furrow-geometry parameters u1 (m2-u2)and u2
al

u1 = - and u2 = a2
a2

+1

+1

(-1 are given as
(B.39)

The exact expression for the wetted perimeter, P (m), of a power law cross-section is
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A closed-form solution of Equation B.40 is available only for parabolic (a2 = 0.5)
and triangular (a2 = 1)sections, which are particular cases of power law crosssections. The P of a power law cross-section can, however, be well approximated as a power function of the flow depth, as in Equation B.41, (Elliott et al.
1982; Fangmeier and Ramsey 1978).

where 71 (m1’2) and 72 (-1 are additional furrow-geometry parameters.
Kessira (1996) has shown that the maximum relative error that could occur
from the use of Equation B.41 for a range of flow conditions is less than, or
equal to, 10 per cent. It is a simple matter to derive an expression for R as a
function of Y and the geometry parameters using Equations B.38 and B.41.
For reasons of simplicity, FURDEV uses these two equations to estimate the
wetted area and wetted perimeter of a trapezoidal cross-section as well.
Below, we describe the relationships between the dimensions of the flow crosssection and the furrow-geometry parameters for the three standard geometric
sections that can be selected in FURDEV, ie, triangular, trapezoidal and
parabolic.
Triangular cross-section
The type of cross-section which is of concern here is a symmetric triangular
cross-section. Based on the geometry of a triangle and the assumed power law
relationships between A and P on the one hand and Y on the other (Equations
B.38 and B.41), the geometry parameters corresponding to a triangular crosssection are given as

where z = side slope
Trapezoidal cross-section
The cross-sectional area and wetted perimeter of a trapezoidal cross-section
cannot be expressed as an exact power law of depth. Thus, any estimate of
area and wetted perimeter of a trapezoidal section using Equations B.38 and
B.41 is an approximation. Optimal geometry parameters can be determined
by regressing area and wetted perimeter against flow depth. A simple, but less
accurate, approach involves the use of a pair of Ys and associated As and Ps
to form a pair of equations, for both A and P, which can then be logarithmi185

cally transformed and solved simultaneously for the unknown geometry
parameters. Kessira (1996) has shown that for any given cross-section and
range of flow depths there is a unique pair of flow depths to minimise error.
This approach has been implemented in FURDEV. The program uses a n arbitrarily selected maximum flow depth of 0.20 m to calculate two depth values,
Y1 = 0.6Ymax = 0.12 m and Y2 = 0.3Ymax= 0.06 m. Based on these values of
Y1 and Y2 and the user-specified bed width, W, and side slope, z, FURDEV calculates the parameters of Equations B.38 and B.41 using Equations B.43-B.47

(B.43)

(B.44)

71

=

w + (2 dl + 22 ) Y1

1%
72

=

w + (2 d 1 + z2 ) Y1
w + (2 d l + z 2 ) Y2
log

(B.45)

(B.46)

Y1

y2

Parabolic cross-section
A parabola is a special case of a power law. The values of u1 and u2 for a power
law cross-section are given in Equation B.38. For a parabola, where y varies
with T2, we easily see that the power a2 = 0.5, hence 02 = 1.5. For known values of Tm, and Ymax (which are entered on the screen, default values being
0.5 m and 0.2 m, respectively) we find coefficient al as Tmax /dYmax therefore

(B.47)
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For a parabola, we may substitute a2 = 0.5.and al = T,,/dY,,
into Equation
B.40 and integrate this equation from zero to the water depth, y. We then
obtain P = f(z) X y, in which

(:C

~ z =) 222

I+-

-

+ I n ( -l+ c I +-- ) )

(B.48)

Z

where z = side slope of the furrow at the water surface.
Power law
FURDEV can also find the geometry parameters from a known pair of water
top widths, T, and water depths, Y. These measured values of (Y1,TI) and
(Y2,Tz)can be entered in the geometry input window. The values of u1 and u2
are calculated according to according to Equation B.39, entering the values of
al and a2. These can easily be found from taking the logarithms of Equation
B.37 for both input pairs.

The values of 71 and 72 are found from the wet perimeter using the same pairs
of input data (Y1,TI) and (Y2,Tz). To this end, Equation B.40 is numerically
integrated using the composite Simpson rule for the two values of Y. The
Simpson rule says that for n pieces AY (FURDEV uses n = 100) we can find
the wet perimeter from

P =

2
-

3

AY(f(0)+ 4f(yl) + 2f(y2)+ 4f(y3)+ . . . + 4f(yn- 1) + f(Y)}

(B.49)

The procedure for geometry parameters, 71 and 72, is thus:
1. Calculate PI = f (Y1,Tl) and Pa = f(Y2,Tz)using Equation B.49;
2. Using the known Y's and calculated P's, find the expressions for.71 and 72,
similar to Equations B.45 and B.46
p1

71

=

-

y?

p2

=

-

y?

(B.50)

P1
log -

I
72 =

p2
~

(B.51)

Y1

log y2
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B6 Optimisation procedure for the application efficiency
The method of the golden sections has been implemented in FURDEV and
BORDEV to search for the maximum application efficiency, Ea, as a function
of the inflow rate, Qo or q, (Mode 1)or the field length, L (Mode 2). The golden section method is a powerful, one-dimensional, numerical line search
method for finding a local maximum or minimum. It is more robust and reliable than interpolation-based methods, though not as efficient (McCormick
1983, Reklaitis et al. 1983). The technique searches (in this case) for the maximum by narrowing the search interval progressively in a number of iterations until the interval becomes sufficiently small. We will discuss the interval bounding and refinement algorithm in the following section, but first some
of the basic features of the golden section method will be defined.
The problem to be solved can be posed as: find the maximum value of the function E, = fix) in a known interval of x, or
MaxEa

X E S= [xl, xu]

(B.52)

where
= decision variable which could be Qo or L depending up on the cal-

X

culation mode
= the search interval containing all the points betwken x1 and xu
S
x1 and xu = the lower and the upper bounds of the decision variable
At any given iteration, say at the mth line search iteration, the method
requires function values at four points: am< bm < cm < dm.The method searches for the maximum by a process of interval reduction, thus am-l< am(squeezing from the left) and/or dm 5 dm-l (squeezing from the right) must always
hold. Moreover, at any given iteration the placement of the interior points, bm
and cm, is in accordance with the golden section rules, stated as
bm = am + rl(dm - am) and c m ' = am

+

r2(dm + am)

(B.53)

where rl and 1-2 are the golden section constants, given as

dm- am

2

dm- am

2

The method also assumes that the function to be minimised is uni-modal over
the selected search interval, ie, that one optimum exists, to the left of which
the function increases and to the right of which the function decreases. The
first step is bounding the interval in which the optimum lies.
The upper bound for Qo is the maximum non-erosive flow rate, &max.
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BORDEV calculates Q,
1980)

(m3 min-l m-l) using Equation B.55 (Hart et al.

0.01059
Qmax =

~

(B.55)

s,0.75

FURDEV uses Equation B.56 to calculate Qmax
1

(B.56)
where V,
= maximum non-erosive velocity (m min-l). According to Walker
and Skogerboe (1987) V,
ranges from 8 m min-l for erodible silt to 13 m
min-l for more stable clay and sandy soils.
FURDEV considers the flow rate that just failed to advance to the downstream end as the minimum flow rate, Qmin.This is determined as part of the
optimisation process. BORDEV takes the minimum required unit flow rate
as either the minimum flow rate based on advance consideration or the minimum require&flow rate for adequate spread, Qs (m3min-I m-l), whichever is
greater. Qs is given as (Hart et al. 1980)
0.000357 L
Qs =

6

(B.57)

n

If the program is run for the first time in the session in Calculation Mode 2, a
value of Lini is fixed internally, but if the program has been run before in
another calculation mode then Lini is equal to a user-specified value. This initial value of length, Lini, is taken as the upper limit of the search interval, if
the optimum length of the channel is less than Lini. The lower limit is set such
that the optimum length lies within the search interval. If, on the other hand,
the optimum channel length is greater than Lini, then Lini marks the lower
bound of the search interval and the upper limit is set such that the optimum
lies within the search interval.
Now, we turn to a description of the optimisation algorithm. At any given
iteration, say at the mth iteration, feasibility tests and comparison of the function values at the two interior points, bm and cm,give rise to either of the following two cases:
1. If (E,(bm) 2 Ea(cm)then dm is dropped and [amto cm] becomes the next
interval, with am+l= amand dm+l= cm.This is squeezing the interval from
the right, because interval [cm,dmldisappears in the next iteration. Recall
189

that in addition to the interval bounds, two other interior points need to be
located to execute the (m+l)th iteration. One interior point, cm+l= bm, is
available from the mth step. The other interior point bm+lcan be computed
in accordance with the golden section rule in Equation B.53.
2. If (Ea(bm)< Ea(cm)then am is dropped and [bm to dm] becomes the new
interval, with am+l= bm and dm+l= dm. This is squeezing the interval from
the left, because interval [am,bmldisappears in the next iteration. One
interior point bm+l= cm is available from the mth step. The other interior
point, cm+l,can be calculated using Equation B.53.
The new interval is further refined using the function comparison and bisection procedure described above until the convergence criteria given by
Equation B.58 are satisfied

where &fic and Ebc are permissible absolute deviations from zero of the respective quantities.
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