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Parallel Solution for Large Scale Hydrological Systems.

e State of developme nt of Large Scale Model for Surface and Subsurface
water flow in multi-aquif er syste ms.

e Study Domain: Santa Fe province in the argentinian Litoral (130.000 km?
Fig. 1).
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Figure 1: Drainagqge network and system location in province of Santa Fe.
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Surface and subsurface water flow problems (i.e. multi-aquif er/river
systems) deal with coupled nonli near and linear diff erential equations in

comple x domains and dissimilar time scales.

The problem is highly dependent of the terrain topology where water
flows.

Construction of a Delaunay tesellation from satellite data images and the
DTM data (Digital Terrain Model obtained from 88 topographical maps,
scale 1:50.000), whic h represe nts the geometry of the stream/aquif er

system and theref ore the mesh for the parallel finite element model.

Interpolation of any hydrological physical properties via the Natural
Neighbor Method.

Mathem atical treatme nt of ground -water flows follo ws the confined aquifer
theory (Classica | Dupuit approximation) for unconfined aquifers whereas

surface -water flows are treated with the kinematic wave approximation

(KWM model) or Shallo w-Water theory for unstead y open channel flow.
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e A mathematical expression similar to Ohm’s law is used to simulate the

interacting term among the two hydrologi cal components.
Both Manning and Chezy friction models are available for the stream s.

Due to the the spread in time (slow time scale for ground-water flow and
fast time scale for surface flow) and length scales, an impor tant degree of

refineme nt is required in the draina ge network neighbo rhoods.

In a 2D multi-aquif er model, the number of unkno wns per surface node is,

at least, equal to the number of aquif ers and aquitar ds; due to this fact, it

is expected to have a very high demand of CPU computation time, calling

for parallel processing techniques.

A C++ FEM code based on the PETSc-FEM and PETSc libraries was

developed.
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The Hydrological Model.

e The implemented module solves the problem of subsurface flow in a free
aquif er, coupled with a surface net of 1D stream s for KW model or a 2D

triangulation for Shallo w-Water model (Fig. 2 and Fig. 3).
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Figure 2: Aquifer/stream system.
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Figure 3: Aquifer/stream system. Discretization.
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® The equation for the aquif er integrated in the vertical direction is:

9
ot

(S(¢ —m)¢) = dv(K (¢ —n)Ve) + > G,

where S is the storativity, K is the hydraulic conductivity and GG is a source term, due to rain,

losses from streams or other aquifers.

e “Kinematic Wave Model” KWM approach [Whitham197 4],

0A(u) O0Q(A(u))
ot | 0s

”Qmu

where u is the height of the water, A is the transverse cross section of the stream. () is

the flow rate and that is a function of A through the friction law under the KWM mode.
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e 2D Shallo w-Water Stream Model.
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where his the flow depth,
ti=(wyv) 1s the velocity vector,
g is the gravitational constant,

Sy 15 the bottom slope and

Sy is the slope friction.
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e Friction Laws

o KW Model. (@) = vA™)

Ch %m\w wluu
an~1§1/2 p-2/3,

o Shallo w-Water Model.
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Chézy model .

Manning model .

Chézy model .

Manning model .

where P is the wetted perimeter, and C',, a and n (the Manning roughness) are model

constants.
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e Coupling Term

P/R¢(¢ — hy —u), KW model.

1/R¢(¢p —hy —h), S-W model.
where GG 5 represent the gain or loss of the stream, and the main component is the loss
to the aquifer and I2 ¢ is the resistivity factor per unit arc length of the perimeter in the

KW model and the resistivity factor per surface unit in the Shallow-Water model .

The corresponding gain to the aquifer is
G, =—Gsor,,

where I's represents the planar curve of the stream and dr, is a Dirac’s delta

distribution with a unit intensity per unit length, i.e.

\\Axv or,d¥X = | f(x(s))ds.
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Natural Neighbor Interpolation.

e A powerful set of C'° (except at the nodes where they are Qov shape
functions for smooth interpolation of physical proper ties.

(x)u;, ¢=1,2... avector-valued function.

Figure 4: Support and Natural Neighbor shape function.
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Figure 6:
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order voronoi diagram for X.
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e An implemented algorithm as a C++ function using CGAL geometrical

librar y.

1. Construct a Delaunay tessellation with nodes where values are knowns

2. For each node mn; where we wish know the vector-value ::ANV

e Find the face F;,, suchas n; € I,

Construct a secondar y local Delaunay tessellation with nodes in £,

and node n;
Compute A;(x), (i =1,2,...,N)

Compute u(x) with u”(x) = MUMMH b (X) ;.
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Stream and Aquif er Height Interpolation

height [m]

south-narth [m]

west—east [m)
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Fem Compu tations

The large time and length scales presents in surface-wa ter and
ground-water flow problems entails to a large demand of computational

resour ces.

Considering multi-aquif er syste m where several layers are added the

number of unkno wns will be 10 to 20 unkno wns per node.

A rough estim ate sug gests that triangulations in the order of 100,000 to
1,000,000 triangles should be used, therefore, the expected number of

unkno wns lie between 10% and 107.

System solution strate gy: Domain Decom position Method, i.e. a mixture
of iterativ e and direct solver s. We iterate a GMRES method on the
interface unkno wns and solve with a LU factorization in the subdomain

interior s.
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Numerical Results

e KWM runs.
The first example is periodic case with wet and dry seasons. A wet season

of 200 days with a precipitation rate of 1,000 mm/year (the annual average
in last years) is intr oduced.
A mesh of 96,131 triangular elements and 48,452 nodal points is used. At

time ¢ = 0 ¢ = 30 m above the aquif er bottom and u = 10 m above the
streambed. The physical constants are: K =2-1073,S = 2.5- 1072,
R¢ = 3-1073. The time step adopted is Dt = 1 day.

With 7 process or Pentium 1V 1.4-1.7 Ghz and 512 Mb RAM (Rambus)
connected through a switc h Fast Ethernet (100 Mbit/sec, latenc <u©ﬁoovv

was 3.6 seconds in average. The second example is a case with no

raindr op and a constant recharge of 5 meters in upstream bound aries.
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Figure 7. Aquifer mesh.

Centro Internacional de Métodos Computacionales en Ingenieria CIMEC 17



Parall el Finite Element Model for Surface and Subsurface Hydrology, by Rodrigo PAZ et al. 18

e Shallo w-Water runs

1. An impermea ble river with a parabolic bump in the bottom and a wavetrain

perturbation.

2. An small scale stream/aquif er system with long wave perturbation and

Conclusio ns ‘

rainfall periods.

e The primar y goal of the present work was the developme nt of alarge scale

hydrologi cal model for surface and subsurfac e water flow.

® More accurate physical data are being obtained through intensive

measurements work.

e Future work includes multi-la yers/multi-aquif er syste ms, pollutant

transpor t, etc.
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