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Spoke 6: Ecological transition based on HPC and data technology



Cosa simuliamo?
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• Simulation of flow and contaminant transport. Saturation 
contour profiles of the three-phase fluid flow (water + 
contaminant + air) in variably saturated zones. High-
resolution in space and time.


• The increased computational speed and capacity of 
present day multicore computers, the and new powerful 
codes that provide enhanced modeling tools are 
revolutionizing the science of groundwater modeling. 


• In the past, details of the actual movement of water 
through the unsaturated zone have been of little or no 
interest. The situation has completely changed with the 
rising interest in subsurface contamination. 


• In recent years, public attention has been focused on 
groundwater contamination by hazardous industrial 
wastes, on leachate from landfills and spills of oil and 
other toxic liquids, on agricultural activities, such as the 
use of fertilizers, pesticides, and herbicides, and on 
radioactive waste in repositories located in deep 
geological formations.


• Any plan of mitigation, cleanup operations, or control 
measures, once contamination has been detected in the 
subsurface, requires the prediction of pathways and fate 
of the contaminants, in response to certain planned 
remediation activities.


• Multidisciplinary research involves collaboration among 
experts from different academic fields who apply their 
respective methodologies and knowledge to a common, 
complex problem. 



Plan of the Talk

• The problem and the solution: contaminant transport using computational fluid 
dynamics (CFD) 


• Mathematical setup


• Applications to the migration of LNAPL and DNAPL in unsaturated/saturated zones to 
make predictions in space and time:


• In oil pipelines (spilled fixed term benzene, gasoil oil, petroleum)


• In homogeneous and heterogeneous multilayered shallow and deep aquifers


• In sand column experiments (spilled oil)
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LNAPL (Light NAPL) and DNAPL (Dense NAPL): The Problem
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• After being released into the environment, the immiscible contaminant infiltrates the porous medium, from the unsaturated zone to the saturated 
one under the influence of gravity.


• From a numerical point of view, the resulting dynamics are very complex, since capillary pressure and permeability depend on the saturation. The 
resulting dynamics are highly nonlinear and create sharp discontinuities called ‘shocks front’ which, if not adequately treated, introduce significant 
numerical errors in the simulations.


• In the literature, this dynamics is separated into different steps (the unsaturated zone (vertical) separated from the saturated zone (horizontal), the 
LNAPL from the DNAPL), etc. The vertical (1D) is treated with an analytical code (Hydrocarbon spill screening model (HSSM)), and the horizontal 
with MT3DMS, etc.


• The solution: Using a high-resolution shock-capturing conservative method to resolve the nonlinear governing partial differential equations of a 
three-phase fluid flow allows to treat the system through both zones and accurately tracking the evolution of the sharp contaminant front.



Governing equations and mathematical setup
• The governing equations that describe a multiphase fluid flow in a porous 

medium in terms of non-aqueous (n), water (w), and air (a) are
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Governing equations and mathematical setup II
• The PDEs can be written as


•
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High-Resolution Shock-Capturing conservative method
Based of the method presented in Kurganov and Tadmor (KT) J. Comput. Phys. 160, 241–282 (2000) 

• The implementation


• The HRSC method possess the following properties: sharp resolution of discontinuities 
without considerable smearing; at least second-order of accuracy on smooth parts of the 
solution; absence of spurious oscillations in the solution; convergence to the “weak” solution 
as the grid is refined; no use of artificial-viscosity terms. The method belongs to the class of 
Monotonic Upstream-centered Scheme for Conservation Law (MUSCL). 
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based on the open-source Cactus  toolkit20,23,39, an open-source software framework for developing parallel high-
performance simulations codes. Data are evolved on a cartesian mesh with six refinement level using  Carpet40,41. 
We discretize the domain problem using the FDM and implement the explicit (forward) Euler method for the 
space-time evolution of the system.

Numerical methods
The strong nonlinearities in the previous system of PDEs are represented by the relationship between the perme-
ability-saturation, which is responsible for creating the shocks, and capillary pressure-saturation of each phase. 
This situation has to be described accurately in time (and space) and needs high-resolution and refinement at a 
small scale (vertical and horizontal) up to a large scale. The crucial part to notice is the fact that the dominant 
piece of the multiphase flow PDEs that has to do with the water and nonaqueous phase is dominated by the 
hyperbolic part (the one proportional to gravity and the gradient of the pressure, rather than the elliptic part of 
the equation (proportional to the capillary pressure). We will use explicit methods to resolve the part of the PDEs 
equation that has a hyperbolic structure and resolve it in an explicit way to eliminate the oscillations/shocks that 
are caused due to the term proportional to the gravity constant.

When introducing the formal properties of numerical solutions methods of PDEs associated with conserva-
tion laws, two fundamental theorems are underlining the importance of using a conservative formulation. The 
first one is due to Lax, and  Wendorff42 and the second by Hou and  LeFloch43. Namely, that conservative numerical 
schemes, if convergent, do converge to the weak solution of the problem. The second theorem states that non-
conservative numerical schemes do not converge to the correct solution if a shock wave (or discontinuity) is 
present in the flow. These two theorems state that if a conservative formulation is used, then we are guaranteed 
that the numerical solution will converge to the correct one, while if a conservative formulation is not used, we 
are guaranteed to converge to the incorrect solution in the likely event in which the flow develops a discontinuity.

The main approach to the numerical solution of the problem is based on a class of semi-discrete methods 
(Ordinary differential equation (ODE) in time and discretized in space) conservative flux methods of the type 
discussed in Kurganov and Tadmor (KT)22 using upwind fluxes. This approach is based on (full) explicit in the 
time evolution of the discretized equation using the so-called methods of lines (MoL) for the time evolution of 
the discretized (in space) variables. This technique allows to overcome the major limitation of the solution meth-
ods used before and to ensure mass conservation of the various components easily and accurately propagate the 
sharp front of the fluid component. This has the main drawback that the size of the time step that must be used 
to ensure convergence is much smaller than the one that can be used with an implicit scheme or semi-implicit 
one, like the one used in IMPES  simulations21. In particular, to deal with the sharp front originated from the 
nonlinearity of the equations, we use a high-resolution shock-capturing (HRSC) method to treat discontinuities 
due to the capillary pressure (air-nonaqueous), (water-nonaqueous) and the permeabilities that depend on the 
saturation of the three different phases.

The conservation form (second-order scheme) in the 1D-case (straightforwardly generalized to 2D and 3D) 
is given  by22,

with the numerical flux,

and the discretized variable uj(t) are approximated TVD limited piecewise linear (discontinuous at the cell inter-
face) that assume the values u−j+1/2 and u+j+1/2 at the boundary between the cell j and j + 1 and aj+1/2(t) is the 
maximum of the spectral radius of F ′(u) . We can now use the crucial simplification (that it is now accurate at first-
order in space) that holds true when F(u) does not change sign (as it is for our equations) for different values of 
u(t) at the interface. Namely we assume: Hj+1/2(t) = −F(u+j+1/2(t)) if F(u(t)) < 0 and Hj+1/2(t) = F(u−j+1/2(t)) 
if F(u(t)) > 0.

The HRSC methods possess the following properties: sharp resolution of discontinuities without considerable 
smearing; at least second-order of accuracy on smooth parts of the solution; absence of spurious oscillations 
in the solution; convergence to the “weak” solution as the grid is refined; no use of artificial-viscosity terms. 
The method belongs to the class of Monotonic Upstream-centered Scheme for Conservation Law (MUSCL) 
suggested by van Leer in 1973, and the KT scheme is second-order accurate in space. To achieve second-order 
accuracy, one needs to use analytical information on the form of the flux. However, as in this work, the use of 
the first-order upwind formula for the fluxes, and the minmod flux limiter, only the point values of the flux are 
required. This is of great advantage since it can use tabulated values for permeabilities. The only penalty is that it 
is first-order not only at the discontinuities but also over the whole simulation grid. But one has to keep in mind 
that any methods will be first-order at the physical discontinuities, and the problems we target to study involve 
following real-discontinuities.
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based on the open-source Cactus  toolkit20,23,39, an open-source software framework for developing parallel high-
performance simulations codes. Data are evolved on a cartesian mesh with six refinement level using  Carpet40,41. 
We discretize the domain problem using the FDM and implement the explicit (forward) Euler method for the 
space-time evolution of the system.

Numerical methods
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This situation has to be described accurately in time (and space) and needs high-resolution and refinement at a 
small scale (vertical and horizontal) up to a large scale. The crucial part to notice is the fact that the dominant 
piece of the multiphase flow PDEs that has to do with the water and nonaqueous phase is dominated by the 
hyperbolic part (the one proportional to gravity and the gradient of the pressure, rather than the elliptic part of 
the equation (proportional to the capillary pressure). We will use explicit methods to resolve the part of the PDEs 
equation that has a hyperbolic structure and resolve it in an explicit way to eliminate the oscillations/shocks that 
are caused due to the term proportional to the gravity constant.

When introducing the formal properties of numerical solutions methods of PDEs associated with conserva-
tion laws, two fundamental theorems are underlining the importance of using a conservative formulation. The 
first one is due to Lax, and  Wendorff42 and the second by Hou and  LeFloch43. Namely, that conservative numerical 
schemes, if convergent, do converge to the weak solution of the problem. The second theorem states that non-
conservative numerical schemes do not converge to the correct solution if a shock wave (or discontinuity) is 
present in the flow. These two theorems state that if a conservative formulation is used, then we are guaranteed 
that the numerical solution will converge to the correct one, while if a conservative formulation is not used, we 
are guaranteed to converge to the incorrect solution in the likely event in which the flow develops a discontinuity.

The main approach to the numerical solution of the problem is based on a class of semi-discrete methods 
(Ordinary differential equation (ODE) in time and discretized in space) conservative flux methods of the type 
discussed in Kurganov and Tadmor (KT)22 using upwind fluxes. This approach is based on (full) explicit in the 
time evolution of the discretized equation using the so-called methods of lines (MoL) for the time evolution of 
the discretized (in space) variables. This technique allows to overcome the major limitation of the solution meth-
ods used before and to ensure mass conservation of the various components easily and accurately propagate the 
sharp front of the fluid component. This has the main drawback that the size of the time step that must be used 
to ensure convergence is much smaller than the one that can be used with an implicit scheme or semi-implicit 
one, like the one used in IMPES  simulations21. In particular, to deal with the sharp front originated from the 
nonlinearity of the equations, we use a high-resolution shock-capturing (HRSC) method to treat discontinuities 
due to the capillary pressure (air-nonaqueous), (water-nonaqueous) and the permeabilities that depend on the 
saturation of the three different phases.
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CactusHydro 
High-resolution shock-capturing (HRSC) conservative numerical method applied to groundwater

• To address the shocks front and accurately propagate the front of the fluid component in 3D space and time we use the HRSC conservative method that 
treats the advective part (hyperbolic) of the PDEs better than other numerical methods when there is a discontinuity since it is a conservative flux method 
that follows sharp discontinuities accurately and temporal dynamics of three-phase fluid flow in a porous medium. 


• The HRSC method has a sharp resolution of the discontinuities without considerable smearing, at least second-order of accuracy on smooth parts of the 
solution; absence of spurious oscillations in the solution, convergence to the ‘weak’ solution as the grid is refined, no use of artificial viscosity terms. 


• The time evolution is performed using a ‘forward’ in time explicit method (instead of a commonly implicit ‘backward’ in time evolution). 


• We need High-Performance-Computing (HPC) for parallel, large-scale numerical simulations, creation of distributed data structures, parallelism, I/O, 
checkpointing, etc.


• CactusHydro is built up over an open source infrastructure called Cactus (cactuscode.org)


• Cactus is: a framework for developing portable, modular applications, focusing on HPC.   


• Cactus was developed for solving computational problems which:                     


• Are too large for single machine


• Require parallelization (MPI, OpenMP, GPU) 


• Involve multi-physics


• Use codes written in different programming languages (usa il metodo delle differenze finite).
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Anaconda —> for python scripts written for post-processing in data science 
and matplotlib HPC @ UNIPR


MARCONI / LEONARDO @ 
CINECA

http://cactuscode.org
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Koichi et al., 1977



• List of parameters used for the 
three-dimensional numerical 
simulations of LNAPL and DNAPL 
in variably saturated zones
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3D Numerical Results 



Saturation contours of LNAPL (continuous leak, homogeneous aquifer) at 
different times
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Saturation iso-surface of LNAPL in 3D (generated using VisIt post-processing, open source)



Saturation isocontours of LNAPL (small leak, homogeneous aquifer) at 
different times
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Saturation contours of DNAPL (continuous leak, homogeneous aquifer) at 
different times
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Saturation contours of DNAPL (small leak, homogeneous aquifer) at different 
times
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Saturation contours of DNAPL (small leak, homogeneous aquifer) at different 
times
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DNAPL (continuous leak, heterogenoeus aquifer and impermeable lenses)
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Saturation contours of DNAPL (continuous leak, heterogenoeus aquifer and 
impermeable lenses in the saturated zone)

21



LNAPL application: How to minimise the environmental contamination caused by hydrocarbon 
releases by onshore pipelines: the key role of a 3D three-phase fluid flow numerical simulation 

• We studied the leakage of LNAPL (gasoline or diesel oil), for one hour, from an oil pipeline that comes out with very high pressure (compared 
to atmospheric pressure) into the surrounding environment. This pipeline is located one meter below the ground surface. Developing a rapid 
response strategy that might include accurate predictions of oil migration trajectories from numerical simulations modeling is decisive. 
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Saturation contours                       of a three-phase immiscible fluid flow (water, gasoline, air) in a 
dry soil (Sw=0). The spill is released from the oil pipeline at (x,y,z) = (0,0,1) m and (x,y,z) = (0,0,10) m
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Saturation contours     of a three-phase immiscible fluid flow (water, gasoline, air) in an unsaturated 
zone with Sw=0.20. The spill is released from the oil pipeline at (x,y,z) = (0,0,1) m and (x,y,z) = (0,0,10) m.
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Saturation contours     of a three-phase immiscible fluid flow (water, gasoline, air) in an unsaturated 
zone with Sw=0.50. The spill is released from the oil pipeline at (x,y,z) = (0,0,1) m and (x,y,z) = (0,0,10) m.
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Analysed the hydraulic gradient 0.004 
Another density (diesel oil) 

Depth (Z) = (2, 5, 20) m 
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Effects on the density of the contaminant



Effects on the water saturation of the unsaturated zone
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Effects on pressure in the oil pipeline
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Crude Oil (Petroleum) at 2 meters from the GW

Water saturation = 0.0

Water saturation = 0.10
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Water saturation = 0.30

Water saturation = 0.40

Water saturation = 0.20



Crude Oil (Petroleum) at 5 meters from the GW
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Water saturation = 0.0

Water saturation = 0.10
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Water saturation = 0.20

Water saturation = 0.30

Water saturation = 0.40
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Quantitative distribution of the crude oil mass spilled
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DNAPL application: Free-Product PCE Distribution in Thick Multilayered Aquifers as Possible 
Long-Term Pollution Sources for Shallow and Deep Groundwaters (Parma, Northen Italy)

• A test study on Perchloroethylene (PCE) 
contamination in the alluvial aquifer (of Parma) was 
carried out. This aquifer consisting of alternating 
layers of low-permeability (silt and clay) and high-
permeability (gravel and sand) materials. Various 
undulations characterize the contact surface 
between the aquifer and the basal aquiclude. The 
surface waters are shallow and are recharged by 
local infiltrations and by the Taro river, which is 
hydraulically connected to the aquifer.


• PCE contamination was monitored (from 2002 to 
2019) through institutional piezometers of the 
municipality of Parma located throughout the urban 
area of Parma and showed a cyclical variation with 
the highest values at the beginning of recharge and 
the lowest when there is a recession. The 
persistence of PCE in the aquifer, its cyclical 
variation, and the almost constant peak 
concentration value indicates the presence of a 
pool. 


• From the reconstruction of the 3D stratigraphic 
profiles, we have identified the area from which any 
releases of DNAPL could cause widespread and 
deep contamination of the aquifers downstream. 
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• The upstream scenario (monte)
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• The downstream scenario (valle)
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Numerical Simulations of Free-Product DNAPL Extraction in Potential Emergency 
Scenarios: A Test Study in a PCE-Contaminated Alluvial Aquifer (Parma, Northern Italy)
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Migration of DNAPL in a saturated  porous media: validation of HRSC 
numerical simulations through a sandbox experiment
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hydrofluoroether (HFE-7100)
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