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ABRSTRACT

This report contains documentation of computer program SWM T1
designed +or numerical simulation of transient two~dimensional
flow in & variably saturated porous medium.

The program can be wused as a tonl for detailed analysis of
flow in the vicinity of various technical objiects (e.g.: drains,
irrigatiaon abjects, waste dumps, ...! or for simulation of water
regime  in so0i1ls under the natural atmospheric and groundwater
conditions, The program includes procedures for simulation  of

water uptake by plant roots.
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1. INTRODUCTION
1.1. FROGRAM DEVELOFMENT

The SWM II computer program is based on numerical model
developed by Shlomo P, Neuman (1973). Some subrouvtines of the
original program UNSATZ (Neuman et al., 1974) have been adopted
most of them being more or less altered. The main program has
been completely rewritten.

The program SWM I claims to be, in comparison with UNSATZ,
mare readable (which is motivated by the aim to facilitate
possible future changes and extensions), easier to handle (namely
because of clear inpubt and output arrangement), and faster in the
performance relatively Lo one iteration (unnecessary

conmunications between internal and external memories have been

avoirded). The list of maior differences follows:

1. The restart feature necessary in UNSATZ for implementation
of time variable parameters, namely parameters of
atmospheric bhoundary conditions and the wvalue of time
incremant, has been done away. Time dependent parameters of
bhourndary conditions are read by SWM IT from separate  input
file at prescribed times. The time increment i

adtomatically adiusted by the program.

3

. The root zone, treated in UNBATZ as a system of vertical
one-dimensional nodal columns, is in SWM 11 defined as two-
dimensional region without any restrictions on the shape of
both the root zone itself and elements of which it is
set up. The modified version of the method of Feddes et al.
(1978 is wused Ffor the sink term. The method is a

generalized two-dimensional analogy of the technigque
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introduced in cone~dimensional program SWATRE (Feddes et al.,

1278, Belmans et al., 1983).

3. Instead of providing tables for description of material
hydraulic characteristics, analytical eupressions are
introduced such that only the parameters of these

expressions are needed to describe fully the material
properties. Additional way of coping with space variability
of material bydraulic properties is introduced by defining
three scaling factors assaciated with moisture content,
pressure head and hydraulic conductivity. This pravides a
simple fool for generation of variable material properties

from either deterministic or stochastic space law.

4. Mass balance and internal flux data, missing in UNSATZ, are

computed at prescribed times.

Sa Well analysis option included in UNSATZ is not provided.

Those passages of the documentation af program UNSATZ2
{(Neuman, 1974, Davis and Neuman, 1983), which remain valid for
program SWM 11, were adopted in almost unchanged form to pravide
a potential user of SWM II with all necessary information in  one

reference manual.

1.2. OVERVIEW OF FROBRAM CAFARILITIES

The program is intended for the analysis of flow in
unsaturated, partially satuwrated. or saturated pdrous media.
SWM II can handle floaw regions delineated by irregular boundaries

and composed of nonuniform soils having arbhitrary degree of local

1-2




anisotropy. Flow can occur in the vertical plane, in the
horizaontal plane, or in a three-dimensional region exhibiting
raddioal symmestry about a  vertical  auxis, In addition to
conventional prescribed head and flux boundaries, the program can
also deal with boundaries controlled by atmospheric .cunditions.
Time variable boundary conditions can be prescribed at specified,
not necessarily equidistant, times, Water uptake by plants is
computed in a manner that.accuunts for both soil and éthSpharic

conditions.

1.Z. COMFUTER EQUIFMENT RECQUIREMENTS

The program SWM II is intended for use on ATARI ST 1040
microcomputer. Since the program is written in ANSI  standard
FORTRAN-77, modifications required to allow execution on other
computers should be minimal. Computer memory and offline storage

are functions of problem size (for details see Chapter 4.).




2. THEORY

2.1. GOVERNING ECUATION

Consider a situation involving two-dimensional isothermal
Darcian +flow of water in a partially saturated rigid porous
medium. Assuming that the role of the air phase is insignificant,
the water flow can be described by the modified form of Richards’

equation:

dea ah A ah -3 ah -

[
oo mae = emee LR L Ky =— + Ky —— + Eugd ¥ o+ (2.1}
dh At ax ax 3z
3 a ah a 4dh A
+ - { I{ I: K-u -+ "{gg — + Kgg] } e S
32 ax P T4

where hix.z.t) is the pressure head [L]1, @ is the volumetric
moisture content, ¥ 1s the hydraulic conductivity {L/T], S is the
gink term [1/T], x and =z are spatial coordinates (C[L) (z2-
coardinate i1is assumed to be vertically upward), and t is time
iT1. The hydranlic properties of porous medium are expressed by
the pair of hydraulic characteristics ¥(h) and &(h). The
derivative d&/dh is refered to as a specific moisture capaciﬁy,

Cth)., The hydraulic conductivity is given by:
K = Kthyx,z) Ka Hlh,,2) = Ka(x,.2) Felhgo,2) (2.9

where K is the hydraulic conductivity tensor, Ky is the relative
hydraulic conductivity function {(assumed to e direction
independent), ke is the reference value of saturated hydraulic
conductivity, and Ka is a dimensionless tensor which describes

conductivity anisotropy relatively to the value of Ka,.

Y
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2.2 SINK TERM

The sink term, &5, is the volume of water removed per unit

time from a unit volume of soil due to plant transpiration.
Feddes et al., (1978) defined the sink term, 5. as:
S(h) = ath) G+« (2.7

where o{h) is the prescribed dimensionless function of so0il water
pressuwre head ( o € <0,1> ), and 8* is an intensity ﬁf the
patential transpiration aemand [t/T] in the root zone. The assumption
that the potential transpiration demand is equally distributed

avelr the two-dimensional rectangular root zone leads tod
G¥ = e L+ T* (2.4)

where T* is the potential transpiration rate [L/T), L. is the
depth [p] of the root zone, L, is the width [L] of the root zone,
and L+ iz the length [L] of the snil surface associated with
transpiration (if L=k, then {(2.4) reduces to S*=T*/ g ) =

Following generalisation of equation (2.4) can be introduced
for a non—uniform distribution of potential transpiration demand

in an irregulary shaped root zone:
8% = Bix,z) Ly T* (Z2.39)

where RB((,2) is the normalized distribution function {1/L=2] which

describes the space variations of the potential extraction




— "
y v

R

a7 e, ,.?i{a;p R 31;-.’ ;I ;
el we
S < ‘%-- 3 b e ;

Pressure head

Figure 2.1. Space distribution of transpiration demand in the
raot zone as described by function R(x,2) and the
assumed shape of reduction function «{h).
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intensity, 8%, in the root zone. The normalization procedure is

defined by:

(2.6)

" y ode

=
=
171

I )

Blx,2) = 3% Ce,3) 7/

& - =

Clam
where O is the region occupied by the root zone, and B3°{(x,z) is

an arbitrary prescribed distribution function. It is abvious that

fidu,2) normalised by (2.4) fulfils the following condition:

l’l
v B,z dn =1 (2.7)
J
9
and thus for 5* the condition holds that:
r o
- 8% do o= T* (2.8
Lr ¥
e

Finally the intensity of actual transpiration demand (Z2.3) can be

written in the forms:

Sth,x,2) = al(h,X,z) B(xy2) by T* (2.9)
and actual transpiration rate is given by:
rr r
T=—— 1| §di=T" | alh,x,2) Bi{x,z) da (2.1
L+ J

T Elpy




2.2, INITIAL AND BOUNDARY CONDITIONS

Initial condition

To solve Eg. 2.1 it is necessary to know the initial

distribution of pressure head within the flow region R
hix,2,0) = halx,z) for (x,z) = o (2.11)
where hg is & prescribed function of x and =z.

Boundary conditions

The basic boundary conditions, which describe system—
independent interactions on the boundary of the flow region, are

gpecified pressure head (Dirichlet type) boundary condition:

hix,z.t) = wlu,z. k) for (x.2) € I'p (2.12)

and specified flux {(Neumann type} boundary condition:

Ve Vu + Ve Y = —9x,2,t) for (k,z2) € Ny (2.13

where ' and 'y are the appropriate parts of the boundary, v and
2 are prescribed functions of i, r and t, Ve and v, are
camponents  of an outward unit vector normal to the boundary M,

vy and vy are components of Darcian velocity defined as:

a ah a ah o
Vau = =K { Fen == + Kee ~—— + Euu?
ax 3z
(2.14)
a gh a Jh Py
va = —K ( H:I:n -+ Kzg -— l'{gs)
ax az

In addition to the basic types of boundary conditions. the
flow region may be bounded by the system-dependent boundary

conditions for which the a priori specification is not possible.



On the boundaries that correspond to soil-air interfaces and are
thus exposed to atmospheric conditions, the potential flux is
controlled by external conditions while the actual flux depends
on antecedent soil moisture conditions. On  these boundaries,
conditions may change from prescribed flux to prescribed head
type. In the absence of surface ponding, the sclution is obtained
by minimizing the absolute value of the flux (while maintaining
the appropriate sign) subiject to the following requirements

(Neuman =t al., 1974);:

Ve Ve t Ve Y | 1 E® (2.13)
and

h € < ha , O > (2.186)

where E* is the maximum potential rate of infiltration or
evaporation under the prevailing atmospheric conditions, h is the
actual surface pressure head, and ha is the minimum pressure head
allowed under the prevailing soil conditions (determined from the
equilibrium conditions between spil water and atmeospheric Qater
vapor).  When either énd point in (2.16) is reached, a prescribed
head boundary conditions is used to calculate the actual swrface
flu., Methods of calculating E* and ha on the basizs of
atmospheric data have been discussed by Feddes et al. (1974},
Another type of a system—dependent boundary condition that
ig considered is the seepage face. In this case the length of the
spepage face is unknown a priori. Along & seepage face, water
leaves the saturated part of the flow region into the atmosphere
and the pressure head is thus uniformly egqual to zerno

(atmospheric).




2.4. SOIL HYDRAULIC FROFERTIES

Analvytical expressions for_spil hydraulic characteristics

Instead af providing tables that describe the soil hydraulic
characteristics of each material, analvtical expressions are used
such that only the parameters of these expressions are needed to
describe fully soil hydraulic characteristics.

Modified wvan Genuchten’™s (19280) closed form approach based
on capillary model of Mualem (19764) is used to fit experimentally
determined water retention data and to predict the relative
hydraunlic conductivity (Vogel and Cislzsrovia 1288). Both hydrauwlic
characteristice are determined by a set of 2 parameters, O, Og,

Oy Gmy Oy Ny, Ka, Kn, and B.:

Gih) = 64 + (B,~8,) [ 1 + (-eh)™ 1™ for b < he (2.17)
gth) = Gg for h * he
Eih) = KEp K- (8(h)) for h £ he (2.18)
E{h) = K, + (h-h.) (K.*I"{k)/(hg"hh) for h = (hk,hg)
K{h) = Ku for h : he
where
8 Fia.)-F(a ) Flse
Fel@) = ( wwme 272 [ e 1 ——— (2.19)
A, F(R.)—-F(8,) [
8 - 9.
F(B) == [ 1 — ( =—————— yrsm Im {2.20)
By — B

8= (0 -~ 6.

~
fax]
o

i
?

Bltz ‘E’l: - er-)/(es - 9.-—)

and where 9 and 9 denote residual and saturated moisture




content, respectively, Ka is the saturated hydraulic
conductivity. Tao increase flexibility of used analyltical
expressions and to allow a non-zero air-entry value, he,

parameters 6, and 8= are replaced by the parameters €,:16, and
Omifly in the fitting process. Fhysical meaning of 8. and €, as
measurable gquantities, is preserved. The measured value of
unsaturated bydraulic conductivity, HFHeike (Corresponding to  the
moisture content 8, 1i6g) .is used instead of Kse to obtain the
desired K (g) from predicted E,-"(e), To Fulfil the original
definition of K.(, as K.(€) = () /Ke, the expression for
K.*(e) is multiplied by K./Ke which leads to the eqguation (2.19).

If Qu=Br, Om=0,.=0m, and Ku=Ke then esquations (2.17)-(2,20)

reduce to the original van LGenuchten’s model (1980):

Oh) = @ + (Be~B.) [ 1 + (~ahd" =™ for h <« Q (2.2
O{h) = O for h = O
Kih) = Ka K.{(8{h)) for h < @ (Z2.22)
Kih) = KEs for h z O

where
(@) = @822 [ | - (1 ~ @*7™ ym 2 (2.27)

Van Genuchten (1980) developed a nonlinear least-sguares curve-
fitting procedure to estimate the parameters 6., e %, and n
from measured @(h)-—data. A later version of this model (RETC)Y
al lows the expressions (2,21) and (2.23) to be fitted

simultaneously to obtserved water retention and conductivity data.

»
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Scaling Sonil Hydraulic Froperities

The purpose of scaling is to simplify the description of
space variation of soil hydraulic properties. It ig assumed that
a set of scale factors, relating the 5011 hydranlic
characteristics, @lh) and Kh), at any location to bydraulic
characterigtics of reference material, can be used tao approximate
the réal spatial variability of a given area. The technique is
based on similar media concept introduced by Miller and Miller
(1956) Ffor porous media which differ only in the scale aof their
internal geometry. The concept was extended by Simmons et al,
(1979) on materials which differ in morphological properties but
show “scale similar® soil hydracvlic characteristics.

For the purposes of npumerical modelling, three scaling
factors are introduced here. This allows to define the linear
model of space variability of soil hydraulic properties in  the

forms

Fo(h)

#

G: K* (h™) (2«

it

(h) e v om [ O (™) —  @,.%]

WEEr € Oy e and de are mutually independent space variahle
scaling factors, EK*(h*) and @*(h*) are space invariant hydraulic

characteristics of reference material.




3. NUMERICAL APFROACH

.10 GPACE AND TIME DISCRETIZATION

Space discretization

To abtain & solution to Eq. (2.1) subject to appropriate
initial and boundary conditions, the Galerkin Ffinite element
method with linear basis functions is used. Since the Galerkin
approximation process is standard and has alfeady been covered
el sewhere {(Neuman, 1975), only the basic assumptions and results
of the method are repeated here.

The Fflow region 12 divided into network of triangular
elements. The corners of these elements are taken to be nadal
points. The dependent variable, pressure head function hi{x,z,t),
is approximated by a function h*{x,z,.t) defined as:

~
ho@yszet) = I Panln,z) hal(t) (Z. 1)

rywe 3,

where ¢ are piecewise linear basis functions satisfying the
candition @ (KmyZm) =6nmy Snm is Kronecker delta (Sam=1 if m=n,
and dnm=0 if m#N), hs are the unknown coefficients which
represent solution aof (2.1) at nodal points, and N is the total
number of nodal points. |

By applying Galerkin finite element procedure, one obtains
syatem of time—dependent ordinary differential equations with
non-linear coefficients:

~ dhm

~N
LAnm + EFom ——— = Gn — Bn =~ Dp N=1,2,...4N (Z.2a)
=} el dt

where, for a vertical cross-section described by the coordinates

#» and =@
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Anm = £ === K [ Fuxbmba + Koe (Cabntbucn) + KeaGntm]d (I.2b)
= Afe
® ) A
Bn = I —= K ( Eeebn + Eeecn) (3.2c)
e o
# Am _
Fam = £ ===~ ( IC + Cn )} dnm (3. 2d)
= 12
B = ~( Padn + Pada)d (3.Ze)
* Am -
Dn = E ———— ( 38w + S5, ) (3. 26)
L B

and where

by = 24 - 2 Cyg = M = Mg
by = 2 — = Cas = My = My
by = ¢4 — = Cw = By = ¥
Ag = Ckb_‘ - C_’b..; Yy /2
K= ( Ko + Ky + K )/3
E = (L4 + C4 + Cy ¥/32
g = ( 8 + Sy + S8, »/Z
=1 for plane flow
® = 2n » for axisymmetric flow, w = { g + ¥a + My M/
M = Ln/2
- -+ for plane flow
A= La/2
An = b WA + 220a)/3

- - + for axisymmetric flow
bm WlHa + 2x,)/3

>
]
n

In the above equations, the subscraipts 1, 3 ,and kb represent the

three carners of the triangle element, E, Agp 1s the area  of

element E. The values of E} c, and S are average hydraulic

i
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conductivity, moisture capacity and root zone exraction intensity
—_ -+

over the element E, 9, and 9. are velocities [L/T] of flow across

the boundary sides of £lements connected to boundary node n, L:
and L: are lengths of appropriate boundary segments, x: and H:
arg n-tcoordinates of bhoundary nodes contiguous with node n. It is
assumed that the velocities, T, are uniform over the boundary

segments. The coamponents of vector O, are zero at all internal

nodes which do not act as sources or sinks.

When deriving Equations (I.2), two fpllowing important
assumptions have been used (Neuman, 1973} in addition to those
involved in Galerkin finite element approach. First, the time
derivatives of the nodal values of pressure head in Eq. (3.2) are
weighted according to:

dbn

—mew o= (F
dt =

cth r
C == P dsr ) 7 (T i
dt il

C ¢n do ) (5.3

ey

J
Slge

EI

where x is the domain of element E. This equivalent to the «o-
called mass—-lumping process improves the convergence of the
meéhud. Second, within each element, E. the anisotropy tensor,
Ka, is assumed to be constant while the hydraulic conductivity
function, Klth.x,2), specific moisture capacity, Ch,u,2), and
roct  extraction intensity S(h,x.2), are assumed to vary, at a

given instant of time, linearly according to:

it

=
b "":(ha. ,Xg,Zg) tb., (H;Z)

4 =

[ ST

i

=
L Clhe o3y 024) g Gtez) for (x,z) £ g (Z2.4)
immi

Céx,2)

- 3

S(xez) = T S(ha %a,2s) @alx,2)
A el




where i stands for the corners of element E. The advantage of
this approach is that no numeric integration i1is needed for

evaluation of coefficients in Eq. (3.2).

Time discretization

Integration of Eq. (2.2) is achieved by discretizing the
time domain into a sequence of finite intervals and replacing the
time derivatives by finite differences. An i1mplicit (backward
difference) scheme is applied for both saturated and unsaturated

conditions:

[ an ™ Fﬁm
L0 Armit )+ ——— 1 hatty) = ¥ ——— Pt awa) *0n (E3) =BL (b 40 ~-D, (L)
m==1 at, meiat
N=1,20-..,N (3.9)

The specific moisture capacity term Fom is evaluated at hal$ the

time step using time averaged values of pressure head:

hn = [ halty) = hattg.a) 3/2 (%, 6)
This leads to less oscillations and generally a faster
convergence.

3.2. SOLUTION STRATEGY

Iterative process

Due to the nonlinear nature of Eq. (Z.5), an iterative
process oust  be used at each time level to obtain solution of
J3.9). For each iteration a system of linearized algebraic

equations is derived from (2.3) and, after incorporation of

boundary conditions, solved uwsing bBaussian elimination. The




coefficients an Fg. (2.9 are then re-evaluated  amngd Yhe  new
euabions are aganne sol ved. Thas process e repaated  upbil A
satisfactory degree of convergence is obtained for  the time
level (t.e., uwuntil the ahsplute change in pressure heads between
two successive iterations becomes less than the given wvalue of
pressure head tolerance)., First estimate {(zero iteration) of
unknown pressuwre heads at any time level, Necessary for
evaluation of the coefficients in Eq. (F.3), is thaiﬂed using

final pressure head values from the previous time level.

Time control

Three different time discretizations are introduced:

1. Time discretization associated with numerical solution.

IT. Time discretization associated with specification of
toundary conditions.,

I1I. Time discretization associated with output print of nodal
point, water balance, and flux information,.

The Discretizations Il. and 11I. are mutually independent, with

generally variable time increments determined via input data. The

Discretization 1. starts with prescribed initial time increment,

2t.  The time increment is then avtomatically adiusted abt  esach

time level according to following rules (Mls, 1982):

1. The Discretization T. must coincide with Discretiztions IT.
amd 111,
2: At. '5':' (‘ﬁtm.{n, Atm-u ) []

e I+ a number of iterations, necessary at any time level to
meet converqgence criterion, 1is less than or equal to 3, the
time increment, At, is increased by multiplying by a chozen
constant *1 (usually 1.1 - 1.5). If the number of iterations
is qgreater than or equal to 7, At is decreased by
multiplying by another constant <1 (usually Q0.3 — 0,9).

4, If the number of iterations at any time level hecomes

greater than prescribed maximum number (usually 10~ 203,
the iterative process is canceled, time increment 1is wset

35
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equal to  At/10, and iterations start again from the
heginning.

Treatment of the pressure head bpundary condition

Finite element equations corresponding to nodes at  which
pressure bead is prescribed can, in principle, be sliminated from
consideration. Hawever, from a pragramming standpoint it is more
convenient to replace such eguations by the dummy exspression

{Neuman, 1974):

~N

Lok

where Snm 15 Kronecker delta, bhe is the prescribed value of
pressure head at node n. The values of he in all other equations
are set equal to he and the respective entries of left-hand-side
matriyx are added to the right-hand-side vector and replaced by
Zercoes in order to preserve matrix symmetry. ﬁftef splving for
all pressure heads, the value of G, can be calculated explicitly

from the original finite element equation for node n.

Flux boundary condition

At nodes along prescribed flux boundaries, the values of Q,
are computed according ta Eqg. (Z.2e). Internal nodes that act as
Neumann type souwrces or sinks have values of 8, equal to the

kriown fluid generation or extraction rate.

Treatment of atmospheric boundary conditions and seepage faces

Atmospheric boundaries are simulated by applying either
prescribed head or prescribed flux boundary conditions depending
oy whietther or tnot g, (2.1 and (7L 1H) are sal ost e (Nevimaun,

1974) . If Eq. (2.16) is not satisfied, node n becomes &




presceybed head boundary. T4 v ing any stage of the computations
£q. (2.1%) 1s not. satisfied, 1aey The calculated flux enceeds
the specified potential flux, the node is assigned a flux  eqgual
to the potential value and is again treated as a prescribed flux
boundary.

All nodes expected to be a part of a seepage face during any
stage of computations must be identified a priori. During each
iteration, the saturated part of potential seepage face is
treasted as a prescribed pressure head boundary with h=0, At the
samea Lime, Lhe uansaturated part is treated as a prescribed 41w
boundary with G20, The length of each part 1is continually
adjusted (Neuman, 1974) durig the iterative process until all
calculated values of 1 a&along the saturated part and all
calculated values of h along the unsaturated part are negative,
indicating, that water is leaving the porous medium through the

saturated part of the boundary, and through this part only.

Vater balance compatation

Water bLalance computations are performed separately for each
zpecified subregion of the flow region at prescribed print-times.
The watsr balance information for each subregion consists of

fallowing items.

1. The actual volume of water in each subregion is given by:
Vs T Pel 8, + 0, + 0, /T .8
-

where 85, ©&,, and &. are moisture contents evaluated at corner
rnodes of element E. The summation is taken over all elements

within the subregion.

2. The actual rate of inflow/outflow to/from the subregion is




Jivern by:

0=L¥ ( Viaw — Vera )/740E Z.9)
| 3

where Voew and Veia are volumes of water in the subregion

computed at actual and previous time level, respectivelvy.

The_element velocity computsation

The Darcian wvelocity components are computed during
numerical simulation at selected print-times. x— and z-components
of the velocities are calculated for each triangular element or

subelement according to:

—— 1 » » " (=]
Vae = =K [ ===  pahy + T4hs + Tehe ) + Koy 1
20
(5.10)
—_ 1 x = = -~
Ve = —K [ == ( 7ehy + Pabiy + by ) + Kz 3
2R
where:
E] (o] [
Ter = Koube -+ SO
= (2] A
T = Hnubn + K.gcn

Treatment of water uptake by plant roots

The set of nodes, n, for which the distribution +unction,
By discribing the space variation of potential root extraction
intensityy, 8%., is greater than zero, is treated as the ront
zone. The root extraction intensity is assumed to vary linearly
within each element which allows the root extraction term D, to
he approximated by Eq. (3.24), The wvalues of actual root

extraction intensity 8, are evaluated using Eq. (2.%9). The total

2]
!
{2
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cate af bransprration per unit surface area 1s given by

i _
T = ~— T » AeS (Z. 14

Ly =

the summation is taken over all elements within the flow region.

Interpolation technigue for material hydradlic properties

For each defined material an internal table. of hydraulic
conductivity, Hih), and specitic moisture capacity, Ch), are
generated from a specified set of material parameters at the
heginning of numerical simulation., The values of K, and T, are
evaluated at prascribed presswre heads b generated within a
specified interval (hramis hraem). The generation iz performed so
that:

1o ihawa! — log thet = gconst. (. 12)

During any iteration, the values of hydraulic characteristics,
Eih) and Cth), are computed using interpolation in the tahles. If
an  argument h exceeds prescribed interval (hramiy hHraw~n), the
tiydraulic characteristice are evaluated directly fwithout
interpolationd. The wused interpolation technigque is about 7 times
faster than direct evaluation of material functions in the whole
range of pressure heads (the amount of saved computing time

depends on choren model of material characteristics).

Linplementat ion of hydraulic conductivity anisotropy

Since the tensor of hydraulic conductivity anisotropy, Ka,
i assuned Lo be symnetric, it is possible to define at any point

nf porous medium the local system of coordinates for which the

matriz of tensor Ka is diagonal (with zeroes everywhere except of

diagnonal). The diagonal values of Ka are then refered to as a



principal components of tensor K,, and the local coordinate aves
are told to be put into principal directions of tensor K.

In the program, the anisotropy is described such, that the
orientation of the local principal directions may wvary {rom
element to element. The principal components, K?; and sz,
taoge ther with an angle, A between principal direction
sssociated with KT; and x-axis of global coordinate system, are
specified for each element. At the start of numerical simulation,
the transformation of each locally determined tensor K. is

performed to the glaobal system of coordinates, (a2}, using the

transformation rule:

= N L]

Fuw = COS3y Ky, + i Ny o
(=] o] (-3

Fza = 8in%y Fai: + cOS?Yy Kus (.1
~ (=] [

Fuz = ( Kii— Kz=) sine cosw
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4, FROELEM DEFINITION
4.1. CONSTRUCTION OF FINITE ELEMENT MESH

The mesh is constructed by dividing the flow region into
quadrilateral and/or triangular elements the shapes of which are
defined by the coordinates of the nodes that form their corners.

The element dimensions should be small parallel to diections
along which large hydraulic gradients are eupected to occur. More
o  leass equidimensional elements are recommended to decrease
numerical error. GOuadrilaterals are automatically divided by the
program into  triangles which are then treated as subelements.
Triangular slements may also be used subject to the following
restrictions.

*Transver se lines® (Neuman, 1974 Fformed by el ement
boundaries must transect the mesh along the general direction of
its shorter dimension. These transverse lines must be continuous
and non-intersecting, but they need not be straight. The nodes
are numhered sequentially from 1 to NumNF (total number of nodes)
procesding uwp along each transverse line in the same direction.
Elements are numbered in a similar manner. The maximum number of
nodes in any one transverse line, 1J, is used to determine the
effective size of the finite element matrix (i.e., 1its band). To
minimize memory requirsments, IJ should be as small as possible,

N  additional restrictions due to the root zone definition
Are Necessary.

To model axisymmetric three-dimensional flow systems, the
vertical axis must coincide with, or be to the left of, the

leftmost boundary of the mesh.



4.2. CODING MATERIALS AND SUBREGIONS
Materials

An integer code, beginning with 1 and ending with NMAT (the
total number of materials), is assigned to each material within
the flow region. The appropriate material code is then assigned
to egach nadal point N,

Interior material interfaces do not coincide with alement
boundaries. When corner nodes of any one element are assigned
different material npumbers then material properties of this
element are averaged by finite element algorithm. BQ that way
material interfaces are ’'softened’.

Fowr each material a set of parameters of hydrauﬁc
characteristics must be specified. This sef includes saturated
hydraulic conductivity, saturated moisture content, residual
moisture content and parameters which determine shape of the
water retention curve and the relative conductivity function. For
each element, the principal components of conductivity anisotropy
tensor must be specified toge ther with an angle between local
and global coordinate system.

An  additional way of changing material properties is
introduced by defining three scaling factors associated with
moisture content,. pressure head and hydraulic conductivity. The
scaling factors are assigned to each nodal point N in the flow

region.

Subreqgions

The water balance is computed separately for specified
subtregions. These subregions may or may not correspond with

diferent material regions. Similarily to material coding an
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integer code, beginning with 1 and ending with NLay (the total
numher of subregions), is assigned to each subregion within the
flow region. The appropriate material code is then assigned to

@#ach element in the flow region.

4.3. CODING BOUNDARY CONDITIONS

For each node, N, a boundary code, Kode(N), must be
provided. I¥f node N is to have a prescribed pressure head
during a time step (Dirichlet boundary condition), FEode(N} must
be set positive during that time step. If the vaelumetric rate of
water entering or leaving the system at node N is prescribed
during a time step (Neumann boundary condition?, Kode(N} amust be

set negative or zero,.

Constant boundarv conditian

The values of constant boundary conditions are specified for
particular node, N, by initial setting of pressure head, P{N), in
the ¢ase of Dirichlet boundary condition, or initial amount of
recharge/discharge, G{N), in the case of Neuman boundary
condition., The wuse of the variables kode(N), G{(N) and F{(N) for

the various node types is summarized in following table.

G




TABLE 4.1. Initial setting of variables Kode(N), G{(N) and PN}
when the constant boundary conditions are applied.

S P R TR O P SR D 9 s M M T i Y i L A O ST A O S VS R SV LR WL S AT L S S e S0 Bon ik b e A BE4PY LA LI PO Lo e e St Ak s WAL PR AR et i P e P S i e

Node Type Kode (N) CLEN) F (N)
Internal; not sink/source Q Q.0 Initial VMalue
Internaly sink/source 1 Q.0 Prescribed

(Dirichlet condition)

Internal; sink/source -1 Frescribed Initial Value
{Neumanr condition)

Impermeable Boundary O Q.0 Initial Value
Specified Head Boundary 1 Q.0 Prescribed
Specified Flux Boundary -1 Frescribed Initial Value

o e e e L 4l B e o e e b e e b e U A A P i e e e e ko Sl e A Y o L U o i ke ke S 4H4LD LS v b Pt ey i AR 51y Sty L) S LS i i M e Yo $O P pnst

Variable Boundary conditions

Three kinds of variable boundary conditions cam be imposed

on the systems

i.'Atmospheric’ boundary condition ..vesnecacssvrens Hode(N) = 34

2. Variable pressure head boundary condition ....... Kode(N) = +3

il
1

3. Variable flux boundary condition c.ieciseseraases. Kode(N}

FEach of these conditions can be specified for any part of the
bmundary, but it is not possibie to specify more then one
boundary condition af each kind. Initial setting of wvariables
Kode(N), G and F(N) is described in following table.

TARLE 4.2. Initial setting of variables Hode(N), G(N) and F({N)
when the variable boundary conditions are applied.

e i Ly S A Y $4981 W Y e R AL SR A PR i B M S YO M g Rofr S i Vi et P S MY PO $TET TS e S e e e i e et e . o e S . e P GBS et e e e e WO AR AR RS e St M

Node Type FKode (N) G(N) F (M)

Atmospheric Boundary . 0.0 Initial value
Variable Head Boundary +3 0.0 Initial Value
Variable Flux Boundary -3 Q.0 Initial Value
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When atmaospheric boundary condition is specified
(Faode{N)=x4), the time sequences of precipitation, Frec, and
evaporation, S5pil, wmust be supplied via input file ATMOSFH. IN.
The potential surface flux is then expressed as rAtm=rSpil-~Frec.
Actual surface flux is determined by the program. Two limiting
values of surface pressure head must be also provided: hCrits,
specifying maximum allowed pressure head at the surface (usually
3.3, and hCritaA, specifying minimum allowed surface pressure
head (defined from equilibrium conditions between soil water and
atmospheric vapor). The value of Fode (N) is switched
automatically by the program +$rom -4 to +4 when either of
limiting points is reached. The following table summarizes the
wee of variables rAtm, hCrits and hCritA during program execution
(Width(NY denotes the lenght of the boundary segment associated
with node N,

TARBELE 4.7, Determination of variables kode(N), G(N) and F(N)
if the atmaspheric boundary condition is applied.

o e et T e v Y e et o TS e TR e S T A R A T AR T M A L e o P S S o T o S} e T ey T e A = Tt T W T WY ST TR T e 3% RS PN YV Fiad A M M i e i

Fode (M) GH{N) F (N) Event
~4 -Width (N) ¥rAtm Unknown rAtm=rsoil-Frec
+4 Unknown hCritA Evaporation capacity

is excesdsd

+4 Unknown hCrits Infiltration capacity
is exceeded
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When variable head or flux boundary condition is specified
for certain part of the boundary (Kaode(N) = % 3}, the input file
QTMOSPH.IN must containe prescribed time sequences of pressure
head, ht, or flux, rt, to be imposed on this part of boundary.
The wvalues of bt or rt are assigned to particular nodes in

specified times according to following table.




TABLE 4.4. Determination of variables Kode(N), G(N) and P (N)
if the varisble head or flux boundary condition
is applied.
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Noade Type Kode (N) adnNg P IND
Variable Head Boundary +3 Unknown ht
Variable Flux Boundary -2 —Width (N) ¥rt Linknown

Water uptake by plant roots

Within the root =zone the rate of water removed from the
system by plants is calculated by the program via the D-term 1in
the Ffinite element equations. Therefore, the value of Kode (i)
must be set equal to 0 for all nodes in this region. WYalues of
potential transpiration, rRoot, must be specified in predefined
times wvia input Ffile ATMOSPH. IN, Actual transpiration is
calculated by the program.  The sink term parameters are taken
from separate input file SINK,IN. The values of function Beta (N}
which describes the space variations of the potential extraction
intensity must be sapecified for each node in the Flow region
(see description of input B1nck E in Chapter 5.). The part of the

flow region for which Beta(M) >0 is then treated as a root zane.

Bottom Flux - Bottom Mead Relationship q(h)

When the q{h)!-relationship is available the spefial case of
variable flux boundary condition, (Kode(N) = - T), can be used.
This case is indicated by setting the logical variable QGWLF from
input file ATMOSFH. IN egqual to .TRUE. . The value of discharge
@{N}), which is assigned to to the node N, is determined by the

program as G(N)=-Width(N)Xg(h) where h is set equal to actual




value of pressure head PN and gqih) 1s given by:
qfh) = —Agh exp( Bgh h-GWLOL! ) (4.1)

The parameters of function g(h), Agh and BEgh, must be also
specified in the file ATMDOSFH.IN togeather with zero groundwater

level GWLOL (usually equal to z—coordinate of soil surftace).

Seepace faces

Initial setting of variables Eode(N), G(N) and F{N) Ffor
any seepage face node is described in following table. All
potential seepage faces must be identified before commencing the
numerical simulation by giving a list of nodes within each

seepage face (see input Block D).

TABLE 4.5. Initial setting of variables Kode(N), &M and F(N)
for seepage faces.

i s v it 19998 S e . A % W e L et ATt S A AL Lty L M et M AR O Wb e AL N VRS S WAL W AN A M el B M ke e S S it A s s L G A8 it WA ASY LSS AT R i i i e b

Seepage Face +2 0.0 0.0
(iritially saturated)

Seepage Face -2 0.0 Initial Value
c{initially unsaturated)

4.4 DETERMINING MEMORY REGQUIREMENTS

The parameter statement (second statement in the program) is
used to define the problem dimensions. All main arrays are
dimensioned wvia adjiustable array declarators. This makes it
possible to change the problem dimensions without rewritting
declarations and recompiling all program subroutines. Different
problems can be investigated by changing the problem dimensions

in the parameter statement of the main program and attaching the
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previously compiled subroutines prior to execution.

the problem

fallows.

dimensions

The list of

defined by the parameter statement

TABLE 4.6. List of the problem dimensions.

e e e e e e e e e e e e e e e e o e b o e e o o e e B b e e e e e ke o e i SRS PHRE b ke e O SO SO AL o A O S84 B Ll Aok A0S NS SO S i L i SR

Dimension
Mame

MumNFD
NumELD
MBandD
NumBFD
NSeepD
NumSFD
NMatD

NTabD

Description

Max. number of nodes in finit slement mesh.

Max. number
Max. number
Max . number
Max . number
Max. number
Max . number

Max. nrumber

of

of

of

of

of

of

af

elenents in finite element mesh.
nodes 1n any transverse line + 2.
boundary nodes for which Eode (M) 30
seepage faces.

nodes in any one seepage face.
materials.

items in the table of hydraulic

characteristics generated by the program for each

material.
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5. INFUT DATA

Input to program SWM IT is divided into four input files.
Each dinput file consists of one or more input blocks dentified
by letters from A to I. These blocks must be arranged as 0l lows:

SELECTOR. IN

A. Basic Information

B. Material Information

C. Time Information

D. Seepage Information

GRID. IN

E. Nodal Information

F. Element Information

G. Boundary Geometric Information

ATMOSFH. IN
H. aAtmospheric Information

SINK.IN

I. Sink Information
Following are tables describing the data required for sach input
bleck., All data are read using list—directed formatting (free
format). To Ffacilitate orientation within each input block the
comment lines are supplied. The content of these lines is ignored
when the program is performed. The comment lines may be left
blank but not omitted. All input files are supposed to be placed
in the folder SWMII.IN.

All input data must be specified in consistent set of units

in bhoth ltength and time.



BLOCKE. A ~ Basic Information
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Recard Type Symbol Description
I:;_____":__m__:____"m“_gg;;;;;,z:;;;?m_wwm“wm_mmmMmm_mw_muqﬁ e
3 Char Hed Heading.

4 - - Comment line.

9 Char Linit lLength wunit (g2.g. "cm*).

b Char TUnit Time unit (e.g. "min’),.

b - - Comment line.

7 Int kKat Type of flow system being analyred.

O if horizontal plane flow
1 if avisymmetric flow
2 if vertical plane +low

3 - - Comment line.

9 Int Max It Maximum number of iterations allowed in
any time step (usually 10 - 203,

9 Real Tol Maximum desired absolute change [L3 in
the values of pressure head, h, between
two successive iterations in any time
step {(recommended value is 1 mm).

10 - - Comment line.

11 log CheckF Set this logical variable equal to .true.
if the grid input data are to be printed
for checking.

11 log ShortF ctrue. if printing of time—-level
information on gach time level is to be
suppressed and the information printed
only in specified print times.

.false. i+ this information iss to be
printed on each time level,.

11 log FluxfF true. it printing of detailed element
flux information and discharge/recharge
information is requested.

11 log AtmInF Strue., if atmospheric control data are
supplied via input file ATMOSPH. IN .
false. if the file ATMOEFH.IN is not
provided (i.e., in the case, of time
independent boundary conditions).

11 lag SeepF Set this logical variable equal to . true.
if any seepage face is defined.

s b e o e o e o e A ey e o e gt i S e St o R e Mg $o0A 03 YO ot BN Pl B MY 4 AL L M 1 S il Lok e ST P i AL WS i ST A P TR W e e e W s e M gt ST N




BLOCE B - Material Information
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1,2 -

3 - Int
3 Int
3 Real
= Real
3 Int
4 -

9 Real
5 Real
5 Real
5 Feal
b Real
] Real
b Real
b Real
b Real

NL_ay

hTabl

hTabM

MFar

Far(l.mM)
FPar (2,M}
Far (3, M}
Far (4,M)
Far{(5,M)
Far (&6, M)
Far (7,M)
Far (8, M)
Far(?,M)

Comment lines.

The materials are
number, MatNum,

Number of materials.
identified by material
specified in Block E.

Number of subregions in which the water
balance is computed separately. The
subregions are identified by subregion
number, LayNum, specifisd in Block F.

Absolute value of the lower limit [L]Y of
the pressure head interval in which
internal table of hydraulic
characteristics is generated for each
material (hTabl must be greater tham 0,.0;
recommended value is 0.001 cm).

Absolute value of the upper limil [LY of
the pressure head interval (e.g. 1000
cm). If abs. value of pressure head is
out of the interval <htabl, hTabNXx, then
appraopriate values of hydraulic
characteristics are computed directly
(without interpolation in the table).

Number of parameters specified for each
material fi.ee., 9 in the case of the
modified van Genuchten®s model).

Comment line.

Farameter 6. of material M.
FParameter Sa. of material M.
Parameter 6. of material M.
Farameter 6, of material M.
Parameter o« of material M [1/03.
Farameter n of material M,
Faramater Ko of material M I[L/T1.
Farameter K, of material M [L/T1].
FParameter o, of material M.

The same record as above must be providead
for each material M (from 1 to NMat),.

kbt S bt bl SAARL S b b Wb oot e e e ol e e e e o o i fan o M e TR T o S ke e e e e . o o S o e S e o it A S PR Semge i Tt TP P #1H Thli fri i iy B A

5=




BLOCKE € ~ Time Information

Record Type

Description

e . . . e i S e o i e Mt ks S o S YA oS S ot gt S ing OO A W T WL i s AT TS AL M Aokt B B b e e e TS A b ML A lh v i s b ke it it b s b ol bk ek s e e

1,2 -

s

3 Real
= Real
3 Real
%1 Real
3 Real
= Int
4 —

9 Real
o] Real
b Real

ot

dtMin

dtMax

DMul

DMul 2

ML

TFrint(l)
TPrint ()

Comment lines.

Initial time increment &t [TI.
Abmaem TTI.

Atmasn [T3.

I number of necessary iterations in  the
end of any time step is less than or
equal to I then At is multiplied by
dimensionless number DMul > 1.0 (usually
DMul should not esceed 1.3).

I+ the number of iterations is greater or
gqual to 7 then at is multiplied by DMul?Z
£ 1.0 (recomnended value is 0,.373).

Number of specified print-times in  which
detailed pressure head, moisture, flux,
and water balance information is printed,.

Comment line.

ist aspecified print-time [TJ.
1st specified print-time [T,

TPrint (MFL) Last specified print-time [TJ.
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HMOCHE D -~ Seepaqge Face Information

Block D may be omitted if logical variable SeepF (Block A)

is sel equal

KODE(N) =

to .false.

. On each seepage face, I, the nodes with

X2 are numbered locally in sequence from J=1 to

J=NEF (1), starting from the saturated side of the seepage face,

Thus, each

noce on

a seepage face is identified by a local

nuambzer, J, and a global number, NP{I,J).

L LA o T 04 Lt et AL i By SO L gt i A R4 $him ey AL IR ks WA ke bk et Py s Mot b i eend o b Bl iy ey el shiat fma sy A el raars @ S e e toes sk e ( sowie v g g iy by sty e R B

1,2 -
3 Int
4 —
5 Int
b’ Int
o Int
& -
7 Int
7 Int
7 Int
8 -
I Int
@ Int
¢ Int

NEF (1)
MSF (2

NSF (NSeep )

FodeS (1)
KodeS {(2)

Comment lines.

Number of seepage faces expected to
develop.

Comment line.

Number of nodes on the 1st seepage face.
Number of nodes an the 2Znd seepage face.

Number of nodes on the last seepage face.
Comment line.

Set this variable equal to -1,
Set this variable equal tao -1.

FodeS (NSeep) Set this variable squal to -1,

MECY, 1)

MF (3, 2)

Caomment Jine.

Sequential global number (N} of 15t
node on first seepage face.

Sequential global number (N) of 2nd
node on first seepaqe face.

NF({(1,M5F(1}) Sequential global number (N} of last

node on first seepage face.

The same record as ahove must be provided
for each seepage fare,
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BLOCK. E — Nodal Information
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1,2 -

3z Int
=3 Int
= Int
3 Int
4 _—

95 - Int
= Int
S Real
5 Real
5] Real
] Real
ot} Int
= Real
] Real

NumNF

NumEl

N

FKode (1}

X (N)

ALY

F1iM)

Q)

MatNum (N}

Beta {M)

Axz (N)

Comment lines.
Mumber of nodal points.

Number of elements (quadrilaterals and/or
triangles).

Max imum nuwnher of nodes in any transverse
line.

Number of boundary nodes  for which
Faode{(N) is not equal ta 0.

Comment line.
=N {(nodal point number).

Code specifying type of houndary
condition .applying to the nodal point.
Legal wvalues include O,*1,32, %3, and -4
(see Section 4).

w—coordinate (L1 aof the nodal point. This
must be the horizontal coomrdinate.

z-coordinate [L.13 of the neodal point. This
must be the vertical coordinate in
problems involving wvertical planar or
axigymmetric flow. In the axisymmetric
case, =z must coincide with the wvertical
axis of symmetry.

Initial wvalue of presswe head [L.] at
the nodal poeint.

Frescribed rechargesdischarge [L#/T]1 at
the nodal point, negative out of the
syatem (in axisymmetric case [L3/T1). If
the wvalue of QN is not prescribed set
G{N) equal to zero.

Number of material whose hydraulic
properties are assigned to the node.

MNodal value af the function which
describes space distribution of potential
transpiration demand in the root zone. If
node N i not inside the root zone set
Beta(N) sgqual to zero.

The nodal value of dimensionless scaling
factor asscciated with pressure head.

{for continuation see next page)
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BLOCE E (continued)

b Feal HBuz (M) The nodal value of the scaling factor
associated with hydraulic conductivity.

= Real Daxz (M) The nodal wvalue of the scaling Ffactor
associated with moisture content.

In general, one record as that above is
required for each nodal point, starting
with N=1 and continuing in sequence up ko
N=NumMNF. Some records may be skipped for
certain nodes subldect to the following
conditions.
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Consider two nodes, NI and N2, along a transverse line such that
N2 is greater than Ni+1. Then only the data for nodes N1 énd N2
need be specified provided that all of the following conditions
are met simultaneously:

1. All nodes along the transverse line between node NI and N2 lieg
agual distances apart along a straight line.

2. The values of F1(N), Reta(M), Axz(N), Exz (M), and Duz (N} vary
linearly between node M1 and NZ2.

3. The values of Fode(MY, GQ{M) and MatMNum (M)
Far M o= NI, MI+t,...,M2~1 are the same.






