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HYDRUS-1D
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Software for Simulating Water Flow and Solute Transport in One-
Dimensional Variably-Saturated Soils Using Numerical Solutions




HYDRUS (2D/3D)

Software for Simulating Water Flow

and Solute Transport in Two/Three-

Dimensional Variably-Saturated Solls
Using Numerical Solutions



New Features (computational modules)




HYDRUS - History of Development

Israel: Neuman [1972] - UNSAT Princeton University:
U. of Arizona: Davis and Neuman [1983] van Genuchten [1978]
v
Agricultural University of Wageningen: Massachusetts Institute of Technology:
Feddes et al. [1978] Celia et al. [1990]
SWMII - Vogel [1987]

\

US Salinvity Laboratory: > US Salinity Laboratory: CHAIN-2D
SWMS-2D - Simiinek et al. [1992] Simiinek and van Genuchten [1994]
¥ v
International Ground Water Modeling Center: |_y1 International Ground Water Modeling Center:
HYDRUS-2D (1.0) - Simiinek et al. [1996] HYDRUS-2D (2.0) - Simiinek et al. [1999]
US Salinity Laboratory: > Y
SWMS-3D - Simiinek et al. [1995] HYDRUS (2D/3D) - v1
_ — Simiinek et al. [2006]
Univ. California Riverside: > éejna and Siminek [2006]
Wetland — Langergraber and Simiinek [2006] s
UNSATCHEM »| HYDRUS (2D/3D) —Vv2

[Simiinek et al., 1996] Simiinek and Sejna [2011]




HYDRUS-1D - History of Development

SWMI [Vogel, 1990]

van élejnl\gﬂgﬁlgm] + WORM [van Genuchten, 1987]

SWMI_ST [Simiinek, 1993]

HYDRUS sle CHAIN-2D

[Kool and van Genuchten, 1990] [Simanek and van Genuchten, 1994]
4

HYDRUS-1D, version 1.0, 2.0
[Siminek et al., 1998]

UNSATCHEM ,l

[Simiinek et al., 1996]

PHREEQC
HYDRUS-1D, version 3.0 [Parkhurst and Appelo, 1999]
[Siminek et al., 2005] v
HP1
[Jacques and Simiinek , 2005]

HYDRUS-1D, version 4.0
Simiinek et al. [2008]




Agricultural Applications

Precipitation
Irrigation

Runoff
Evaporation
Transpiration

Root Water Uptake
Capillary Rise
Deep Drainage
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Fertigation
Pesticides
Fumigants
Colloids
Pathogens
Nanoparticles
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Industrial Applications

¢ Industrial Pollution .

¢ Municipal Pollution ¢

¢ Landfill Covers

¢ Waste Repositories Ii Observation wells

¢ Radioactive Waste
Disposal Sites

¢ Remediation
¢ Brine Releases

¢ Contaminant
Plumes

¢ Seepage of
Wastewater from
LLand Treatment
Systems
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Environmental Applications

¢ Ecological Apps

¢ Carbon Storage and
~luxes

¢ Heat Exchange and

~luxes
¢ Nutrient Transport
¢ Soll Respiration

¢ Microbiological
Processes

¢ Effects of Climate
Change

¢ Riparian Systems

¢ Stream-Aquifer
Interactions

Hillel (2003)



Governing Equations

Variably-Saturated Water Flow (Richards Equation)
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HYDRUS — Main Processes

Water Flow:

Richards equation for variably-saturated water flow

Various models of soil hydraulic properties

Hysteresis

Sink term, accounting for water uptake by plant roots

(uncompensated and compensated; reduced due to osmotic and pressure stress)

Preferential flow
Isothermal and thermal liquid and vapor flow

*e 6 60

Solute Transport:

Convective-dispersive transport in the liquid phase

Diffusion in the gaseous phase

Linear and nonlinear reactions between the solid and liquid phases

Linear equilibrium reactions between the liquid and gaseous phases
Zero-order production, First-order degradation

Physical and chemical nonequilibrium solute transport

Sink term, accounting for nutrient uptake by plant roots (active and passive)

L 2R 2R 2R 2% 2R 2% -

Heat Transport:
¢ Conduction and convection with flowing water (transport of latent heat)




PTFs by Carsel and Parrish (1988)

Average values of selected soil water retention parameters for 12 major
soil textural aroups

Texture 0, 0, a n K,
1/cm cm/d
Sand 0.045 0.43 0.145 2.68 712.8
Loamy Sand 0.057 0.41 0.124 2.28 350.2
Sandy Loam 0.065 0.41 0.075 1.89 106.1
Loam 0.078 0.43 0.036 1.56 24.96
Silt 0.034 046 0.016 1.37 6.00 WAY,
Silt Loam 0.067 0.45 0.020 1.41 10.80
Sandy Clay Loam  0.100 0.39 0.059 1.48 31.44
Clay Loam 0.095 0.41 0.019 1.31 6.24
Silty Clay Loam 0.089 0.43 0.010 1.23 1.68
Sandy Clay 0.100 0.38 0.027 1.23 2.88
Silty Clay 0.070 0.36 0.005 1.09 0.48
Clay 0.068 0.38 0.008 1.09 4.80 =~

USDA Soil Textural Triangle




ROSETTA

Software for predicting the Soil Hydraulic Parameters (van
Genuchten, 1980) from Soil Textural Properties (Schaap et al.,

200 1) . K™ Rosetta Lite v. 1.1 (June 2003)
Select Model
H ierarCh ical I\/I OdEIS o (" Textural classes (" SSCBD+ water content at 33 kPa (TH33)
’ " % Sand, Siltand Clay (55C) " Same +water content at 1500 kPa (TH1500)

s :Sand, Silt, Clay and Bulk Density (BO)
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Schaap, M. G,, Leij, F. J., and van Genuchten, M. Th., Rosetta: a computer program for
estimating soil hydraulic parameters with hierarchical pedotransfer functions, Journal
of Hydrology, 251, 163-176, 2001.




HYDRUS - Solute Transport

¢ Transport of Single lons or Particles (colloids, viruses, bacteria)
¢ Transport of Multiple lons (sequential first-order decay)

¢ Radionuclides: 238py -> 234 -> 230Th -> 226Rgq
¢ Nitrogen: (NH,),CO -> NH,* -> NO, -> NO;
¢ Pesticides: aldicarb (oxime) -> sulfone (sulfone oxime) ->

sulfoxide (sulfoxide oxime)
¢ Chlorinated Hydrocarbons: PCE -> TCE -> ¢-DCE -> VC -> ethylene

¢ Pharmaceuticals, Hormones: Estrogen (17bEstradiol -> Estrone -> Estriol),
Testosterone

¢ EXxplosives: TNT (-> 4HADNT ->4ADNT -> TAT), RDX, HMX

¢ Transport of Major lons (the UNSATCHEM module)

¢ General BioGeoChemical Reactions (the HP1 module)

¢ Processes in Wetlands (the CW2D and CWM1 modules)
¢ Colloid-Facilitated Solute Transport (the C-Hitch module)




HYDRUS (2D/3D)




HYDRUS (2D/3D)




HYDRUS (2D/3D)

Subsurface Drip

Irrigation System
Soil water content
simulated as:

A. a Three-Dimensional
system with
two point sources

B. a Two-Dimensional
system with
a line source

C. An Axisymmetrical
two-dimensional
system with
a point source

Kandelous, M. M., J. Simtnek, M. Th. van Genuchten, and K. Malek, Soil water content distributions between two
emitters of a subsurface drip irrigation system, Soil Science Society of America Journal, 75(2), 488-497, 2011.




HYDRUS (2D/3D)
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Pressure head profiles after 10, 25, 50, and 100 years.
Leak (2 mm diameter) at the bottom of the Palmdale Reservoir.




HYDRUS (2D/3D)
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Finite element mesh and material distribution.
Two-dimensional transect 411 m wide and 61 m deep with a freeway in the middle.




HYDRUS (2D/3D)
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Two-dimensional transect 411 m wide and 61 m deep with a freeway in the middle
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HYDRUS (2D/3D)

Three-Dimensional Transport Domain



HYDRUS (2D/3D) Projects
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A. 2D - Simple
B. 2D — General
C. 3D - Simple
D. 3D — Layered
E. 3D — General

HYDRUS Levels:

D — Lite (A)

D — Standard (A+B)

D — Lite (A+C)

D — Standard (A+B+C+D)
D — Professional (All)

W W W NN



HYDRUS (2D/3D) - Geometries

3D-General Geometries:

Geometry defined using Geometry defined using
Planar Surfaces: Curved Surfaces:

The tunnel (the red object) is defined using a
surface that intersects all other three surfaces



General 3D Geometries

Import of complex Geometries (e.g., DXF, TIN, STL)




HYDRUS: 3D-Professional

Discontinuous 3D Layers



HYDRUS: 3D-Professional

Complex Drainage Systems



HYDRUS: 3D-Professional

Infiltration Basin



ParSWMS - Parallelized Version of HYDRUS

¢ ParSWMS (Hardelauf et al., 2007) - Parallelized version of
SWMS_3D (Simunek et al., 1995).

¢ Developed by Forschungszentrum Julich, Germany.
¢ SWMS 3D - earlier and simpler version of Hydrus-3D

¢ MPI (Message-Passing Interface) - a library specification
for message-passing between the different processors. MPI is
free software for LINUX or UNIX operating systems.

¢ Test
- Water flow and solute transport problem - 492264 finite
element nodes
- Supercomputer with 41 SMP nodes with 32 processors each
(total 1312 processors - Powerd+ 1.7 GHz)




ParSWMS - Parallelized Version of HYDRUS

2D Water flow and solute transport (Hardelauf et al., 2007)
492,264 finite element nodes

3D Water flow problem
275,706 finite element nodes
(Herbst et al., 2008)



ParSWMS - Parallelized Version of HYDRUS

log 2(r‘np}

Time gain as compared to the one processor run (in log2) as a function of the
number of processors n, (in log2) for solute transport scenario with 492,264 nodes
(open circles) and water flow with atmospheric upper boundary conditions (diamonds).




HYDRUS Codes and 1ts Modules

¢ HYDRUS + PHREEQC = HP1

¢ HYDRUS + UNSATCHEM

¢ HYDRUS + Wetland (W2D/CWM1)

¢ HYDRUS + C-Hitch

¢ HYDRUS + MODFLOW



HP1 (HYDRUS+PHREEQC)

Simulating water flow, transport and bio- - [

geochemical reactions in environmental

soll quality problems A Coupled Numerical Code for
Variably Saturated Water Flow,
Solute Transport and
BioGeoChemistry
In Soil Systems

HP1

Flow and transport model l Biogeochemical model
HYDRUS-1D 4.0 ] PHREEQC-2.4




HP1 (HYDRUS+PHREEQC)

HYDRUS-1D:

4
4
4
¢

PHREEQC [Parkhurst and Appelo, 1999]:

L 2R R B 2

L R R 2

Variably Saturated Water Flow
Solute Transport

Heat transport

Root water uptake

Available chemical reactions:
Aqgueous complexation

Redox reactions

lon exchange (Gains-Thomas)
Surface complexation — diffuse double-layer model and non-
electrostatic surface complexation model
Precipitation/dissolution

Chemical Kinetics

Biological reactions




HYDRUS-1D GUI for HP1

Jacques, D., and J. Simiinek, Notes on the HP1 software — a coupled code for variably-saturated water
flow, heat transport, solute transport and biogeochemistry in porous media, HP1 Version 2.2, SCK*CEN-
BLG-1068, Waste and Disposal, SCK<CEN, Mol, Belgium, 114 pp., 2010.




HP1 - Transport and Cation Exchange

Involving major ions (Ca, Na, Al, Cl) and Heavy Metals (Zn, Pb, Cd)

0.01

8E-004 —
= 0.008- = |
£ ] S 6E-004
S 0.006 = -
< ] = 4E-004
£ 0.004- =
) -
2 ] 3
S 0.002- S 2E-004-
© ] S
O(; 0E+000 |
Time (days) 0 3 6 9 12 15

Time (days)

8-cm column is initially contaminated with heavy metals (in equilibrium with the cation
exchanger). The column is then flushed with a solution without heavy metals.




HP1 Examples

¢ Transport of Heavy Metals (Zn?*, Pb?*, and Cd?*) subject to multiple
cation exchange

¢ Transport and mineral dissolution of amorphous SiO, and gibbsite

¢ Heavy metal transport in a medium with a pH-dependent cation
exchange

¢ Infiltration of a Hyperalkaline Solution in a clay sample (kinetic
precipitation-dissolution of kaolinite, illite, quartz, calcite, dolomite,
gypsum, hydrotalcite, and sepiolite)

+ Kinetic biodegradation of NTA (biomass, cobalt)

¢ Long-term Uranium transport following mineral phosphorus
fertilization (pH-dependent surface complexation and cation exchange)

¢ Transport of Explosives, such as TNT and RDX

¢ Property Changes (porosity/conductivity) due to precipitation/
dissolution




HYDRUS + UNSATCHEM

¢ HYDRUS and HYDRUS (2D/3D)

- variably saturated water flow
- heat transport

- root water uptake

- solute transport

¢ UNSATCHEM (Simanek et al., 1996)

- Carbon Dioxide Transport

- Major lon Chemistry
- cation exchange
- precipitation-dissolution (instantaneous and kinetic)
- complexation




UNSATCHEM Module

1 | AQueous 7 | Ca?*, Mg?*, Na*, K+, SO,2-, Cl-, NO,"
components
2 | Complexed 10 | CaCO5°, CaHCO,*, CaS0O,°, MgCO,°,
species MgHCO,;*, MgSO,°, NaCO,;-, NaHCO,°,
NaSO,-, KSO,"
3 | Precipitated 6 |CaCO,, CaSO,- 2H,0, MgCO,- 3H,0,
species Mg-(CO,),(OH),- 4H,0,

Mg,Si 0, -(OH) - 3H,0, CaMg(CO,),

4 | Sorbed species 4 | Ca, Mg, Na, K
(exchangeable)

5]|CO,-H,O species | 7 |Pcos H,COL™, CO52%-, HCO,-, HY, OH-,
H,O

6 | Silica species 3 |H,SiIO,, HSIO,-, H,SI10,2-

Kinetic reactions: calcite precipitation/dissolution, dolomite dissolution
Activity coefficients: extended Debye-Huckel equations, Pitzer expressions




UNSATCHEM - Lysimeter Study
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Gongalves, M. C., J. Simiinek, T. B. Ramos, J. C. Martins, M. J. Neves, and F. P. Pires, Multicomponent solute
transport in soil lysimeters irrigated with waters of different quality, Water Resources Research, 42, 17 pp., 2006.




UNSATCHEM-2D Module

- . =48 Results - Graphical Display
|\/|ajOI’ |On ChemIStry MOdUIG ----- 000 Pressure Head
----- 00 Water Content
+ 24 e 000 Velocity
Na xca ----- 00) Velocity Vectors
----- 000 Calcium
----- 000 Magnesium

..... 00 Potassium

..... 000 Alkalinity

..... 0 Sulfate

..... 000 Chloride

..... 000 Tracer

..... 00) Sorbed Calcium

----- 000 Sorbed Magnesium
----- 0 Sorbed Sodium

----- 000 Sorbed Potassium

----- M0 Calcite

----- 000 Nesquohonite
----- o Hydromagnesite

----- 00 Sepiolite

Siminek, J., and D. L. Suarez, Two-dimensional transport model for variably saturated porous media with
major ion chemistry, Water Resources Research, 30(4), 1115-1133, 1994,




Wetland Module

Constructed Wetlands (CWs) or wetland treatment systems

¢ designed to improve water quality

¢ use the same processes that occur in natural wetlands but have the flexibility
of being constructed

¢ effective In treating organic matter, nitrogen, phosphorus, and additionally
for decreasing the concentrations of heavy metals, organic chemicals, and
pathogens

CW?2D : aerobic and anoxic processes for organic matter, nitrogen and
phosphorus

CWML: aerobic, anoxic and anaerobic processes for organic matter,
nitrogen and sulphur

Subsurface Vertical (CW2D) and Horizontal (CWM1) flow constructed
wetlands:

v v —>




Wetland Modules: Components

CW2D : aerobic and anoxic processes for organic matter, nitrogen and phosphorus
CWML1: aerobic, anoxic and anaerobic processes for organic matter, nitrogen and sulphur

ComponentS: 51488 Results - Graphical Display

- () Pressure Head

-] Water Content

-0 Ternperature

-] Velocity

-0 L1 - Disselved Oxygen

Q) L2 - Fermentable Biodegr. COD
-] L3 - Fermentation Products
Q) L4 - Inert Seluble COD

Q) L5 - Ammenia NH4-N

A0 L& - Nitrate and Mitrite (NO2+NO3)
-0 L7 - Sulphate Sulphur (504)

- {0 L& - Dihydrogensulphide Sulphur (H25)
- Q) L9 - Slowly Biodegr. COD

- L10 - Inert Particulate COD

Q) 117 - Tracer

-.[Jl) 52 - Fermentable Biodegr. COD
- M) 53 - Fermentation Products
Q) 54 - Inert Seluble COD

-0 S5 - Armmonia NH4-N

-} 58 - Slowly Biodegr. COD

- 510 - Inert Particulate COD

- Q) 511 - Heterotrophic Bacteria
-] 512 - Autotrophic Bacteria

-{) 513 - Fermenting Bacteria

-} 514 - Acet. Methan. Bact.

[ 515 - Acet. Sulphate Red. Bact.
-0 516 - Sulphide Oxidising Bacteria
W) 517 - Tracer

Langergraber, G., and J. Simianek, The Multi-component Reactive Transport Module CW2D for Constructed Wetlands for the
HYDRUS Software Package, Manual — Version 1.0, HYDRUS Software Series 2, Department of Environmental Sciences,
University of California Riverside, Riverside, CA, 72 pp., 2006.

Langergraber, G., D. Rousseau, J. Garcia, and J. Mean, CWML - A general model to describe biokinetic processes in subsurface
flow constructed wetlands, Water Science Technology, 59(9), 1687-1697, 20009.




Wetland Modules: Processes

Processes:




HYDRUS + C-Hitch

¢ HYDRUS and HYDRUS (2D/3D)

- variably saturated water flow
- heat transport

- root water uptake

- solute transport

¢ C-Hitch (Siminek et al., 2006)

- Particle Transport
- colloids, bacteria, viruses, nanoparticles
- attachment/detachment, straining, blocking

- Colloid-Facilitated Solute Transport
- transport of solutes attached to particles




Colloid, Virus, and Bacteria Transport
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Colloid-Facilitated Solute Transport

Alr Contaminant sorbed to colloids at air-water interface, S_,

= ™ Y,

Tkaca
Contaminant sorbed to .... * Ym
mobile colloids, S, — na
kamc
Water v K ’
str Dissolved oo o ¢ k de

Contaminant, C “oe <+

L N

Instantaneously Sorbed Kmetlcally Sorbed
Contaminant, S, Contaminant, S,
Solid

Contaminant sorbed to immobile colloids, S;,




Colloid-Facilitated Solute Transport

C-Hitch Module
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Breakthrough curves for colloids (black line), solute sorbed to colloids (blue
line), and solute (red line) when:
Left:  solute and colloids are applied independently or
Right: solute is attached initially to colloids

The retardation factor for colloids is equal to 1 and for solute to 4
Unit input concentrations.




The DualPerm Module

Water flow and Solute Transport in Dual-Permeability Variably-
Saturated Porous Media

-136.364
-150.000

Pressure head profiles for the matrix (left), isotropic fracture, and fracture
with K A/K A=10, and fracture with K /K #=0.1 (right).




HYDRUS Package for Modflow

The HYDRUS Package
for Modflow-2000

Hyeyoung Sophia Seo, Navin Twarakavi,
Jirka SimGnek, and Eileen P. Poeter

Seo, H. S., J. Siminek, and E. P. Poeter, Documentation of the HYDRUS Package
for MODFLOW-2000, the U.S. Geological Survey Modular Ground-Water Model,
GWMI 2007-01, International Ground Water Modeling Center, Colorado School
of Mines, Golden, Colorado, 96 pp., 2007.

Twarakavi, N. K. C., J. Siminek, and H. S. Seo, Evaluating interactions between
groundwater and vadose zone using HYDRUS-based flow package for
MODFLOW, Vadose Zone Journal, doi:10.2136/VZJ2007.0082, Special Issue
“Vadose Zone Modeling”, 7(2), 757-768, 2008.
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HYDRUS Package: Zoning

MODFLOW model domain is divided into zones based on similarities in soil
hydraulic characteristics, hydrogeology and meteorology.

A HYDRUS vertical profile is assigned to each of the zones, in which the 1D
Richards equation is solved.



HYDRUS - MODFLOW - Case Study

(a) Land surface elevation (m) (b) Aquifer thickness (m)
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Hypothetical regional-
scale ground water flow

problem:

a) Land surface elevation //@\%
=

b) depth to bedrock
c) water table depth at the
beginning of the simulation
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HYDRUS - MODFLOW - Case Study

Hypothetical regional-scale ground water flow problem:

MODFLOW zones
used to define
HYDRUS soill
profiles
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HYDRUS - MODFLOW - Case Study

(b)

Hypothetical regional-
scale ground water flow
problem:

Ground water table fluxes
(recharge vs discharge) as
predicted by the HYDRUS
package at the end of stress periods
(a) 3, (b) 6 and (c) 12.

4 0 4 8 Kilometers

[ Recharge
Il Discharge




HYDRUS - Existing Applications

Agricultural:

¢ Irrigation management (Bristow et al., 2002; Dabach et al., 2011)
Drip irrigation design (Bristow et al., 2002; Kandelous et al., 2010, 2011)
Sprinkler irrigation design (Hansen et al., 2007, 2008)

Tile drainage design and performance (Mohanty et al., 1998, do Vos et al.,
2000)

Studies of root and crop growth (Vrugt et al., 2001, 2002; Simanek and
Hopmans, 2010)

& Salinization and reclamation processes (Simanek and Suarez, 1998;
Goncalves et al., 2006; Ramos et al., 2011)

¢ Nitrogen dynamics and leaching (Ventrella et al., 2001; Jacques et al.,
2002)

¢ Transport of pesticides and degradation products (Wang et al., 1998; Pot
et al., 2005; Kohne et al., 2010)

¢ Non-point source pollution
Seasonal simulation of water flow and plant response

L R R ¢

4

L 4




HYDRUS - Existing Applications

Non-Agricultural:

¢ Leaching from radioactive waste sites at the Nevada test Site (bri, DOE)

¢ Flow around nuclear subsidence craters at the Nevada test site (Pohli etal.,
1996; Wilson et al., 2000)

¢ Capillary barrier at Texas low-level radioactive waste disposal site (Scanlon,
1998)

¢ Evaluation of approximate analytical analysis of capillary barriers (morris
and Stormont, 1997; Kampf and Montenegro, 1997; Heiberger, 1998)

¢ Landfill covers with and without vegetation (Abbaspour et al, 1997; Albright, 1997; Gee
etal., 1999, Scanlon et al., 2002)

¢ Risk analysis of contaminant plumes from landfills

¢ Seepage of wastewater from land treatment systems

¢ Tunnel design - flow around buried objects (knight, 1999)

¢ Highway design - road construction - seepage (de Haan, 2002; Hanssen et al., 2005)

¢ Stochastic analyses of solute transport in heterogeneous media (Tseng and Jury,
1993; Roth, 1995; Roth and Hammel, 1996; Kasteel et al. 1999; Hammel et al., 1999; Roth et al., 1999;
Vanderborght et al., 1998, 1999)

¢ Lake basin recharge analysis (Lee, 2000)




HYDRUS - Existing Applications

Non-Agricultural:

® G0 606606 606 O 000

Stream-aquifer interactions
Environmental impact of the drawdown of shallow water tables

Analysis of cone permeameter and tension infiltrometer experiments
(Gribb et al., 1996; Kode3ova et al., 1998, 1999; Simunek et al., 1997, 1998, 1999)

Virus and bacteria transport (shijven and Siminek, 2002; Bradford et al., 2002a,b; Yates et
al., 2000; Gargiulo et al., 2007, 2008)

Hill-slope analyses (Hopps et al., 2010)

Transport of TCE and its degradation products (scharlaekens et al., 2000; Casey
and Simuanek, 2002)

Multicomponent geochemical transport (Jacques and Simanek, 2002, 2008, 2011)
Analyses of riparian systems (whitaker, 2000)

Fluid flow and chemical migration within the capillary fringe (silliman et
al., 2002)

Flow In historical monuments (ishizaki et al., 2001)
Flow and transport around land mines (pas et al., 2001; Siminek et al., 2001)

Analyses of Chloride profiles in deep vadose zones to evaluate
historical fluxes (scanlon et al., 2003)




JYORUS Wl

Over 3 thousand downloads in 2008, and over 5 thousand downloads in both 2009 and
2010; over 10 thousand registered members.

http://www.pc-progress.com/en/Default.aspx






HYDRUS Tutorials




HYDRUS Discussion Forums
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