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Abstract

A software tool useful for the numerical computation of surface irrigation and
fertigation in furrows and furrow networks was developed. The model solves
the complete one-dimensional St-Venant equations together with the transport
equation of a passive solute. The flow equations and the solute advection are
solved with a high resolution TVD explicit Eulerian scheme. The solute dis-
persion is solved with a centered implicit Eulerian scheme to avoid further re-
striction in the allowable time step. The computational speed of the model is
high in isolated furrows. In cases of large furrow networks over extended irriga-
tion times the model is slower but affordable computational speed is achieved.
The computational model has been designed to be robust, intuitive and able to
supply useful visual results. Both the executable and the source code, as well
as the examples presented can be downloaded, edited and distributed under a
BSD type license.

Keywords: simulation software, infiltration, furrows, irrigation, fertigation

1. Introduction

Engineering studies of surface irrigation systems begin with an evaluation
of current performance based on field-measured data in order to determine the
applied amount of the irrigation water. The interest is in the distribution of

infiltrated water along the field in order to evaluate whether water contributed
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6

to satisfy the irrigation requirement and how much was lost by deep percolation
and runoff. The ultimate objective is to identify recommendations that result
in acceptable levels of irrigation performance under the expected range of field
conditions.

In the last decades computer based models were developed to support this
analytical process. The most usual simulation engines, WinSRFR (Clemmens
and Strelkoff, 1999) and SIRMOD (Walker, 2003), can be configured to model
basins, borders, and furrows, all under the assumption of one-dimensional flow.
This means that all flow characteristics vary only with distance along the field
length and time, i.e. not across the field width. For borders and basins, the
models are applicable to situations where the side-fall is negligible in comparison
with the applied depth, infiltration and roughness are relatively uniform across
the field width, and inflow is distributed. With furrows, simulations consider
only a single furrow and, therefore, neighboring furrows are assumed identical.
Any variation in properties from furrow to furrow must be modeled separately.
Their simulation engines solve the one-dimensional unsteady open-channel flow
equations coupled with empirical/semi-empirical equations describing infiltra-
tion and channel roughness. The governing equations represent the physical
principles of conservation of mass and momentum. Given the relatively low
velocities and Froude numbers that characterize surface-irrigation flows, their
simulation engines often solve truncated forms of the momentum equation. The
zero-inertia (force equilibrium) version assumes only pressure gradients, friction,
and gravitational forces acting on the flow. Examples of recent applications of
these models can be Bautista et al. (2009b,a) or Ebrahimiam and Liaghat (2011).
It is difficult to find published, easy and user friendly software tools based on
other similar models as, for instance, Mailapalli et al. (2009) or Soroush et al.
(2013).

Water flow simulation in open channels and rivers has been a topic of in-
terest recently and many numerical advances can be found. They include the
presence of transcritical flow, bed slope changes, non-oscillatory high order cal-

culations (Burguete and Garcia-Navarro, 2001), unsteady boundary conditions
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(Burguete et al., 2006), solute transport (Burguete et al., 2007a) and dominant
friction terms (Burguete et al., 2007b, 2008). In order to extend those devel-
opments to furrow irrigation simulation, specific models have been adapted to
formulate friction, solute dispersion, infiltration and junctions in furrows and
furrow networks (Burguete et al., 2009a,b).

The objective of the present work is the development of a software tool
to simulate the complete water flow dynamics and solute transport in furrows
and furrow networks with a basis on the exhaustive verification and validation
performed in Burguete et al. (2009a,b). The software surcos has been designed
to incorporate the cited modelling improvements in a user friendly, reliable,
robust and efficient tool.

First, the governing equations used are outlined in order to state the nota-
tion. Second, the numerical scheme used in the simulation engine is detailed to
enable an easy reproduction of the model. Then, the main components of the
software interface are presented. Finally, some examples of use are included to
illustrate the performance.

The model and the examples presented in this work are distributed (Burguete
et al., 2013a,b) as free software under a Berkeley Software Distribution (BSD)

type license with available and editable source code.

2. Physical model
2.1. Shallow-water model

The one-dimensional system formed by the cross sectional averaged liquid
and solute mass conservation, momentum balance in main stream direction,
infiltration and solute transport in prismatic open channels can be expressed in

conservative form as (Burguete et al., 2009a):

ou OF . L. 0D
E‘FE:I-FS +ﬁ7 (1)

where U is the vector of conserved variables, t is the time, F the flux vector, [

the longitudinal coordinate, I the infiltration vector, S¢ the source term vector,



74

75

76

7

78

79

80

81

82

83

84

85

86

87

88

89

90

and D stands for solute dispersion:

A Q 0
U=| @ |, F=| gn+% |, = g4aS-5) |.
As Qs 0
—PI 0
I= 0 , D= 0 , (2)
—PIs K A2

with A the wetted cross sectional area, (Q the discharge, s the cross sectional
average solute concentration, g the gravity acceleration, Sy the longitudinal
bottom slope, S¢ the longitudinal friction slope, K; the longitudinal solute dis-
persion coefficient, I the infiltration rate, P the cross-sectional wetted perimeter
and [; represents pressure forces.

The furrows are modeled as pervious prismatic channels of trapezoidal cross
section as represented in Figure 1. In this case, the pressure integral becomes
(Burguete et al., 2009a):

Boh? Zh?
hemy @)

The set of equations is completed with the laws for infiltrated volume of water

and solute (Burguete et al., 2009a):

da ¢

— =PI, —=PI 4

5 S s, (4)
with a the volume of water infiltrated per unit length of furrow and ¢ the mass
of solute infiltrated per unit length of the furrow.

The Jacobian matrix of the flow can be expressed as (Burguete et al., 2009a):

. 0 1 0
oF
J= ﬁ = A—u? 2u 0 ) (5)
—us s u

where u = % is the cross sectional average velocity, ¢ = 4/ % is the velocity of

the infinitesimal waves and B is the cross section top width. This matrix can
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Figure 1: Trapezoidal furrow geometry. h is the water depth, W the distance between furrows,
zp the bottom level, H the furrow depth, By the base width and Z the tangent of the angle
between the furrow walls and the vertical direction.

be made diagonal (Burguete et al., 2009a):

1 1 0 AL 0 0
J=PAP!, P=| A X 0|, A=]| 0 X o |, (6
s s 1 0 0 M

with A the eigenvalues diagonal matrix, P the diagonalizer matrix and \* the

Jacobian eigenvalues corresponding to the propagation characteristic celerities:

M=ute, N=u—c MN=u (7)
2.2. Furrow infiltration model

The infiltration rate is calculated using the Kostiakov-Lewis model modified

by Burguete et al. (2009a) in furrows:

a—1

I:IC—&-Ka(ﬁ) " (8)

where K is the Kostiakov constant and a is the Kostiakov exponent, both em-
pirical parameters depend on soil type, soil water and compaction, and I is the

saturated infiltration long-term rate (Walker and Skogerboe, 1987).

2.3. Friction model

The friction slope can be modeled by means of the Gauckler-Manning law

(Gauckler, 1867; Manning, 1890) that, for a furrow of trapezoidal cross section
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is (Burguete et al., 2009a):

o _nQlQl (Bo+2hvit 22)"° o)
f (Boh + Zh2)10/3 )

The program surcos can calculate the friction with the model proposed in
Burguete et al. (2007b, 2008), that in furrows with trapezoidal cross section is
(Burguete et al., 2009a):

c(b+1)2d*"1Q|Q

b+5_ p+3 3 5
9 {BO (hb+% - \/ﬁd”b) +27 {”Hj — 2q1+b (hi _ d%)}

Sy = 5
(10)
where b is a fitting exponent of the vertical profile of flow velocity, d is a charac-
teristic length of the bed roughness irregularities, € is a dimensionless parameter
of aerodynamical resistance depending only, in turbulent flows, on the rough-
ness shape. In furrows, b = 0.27 is used based in rivers measurements (Burguete
et al., 2007b). This friction law is only valid for h > d. If h < d a zero velocity
condition (@ = 0) is imposed.

2.4. Solute dispersion model

The diffusion coefficient contains all the information related to molecular or
viscous diffusion, turbulent diffusion and dispersion derived from the averaging

process. A model suggested in Rutherford (1994) will be used for practical

K, =10,/gP A |Sy]. (11)

applications:

3. Numerical model
8.1. Mesh
In every furrow, the discrete mesh longitudinal coordinates are defined as:

i—1
I, = L, 12
NI (12)

with [; the longitudinal coordinate, N the number of cells discretizing the furrow

and L the furrow length. The size of every cell dl; and the distance between
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(z1, 41) .
Distribution furrow

(1‘1, yl) \
Distribution furrow
Nm)
Nfurrows
(73, y3)

(T4, Ya)

Figure 2: Possible geometry configurations in surcos: (a) isolated furrow (Ngyrrows = 0),
where only the distribution furrow is simulated, (b) furrow irrigation network (N fyrrows > 0).
The recirculation furrow is optional.

cells dl;1(1/2) is defined as:
Olivrjz) = liv1 —li = 5,

L ‘ 1 L
5li:m, (i < Nandi>1), 511751N—5ﬁ- (13)

The program surcos can only be used for furrows of uniform slope. The grid

cells bed level is computed by interpolation from the furrows end points.

3.2. Sub-steps

The numerical scheme used in this paper is based on a seven sub-steps algo-

rithm very similar to the proposed in Burguete et al. (2009a):

1. In the first sub-step, the flow equations and the advective part of the

transport equation are discretized with the explicit scheme:

U = U + At (5‘ - 8;) . (14)

(2

2. In a second sub-step the solute diffusion term is discretized implicitly:

_\ b
T D
Up =U + At" (%) . (15)

7
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3. In a third sub-step infiltration is discretized as follows:
U =0+ At IE. (16)

4. In a fourth sub-step, the source terms are added with an implicit dis-
cretization:

U = U + 0 At (55 - 5) . (17)

where 6 = 0.5 is the parameter controlling the degree of implicitness of
the source term.

5. In a fifth sub-step, the boundary conditions are applied at the inlet, outlet
and external mass sources [jf.

6. In a sixth sub-step, the furrow confluences (characteristic of level furrow
networks) are computed to obtain U7 .

7. Finally, the solute solubility is considered to obtain the conserved variables

U™ at the next time step.

3.8. First sub-step: surface flow and transport

This sub-step is limitant for the time step size compatible with the numerical
stability of the schemes used in the present code (Burguete et al., 2009a). The

time step size is selected according to:

AP = 1 gn = OFL, mjn [ 20 Olizar2). ili’“/ 2) ), (18)
7 maxy (|>\z ’)

with CFL the dimensionless Courant-Friedrichs-Lewy number (Courant et al.,
1928).

A numerical limitation of the friction source term is performed in order to

avoid non-physical friction forces (Burguete et al., 2008):

n | (9ASH L, +(gASy)!
(9ASy 5l)i+(1/2) = min +12 0liv(1/2),
QDT (1/2) (Q2>n
n -0 - (g 511)'7 » (19)
At A i (1/2) +(1/2)
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where the notation §f;(1/2) = fix1 — fi and fiy1/2) = (fix1 + fi)/2 has been

used. Defining the Jacobian eigenvalues with the Roe’s (Roe, 1981; Burguete

et al., 2009a) averages:

- VAigr Mg VAN

Ait(1/2) =

VAl +VA

VAit1 siv1 + VA s

Sit(1/2) =
2 VA1 +VA;

Then, defining the first order upwind coefficients as:

SF =—gA (62+550l) =6 (AQ +g5]1) . oF = % [1:|:sign (X’C)} ,

511)1 =

N 6Q +OF
—1 —2
N -

) 6’(1)2

Xl

X6Q-oF

X2 5 (511]3 = 6(@ S) - 56@7

(20)

GE = of 6wy + of dwy, G = ofxl dwy —i—oétxz dwy, GF =3GT + dws,

the high order TVD coefficients as:

(r) = max[0, min(2, ), min(r, 27)],

1 At
LFf=> (1=
L 2(:F<Sl

A

2 ol

+

Ly )z‘+(1/2):tl

. (
(7% )¢+(1/2) = ( (Li)

i+ (

ifl
oA

1/2)

—1 ’

-2
>>\ GY +GF
XX

Nt At
L;:;(mé;o;f) MG =Gy

-l (1 - A’fogix”’) (GE—56%),

), REZ UELE 4 U IE,

Ry =X UF Lf + X' W§ Ly, Rf =sRY + V3 Li,

(21)

(22)

and the artificial viscosity coeflicient as in Burguete and Garcia-Navarro (2004):

n —
l/i+(1/2) = m]iix

1 [mk) —9 \X’“

0,

L+(1/2)

otherwise;

. if (W) < 0and ()2, > 0;

(23)



166

17 be written as:

168

+

169

170

172

173

174

A A Rf Ry
At" N _
As | As | Ry | Ry |
7 % i—(3/2) i+(3/2)
G +Rf —vsA '\ Gy + Ry +véA
Gy + Ry —vd6Q + Gy + Ry +véQ ;
+ + _ = -
Gg + Ry —vi(As) i—(1/2) G35 + Ry +vi(As) /D)
(24)
and, at the boundary points:
A A Ry
At" _
Q - Q + sl | Ry
As As Ry
1 1 5/2
Gi + Ry +vdA
G35 + Ry +vi(As) 3/2
A A Ry
A" _
Q| =| @ | "5, R,
As As Ry
2 7/2
Gy +Rf —vdA Gy + Ry +vdA
Gy + Ry —véQ + G5 + Ry +v6Q ,
GY + R —vé(As) 52 G5 + Ry +vi(As) 52
A A Rf
Q o | o || &
Oln—1 2
As As Ry
N—1 N-1 N—(5/2)
GT +Rf —vdA Gy + Ry +véA
+ Gy + Ry —v6Q + Gy + Ry +v6Q
+ + _ = -
G5 + Ry —vi(As) N—(3/2) G5 + Ry +vi(As) N—(1/2)

n

10

the second order in space and time TVD scheme (Burguete et al., 2007a) can
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A A RY

— + ﬁ _ R+

Q - Q 5lN 2

As As Rf
N N—(3/2)

Gy +Rf —vsA
+| GF +Rf-viQ . (25)

Gf + R —vo(As) )

we  8.4. Second sub-step: solute dispersion

177 Defining;:

(K1 A)y (1) = min [(K A),, (K, A) (26)

it i+1} ’

s the following Eulerian implicit centered scheme is used to solve the surface flow
w9 solute dispersion:

KlAAt”>b

K AA\?
5 sh— (l) sh = 41y A% 52,

ol 3/2

511Al{+(

3/2
180

_(KZAAt">b X

Si—1
ol i—(1/2)

n\ b n\ b
sap (KAMTYT (A ]

181

Jr
o /)iy o Jivay

K AA®
(M) sa—snars
i+(1/2)

n\ b n\ b
_ <KlAAt > Xy + |y Ay + <KlAAt ) s
o Jn_um oL Jn—qy2
=0y Ay s%, (27)

182

183

184

15 being a tridiagonal system of N equations with N variables (sf) at every furrow

15 solved with a Gaussian elimination algorithm.

w 3.5, Third sub-step: infiltration
188 In a third step, the contribution of the infiltration term is incorporated as

1w in Burguete et al. (2009a):

Aol =min(A, At"PI)?,  Af =AY — Aal,  Afsi = (A — Aab) s,

S
190

of = af + Aoy, ¢ = + Aafs). (28)

11
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3.6. Fourth sub-step: source terms
In the fourth sub-step an implicit discretization of the source terms is ap-
plied. Taking into account that only the momentum equation contains source
terms, the mass conservation and the solute transport equations are trivial in
this step :
Al =45, (As)] = (As);. (29)

The friction laws considered are singular, tending to infinity for small values
of the water depth, which can introduce numerical instabilities in transient
calculations. A threshold value for the depth h,,;, will be used in order to
avoid those situations. Below that value, the discharge will be set to zero. We

use:
® Npin = 0.01 m for the Manning friction model.
® Nhin = d for the power law velocity model.

otherwise, a friction factor r = r(A) = ‘5% depending only of A is defined for
the considered friction models, leading to a simple second order equation for the

water discharge. Therefore, discharge is evaluated according to:

0, (¢ < Pnin) ;
Qf =1 Qi+g0ar {[A (-7 |QIQ) (30)
—[A (So —71Q|Q)];}, (hf > hmm) ;
3.7. Fifth step: boundary conditions
3.7.1. Inlet and outlet

The program surcos always assumes the the furrows are closed at both ends.

This is achieved by means of:

QI =Qy=0. (31)
3.7.2. Mass sources

All the mass inflows, both of water or solute, are treated in surcos as internal

source points. A water inflow point at the location 7, with a discharge Q;, (t) is

12
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dealt with by searching the nearest i-th grid cell where the following is assigned:

I
A = A+ i Qin(t) dt; (32)
or, in case of having a solute inflow point:
gt
(As) = (As)f + = Qin(t) dt. (33)
(3 tn

In the rest of the grid cells nothing is altered:
Ge = iid. (34)
8.8. Sizth sub-step: furrow junctions

We will concentrate on furrow junctions of the "T” type, that is, involving
only a main furrow and a perpendicular secondary furrow. In this way, the
momentum addition from the tributary furrow is in the normal direction to the
main flow and viceversa.

The main hypothesis used to solve at the junction area is that the main
furrow grid cell involved at the junction (j) as well as the secondary furrow grid
cell involved (k) share a unique water surface level and a unique value of solute
concentration. The total volume of water V¢ and mass of solute M

junction junction

at the junction cells are therefore (Burguete et al., 2009a):

e = A§ 8l + AS Sl M — (As); 0ly + (As)S 0l (35)

Jjunction Jjunction

By requiring the conservation of water volume and the uniform surface water
level z{, a second order equation for this variable can be written in a trapezoidal

furrow geometry:
[BO +Z (z{ — zb)}k (z{ — Zb)]~c Ol + [Bo +Z (Zﬁc - Zb)]j (Z{ - Zb)j ol

—V (36)

junction*

This formulation immediately leads to the values of Alf and Ai. On the other
hand, the requirements of solute mass conservation and uniform concentration
at the junction result in:

Me

S]f _ S£ _ Viunction. (37)

junction

13
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The rest of the grid points not involved in the junction are not altered in
the present sub-step:
Ul =Ur. (38)

3.9. Final sub-step: solute solubility

Finally, the fertilizer instantaneous solubility S is considered. No dissolution
velocity is assumed. Defining m; as the solid mass deposed at cell i, the following

is performed:

stlf and m! =0 = S?H:s{, m?+1:0;

n
stf and m?ﬁ(S—s{) Afz?li = s?+1:s{+AT;L;l, mit =0;
i 7

(2

Szsl and mi > (s—sl) aldl = 571 =5,
m?“ =m] — (S — S{) Alf ol;;
S<sl = =9 mrtt=mr 4 (sfc - S) Al 5l;. (39)

The solubility only affects the solute concentration. The rest of the variables

remain unchanged:

At =4l ot =ql. (40)
4. Interface

This section describes the windows interface in surcos. The simulation engine
has been coded in standard C-language. The graphical interface has also been

coded in C-language using some multiplatform free libraries:

Gettext: to support different international languages. Currently english, span-

ish, french and italian versions are available.
GTK+: to show the interactive windows.
OpenGL / FreeGLUT: to display the graphical results.

Libpng: to save the graphical plots.

14
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The program has been tested in multiple operative systems: Windows XP?,
Windows 7!, Debian Linux, FreeBSD, OpenBSD, NetBSD, DragonflyBSD and

Openlndiana.

4.1. Main window

The main window appears when launching the program and is used as basic
interface with the user. It contains the links to get access to the rest of the
windows. Using the buttons in table 1 it is possible to get access to the different

utilities in the program.

Open i Help Quit

Figure 3: Initial and main window in the application surcos.

Table 1: Description of the different actions offered by the main menu surcos.

Button Role

Open Open a window to load a project
Configure  Open a window to configure the project
Execute Run the simulation

Plot Open a window for results visualization
Summary  Open a summary window

Help Information

Quit Exit the application

4.2. Configuration window
The window to configure a simulation can be accessed by pressing on the

button Configure. Some panels can be accessed in this window.

4.2.1. Geometry configuration panel

Program surcos simulates irrigation in a quadrilateral network of furrows or
in a isolated furrow. The geometry configuration panel (see figure 4), can be
used to edit the project topographic data by means of the coordinates of the

four vertices that define the furrow plot.

IWindows XP and Windows 7 are trademarks of Microsoft Corporation.

15
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Configure irrigation + 0 X

Point % (m) | ¥ (m) | 2(m) | Poigt 1 Poigt 2 |

Distribution furrow W

1 0.00 —[+/o.00 =[+][0.400 =+ 1
2 0.00 —[+][120.00 —[+][0.400 —[+]
3 200.00 —[+]o.00 = [+][o.200 =F]
4 200.00 =+ /120,00 —|+][o.200 =+

Reeirenlation furrew
Foint 3 Point 4

@ cancel <8 ok J

Figure 4: Geometry configuration panel.

As displayed in figure 4, the distribution furrow runs between points 1 and
2 and the recirculation furrow, if any, can be defined between points 3 and 4.
The irrigation furrows are assumed in the normal direction to the former. In
cases of isolated furrow only the distribution furrow between points 1 and 2 is

simulated.

4.2.2. Furrow configuration panel

Configure Irrigation r 0 x
Geometry | Furrows|| Inputs | Fertilizer | Probes | Advanced parameters [

R: water retention capacity

e=0: Gauckler-Manning's model

e>0: Burguete's aerodynamical coefficient
n{e=0): Gauckler-Manning's number

n{e>0): Burguete's characteristic roughness length
K: Kostiakov's constant

a: Kostiakov's exponent

B f0: infiltration velocity in saturated soil

Number of irrigation furrows [120 —|+| Recirculation

Geometry Soil Friction model Infiltration model
Furrow
B (m) z H (m) W (m) R (m) e n K (mfs~a) a 70 (m/s)
Distribution (037 —[+[1.67 —|+]0o20 —[+[120 —[+]jo200 —[+]0030 —|+]0020 —|+]000500  —[+][0.20 —|+][0.0000010 —|+]
imigation [007  —[+[[167 _—|+|[020 —|+|100 —[+[[0:200 ~[+[0.030 —|+|[0.020 G +][(0:00500  —|+](0:20 ~+][0.0000010 —+
Recirculation[0.37  —[+[[167 — +|[020 —[+[[120 —[+[o200 —T+]o030 —]+][0.020 —[+][o00s00  —[+]0.20 —[+][0.0000010 —]+]

) cancel <ok |

Figure 5: Furrow configuration panel.

The panel displayed in figure 5 allows to define the geometric properties of
the furrows as divided in three types: distribution, recirculation and irrigation

furrows. The different options appear as active or inactive depending on the

16
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previous definition of the furrow in our project. The available characteristics
to edit are all displayed in figure 5. In cases of isolated furrow simulations the
number of irrigation furrows must be set to 0 and the furrow characteristics

must be set at the distribution furrow.

4.2.3. Inlet configuration panel

The panel shown in figure 6 can be used to configure the total water and
fertilizer inlet to the furrow system. Every inlet is assigned to a location point
where the flow is applied, and is characterized by the initial and the final appli-
cation times of a constant discharge. Note that, if the point assigned falls out of
a furrow, the program finds the nearest position within a furrow. The discharge
is volumetric rate flow for the water and a mass flow rate for the fertilizer. It
is possible to define more complex inlet hydrographs by means of a sequence of

inlet discharges at the same point.

Configure Irrigation + 0 X

Number of waterinputs [1 |+ Numberof fertilizerinputs [1 =]+

~Water.

. Input % (in) | y (m) | Initial time (s)l Final time (s) | Discharge (mvs)|
1 fo.oo —[+][0.00 =1*]o [ #][72000 —]+[[0o.030000 —[4]

Fertilizer
0% 5 e Input x (m) | y (m) | Initial timels)l Final time (s) | Discharge (kg/5)|
q: Discharge 1 Jo.00 —[+][o.00 =[*]o ~[+][72000 —[+[0.015000 —[+]

£0: Initial time
tf: Final time

@ cancel <8 ok

Figure 6: Inlet configuration panel.

4.2.4. Fertilizer configuration panel

The solubility characteristics of the fertilizer can be set too.

4.2.5. Probes configuration panel
The panel displayed in figure 7 can be used to define the number of probes
and their location in the plot. Note that, if the point assigned falls out of a

furrow, the program finds the nearest position within a furrow.
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Configure Irrigation + 0 X

Number of probes[3 =] +]

Probe xm | ym |
1 Jooo =[+][o.00 =]
2 [oo0 —[+][60.00 E=EEl
3 [ooo = +|[120.00 =]

@ cancel <8 ok

Figure 7: Probes configuration panel.

4.2.6. Advanced parameters configuration panel

The panel shown in figure 8 contains advanced options to configure the

numerical simulation, as follow:

Configure irrigation

Maximum simulation time (s} 3600 pissiE

CFL 0.90 =]+

Data saving cycle (s) 10 =1t

Cells number for distribution channel (between furrows) 30 ;i
Cells number for irrigation channels 50 1=l

@ cancel <3 ok J

Figure 8: Advanced parameters configuration panel.

Maximum simulation time: Usually, surcos runs the simulation from the initial
conditions up to the moment all the applied water has infiltrated in the
terrain. In order to avoid excessively long simulation times, this param-
eter can be used to state a horizon or target time. From that limit, the

computation stops even though some water still remains on the surface.
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CFL: Dimensionless numerical parameter proportional to the time step size
used by the resolution method. It takes values between 0 and 1 for nu-
merical stability reasons. Values close to 1 are optimal. Excessively low

values can slow the computation.

Data saving cycle: Simulation time interval used to save series of numerical

results in a file. It is possible to have n = ;—s snapshots of the irrigation

v

event, with ¢ the simulation time and p, the data saving cycle.

Cells number for distribution furrow (between irrigation furrows): Number of
computational cells in the distribution/recirculation furrow between two
irrigation furrows. A diagram can be shown in figure 9. In cases of isolated

furrow this is the number of cells of the mesh.

Cells number for irrigation furrows: Number of computational cells in every
irrigation furrow. See an example in figure 9. More cells implies better

quality in the results and slower computations.

Distribution furrow

Cell | Irrigation

furrows
nodes

Recirculation furrow

Figure 9: Mesh example on a furrow network. This example has 6 irrigation furrows, 5 cells at
the distribution furrow between irrigation furrows (e) and 11 cells at every irrigation furrow

().

4.83. Simulation

After the configuration, the simulation of the project is performed by press-

ing the button Ezecute in the main menu.
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4.4. Results visualization
4.4.1. Graphical results

A window showing a graphical plot of the numerical results can be accessed
by pressing the button Plot. The graphics are controlled from the window
shown in figure 10, where an interactive dial can be used to move forward and
backward in time the evolution of the variables represented. It is also possible
to choose the furrow, the variable and the probe to view. The program offers
the possibility to save the graphical results by pressing the button Save at the
bottom of the window. The image of the plot appearing on the graphical window
in that moment, as the shown in next section in figures 15-17, is saved in a png

format.

Plotting results

{Map Furrows Rep ion| Furrow Rep i PmbesTimEEvulutiun‘

(1]
Time step | Water depth (m) " |

Figure 10: Plot selection window

Program surcos produces three types of plots. The first is a plan view of the
furrow network, with the possibility to display the distribution in the network.
The second graphical option is a Cartesian xy-plot of the longitudinal profile
along different furrows. The third graphical option is a time evolution of the
variables in the different probes. The variables that can be plotted are those in
table 2.

Some examples of these graphics provided by the program are shown in the

next section (figures 15-17).

4.4.2. Summary
The access to the summary is through the button Summary. This is useful
to produce a brief text report with the description of the irrigation configuration
and the most relevant results obtained. An example is displayed in figure 11.
The results include the surface, infiltrated and percolated water and fertilizer

mass both in the irrigation furrows and in the distribution/recirculation furrows.
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Table 2: Variables to view on the plots.

Variable Units Furrows  Furrow Probe
network  profile  evolution

Surface water depth m X X X

Surface fertilizer concentration kg m—3 X X X

Infiltrated water volume m? X X -
per unit furrow length

Infiltrated fertilizer mass kg m~! b'q b'q -
per unit furrow length

Discharge m3 s~1 - x -

Surface water volume m? - X -
per unit furrow length

Surface fertilizer mass kg m—?! - X -
per unit furrow length

Surface water and bed levels m - X -

Irrigation advance and recession times

wn
|

"
|

The infiltrated water mass in the soil remains available to the crops by retention
forces, contrary to the percolated water.

The uniformity of distribution of water (UWas5) and of the fertilizer (U Fa5)
follows the ratio between the infiltration average of the 25% of the less irrigated

points and the total infiltration average:

_ . R W ¢;
22:5(7 min (a;, R; W) VZU min (d)z, ai)
;< 0 ’ UF25 _ 3 ' 4 (41>

UWss =
Z min (Oéi, Rz W)

with R the water retention capacity of the soil. In furrow networks the unifor-
mity of distribution is calculated only in the irrigation furrows.

Finally, the efficiency is computed as the infiltrated mass in the irrigation
furrows divided by the total applied mass. Therefore, both the percolated mass
and the solid mass of solute, as well as the mass infiltrated in the distribu-
tion/recirculation furrows in cases of furrow networks, are considered losses in

the estimation of the efficiency.

5. Results

This section is devoted to the presentation of examples of the numerical

results produced by the model in several scenarios of fertigation in furrows
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373

GEOMETRY
Coordinates of corner 1
x=0m
y=0m
z=04m
Coordinates of corner 2
x=0m

Coordinates of corner 4
x=200m
y=120m
z=02m

FURROWS
Recirculation furrow = yes
Number of irrigation furrows = 120

Distribution furrow
Base width = 0.37 m
Lateral siope = 1.67

Summary +0X
.
input | Resuits |

Irrigation life time = 168669 s
Calculation time = 20251.9s

IRRIGATION QUALITY
Water
Uniformity = 72.7733 %
Efficiency = 98.5763 %
Fertilizer
Uniformity = 72.7733 %
Efficiency = 98.5763 %

WATER VOLUME

Total
Input = 2160 m*
Calculated = 2160 m?
Conservation error = 2.08857e-10 %
Superficial = 0 m?
Infiltrated = 2160 m?
Percolated = 0 m?

Irrigation furrows
Total = 2129.25 m*
Superficial = 0 m*
Infiltrated = 2129.25 m?
Percolate ms

=l
3¢ Close

Figure 11: Summary of the input data (top) and results (bottom).

and furrow networks. All the necessary input files for these examples can be

downloaded from Burguete et al. (2013a) or Burguete et al. (2013b).

5.1. Simulation of 9 fertigation scenarios in a level isolated furrow

A single zero slope furrow with total length 30 m is first presented. The
furrow cross section is trapezoidal with By = 0.17 m, Z = 1.2, H = 0.27 m
and W = 1 m. A low retention capacity soil (0.06 m) is assumed with a
roughness Gauckler-Manning n = 0.015 m s~/3 and infiltration parameters
K =0.0032m s %, a =0.42 and fy = 0 m s~!. The water inlet point is located
at the upstream end (I = 0 m) whereas the fertilizer inlet point is assumed at
I =1 m. In all the scenarios 0.9 m> of water are applied as well as 0.9 kg of

fertilizer with a solubility S = 10 kg m~3. The fertilizer is applied at a constant
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rate but during application times of different duration. The final irrigation time
(ts) used is the one required for the total infiltration of the surface water. The
discretization parameters are the grid size / = 1 m and the time step that is
ruled by the CFL = 0.9 in all the simulations. The computational time spent
in the 9 scenarios has been 0.37 s on a desktop PC with Intel Core i5 3.2 GHz
processor without any parallelization.

Table 3 contains the detail of the different inlet discharge values as well as
the initial (¢;) and final (¢;) application times. The final irrigation time and
the distribution uniformity results are also included. Figure 12 is the plot of
the longitudinal profile of infiltrated water and solute. Better uniformity values
are obtained with larger inlet discharges. The application of the fertilizer 1 m
away from the water inlet point reduces the fertilizer uniformity as the fertil-
izer infiltration upstream the application point is negligible. The distributed
fertilizer application strategies (in scenarios 2, 5 an 8 it is applied during the
first half-period whereas in scenarios 3, 6 and 8 it is applied during the second

half-period) reduce considerably the fertilizer uniformity in general.

Table 3: Final irrigation time, discharges, application times and water/fertilizer uniformity
for scenarios 1-9.

Water Fertilizer
Scenario ts Qin t; ty UWoas Qin t; ty U Fss
s m3s™1 s s % kg s™! s s %
1 1020 0.002 0 450 88.72 0.002 0 450 65.43
2 1020 0.002 0 450 88.72 0.004 0 225  42.39
3 1020 0.002 0 450 88.72 0.004 225 450 68.42
4 858 0.005 0 180 95.37 0.005 0 180 71.85
5 858 0.005 0 180 95.37 0.010 0 90 59.31
6 858 0.005 0 180 95.37 0.010 90 180  22.12
7 830 0.010 0 90 96.58 0.010 0 90 71.69
8 830 0.010 0 90 96.58 0.020 0 45 54.22
9 830 0.010 0 90 96.58 0.020 45 90 5.26

5.2. Simulation of 12 fertigation scenarios in a furrow network

This set of scenarios (10 to 21) is concerned with the simulation in a plot
120 m x 200 m with a network of 120 irrigation furrows. A low infiltration
soil with the Kostiakov-Lewis parameters K = 1.0- 1072 m s™%, a = 0.2 and

I. = 1.0-107% m s7! is assumed. The roughness model (10) has been used
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Figure 12: Longitudinal profiles of volume of water (a) and mass of solute (b, ¢ and d)
infiltrated per unit length of furrow for the scenarios 1-9.

with the typical furrow values ¢ = 0.03 and d = 0.02 m. The irrigation furrows
are assumed of trapezoidal cross section given by By = 0.17 m, Z = 1.67,
H =020 m, W = 1 m and with a longitudinal slope Sy = 0.0001. Level
distribution and recirculation furrows are assumed (Sp = 0) with a cross section
given by By = 0.37 m, Z = 1.67, H = 025 m and W = 1.2 m. A total
water volume of 2160 m® and 1080 kg fertilizer with solubility S = 1 kg m~—3
are applied during 20 hours. In scenarios 10-13 water is applied at an extreme
point in the distribution furrow. In scenarios 14-17 it is applied at the mid-point
of the distribution furrow and in scenarios 18-21 water is applied simultaneously
at the two end points of the distribution furrow. On the other hand, in scenarios
10, 14 and 18 the fertilizer is applied during 20 hours, in scenarios 11, 15 and
19 it is applied during the first 10 hours and in scenarios 12, 16 and 20 it is
applied in the last 10 hours. In all scenarios, water and fertilizer are applied

at the same location except in scenarios 13, 17 and 21, where the fertilizer is
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applied suddenly at the beginning time on 9 equally distributed points along
the distribution furrow. Figures 13 and 14, and table 4, show the sketch of the

water and fertilizer application in the different scenarios.

Distribution furrow

\

et
Water inlet
Scenarios 10-13 Scenarios 14-17 Scenarios 18-21

Figure 13: Water application in scenarios 10-21.

Distribution furrow

\

et
Fertilizer inlet
Scenarios 10-12 Scenarios 14-16
Scenarios 18-20 Scenarios 13, 17 and 21

Figure 14: Fertilizer application in scenarios 10-21.

In all cases, the total irrigation lifetime required by complete infiltration of
surface water takes about 46-47 hours. For the numerical simulation, a grid
spacing 6l = 1 m was used in all scenarios, leading to 24480 cells. The time step
was controlled by CFL = 0.9.

Figure 15 shows a snapshot of the program with a distribution map of the

surface water depth in scenario 10 at ¢ = 43200 s.
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Table 4: Water and fertilizer applications for scenarios 10-21.

‘Water Fertilizer
Scenario | t; tf Inlets Inlets t; ty Inlets Inlets

h h number  location h h number location
10 0 20 1 Corner 0 20 1 Corner
11 0 20 1 Corner 0 10 1 Corner
12 0 20 1 Corner 10 20 1 Corner
13 0 20 1 Corner | Suddenly at t =0 9 Distributed
14 0 20 1 Middle 0 20 1 Middle
15 0 20 1 Middle 0 10 1 Middle
16 0 20 1 Middle 10 20 1 Middle
17 0 20 1 Middle | Suddenly at t =0 9 Distributed
18 0 20 2 Corners 0 20 2 Corners
19 0 20 2 Corners 0 10 2 Corners
20 0 20 2 Corners | 10 20 2 Corners
21 0 20 2 Corners | Suddenly at t =0 9 Distributed

| + - 0X

Water depth im)} (£=d3200 =

0,182624

WSUFCOS

Figure 15: Map of the water depth for scenario 10 at t = 43200 s as displayed by the program
surcos.

a18 Figure 16 shows a snapshot of the program with the longitudinal surface and
a0 infiltrated water depth profiles in the 60th furrow for scenario 10 at ¢ = 3240 s.
420 Figure 17 shows a snapshot of the program with the time evolution of the
o1 surface water depth and concentration at a point located in the mid point of

42 the distribution furrow for scenario 10.
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Figure 16: Longitudinal profile of the surface and infiltrated water in the 60th irrigation furrow
for the scenario 10 at ¢t = 32400 s displayed by the program surcos.

| + - O0X

Probe 2
Depth {m?! Fertilizer concentration (kg /m?}
0.1
0,4
0,075
0,08 0.2
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0 o]
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Figure 17: Time evolution at a probe located at the center of the distribution furrow for
scenario 10 as displayed by the program surcos.
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Table 5 presents the irrigation times as well as water and fertilizer efficiency
and uniformity achieved for scenarios 10-21. The water application efficiency
is excellent in all cases, with a zero percolation flow. The fertilizer application
efficiency is also excellent except in scenarios 13, 17 and 21 where some of the
fertilizer is not dissolved. The water distribution uniformity is good (> 76%)
and improves when the inlet is located at the distribution furrow midpoint or
end points (= 87%). The fertilizer distribution uniformity is also good when
it is applied together with water (scenarios 10, 14 and 18). The fractional
application of the fertilizer in the first or second half of the application time
reduces the uniformity. It is worth noting that the strategy of spatial fertilizer
distribution along 9 points in the distribution furrow not only reduces efficiency,
due to the non-dissolved solid fraction, but also produces a loss in uniformity
in these scenarios.

Table 5: Final irrigation times as well as water and fertilizer efficiency and uniformity achieved
for scenarios 10-21.

‘Water Fertilizer
Scenario ts EW UWas EF UFss
hh:mm % % % %
10 46:39 98.58 76.86 | 98.58 76.86
11 46:39 98.58  76.86 | 98.91 4.77
12 46:39 98.58  76.86 | 98.01 10.33
13 46:39 98.58 76.86 74.47 1.81
14 46:19 98.55  87.37 | 98.55 87.37
15 46:19 98.55 87.37 98.78 34.08
16 46:19 98.55  87.37 | 98.31 33.63
17 46:19 98.55  87.37 | 65.51 0.97
18 46:19 98.55 87.34 | 98.55 87.34
19 46:19 98.55  87.34 | 98.79  33.27
20 46:19 98.55 87.34 | 98.14  32.90
21 46:19 98.55  87.34 | 74.13 0.22

The time used by a 2.8 GHz Intel Core i7 desktop computer to run the 12
scenarios in four parallel processes, in order to do an optimal use of the four

CPU cores, was 14 h : 02 min, about one hour per simulation.

6. Conclusions

This work has presented program surcos. The core of the program is a well

tested mathematical model including shallow water flow and solute transport
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solved using a second order TVD scheme. The verification and validation of
the numerical model can be found in previous publications (Burguete et al.,
2009a,b). The model is adapted to furrow fertigation and implements an infil-
tration equation that automatically adjusts to variations in the wetted perime-
ter, a roughness equation based on an absolute roughness parameter, and an
equation for the estimation of the longitudinal diffusion parameter. The model
also incorporates a specific treatment of the boundary conditions formulated to
ensure perfect global mass conservation. The model goes eyond furrow irrigation
and fertigation to furrow networks by means of a simple and computationally
efficient approach to the junction conditions, considered as internal boundaries.

Numerical tests have been used to assess the model properties for the cal-
culation of both water level and solute concentration front advance, and to
evaluate the performance of the treatment of boundary conditions and junc-
tions. The results of these tests have confirmed the adequacy of the model to
address the problems of unsteady flows with solute transport in single channels
and junctions in channels.

The model shows very adequate for the prediction of both water movement
and infiltration as well as fertilizer transport. Several water and fertilizer appli-
cation points and times have been used in order to prove the applicability of the
model in a level furrow network. All the simulations lead to numerical results
that are characterized by lack of numerical oscillations and perfect water volume
conservation. The analysis of the different cases leads to the main conclusion
that it works well, it is reliable, fast and very easy to use. This program can be
a useful tool for the optimization of surface irrigation and fertigation in furrows
and furrow networks.

The present model surcos improves previous developments by offering the
possibility to model water flow and solute transport in furrow junctions and
furrow networks. The model and the examples presented in this work are dis-
tributed (Burguete et al., 2013a,b) as free software under a BSD type license

with available and editable source code.
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Notation

a = volume of water infiltrated per unit length of furrow,
A = time increment,

6 = spatial increment,

dwy, = first order upwind coefficients,

€ = dimensionless parameter of aerodynamical resistance,

f = parameter controlling the degree of implicitness of the source term,
A = flow Jacobian eigenvalues diagonal matrix,

AF = flow Jacobian eigenvalues,

v = artificial viscosity coefficient,

¢ = mass of solute infiltrated per unit length of the furrow,
\Ilf = high order TVD coefficients,

1 = high order TVD flux limiter function,

A = wetted cross sectional area,

a = Kostiakov model exponent,

B = cross section top width,

By = furrow base width,

b = fitting exponent of the vertical profile of flow velocity,
CFL = dimensionless Courant-Friedrichs-Lewy number,

¢ = velocity of the infinitesimal waves,

D = solute dispersion vector,

d = characteristic length of the bed roughness irregularities,
EF = fertilizer efficiency,

EW = water efficiency,

F = flux vector,

Gki = first order upwind coefficients,

g = gravity constant,

H = furrow depth,

h = water depth,

hmin = depth threshold value to allow water discharge,
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I = infiltration rate,

I = infiltration vector,

I, = pressure force integral,

I, = saturated infiltration long-term rate,

J = Jacobian matrix of the flow,

K = Kostiakov model constant,

K; = longitudinal solute dispersion coefficient,
L = furrow length,

Lf = high order TVD coefficients,

| = longitudinal coordinate,

M jynction = total mass of solute at the junction cells,
m; = solid mass deposed at i-th cell,

N = number of cells discretizing a furrow,

of = first order upwind coefficients,

P = cross-sectional wetted perimeter ,

P = flow Jacobian diagonalizer matrix,

@ = discharge,

Qin = inflow discharge,

R = water retention capacity of the soil,

R = high order TVD coefficients,

r = friction factor,

7in = inflow point location vector,

S = fertilizer instantaneous solubility,

So = longitudinal bottom slope,

S¢ = source term vector,

St = longitudinal friction slope,

s = cross sectional average solute concentration,
t = time,

t; = final application time,

t; = initial application time,

ts = final irrigation time required to complete infiltration,
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U = vector of conserved variables,

U Fy5 = fertilizer low quarter uniformity,

UWy5 = water low quarter uniformity,

u = cross sectional average velocity,

Viunection = total volume of water at the junction cells,

W = distance between furrows,

y = transversal coordinate,

Z = tangent of the angle between the furrow walls and the vertical direction,
z = vertical coordinate,

zp = bed level,

zs = surface water level.
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