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Introduction
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code for computing flow, heat and species
transport equations in porous media. The
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* Groundwater flow
« Heat transport
« Species transport

\ J (Vogt, C., et al)
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Introduction

SHEMAT-Suite can solve the following classes of problems:

groundwater flow

conductive heat
transport

diffusive species
transport
chemical reactions

SHEMAT-Suite uses a finite difference method to solve the partial differential equations

numeric_algf. _ _
« Upwind Differencing Scheme

* II'in Flux Blending Scheme
 Smolarkiewicz Advection Scheme

Two coupled

Three coupled
processes

processes
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Important Application Areas

[wylz

Four important application areas of SHEMAT-Suite:

“NWLaEDND

« Geothermics: « Paleoclimate: * Hydrogeology:  Inverse method
development:

(Ebigbo, Anozie, et al.) (D. Mottaghy et al.) (Thomas, A. T., et al.) (Rath, V., A. Wolf, and H. M. Bucker.)
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Important Application Areas

Four important application areas of SHEMAT-Suite:

[wylz

0 i I ; 1 1 i g
0 2000 4000 6000 8000 10000
X{m)

“NWLaEDND

Geothermics:  Paleoclimate: - Hydrogeology: * Inverse method
> P t dule for i » Simulating the submarine development:
Borehole heat roper Y mo uie o_r ce dwater disch » Three-dimensional inverse
for simulating freezing groundwater discharge o
exchanger and : : > E ble-based and rel parameter estimation
and thawing processes in nsemoble-basea and rely : e
temperature sensor _ : » Uncertainty quantification of
ulat porous media. on high-performance ted h |
. gmu a |onti | > computing for the modern expected geothermal energy
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(Ebigbo, Anozie, et al.) (D. Mottaghy et al.) (Thomas, A. T., et al.) (Rath, V., A. Wolf, and H. M. Blicker.)
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SHEMAT to SHEMAT-Suite

+  SHEMAT (Fortran 77)  SHEMAT-Suite (Fortran 95)

Git:
Online help and bl R SHEMAT-Suite-open
Documentation e :
Visualization Repository for code development for open-

4> source SHEMAT-Suite.
ascii-file _J % SHEMAT-Suite_Models-open
Testmodels for SHEMAT-Suite.

| : pata sets fqr y ‘
S~ < SHEMAT-Suite_Scripts-open
Scripts for Pre-/Postprocessing of SHEMAT-

General structure of the simulation package SHEMAT / — Suite.
Processing SHEMAT (Clauser 2003)
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Overview of current code version

« Current code version: v9.00
« Permanent link to code/repository: https://github.com/ElsevierSoftwareX/SOFTX_2020 135

* Operating environment: Linux OS

» Open source environment

SHEMAT-Suite ®
Group ID: 444 (3

Repository for code development for SHEMAT-Suite. SHEMAT-Suite simulates flow, heat and species transport in porous media,
as well as geochemical rock reactions, for applications regarding geothermal energy.

Subgroups and projects  Shared projects  Archived projects ’ Search by na Name, descending v
SHEMAT-Suite_Scripts-open &
s X
@ Scripts for Pre-/Postprocessing of SHEMAT-Suite * 0 5 months ago
SHEMAT-Suite-open &
S
0 Repository for code development for open-source SHEMAT-Suite. SHEMAT-Suit... * 0 2 months ago
g s SHEMAT-Suite_Models-open & e
Testmodels for SHEMAT-Suite. 0 1year ago

8 Improving the predictive quality of repository-relevant simulations through optimal data acquisition and smart monitoring ) Chair of Methods for Model- m
| L_JRSZOZZ | 09.09.2022 | MB based Development in | INIIN
Qian Chen | chen@mbd.rwth-aachen.de | Computational Engineering

Methods for Model-based Development in Computational Engineering | www.mbd.rwth-aachen.de |


https://github.com/ElsevierSoftwareX/SOFTX_2020_135

SHEMAT-Suite _Models-open

SHEMAT-Suite_Models-open &

Project ID: 41816 [2
-0- 34 Commits ¥ 1Branch ¢ 0 Tags & 310.4 MB Project Storage

Testmodels for SHEMAT-Suite.
Benchmarks for SHEMAT-Suite Source

fw_basc_ElderProblem Elder, J., Numerical experiments with free convection in a vertical slot, Journal
of Fluid Mechanics, 24(4), 823-843 (1966).
Thomas, A. T., Reiche, S., Riedel, M., & Clauser, C., The fate of submarine fresh
groundwater reservoirs at the new jersey shelf, usa, Hydrogeology Journal,
27(7), 2673-2624 (2019). http://dx.doi.org/10.1007/s10040-019-01997-y

fw_basc_HenryProblem

Domenico, P. A., & Palciauskas, V. V., Theoretical analysis of forced convective
heat transfer in regional ground-water flow, Geological Society of America
Bulletin, 84(12), 3803 (1973). http://dx.doi.org/10.1130/0016-
7606(1973)84<3803:taofch>2.0.co;2

fw_const_DP

fw_const_HeatConductionl1D simple analytical solution

fw_const_Peclet simple analytical solution

https://git.rwth-aachen.de/SHEMAT-Suite/shemat-suite_models-open
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Input and Output File

Input File 1: Input file of the THEIS model. (Keller, Johannes, et al.)

23
5@ o

Example

v

ASCII input files

*HUOUNEGE

S oW

]

# grid

69 69 1

# delx

3+160,0d0 1+80.0d0 1=40.0d0 3+20.0d0 3+10.04d0
5%5.0d0 5%2.0d0 11%1.0d40 2%1.0d0 1.0d0 2%1.0d40
11+1.0d0 5%2.0d0 5+5.0d0 3%10.0d0 3+20.0d0
1#40.040 1x80.0d0 3+¢160.0d0

4 dely
3%160.0d0 1+80.0d0 1=40.0d0 3+20.0d40 3#10.04d0
5%65.0d40 5+2.0d40 11%1.0d40 2%1.0d0 1.0d0 2+%1,0d40
11%1.0d0 5#2.0d0 5%5.0d40 3#%10.0d40 3+20.040

SH EMAT_Suite ;‘41,0|(3d0 1%80.0d40 3+160.0d0

20.d0

# lsolvel linear solver control)
1.d-10 64 500

# nliterf {nonlinesar iteration contrel)
1

.0d-10 1.04d0

Output Files

vtk (Paraview)
* plt (Tecplot)

# head bed simple=right, value=init
# head bce

# head init
4761+20.0d0

sple=back, value=init

temp imit

4 53

° hdf (hdf f ) 4761¢20.040

5 software

° t t 1000.0d0 5.0D-8 4218.0d0 0.65d40 1.0D-3 0.02d0

# units
)( 0.1d0 1.d0 1.d0 1d-12 1.d-8 1.d0 1,d0 3.35d0 0.40 2300000.d0 10d0 0.40 0,40
# uvindex
476191
4 file output
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Input and Output File

Input File 1:_Input file of the THEIS model._(Keller, Johannes, et al.)

v

Example 2333 Run Info SHEMAT-Suite-Wiki
ASCII input files >

# gri - -

T « General information
3+160,0d0 1+80.0d0 1+40.0d0 3+20.0d0 3+10.0d0
5%5.0d0 5%2.0d0 11%1.0d40 2%1.0d0 1.0d0 2%1.0d0

11+1.0d0 5%2.0d0 5+5.0d0 3%10.0d0 3+20.0d0 Grid g Tutorial

1#40.040 1x80.0d0 3+¢160.0d0

# dely -
545,040 842,040 11+1.0d0 291,040 1:040 291040 * Instructions

11%1.0d0 5#2.0d0 5+5.0d0 3%10.0d0 3420.0d40

SH EMAT_Suite :':?]Sdo 1%80.0d0 3+160.0d0

20.4d0

# timestep control

1

1.0 1.0 1.0 0.0 A

Time Step
86400

# time pe gcorde~1
0.0 3.5 100 lln

# nluoclve
B0 O

: § Leolvet (Lineas solver control) Solver Control
Output FIIeS : :L vers A‘mnl insar iteration contrel)

» vtk (Paraview) Boundary conditions

# head be simple=right, value=init

. plt (Tecplot) 372;:50?;;;; Initi
e al Values
* hdf (hdf5 software)

# fluid props
1000 OdO 5.0D-8 4218.0d0 0.65d0 1.0D-3 0.02d0

° tXt 0 ldO 1 d0 1.d0 14-12 1.d-8 1.d0 1,d0 3.35d0 0.d40 2300000.d0 10d0 (.40 OParameterS

# uindex
A761 01

Sy Output
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Software functionalities

The source code of SHEMAT-Suite is functioned in two levels: 1. The bramchlévet! 2. The directory level.

A forward-mode (master) for pure forward
computation.

An automatic-differentiation-mode (master-
ad) for deterministic inverse computation.

A stochastic-mode (master-sm) for
geostatistical simulation and parameter
estimation.

Master-all compiling in all three modes.

SHEMAT-Suite master-branchest———

master strea
Forward computation upstreatu
Merge changes \
master-ad master-sm
Deterministic Inversion Stochastic Inversion
\ Merge changes /
master-all d Gt
Full functionality ownstreatn

/

(Keller, Johannes, et al.)
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Software architecture

The source code of SHEMAT-Suite is functioned in two levels: 1. The branch level 2. The directory level.
The master branch contains the following
dlreCtorleS [ Start; nXl[rmltmrl }
_
« [forward/: forward computation o J { —
- - SSCI-UCINNeC 1I1|.)1ll Fe===pF========= LCaC llllJllL

« /solve/: the solution of systems of linear {

equations. \ .
. /prOpS/: dynamlc behaV|Or and Coupllng Of ﬂUId { User-defined output J————«{ Write output J dL._,.UE_\]:;:;L::E[‘IL)OI} J

and rock properties. )
 Juser/: user-defined input and out subroutines, a P—

User-deflned Fortran'mOdUIe /emake/: Compilation e e
° -1 H 1 1 /doc/: Documentation

/ndf5/: interfaces with the HDFS5 library for input finversel (ad) | | ncr m

and OUtpUt' / m kAD/ (ad) { Call the linear solver ‘ qli(:l‘[:llll:zcullil ‘
« /cmake/: compilation utilities using CMake tools. =
» /doc/: input for generating the Doxygen ' —{ Tpropst

dOClJmentatlon. {HL:lm?tlﬁﬁla?lnhri::n::c;tlﬂ { Property Module l

(Keller, Johannes, et al.)
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Pre-/Postprocessing of SHEMAT-Suite

Compatible Python-based implementations:

PpySHEMAT: Python wrapper for input and output files.
(https://qgithub.com/flohorovicic/pyshemat)

s SHEMAT-Suite_Scripts-open

Pre-processing:

convert_to_hdf5.py : can be used to convert some of the SHEMAT-Suite input arrays into hdf5-files.
The user input for SHEMAT-Suite is provided in an ASCII-file. For reducing the reading time of larger input
files, SHEMAT-Suite provides the option to readHDF5 input instead.

Post-processing:

pyshemkf: Python environment for handling SHEMAT-Suite output of EnKF simulations
pyshemkf can generate graphs and 2D-figures of variables and parameters provided by typical
output of SHEMAT-Suite.

(https://github.com/jjokella/pyshemkf)
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Important code developments of SHEMAT-Suite

Table 1 (Keller, Johannes, et al.)

Newly implemented functionality Key reference

Inverse parameter estimation based on automatic differentiation Rath et al. 2006 [11]

Latent heat effects due to freezing and melting Mottaghy and Rath, 2006 [34]
Monte Carlo techniques for uncertainty quantification and reduction Vogt et al. 2010 [50]

Borehole heat exchanger module” Mottaghy and Dijkshoorn, 2012 [51]
Shared-memory parallelization Wolf, 2011 [7]

Data assimilation based on the ensemble Kalman Filter Vogt et al. 2012 [31]
Multi-phase flow module using automatic differentiation® Biising et al. 2014 [27]
Distributed-memory parallelization® Rostami and Biicker, 2014 [38]
Heat transfer model for plane thermo-active geotechnical systems® Kiirten et al. 2014 [52,53]
Anisotropic flow module using the full permeability tensor® Chen et al. 2016 [54]
Supercritical water/steam module using automatic differentiation® Biising et al. 2016 [29]
Optimal borehole positioning with respect to reservoir characterization via optimal experimental design® Seidler et al. 2016 [41]

Halite precipitation model in porous sedimentary rock adjacent to salt diapirs® Li et al. 2017 [55]

Efficient two-phase flow in heterogeneous porous media using exact Jacobians® Biising, 2020 [28]

?Functionalities not available in the open-source package.
PSimplified functionality available in the open-source package.
‘SHEMAT-Suite functionality available open-source, additional software required.
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Why SHEMAT-Suite?

Computing flow, heat and species transport equations in porous media.

Git-branches for software development.

Automatic differentiation (AD) for calculating exact Jacobian in inversions.

Large variety of application fields and online test example.
High performance computing capacities.

Deterministic and stochastic inversion.

(Keller, Johannes, et al.)
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Thank you for your attention
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