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IIEPI AHTH

2KOMnoz

To Bépo  to omoio mpaypoateveTol 1 TOPOVOH SMAGUOTIKY €lvor 1 «AplOunTikn
LOVTELOTOINGT GUUUETAPOPAS FLOKOAOEIODV-KOAOEIWODV COUATIOMV GE TPIOOLACTATA
TOPAOON UEGA ». LTO OVTIKEIIEVO OWTO OVIKOVV TO, PLGIKA KO YNUKE QatvOUEVa TaL
omoia ToipvoLV HEPOC BTNV LETAPOPA OLGLOV GTO VITESAPOS OALL KO YEVIKOTEPO GTA
TopddN péca. Mg Tov  OpO TPOGOLOIMOT] EVVOOLUE TNV  TPOoTAOEIn aplOUNTIKNG
TEPLYPOPTG TOV TAPUTAV® QOUIVOUEVOV OAANL Kol T®V 6TafEp®V, TOL OETOVLY GTNV
TPOYUATIKOTNTO TO PLGIKO TEPIPAALOV €15 TO OTOI0 EKTVAIGGETOL 1] LETAPOPAL.
Yxomdg ¢ epyaciog avtg eitvar n apBuntiky emilvon g eicwong petapopdc-
CUUUETOPOPES POTOV Kol 1) GUYKPLIOT] TOV OMOTEAEGUATOV OVTOV LE TIG OVTIOTOLYES
OVOAVTIKEC AVOELS. ZTNV CLUVEXEWL EMAEYOVTOS KATAAANAL LOVTEAQ, POCIGUEV OTIG
Moelg mov avamtOyOnkav, Oa yivet  mpocoppoyn odedopévev (Fitting) amd
EPYOOTNPLOKG TEPAUOTE  (DOTE VO LTOAOYIGTOVV QLOKEG  otabepég  mov
VIEIGEPYOVTOL OTNV GLUUETAPOPE puwv. Télog oe éva yevikdtepo mAaicto Ba yivel
nmpoomdbelo va avtumapatefobv OAa To OeTikd Kor TO 0pVNTIKO TTOL €YOLV Ol
aplOUNTIKES GE GYEOT UE TIG OVOAVTIKEG AVoelg mote va eEaybel éva cuumépacua yio
TNV YPNOTIKOTNTA TOVC.

NEPIFPAOH KEDAAAIQN

1. Zto mpdto KePdAoo mapatiBevtar ta Pacucd peyédn kot ol e€1l0DCE TOV
ovoyetiCovtor pe TV pHeETAQOPd pumv péco o€ éva mopmdec. Edd Oa
CLVOVTIOEL KAVEIg TNV d1dyvon, S1oTopd, LETAYMYY|, TPOSPOENON KAODS Kot
mv Bewpeio DLVO .

2. 210 0e0TEPO KEPAANMO YiveTal eEoywyn ™G Hovodldotatng  eSlowong mov
TEPLYPAPEL TAEOV TNV omAn petagopd pdmov. o va yiver avtd Oa
oLVOLACTOVV TO UEUOVOUEVO (POIVOUEVO, TOL TEPLYPAPOVIOL GTO TPMTO
KeQPAAaio oAAG kot Ba ypnoomondel katdAinAia 1 e&lomon g GLVEXELOC.
Téhog Ba yiver n yevikevon ¢ e&icmong avtg otig Tpeig dnotdoelg kat Ha
TEPLYPOUPOVY YEVIKA TaL £I01] TOV GLVOPLAK®V KOl APYIKAOV CLUVONK®OV.

3. Z10 1pito KEPHAOIO TOPOVCIALETOL TO PAVOUEVO TNG GLUUETAPOPAS Holl e
T1c e€lomoelg e Pproypagpioc Tov To meptypdpovyv. EmumAiéov Ba dobBovv ot
Adyol yw TOVG oOmOlovg T TEAELTOAN YPOVIOL VTAPYEL  OTPOPN TOL
EMGTNHOVIKOD EVOLOPEPOVTOG TPOG TO POLVOUEVO ALTO.

4. Zto Tétapto KePAAO0 apyikd Oo mEPLYpaPOoVV GUVOTTIKA Ol SLoPOPETIKOL
TpomoL emiAvong SPopikdv e£l6DCE®VY. TNV cLvéEyEl Ba TapovslHeTOHV
éroleg avolvTikéG ADGELS Yoo TplodtdoTata Hoviéda petapopds. Télog Ba
yvivet eupdbovon otic aplBuntikég ADGES Kol MO GULYKEKPIUEVO, OTIG
TEMEPOUCUEVES Ol0POPEG, Omov kot Ba yivel éva. oyeTkd apOunTIKd
TOPBAOELYLLOL.



10.

11.

210 MEUMTO KEPAAAO Bo  yivel €pappoyn TV aplBunTK®v peBOd®V, ToL
TEPLYPAPNKOV OTO KEPAANO TEGOEPO, OTIG  €S10MCE UETOPOPAS KOt
CUUUETOPOPES eV TapdAAnia Bo TpooTteBohv Ol KATAAANAEG GUVOPLOKEG
ovvOnkeg doTe Vo OLOKANPwOEL | LOVTEAOTOINGT TOV POIVOUEVEOV OVTMV.

210 £€kt0 Ke@AAalo Bo meptypagpovv OBéuata evotdbelog, ocvykMong kot
axopyiog mov VIEGEPYOVTOL OTIG aplBunTikég emAvcels. EmmAéov Oa do0ovv
Tpdmot o1 omoiotl fonBovv 610 va EemePacTOHY TOL TPOPANUOTO AVTA.

>10 £Boopo xepdioo Ba meprypapel n doun tov kmowka (og Fortran) o
omoiog vAomotel OvOAVLTIKEG Kot aplOUNTIKEG ADGEIS Yo TO SLOPOPETIK
HOVTEAQL.

10 6000 KePAAOLO Bo TOPOVGLOGTOVV OMOTEAEGLOTA OO TIG OLOPOPETIKEG
EKTEAECELS TOV TPOYPOUUdTOV. AkOpa Oa  meptypa@oldv To TEPALAT
LETAPOPAG KOl CLUUETOPOPAS 7oL  ¥pNoomomOnKoy ®ote va  yivel
TPOGOPLOYT OEOOUEVOV KOl VO VTTOAOYIGTOUV 01 dPDGES PLOIKES OTOOEPES.

>10 évarto kepaiato Ba mapovciactel | PpAoypagio.

210 dékato KePAAALo o TEPLYPAPEL O TPOTOG e TOV OTOl0 Kavelg pmopel va
YPNOLUOTOUCEL TO TPOYPAUUATO TTOV EXOVV dNUovpynOet Yo v emilvon Tov
Slpopkdv eElomoemv pUeTaPopdc. Me dAda Ady Bo 600l to eyyepidio

xpfomne.

210 &vTEKATO TOPOLGLALETAL OVTOLGLOC O mnyaiog kmowkag Fortran pe ta
KATAAANAO GYOAOL.
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1. BAXIKEX ENNOIEX META®OPAX MAZAX

1.1 ATIAXYXH (DIFUUSION)

O Robert Brown mapatipnoe yio tp®dtn @opd 1o 1827 6Tt mOAD pikpd copatiow
aLOPOVUEVO OTOV aépa 1| oto vepd Ppiokovtar oe pio covveyn tuyoio kivnon.
Apyotepa o Thomas Graham (1805-1869) mpocoiopice 4Tl 1 didyvon TOV oePi®V
elval avTioTpOP®G avaAoyn NG TETPAY®VIKNG pilag NG TLKVOTNTOG 1) TOV LOPLOKOV
Bapovg Tov aepiov . H mtpdTN 0AOKANPpOUEVN HEAETN S1YLOTG OLOAVUEVOV GTO VEPO
ovotatikov £ytve amd tov Adolf Fick (étog yévvnong 1829). H epyacia tov Fick ywa
™V HEAETN dtdyvong dnuootevbnke to 1855 ko opilet Ot

j=-DL (1.1)

» ] =Pon péog avd povado empdvelog [%]
12
e D=Xvvteleotr|g poplokng dudyvong [T]

*  C=ZuyKévTpmon Tov S1IAVUEVOD GTO VEPO GUGTATIKOD L%]
O vopog awtdc ONAmveL OTL TO OHAVIEVO GTO VEPO GLOTATIKO OtayEeTon (OMAadN
Kveltoaw og oyéon e TO SAvpo 1 piypo) mpog tnv katevbuvon g apvnTikig
Babuidag g cvykévipmong (ONAadn amd TEPLOYES e PEYOADTEPT CLYKEVTIPMOOT GE
OUTEG LE LKPOTEPN GLYKEVIPWOT), YL 0vTO VILApyeL kot To "-", dote va didetan OeTikn
pon pdaloc), axkpiPadg Onmg To vepd Kiveital o Evo TOPDIES TPOG TNV KatevBuvo™ NG
APVNTIKNG VOPAVAIKNG KAlong (vopog Darcy). Onwg eivar pavepd amd v €€. (1.1)
edv 0V LILAPYEL SLPOPA GVYKEVTPMOONS TOTE KO TPOPAVAOS OEV LILAPYEL pon LALAG.

H 61dyvon givon diepyacia, mov AapPdver yopo e€outiag g Toyaiog Kivnong tov
popiov (Random molecular motion), cOpewva pe v onoior petapépeton pdlo and
éva onueio oto enduevo (PAEme Zymua 1.1). Zuven®d¢ Kol 0 GLVIEAECTNG LOPLOKNG
duoong “D” Ba e€aptdron omd to poprokd Papog, TNV Hoplakn doun Tov SaAdT
Kol ¢ owAvuévne ovoiag (IMivaxkag 1.1) oAAd kol amd v Tuyaio Kivnon tov
popimv. Xe kabe mepintmon dpmg dev e€aptdrTor amd v KatevBvvon petapopdc. O
Fick omv eficowon tov dev éhafe vmoyn v emidpacn mov Exel M oAlOYR
Bepuokpaciog Kot mieong 1M GAANG dVvAUNG TOL GUVEIGPEPEL GTNV HETOPOPE palag,
oV dudvon.
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Yyqpo 1.1: Zynuatikn mopovcioon piéng dvo ovocwwv o€ Tpelg doels, HECH
dudyvong.

104 L
Aigyuor pe otpoPitoug A TupBwdn didxuon
opiiovua empavelakd vepd
102 L
y
3
100 |
Aidxuor pe otpofitoug i TupBwdn didyuon
— (BaBeisc (Wveg os Aipveg kal wkeavoug)
< w02 L
£ ¥
9O - BOgpudtnta oto vepd
Q 104

Alata kai aépia oto vepd
t“’ (popiakty didyuon)

-6 " ,
10 'tf‘\ Mpwteiveq oto vepod

L Alata oto vepd (Bepuiki Sidixuon)
108
16vta os TTop®dn péoa
L (iGnuatoyevr| e54¢n)

Yypo 1.2 Xovtedeotég poplakng didyvong o€ dtpopa TEPPOALOVTIIKG CLGTHLOTO
(Lerman,1971).



[Tivakag 1.1 : Xuvteleotég poplakng o1dyvong oe vepd yuo. d1apopa. 1OVTo GTOVG
25°C (YwoBetpévo amd toug Li kon Gregory 1974 ).

Katiév D (10°° cm?/s) AVIOV D (10 cm?/s)
Ydpoybvo, H* 93,1 Ydpokeidio, OH 52,7
Ndtpio, Na* 13,3 ®B6pIo, F 14,6
Kdno, K* 19,6 XAwplo, CI 20,6
Mayvioio, Mg?* 7,06 Bppio, Br 20,1
AoBéouo, Ca* 7,93 Y3poBeikd, HS 17,3
Mayydvio, Mn®* 6,88 AloavOpakikd, HCOs™ 11,8
sidnpog, Fe?* 7,19 AvBpakiké, COs% 9,55
Sidnpog, Fe** 6,07 Peiko, S04 10,7

Onwg gaiveton ko oto Zynua 1.2 1 didyvon pe vmapén otpofilmv avédver v
TIUT TOV GLVTEAECTN HOPLOKNG Otdyvong D.

Ot Stokes-Einstein avéntuéav g Osmpnrikn oxéon €&. (1.2) n omoia meptypdoet Tov
ovvteheotn o1dyvong D mov dpmg tdpa e€aptdtor Kot omd GAAOVS TAPAYOVTES OGS
Oepuoxpacio. ITo cvykekpluéva 1 oxECN QLT AVOEEPETAL GTNV OAYLON CPOLDV
SWAVHATOV COALPIKOV 0MPOVUEVOV KOALOEW®V copatidiov A og pevoto B.

kgT
S, (1.2)

Dyp =

(Einstein,1956; Polson,1950; Nird et al., 2002,p. 529)

Kg=Eiva1r 1 otabepd Boltzmann
T = Andéivtn Beppokpacio
ug =Etvan to dvvopikd 1€mdeg tov pevotod B

dp=Eivou 1 d1dpetpog tov dtayedpeveov copatidioy

Apyotepa o Fick e£€dmoe Tov de0TEPO VOO TOV, O O0MOI0G TTEPLYPAPEL TN UETOPOAN
™G OLYKEVTIPOONG AOY® O1YLONG OE GLVAPTNOT TOL YPOVOL GE KOPTECIOVEG
OLVTETAYUEVEG e oTafepd cuvTEAESTN HOoploKNg dtdyvong 5. (1.3):

ac a%c
% = X2 (1.3)



Edv o ovvieheotg D dev elvar otabepodg oAdd eoptdtol amd TNV KApTESLOVN
ocvvtetaypévn X, 10te 0 devtePOC vopog tov Fick didetar amd v oyéon

‘;—f - %[D(x)z—f(] (1.4)

Avrtiotoya o devtepog vopog tov Fick yio koAwvdpikéc cvvtetayuéveg pe otabepod
Kot LETOPANTO cLVTEAESTT HOoplakng dtdyvong divetar amd v €€. (1.5):

ac 92c 20C
=D (55+5) (1.5)

KO Y10 LETAPANTO CLUVTEAEDTT :

oc _ 139 [.2 o
ot  r2or [7‘ D(T) ar] (1.6)

1.2 YAPOAYNAMIKH AIAXIIOPA (HYDRONAMIC DISPERSION)

H vopodvvapikn odaomopd €ivor 0 @avOpeEVO 610 0moio dvo avapi&ipo vypd
extomilovv To £va 10 AALO péca Gg £va TopmOES LEGO . OVGLUGTIKA 6TV S0GTOPA M
petapopd g owAvuévng ovciog, amd Eva onueio oto GAlo, Paciletor Oyt povo
oTNV d1dyvomn aAAG Kot oty pon (KEKTNUEVN ToyvTNTA) TOL £XEL O OAVTNG (PAEme
Zyua 1.3).

(a)
Uus=
= H H B B
*—»>
t1 t2 t3 t4
a) Movo petaywyn
B)

UHH-..Q
-
> ! t ts t

B) Metaywyn kat udpoduvauikny Stacmopd

Yympo 1.3: Metagopd pOmOL e OTIYHoio E160Y®YY] G€ O1G01UGTATO VOPOPOPEN [LE
uebooovg a, B. H cvykévipmon tov pumov mapovctdleTorl e dAPOPETIKES YPOVIKEG
OTYHEG Kot vl avAAOYN TOL YPOUOTOS TNG LOVNG KAALYNG. TNV TPpATN TEPITTMOON
(0) M ovykévpmaon Tov OOV gival 6TadEPN Kot Al HETATOTILETOL GTOV YDPO EVD
otV devtepn mepintwon (B) o pumog Oyl Povo petaPEpeTot OAAY Kot EEATADVETOL LIE
OTOTEAEC O, VO LELDVETOL T) GVYKEVIP®OT ToL (Xpuoikdmovrog, 2010).



[Tio avoivtikd m  vopoduvapiky dSwomopd e€aptdror amd £vo  GLVOLAGHO
QULOIKOYNUIK®OV KoL UNYoviKov — dlepyactdv. Ot QUOIKOYNUIKEG  dlepyacieg
amoteAobVTaL amd TV dtdyvon (petagopd palag AMoym KAMong cLYKEVIPMONG) TOL
Baciletar oty tuyoio xivnon tov popiwv. Evd ot pnyavikés diepyacieg
AmOTEAOLVTAL Omd  KWWNUOTIKODS — KOU  SUVOMIKOVS — pnyoviopohs ot omoiot
TPOKOAOVVTOL OTO TNV OVOLOWOOPOY  TaOTNTa S1fnong oty KAMpokae Tmv Topmv
HEGO GTO OVOUOLOHOPPO YMPO TOV OUKEVOV TOL Topddovg pécov. Ilpémer va
onuelwdel OTL evd 0 GLVTEAEOTNG MOPLOKNG Owdyvong dev efaptdtor amd TNV
katevBuvon g pong (etvor id10¢ e OAeg TIg d1EVOVVOELS), 1| LOPOSVVOUIKY] OLCTOPL
egaptaror. Tehkd propode va 1oyvprotodue 6Tt 1 vpoduvapkn dtacmopd Dy eivor
ton pe v amoteleopotikn didyvon De kot v punyoavikn dtuemopd Dy

D, = D, + Dy, (1.7)

O oVVTELECTNG AMOTEAECUATIKNG O1GYVOTNG YPNOUEVEL GTO VO 0modobel KoAVTEPQ TO
QOVOpEVO TNG dtdyvons otV Tpaypatikdtnta. Onwg eivol Tpoeaves OTov dlayEETot
&va VYPO, 01 TPOYLES TTOV dlaypAPovV To 1vta Tov KaBopilovtal amd 1o 1510 TO VYPO.
Avtibeta n Vmopén kot ALV cOUOTOIOV (my. woOKKol GuuUov) emPaAret
OLPOPETIKEG TPOYLES oTOV dlaxeouevo povmo. Topo ta 1dvro avoykdlovior va
KAvouV o peydAeg O1adpopés  YOp® amd Tovg KOkKovg Zynuo 1.4 kot n dudyvon
neplopiletar poévo ota ddkeva Tov TopMOoVS HEGov. Ola o TAPUTAvV® GLVITYOPOUV
0T0 0Tl 0 TPAYHOTIKOG GLVTEAESTNG dudyvong Ba elvar pukpdtepog oy devTEPN
nepinToon.

"Etot opiletar to dadarddes tv topmv (tortuosity) t:

2
_ ﬁ)
T = (Lc (1.8)
KO O GUVTEAEGTNG OMOTEAECUATIKNG Oléyvong De:

D, =

g (1.9)

Onwg mpokdmtel kot and to XZynua 1.4 1o mpaypatikd unkog L, elvor whvta

n_n

HEYOADTEPO OO TO YOPOKTNPLOTIKO pNKOG L., omote kot 10 dandarmdec "t" eivon
VT LeYOAOTEPO TG Lovadas. Zuvenmg omd €. (1.9) D, < D.



f{::
W

Iwpatidlo

MNopwdec peco

Yympo 1.4:Tpaypoatikn dtadpopun| 10vIog HEGa o€ Topmoeg Léco L kot
YOPOKTNPLOTIKO pNKog dtadpoung Ly,

Me v celpd Tov 0 Dm cuvteleotng unyavikng olacmopds exepdleton o¢ Dy,=AU.
IMa éva avicotpomo mopmoeg pEco oTic 3 doTdoels, 6mov 1 KHpla KatevBovvon g
HEONG €VOOTOPMAOVS TOYVTNTOS OCUUTIMTEL PE TOV AEOVOL TOL GLOTHUOTOS TV
ovvtetaypévev, 1 eéicmon avtn) taipvel v popen| (Bear, 1979):

aLU 0 0
D,, = AU = ( 0 aU 0 ) (1.10)
0 0 aTU

Omnov A givar 0 TavvoTig Tdomng SleTopag,.

Me op va givor 1 dapikng téorn Jomopds Kot or vo glval 1 €ykdpoilo Téom
JloTOPAG .

Tehka pe v xpnon tov eéoncewv (1.7), (1.9), (1.10) ot cvvieheotég Stopunkng
KOl €YKAPOLOG VOPOSLVAUIKTG dtaoTopds Dy, Dt avtictoya ypapovtot:

D,=D,+ aU (1.11)

DT = De + aTU (112)

‘Etol yio v mepimtwon  6mov M kOpla kotevbuvon g péEoNg £VOOmOPMAOLS
TOYOTNTOS GULUTIMTEL pe Tov AEoVe TOV GUGTNUATOS GULVIETAYUEVOV 1oYVEL OTL O
OLVTEAEGTNG VOPOSVVOUIKNG SOCTOPAS  €lvar £vag dloydVIOG TOVUGTNG TNG LOPPONG
e€. (1.13) (Bear, 1979):



w0 (1.13)

Omnov tehikd Dy =Dy, Dy, =Dr xa D, = Dr. Andadn n xupiog dwapfkng
katevbuvon Bewpeitoan X X evod ot eykdpoteg katevBivoelg eivar ot Y'Y ko Z'Z.

Awpopetikd yio vo meprypagei o cvvtedeotg D Ba yperaldtav Evog Tavuotig evvid
OpOV TG HOPeNS

Dy ny Dy,
D =(Dy. D, D, (1.14)
sz Dzy Dzz

O Schulze-Makuch (2005) cvykévipmoe melpapatikd dedopuéva amd moAAEG HEAETES
Y10 OLOLPOPETIKA TETPOUOTO, KOl TPOTEWVE  EUTEIPIKEC GVGYETIOELS GE GLVAPTNON TNG
KApakog tov mediov. Avtég paivovratl otov mivaka 1.2

[Tivaxog 1.2 :Eumelpikég cuoyeticelc Tov GLUVTEAESTH SIOUNKNG TACTG SLOICTOPAS Yol
dapopa tetpopata. Yobetmuévo and tov Schulze-Makuch (2005).

Métpwua Eumteipik ouagxétion
Mn-otepeomoInpéva TIETPWOUATA a,.=0.085(L)%8"
(unconsolidated sediments)
Wappiteg a,=0.01(L)%*?
(sandstones)
AvBpaKIKG TTETpOUATA a,=0.80(L)%4°
(carbonates)
BaocdAtec a=0.15(L)%¢!
(basalts)
paviteg a,=0.21(L)%>"
(granites)

O ovvteleotn VOPOSVVOUIKNG dLoTOPAG EaPTATAL A0 TNV KAILOKO TOV TEGIOV Kot
avtd &xel omoderyfel omd dedopéva TOAAATA®MV gpyoci®dv. Xto Xyfua 1.5
TOPOVGIALOVTOL  TO TEWPAUATIKA dedopéva Yoo TNV SOUNKN TAoN dooTopds  amd
dupopes peréteg mediov mov €yovv ompoctevtel oty o1ebvr  PifAoypapio, Ommg
teMkd ovykevipoOnkav and tovg Gelhar (1986), Gelhar et al. (1992) kot Schule-
Makuch (2005). ITapatnpeitor 6Tt 0 cvvteleotnc a; oav&dver pe v advénon g



KApaxog tov mediov. H e€dpton tov a; oty kAipoka Tov mediov amodidetor otnv
VIopEN TOTIKAOV 0VOUOL0YEVEL®Y TOV TtEdiov. (Xpuoikdmoviog, 2009)
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Syua 1.5 @ Alopkng  tdon 010omopds amd Jlipopeg HEAETEC 0TO MEDIO Ol omoieg
&xovv ovuykevtpwbel amd toug Gelhar (1986), Gelhar et al. (1992) kot Schule-Makuch
(2005). H a&omotioo tov dedopuévov  avdvel pe v avénon tov peyébovg tmv
ovpPormv (Xpvowonovrog, 2009, ced 131).

‘Eva yprioyo péyebog oty petagopd Swwivpévng palog eivar o "ovvieAeoTng
emPpdovvong "R" (retardation factor). Avtdg 1covtal pe Tov AGY0 TG EVOOTOPMOOVS
tayvtntog U, o¢ mpog v TaydTnTo TG SIAVUEVNC 0VGiag oty otk edon Ue.

RZE (1.15)

O ovvtereotg R maipvetl Typég omd 1 ko emdve  kabmdg etvar eavepd OTL 1 TovTNTO
™G SWALUEVNC 0VGTaG elvanl  TTAvVTO LUKPOTEPT OO TNV EVOOTOPMAN TavTNTA. O
Umopovce va 1oyvplotel Kaveilg 0Tt €attiag g dbyvong mpoacdidetan oy Uc ua
emmAéov oOnon (taydvmta Up) m omoia Oa pmopovoe tehkd va vmepPel v
evoomop®oM tayvmra U. v mpaylatikdtTnTa Opmg 1 LETOPOPE SI0AVUEVNG 0VGTOGC
AOY® petaywyng etvor ToAd peyaddtepn and ovtiyv e&ortiog tng dudyvong kot yi' ovtod



Bewpeitan 6t1 N cLVVEIGPOPA TNG ddyvong otnv TayvTnTa Uc givon apeintéa og oyéon
pe v evoomopwon tayvtnta U (g€. 1.16-1.18).

U.=Uy+U (1.16)
U

L«1 (1.17)
U

Kot ovvendg and tic EElomoeig (1.16) ko (1.17) mpoxdmret:

U.<U (1.18)

EminAéov vapyovv dvo axopo eEopéoelg otig onoiec 10 R<1. H mpmd ocvpPaivet
otav £yovpe Oyt LOVO PETOPOPE SlaALIEVG 0VGTaG OAAG Kot TapaymyT| avTic. Onote
OTOV OVIYVEVOVUE GUYKEVTPAOGELS, Y10 VO EKTIUGOVUE TNV TOCOTNTO TG HAlag Tov
petapépnke (dote tehkd va fpovue v taydra Uc), xopig va to BEhovue Exovpe
OUVUTIOAOYICEL KOl TNV GLYKEVIPMOY] TOV OPEIAETAL OTNV Topay®myn. Me avtdv to
Tpomo 1 tayvTNTa Uc elvan teyvntd avénuévn kot Eemepva v toydTnTo pHetapopdg U
Y0P OP®G avTd Vo 1oYLEL 6TV TPoyHaTKOTNTO. AghTEPT TEpimT®on givar OTav
VILAPYEL LETAPOPA UOPOVUEVOV GTEPEMV. Omg £xel amodetytel amd epyacieg (James
and Chrysikopoulos, 2003) ta cwmpovpeva oteped PEGH G KAEITTO 0y®YO TPOTILOVY
va. Tag10eb0VY 6TO KEVIPO OLTOD KOl UE TOYLTNTEG UEYOADTEPEG AmO TNV HEOM
ToyVTNTO peTapopds tov vepol U. 'Etot edd mpaypatikd 1o R pmopei va éxet tiun
LEYOADTEPN TNG LOVASOLG.

1.3 MIPOXPO®HEH (ADSORPTION)

1.3.1 TENIKEX IAIOTHTEX IIPOXPOPHXIHXE

H mpoopdenon eivar pavopevo katd 1o omoio ot pOHmol 6 LOPPT WOVIOV 1] Lopiv
piog Stodvpévng ovciog GLUYKEVTPMVOVTOL GTNV EMPAVELN GTEPEDV TOV OTOTEAOVV TO
ot1eped OKEAETO €J0PIKAOV oTpopdtwv. H mpoospopnon yowpiletonr o€ dvo peydreg
Kot yopieg

A) Io60epun
B) Avtiotpéyiun

2y TpdT Kotnyopio. o1 cuVONKeg OmwS BePLOKPAGIa Kot TUKVOTNTO, TAPOUUEVOLV
otabepés. Edd m dwAvpévn mocotnto pdmov €xel v dvvordtnTa  pOVo  va
npocpopnBel  ywpic va umopel moté va emoTpéyel o€ StoAvpévn Hopen. AKoua 1
TOYOTNTO TOV OVIWPACEDV OVTAOV  &ivorl TOAD peYdAN og oyéon pe TV TayLTNTO
e€EMENG TOL POIVOUEVOL  LETOPOPAG TOV PUTOV. LVVETMG OEV VIAPYEL OVAYKN VO
YIVEL TTEPTYPAPT] TOL POULVOUEVOL GTOV XPOVO.



AvtiBeta oty 0gbTEPN Kot yopia ot cuvOnkeg dev mapapévouv otabepés. 'Eva pépog
™G TPOCPOPNUEVNG TOGOTNTO  POTOL  EAVAUETOTPENETAL GE SIHALUEVT LOPON
kabng efedlooeton 10 Qovopevo. H taydmra tov aviidpdoewv avtdv umopel vo
ovyKpBel e TO QAIVOUEVO HETAPOPAS POTTOV Kol YU ovTd emPAAAETONL Vo Yivel
TEPLYPAPT] TOV PULVOUEVOL OVTOV GE GYECT] LE TOV YPOVO.

Axopa pe Paon 1o €100¢ TOV UNYOVICU®Y TOV TOIPVOVV HEPOG GTNV TPOGPOPN O,
oVt umopel va yoprotel o€ Tpeig Katnyopleg :

1) ®vokr TpocpoeNoN

2) Xnukn tpocpdenon

3) EvaAloyn dviov

v euoikn avartbccovtol duvdpelg Van der Waals mov ackobvtor petald Tov
POV Kot TNG EMEAVELNG TOV 6TEPE®V. O1 TPOGPOPNUEVOL POTTOL OEV TAPAUEVOVY CE
éva. GLYKEKPIUEVO ONUEl0 TAV®D GTOV TPOCPOPNTH  OAAG HTOpovV Kol KivoOvTal
elevbepa hvo o€ 01O, YTTApYEL 1 OuVaTOTNTA VA ONULoVPYNOOVY TOAAEG GTPMOELG M
o mive oty GAAn (Zy. 1.6) ot omoieg teMkd otnpilovior TNV EMPAVELD TOV
otepeoV. Edv to emtpéyouv ot cuvOrkeg (YapunAn cuykévipwon Stahvpévng ovciog )
N TpoGpoPNEVN ovoia €xel TV duvatdTa vo. AevBepwbel amd Tov mpospoenTy
kot va Eava emotpéyel oe dwAvuévn popen. H dwdwkacio avty ovopdleton
EKPOPNON.

2V gNUIKN  avamTtOCooVTOL OPKETA IOYVPES EAKTIKES duvapels petald tTowv puTmV
KOl TOV TPOGPOPNTN Kol 0dNYOVV GTOV CYNUATIOUO YNUIKOV evdoemv. E&ottiog
avTol Ol TPOGPOPNUEVOL POTTOL OEV UTOPOVV KivovvTal EAeLBEPa eMdved oTor oTEPED
obte pmopovv va oynuotiCovv moAhamAd otpopata. Otov 1 emedveln TOL
TPOGPOPNTY YEUIOEL TEAEIMC TOTE TO PUIVOUEVO TNG TPOGPOPNONG CTUUOTE TOVTEADG
Syua 1.6. H ynuikn tpospoéepnon cvuvibwg oev glval avaotpéyiun mapd uéovo 6tav
avéndei ) Beprokpacio Tov TPOSPOENTY.

Ymv evodldayn wvtov Zynuo 1.6 éva 10v amd TV EMPAVEIL TOL TPOGPOPNTN
evaAldoocetol e €vo M mEPLocOTEP 1OVTOL TNG OAvpéVNG ovoiag (fong aiag).
H npoopdenon awtod tov €idovg opeiheton e EAKTIKEG MAEKTPOCTATIKEG SVVANELS
TOV TPOKLATOLY  €EATIOG TOV AVTIBETOL NAEKTPIKOL POPTIOL HETAED TOV POTTOV Kot
TOV TPOGPOPNTH).

10



» (a) Quolkn

O
OIO O POMoCg
0000 OO0

» (B) Xnuikn

0000 000
» (y) EvaAlayn Lovtwy

OJooXoXo
O\N// N/ O

Xyqpae 1.6: Kamyopieg tpocspoégnong (Xpvowodmoviog 2010).

“~_ Mpoapodntrg

TéAog 01 PUGIKOYNUKES OLOTNTEG TOV TPOSPOPNUEVEOV 0LGLBY oL Kabopilovv Tov
Babud mpocpdenomng Tovg eivat ot EENG.

H o&dmra 1 Bacikdtnta g Evaong

H drodvtomta 610 vepd

H xatavoun tov goptiov o610 0pyaviKad KATIOVTO
H moAkdétta tov popiov

PR
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1.3.2 MAOHMATIKEZX XXEXEIX IPOXPOPHEHX

Yrdpyovv apketd poviéda oty PipAoypagio mov mePtypaeovy SlopopeTiKd €10M
npoopoéenons. Ta mo yvoord eivor 1 "TPAMMIKH IXO@EPMIKH ITPOXPOO®HEH",

n "IXOGEPMIKH IIPOXPOOHXH TYIIOY FREUNDLICH" «um n "[IZO®EPMIKH
[NPOXPO®HEH TYIIOY LANGMUIR".

H ypoappkn wooBeppikn mpospdenon Zynpa 1.7 didetar and tov tomo €&€. (1.19):
¢* = Kyceq (1.19)

C"=M GLYKEVIPLGT TNG TPOSPOPNUEVIG 0VGTaG [—,:,W e ]

oTEPE DV

L ,
K = ovvteleotic katavoung palag (distribution coefficient) [—p 2o ]

OTEPE DV

: : . . . [Movs
Ceq =OVYKEVIPOOT SL0ADUEVNG 0VGI0G 0TV KATAGTOON 160ppoTiag [—L3 e ]

pevoto U

H IooBepukn mpoopdenon tomov Langmuir Zynuoa 1.7 didetor amd tov
tomo €€. (1.20)

0
o+ = Qarce (1.20)

o 1+aiceq

C*=N GUYKEVIP®OOT TNG TPOGPOPTUEVTG OVGTOG [—M"“" = ]
oTEPE GOV
Q°= eivar N PEYIOTN SUVOTH TOCOTNTE TPOCPOPNUEVIG OVGING GE HOVOGTPOUATIKN

, I M pyg {ag
dutaén ota oteped |———

oTEPE OV

a;=eumelpkn otabepd mn omoio oxetiCetonr pe v evépyswo déopevong (evBaAmio

, L3
TPOGPOPNONG) [ ]

Moo {ag

: : . . . [Movs
Ceq =OVYKEVIPOOT SL0ADUEVNG OVGI0G 0TV KATAGTOON 160ppoTiag [—L3 e ]

pevoto U

H 1000eppikn mpoopoenon Zynqua 1.7 tomov Freundlich €. (1.21):

¢’ = Krcgg (1.21)
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C"=M GLYKEVIPLGT TNG TPOCPOPNUEVIG 0VGTaG [—: e ]

aTEPE DV
m
3
(L pevato 1')) l

-1
oTEPE OV (M ovo lag )m

Kr=ctabepa

. . , . . [ Mo ¢
Ceq=OVLYKEVIP®OT S1AVUEVNG 0VGIAG GTNV KATAGTACT 1G0PPOTiog [—L3 = ]

pevato U
m= ek0éng
‘l 5 [— T T L T I H ¥ T L l N
- (@) Mpappikd ]
10F .
% L 4
O - / ]
5r 71 Khon = Ky .
O " } o ! | 1 L i 1 | -:
0 5 10
Ceq
] O T T LERLIND AL A A B M 1.0 T 1 T T T
[ (B) Freundlich ) o8 " {y) Freundlich b
. sl 1% o6 -
L. — U} = IT} B
© r 1 © 04 o~ ---- —
- . 0.2 =— log K, -
Q F SRS TR TR YO N SO B S | __l [. L |
O 5 10 .0
Ceq
10 A R A ER B B N
@[ @ Langmuir ]
3 4 ®
¥ 5k - L
(&} S~
" T Q
O { i 1 ! | | | } Ll O 0 ' L 1 i ! 1 L L
0 50 100 5 10
Ceq Ceq

Yympo 1.7: Io60epueg mpoopopnoeis: (a) ypoppkn pe Kg=1.6 L/g, (B) & (y)
tomov  Freundlich pe Ki=1.6 (L/g)" ka1 m=0.7, kot (8) & (€) tonov Langmuir pe
Q"=8 mg/g kot 0,=0.2 L/mg (Xpvouodmovroc,2010).
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AvtioToyo oIV KWWNTIKN TPOGPOPNCN TO O YVOOTE HOVIEAN Topatifetal oTovV
[Tivaxkoe 1.6. Omov o, o, oy, n  givon gumelpkéc otabepés 1 CLVIEAECTEG
moAvopounong (regression coefficients) mwov efoptdvior amd 1O GOGTNUA TNG
dloAvpévng ©T0 vePO 0VGiag Kol TV oTEPERV, O eivol T0 TOpddES, cy £ivorl M
GLYKEVTPMOT] TNG OVGIAG GTNV LYPN PACT GE AECT] EMOPT| LLE TO GTEPED TPOCSPOPNTH,
k, ki, ks gtvar cvvtehestég puBpov aviidpaong Kot @s gival To KAACUO TOV TEPLOYDY
TPOCPOPNONG TOV KOTAAAUPAvVOVTAL amd T S10AVUEVT GTO VEPD OVGia.

IMINAKAZX 1.6 :Kwnrtikd povtéla tpoopdéenong (Travis and Etnier, 1981)

Ovoua MaBnuatikdé pyoviéo
Ipaupik avuotpsyiun dc” k6 e
(linear reversible) dt E;S' 2C
Mn-YPaUUIKA avtioTpéPipn dc” ko , o
(nonlinear reversible) dt ~ p, 2C
Kivnuikoé yivépevo dc’

(kinetic product) T acte®
AlypapUIKA Tipoopdpnon dc” . "
(bilinear adsorption) dt kiC(QO_C )—kzc
Metagpopd udlac dc”

(mass transfer) T k(c—cg)
Movt€ho Elovich dps

(Elovich model) R exp[-0g]

AV {PNOIUOTOCOVE £VOL OO TOL TAPUTAVE® LOVTEAQ GE GLUVOLOUGUO UE OTOdOUNON
to1€ Bo Thpovpe

ac*(tx,y,z)

£
o ot

=K, C(t,x,y,z) — KZEC*(t,x,y,Z) — A*TpC*(t,x,y,Z) (1.21)

Me A* OUVTEAESTNG OmOOOUNoNG mpospopnuévng ovoiag, C  ovykévipwon
Sthvpévng ovciog kKot C*  ouyKEVIP®ON TPOGPOPNUEVIC OVGIOG, P= T TLKVOTNTA
TOL TOpMOOVE, O = 10 MOpdOeg TOL otTepeovy, KI1,K2 =cvvtedeotéc puBuod
avtidpaong.
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1.4 METATQTH (ADVECTION)

H mo Bacikn cuvict®oa HETapopds pOTtmV 6 Topddeg HEco eivar 1 petaymyn. H
omoia Paociletor amid Kot HOVO GTNV TOYVTNTO TG PONG OV VEIGTATOL KOl £ivot
ave&aptnm g dudyvons. H e&icmon mov v avTImpos®TELEL GTNV LOVOIIAGTOTN

mepinTmon elvot:

ac ac

. +U x 0

C= ovykévipwon deAvpévng ovciog L%
t=ypdvog

X= YOPIKN LETOPANTY

(1.22)
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1.5 GEQPEIA [IPOXPOPHEHE AIQPOYMENQN XTEPEQN

Ta tehevtaio ypoévia €xovv yivel TOAAEG Tpoomdbeleg £T61 MGTE va TEPLYPAPOVV Ta,
QOVOLEVO TTOL TOiPVOLV UEPOC KaTA TNV OldpKeln dmdnong evog vypol amd Eva
@iAtpo. H mo dradedopévn amoyn eivan avt tov Yao et al. (1971), cbpupova pe toug
omoiovg voeiotavior Tpelc unyaviopol cvAAnyng (avaoyeon, kabilnom, owdyvon).
Yrhpyet Opm¢ axopo £voc TETAPTOG UNYOVICUOS (OTpdyylons) o omoiog OpmG dgv
etvan emBountoc. H meprypaer| tov tpiov mpdtov Oa yivel Beopodvioag Wbavikd
povodwaio oceapikd cvAAéktn Zynuo 1.8, evd yw tov tétopto Bo ypelacTovuE
TOPATAVE® ond £va GALPIKOVS GVAAEKTEG Zynpa 1.8.

o) Mnyaviopdc avaoyeong (interception)
B) Mnyaviopog kabilnong (sedimentation)
v) Mnyaviopog o1dyvong (diffusion)

d) Mnyoviopog otpdyyiong (straining)

Tayutnta mpootyylong
vepol
(q - Darcian)

{

2PaIpikég
CUAAEKTNG
L8

-~ Tpappn pofig

A: Avdcyeon (interception)
B: KaBifnon (sedimentation)
I: Aidyuon (diffusion)

-

Yyqpo 1.8 :Tlapovcidlovior ot punyovicpol GOANYNG OTEPEDV AV GE GPUIPIKO
OLAAEKTY (Xpuoikdmovdog, 2012).
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SOUPOVO LE TOV TPMTO UNYOVIGHO (OVAGYESNC) M TPOYIEL EVOS ALWPOVUEVOL GTEPEOD
copatdiov  ocvpPaivel va mepvael moAd Kovtd omd tov o@oplkd cLAAEKTN. 'ETot
KATA TNV SIPKELN TNG TOPELNG TOV GLYKPOVETAL LE OVTOV KOt TO MOAvO omoTéEAETHOL
etvar 1 cOAAN Y.

2OUQova [e Tov deVTEPO UNYOVIGHO (KaBilnomg), 1 TPoYLd TOL LMPOVIEVOD GTEPEOD
cOUOTOI0N TOPO eV TEPVAEL TOAD KOVIE omd TOV GQAUPIKO GUAAEKTT, AL OUOGC
e€autiag g Popdtrag mapekKkAivel TG Topeiog TOL Kot GuYKpoveTal Pe avtov. [a
vo ovpPel avtod TOL €00G O UNXOVIGUOS €ivol omopaitnTo Vo VEAPYEL KEYOAN
JPOPA GTNV TLKVOTNTO TOL VYPOV UE TO GTEPED COUOTIONO OOTE M EMIdpAON TNG
BapHtnrag va givol onpovtikn.

2Opemva pe Tov Tpito unyoviopo (Sidyvong) n TPoyLd ToL A®POVUEVOD GTEPEOD TAAL
dev mEPVAEL KOVTA amd TOV GOOPIKO GLAAEKTN 0ALG avTiBeta @aivetal va givorl Kot
apkeTA pokpld tov. Iap dAa avtd OPMC GV TO0 cOUATION £xEl LEYAAO GUVTEAESTN
dudyvong dvvatal Tuyaio vo VITEPTNONGEL TOAUTAES TPOYLES KO TEAIKA VO KOTOANEEL
EMAV® GTOV GLAAEKT).

O tétaptog punyoviopuds cvanynmg, Zynuo 1.9, cvpPaiver emedn 1o péyebog tov
ALWPOVUEVOL COUATIOOV givar  peyohOTEPO OO TO OLAKEVO TTOL ONUIOLPYOLV Ol
o@apikol cvAréktec. To amotéleoua elval 6TL 0 pHTOG TOV BEAOVUE VO APOUIPEGOVE
aduvaTel va TEPACEL KOl £TG1 £YOVUE KaTOKPATN o™ Tov. To TpdPAnUa dpmg pe avtod
T0 punyoviopo eivar 6t edv cuveyioet va cvpPaivet, Tote OGAOL o1 VIAPY®V di0d01 TOV
ONUIOVPYOLVTOAL GTNV EMPAVELN OO TOVG GLAAEKTEC B PpAEovV TOTIKA Kol £TCL TO
@iATpo Ba yivel  akOTAAANAO Yoo EMTALOV ¥PNON. LTV TPAYHOTIKOTNTO OAO T
eidTpa yperdlovtal apyd n ypryopa aArayn, Opmg dev etvan embountd e€outiog pog
TOTIKNG OEVEPYOTOINOTG TOL PIATPOV, Vo KataoTeL OAO aveVEPYO.

Yympo 1.9 : Topovcidleton 0 pnyovicpdg oTpayyiong otepe®v (TopTtokail KOHKAOL)
amd £vo GLVOAO GPUIPIKAOV GUAAEKTAOV (UmAe KOKAOL). Emedn] D (d1dpetpog otepeon)
>>[, (514KeVO HETAED GLALEKTAOV) TO QMPOVEVO, COUATIONW AOLVATOVV VO, TEPAGOVV
KOl £YOVULE GVYKPATNOT) TOVG.
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1.5.1 MAOHMATIKH IIEPITPA®H TON MHXANIEMQN XYAAHWHXE

O)eg 01 GLYKPOVCELS TV ALOPOVUEVOV COUATIOIMV [LE TOVG GVAAEKTEG €V 0dNYOVV
TOvTo. 6e CUAAMYM Kol ovykpdatnon. 't avtd €xer opiotel o O6pog M. €& (1.23)
(ovvteleoT g GUOAANYNG HOVOOL0iOV GUAAEKTY)) O 0omoiog AauPdavel vVTOYN TOL TNV
MEPITTMOOT ATOTVYI0G CLYKPATNONG

Ne =1MoQ (1.23)

6mov a elval 0 CLVIEAESTNG OmAd00NG GLYKPOVCE®V (0 AOYOC T®V  EMTLYOV
OLYKPOVGEMV, TPOG TIG CLVOAMKES GLYKPOVCELS TOV cuvéEPRnoay ), eved 1, €&. (1.24)
elval 0 GLVOAKOG GLVTEAECTNG GUAANYNG, 0 0moiog Paciletal oTovg 3 SLOPOPETIKOVS
unyaviopovg cvykpdtnong (Yao et al., 1971):

Mo =Mp +M; +1g (1.24)

He 1np va givol 0 cuvTEAESTNG GUAANYMG O omoiog eEaPTaTal amo Tov UNYavioud
JlyvoNG, 17; CLVIEAESTNG O OMOi0G EEAPTATAL OO TOV UNYOVIGUO OVACYECNG Kot
OUOWDG 7  OLVTEAESTNG GUAANYNG O Omoiog €£0PTATAL OO TOV  UNYOVICUO

kaBilnong.

YroBétovtag 0Tl To GIATPO LOG ATOTEAEITOL OTOKAEIGTIKA OO GPALPIKOVS CVAAEKTEG
OLOLOLOPPO. SATAYUEVOLG OTOV Y(DPO, UTOPOVUE Vo VITOAOYicovue BempnTikd TOLG
ovvTeEAEOTEG 1p, 1y Ko g €€. (11.25, 1.30, 1.31) (Elimelech et al. 1995, p. 352).

1 2
np = 4.04 Ai(Pe)_g (1.25)

Me Pe va gival o adibdototog apfuog Peclet (1.26)

Pe=q% (1.26)

Me d,. va givar 1 SIGUETPOS TOL GPAIPIKOV GLAAEKTN, g €lvar 1 TayvTnTa Katd Darcy
mov oideton amd v €&, (1.27).

Q

Aa tvng

q= =Uo0 (1.27)
Onov Ayjine €lvar m emedvelo  datopfic mg KAivng (eidtpov), U mAfov givar n
EVOOTOPOONG TOVTNTA (CWTY e TNV 0Toio T0 GOUOTIO TANGCLALEL TO GLAAEKTY)), O
elval 10 Topdoeg ToV PiATpov Kal D elvan 0 cuvtedeotnc poplokng dudyvong. EAdeiyn
TMEPOUATIKOV  0edopévav  Kavelg pmopel va  vmoloyicer Oewpntikd to D
ypnopomotwvtog v €. (1.2) Stokes- Einstein.
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YvveyiCovrog omv €€. (1.25) n mapduetpog A , n omola e€aptdrtarl omd 10 TOPMOOES
T0V Qiltpov didetar amd v (1.28):

_ 2 (1—85)
Ae = 3 3006 (1.28)
Me 10 € otV (1.28) va didetor amd v €&. (1.29).
1
e=(1-0)3 (1.29)

Me Vv oepd tOLV 0 ovvieAeotnc  1;  (UNxaviopog  avaocyeonc) oidetan
(Yao et al. , 1971; Elimelech et al., 1995, p. 352):

m=2A, (Z_P)Z (1.30)

Omnov d,, va givar n S1GUETPOG TOV AIOPOVUEVOV CTEPEDV, Kou d, 1 SLAUETPOG TOV
LOVOSL0ioV GLAAEKTY).

Téhog o tpitog 6pog ¢ e&icmwong (1.24) unyoavicpodg kabilnong oidetar amod €&€. (1.31)
(Yao et al., 1971):

_ (pp=rw)gdj (1.31)

MG 18 uwq

To m0c0GTO GLVEIGPOPAC KABE UNYOVIGHOD GTOV TEMKO GULVTEAEGTY] GUAANYNG 7,
dev etvar otafepd aAAG e&apTdtal omd TNV GUCT TOL CLWPOVUEVOL GTEPEOL OAAL Kol
10V 6VAAEKTN. 'Etotl oto Zynua 1.10 mopatnpeitor pa e£dptnon tov np , 1 Kot g
amo to péyebog twv aiwpovpemv copatdiov. ITo cvykekpuéva mapatnpeitor 0Tt
660 peyolmvel 1o Péyebog, TOGO O GNUAVTIKOL YivOvTal Ol UNXOVIGHOL avAcyeEoNS
(m;) xor xaBilnong (1) OTOV GLVOMKO GULVTEAESTY| GOAAMNYNG 1,. Avtibeta Tto
péyebog emmpedlel apvnTikd Tov cuVTEAESTN O1dyvong (1p), ovopevo Tov eényeitat
QLOIKA KaB®G To peyoddTepa popla etvar Alydtepo evkivnta amd To pKPOTEPO Kot
£tol etvar duokoroTEp Yoo T TPdTA (HEYaADTEPA) VO aAAAEOLY TPOYE Kol Vo
OLYKPOLGTOOV HE TO oQOpKO oVAAEKTN. Emmiéov ywo v mepimtwon mov
eCetaletar oto Zynuo 1.10  @aivetar OtL 0 unyaviopog  owdyvong  emnpedlet
copatiow pe péyeboc pkpdtepo amd 1 pum. Me v oepd Tov 0 UNYOVIGUOG
avdoyeong tapovclaletan oe copatiown pe péyedog peyorvtepo amd 10 pm. Térog o
UNYOVICUOG 0VAGYEONG EIVOL OTULOVTIKOG Y10 COUOTIOW PE SIAUETPO HEYOADTEPT OO
I pm.
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Yyqpa 1.10: Zuoy£Tion Tov GLVOAMKOV GUVIEAESTY] GUAANYNG COUATOI®V amd TO
péso  ombnong, pe 10 péyebog  TOV  OULOPOVUEVOV  COUATIOI®V
(d, =025mm, g-= 9.815217, T =298k, U= 25.3%, 0=0.3, u, =98+

107 =L p, = 1000 -2, p, = 1002 -2 ) (Xpvoucomovhog, 2012).

m sec2’ m3

O ovvteleotg anddoong cuykpovoewv o €. (1.23) eivar dvokolo va vroAoyloTel
BepnTIKA KOl Yo QVTO YPNCULOTOIEITOL GUYVE T TEPAUATIKY] TPOGEYYIOT TOUL.
Axopo 6nwg mopovoidletor oto Zynua 1.11, yio o<l 10 mOCOGTO GUAANYNG
COUATIOIOV 0md TOV CLAAEKTN EANTTAOVETAL, YI0TL O CUVIEAESTNG ), €lvon uKpOTEPOG
0V 1o €&. (1.23). [ap’ 6da avtd 6tav o Kabapd eidtpa o1\Onong £xovpe TpocsOkn
(ovng mTocOTNTOG) KPOKIOMTIKOL TOTE O GUVIEAESTAG O 1GOVTOL UE TNV HOVADAL.
Av16 cvppaiverl kabmg To KpokdTikd e&a@avifovv 10 SMAO GTpdL TOL TEPIPAALEL
T0. KOAAOEWN (To omoio dnuovpyel amwbntikég dvvapelg), Ko KaBe cvykpovon
ooNYel og emTvy GOAANY.
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Yyqpoa 1.11: Xvoy€tion T0v  GUVIEAESTH]  GUAANYNG HOVAOLiOV GULAAEKTN 7).
g€. (1.23) pe 1o péyebog mwpodpevov copotdiov d, yia 500 S1popeTikés TIES TOV
cUVTELEDTH 0 am6d0ong GUYKpOVGEWV (d, = 0.25mm, g = 9.81—, T =298k, U =

_ K k
25.3%, =03, u, =98%10"* jcz,pw = 1000 m—~"3 py =

ms

1002 %) (Xpvowodmovrog, 2012).

M mpooeyylotikny e&lowon mov meptypdpel emopk®S Tov 0po 1, €&. (1.24) won
ypnopomotleitan apketd and v Piproypaeio eivor mn (1.32) (Rajagopalan and Tien,
1976; Logan et al., 1995), yuo v 1.32 1oyvovv o1 e€icwoelg (1.33-1.36):

1 2 1 15

o = 4AIN,S + ANJ, NS + 0.003384,N2Ng** (1.32)
N,, = Pe (1.33)

pe

omov Pe o apBuog Peclet,

QU

Np =2 (1.34)

c

Np =A0Y70G TV SWUETPOV 0LOPOVUEVOV GCOUATIOIWV KOl GLALEKTN),

N = ng (1.35)

Ha

N, =4———
Lo 97Tllwd;%q

(1.36)

Me Ha = 6.6x107% kg vo.  eivm o  ovvtedeotyg ~ Hamaker

(Truesdail et al., 1998)

m
sec?
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Me v 101 Aoy g €. (1.32) veiotator Kot pio EVOALOKTIKY] TPOGEYYIGTIKY
eiocwon (1.37) (Tufenkji and Elimelech, 2004):

1

Mo = 2.4 ASNZOOBL N 0715 NOOS2 4 0,55 A, NFO7S Q125 +0.22 Np 024 NETINSSS? (1.37)

Omov yuo v €€. (1.37) woydovv ot (1.38-1.39).

H
Nyaw = KB“T (1.38)

Kg =Eivoi n ota0epd Boltzmann

T= andéAvt Beppokpacio oe Kelvin

_ NvdW
Ny = NaNor (1.39)
Y10 Iyquo 1.12 mopatnpodue Ot €yovpe HEI®OT TOV GLVOAIKOD GCULVTEAEGTN
ocOAMYNG 1, €& (1.24) dtav n SGuUeTPOg TOL GPAPIKOD GLAAEKTN d. HEYOADVEL
OAAG KoL M TOPOYTH TOV VEPOL owEaveTal (d, SIGUETPOG CLOPOVUEVOV GTEPEDV).

M [-]

M [-]

d, (um)

Yympo 1.12: Xvoyétion Tov GLVOMKOD GCULVTEAESTH] GUAANYNG  omd TO WHEGO
dmonong pe to péyebog Twv awPOVUEVOV COUATIOIMV Y10 TPELG O1UPOPETIKES Y10l (1)
TPElG OLPOPETIKEG TIUEG TNG OUETPOV TOL GPOIPIKOV CLAAEKTN kot (PB) Tpeig
SLUPOPETIKEG TIUEG TNG EMUPAVELOKNG TOYVTNTAG TOV VEPOL (Xpuoikdmovrog, 2012).
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Téhog apo? pe kamowo tpomo €&€. (1.32, 1.37) éxovv vmoroyioTel ot TYEG TV 7 Kot o
e€. (1.23-1.24) eivan dvvotn m ypnon tovg otg e€lomoelg mpoopoepnong. Il
ovykekpipéva o 6pog K1 g €&. (1.21), umopel va ypagel 6e oyéon pe 10 17y OG
edng:

K1 =§ (1-0)Unya (1.40)

(Anders and Chrysikopoulos, 2005; Harvey and Garabedian, 1991)

1.5.2 MAOGHMATIKH ITPOXOMOIQXH AIIOMAKPYNXHX XTEPEQN

Y10 kepdiao 1.5.1 eidape wvpimg Beopnikés eflodoelg mov meptypdoovy v
OLYKPATNON CLWPOVUEVOV GTEPEDV amd povadlaio cuAAEkTn. [ va yivooue Alyo
Mo TpaxTikoi, mMALov Bewpodue kAivy Pabeidg ombnong, unkovg L, m omoia
YPNOUOTOIEITE Yo QPAIPEST] COUATIOIMV amd TO VePO. XNV  MEPIMTOON OLTH
umopovue va ypnolponmocovpe v €€, 1.40 dote va meprypagei 1 cuykpdnon twv
copotdiov (Iwasaki, 1937; Logan et al., 1995):

de_ _Jc (1.41)
a

C= ovykévipmon otepe®V

A= ovVTEAEGTNG PIATPOL

L=pnxog kAivng ombnong

Oeopodvtog 0Tt M KAV omoteAeiton amd TAVOUOIOTUTOVS GOOPIKOVG GLAAEKTEG,
OLLOLOLLOPPO. SLUTETAYUEVOVS GTOV YDPO, TOTE cvoyeticovpe 1o N, 5. (1.23) pe tov
ovvteheotn gidtpov A €E.(1.41) ypnoomoidvrag v €€. (1.42)

n, (1.42)
Avvovtag v €€. (1.40) oe cuvovaopo pe v €. (1.41) mpoxvmter n €&. (1.43):

In H =-21-0)n (di) (1.43)
Co = apyIKN GLYKEVTPMOOT] ALOPOVUEVOV CTEPEDV

0= mopmdeg KAIvNG

N = OLVIEAEGTNG CUAANYNG HOVAdL0ioL GUAAEKTY, Oidetal amd TV e&iowon (1.23).

, , p . L , p . ,
Ed® onueidverar 611 0 6pog - OVTITPOCMTEVEL TOV aplOpd dUKEVOV GUAAEKTMOV €
c

oelpa.
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1.6 AYNAMEIX METAZY KOAAOEIAQN

Eidape oto mponyoduevo kepdrato 1.5, Toug duvatotvg tpomove cuAANYNGS. ‘Evag amd
avtovg elvarl Ko o punyoviopog kabilnong €&. (1.31). To epdtnua mov tibeton tdpa
elval edv vapyeL TPOTOC MGTE VAL EVICYVLCOVUE KO VO BEATUDCOVE TOV UNYOVIGUO
avto. ['a va yivel kTt 1€1010 o TPEMEL VO TEPTLYPAWYOLLE KOl VO, KOTOVOT)COVLE TIG
JUVALELS TOV AGKOVVTOL GTO GMUATION- KOALOELD).

Me 10v 6po KoAlogdn evvooie copatiotn mov xovv ToAD pkpd péyeboc. Tuvndwmg
n ddpetpog tovg kvpoaiveror omd 10 pm-0,001 pm (Chrysikopoulos and Sim, 1996).

Ta koALo€WN mOL alwPOHVTAL 6TO VEPO GLVIOWE AMOVTIOVTAL LE OPVNTIKO POPTiO
Kol Yo ovTo 10 AOY0o amwBovvtan petad tovc. Oco mo peydAn etvor n petagd tovg
an®dnon (nAadn peyoAvTEpO TO OpOoNUO @opTic) TOGO WO UEYAAN eivor M
aVTIGTOON TOVG GTNV CLGGMUATMGT KOl CUVETADS GTNV 0T0GTAOEPOTOINGT| TOVE.

Ot duvapelg mov aoKOVVTOL UETOED TV KOALOEW®V €ivol KUPImE NAEKTPOCTUTIKOV
tomov, Van der Waals wou Oepuikng kivnong Brown. Aockovvion BéPoia xon
Bapouvtikég dvvdpelg aAld egortiog tov e€oupetikd pikpod peyéBovg tovg (pukpn
nala), oe oy€on mavIa e TIC AAAESG TpElg katnyopies SuvapemVy, OVTEG APEAOVVTOL.

O1 dvvapelg Brown ogeilovtal otnv tuyoaio kKivnon tov popiov, n oroia 0rmg eivol
@VoIKO odnyel oe  ovykpovoelg peta&y tov popiov. Oco mo peyddn eivor n
Beppokpacio 1000 mO peydAn eivotl 1 KIVITIKN EVEPYELN TOV HOPI®V Kot £TCL £XOVLE
70 TOAAEG GLYKPOVGELS. Me TNV 10100 A0Y1KY| 01 GLYKPOVGELS ALEAVOVTaL OTAV TO HEGO
pog €xet peydAn mokvotnTo. ZNUEIOVETOL OTL PECH OVTOV (TOV GLYKPOVLGEMV)
OVOTTUOCOVTOL OVVANELS GTO LOPLOL. Ol OTTOIES ONUIOVPYOVV TLYOHO GLVIGTOUEVT KOl
00MNYOUV TOL LOPL GE ATAKTY €VOVYPOUUN 1] KoL TEPIOTPOPIKT Kivnon.

Me v ogpd toug ot duvduelg Van der Waals meprypdoovv €va chvoro acOevav
OLHOPLOK®Y SUVAUE®DV: o) OLVAUELS OmOAOVL-OumOAoL, B) dvvauelg omdiov &E'
eEMaymYNS, y) ovvauelg London. T'a apyn 6Aeg ot duvdpelg avtég mpov TO OVOUO
Tovg amd Tov peyaro OALavod @uowo J.D. Van der Waals (1837-1923), o omoiog
TyuOnke pe Noumeh ®vowkng 1o 1910, enedn e€nynoe v andkAion mov Exovv ta
TPOYUATIKA a€pla o€ oYEON He Ta Wavikd. [ va 1o KAveL anTd Empene Vo TEPYPAVYEL
TIG SIOHOPLOKES QUVAUEIS OV TEAIKA ovorTuacdviovoay. Etot dapopemdnkav ot
tpelg kotnyopieg avtég dvvapemv. H mpotn karnyopia XZynuoe 1.13 veiotaton
e€autiag ™G VIOPENG TOAK®V popimv. Andadn HOPLO LE OVOUOLOHOPOT KOTOVOUN
@optiov, to omoio. Ko gvBuypappilovron peta&d tovg. O Betikdg TOAOG TOL €VOG
TANGLALEL TOV OPVNTIKO TOAO TOV YEITOVIKOU LOPIov (TO ETEPMVLUN EAKOVTAL). XTNV
deVTEPT KaTNyopio OPYIKA £YOVUE €va U1 TOMKO HOPLO TO OTOI0 GTNV GLVEXELN
emnpedleton amd 10 YEITOVIKO TOL (TOMKO HOPl0), TOADVETOL, Kot EXOVUE OVLVALELS
petald ovo molkdv popimv. Télog oty tpitn Katnyopio ot dvvépelg London,
YVOOTEG G OULVAUEIS SOTOPAS, TPOKVATOVV omd To oTiypaic dimoAd Tov
dnpovpyovvral e€antiog tng Kivnomng TV NAEKTPOVIOV YOP® amd TOLG TLPNVES, LE
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OTOTEAECLLO, TNV OVOLLOLOLLOPPT KATOVOUT TOL @opTiov. Emonuaivetal 6Tt o1 duvapuelg
van der Waals  &ivor moAd onpavtikés, kabmg kabopilovv oe mowa kotdotoon Oa
Bpioketon n VAN o€ ovykekpuévn Bepuoxkpacio. Aniadn to €dv Ba Exovue oteped,
vypn M aépla popen €aptdton amd To péEYeEBog TV JSOUOPLIK®Y SVVANE®Y TTOV
EMKPATOVV €KELVN TNV GTIYUn).

a

Yyqpa 1.13: TTopovosidlovior Hoplo fe OVOUOIOHOPPT KATAVOUN POPTIOL (TOMKA):
o) ‘Eva tuyaio popo dwutetaypévo oto yopo, B) Mopa vepov (9 givar ta goptio mov
voiotavrat). Ot duvapelg mov avoartucscoviot ival kupiwg van der Waals (Google
Pics).

1.6.1 OEQPEIA DLVO

[Ipoorabdvtag va meptypdyouv TNV doun TOV KOAAOEWO®OV OALL KOl TOPOUETPOVS
OV OETOVV TNV CLUTEPLPOPE TOvg otov y®po ot Dejaquin, Landau, Verwey kot
Overbeek avéntu&av v Bewpeio DLVO. Ze avtiv mepropilovtan ot katnyopieg tomv
SUVAUE®V OV OOKOLVTOL KOt TEAKA HEVOLV dvo €idn: o) ATOOTIKEG ToL KOALOELN|
armmbovvior PeETOEL TOLG, Kot givol mAektpootatikng @vone, P) EAxtucés, ta
KoAAogWdN éAkovtan peta&d Tovg, kot facifovtor oe van der Waals duvapels.

Av kaveig mpoonafodoe va meptypdyel TV cuVICTOUEVT TV duvipemy Zynua 1.14
(cLVOVACUOG EAKTIKOV KOl OMMOTIKOV) TOL OVOTTOCOOVTOL, GE GYECN HE TNV
amoOcTOoT MOV £YOoLV OVO Tuyaic KOAAoegwn Ba mapoatnpovoe ta €&ng. Otav ta
KOALOELON €lval OYETIKA HOKPLd Ol SLVAUEIS TOL EMKPATOVV EIVOL OMWOTIKEG, EVO
kabng mAnowalovv petatpémovion o€ eAKTIkEG. Kdamowo otiyun avamdéeevkto 1
GLVOAIKY| OUVaun givor undév, n ardctact Tov cVuPaivel avtd ivor TOAD GNUOVTIKY.
Kabobg vmodeikvoel v eAdylotn omdcTOoN OTNV Omoio TPEMEL Vo, OTAGOLV To
KOAAOEWN £€T61 (OGTE VO EMKPATHOOVV Ol EAKTIKEG OULVAUES KOL VO €YOVUE
cvooopdtoon. Ouwmg yu va @tdoovv oty andotactn ovty, ypetdloviar va £xovv
OPKETN OPYIKN KIWVNTIKY EVEPYELD DCTE VO TNV UETATPEYOLV GE SUVOLIKY KOl VO
nAnoidcovy peta&d tovc. Emedn to ywdpevo dbvaung eni amodotaon divel £pyo, To
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eUPadd KAT® amd TNV KAUTOAN TNG CUVICTOUEVIG TOV OLVAULE®Y OVTITPOGMTEVEL TO
OUVOAIKO £pY0 TTOV £XEL KAVEL 1] GUVIGTAUEVT] TOV OLVALEMV.

a
mH

=

[¢]
v &
§ 3
g £
Q
E
2
=
3
5 Anéotaon ystakl
8 owpoudiwy
‘(E- 5 wdw \
& F

Yyqpo 1.14: TMopovcidletor oyNUOTIKY  TOPACTACY] EVEPYELNS OAANAETIOpAONS
HETOED KOALOEW®MV €ENTIOG AMMOTIKMOV KOl EAKTIKOV Ouvapenv (Pyq, €lval m
evépyeln eartiog elktikov duvdpewmv Van der Waals kot @y eivor n evépyela g

NAEKTPOGTATIKNG AT®ONG) (Xpusucdmovdrog, 2012).

‘Exetr mapoatnpnBel 6t o100 pUOIKE vEPA Ta KOAAOEWN &lval apvnTikd QOPTIGUEVA.
‘Etol omv gmedvela tovg Ommg ivar avapevopevo, Ehkovion Oetikd 10vTo to, omoio
Kot oynuatiCouv po otoada, avty ovopdletor Xtpdpo Stern. TNV cUVEXELD Lo
devtepn otofdda W6vtwv oynuatietor mdveo amd 10 Xtpdpa Stern, 1 omoia
ovopdleton dudyvto otpodpa Gouy. Me v oglpd Tov 10 otpodpe Gouy amotedeiton
amo dvo pépn. ‘Eva ecotepkd, 1o omoio kot mepPdrel 1o (otpmdpa) Stern, Kot Eva
eEwtepkd mov givor acBevéotepa GLVOESEUEVO e TO KOAAOEWES. EEautiog avtov To
televtaio (e€wtepikd otpmdua) dev ovvnbiletar va cvpmapacvpeton poll e TIC
KWWNOELS TOL KOAAOEWOUC. To 0plo petad Tov €6MTEPIKOV Kol TOL €EMTEPIKOV
oTpo®patog opiletar amd v demedveln OGoTACNS, TNG OMOIOG TO MAEKTPIKO
duvapukd koeitor dvvapikd (nta. Ora ta Tapondve ameikoviloviol ovoAVTIKE GTO

Zynuo 1.15.
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Apvnukd
POPUOUEVO

otEped Zrpwya Stern

Aidyuto otppa
(Zrpwpa Gouy)

Emgpaveia
didomraonc

Avvopkd otnv empdveia
wou owepeol

Auvapkd oto efwepmd Gpio
Tou otpdparog Stem

HAekTpIkG Buvapiké

A

ko Zfia

P
=

Anéotacn and to oteped

Yympo 1.15: Tlapovoidletor 1 oo €vOc KOALOEWOVE cOUP®VA e TV Bewpeia
DVLO, xobdh¢ kot €vo odypoppo MAEKTPIKOD OLVOUIKOD GE CLVAPTNON HE TNV
AmOGTACT) OO TNV EMPAVELX TOL 6TEPEOD (XpLvokomoviog, 2012).

‘Exyovtag mAéov xaveic Katavonoel tnv doun Tov KoAAOEW®V, elval oe Béomn va
ATOVTNOEL TOC eivar dvvatdv va vrdpéel PeAtiotomoinorn otnv dlodtKacio TG
kaBilnone. H amdvinon épyeton pe v ypnomn tov kpokidmTtik®mv. Ovcidv mov givol
oe Béon va e&ovdetepdvouv ta PopTio. oL TEPPAAOVY To KOALOEWN Kol £TGL Vol
LELOVETOL TO THXOG TOL dLdYLTOV OTPMOUATOS. Emmiéov ta kpokdmTikd pmopodv va
TPOcPOPNBoLY TAV® 61O 1010 TO KOAAOEWES, GTNV OPVNTIKA POPTIGUEVT EMPAVELL
TOVG Kot £TG1 VoL T €E0VOETEPMVOLV. )G €K TOVTOV JEV EMTPEMOVY TO GYNUATICUO TOV
Ytpdpartog Stern Kot KOT® omd oVTEC TIC CLVONKES TO KOALOEWDN £XOVV UEI®UEVO
péyebog. Mmopodv kot mAncwdlovv peTald TOvE G€ TETOW AMOGTACT) (OCTE VO
EMKPATOVV 01 EAKTIKEG duvapels Van der Waals kot Oyl anwoTikég NAEKTPOCTUTIKNG
evong Zynua 1.14. To amotélecua €lval CLGCOUATOON TOV KOAOEW®OV, aENON
TOTKG TNG TUKVOTNTOG TOLG KO GTNV CLVEYELD KAT® amd TNV 1oYvpN TAEOV BapuVTIKN
ENEN va €xovpe KaBilnom.

To dvvapikd { mov avapépnke evopitepo umopel vor VITOAOYIOTEL TEPAUATIKE GTO
gpyaotnplo e éva Opyovo mov ovopdleTon zetameter, To OmOi0 KO UETATPEMEL TNV

2
niektpopopntiky kKivntikdtnta (electrophoretic mobility), Uy — (%), o€ SLVOUIKO §
(Volts) ypnowonowmvtag v akdAovdn e&icwon Smolouchoski €&. (1.44) (Giese and

Van Oss, 2002)

¢ =hw (1.44)

&
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2
Omnov € = (]C—m = %) gtvan 1 dmAektpikn otabepd (dielectric constant) Tov vYpoD.
H nmiextpopopntikry kivntikoétto Ug €€. (1.45) opiletor og o Adyog peta&d g
ToyVTNTOG (M/S), TOL UWPOVUEVOV GOUATIOION, OG TPOS TNV évtacn, E,—> % , TOV

nAektpkov mediov (Syngouna and Chrysikopoulos, 2010):
Ugp =— (1.45)

To emoeavelaxkd dvvapikod, ylvolts ], arwpovpevov copotdiov pe { <60 mV, urnopet
Vo GUGYETIOTEL pe TO dLVaKO C pe Bdon v €. (1.46) (Van Oss eta al., 1990):

p=¢(1+5)e (1.46)

Me 7, [A] va eivon 1 VEpoduVOpIKT aKTIVE TV OPOVUEVOVY OTEPEDOY, Z=3-5 A givon
N ondoTaon HETAED POPTICUEVOL COMOTIO0V Kot TG entpdvelog didomaong (slipping

plane) kon k! [A] eivon To méyoc ToL SUTAOD GTPDUATOC, TO OMOi0 dideTA OMO TNV
napakato €. (1.47) (Gouy, 1910, Ruckenstein and Priebe, 1976):

1

1000e2 ] 2
ereokpT

k=101 |21, N, (1.47)
Me I, va eivou 1 1ovikf woyx0¢ [mol/L], Ny = 6.022 * 1023 % etvat o apOpdC
Avogadro, e, =—1.6019 *10719C &ivau 10 @optio TOL  MAeKTpOViOU,

kp = 1.38066 * 10723 é etvar m otabepd Boltzmann, g, = gi (xwpic dwotdoelc)
0

2
etvar m dinAextpikn| otabepd, g =~ 8.854 * 10_12]C—m elvar M omAextpikn otabepd

yio to kevo, T eivon 1 amdutn Oeppokpooia oe [Kelvin] kor ot 6pot 1010 [A/m],
1000 [L/m’] ypnotpomotovviatl yio. Ty 6moTr LETOTPOTH TV HoVadmv (o1 6Tadepés
aVTEG OeV £Vl AOIICTATEC).

Yy &€. (1.46) vmoLoyicapE TO EMPAVELNKO SVVOUIKO TOV OLMPOVUEVOV COUATIOIWMV.
Me v Bewpela DLVO eivor dvvotd vo meptypo@el 1 GLVOMKY  €VEPYELD
dtempavelokoy dvvopkol (interface potential energy), Zymuo 1.16, peta&d evog
o@a1pkol copatidiov kot piog enimedng emeavelng mov Ppickovion oe amodctoon h
[m], 7 peta&d dvo ceapikdv copatdiov. Tote 1 evépyslo vty 10O0VTOL PE TO
dBpotopa TV evepydv demeavelokdv dvvoukdv Van der Waals, @4, , Suthov
otpopartog (double layer), @4 ot Born, @5,,, (Loveland et al. 1996):

(pDLVO = (pvdw + ¢)dl + (pBorn (148)
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maxi

min2
h i min1

Yyqpoe 1.16: IMopovoidletor 1 cvvoAlkn evépyela oAAnAenidpaong HETOEL 600
ALOPOVUEVOV COUATIOIMV cLUVOPTNOEL TG HeTa&d Toug amdotaonc. Emiong gaivoviot
10 TPOTOTAYEG €Adyoto D1 < 0 10 evepysokd  opaypa, @p..1 >0 70
devtepotayég eEAIOTO, Dpin 2 < 0 givon To onueio eAdylotg andotaong LETOED TV
dvo copatdiov, h = hy, wpa amo TO OMOl0 KLPLPYOVV 1oYLPES ATMONTIKESG
duvapelg Topnvikng evong (Xpvoikdmoviog, 2012).

10 Zynuo 1.16 mapovoidleton  pio WOOTIKY]  TUMIKN KOUTOAN  GUVOALKOV
JEMPAVELNKOD dUVOKOD Ppiyo, HETAED dVO AUOPOVUEVOV GTO VEPH GOUATIOIMV.
Xopaxtnplotikn givor n vrapEn tomkov gAayiotov P, 1 T0 omoio gppaviletal oe
LKPY| atO0TOOT Sy ®PIopo, To evepyelako epayua @ .. 1 (To omoio kot wpénet va
Eemepaotel ®ote va Ppebodue 6T0 MPOTOTAYEG EAAYLIOTO) KOL TO OELTEPOTOYES
eM1oto P2 TOL EUQOVICETONL GE UEYOAVTEPES OAMOGTAGELS OLOYMPIGUOV TMV
copotdiov. To mpwtotayéc eldyloto veiotatalr povo €dv oe kdmowo 0éom 1
®prvo < 0 ko m Ymapén avtov VIOdMADVEL OTL €ivarl SLVOT 1| CLCCOUATMOOT| TOV
LOPOVUEVOV COUATWIOV. XtV 7epintwon mov mavtov  Ppryg <0 toTE 1O
copotidla givatl aotadn Kot otnv TpdT gukapia, Bo eméABEl cuGCOUATOO.
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1.6.2 MAOGHMATIKH INEPITPA®H AYNAMEQN METAZY XQMATIAIQN

v PpAoypoeio vTapyovy TOAAEC GYEGEIS Ol OTOIEC TEPLYPAPOVY EUTEIPIKA TIG
Twég 1oV DPuqw » Py kot Ppoy Y Stdopa €idn copatdiov.  Epelg Oa
TOPOVGIACOVLE LOVO TIG TEPMTMGELG TOV Gaivovtal 6to Zynua 1.17.

h h
”2” MZ” ﬂ‘1 i 2 H2II ll i
(a) ® (v)

Yyqpe 1.17: Tapovotaletor oyNUOTIKY TOPACTAOT OAANAETIOpacng HETAED o) 600
EMINEdOV EMPAVEIDV, B) H0G COAIPAG KOl HIAG ETUPAVELNG, V) HETAED VO COPUPOV.
To ovuPoro "1" aVTITPOGMOTEVEL TO TPMTO GO TOL AAANAETIOPE EVAD TO GVLUPOAO
"3" glvar 10 0ebTEPO cmpo ariniemidpaonc. To ocdupforo "2" eivar 10 péo®
OAANAETIOpaOTG.

H evépyela tov duvapkod van der Waals @4, yio TNV mepinTmon Omov emipaveln
aAANAETIOPA e cpaipa dideton amd v mopakatw oyéon €. 1.49 (Gregory, 1981):

A 14h\ 71
P = =521+ ()] 149
Evd yio v mepintwon 6mov €yovue aAinAemiopacn ceaipag pe coaipa n oxéon

vroAoyiotnke omd tov Hamaker xon yiveron (Feke et al., 1984, Ryan and Gschwend,
1994) €. (1.50):

__hmg R Ryt
Poaw ===, {[€2+€RP+€+RP +2In [52+5R,,+5+R,, } (1.50)
2
Omov otig €€. (1.49, 1.50) o 6pog Aiz3 eivan o cvvieheotig Hamaker [] = kgn:—z],
Aw = 1077 glvan TO YAPAKTNPIOTIKO UAKOC KOUOTOC Ylo. TNV TEPIMTMON
aAAnAemidopaong ocpaipag pe eminedn empdvela (Loveland et al., 1996), r, [m] eivoin

aktiva opaipkod copatidiov, emmAsov ot 6pot Ry, & didovton amo tig €&. (1.51, 1.52)

R, =22 (1.51)
Tp1
h
= 1.52
§=a (1.52)
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Ov xatow odeiktec otic €. (1.51, 1.52) ocvuPoArilovv To SUPOPETIKA COUPIKE
copotidla. O 6poc Aiz3 ovpPorilel Tov cvvieheotr] Hamaker ywo o copatidw "1"
kot "3" og éva péco daomopdg "2". Enueuwveton 6t 0 cvvtedeotng Hamaker dev
umopei va vmohoyiotel gvkora kot pe akpifela (Norde, 2003). ITap 6la avtd €vog
oLVNOGUEVOS TPOTOG VTOAOYIGHOL TOL €ivol HEG® TOL TOPAKAT® GLVOVOGTIKOV
kavova (Israelachvili, 1992) €. (1.53):

A1z = (VA1 — JA2) (VA3 — Az2) (1.53)

Me Aq; va givon o ovvteleotg Hamaker yio 10 copotioo 1 6tav aAAnAemdpd pe

TOV €00TO TOV, TO 1010 1oYVEL Ko Yo To sOpPoia A,y kon Azz. Emiong o cvvieheotg
Hamaker pmopel va vmoAoylotel Guvoptinoel OCVUUETPOV OAANAETOpAcE®DV Aqpq
aro tov koavovo €€, (1.54) (Yoon et al., 1977). Ilpocoyn ot oyéoelg (1.52, 1.53)
16y 0OLVV Yo duvoptkd <60 mV.

Arzz = (A121 — \/A323) (1.54)

Y11 €. (1.48, 1.49) voloyicape v evépyela Tov dSLVOUIKOD pe Baon dvvdpelg Van
der Waals, t0pa 0o vmoloyicovpe v evépyeln. OEMPOAVELONKOD OLVOUIKOV
®y [Jouls] ywa v mepintwon ceaipag pe eninedn emedvewa €. (1.54) (Hogg et al.,
1966) :

1+e™

Dy = TEET, [21,bp1,bs ( — kh) + (1pp +92)In(1 - ‘Zkh)] (1.55)

EVD Y10 TNV TEPITTMOT OV £xovpe aAANAenidpacn cpaipag pe ceaipa to Py dideTon
amo v &&. (1.55):

TErEQTp Tpy 1+e

P = (20,0, 10 (F557) + (W, + 93,) (1 — e72)] (1.56)

T +Tp2

omov Y, [Volts] eivar 10 emeaveiokd duvapiko (surface potential) tov ceapkod

copatog kar Yy [Volts] 1o empaveioxo duvopuko enpaveiog avtictorya.

Téhog o Tpitog 0pog g e&icmwong (1.48), Ppyry  (emeoavelaxd dvvapiko Born), yia
™V TePinTmon cpaipa-emipdvela, 6idetar amd v €. (1.57) (Ruckenstein and Priebe,
1976):

Aq1230% 8r,+h 61,—h
Pporn = 2 Born — + p7 (1.57)
7560 (2 rp+h) h

Evd v v mepintoon aAAnienidpoaong ceaipa pe oc@aipa Yp1CILOTOIEITE 1| GYéom
(1.58) (Feke et al., 1984, Ryan and Gschwend, 1994):

® A U—Bom[ 482 -14(R,~1)¢- 6(R2 7Ry+1) + —4&%+14(R)—1)&-6(R5-7R,+1)
Born = 7560¢ 12 (2¢6-1+R,) (2¢-1+R,)
—48%+14(Ry—1)&+6(RE+7R,+1) | —4&°—14(R)—1)&+6(R5+7R,+1)
(2¢-1+R,) (2¢-1+R,) (1.58)
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Ytc €. (1.57,1.58) 0 6pog Opyrn [M] aviumpocwmedel TNV TAPAUETPO CVYKPOLONS
Born. EmutAéov . Pp,y 0€ 0x€oM e TOLG GAAOVLG dVO dpovg g €. (1.48) eivon
apunAetéa Yoo 66o 1o h>1 nm.

121" ¥ 1 = I L T

e GOOIPO-ETUPAVEIT ]
—oPpaipa-cPpaipa

0
i Mpwrtotayécg
i ghdyioto
-4 " 1 ; 1 ’ 1 :
0 20 40 60 80

h (nm)

Ixfua 1.18: [Tapovcialetor oynUATIK) TOPACTACT) OAANAETIOpaoNC petald cpaipog-
ocQoipoc Kol oQAlpAG-EMPAVEINS oLVOPTNOEL omdotaons owympispod h. Ot
vmoAoywopot  €ywvav pe  Pdon to axoiovBo  aplOunTikd  dedopéva

. l _ .
T =298K, Opon =05nmrm, =1, =13nm,i; = 0.0001%, Ny =6.02210723 %

10723 10~12¢2 _
/ A, =107"m,

e. =1.60210719C, Ky = 138——,&, = — = 78.4,5) = 8.85——,
K €0 Jjm
{ =Gy, = —3L78mV kar {5 = {,, = 20.5mV, Ajp3 =7.5 10721y

Xpnoiponowwvrog Tig anapaitreg eElomwoels (1.49-1.50), (1.55-1.56) ko (1.57-1.58)
vroAoyioTnke 10 GLVOMKO Ovvoaukd €£.(1.48) Ppryo, YO OVO  OLAPOPETIKEG
aAMniemdpdoeis: o) Zeaipa pe coaipa, B) Zoeaipa pe empdvelo. Xvykpivovtog to
aroteAéopato Xynuo 1.18 mpokdmtel 6Tt o1 600 KOUTOAEG SEV EXYOVV OVGLOGTIKES
dwpopéc. Tlap' 6Aa avtd o mpooektiky e€étaon tov oynuatog 1.18 delyvel 6TL 1
KOUTOAN o (cQaipa-cpaipa) oev €xel mpwToTayss eAdIoTO, ovtifeta  KapmdAn
(cpaipa - emedveln) Exet. Vv 0o Aoy 1 KOUTOAN o 0V ExEl KAOOAOV opvNTIKES
Tiwéc. Ilpdypo mov onuaiver 6ty T ovvOnkeg mov epeic emAéEope va
LEAETNCOVIE TO COOIPIKE Copatiow &ivor TANP®G €votadn] kot 0ev VIAPYEL
TEPIMTOON cLooOUATOONS. To avtifeto akpPmg oyvet Yo v epintwon P. Télog
eMoNUOiveTal 0Tl €AV 01 dVO GPOiPES EXOVV HEYAAN Olapopd peyéBoug, TOTE Yoo TV
TEPLYPOPYT] TOLG €lvar duvatny M ypnon Tev e£lodcE®V MOV  JETOLV TNV
aAnAeniopaocn  oopaipoc-empavelng (Syngouna and Chrysikopoulos, 2010,
Vasiliadou and Chrysikopoulos, 2011).
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2. EEIXQXH AIIAHE META®OPAX PYIIQN XE TPEIX AIAXTAXEIX

2.1 AIIAH MONOAIAXTATH EZIZQXH META®OPAX PYIIQN

IMa va e€ayBel n povodidotarn e€iocwon petapopds puTtov O YPNGLLOTOUCOVLE
v Bepelmon e&iowon datnpnong pnalag:

¢ [Zvoodpevon paloc]=[eicpon]-[expon ]+ mapaywyn]-[eEapdvion] 2.1
Mo va mv epoppdcovpe Bo OTOUOVAOCOVUE EVOL GTOYEIMOES TUNMO, UNKOLS AX
(Zy. 2.1), amd 10 TOPMIEG HECO Kal o€ avTO Ba ypnopomomcovpe 1o Ioolbyro pdlog
o€ Ypovo At.

Yympo 2.1:X101e1h0eg AMOUOVOUEVO TUNHOL UNKOG AX.

"o tovg dtdpopovg dpovg Exovpe:
Ewopon padag (dudyvon kot petorymyn (in)):

Ewopon= QcAt+ JyAAt (2.2)
Expon (d1dyvon ko petaywyn (out)):

Expon= Q(ctAc)At + JxiaxAAt (2.3)

Ocwpeitar 6TL 610 TOPOV Tapdderypa dev vdpyel IInyn-Tapoaywyn
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[Inyn=0 (2.4)

E&a@dvion (sink):

E£apavion=VpyAc (2.5)
XVGoOPELON:
Yvoompevon=nVAc (2.6)

Xpnoponowwvrog tig e€lomoelg (2.1)-(2.6) éyovpe:
[nVAc] = [QcAt+ J,AAL] — [Q(c+AC)AL + JyiaxAAL] +[0] — [VpyAc'] (2.7)

Onov yuw v oyéon (2.7) woydel 011 pp €lvar M wokvoTnTa TOV OTEPEOV  (HAla
OTEPEMV AVA GLUVOAMKO 0YKO), ¢ gival 11 ovykévipwon tng dtehvpévng ovciog (palo
oVGi0G TPOG GLVOAIKO OYKO), ¢ eivat N GLYKEVIPOON TNG TPOGPOPNUEVIG OLGIOG
(nala ovoiog avé pala otepeddv), U sivar n taydto dmbnong 1 £voomopdong
TaOTNTO, V OVTITPOCMOTELTIKOG  OYKOC TOV GTOWEIDMOES TUNUOTOC unkovug Ax, J
elvarl n mapoyn naloc, n givor 10 TopmOES, At To Ypovikd PR 6To omoio peAeTdpe
™mv petapopd pnaloc.

Xpnowonowwvtag tov mpdto vopo tov Fick (€€. 1.1) ue D Oyt cav ovviedeom)
HOpLOKNG Odyvong oAAd pe Dy= ovvtedeot vopoduvaptkng dwacmopds (€. 1.7)
UTOPOVLE VO, YPAWOLUE OTL:

J.=-nD, % (2.8)

X ox

Awpavtog v (2.7) pe nVAtL

de  ppAc” _  gyphc JxraxT)x (2.9)
At n Adt Ax nlx

Epappolovtag ko v €. (2.8) 6tav At = 0 , Ax— 0 mpoxvmter Ot

o edc__pyd | 2 (p o)

o Thar T U6x+6x Dxax (2.10)

XPNOWOTOIDVTOS £Va YPAUUIKO HOVTEAD 1600epunc mpospoepnong (e€. 1.9) telkd
moipvoope OtL

ppKa\dc _ gy 0c 9C
(1 +22%) 2= USe+Dios @2.11)

Onov 0 cLVTEAEGTNG TG UEPIKNG TOPAYDYOL TNG CLYKEVIPMONG MG TPOG TOV YPOVO
(1 + %) (€. 2.11 ) va 1oobvton pe tov cuvtereotn emPpadvvong R €&, (2.12):

_ PpKqd
R=(1+2%) (2.12)
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2.2 TPIXAIAXTATH E:ZIXQXH META®OPAX PYIIQN

Xpnowomotdvtog v popen g e€lowong (2.11) umopodpe va yevikeDGOVUE OTIG
TPELS OLOOTAGELS TNV HETAPOPA pOTOVL. 'ETo1 ypnoonoidvog:

I.  Awbyvon oe 1peic daotaoelg (Diffusion).
II. Metayoyn oty dievbuvon X (Advection) (€€ 1.12).
II.  Hopovocio Tnyng.

IV.  Amod6unot SALpEVIC KAl TPOGPOPTLEVIC OVGIAG NE GUVIEAESTES A KoL A

avticTorya.
aC(tx,y,z) BaC*(t,x,y,z) _ OZC(t,x,y,z) _D 62C(t,x,y,z) D 62C(t,x,y,z) n
at 0 ot x dx? y dy? z dz2
UW + AC(t,x,y,2) + %C*(t,x,y,z) =F(t,x,y,2) (2.13)
Mo v e€lowon (2.13) woyvet 6tL
F(t,x,y,z) =GW (2.14)

Omov G givou n 1oy0g g Tyn. ‘Exet dStootdoeig avaioyo e ToV oynUaTICUd OVTNAG.
‘Etot edv  myn elvan onuetokn tote G=pdlo dtohvpévng ovsiog otnv Hovado Tov
xpovov. Edv n myn elvan emoaveioky toéte G=pdala dtolvpévng ovsiog avd Xpdvo
avd povada empaveiog. Avtictorya edv n myn €xel 6yko 10te G=pala dtoAvpévNg
ovoiog avd Xpovo avd povéda dyKov.

Me v cepd tov 10 W dnhodvel ovtodv akpipdg Tov SYNUOTICUO TG TNYNG. XNV
nePInTOON MOV £Yovpe oNUEWKT] YT oVl (Sim and Chrysikopoulos 1998):

W(xy,2) =5 8(x — Lo)8(y — Lo)8(z — L) (2.15)
Edv éxovpe eAAEmTIKN IyM Ko 16081 OTL (x_al;‘ o)’ + G _blzy o) < 1tote
W(x,y,z) = "0 (2.16)
SlapopeTicd £V (x_al;C 0" (y_blzy o) > 1 10t¢

W(x,y,z) =0 (2.17)

Onov Yo 115 e€lomoeig (2.15)-(2.17) woyder 6t 8(x — lyg) givar n e&icmwon tov Dirac
Delta, Lo, Lo, l;0 &ivar o1 Kopteoiavég cuvtetaypéveg g mnyfg ya v onoia
avaeepopacte kKaBe Qopd, o eivor 0 NUIAEOVAG NG EAAETTIKNG TNYNS TAPAAANAOG
otov X GEova kol b eivor o nuidEovag NG EAMEITIKNG TNYNG TAPAAANAOC GTOV
ya&ova (Sim and Chrysikopoulos 1998).
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2.3 APXIKEX KAI XYNOPIAKEX XYNOHKEX

IMa va Abet n €€, (2.13) Ba mpémel va TPOGOOPIGTOLY Ol OPYIKEG KOl GUVOPLUKES
ovvOnkes. Ot apykés oG TEPLYPAPOLY TNV KOTACTOON 7OV EMIKPATOVGE GTO
HOVTELO HOG TPV apyicel va HETPAEL 0 xpovos. Evd ot cuvoplokég cuvOnkeg pog
TEPLYPAPOVY TG TO EEMTEPIKO TTEPIPAALOV emNpedlel Kot eMOPA NGV 6€ awTd (6TO
LOVTEAO LOG).

Ynrdpyovv 1piov 100V cuvoplakég cuvOnkeg (Zheng and Bennett, 1995):

I. Ot ovvOnkeg tomov Dirichlet. Xg avtég, 01 GLYKEVIPOGELS €ivol OPIGUEVES
Katd UNKog €vog ocuvopov. Avtov Tov €idovg ol cvvinkeg umopovv vo
ypnoporomBovv cav mnyn 1N onoia g6dyet pdlo oto cHoTNUA 1| GaV TNYESL
onAadn cav HEGO apaipeons daAvpéVNG ovsiag amd To cvotnua (2.18).

C(x,y,z,t)=C(xi,yi,zi), t>0 (2.18)

II. Ot ovvnkeg TtOmov Neumann. Xe aVTE Ol KAICELS GLYKEVIPOOE®V Eivat
OPIoUEVES KATA UNKOG VOGS cuvopov (2.19).

dc(x,y,zt) _

—Dy; 7%, =f(x,y,z), t>0 (2.19)

III. Ot ovvOnkeg tomov Cauchy. Xe avtég eivor mpoodiopiopéveg oyt povo
OLYKEVTPMOELG OAAG KOt 01 KAIGELS VTMV KT KOG VO Guvopov (2.20).

2(x,y,z,t)

+viC =gi(x,y1,%), t>0 (2.20)

Onov g;(x;,V;,Z;) €ival po yvooT cuvaptnon 1 onoio ovImpoo®TeDEL TNV OMKN
pon palag otov oVoTNUO 1 Omoio, OQEIAETAL KOl GE UETOY®YN KOU GE HOPLOKY|
dudyvon. D;j = cuviedeoTtng HOPLOKNG SLOVONG KL V;= EVOOTOPMANG To(OTNTO.

Ooco avagopd T apykég cLVONKEG M TO GLVNOIGUEVT] LOPPT TOVG Eival QLT TNG
UNOEVIKNG APYIKNG GLYKEVTIPOONG. ANA0dN VINPYE AmovGia TG O0AVIEVG OVGING O
OAN TV £€KTOON TOV HOVTELOL TPV apyicel va PeTpdet o xpdvog €&. (2.21).

C(0,x,y,2)=0 (2.21)
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Ot ovvBnkeg mOL YPNOGUYOTOOVVTIOL GUYVE Y10 HOVIEAOTOWOEL; Ko EmiAvon
AVOAVTIK®V AoemV glval ot e§lomoelg (2.21)-(2.26).

C(¢t, +0,y,2)=0 2:22)
C(t, x,£00,2)=0 (2.23)
ac(téxz,y,O)ZO (2.24)
aC(t;‘Z‘y’m)—O (2.25)
aC(t(,;;y,H)ZO (2.26)

O e€iodoelg (2.22) kat (2.23) deiyvouv 0tL T0 TOPMDOES LEGO eivan AmEPO KATA TNV
dtevbuvon X kot Y. Anhadn elval t0c0 PEYOAO ®OOTE Yo OTOLOVONTOTE YPOVO 1|
ddvpévn ovoia dev Exel mpoAdPel va ptdoet axopa ota dkpa tov. H g&icmon 2.24
INA®VEL OTL LITAPYEL ASATEPAUTO CTPOUO TAV® 6T0 eNinedo XY o€ Vyog Z=0 and v
apyn Tv a&ovav. Evd 1 (2.26) meprypdoet adamépato otpdpa og Dyog Z=H . Térog
N (2.25) petappaletar oe uIdmepo TOP®OES kAT TNV devBuvvon Z.
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3.2 YMMETA®OPA KAl MAGHMATIKH IIEPIT'PA®H THX

3.1 OEQPEIA XYMMETA®OPAX

Opopoi Bacik®V evvolov :

A. Xvppetapopd opiletor g M TAVTOHYPOVN HETAPOPAE SVO 1| TOPATAVED POTMOV
OV OUW®G, TOLAGYIOTOV 0 £VOG  EMOPE GTI LETAPOPA TOVL AALOVL.

B. Meg tov 6po pbdmo evvoolpe kdbe 61aA0TN ( LOPOPIAN T.Y. AvOpPYOvVe AAATA) I
adtgivtn (VOPOéPOPN, m.y. VOpoyovavOpakes, Ol0AVTEC K.TA.T ) OTO veEPO
ovcio, m omoia otav eodyetor oto  mEPPOAAOV  amd  avOpOTIVES
dPaCTNPLOTNTES, TPOKAAEL OVGUEVELG EMTTAOGELC.

C. To édapog opiletar cav éva GOUTAOKO PHiYHO OVOPYOVOV DAIK®DV, OPYOVIKNG
VANG mov amocvvtifetonr 1 oyNUOTICEL COUTAOKA YOLHIKA 0EEM, VEPOD, aépal
kol ovtovov pkpoopyavicumv. Etval 6 éva avolktod mepifailoviikd tunpo
oL PPIoKETOL GE GLVEYN OVTOAAOYT LLE TNV ATUOCPULPO, TNV VOPOTPALPO KO
mv Proceaipa. e avtd dopopedvovial oTiddeg Tov KaAovvtal opilovteg
(horizons), ka1 01 0moiot £xovv SPOPETIKN VPN Kot cvotacn Zynua 3.1:

.. 0-Opifovtag: AvoOToTo OTPOUE  €OGGOVS HE  QULTE, OPYOVIKA
VTOAEILHOTO, TEGUEVE PVAAL OEVOPMOV KOl PUEPIKAOS AmOGLVTIOENEVN
OPYOVIKT] VAT.

II. A-Opilovtag: Ta mpota 30-50 cm ddpovg (topsoil) pe yoopkd oééa,
HEPIKE OvOPYOVOL OpLKTA, LOVTAVODS OPYOVIGLOVS, OPYAVIKY] VAT, UE
™V peyoAvtepn Proloyikn dpactikdTnTo omd OAES TIC AALEC OTIPAOEG.

II.  E-Opilovrac: H {dvn mov daympilel to empavelokd £60¢poc and to
vrédaeoc. H dtodvpévn 1 auwpodpevn HAN Kiveitoan pog v otifada
ot Kot yu ovtd kadeitor n) {ovn arorAvpdtov (leaching zone)

IV.  B-OpiCovtag: To vmédagoc eivar opiloviag eumAovTiopov OTov
CLYKEVTIPAOVOVTOL TO YOVUIKA 0&Ea, O ApYyhog (TnAdg), oidnpog kot
apyiAlo petd To oTpdyyiopia Toug omd TiG Endve (OVEC.

V. C-Opilovtoag: Eragpd dwafpopévo Bpaymddes £60¢pog mov TePIEYEL TO
OPLKTO CLOTOTIKA TOV KLPIOVL EGAPOVG.
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0-horizon Organic matter
0- opifovtag Opyavikr dAn
A-horizon (litter and top soil) |
. A-opiloveag Dark rich in humus
(anoppipara kar emgaveiakd £dagpog) ZKOLPOXPOHO Eagog
MAGLOLO OE XOLHOLG
(xovpkda oéa)
B-horizon (subsoil;_ 4 o
B-opifovrag (vnédagog %i%%;g}g?& xpoua
C-horizon (transition zpne;_ T- ‘_ Varied
C-opiZovrag (peraparuxi) Zovn | Mowier
D-horizon (parent material; A 3 Z==<1— Rock or gravel
D-opifovtag (pnTpixo vAiko) | |44 Bpdyog i xahikia

Yympa 3.1: ITopovsioon otifadmv mov amotehovv Eva cuvnOiouévo edaPKd
GTPOLLOL.

I'evikd ot0 vrédaog Ppickovior TOAADV €W0®V POTOL, OTMG TOEKA YNUIKE, 101,
Bakthplo oKOO KOl GE PEPIKES TEPIMTAOGELS padlEVEPYH amdPAnta. AvoTuY®S KAT®
and opiopéveg cuvinkeg eivar dvvatd Aentd copatioln, mov icwg vo unv eivol
emPAafn, va GUVEICQEPOVY GTNV UETOPOPE KO TEPETAIP® EEATAMOT) TOV TAPATAVE®
EMKIVOLVOV YMIUKOV.

Av16 ov cvpPaiver eivan 0Tt GuYVa ot pvmot dtav Ppebovv péoa oTo VIESAPOG dEV
elvarl amopaitnto vor TaEéyouy Hokpld amd v apylkn tovg 0éom. Idwitepa katt
TETO0 1OYVEL YL  PUTOLG HE MEYAAN wavotte,  wPoopdenons. A@ov Tote
TPOCGKOAADVTOL YPIYOPO GTO GTEPED GKEAETO TOL VOPOPOPEN KOL TOPAUEVOLV EKEL.
"Etou n e€dmimon g poAvvong mepropiletat. Ouwg 6nwe mpospopdvIatl GToV GTEPED
okeAeTd €161 dSOvaToL Vo TPoopoenBovv kot og dALN copatiotn (KOALOELDN) Ta omoia
KwvoOvtal. Avtd onpaivel 0Tt TAEOV 0 POTTOG Hmopel vo. OmoKTNOEL v VEO HEGO
HETOQOPAG TOV TPV OEV €lxe, Ko 1 KovOTTo TOL Yoo e€dmAwon vo avénbel
Katokopvea. Me oavtév TO  pnovVIcHd  dnuovpyeitol  TO  QOVOUEVO TG
GUUUETAPOPAG.
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Me tov 6po KoALogdN ovoudlovpe coOUATIOW TOV 1 OEAUETPOG TOVS KVUAIVETOL OO
10 um-0,001 pm. 210 VTESAPOG VILAPYEL LEYAAT TOIKIAIL KOALOEW®V €lTE awTd lval
avOpyovNG €iTE OPYAVIKNG TPOEAELOTG. ZE ALTA AVIIKOVY

I.  I{\poto oconpov
II.  OC&eida payvnoiov
II.  Tletpodpota kot opuktd Bpadopota
IV.  BiokoAlogdn 6mmg Paktmpia, Tpmtélma Kot 1ol
V.  Maoakpopopia Gov HEPOG PLGIKNG 0PYOVIKNG HAloc.

Ot peydreg emedveleg mov dBEToLY  GLYVA TO KOAAOELDTN, EMTPENEL GE OLTA VOl
TPOGPOPOLV GAAOLG POTOVG HE OYETIKN €VKOAla. [a mapdoetypo KOAAOEWN e
ONUOVTIKEG TEPIEKTIKOTNTEG GE OPYAVIKO dvOpaka (.. apylthkd opukTd Kot o&eidia
oNpov) &ivor 1oyvLPol TPOGPOPNTEG YL padIEVEPYOVS KOl AALOVG TOEIKOVS POTOVG
(Ouyang et al., 1996; Flury et al., 2002).

"Exovv yiver moAAég epyaocieg otnv PipAoypaeio Tov epguvoldV TV UETAPOPH POTOV
napovcio Kodrogwdmv (Eichholz et al., 1982; McCarthy and Zachara, 1989) kot £éyovv
KataANEEl 6T0 OTL OVIMG TO KOAAOEWN WITOpohV v, S1EVKOADVOVV TNV UETOPOPE
PLTOYOV®OV OLGLOV, WLUTEPO OVTMOV TOV EXOVV UEYOAN KOVOTNTA Y10, TPOSPOPNOT).
'Etot oe pedén mediov o kersting et al., (1999) o omoilog e&étace padiovovkieoTiown
o€ voyelo vepd, 1.3km kdtw omd T0 £00pOG GE VIOYEEG KOIMOTNTES, PpNKE OTL TO
90-99% tov podovovkAeoTdimv Mtav cvvoedepéva pe Kolroegwdn. Ilapopoimg n
évtovn petapopd  padiovovkieotidiov toco oty meproyn Chalk River Nuclear
laboratories otov Kavadd (Walton kot Merritt, 1980) 660 kot T0 amdBepa ovpaviov
omv Avotpoiio. €xovv cvoyetioBel pe TV HeTaPOpPE KOAAOEW®Y. AlLeg EPEVVEC
010 medio £xovv Oeifel 10 peydlo gVpog TV POHTTOV TOL ENNPEAlovTal dPAUCTIKE amd
TO, KOAAOEWON, T.X. OLUUETAPOPE Kaduiov mopovsio Poaknpiov e YOMKMOOES
vopogopéa (Pang et al., 2005), coppetapopd Kouciov pe apyidto Ko 010E€1d10 TOL
moprtiov (NOELL et al, 1998; Chenet al, 2005), cvppeta@opd TAOLTMOVIOV ME
avopyova  korroewr, (Cvetkovic et al., 2004) kot ovpoviov  amd YOLUIKA
KoALogdN (Artinger et al., 2002). Olec o1 TOPATAVEO TEPITTMOGELS GLVIYOPOVV GTNV
OmopEn  GUUUETOPOPAS KOl GTOV GNUOVIIKO PpOAO oL ot Sladpapotilel otnv
vrdysw pOTAVOT).

TéAog Vo ONUEIDGOVLE OTL TPOUTOUTOVUEVES YLOL TO POIVOLEVO TNG GUUUETAPOPAS
etvar o1 mapakdto tpeic diepyasiec: (Ryan and Elimelech, 1996):

1. Topayoyn Aent®v copoatidiov (Vmapén Tnyng KOALOEO®V).

2. Tlpoopdenon (M amoppd@no™) Tov pOHTOV TPOG UETAPOPE, amd T dobféoiua
KOAAOELON.

3. H petapopd tov mopamdve KoALOEWOV.
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3.2 MAOHMATIKH IEPITPA®H THX XYMMETA®OPAX

H povoodidotoarn amdin petapopd KOALOEWOVG POTTOV UECO GE OUOYEVEC TOPDOES
péco, Aoppdvoviag vwoyn mPOSpOHPENCoN TPAOTNG TAEEWS KOOMDS Kol 0modounon,

dtvetor amod v mopakdTo peptkn dtpopikn €. (3.1) (tnv amodei&ape 6To KEP. 2):

oC,; +p_m8Ci _D, az(ii _UaCi —XCi—X*p—me (3.1)
ot 0 ot 0x 0x 0

Mo Aoyoug amhdnrag Kot apecoOHTNTOS, oTnV Tapovoo podnupoatikny avaivon Oo
Bewpnoovpe OTL TO KOAMOEWES HoG €ivor pe GPYlAOg Kol O  POTOG  TOL
ocvppetaeépetarl etvar 106. Onote oty €€. (3.1) o delktng 1 Pavep®VEL TO €100 NG
ovciog kol : o) yw i=t, &govpe petagopd tracer (yvnbémg), P) yw i=v, &yovue
petapopd virus (10g), y) v i=c, €yovpe petagopd clay (apyidov). O opog C;i
ovpPoAiiler v ovykévipwon tov ekdotote pumov; O dpog Ci* avapépeton otnv
OLYKEVIPMOT] TOL TPOCPOPNUEVOL POTTOVL EMAVM GTO OTEPED Topddeg, U eivor m
EVOOTOPMOONG TAYVTNTA TOV PEVOTOV daTNPEitaL 6TABEPE, P EIVOL ] TVKVOTNTA TOV
o1epe0y TOpMOoLS (solid matrix), A &ivar 0 PLOUOS ATOSOUNONG TOV LAV UEVOL
pomov. H amoddunon oavtny pmopel vo o@eidetor o€ O14POpPoOvS TAPAYOVTEG Yo
TOPASELYIO amevePYOTOinon TV 1V (ot 101 Kamown otiyun mebaivouv) 1 dbomoon
padtevepymv mupnvev (xpovog Nulmng). O O6poc A* avaeépeTor TNV amodOUN o
TOV TPOGPOPNUEVOV OOAVLTOV ETAVED GTO GTEPED OKEAETO TOL VOPOPOPEX, VD O
elval 10 mTopmAEC TOL (TOL GTEPEOL VOPOoPopéa). Téhog t eivar o xpovog ko D; elvarn
1N vopoduvvakn dtomopa €. (3.2) (Bear, 1979).

D,=a,U+2, (3.2)
omov oL eivon n dwounkng tdon olaomopds ko D, = % elvol 0 GLVTEAECTNG

OMOTEAECUOTIKNG HOPLOKT Otdyvong (gite avtdg vor avaeépetar oe 1vndémm, 10 M
dpywho ). EmmAéov 121 eivar 10 SaudaAddeg Tov TopmdOovs kol D; glvar  poplok
dudyoon.

O pvBudg pe tov omoio 0 eKACTOTE OLHAVUEVOG PVUTOG TPOGPOPATOL ETAV®D GTO
oTEPED TOPMOES dideTOL Ao TNV Yevikevuévn e&iowon (3.3) (kvntikn mpospdenon):

PolCi o Puy g Puc (3.3)
0 o 0 0
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Omnov 1+ €lvon 0 ovvteleoTthg mpoopdPNone, omAadn o pvbudg pe tov omoio
OWAVUEVOC POTTOC TTPOGPOPATAL KO Tix;  €lvor o puBuoOg pe TOV Omoio Mom
TPOGPOPNUEVOS pOTOG oeAevOepmdVeETOL Ko yiveTal Eavd dtaAlvuévog.

Ee@edyovtog amd To TPOTLTO TNG OmANG HeTapopds €. (3.1) Ko mpoorabdvtag va
TEPLYPAWYOLLLE TNV GLUUETOPOPA, TO cLVNOIGUEVO HOVTEAD 000 QAce®mV ( SLHALTOG
POTOG GTO VEPO 1 TPOSPOPNUEVOG PUTTOG ETAV® GTO GTEPED TOPMOES ) TAPUYWPEL TNV
Béom Tov og aVTd TEV TPLOV Pdoewv. [TAov vrdpyel o) N StAvT EAcT), TOV PTopel
va elvar glte kOmolo kKoALogWES (Gpythog) eite kdmolog 10¢, B) TPOoSPoPNUEVOS 10G
EMOV® G€ KATO10 KOAAOEIDEG, KOl V) TPOGPOPTLEVO KOAAOEIDES 1 TPOGPOPTLLEVOG 10G
Katevbeioy EMGVe 6TO 0TEPED GKEAETO TOV TOPDIOVS VIPOPOPEN N TPOCTPOPNUEVOS
10 EMAV® G€ KOMOELDEG TOV OTNV GLVEYELWD EOvE TPOGPOPATOL ETAVE GTO GTEPED
okeAeto. Olo o Topamdve meptypapovtol 6to Zynua 3.1

C
C 3 L«
=
[ 3
L 3
[ 1
C
e C:c .
Glass Bead .
Cz Cy *

Yyqpa 3.1: Aneikovion tov €61 GLUGTATIKOV TOV GUGTHLOTOS CUUUETOPOPAS Kot
KOTAVOUN TOVG 0TI TpeLS pdoels. Ot opot Ce, Cv, Cve, Ce*, Cv* ko Cve* opilovrtan
o¢ €&ng: Cc elvar 1o arwpodpevo KoAoewés, Cv givarl o atwpovpevog 16, Cve glvan
0 10G Tov £xel TpoopoPnBel emdved otV emEAveLd Tov kKoAlogwovg, Cc* elvarl to
TPOGPOPNUEVO KOAAOEWEG EMAV® OTO 0TEPED TOPMIES (cPaipec yvaion), Cv* eivan
0 TPOGPOPNUEVOG 10¢ EMAV® 6TO 0TEPED TOPDOES (GPaipeg yvaiov), Cvc* glvar 10¢
OV €YEL TPOGPOPNOEL EMAV®D OTNV EMPAVELL TOV KOALOEIOOVS KOl GTNV GUVEXELN
Eava TPOGPOPATOL ETAVED GTO GTEPED TOPMOEG.

[Topampovtag to Zynua 3.1 avtihapPoavopocte 6t 0 GLVOAIKOG aplBudg TV
SLPOPETIKOV OYVAOOTMOV TTOV LIEIGEPYOVTAL GTO TPOPANUO TNG CLUUETAPOPES dVO
eaoewv givon €& (Ce, Cv, Cve, Cc*, Cv* kar Cvc*). Apa ypealopoote ko €61
e€10MOELG Y10 VO TO ADGOVLE ATTOTELECLATIKAL.
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v mapovoa TpocEyylon Ba kdvovue moapadoyn OTL T, KOAAOEWY e&ottiog TOv
peyéBovg tovg dev ennpedlovtal amd TNV UETOPOPH TOV 1OV (TOAD HKpOTEPA). Zov
OTOTEAECUO, OLTOV, 1 TPOCOUOIMOTN TNG UETAPOPAS Tovg Ba yivel cav vo pnv
vpyav kaBoiov 1oi. Ot €. (3.4, 3.5) meptypaeovy TV HETAPOPE KOl TPOGPOPNON
TV KOAOEWOV avtiotorya. Exouv mpoéibet amd tic €€. (3.1, 3.2) B€tovtoag omov i=C:

* 2
%ﬂ_m%:])c@ C;c —Uéc"—kcc—x*p—mcz (3.4)
ot 0 ot Ox e 0
P, OC. p o P
0 ot I 0 T Lo 0 C (35)

Omov C. givot 1 GLYKEVTPOOT TNG TPOGPOPNLEVNG apyilov, 1) oTabepd 1, .. Sivel To
pLOUO pe ToV omoio M SAVUEVN APYIAOG UETOTPEMETOL GE TPOCPOPNUEVT), EVD 1|
otafepd 1. . divel to puOUd pe TOV 0moio N TPOGPOPNEVT APYIAOG LETATPETETOL GE

dodvpévn. Télog o dpog p,. €ivar  TokvoTNTA TOL ©6TEPEOD TOPpDdOLE, O givan TO

TOPOIEC TOL GTEPEOH PEGOL Kot A £(VOL 1] OTOSOUNGT THG TPOSPOPNUEVIS apYilov.

[Ipwv ptdoovpe otV TEMKN ££I6MOT GLUUETAPOPAS YOl TOVG 100G, GE VA EVOLAIEGO
Pua Bewpodue OTL O 10C HETAPEPETOL OVEEAPTNTO OO To KOAAOEWN. Etot
ypnoworotovpe v €€. (3.1) ko Bétovpe d6mov i=v, omdte mpokvmtel €€. (3.6). Me
mv B Aoy 10 ovumreypo Cye (10G TPOGPOPNUEVOS EMAV® GE KOALOELDEG)
petapépetTol kKo avtd aveEdptnra, ondte pe v ypnon g €. (3.1) (kou Bétovrtog

omov 1=Cy.) eEdyetonn €&. (3.7).

* 2
&ﬂ’_m%:[)v 0 (32 —UaCV —XCVC—X*p—mCi (3.6)
ot 0 ot Ox 0x 0
0CL, , pu OCC, 0’C.C ac.C

* p *
cve _ [)vc cve _[J cve XCCCVC -y _chCvc 3.7
ot 0 ot ox’ 0x 0 37)

INa va o@tdoovpe ommv telkn eSlowoN GULUUETAPOPAS OEV EYOVLUE TOPE Vol

aBpoicovpe 115 €€. (3.6, 3.7) watd péEAN. Ondte mpoxkvmtel M €€. (3.8)

CC )—Ui(cv+cccvc)

ox? s G Ox

2 2
9 c,+Pncricc, +PmciC, :DVaCV+D 0 (
ot 0 0

~1,C, —%,.C,C —x*v%c’;—x*vcp—mc*c* (3.8)

6 c T ve

Ve T Cc T Ve
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H €& (3.8) elvar  povodidotatn €Slowon CLUUETOPOPES TOL TEPLYPAPEL TNV
TOLTOYPOVY] UETAPOPA apyiAOv HE 10 GE OUOYEVEG TOPMOES WEGO, TOPOVGial
HETAY®OYNG, amoddunons kot mpoopoéenong (Abdel-Salam and Chrysikopoulos,
1995a, 1995b).

v &€ (3.7) mapatnpeiton 6t avti yio tov 6po C. €xet eppaviotei o 6pog C.C,.
O Adyog v Tov omoio cvuPaivel kdtt T€T010 €ivan ot povadeg. Oéhovpe cvpfotég
HOVAdES, OAOL 01 O10AVTOT OpOL Vo avapEpovTol 6€ ml peuGTOV Kol 01 TPOGPOPNUEVOL

va avoeépovior o palo otepeov okehetov. H avdivon tov povadmv eaivetol

TOPUKATO.

C - {mg apyi?»oru} (3.9)
ml pectov

C. = {—pfu —~ } (3.10)
mg apyilov

CC. = mg ocpyi?uorv pfu u?l') _ pfu 100 ’ (3.11)

ml peotov || mg apyidov ml peotov
C = { ms “97‘7‘00 : } (3.12)
mg 6TEPEOL OKEAETOV
C = {pfu nPoGpO. 10’1') o€ dpyt%o} (3.13)
mg apyiAov
cC - mg apyilov pfu mpocpdd. 100 o€ dpytho N
¢ mg GTEPEOD GKEAETOV mg apyilov (3.14)

cC - pfu tpocpdd. 100 cg dpyho
e mg 6TEPEOD CKEAETOV

Omnodte pe 10 va moAlamiacidoovpe tovg Opovg C . kou C,.  pe toug C, kau C,

avTIoTOlY O, KOTAPEPAIE OAEG O1 LOVAOES VO avapépovian  gite oe ml pguoto gite oe

néalao otepeov okeletoL €€, (3.9-3.14).
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Ouv 6pot

ocLy) . pnolCiC
a B

o ) ov gpeavioviar oy €€, (3.8) divovion amd

v Biproypaeio (Bekhit et al., 2009) €. (3.15) ko €€. (3.16) avticTorya :

a(CCCVC) = Av—vc - Avc—v + Av*c*—vc - Avcfv*c* - }\’vccccvc - 7\’*vc p_mczcic (315)
ot 0
Pm 8(Cccvc = Ay = Ay Ao = D e — M P C.C.,
0 ot 0
(3.16)

o6mov A, . [PFU /(cm® min)] eivor 0 pvOudS cvoodpevong pHalac eEutiog TG

TPOGPOPNONG SWIAVUEVOV 1OV TAV® G€ dtaAvpévn dpytho, o omoiog ek@paletal amod

v akoiovdn un ypopuukn e€lowon €. (3.17):

A=t c. —c.Jc, (3.17)

vV—vC vV—vC

ue 7, . [mg clay /(PFU min)] va eivor n otafepd mpoopodenong StoAvpévev v
Tave o JlAVPEV)] GpYIAO KoL Cr., (PFU/mg clay) sivar m ovykévipwon tov

TPOCPOPNUEVOV 1OV EMAVED o€ O0ALUEVT EPYIAO OTNV KATACTOOT 1COPPOTING.

Zvveyilovtag tnv meptypaon| tav opov g €E. (3.15), A, [PFU /(cm® min)] eivon

ocvcompevon palag e€otiog TG ATOKOAANGNG TOV TPOGPOPNUEVOV 1OV ETAVE® OO

™V OAVUEVT GPYIAO, EKPPACUEVT] LLE TNV TOPUKAT® YPUUUIKY] oyéon €. (3.18).

A, =r1,..(CC.) (3.18)

ve—v ~ Tve-v cve
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omov 7, (1/min) givan n otabepd PLOUOV ATOKOAANGNG TOV TPOCPOPNUEVOV 1DV

vc—v

EMAVOD Oamd TNV  OSwAvpévn dpyto, A [PFU /(cm® min)] eivor o poOuoc

ovecmpevLoNG HAlag e&ottiog TG TPOSPOPNONG JHAVUEVOV 1OV TAVED G SHAVUEVT
dpytho Kot 60 T0 cOuUTAEYHO 0VTO EOVA TPOGPOPATE GTO GTEPED GKEAETO (GPAIPES

yvaAov). O puOudg awtdg exepaletal amd v akoAovdn ypapuukn oxéon €€ (3.19).

Avcfv*c* = rvcfv*c* (C C ) (319)

c T~ Vve

pe 7 _..(1/min) va givar 1 otabepd mpocspdenong oL GLUTAEYHATOS W00-0pYidov

EMAV® 10 OTEPED TOpddeS, A .. [PFU /(cm® min)] &ivor 0 PLOPOS GLGGHPEVOTC

nalog e€ontiog TG OMOKOAANONG TOL GLUTAEYLOTOS 10V-0pYihov omd T0 OTEPED
TOPMOES Kot M v LeTATPOTN TOV G€ StAvTth popen. O pvOudc awtdg exepaleton

amo TV akOAoVON Ypapky oyéon €&. (3.20).

_p_mr *C*

Av*c*—vc_ e v*c*—vc( c vc)

(3.20)

Omov rH_VC(l/min) va givar mn otafepd ocvoowpevong palog eEoutiog g

ATOKOAANGONG TOV GULUTAEYLOTOS 10V-0PYIAOL amd TO o6TEPEd TOPMOES Kol M Eavd

LETOTPOTY| TOV GE SLOAVTY| LOPON.

Toveyilovtag pe v avaivon tov 6pov g &&. (3.16), A . .[PFU /(cm® min)] eivou

o pvOudg ovoodpevong palog egottiog g petaTpomng StAvEvoy 100 koTevdeiov
o€ oOUTAEYHO 100-0pYilov (GOUTAEYUO= 10G TPOCPOPNUEVOS EMAV® GE APYILO)
TPOGPOPNUEVOL ETAV® GTO 0TEPED TOPWOEC. O pLOUOG awTtdg ekppdletar amd v

axoAlovdn un ypoppikn oyéon €. (3.21).
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Ay ve=Por . ~c.fc (3.21)

v—v¥c* 9 v-v¥c* ve

onov r_..[mg clay /( PFU min)] eivaw n 6tabepd cvoompevong palag eSartiog mg
HETOTPOTNG SLOAVUEVOL 10V KOTeVOEioy 6€ COUTAEY O 1OV-0PYIAOL TPOGPOPNUEVOL
enve o610 oTEped mopddeg ko C ., (PFU/mg clay) eivon n ovykévipmon tov
TPOCPOPNUEVOD  GUUTAEYUATOG 100-0pYiAov €MV 610 oTePEd TOPMOES, TNV

KOTAGTOOT) 1G0PPOTLOG.

Axopa A .. [PFU /(cm® min)] eivor o pubpdc Gvosdpevong palag eEontiag g
HETOTPOTNG TPOCPOPNUEVOL  CGLUTAEYHOTOS 10V-0pYilov (embved ©T0 OTEPED
nopddec) Katevbeiov oe OSoAvpévo 10. O pubudg avtdc  ekepaletar amd TV

aKoAlovdn un ypoppikn oyéon €. (3.22).
A V:%“r (cc:.) (3.22)

omov  téhog rv*c*fv(l/min) elvar m otabepd mov TEPLYPAPEL TNV UETOTPOTN

TPOCPOPNUEVOD GLUTAEYLATOG 10V-0pYIAoL (ETAV® GTO 6TEPED TOPMDIES) Katevheiov

o€ OL0AVUEVO 10.

Y10 Zynupa 3.1 gidope ToUg 6 SPOPETIKOVG OPOLS TNG CLUUETAPOPES 3 pdcewv. T
va emivfovv povoonuavia ot dyveootot avtoi {Cc, Cv, Cve, Cc*, Cv* kar Cvc*}
yperalopaote ko 6 aveEdptnteg e€lomaoels. Méypt topa £xovpe AVOADGEL TIG TPADTESG
névte €. 3.4, 3.5, 3.8, 3.15 ko 3.16. H televtaio mov pog Agimer eivan n e€icwon

TPOGPOPNONG IOV ETAV® GTO GTEPED TOPMDIEG Ko divetan amd v &&. (3.23)

aC* * * *

p_m_c = rva*cv - p_mrv*fvcv - 7\‘ p_mCV (323)
0 ot 0 0

Omnov 1 otabepd 1, . dtvel To pOUO pe TOV 0Ol 0 SLHAVUEVOG 10G HETATPETETAL GE

TPOGPOPNUEVO, EVO N oTabepd I, Oivel To pLOUO e TOV 0moio 0 TPOGPOPNHEVOS

10G LETATPEMETOL GE SLUAVUEVO.
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3.3 IIEPIAHWH TON EZIXQYXEQN XYMMETA®OPAX

Yvvoyilovtog TG eEI6MOELS GUUUETOPOPAS EYOVLLE :

1.
2.
3.

Movodudotatn e&icmon petapopds apyilov, €&. (3.4).

E&iowon mpocpoenong apyilov pe amoddunon, €. (3.5).

E&lowon mov divel puBud ocvccmdpevong  GLUTAEYHOTOS 10V-0PYIAOVL OF
o\C.C

AT popoen %, e€. (3.15).

Eélomwon mov diver puBud ocvoompevong CLUTAEYUATOS  10V-0pYiAov
TPOCPOPNUEVOD GTO GTEPED TOPDOES ﬁ(cﬁTCVC), e€. (3.16).

Movodidotatn €Elomon CLUUETAPOPAS TOV TEPLYPAPEL TNV TOVTOYPOVN
HETOQOPE apyiAov HE 10 GE OUOYEVEG TOPMDOES WEGO, TAPOLGIN HETOYWYNG,
amodOUNoNG Kot TPospodPNong, €5.(3.8).

E&iowon mpocpodenong 100 pe amoddunon, €&. (3.23).

2VVEN®MG £Qovpe Eva cLOTNUA PE 6 eEI0MGELS KAl 6 ayVADOTOVG TO OTTO10 KOl AVVETOL

povoonuovta . H mo cuver kot omOTEAECUOTIKY GEPA ETAVONG TOV TOPATAV®D
oxéoewv, mov Paocileror oty dwdoyikn emilvon TPV 2x2 cvoThUdTOV
avti evog 6x6, eivorn e€ng:

1.

EniAvon tov e§lodoemv PETAPOPAS KOALOEWDDV LE TPOGPOPNOT TOL divouv
tovg 6povg Cc, Cc* €&. (3.4, 3.5) (givon ave&apmntec amd omoladnmote GAAN
LETOPOPEL).

Avon tov e&lohoemv mov divouv Toug Opovg CcCve kot Ce*Cve*
e€. (3.15, 3.16) (BaciCovion 6TV HETOPOPE KOALOELODV)

Enilvon e£16ce®V GUUUETAPOPAS 1OV LE TPOTPIPT|OT| KOl VITOAOYIGHOG
opwv Cv, Cv* g&. (3.8, 3.23) (Bacifovtar otoug 6povg Cc, Cc*, CcCve kot
Cc*Cvc*)
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4. MEOOAOI EITIAYZHX AIA®OPIKQN EZIXQXEQN

4.1 ANA®OPA XE MEOOAOYX EIIIAYXZHX AIIO BIBAIOTPA®IA

Ot mo yvwotol péBodot emiAvong S1POPIKOV EEICHOCEDV LE UEPIKEG TTOPAYDYOVG
(Zheng and Bennett, 1995) napovcidloviotl Tapakdato:

A. Avoivtikoi uébodot

I.  Laplace transformations
II.  Fourier transformations

B. EULERIAN METHODS

I.  Tlemepacuéveg dtapopég
II. Iemepacuéva otoryeio

v Tapéyovv “Erabepd nhéypa’-"fixed spatial grid”

V' Abvouv omodotikd ko pe axpifeia mpoPAfuate dtacmopdc

o  Ymokewtol 6€ TEYVNTEG OLOKLUAVGEL OTAV ADVOLV TPOPANUOTO UETAY®YNG
(artificial oscillations)

C. LAGRANIAN METHODS
L Random Walk

v Topopopeouévo ALy
v Abvouv mpofAnpota peTaymynig e HeYEAES ayUéG GLUYKEVTPMOONG
o [Ipokaiovv apiBuntikn dtecmopd (numerical dispersion)

D. Mixed Eulerian — Lagranian methods

Xmv mpd™ Katnyopio emilvong oavikovv ot avoAvtikéc péBodor ot omoiot
epappolovioar oe mOAAG cvvnbicpéva mpoPANpATO HETOPOPES PUT®V OOV UE
petacynuoticpovg Laplace 11 Fourier pmopovpe kot peidvovps tov aplBpd tov
dyvootov petafintov. Bacwm dwagopd tov 600 pebddwv elvar 6Tl Kotd TNV
duapkeln Tov petocynuotiopot Laplace, n ohokAnpwon mov copPaivet £xel akpa to
UNo&v Kot 1o Betikd dmelpo. Avtifeta pe tnv uéBodo Fourier n ohokAnpwon €yt Opla
TO apVNTIKO Kot TO BeTikd dmepo. Ipaxtikd avtd onuoaivel 6Tt 1 petafAnt yo v
omoia yivetar m oAokAnpwon Bo mpémel va umopel Kol vo mApEL TIWEG 6€ OAO TO
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SAoTNA TTOL avOaPEPETOL 1] EKAGTOTE LEBOSOG OAAG Kot var €xel vomua o€ avto. Etot
Yo TV pETOPANTA TOL  YpOVOL dev yivetan va ypnowwomombBel n puébodog Fourier
aeov ogv voeiotator apvnTikdg ypoévos. Eved avtibeta pe dveon Ba umopodvooape va
YPNOLOTO ooV LE TOV peTocynpatiopnd Laplace.

Ymv devtepn katnyopio emilvong avikovv ot aplBuntikéc pébodot. Kvprotepot
aVTIIPOCHOTOL TOVG eivorl ot Avoelg pe Paorn tov Euler kot or Aoeig pe Baon tov
Lagrance.

2T TpoTeG M emiAvon yivetal o otafepd TAEYLA KATL TOVL EMTPETEL Le axpifela tnv
emilvon mpoPAnudtov 6mov 1o KOHPO YOPAKTNPIOTIKO TOLG &ival 1 SloomopdL.
EEatiog avtov Opmg  onpiovpyodvtar TeYVNTEG OlaKLUAVGES OTav  ADvovTtol
TpoPANHaTa 0oL M peTay®Yn €ivar 10 Pacikd péco petapopdc. Ot mo yvoortol
pébodot pe Paon tov Euler givon ot "[enepacpéves owapopéc” ko ta " Tlemepaouéva
otoyyeio " (Zheng and Bennett, 1995).

Y1 Aboeig pe Paon tov Lagrance m emilvom yiveton oe pn otabepd mAEyUO
(deforming grid) 1 og un otabepég ovvietayuéveg (deforming coordinates). To
amotélecpo avtod eivor 1 axping emilvon mpoPAnuatov  dmov M HETAPOPE
Baocileton Kupiwg oe PeETAY®YY], OAAG KoL 1 EUEAVIOT aplOUNTIKNG S10IGTOPAS OTO
nmpoPAuata pe Bdon tnv odyvon. Idwaitepa moAAEG duokoriec GuvaVTOVTAL OTOV N
epapuoyn g nebddov yivetar e avopoldpopea Lovtéda ( TOAAES TYES Ko TTOAAG
myadwn). Kvpidtepog avtimpoécsonog ovtng g katnyopiog elvar m pébodog
"Random Walk" (Zheng and Bennett 1995).

Téhog vrdpyovv péBodot o1 omoior Paciloviar tavtdypova kot otov Euler addd kot
otov Lagrance. Omov onAadn Advetatl o 0pog TG HeTaymyns e tov Lagrance Kot o
6pog G dtdyvong (e tov Euler. Amotélecpa autov givol 0 GuVILAGUAIS TOV BETIKMV
TV V0 HEBOd®V. ANAadn N YeViKn avénon ¢ akpifelo TOV AmTOTEAESUATOV YOPIC
VO VILAPYOVV TEPLOPIGUOL GTNV EQOUPUOYN TNS. AVOTUXDS VTOAOYIOTIKG LITAPYOLV
TOAMAEG OLOKOMEG MG TTPOG TNV LAomoinom ¢ O0Ang nebddov (Zheng and Bennett
1995) ka1 cvuvavtdtor omavia oty PiAtoypoeio.
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4.2 ANAAYTIKEX AYXEIX I'lA THN AIIAH EZIZQXH META®OPAX XTIX
TPEIX AIAXTAXEIX

Me 1o mépacupa tov ypdvov kol TV €EEMEN NG TEXVOAOYiaG, M 1oyOS TOV
NAEKTPOVIKOV DTOAOYIOTAOV awEdveTal poydaia. Amotéhespo avtol givol va yiveton
7o OOKIUN N xpNon aplOunTik®V pHedddV Yoo TNV eMIALGT SaPOPIK®V EEIGDOGEMV.
‘Eva peydho pépog 00 EMOTNUOVIKOD €VOOPEPOVTOC HeTATOTILETOL OAO KO
TEPLOCOTEPO OTIG OPOUNTIKEG ADGELS, KATOVODVTOS TIG EMTALOV EMAOYEG OALA KoL
™V peyddn eveléio mov mPooEEPOVV, oe avtiBeon TAVTA HE TIC TOPAOOGLOKES
avaAvtikég Avoets. Tlap' 6Aa ovtd kovelg Bo mpémel va elvar oe Béom va elEyyet Ta
AmOTEAEGUATO TOL AQpPAveEL amd TIg aplBunTiKés emAvcels kabmg ivor TOAAEG Ot
evkapieg yio AaOn kol avoakpifeiec. Me avty v Aoyikn] ocvvnBileton vo yivetal
TPAOTA 1 €MIALON TOV TPOPANUATOG HE Mo avaAVTIKY HEBOSO, GTNV GLVEXEWD VO
epapuolovion ot apunTIKég HEBOSOL KOl 6TO TEAOG VAL EAEYYOVTO-GUYKPIVOVTOL TO.
OTOTEAECUOTO. ZOUPOVO HE LTV TNV Aoyikn ovalnmonkov oty PiAoypoeio
AVOALTIKEG ADOELG Yo TO TPOPANUA TG  UETAPOPAS (e OLPOPETIKEG GUVOPLOKES
oLVONKEG) Ol 0TolEg TOPOVGIALOVTOL TOPOKATM.

.  1InIlepintwon NUIATELPOC VOPOPOPENS LE CMUELOKT TNYT.
II.  2nIlepintmon meploptoévog LOPOPOPLNS LE CNUELOKT] TNYN.
II.  3n Iepintwon NUATELPOS VOPOPOPENS LE EAAEUTTIKT TNYY).

IV.  4nIIepintwon meploptotévog VOPOPOPENG LE EALEWTTIKY TNYN.
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1n Iepintmon NUETELPOC VOPOPOPLNC LUE CGNUELNKA TTNYN:

Y
lVo
Ydpowopoc |x0 X
Opicovtac
ZNHeLaKn TTnyn
IZO
z

Yypa 4.1:TTapovoidletor vVOPoPOPog opiloviag pe Amelpec SOCTACES KATA THV
oplovtua d1evBuvvon. Zto mave pEPOg tov Pploketar M SEMPAVEIDL VEPOV-OEPA M
omoiao 0eV EMTPETEL TNV HETAPOPA TV pOTTWV. Evdd  6T0 KdTm puépog tov dev yvmpilet
MEPLOPIOUOVS KOl EMEKTEIVETAL 0TO Amelpo. TEAOC 01O onueio e GLVTETOYUEVES

Lo, Ly, L0 VGpYEL ONpEIOKT TNYY.

Xpnowonotmvtog TG ovvoplokés ovvinkeg €6 (2.21)-(2.25), mv e&icwon
TPospoOPNoNG pe amoddunon (€. 1.21), v e&icwon (€. 2.15) n omoia meprypdpet
7o €idog g TYNS Kot gpapuolovtag Tig, oty e€icwon (2.13) petagopdg pvmwv
oT1G TPElg O106TACELS TTOipVOLE:

1

1 2 tG(t-1) TA2(0)
C(t’ XY, Z) = (641T3DXDyDZ) f() ) A1 (T) X {fo Z23_/2A3 (Z’X - lXO’y - lYO) X

A3 (T,x+lx0,y—ly0)

lA4(Z,Z+lZO)+A4(Z,Z—IZO)JdZ+ 13/2 X [A4(T,Z+IZO)+

Ay(t,2 — 120)]}dr (4.1)
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2n Iepintmon teplopiopévoc VOPOPOPLNC LE GNUELOKN TNYN:

Y
Iy0
5 L - | A
Ydpopdpog IX0 X
OpidovTag
H
INUELAKD TTNYA
IZD
ABLAMEPACTO OTPWHA
zZ

Yympo 4.2:TTapovcidletor vOpoPOPOC 0piloviag e AMEPES OIOTACELS KOTO TNV
optlovtia d1evbvvon. Z1o mhveo pEPOS Tov Ppioketol 1 SEMPAvVELD VEPOV-AEPD 1|
omoia 4gv EMTPENEL TNV UETAPOPE TV pOUTOV. Evd 610 Kdte pépog tov evromileton
AAMEPOTO GTPAOUN TO OTOi0 Opa OGS Kot 1 dlempdveln vepov aépa. TéLog oto
onueio pe cvvtetaypéveg Ly, Ly o, Lo vIapyel onueloxn mnym.

Xpnowonouwvrog TG ovvoplokés ovvinkeg €. (2.21)-(2.24) ko (2.26), v
elowon mpocspdenong pe amodounon (g§. 1.21), my e&icwon (g€ . 2.15) m omoia
TePLYPAPEL TO €100¢ TG mMyNg kot epappoloviag T, otnv €£.(2.13) eflowon
HETOPOPEG pOT®V GTIC TPELS SLOGTAGELS TOUPVOLLLE:

1
1 2 tG(t-t T Ay(z
C(t,x,y,2) =( )fot DN @O 22 A5(¢,x — Loy —

162Dy D, 0 e

o) As(G,1,cos(hnlo)d + 20 4 (01, cos(pp L)) dT (42)
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3n IHepintmwon nUIATEPOC VOPOPOPENC UE EAAEITTIKN TNYN

/V EAAELTTIKA TTnyR

b y a4

Iyo

Ydpopodpoc |x0 X
Opilovtac

Yympoa 4.3: [Hapovoialetar vOpoPOpog opiloviag e ATEPES SOOTACELS KATA TNV
oplovtua d1evBuvvon. Zto mave pEPOg tov Pploketar M SEMPAVEIDL VEPOV-OEPA M
omoia dev EMTPEMEL TNV LETAPOPA TOV PUTT®V. Evd 610 KdT® HEPOS TOv dev Yvmpilet
TEPLOPIOUOVE Ko emeKTeiveTtal ot10o Gmelpo. TéAog o010 onuelo HE CUVTETOYUEVECS
Lo, Ly0, Lo vapyel edheumTich Tnym.

Xpnoonowdvtog TIg ocvvoplakés ovvinkeg €. (2.21)-(2.25), v e&ficwon
npoopoenong pe amodounon (e€. 1.21), tig e&lowoeig (€€ 2.16)-(2.17) ot omoieg
TEPLYPAPOVY TO €100¢ NG TNYNS kot epappdlovtag tig, oty €. (2.13) e&iowon
HeTAPOPAs pOTOV OTIS TPEIS O100TAGELS TAIPVOLLLE:

1

Ct,%,9,2) = (o) fy [ 520, (0 x {J; 22 A (@ x -

64m2D,D, ¢
0 0)[A4(32+1,y) + Ay(3 2= L,)]As (Qdg + 2= [A (1,2 +1,,) +
Ay(t,2 — lZO)]AS (r)} dq dt 4.3)
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4n Iepintmon Teploplopévoc VOPOPOPLNC UE EAAETTIKN TNYN

¥
EAAeUTTIKA TINYN
Iy0
v

Ydpowdpog lXo X

OpicovTac
H
AdLamEpaoTo oTPWLLL

zZ

Yypa 4.4: Iopovcidletor vOpoPopoc opiloviog pe Amelpeg SGTAGES KOTA TNV
optlovtia d1evbvvon. Z1o mhveo pEPOS Tov Ppioketol 1 SEMPAVELD VEPOV-AEPD 1|
omoia dev EMTPENEL TNV UETAPOPE TV pOUTOV. Evd 610 Kdte pépog tov evromileton
AdAMEPOTO GTPAOUN TO OTOi0 Opa OGS Kot 1 dlempdveln vepov aépa. Télog oto
onueio pe cvvtetaypéveg Ly, Ly, Lo vapyel eldewmtich Inyn.

XpNoIHOTOIOVTOGS TI cLVOPLUKEG cuvinkes €£.(2.21)-(2.24) kot (2.26), v e&icmon
npoopoenong pe amodounon (€. 1.21), tc e&iomwoeg  (2.16)-(2.17) ot omoieg
TEPLYPAPOVY TO €100G NG MNYNG Kol epapudlovroc tig, oty €5, (2.13) e&iowon
HETOPOPEG pOT®V GTIC TPELS SLOGTAGELS TOUPVOLLLE:

Ctxy2) = (o I 1250 1,00 U 524565 = 0,085 X
A6(¢, 1, €05 (P L0))dC + % x A5(1)46(1, 1, cos(Yn L))} } dg dr
(4.4)

Onov yia ti¢ elomoelg 4.1-4.4 1oyvet 0Tt
A (t) = exp[—H*t] (4.5)
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Az (D) = (é)%ll [2(Bece- 0] (4.6)

A3(tx,y) = exp [%—ﬁ(;—u%) —t(A-H’ +4‘§X)] (4.7)
Ayt 2) = exp [ 2] (4.8)
As (1) = erfl; (t,q,y)] — erflr,(¢,q,¥)] (4.9)
o =, —a (4.10)
a =1y, +a (4.11)
K (tay) = {y —1,, + [bz _ 28 ) ] }(wlyf 4.12)
Kt qy) = {y ~ 1y, — [bz _ 2l ] }(wlyf (4.13)
As(t,f1,£2) =L+ 232 £, expl w2 D, t] cos (1, 2) (4.14)
P == (4.15)
A=r ) (4.16)
B=r1r2 (417)
H=r+\" (4.18)

Mo 1o mapoardve cduPora toydetl Ot o gival o Nuagovag T EAAEWTIKNG TNYNG
TapAAANA0Gg oToV X GEova Kot b givat 0 NaEovag TG EMEWTTIKNG TNYNG ToPAAANAOG
otov y GEova, C givar 1 cvykévipmon e dtadvpévnc ovsiag [M L7, Co eivor n
GLYKEVIPMOT TNG TNYNG, C” ivan 1 GLYKEVTIPOGN TOL TPOGPOPNLEVOL PVTOV [MM™],
D, eivor 1 SwpAkne vdpoduvapry dwomopd [Lt], Dy etvar m mhevpu
vdpoduvapkh daomopd [L*t'], Dz eivon 1 katakdpuen  v3poduvapkn Sloomopd
[L*t"], erf(x) eivan 1 cuvaptnon cedipotog, fi, 5 eivon avdaipetec ovvaptioec, F
etvar  Aertovpyikn| popen tov €idovg g myng (opiletan otic elomoelg 2.14-2.17),
H elvar to méyoc tov mepropicpévov vopoeopéa (Zynua 4.2, 4.4), Ij[ ] eivan
TPOTOTOEVN cuvaptnorn Ttov Bessel mpdtov €idovg, mpdng TaEemC, 1, T2 €lvat Ta
K, xat Ky [t'] avtiotoya e ekiowong mpoopoenone pe amodounon (& 1.21),
t givar n petafAnti tov xpévov, U eivar n péon evdomopddng toyvtnra [Lt'], X,y,z
elval 1 YOPIKES GLUVTETAYUEVESG TOV GNUEIOV GTO OTOT0 EVOLIPEPOLACTE VO, BpodUE TNV
OLYKEVTP®OT, ® TO TOPDOEG TOL VOPOPOPEN. TOV HEAETAUE, A KO ATt" eivar o
pLOUOG amTOdOUNONG SIHALUEVIC KOl TPOGPOPNUEVNG Ovoiag avtioTolya, p eivon 1
TUKVOTITOL TOL GKEAETOD TOV TOPOSOVS oL peretdpe [M L]
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4.3 APIOMHTIKEX MEO®OAOI

4.3.1 MEOOAOX ITEITEPAXMENQN AIA®OPQN

Boaowkn 10éa OAwv tov aplfuntikdv pedddwmv eivarl 1 avTikatdoToon LadnuaTikoy
avVamOpUoTAcE®Y, Ol 0moieg eival adHvoTo Vo VITOAOYIGTOVV HE amOAVTN oKpifela
(ohoxkAnpodpata n 6pa mov teivovy o610 0), pe GALEG TOL PUTOPOVV VAL VTTOAOYIGTOVV
MPOGEYYIOTIKA, €VTOG EMIPENTOV OPl®V TAVIO ©OOTE Vo  TANoalovv Vv
mpaypatikdtTo. Mécsa ota mhaiota avtd o y®poc Zynuoa 4.5 kot o ypdévog Zynuo 4.6
yopilovion oe tunuoto (Tepdy) oto omoion Bewpovpe OTL o1 cvvONKeES eivon
otafepéc. 'ETol yio o TERAYIOL TOL YOPOL OeYOUOOTE OTL 1 CLYKEVIPM®OT €lval
otafepn] oe OAN TNV €KTACT] TOLG KOl OVTITPOGMOTEVETAL OO TNV GLYKEVIPMGT GTO
kévtpov toug (block-centered discretization). Eved ywo ta tuipato tov xpovov
Bewpovpe o1 OAAAYES TNG GLYKEVIPOGNG GTOV YMPO YivovTal amOTOpd 6To TEA0G KAOE
YPOVIKOV BrHaTog.

Mo v apBuntiky enidvon tov e£I0OOEMV UETAPOPES KOl CUUUETAPOPAG OTIC TPELS
dwotdoelg emdéydnkav "Ou Ilemepacpéves dapopéc”. Ot GUYKEKPUYEVES OVIIKOLV
oT1g yevikotepeg pebddovg tov Euler kot cuvévalovv apevog €bkoAn viomoinon
(oxetikd yp1YOPOG O TPOYPUUUATIGUOG TOVG), GAAL KO OLPETEPOV TPOGOUOIDVOLY LE
EVKOAIOL OLVOLLOLOLOPPO. LOVTEAD, LE TTOAAEG TNYEC Ko Tyddta. Elvol duvatd de dtav
MmOl avénon g axpifela TOV ATOTEAECUATOV OVTH Vo YiVEL OTAL  aEAVOVTOG
Vv dKpLTonoinon tov y®pov Zynuo 4.5 kar tov ypovov Zynuo 4.6. Télog yn
AOYOVC amAOTNTOG KOl OPECOTNTOS 1) TOPOVLGIOCT TOV TOPAUTAVE APOUNTIKOV
nefddmv Ba yiver pe €QopUOYN TOVG GTOVS OPOVG OMANG UETAPOPAS (EEICMCELS
Kepaiaiov 2).
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Zynpa 4.5: Topovoialetar p1odidotatog  YDPog 0 omoiog xel dlakpiromoindel pe
KeAMd daotdosmv Ax, Ay, Az.

&y

Yympa 4.6: Tlapovoidletar xpodvog o omoiog £xet dtakprromomOet.
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4.3.1.1 ANANTH KAI KENTPIKEY AIA®OPEX

AX

D, S

Yympoa 4.7: [opovoualetor povoddotatog Ydpog o omoiog £xel dtakpitomombel pe
UNKOG KEAOV AX.

XPNOOTOUDVTOG TOV KATOUKEPUATIOUEVO Ydpo Zynuo 4.7 Ba mpoomabnicovue va
OYNUOTIGOVUE TOVG SLAPOPOLS OPOLS TG e&iomong petapopds €. (2.13) ocuvaptnoet
nenepacuévav dpopwv. Etolr koavelc Bo pmopovoe vo yphyer  tov Opo NG
petoyoyng evorloktikd (€. 4.18 M 4.19) og eéng:

C. 1—C 1
a_C _ l+7 1—7
UaX =U—0 (4.18)
n
ac Ci+1=Ci—1
UaX = > Ax (4.19)

EmumAéov eneidn to KaToKEPUATICUEV TUNHOTO EXOVV oTaBEPES dlaoTdoElS Kab' OAo
TO UNKOG TOV YMPOV UTOPOVUE VO YPAyoLpE OTL:

C 1 = (Ci+1 +Ci)

{41 > (4.20)
¢ 1 =&t (4.21)
l—E 2
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Yvvovalovrog Tic eElomoelg (4.20) ko (4.21) mpoximret:

Ci+1—Ci—
U—-=U —*;AX ! (4.22)

[MTap 6Aa avtd kdmolog Bo umopovoe vo elxe yphyer v eEiowon (4.22) pe
SPOPETIKO TPOTO. ANAad] Ol GOV GLVIVACUOG TV GUYKEVIPOCEWV GTO CTUEl

.1 ., 1 , . , . . ,
L—owaito EymMua 4.7) oAdd cav cuvovacpog Tov i+l Kot 1, omdte TpokvmTEL:

U& =U X (4.23)

O1 e&omoelg 4.20 kot 4.21 aviKovy 6NV YEVIKOTEPT LOPOT

C, L= (1—-a)C; + aC;q (4.24)

C_1=0—-a)i_1+aC (4.25)
2

Omov o elvar évag ovvieheotig yopikng Papvtnrag (spatial weighting factor)
(Zheng and Bennett, 1995) ot pumopel va mhper ddpopec Tipég Omwg 0 won 1.
AvaAioya pe TNV T TOL €XEL  ONUIOVLPYEL OUPOPETIKES TPOGEYYIGELS TG EKAGTOTE
TOPALYDYOV.

‘Etol 6tav woybovv ot e€iowoelg (4.26) ko (4.27) (U n evéomopmdng toyvTnTo.)
a=0 eav U>0 (4.26)
a=1 eav U<0 (4.27)

npoxvntel N uédodog Twv ANANTH AIA®OPQN (UPSTREAM DIFFERENCES
SCHEME)

Taopa 1 petaywyn ypdoeto

aC . Ci—Ciq
U=U-"—F— (4.28)

To mAeovéknuo g nebddov avg eivar 6Tt dev dNUovPYEl TEXVNTES TAAOVTDOGELS
(artificial oscillations) Zynua 4.8 oAAd Opwg elocaydyel aplOunTiky OlGTOPA
(numerical dispersion). Avtd ogeiletal 6to Yeyovog OtL M avavin pébodog €xel
axpifela povo TpdTNE TAENG Kot TG TPOKVTTEL £vaL AGO0G amoKomg 0e0TEPNC TAENS
(second order truncation error) (Zheng and Bennett, 1995). To AdBog avtd £xet to
1010 amotélecpa TNV HETAPOPE TOV PUTTOL OTTMG £XEL Kot 1] PUGIKY dtaoTopd. 't avtod
dAlwote ovopdotnke ko "Teyvn dtoomopd”.
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Simulation of Transport with Dispersion and Reaction

Artificial oscillations \
12

*\ Analytical
¥ X - *-x- * Central Scheme
1.0 ’ k a- o & 4 Upstream Scheme
A
0.8 —
Q
O 08 —
O
0.4 —
02 - \
‘A\
n
«w By
0.0 , , S R e e
0 50 100 150 200 250

Distance (m)

Yympoa 4.8: Iapovcidleton n emidvong petapopds pOTwV 6 pia 01doTacn Ue TPelg
SpopeTIKoVS TPOTOVG: AvaAivtikny pHEB0O0G, KEVIPIKEG SPOPES Kol OvOvVIN
Spopéc. Ymoypoppiletor  To QOIVOUEVO T®V TEXVNTOV ToAovidocewv (artificial
oscillations) (Zheng and Bennett, 1995).

Topa v 0=0.5 16t pokvmtel N pébodog tov KENTPIKQN AIAGOPQN
(CENTRAL DIFFERENCES SCHEME).

H petaymyn mAéov ypdopetor:

ac Ci11—Ci_
U — = U —*21AX 1 (4.29)

Kot 1 dwaomopd ypdoeton

a’c _ D Ci+1-2C;i +Ci—q
ax2 X AX2

D, (4.30)

To mheovéxktnua g pnebdoov oG elvarl 0TL dev glGaydyel aplOUNTIKN dtaoTopd
(numerical dispersion). Avtd opeiletar ©TO YEYOVOC OTL M| KEVIPIKY HEOBOOOC €xel
akpifero  devtepng tééng (Zheng and Bennett 1995). ITap 6o avtd dnpovpyet
TexvNTEC Tadavimaoelg (artificial oscillations) Zynua 4.8.
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4.3.1.2 PHTO KAI YIIONOO’'YMENO ¥*XHMA

Méypt thpa €xovpe Ol TAOG 1 OPOPETIKY EMAOYN TUNUATOG KEAOD pmopel
onpovpyel dropopetikés pebBddovg (avavin - Kevipikés). Opmg dev avaeépaple
KaBOLov TS 0 xpovog emnpedlel Tig pebddovg. Eav pe tov deiktn n cvppoirilovpe
TOV POV ¥POVo Kol Pe nt+1 tov ENOUEVO YPpOVO TOTE UTOPOVUE VO YPOWOVUE TNV
eElowon petapopdg €. (4.31), pe dloomopd Kot HETAYMYT, GTO KEVIPIKO OYNUa OTL
g e&Ng €€. (4.32):

dc a%c ac
- = = 4.31
ot X ax2 ox @30
el clhi—2c] =l q Ciy1—Cimq
=D, (4.32)
At sz 2 Ax

O povog dyvootog oty e&icwon (4.32) eivar 1 GLYKEVTPOGON TOV KEALOD 1 GTOV

emopevo ypovo t=n+1. Etot emhdovrog g mtpog Cin +1np01<1’)m€1 ot

n+1 _ Dx 4t . n n n UAt . n n n
o =k 20 = ) = (e —ly) (4.33)

H e&icwon 4.33 avikel oto PHTO XXHMA (EXPLICIT SCHEME) .

Ymv pébodo avtn Yoo vo. vToloyicel Kavelg v ovykEVIpwon o€ €va KEAL OTO
eMOUEVO YpOvo Ba mpémel va Yvopilel HOVO TIG GLYKEVIPMOGEIS GTOV TPONYOVLEVO
xpovo. Kdatt mov dievkolvvel moAd tnv emilvon Tov TPOPANUATOS a@oy Ot
OLYKEVIPMOOELS GTOV YPOVO n glval YVOOTEG €1T€ OO TPONYOVUEVOVS VITOAOYIGHOVGS
elte amd TIc apyikéc ovvOnkes. Kot pe v 6€1pd Toug 01 GLYKEVIPADGELS YEITOVIKMV
keMov Cij ko Cip o€ xpdvo n eivar YvooTég €ite amd mTporyouLEVOVS VTOAOYIGLOVG
oM elte amd cvvoplakég cuvOnkes. 'Etot pe moAd e0koAo TpOTO PN GIUOTOIOVLE TIC
OLUVOPLOKEG KOl TIG apykés ovvOnkeg kol vroloyilovue oe  mpdto Ypdvo n (0
TPONYOLUEVOS ¥pOVoc NTav T0 ti=0) OAEC TIG GLYKEVIPAOGEIS TOV YMPOL KOl GTNV
oLVEYELDL HE YVOOTEG avtég epapuolovpe v €€, (4.33) xar vmoAoyilovpe TIC
ovykevipooelg ntl. Epyalopacte pe avmv v pébodo péypt va @tdcovue otov
YPOVO OV EVOLOPEPOUOCTE ty.
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AvtiBeta Kamo1og Ba Lmopovoe va elxe YPAWEL TNV CLYKEVIP®GT] GTOV ETOUEVO YPOVO
nt+l GLVOPTNGEL GLYKEVTPOCEWV TAAL 6TOV €ndpevo ypoévo n+l. ‘Etol yia tov 6po
NG O10GTOPAG KO TNG LETAYMYNG OTIG KEVIPIKES O10popEg Exovpe €. (4.34, 4.35)

2 n+1 n+1 n+1
0°C -2 ¢

— Cit1 —Ci1
Dx m — Dx X2 (4.34(1)
dc _ Cl?l:il_cln—-’il
Uax =U > Ax (4.34B)
dc _ cttlch
Py v (4.35)

Xpnoiponownvrog Tig elomaoels (4.34a)-(4.35) ko epapuodlovrag Tig, oty €&, (4.31)

Ko AOvovtag @ mpog ™V cuykévipoon ¢t tov kelod i mpokvmTet OtL:

n+1 _ Dxdt - 541 n+1 n+1 Udt - n+1 n+1 n
i =gy —267 i) — o (cik —ct) t (4.36)

H e&icwon 4.36 avikel oto YIIONOOYMENO XXHMA (IMPLICIT SCHEME).

Ymv pébodo avtn Yoo vo. vmoloyicel Kavelg v ovykéVIpwon o€ €va KEAL ©TO
emopEVo Ypdvo Ba mpémet va yvopilel oyt LOVO TIG GVYKEVIPDOGELS GTOV TPOTYOVLEVO
YPOVO OALG KOl TIG GLYKEVIPMOEIS otov endpevo. Kdatt moh dvokodevel moAd v
eMIAVOT TOV YEVIKOTEPOL TPOPALATOS. APOD Ol GLYKEVIPMOELS GTOV EXOUEVO YPOVO
glval  dyvootec.

"Etot yia va AvBel n e€lomon petapopds amotteiton GOGTNLO YPOUUUIKOV EEICMOEMV:
[A]{C™}={RC™)} (4.38)

Omnov A givan tetpdymwvog mivaxog pe daotdoelg [nxn], pe n vo eivar o apBudg tov
AYVOOTOV GLYKEVIPMOGE®V (cLuviBwg avtdg o apBpdg eivar icog pe Tov aplud v
KeEM®OV  pe ta omoio €yovue katokepuotiost tov ydpo pog ), f(C") va eivar 1o
dvuopo TV otafep®dv OPp®V TO 0010 AMOTEAEITAL OO IO GUVEAPTIOTN TOV YVOGTMOV
ovykevipmwoewv C" otov mopodv  ypdvo t=t,, Kot C""! va givar 10 dlgvocpa TV
AYVOOTOV TOV YPOUUUK®OV EEICAOCEMV TO OMOI0 AMOTEAEITOL OO TIG GUYKEVIPMOGOELS
C™"! 610V EMOPEVO YPOVO t=ty .
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Telkd apov kovelg oynUATIcEL TO GUOTNUO  TOV YPOUUK®OV €E1I0MDGEMY Kol TO
emWoel  pmopei v éxel oty d16eon Tov TS cvykeviphoele CT otov emdpevo
YPOVO t=tyi1. TNV CULVEYEWL TIC YPNOLUOTOLEL MGTE VO VTOAOYIGEL TO KOLVOLPLO
{f(CY} (BewpdvTag Tl 01 GLYKEVIPOGELS TOV UOMG VITOADYICE TALOV AVAPEPOVTOL
oTovV mapov ypovo t=t,) ko Eavd Avvel 10 cvotua €. (4.38) dote vo vToAoyioet
TAEOV TIC VEEC OULYKEVIPAOOELS "' ortov enoOUEVo ¥pOVo thi=t, AL, Avty m
dwdkacio cvveyiletar pe ypovikd Prpota At péypt o xpovog t va yivel icog pe tov
emBLUNTO YPOVO tHOTOV KOl 01 VITOALOYICUOT CTUUATAVE.

4.3.1.2 CRANK NICOLSON XXHMA

To pntd €€. (4.33) ko 10 vwovoovuevo €€, (4.36) oyfua  dev elvarl o1 HOVASTIKESG
YPOVIKEC  OLOKPITOTOMOEL, 7OV VIAPYOLY, OAAA OVIKOLV GE M0 YEVIKOTEPN
Katnyopia 1 oroia didetan amd v 5. (4.37).

n+l _ Dy At - n n n uat - n n
¢ =(1-wm) (—sz (ciy1—2¢ = cn) =5 (e —cy) )+
DAt n+1 n+1 n+1 Ut ~ n+1 n+1 n
wm (sz ciyr =267 —ty) =5 (el — ey T (4.37)

O kovovplog 6pog mov slodyetatl otny €5. (4.37) elvar 0 GLVTEAEGTHC Wm 0 0Toi0g
kaBopilel ko TNV ypovikn owakprromoinomn. Eav wm=0 tote £yovpe Pntd oynua, dv
wm=1 &yovpe Ymovoovuevo oynuo ko eav wm=0.5 t6te éyovue Crank Nicolson
oynua (Zheng and Bennett, 1995). Avtd mov mpoopépet | televtaio péBodog (Crank
Nicolson) &ivar 0 cuvovacudg Tov BeTik®dv TV dvo YVOOTOV HEBOd®V. AnAadn
avénuévn akpifeta omd to pnTd oxnua (devtépag TENg akpifeta) aArd Kot avEnpévn
otafepdTTa omd To vIovoovpevo oynua. [ap' OAa avtd dev cvvnBiletar moAD n
YPNON TOL YTl VO GE OMAEG TEPIMTMOCELS UETAPOPAS (dl1oTOpd-peTay®Yn) gival
otafepd (unconditionally stable Peaceman (1977)), oe mo moAdmlokes kdtt T€T010
dev 1oy vEL Kot VILAPYEL amaitnomn yio oAy pikpd ypovikd Prpa dt. Amotélecua avTob
va givarl 1 xpnon Tov YTOVOOOUEVOD GYNUOTOC TOV OOLTEL AYOTEPES EMAVUANYELG
(neyaAdvtepo dt) ko TopEyel IKOVOTOMTIKY akpifeta.
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4.3.2.1 MEOGOAOI ENNIAYXHZ XYEXTHMATQON T'PAMMIKQN EEIXQYXEQN

To ocvotquaTa YPOUMK®OV €EIGOCEDMV CLUVAVIMVIOL CUVEXMDS OTIG aplOuUNTIKEG
EMADCELS KO YopoakTNPilovV TNV ATOTEAECUATIKOTNTO TOV HEBOSWV avTdV. 't ovTd
etvar omapaitnto vo €Yel Kaveic otV KOTOXN TOL YPNYOPES Kol akpiPeic poutiveg
emilvong (cLOTNUATOV).

YVVoMKA vtapyovv dvo Katnyopieg peBOdWV emihivong:

A. Ot emavainmrikég pébodot
B. Ot xatevBeiov pébodot

Ymv wpdtn Katnyopio avikovv péBodol ot omoiot mpoomabolv vo AVGOLV TIC
eClonoelg €. (4.38) votepa amd MWOAAEG mpooeyyioels. Apyika Eekvhve pe  éva
Siivoopa o omofo omotekel o mBavi Avon {possible C™'} ko oty cuvéyelo pe
emavaAnyelg 1o Pedtidvoovy. To mdte o otapatiost n péBodog avt e€aptdtan and
TO KPITHPLO GVYKAONG. XuviBmg avTd eivar 0Tt 000 dradoyikég Aoelg dev Ba mpémet
va €00V GYETIKO GaApa peyolvtepo and 5% (&€. 4.39).

Gnn=tn) — 5y (4.39)

Cn+1

Yty debtepn Katnyopio avikovv pébodot ot omoiot emyelpovv amevbeiog va Bpovv
mv tehkh Aon {C™'}. Ot o cvvnBopévor Pasiloviat ite 6TV OVIIGTPOPH TOL
nivaxo [A] €€. (4.38) &ite onv dnNpiovpyia EVOIGUESOV TIVAK®OV 01 OTTO{0l LITOPOHV LE
amoteAeopaTikdTnTO 68 dVO Prpata vo Bpovv tnv tedikn Avor. H televtaia pébodog
ovopaleton "amoovvBeon oe LU mivokeg" (LU decomposition). Emedn opmg 1
avVTIOTPOPN Tivaka KooTilgl TOAD YpOVO Ywpic mAvVIo vo eivor oamopoitnn
nmpotipdTon teMkd 1 Lu decompotision.

65



4.3.2.2 ZYNAYAXMOZ KATEY®EIAN KAI ETTANAAHIITIKONME®OAQN

Oleg ot péBodotl emilvong YPOUUIK®OV GCUGTNUATOV £YOVV TAEOVEKTNUOTO KOl
petovektpota. ‘Etol yuo Tig emavaAnmrikéc kaveic Bo pmopodoe va mel 0Tl givan
APKETE YPNYOPES, PapUOovTaLl e EDKOAO TPOTO GE GLOCTNUOTO LEYAAOV peyEBoug,
oAAG Opoc eivan Aryotepo akpifeic. Me v oepd Toug ot katevbeiav uébodot eivar
apyéc oAAG M axpifela Toug eivonr moAy koAr. I't avtd Bo Mrav kadd kovelc va
UTOPOVGE VO GUVIVACEL TIG OVO HEYAAEG KT YOPIEG EMIAVONG DOTE VO £YEL KO KOAN|
ToOTNTO Kol KOAN akpifeta.

I'evikd vtapyovv d1dpopa €idn mvaxkwv. H mo cuvnBiopévn popen toug etvar av
TOoL oyYNUatog Xynua 4.9a, Tuyaiotl un unoevikoli mivakes. Avtol Wiaitepa dtav Exovv
peydro péyebog ovokord emAvovtal. [Tapdpoto cuopmepipopd Exovv Kol Ot TIVOKEG
0V oyNuatog Zynua 4.9p. Onov av kot vadpyovy UNdevikd Tov Kaveic Bo propovoe
va 10 a&lOTOGEL, OLVOTLYMG AVTA gival dtaTeTayuéva pe Tuyaio Tpdmo. e avtifeon
LE TIG TPONYOVUEVES dVO HOPQES, Ol eEI0M0ELG HeTapopds oynuatitouv cuvniBmg
dwydviovg wivakeg Zynuo 4.9y N Zyquo 4.99. Xe avTtéc TG TEPMTAOGCELS
TOPOTNPOVVTOL TOALA UNOEVIKA GTO TAVE® 018 Kot KAT® aploTepd GKpa v OAOL Ot
dymviot Opot givar pun pundevikoi. Xtnv tpotn mepintwon Zynua 4.9y koveic pmopel
Vo EKUETAALEVTEL TO YEYOVOG aTO, VO UV KAVEL KAOOAOV TPAEELS LLE TOVG UNOEVIKOVG
Opovg (Vo UMV Tovg amoONKEVGEL KOV GTNV LV U TOV DTTOAOYIGTY]) Kot VoL AOGEL TOV
nivako ToAD ypryopa kot pe peyddn oxpifewo. H eniAvon dwuydviov mvakov givol
TaENG neyéBoug mo ypryopn amd avtiv TV tuyaiov mvakov Zynua 4.9a. I't avtd oe
KGOe mepimtoon elvar emBountdc o oynuoTIcpdc mvakov 4.9y. IMop Ola avtd
ocvvnbog avtpetonilovtar tivakeg 6mwg Zynua 4.99. Ze a0TéG TIC TEPIMTOCELS Elvar
YPNOUOG O GLVOLAGHOC ETAVOANTTIK®OV Kol KatevBeiov peboddwv emilvonc.

Eivatl dvvatn n ypnom emavoAnmrikov pebddmv pe tic  omoieg kavelg umopet vo
agapécel ta otoryeia (aps) Kot (os;) amd tov mivako 4.9 kot vo Tov épel otV
pope1 Tov mivako Zynua 4.9y. Topa givor moAd mo evKoAo pe kotevdeiov pedddoovg
va ABel Oyt cav tuyaiog mivakoag Zynua 4.90 n 4.9 aALd TEpimov GOV OAYDVIOG
(band matrix) Zynuo 4.9¢.
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Yympa 4.9: Tlapovcidlovton d10popeTiKd £10M TIVAKWV.
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44 TAPAAEITMA E®APMOTHEZ YIONOOYMENOY XXHMATOX
(IMPLICIT SCHEME)

Mo va yivel teplocdtepo avtiANTTd TS SOVAEVEL TO VITOVOOVEVO oynua (implicit
none), Ba yivel EpapproyN TOL G EVO TOPAOELYLLAL.

‘Eocto 6Tt éyovpe v povodidotatn e&iomon aning HeTagopds pOTOL LE LETOYWOYN
kot Odyvon €& (4.40), ko OéAovpe vo TV €QOpPUOGOVUE OE €V TOPMOES
ymua 4.10. To omoio oty apyn tov £xet pio Tyn pe otabepr| ovykévipoon Co kot
07O TEAOG TOV OOLATEPATO CTPMLLOL.

Movodbiaotato nopwdec Ablanéparo otpwua

(a)

Qavrootiko KeAL

(B)

Co Cy C3 Cq Cs Cs C7

Zynpa 4.10: Iopovcialetarl memepacuévo Topddes HEGO (0) otV apyN TOL oToiov
Bpioketon myn Cp kot 610 TEAOG TOV ASATEPOATO CTPAOLO. LTIV CUVEXELD TO TOPDOES
avto KoTakeppatileTon og pikpd tunpato ().

IMa to oynua 4.10 propel koveig va yphwyet T1g e€loMOELS:

dc d%¢c dc
Pyl Dx 5z Vs, (4.40)
C; = Cy = atabepod (4.41)
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_p, U= _g (4.42)

X7 X6

H &fiomwon 440 pe v kevipikn pEOBOSO Y TO VLTOVOOVUEVO GYNLO
(central -implicit scheme) pnopet va ypaotel cav e&icwon €€. (4.43). Me v cepd
mg N €€. (4.41) amotelel po cuvOnkm Dirichlet kot cupneprpépetan oav mnyn. Télog
n €€. (4.42) givanr 1 vAomoinon ™ cuvoplakng cuvorkne Tov Neumann &€, (2.19) ko
TEPLYPAPEL OTL GTO TELOG, TO TOPMOEG LEGO EYEL AOLOTEPATO GTPOMO Zynua 4.100.

n+1 _ Dx At - n41 n+1 n+1 Uat n+1 n+1 n
o =S — 207 = ) oy —at) 4 (4.43)

[Mapampdvtag to Xy. 4.100 ko tavtdypova to 4.10B evromileTon (o oUOVTIKNI
dwpopd. To debtepo mpoekteiveton katd TV d1evBuvor Tov X A&ova Kol TEPIEYEL
éva emmAéov keM 10 C7. To keM avtd dev avVTIOTOLYEL G KOO TEPLOYY| TOV OPYLKOV
mopmdovg. H eEnynon vy v dwapopd avt) Paciletor oto yeyovdg OTL Yoo va
epappoodel cmwotd n cvvoploky cuvOnkn tov Neumann €€ (4.42) oamouteitor vo
npootedel 610 MopmOES Eva emmAéov "pavtacTikd" keAl. Tov poAo Tov KEAOL aVTOV
tov drdpapatiCet to C7.

H dwdikacio mov axoiovbeitat yio v enilvomn avtod Tov TpoPfAnpaTog eivor
% 'Eoto 011 éyovpe ympicel og “6 “ KEMA TOV YHPO oG
1. Tpdaopeton yio k4O keAi n e&iowon petapopdg (4.43).
2. Eopoppolovior ot apyikég —ovuvoprokég cuvinkeg (4.41, 4.42).
3. Zymuoatileton cvotnuo e£loMoEMV,
[A] {C™}={f(C")}
4. Emibdeton 10 ovoTNUA.

5. Eav &ovpue opifovosa mov mAncidlet to 0, ypnoiponotovpe kdmola pébodo yio tnv
Beitioon anoteieopdrov (LEBodog SVD).

6. EM\éyyoupue to amotedéopota yio Thaveg aotoyio cOyKAMoNG.

"Etotl tehMkd amoxtdpe tov mivaka mov Ppiocketon oto ynua 4.11. To Advovpue kon
Aoppavoope oe  omoldNmOTE YPOVO  YPEONACTE OMeC TIC OLOKEKPLUEVEG
OLYKEVIPMOEL TOL TOPDOOOVS. XTO PO 5 ava@EPOUOCTE OTNV TEPITTO®ON TOL 1
opifovca evog mivaka minowalet to 0. Tote o amoteléopata amd TV €milvomn Tov
oLOTNOTOG TOV €EloMoE®V gival €0QOUAUEVO KOl Kpivetal omopaitnto vo yivel
Kamola Pektioon yu avtd. Ymapyovv dudeopot tpdmotr yio va yivel avtd o Mo
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KAMIGIKOG KOl YPIYOpOS Teplypapetol amd Toug (Teukolsky et. al, 1997) pe tov Opo
"[terative refinement". To onuovikd eivar va yvopilel kavelg mwg axkopo Kot eqv
BydAer kdmolwo omoteléopota pe TIG Odpopec ueBOSOLE EmMIAVLONG YPOUUIKDOV
cvotpdtev, avtd dev givol amapaitto cwotd. o ovtd Bo Tpénetl va vdpyeL £vog
OYETIKOGC €AEYYOC TV AVGE®MV MOTE VO vIOTIoBohv TuxdV actoyieg katl edv kpibel
QTOPOATNTO VO EMGTPATEVTOVY HEHOJOL TOV PeATIdVOLV TNV aKpifela TovG.

I

—3CHH 4+ 0.5+ —C% - 1.5C,
1.5CE*t — 3CnH! 4 0.5 = —C8
1L5CTHL — 3CnF1 4 050! —cn
15CHF — 3Cn* 4 0.5CHH = —
1.5Ct*t —25CnH = —Cn

Yympoa 4.11: Tlopovcidleton o mivaxkag mov oynuoatileTot v ypagtel yio kabe kel
tov Xynuatog 4.10 mn €€ (4.40) «xou ovvaupo epoapuocBodv ot amapoiTnTEG
ovvoplokég cuvOnkeg (4.41), (4.42) (Zheng and Bennett, 1995).
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5. EIIIAYXH AIA®OPIKQN EEZEIZQXEQN AIIAHYX META®OPAX KAI
YYMMETA®OPAX

5.1 MONTEAOIIOIHXEH KAI E®APMOI'H APIOGMHTIKQN MEGOAQN
YXTHN TPIXAIAXTATH EZIXQXH AIIAHY META®OPAX

Xy mepintmon mov EYovpe amAn peTa@opd pOmOV (Kot Oyl CLUUUETOEOPE) TO
poOnpatikd povtédo pag meprypdoetorl exapkmg ond tig €€. (5.1, 5.2) (uetapopd Ko
TPOGPOPNGN AVTIGTOL(AL).

oC(t,x,y,z) [_)aC*(t,x,y,z) . 62C(t,x,y,z) . BZC(t,x,y,z) . BZC(t,x,y,z)
at 6 ot D dx? Dy dy? D, dz2 +
UW + AC(t,x,y,2) +%C*(t,x,y,z) =F(t,x,y,2) (5.1)
%W =nC(tx,y,z)—1n %C*(t,x,y,z) — ATpC*(t,x,y, z) (5.2)

[Tpwv epapuodcovue TIc Tapandve eElomoelg Bo Tpénel vo opicovpe TO HOVTELO WOg
®oTE Vo EMAEEOVUE TIG COOTEG GLVOPLAKES cLVONKES. Xe avTifeon e TIC OVOAVTIKES
Moelg mov gpappdstnkav oe mopmon Ommwg Xy. (4.1)-(4.4), otig aplOunTKéc AoeLg
dev vmhpyovv amepa Ko nmuamepa  peyédn. Ola elvar memepacpéva  yu ovtod
dAwote kot 1mn  avtiotoyn péBodog mov Ba  vAomomoovpe  ovopdleton
"TIETTEPAXMENEX ATAO®OPEX ".

To povtélo pog amoteAeitor amd mopdOec KLPKOD GYNUOTOC, TO Oomoio givoat
TEPLOPICUEVO GE OAEC TOV TIC TAELPEG A0 AOOMEPACTO CTPOUOTO. XTO TAVE UEPOG
TOV VRAPYEL EMPOAVEINKN TNYN KUKAKOD OYNUoOToc M omoior dgv €xel otabepn
OLYKEVTIPMOOT] KOl TOPEYEL OTO HOVTEAO UG pUTo, pe otabepn pon (g/day). Zmv
apyn Tov xpovov 6e OA0 TO TOPMIEC VINPYE Amovsio, pUTOV. TELOG KOTE HUNKOG TOV
a&ova X vapyel pon pe otabepn toyvnTa u (cm/day). Oho avtd TEPLYplPOVTAL GTO
Yymua 5.1, oto omoio gueig £xovpe NON EMAEEEL TNV POPA TV 0EOVOV.
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Lx

Yynpa 5.1: Tapovoualetar mopddeg oTo 0moio e10épyeTol pOTOc pe otabepn pon
pnalog (amAn petapopd). Or pavpeg YPOUUES TEPLYPAPOVY OOOTEPUCTO ESOPIKA
OTPOUATO EVA 01 AGTPEG TNV OLEMUPAVELD TOV TOPDOOVS LE TOV OEPQL.

Ot apy1Kéc KoL GLVOPLOKES GVVONKEG TOL TEPLYPAPOLY TO LOVTEAO HOG Elva:

C(0,x,y,z)=0 (5.3)
ac(tf;(jc,y.Z)_O (5.4)
aC(t,aL;,y,Z)_O (5.5)
ac (t;;’o'z)—() (5.60)
6C(t;cJ;Ly 'Z)=0 (5.6P)
GC(t;;.y.O)_O (5.70)
aC(t;cZ.y.Lz)_O (5.76)
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IMa 6Aa ta KeMd exTOG amd avtd TG TNYNG wyvel n e&icmon (5.8). Evd pévo yua ta
KkeAo ta omoia Aettovpyov cav tnyn woyvern €. (5.9) pe mv (5.10). Omov G=pala

dtdvpévng ovaiag avd xpovo ovd povada dykov ( — day)

F(t,x,y,z) =0 (5.8)
F(t,x,y,2) =G W (5.9)
w = % (5.10)

Xpnowonowwvtog central scheme yio tov 0po ¢ dlaomopds kot upstream scheme
YL TO OPO TNG UETAYMYNG UETOTPEMOVUE OAEC TIC MOPAYDYOVS OE TMEMEPOUCUEVEG
dwpopéc. 'Etol teMkd @tdvovpe 6 dv0 ORAOES GLOTNUATOV EEICOCEMV TOV OUW®G
npénel va AvBobv pali. H mpotn aviiotoyel oty eicmon HeTapopds Kot EYEL TV
popon €&€. (5.11):

A Cn+1 +A2C-*-n+1 +A3Cn+1 +A4Cn+1 +A5Cn+1 +A6Cn+1

i,j,w i,j,w i—-1,jw i+1,/,w i,j—1w l]+1W
A7Cln]+l/l} 1 +A8Cl] w+l = bl (5.11)
D D
A =1+ dt( e %) (5.12)
4y =120 (5.13)
As = (5.14)
A, = dxz (5.15)
— Dy
As = —dtm (5.16)
— Dy
Ag = —dtm (5.17)
D,
A = —dt = (5.18)
Ag = —dt = 5.19
8 — dZZ ( * )
by =l +5¢i (5.20)
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Evd n devtepn opdoa eEl0mMGE®V avVTIOTOLEL OTN TPOGPOPNON Kol £XEL TV LOPON
e€. (5.21):

AgClHe + Ao G = by (5.21)
Omov :

Ay = _dt%@ (5.22)
Ay =1+dt (A" +1y) (5.23)
by =c}, (5.24)

[o Ao T mapamdve wwydet 6t ¢, &ivar N TPOGPOPNUEV GLYKEVIP®OT GTOV

n
L],w

OLYKEVTIPMOOT] TOV POTTOV  TOAL GTOV TAPOV YPOVO N TOV KEAMOV HE GUVTETOYLEVEG
1,J,w. XpNOIUOTOIOVTOG TIC GLVOPLOKES Kol TIG opyikés ovvOnkeg (5.1)-(5.10) oe
ovvovacuoO pe Tig opdoeg eElomwoemv (5.11) ko (5.21) petagpopds Ko TpospoOenong
oynpoatiletoan éva ocvommua eélcwvcewv, pe 2 nx*ny*nz ayvootovg (nx, ny, nz
apOuog keMav otig 3 dwotdoelg avtiotorya). To omoio €xel mivaka (UNTPMO) NG
popong Zynpa 4.98 kor emidetor gokoia pe v péBodo LU Decomposition
(xep. 4.3.2.1). To amotéleopo avtg TG emiAvong eival 1 maporofn OAov TV
OLYKEVIPOOEMY TOL POTOV  GE SLOKPITEG YOPIKEG BEGELG KOl GUYKEKPIUEVES YPOVIKEG
OTLYHEG IOV eMPAALOVTOL OO TO YWPIKO Kol ¥povikd Pripna wov €xet xpnoyLoronoei,
avtictolya.

YVOOTO TapoOV ¥pOVO n TOV KEMOV pe ovvietaypéves 1,j,w. Evod ¢ elvar n

74



5.2 MONTEAOIIOIHXEH KAI E®APMOI'H APIOMHTIKQN MEGOAQN
YTHN TPIXAIAXTATH EZEIXQXH YXYMMETA®OPAX

Otav 6pwg cvuPel va £xovpe CLUUETAPOPE dvo POV (T.). 10G-GPYILOG) TOTE TO
pafnuotikd poviélo pog ypeldleton €61 €E10MGELS Y VO TEPLYPOPEL CMOTA:
e€. (3.4, 3.5), (3.15, 3.16) xou €&. (3.8, 3.23). Aev Ba emavardfoope €0 TG £EL
eflomoelg, avtifeta Ba yevikeboovpe to TPOPANUe  oTig Tpeic daotaoels. Topa n
elomon petagopdg g apyirov €€. (3.4) ko M e&icmwon cuppeTaPopdg 1oV &&€. (3.8)
ypdoetar og €. (5.25) ko €€. (5.26) avticToryo.

0C(txyz) | paCiltays) _ p 0%C(txyz) o 9%Cxyn) o 0%C(txy2)
at g ot DC'X axZ DCy ayz DCZ aZZ +
ac.(t,x,y, L* .
U - c(a;CyZ) + L. C.(t,x,y,2z) + CTPCC (t,x,y,z) = F.(t,x,y,2) (5.25)

aC, (t,x,y,z) P oC,(t,x,y,z) . 0CcCye(t,x,y,2) p aCcCye (tx,y,2) - D a%c, (tx,y,2)
at 0 at ot 6 ot vx dx?
62Cv (tx,y,2) +D OZCV (tx,y,z) +D OZCCCVC (tx,y,2) 4D 0ZCCCW (tx,y,z)
vy ayz VZ azz vCcXx axz vcy ayz
3%CcCye (tx,y,7) U ac,(txy,z) U 0CcCy (tx,y,2)
022 dx dx

* L;C *
C;(t,%,,2) = Lye CcCye (,%,y,2) = =55 CeCle (6,%,7,2) + K, (5.26)

D

DVCZ

Ly p
0

—-L,C,(t,x,y,2)—

H €&. (5.26) elvar 1 yevikevpévn e&icmon cuppetapopds oTig Tpeig daotdoselg dtav
Aoppavetar voyn dlaeTopd, LETAY®YY|, TPOoPOPN O Kot amrodounct. Ot dpot mov
enpaviCovron otig €. (5.25, 5.26) &rovv tovg €&ng ocvpuPorcpovg: C eivar 6pog
OLYKEVTPMOOTG OTOTE, C. €ivat To awpPoHEVO KOAAOELDES, C,y glval 0 ampoHUEVOS 10G,
Cyc €lvar 0 16¢ mov €xel mpoopoenfel emdve oty emedaveln Tov koAhogwovg, C.*
elvat 10 TPoopoPNUEVO KOAAOEWES emdved oT0 oteped mopmdeg, C,* eivar o
TPOCPOPNUEVOG 10¢ EMAVO GTO GTEPED TOPMDOES (oPaipeg YVaAoV), Cy* eivat 10 Tov
&xel mpoopopnOel embved GTNV EMPAVELD TOL KOAAOEWDOVS KOl 6TV GLVEXEWD  Eavd
TPOGPOPATAL ETAVED GTO GTEPED TOPMDOEC. Xvveyilovtag D eivar 6pog vOPOdLVOUIKNG

dwwomopdg ondte D, eivan dwaomopd tov 100 oty devbvvon x, D D,, opot

vy »
domopdg otig dAdec dvo devbvveoelc, D, daomopd Tov cvumiéypatog C,. otV

devbvvon x, D, D, 0pot dtaomopds otic dAheg dvo devbuvoels. Evo A etvar 6pot

vy»s

pLOUOL amodduUNoNG, CLVETOS A, amodduncmn 10V, A, amodOUNCT TPOGPOPNUEVOL
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100 €MV 61O 0TEPED TOPMIEG, A, OMOIOUNCN TOV GUUTAEYHOTOS Cyo eV A,
elvar pvOuog amodounong tov cvumAéypatog Cy.*. Téhog U elvar 1 evoomopmdng
TaYOTNTA TOL PELOTOL GTO OMOoio Yivetar M ovppetaopd kot F, elvar o pvOuog

E10AYWOYNG 100 GTO TOPDOEG,.

Onwg kot 610 Ke@. 5.1 mpv gpappdcovpe 1§ mopanave elomoelg (5.25, 5.26) Oa
TPEMEL VO, OPICOVHE TO HOVTEAO HOG (DOTE VO EMAEEOVUE TIG CMOTEC GLVOPLOKEG
ouvOnkes. Oswpodvtag 6Tt To ZyNuo 5.2 TEPYPAPEL EMOPKDOS TO TPOPANUQ
CLUUETOPOPEG OV €yovpe, Ba ypnowomomoovpe TG €. (5.1-5.7), mov dnAdvouv
UNOEVIKT 0pYIKT CLYKEVTIPMOOT] KO AOLATEPAGTA OPLo GE OAES TG d1ELOVVGELG.

Apyrog

O

& 16¢

N \
Ay 0

Yyqpa 5.2: opovoialetar mopmOeg GTO OO0 EIGEPYOVTAL OVO SLUPOPETIKMV EWOMV
pOmoL, 10¢ ko apythog, pe otabepn pon udlog. H dvvatdtro mov €xel o 10¢ va
TPOGPOPATAL GTNV APYILO KATASEIKVOEL TV VTAPEN TOV POVOUEVOL GUUUETOPOPAC.
Ot popeg YPappES TEPLYPAPOLY ASIOTEPOUCTA EOAPIKA CTPOUOTO EVA Ol ACTPES TNV
SIETMPAVELD TOV TTOPMOOOVG LE TOV ALEPOL.

Apod  mAéov  elvar  Owbéolueg ko ot Tplodldototeg €ElCMOELG
HETOPOPEG-CUUUETOPOPAS TO LOVO TTOL PEVEL EIval VA TIG GUVIVACOVLE GMOTA KOl VO
epapuocovue T amapaitnreg apOuntikég pebodovs. Iopaxkdtw @aiveton n cepd
emilvong:
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H dwodikacio exidivong g GUUUETOPOPAS EMPAAEL TPEG SLOOOYIKES EMAVCELG

1) Enilvon tov e§lodcemv PETOQOPES KOALOEODV
pe Tpoopdenon mov divovv tovg 6povg Ce, Cc*

€. (5.25, 3.5) (etvan ave&dptntec amd omoladnmote
AN petapopd).

A 4

2) Avon tov egloncewv mov divovy Toug Opovg CeCve
ko Ce*Cve* €&, (3.15, 3.16)
(Baoilovton otV peTapopd KOAAOEWDMDV)

A 4
3) Emilvon e£lom®oemv GUUUETOPOPAS LDV LE
TPOCPOEN O Kol VITOAOYIGUOC Opwv Cv, Cv*

€. (5.26, 3.23) (Baoifovtor otovg 6povg Ce, Cc*,
CcCvc kot Cc*Cvc*)

1n ENIAYZH

H mpd™ Aon avaeépetor oty oAl HETa@opd apyilov (KoAlogwés). Tnv Eavda
&yovpe dgl oto Ke@. 5.1 mop' OAa avtd €0d Oa yivel o Alyo S10popeTikY| eniAvon 1
omoia mepi€yetl péoa kat tov 0po "wm'", edv wm=0.5 161 vt ovopdaletor péBodog
Implicit Crank Nikolson. Kpivetar oxoémun n ypnong mg €00 Kab®OG umopetl e
LEPIKEG  TEPUTTAOGCELG pe HIKpOTEPT  YPOVIKY  dtaKkpltomoinon  (UeyaADTEPO
dt ouvemdyetal MydteEpEG ETOVAARYELS) VO OOPEPEL  LUKPOTEPO COAALO. GE GYEON
pe v Full-Implicit. I'evikdtepa otV coppetapopd vrdpyovv moAroil dyvmotot (&1
o€ oxéon e 000 NG OmAN HETOPOPAS) omdTE Kot avdvetal ekOeTikd to péyebog Tov
OLOTNUATOV TTPOG EMiAVON. AVTO onuaivel TOAAATAAGLOG YPOVOS VTOAOYICUDV TPV
T amoteAéopata eivar Stobéota. ZOVETMS aKOLO KoL 1 TTLO UIKPT OtKovopia xpovov
umopel va kével v d10popd Letald wpadv 1 AETTOV (VTOAOYICTIKAOV TPAEE®V).

Xpnoponoudvtog to KeEVIpKO oynua (central scheme) 1600 vy tov O6po TG
JoTOPAg OGO KOl Yot TO OPO TNG UETAYMYNG, UETATPEMOVUE OAESG TIG TOPAYDYOVS
mg €€ (5.1, 5.2) oe memepacuéves dwpopéc. Etor etdvovpe oe dvo opddeg
eClowoemv mov mpémel va. AvbBobv pall. H mpdtn aviiotoyyel oty amin e&icmon
HETOQOPAG Kot Exel TNV popen 5. (5.27).
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ACelfty + A Cei i+ AsCel |, + AuCeltY, + AsCelty, + AgCelt, +

i,jw i,j,w i-1,jw i+1,j,w
A7CC11 w-1t ABCCL] w+l = = by (5.27)
Omov A, ,=1—g &lval o1 CUVTEAEGTEG TV OYVOOTMOV CVYKEVIPOGE®Y C cl’”'llj w» KO LE
n+1

mv oepd tov Cc; glval  oLYKEVTIPOON NG OAVUEVNG APYIAOL GTO TOPMOEG

i-1,jw
otov emoduevo ypoévo nt+l  oto ke pe Saxpitikd Béong i— 1,5, w. Ot oyt®

oLVTELEOTEG Ay n=1—g OIdOVTOL TOPOKATO.

D¢y D¢y

1 D
Ai=L.wm+—+2-54+2 2 2
1 ¢ tutenet dy? t g (5.28)
1
—+L.qg wm |p
Ay = W (5.29)
_ Dcx wm U wm
A3 = - dx2  2dx (530)
_ Dcx wm U wm
Ay =- dx? + 2dx (531)
D¢y wm
A o (5.32)
D¢y wm
Ag = (5.33)
_ D., wm
4y = = Dem (5.34)
_ D., wm
4 = Pz (5.35)
Cc L*"WLCrd (1-wm) iy o Celt,rd Dy (1=wm) U (1—wm)
—_ pi i J cx _
b= 0 = o T oa T Cllhy W( dx? 2 dx )
Con (Dcx A-wm) , UQ —wm)) Celli 19 Dey 1 —wm) + Cepjriw Dey (1 —wm)
i=1jw dx? 2 dx dy? dy?
2 Doy (1 —wm) 2Dy 1—wm) 2D, (1-wm) Ccljw-1De; 1 —wm)
l} w ( (L (1 - Wm)) ydyz - dz? ) + - - dz? +
Cclt D., (1 —wm)
Cijw+1 Yez + FC (536)

dz?
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Evd 1 devtepn opdda E10MOEMV AVTIGTOKEL 0TI TPOGPOPNOT KOt £XEL TNV LOPPT:

Agccg};; + AlOCC;;};l =b, (5.37)

Omnov :

Ao = wm Rf-;*g (5.38)
1 *

A10 = _E - (Lc + Rc*—c) (539)

C R._.+06(1—wm)

p

n
Ci,j,w c—c

by = _<CC;;_W (2- G - wm) = Re—e 1 - Wm>)) - (5.40)

Yrg €€ (5.27-5.40) Cc eivor m ocwwpoduevn dpythog, Cc* givor m mpospoenuévn
Gpylhog emdived 6t0 0TEPEd TOPMOES, D elvar 6pot vOPOSLVAUIKNG S10GTOPAS OTOTE

D, &ivon dtaomopd Tov 100 otnv devbuvon x, D, , D., 0pol dSluomopas oTIC AALES

cy >
dvo devbivoelg. Evd L egivar 6pot puBuod amoddunong, cvvenmg L. amodounon
apyilov, L. amodduncmn mpocpo@nuévne apyilov erdvm 6To 6Teped TOPMmOES, R glvar
pvOuoi mpospdeNnoNg cuven®dg R +_. €ivol 0 puOUOG pe TOV 0TOI0 TPOSPOPNUEVT
Gpy1Aog EavapeTATPENETAL GE OMMPOVUEVT KOl R._.» &lval akpiPdg 1o avtiBeto
avtoV. Téhog U givar 1 evoomopdong tayhTnTto ToOL PELGTOL GTO OMOio YiveTow M

ovppeta@opd kot F, givar o puBuog eicaymyng apyilov 61o mopmoss.

2n EMIAY3H

Y avtiBeon pe 1o mpadto Prpa ot €. (3.15, 3.16) mov meprypdpovy Vv Onpovpyio
TV cupmieypdtov CeCve kot Ce*Cve*, dev €Youv HepIKES TaPUy®YOLS OAAL LOVO

po Tapdywyo mg Tpog To YPOVo.

Kato and xavovikég cuvOnkeg o1 cuvnBelg dtapopikég Aovovton oA eHKoAa, aKOUOL
Kol yopic v xpnon oapBuntikdv pedddwv. Mo ekbetikn avtikatdotaon o frav
VIEP apKETN dote va Ppebel M avaAivtikny Avor. Topa Opmg £xovpe cvGTHO U
YPOUUIK®OV e£I0MGEMV e EMTAEOV KivOLVo TNV euedvion axopyiog (ke. 6). Onote

YL VO TTEPLOPICOVE TNV GPVNTIKY EMIOPACT TOV EYEL TO PUIVOUEVO OLTO  OTNV
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mopeiol NG emMALONG  TPEMEL VO YPNOOTOMGOVUE VITovoovpevo oynua (Implicit
Scheme, ke@. 4). [lov cuvemdyeTonl GYNUATICUOS HEYAAW®V GLOTNUATOV EE1I0DGEMV.
Kdértt t€1010 dev 10 PAémovpe Yo Tp®dTH POPE AALL TO EAVE YPNOUYLOTOUCOLE Y10 VO
EMADCOVUE TNV OTTAY HETOPOPA TNG apyidov €. (5.25, 3.5). Ounwg tdpa £xovpe un
YPOUUIKES EI0MGELS, KOl GLOTNUATO UE TETOEG EEICMOELS OEV AVVOVTOL EVKOAM KO
nepkég opég dev Aovovton moté. H mo cvvnbiouévn pébodog yia emilvon avtdv
ovoTNHATOV givol ypNoN EAOYICTOV TETPAYOVOV. L& OLTH  EMALYETOL L0 OPYIKN
TPOGEYYIoN Yo TNV AVoT|, VITOAOYILeTal TO GEAALN TTOL TPOKLTTEL GOV AOPOICLLA TOV
SPOPDV GTO TETPAYWVO KoL GTNV GLVEYELWD YiveTan Tpoomddeio dote va pewmbel To
OLVOAIKO oaipa petafdAlovtog otoyevpéva (jacob matrix) Tnv apyikn TPOcEYYLon.
Otov 10 cvvolkd o@dApa pewwbel apketd M oev umopel va yiver koAvtepn
mpocéyylon  yw TtV Abonm  tote M Owdikocio. ovT)  oTOOT
(http://en.wikipedia.org/wiki/Non-linear least squares). H  péBodog TOV  EAOYIoTOV
TETPUYOVOV mop' 0Tl Eemepvd TO QOovOUEVO NG oKOpyiog, OVOTLYMG ExEl
npoPAnuata cvykhong. Idwitepa otav epapuoletor oe un ypouuikés e£lomoelg
aKopo Kot vo ovykAivelr eivar moAd apyn. H o epoappoyn g mpémer va
Tpaypatonoleital povo otav givorl TEAEI®S amapoitnTn SOPOPETIKA VILAPYEL KIVOLVOG
TOAD PEYOANG KaBLOTEPNONG GTOLG VTOAOYIGHOVS v OYl OLOKOMN TOV TPAEEDV

e€autiag ¢ un cvyKAonC.

Y1ic €€. (3.15, 3.16) ot 6pot g popeng (C’;C - C’;c)Z a@oPOVV TNV YPOUUKOTNTO, KoL

dvoyepaivouv mhpa moAL v emilvon. T va Eemepoaotel tOo €UmAO0 QLTO
ypnoworomdnkav cvykekpipuéveg péBosot. H dodesol rkm9mkn (intel ode solver
subroutine) eivar por e€gdikevpévn  vopovtiva M omoia vAomotel emiAvon
CLOTNUATOV PE CLVNOELS JPOPIKEG  Ywpig va yvopilel ek TOV TPOTEP®V TNV
ypoppkodTNTO N TO péEYEBOg ™G axkayiog Tov cvotnuatoc. EAéyyet og kdBe Prjpa v
TOPOVCO, SVOKAUYIN Kot EVOAAAGGEL QLTOUATO GE PNTO 1 VITOVOOVLEVO GYNLO OTOV
T0 Kpivel omapaitnTo. TNV TEPITTO®ON TOV YPNCUOTOLEL pNTO oY EPaprOleL TV
nébodo Merson's eved Otav epappdlel vmovoovuevo oynpo ypnowionotei, L-stable
(5,2) 4th order péBodo. I'a mo moAAEG Aemtopépeleg oyetikd pe v dodesol
TOPOKOAD  avaTpéETe  OTO  EYXEPIO0  YPNONG intel ode solver manual

(http://software.intel.com/en-us/articles/intel-ordinary-differential-equations-solver-

library/).
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Yrdpyet Opmc Eva akdpa TpoPAnue mov tpénetl vo Eemepactel mpy oAokANpmOel M
2n ENIAYZH. Ot &€owoeg (3.17) kon (3.21) AapPdvovv vmdéyn 100 poOVO TNV
TMEPIMTOON TOV 1] CLYKEVIPMOT TOV EIGAYOUEVOL 100 avéaveton 1 eivor otabepn.
AvtiBeta ayvoel v mepintmon mov 0 10¢ ehattdveTOL N £YEl UNdevioTel TEAEimG.

‘Etor yevikebovton ot €€. (3.17, 3.21) o yivovron €&. (5.55, 5.42).

Ayper =+ pé“ -, (Cicu, - CZ)ZCZ AC >0
Ao ==P2r . €, -c.fc AC" <0 (5.41)
A=t [0 -CofC, AC, >0
A=t lC. -C.fC AC, <0 (5.42)

Topa ypnopomoidvtog 11§ KatdAAnieg nehodovg kol vTopovtiveg givor dvvatn M
AMon tov elowoewv (3.15-3.22 ) poll pe tig yevikevoelg (5.41, 5.42) omdte won
moporapBdvovtol ot GLYKeEVIPOGES TV cvurieypatov CcCve kot Ce*Cve* .

3n EMIAY3H

Y10 tpito kou tedevtoio Ppa  Bo emAvoovpe TV WO oNUAVTIKY €Eicwon, TV
eElowon ovppetapopds €€. (5.26). Mall pe avtv PBéPata Ba Avbel ko n e&icmon
npocpopnong €&. (3.23). T va yiver kdtt 1€1010 €QapUOOVE TO KEVIPIKO OYNUQ
(central scheme) 1660 Y10 TOV OpO TG O1ACTOPAS OGO Kot Yo TO OPO TNG LETOYDYNG,.
Metatpémovpe e aTOV TOV TPOTO OAES TIC TAPAYMDYOVS GE TEMEPOUCUEVES OLOUPOPEC.
Tehucd @tévovpe og dvo opddeg e&lom@oewv mov mpénel va Avbovv poli. H mpdt
avtiotoryel oty e&icwon coppetagopds Kot Exel v popen €&€. (5.43).

n+1 *n+1 n+1 n+1 n+1 n+1

A76v;lJ.TV1V_1 + Agcv;};;ﬂ = b, (5.43)

Onov A, ,=1-g &ival 01 GLVTEAECTEG TOV AYVAOGTMV GUYKEVIPOGEDV Cﬁ_ﬁ,lj,w,
n+l

mv ogpd v (15, givon N GLYKEVTPOOT TOV SLIAVUEVOL 100 GTO TOPMIES GTOV

Ko e

eMOUEVO YpOVO N+l o710 KEAL pe dtaxprtikd Béong i — 1,7, w.
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Or oyt ovvtereotég A, n=1—g OldovTon TOPOKAT.

D

1 D v D
Ai=L,wm+—+2-2+2-24222 44
1 v tutenet dy? t o (5.44)
1
—+L,q wm )p
A, = % (5.45)
D,y wm U wm
Ay = =D 4
3 dx? 2.dx (5 6)
D, wm U wm
A, = 2ot 4
4 dx? 2dx (5.47)
Dyy wm
A5 = _d—yz (548)
D, , wm
D, , wm
Ay = ——2— 5.50
7 dz? ( )
D, , wm
Ag = ———=— 5.51
8 dz? ( )
b= _ Cifw Lva p (1=wm) BB, Lycp (1—wm) BBl Lycp wm  Cilyp
1 9 9 9 9 dt
* 1
_AAzj,w"'AAE,jr,lvgp _ P (_BBiT,lj,w"' BBln]+VI}) + AAD. . . (Dwx d-wm) UQ —wm))
dt 0 dt i+1jw dx? 2 dx

i—1,j,w

n (DW (1-wm) v (1—wm)) + AAT (Dwx 1-wm) U (1—wm)) n

i+1,jw dx2 2 dx

dx? 2 dx

n+1
wm AAi+1,j,w Dyex wm

clr + Py

(DW 1-wm) U Q- wm)) AA?—+11,1,W Dyex
1jw dx? 2 dx

1 1
(—aartl , + AT, ) U wm N AAT; 1 Ducy (1—wm) N

dx?

AA?./‘H.W Dyey (1 —wm)

i—-1,j,w
2 dx dy?

C

n
ij—1w

Dvy (1 —wm) " Cir,lj+1.w Dvy (1—wm) + AAz]ﬂ'_ll_W

dy?

n+l
Dycy wm n AAi,j+1,w Dycy wm

dy? dy? dy? dy?

Dyey (1 —wm) 2 Dyey (1—wm) 2 Dy, (1 —wm)) n

AR (= (Lye (1 = wim)) — 22

dy? dz?

2Dy l—wm) 2Dvy 1—wm) 2 Dvz (1—-wm)

Cliw (—(L,, (1 - wm)) +d1—t 12

Dyex WM 2 Dycy wm 2

dy? dz? ) +

*n+1 2
AR (= (L wm) — 222, e

DVCZ wm) + AAzj,w—l Dvcz (1 - Wm) +
dz? dz?

AA?;,WH Dycz (1 —wm) n Cir,l/',w_1 Dy, (1 —wm) n Cir'l/-’w_'_l Dvz (1 —-wm) n AA?}T\}/—l Dy, wm

dz? dz?
n+1
AAi,j,w+1 Dye; wm

dz?

dz? dz?

(5.52)
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Evd 1 devtepn opdda E10MOEMV AVTIGTOKEL OTN TPOGPOPNOT) KOt £XEL TNV LOPPT:

Agcv;};; + AlOCV;;};l = b, (5.53)
Omnov :
Ao = wm Rv;v*g (5.54)
1 *
A10 = _E - (Lv + Rv*—v) (555)
Cv;‘}llw R,_,x6 (1—wm)

(5.56)

* 1 *
b, = <Cvi’;l_w (E_ L,(1 —wm)— R,~_,(1 — wm))) — .

Ytic €€ 5.43-5.56 1oyvel o0t, Cv* givar O mpoopoenuévog 10G EMAVE GTO GTEPED
mopmdec, D givor 6pot vopoduvapkng dtucmopds ondte D,y elvan daomopd tov 100

omv devbvvon x, D, , D,, 6pot dtuomopdg otic dhheg 600 devBuvoelg, D, elvan

vy »
0106TTOPE TOV TPOGPOPNUEVOL 100 otV Sievbvvon X, D¢y , Dy, 0pot Sloomopds 611G
dAlec ovo OtevBuvoelg. Evad L eivor opotr puBupov amodounong, ocvvenmg L,
amodounon v, Ly omodouncn mposponuévoy 100 ETAVEO GTO GTEPED TOPMOEC,
opoiwg L,. kot Ly, Opot amodouncng tov GUUTAEYHOTOS 100 TPOCPOPNUEVOD GE
Gpytho Kot cuveyeio. TPOSPOPMULEVOL GTO GTEPED TOPMIEG avTioToya, R elvar pvOuoi
TPOGPOPNONG ovvem®s R+, &ivar o pvBudg pe tov omoio TPospoPNUEVOS 10G
Eavapetatpénetal o ouwpovpevo kot Ry, _,« etvar akpipdg to avtiBeto avtov. Térog
ot 6pot A4, BB avtiotoryovv o AA = CcC,. xaw BB = Cc*C,,, pe C,. vo givol 1o
OUUTAOKO TPOCPOPNUEVODL 100 €mAved otnv dpytho eved €y, vo elvar 1
TPOGPOPNUEVT] LOPPT) TOV ETAV®D GTO GTEPED TOPMOEC.

XPNOWOTOIDVTOS TIS OLVOPLOKES Kot TIG opykés ovvinkeg (5.3)-(5.10) oe
ovvovacud pe Tic opades eéloocewv  petapopdg €. (5.43) kol mpoopoenong €E.
(5.53) oAAd kou ewodyovioag to amotedéopata  Cpe, ., Cc ko Cc* amd to dvo
nponyovpevo Prupata (I emihvon, 2n emidvon) oynuoatietar éva  ovoTnUO
e€lomoenv, pe 2 nx*ny*nz ayvdotovg (nX, ny, nz aptBpog KeMmv oTig 3 Sl0oTAGELS
avtiotorya). To omoio €xel mivaxko (UNTP®O) ™S HOPPNS Zynua 4.90 kot Advetal
ebxola pe v uébodo LU Decomposition (kep. 4.3.2.1). To amotélecua ovtig eivat
N ToporaP] OAOV TOV GLYKEVIPAOGE®Y TOV 100  O€ OOKPITEG YWPIKEG BEoELS Kot
OVYKEKPIUEVES YPOVIKEG OTIYUEG TTOV EMPAALOVTIOL OO TO YOPIKO KO YPOVIKO Prpa
nov €yel ypnotpomomOet, avtictoryo.
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6. XTAOEPOTHTA KAI AKPIBEIA

6.1 AKAMWIA KAI MH TPAMMIKOTHTA

Avotoydg dev gtvar duvatd yuo Oheg T peBddoVg va GuYKATVOLY VIO 1 Vo £XouV
akpin amoteAéopata.  YTApYovv TOAD TOpAYOVTIEG Ol OTOIOoL OLGYEPUIVOLV TIC
EMAVGELS N TG KaO1oTOVV TEAeimG advvates. Mia artia eivon n ypappukotra. Edv oev
VIAPYEL aVT OTIC €EI0MOELS OAAG avTifeTa LVIApPYOoLY Opol OMWG TETPAY®VA 1
nuitova 1 yvopeva HETaED TOV AyvooTov PETAPANTOV TOTE 1 €0pecn TG Abong doev
elvarl amAn vtobeon. AvTov Tov £100VG 01 EEIGMGELG OV EYOVV L0 KOl LOVAOTKT] AVom
aALG éva cVOVOAO AVcemv Tov kdbe @opd petafdAlovior avdAoyo LE TIG OPLoKEG
ouvOnkes. Idwitepa un ypappukd wpoPAnpate mwov mePEYovy  TETPdywva (Opovg
vVYovuévoLug otV OevuTépar dOvaun) M yeViKOTEpa oe KAmow  dpTio dHVOU
AvTIHETOTILOVY TOAAG TPOPANUATA O TPOG TNV GLYKALOT T®V ADGE®V TOVG KOOGS
eumodileTon M omartovpevn aAdayn mpoonuov. ‘Etot dv yioo kdmoto Adyo Kot tnv
dwpkewn G emilvong, M oplBunTiKkn AVoN mApPEL G KAMOO OMUEIO ML T
peyoAvtepn amd 0Tt Oa Enpene, TOTE Elval AdVVOTO VO EMGTPEYEL GE ATOOEKTEG TIUES
eEantiog Tov TETPAY®VOL OV Kpatdel mhvta OeTikd Tpoonuo. M té€toln mepinTmon
etvan ko m €€. (6.1) n omoia €xel v popen tev €. (3.15, 3.16) mov meptypdpouvv
dnuovpyia tov cuykevipocewv C . Kot C.. oto keg. 3. H puoin cuvdikn n onoia

Bo mpémer va woyder elvan Cpq = Y (2).
Y'() = (Cog = Y(D)* —01Y(E)+10 (6.1)
Y(0) =0, C, =50 (6.2)

Koutélovtag Tic apyikéc cuvOnkec €. (6.2) mapatnpeiton 6Tt yia t=0 10 Y (t) > 0 1OV
onuaiver 6Tt aeod vIapyeL BTk Tapdywyo Ty ¢ Y () Ba avéavetal. Kabog
Opmg mepvdel o xpoOVOG 0 OPOg (Ceq —Y(t))2 LEWOVETAL OAO KOl TEPIGGOTEPO LE
amotéleopo o puOuog avénong tov Y(t) vo pewdveror. Avti m dwadikacio Oo
ouveyotel péyptto Y () va mépet ruy 0. Tote Bo otapoariost ) adénon tov Y (t), Ho
dtatnpnOetl n TpExovca TN TOL 6TO YPOVO Kol o KAbe mepintwon to Cpq > V(1)

(ExMua 6.1 pmhe ypopur).

T1 yivetar 6pwg 6tav A0yo tov aplOuntikdv ceaipdtov 1o Y(t) yiver peyaddtepo
0V Cpq. TOTE avTiM Y'(t) va dlatnpnoetl undevikn tedkn T 6mwg 0o deetre Ha
Eavamoktnoetl BeTikn kou poioto pe omdtoun avcovcso mopeio eEoutiog Tov Opov
(Ceq —Y(t))z. Amotéleopa avtod eivol Oyl uovo mpoocwpva  va mapoaProcOel M
POk cuvONKN Cq = Y () aArd vo yabei tedeimg n cvyKAon tov TPOPANUOTOG
Eympo 6.1 kéxkivor kOokAol). Edv to tetpdymvo péoa oty €. (6.1) dev kpatovoe
ndvto o mpdonpo OBeTikd, TOTE dev B vINPYE TéTOOG Kivouvog. Mo kotd AdBog
vrgpPoaomn tov Y(t) nave and to Cpy Ha 0onyodoe oe apvntikd Tpdonuo v oyéon
(Ceq — Y(t)), B siyope apynTiky Tapdyoyo Y (t) < 0 kor gBivovsa mopeia Tov Y (t).
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daiveTon AomOV TOGO KOTACGTPENTIKEG GUVETEIEG LWTOPEL VAL EYEL L APTLOL OVVAY| OE
po optOunTikn Avon.

INa va amopevyBodv to mopomdve wpoPAiuate cvyvd oty Piproypapio
YPNOLUOTOLOVVTOL EWOIKES poVTivEG Ol 0moieg Ppovtilovy va Kévouv eEapeTIKa LIKpA
Bruata og kpioyes meployéc 1 va BEToOVV TEPLOPIGUOVG GTO TOCO UEYAAEG UTOPOVV
va YivouV ot TIHEG TV PETOPANTOV.

Z0ykplon eniluong Me | Xwpig AopOwon

100
90 -
80
70

[ J
60 .' |
50 U F @® Y[t] No Constraints

Y[t]

—=Y[t] Bounded with
30 Contraints

20
10

O T T T T 1
0 0,5 1 1,5 2 2,5

t

Zympa 6.1: Tlopovcialovto dvo emhvoelg g e&. Y (1) = (€, — Y(t))2 —0.1Y(¢t) + 10.
H ovveyduevn umie ypapun €xer mpoébet ppovtiloviag va aAldlel n apykn
e&lomon oe Y () = —(Cy — Y(t))2 —-0.1Y() +10 6tav 10 Y(8) > C,. Avrtifeta ot
KOKKIVEG KOVKideg delyvouv Tt cuppaivel dtav kotd AdbBog e€antiog v aplOuntikov
cpolpdtov To Y(t) Eemepvael oe £va toyaio onpeio o C,,. H ovyrhion yéveron kou n
@uotkn cvvinkn C,, = Y (t) nopaPraletar.

Extog 6pmg and v ypopukdmra Evag 0e0TePOg TaPAYOVTaG TOV SVGYEPAIVEL TNV
apOunTkn eniAvon eivon n akapyio Tov e€lodoewmv (equations stiffness). Av kot dev
VIAPYEL OKPIPNG OPIGUAC Yo TO PAVOUEVO oVTO, Bempovpe 6Tl o e€lomon &xet
axapyio 0Tav 1oYvEeL £va amd To TUPOKAT®:

I Tlepiéyel TOAEG SLOPOPETIKEG YPOVIKEG KATHOKES. ANAOYT OpPIGUEVOL OPOL TNG
7.y amocvvOesT, aALALoVV-@Bivouy TOAD To YpY|YOpa amd TOLG GAAOVC.
II. Zmv opBuntikn Avon ¢ t0  PRuo  vIoyopeveTol omd  TIC
amouTNoElS oTafepdTNTOC KO OYL OO TIG OTOTOELS aKPiPELa.
II.  Edv n gpapuoyn pntig nebddov oe avtn dgv gival amodotikn 1 Asttovpyel
TOAD apyd Kot £T61 KPIVETOL ATOPOATTN 1] YPTOT VITOVOOVLUEVOL GYNLLATOG
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IV. To obdvolo TtV WIOTIH®OV TNG, £XOVV ApVNTIKO TPOYUOTIKO UEPOGS, KOl O
delkng dvokoapyiog (0 AOY0G TOVL TPOYUOTIKOV HEPOLG NG WEYOADTEPNG
W0TIUNG  TPOG TO  TPOYUOTIKO UEPOS NG  MkpdTEPNC) £lvon peydiog.

V. Tevikotepa o e&iomon (1 odvoro eflomoemv) €xel dvokapyio Otov ot
WOOTHES TOV PUNTp®OL Jacob mov oynuatiletal and avtv, £xel IOIOTHEG TOL
StpEPOVY TOAD PETAEL TOV o8 Péyebog.

E&iohoeic mov €yovv okopyio HEGO TOVG TPOKOTTOLV GE TOAAEC TPOKTIKES
EPOPUOYEG, OTMG  HOVIEAOTOINGT YNUWKAOV OlEPYACIOV 1  OVOAVCT MAEKTPIKOV
Kukhopdtov. H ocvvémeleg tov poavopévov avtov peyeBdvovion oe peydro Pabuo
otav yivetan TovTtOYpovn EmiAvon TOAA®V e£l0DGE®Y. ZE QLTHV TNV TEPITTOCY TO
Bua g apBunTikng avaivong uropet va emParieton oyl amd v e€iocmon pe v
O CNUOVTIKY EMOPOCT) GTO TEMKO OTOTEAEGHOL OALQ OTO CLVTNV LE TNV 7O YPNYOPN
petafoln. AnAadr| Bo pumopovoe o e&icmon va unv Stadpapotilel onuovIikd poro
070 amotéAecpa, Tap' OAo avTd va glvar n cuykeKpUEVN 1 omoia Oa emiPdiet To Prjna
™G oLVoAkng emidvone. Ta 1w woyvovv kot yio to Bépa gvotdbelag GHYKAIONG.
Mmnopet o e&icmon va punv éxet tpofAiuata  6tafepodtnTog 0TaV AOVETOL LOVN TNG,
OAAG OTOV eMADETAL HEGO GE CUOTNUO TOTE VO TPOKVTTEL PUEYAAN aoTdbEl0l KO Vo
yperdleton va ypnolomoinfel moAd pkpd Prpa yio va armoeevydel n actoyio. Ot
OLVETELEG TNG aKapyiog 0ev elvar Tavta OTL ¥PpelOlONOOTE TIO AETTY O1OKPITOTOIN O
YL VO QTOQUYOLUE TNV aoToyio dpa ¥pelOLOoTE MO TOAD LIOAOYIGTIKO YPOVO.
2V TPAYUOTIKOTNTO  VTAPYEL TEPIMTMOON OGO KOl KPS Prpo vo TEpOvpE 1
obykAon va un €pBet moté 1 axopa Kot vo £pbetl, autn vo 0dnyet e AdBog Avon).
[Mopaderypo cuoTrotog pe peyain akapyio eivar ot €€. (6.3-6.5) mov meprypdpovv
ynuikn avtiopaon Robertson (Robertson chemical reaction). ITapatmpodvtor moiy
HEYAAES SLoPOPEC OTO HEYEDOC TV GUVTEAECTMOV TMOV AYVAOCTMV.

y; = —0.04 y; + 10*y, y; (6.3)
y, = 0.04y; —10*y, y; — 3 %107y (6.4)
y3 = 3%107y3 (6.5)

Opoimg n €&. (6.6) €xel mTOAD pkpéc KAoelg (Zynpa 6.2 Kuovh YPOoUUn) Kot AOYIKA
Mya Prpato Bo ftov apketd ywoo v - emilvon g Ilap' 6ha avtd eéortiog g
axopyiog ypelaletar apketn mpoomdbeia dote vo Ppebel 10 cwotd amotédecua
ymua 6.2 (http://en.wikipedia.org/wiki/Stiff equation).

y'(£) = —2y(D) (6.6)
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| | |
Euler h=1/4 —F—
2= Euler h=1/8 —F— |
10 Adams-Moulton, h=1/8 —5— |
}\ /E\ /E\ /FljaCt solution
_1 - —
2 = -
3 | | | |
0 0.2 0.4 0.6 0.8 1

Xymqpa 6.2: Iopovcidlovtal dtapopetikés emAvoelg g €. (6.6) yio A=-15, pali pe
mv apyikn cuvonqkn y(0) = 1. Ioap' 611 n khion g akpiPrg Aong eivor moAd pikpmn,
dvo amd TIg Tpeic mpoomdbeleg emidvong pe pntég puebooovg amétvyav. H pébodog
Euler Boaciletar oty oxéon Yni1 = Y, + hf(tn ,y_n) evo n Adams-Moulton

1
OtV Yn4+1 = Yn +E h(f(tn ryn) + f(tn+1 ryn+1))-

Biproypapikd oto mopaxdatw wivako 6.1 @aivovior €va ocbvolo cvvnOicpévov
aplOunNTIK®OV peBOd®Y TOV YPNCIUOTOIOVVTOL Yol TNV EMIAVOT GLUVHON O1POPIK®V
e€10MOEMV, KOl OTNV CLUVEYELN TOPOLGLALOVTOL UEPIKES OO TIG YPOUPIKES TAPUCTAGELS
aVTAOV.

IMivaxkoag 6.1: ALyopiBuotl yvootodv aptfuntikov pedddwv, oémov m eivar o Prjporta
nov ypeldlovtal o KGBe r o©TAS0 OOTE Vo TPAYHOTOTOMBEl 0 VITOAOYIGUAC TOV
emopeVoL onueiov y, 1 kol p glvor n tédén TOV JSPOPKOD TOV TPOGOLOUDVETAL
(Richard Palais and Robert Palais, 2003).

Method (order p) | ynt1 = (m-steps, r-stages)

Euler (1)

Backward Euler*(1)
Midpoint (2)
Leapfrog (2)
Trapezoidal®(2)
Heun (2)
y-Midpoint*(2)

Yn + hf (tnyyn) (1,1)

Yn + hf(tnt1, Ynt1) (1,1)

Yn +hf(tn +h/2,yn +hf(tn,yn)/2) (1,2)

Yn—1 + 2hf(tn, yn) (2,1)

Yn + h(f(tnsyn) + f (st yns1))/2 (1,2)

Yn T h-(f(tn: yn) + f(tn—i—l:. Yn + hf(tn: 'yn)))/Q (1= 2)
Yn + hf(tn +1/2, (yn + yni1)/2) (1,2)

*Implicit method

Y10 Zynua 6.3 eaivovtatl ot péBodot tov mivaxa 6.1 ce gpappoyn. XopoKInploTIKN
mepintwon eivor n pébodog Leapfrog mov evd KOTOPEPVEL VO TPOCOUOIDGEL TNV
andtoun kiomn cwotd XyMua 6.3y, arotvyydvel otnv gvbeia eotiog g axopyiog
oL veiotaton oty e&icwon mpog emilvon €£.(6.6).
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7000

-2500
0

1.0

-32

t 1 0 t 1

o) MeBodog Euler: AotaBela B) M£Boboc¢ Euler: EuotaBela-Aotabela

2.8

8) M£Boboc Midpoint: EvuotaBeia

L0

€) MeBobog Trapezoidal: AotdBeta {) M€6060c¢ Backward Euler: EuotdBela

Yympo 6.3: Tlapovcidlovion drapopeTikéc nEBod0l 68 KATAOTACELS EVOTADELNG KO
aoTa0e10g. e KPEG KAMOES (aivovTol Vo OVTETEEEPYOVTOL OTOTEAECUOTIKA OAAG
otav To ypoaeruate yivoviot o amotopo tote amotuyydvouvv. H eicmon mov Avvetal
etvaun y=A4y, y(0) =1, pe A=-1, -2, -4, -8, -16, -32.
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6.2 IIEPIOPIXMOI XTIX EZEIXQXEIX META®OPAX

Ot pébodot mov ypnoomombnkay dcte vo AvBovV 01 EEIGMOCELS  UETAPOPAS OAAL
CUUUETOQOPAG KEP. 5, emMAEYOMKOV LE TO KPUITNPLO TNG TOYOTNTOG OAAL Kol TNG
evotdBeroc. Tlopaxdto oidovionr pepucol meplopiopoi amd v PipAoypagio mTov
dtcarilovv v chykMon).

Pntd oynua (Explicit scheme )

To pntd oy 0Tav ¥PNGILOTOIEITOL Yo TO OPO TNG SLOCTOPAS GLYKAIVEL £V 1oYDEL 1|
elowon 6.7. Alpopetikd €xovpe TO GAIVOUEVO OV TapaTnpeital oto Xynuo 6.4
(Zheng and Wang ,1999):

R
Dxx +D)’Y +Dzz

VY AY I/

At < 0.5 (6.7)

To pntdé oymua oe cvvovacud pe v ovivin pébodo (upstream scheme), dtav
YPNOUOTOIEITAL Y10 TOV OPO TNG UETOYMYNG CLYKALVEL €AV 1oYVeL N €E. (6.8):

R
Yy
Ay

At <

r (6.8)
.

vz
Az

+

+

(Zheng and Wang ,1999)

Yg KOMOlEG MEPUTTAOCELG 0V £XOVUE Kopio oOyKAlon 060 HIKpO Kot va yivel To
xpoviKo Prpo At. Mo amd avtég gival to pntd oYU 6€ CLVOVACUO UE KEVIPIKES
dwpopég Otav  ypnolomoteiton  yuwu va  emAvfel o Opog NG HETOY®YNG
(Zheng and Bennett, 1995).

Y1ic e&iomoelg (6.7) kan (6.8) woybovv Ot At givarl to ypovikd Pipa, vy eivorl n
EVOOTOP®OMG TayVTNTO 0TV d1evbvvon X, Dy, &ivarl 0 cLVTEAESTHG VOIPOSVVALIKNG
dwwomopdg oty Owevbuvony X, R elvar o ovvieleomig  emPpddvvong
(retardation factor €£.1.15).
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Applied Contaminant Transport Modeling

l

a-6-6-0 At=1day
*-%-%-% At=>5days
& 2 a4 At =10 days

Co/C

-1.0

-2.0 T T
0 50 100 150 200 250

Distance (m)
Impact of the time step size on the explicit finite-difference solution.

Yympa 6.4: Iopovoialetor 1 enintwon oL £YEL TO YPOVIKO Prito 6TV LOVOSIAoTOTN
eElowon petapopdc. Tapatmpeiton 6tL Yoo At=10 t0 cvoua yivetor actabég Kot
dev vdpyel ovykAlon (Zheng and Bennett, 1995).

Yrovooouegvo Xynua (Implicit scheme)

Ye avtifeon pe 10 pnTd  TO VIOVOOVUEVO GYNUO OV £XEL TPOPANUATO GVYKAIOTG.
[Mapora avtd avipetonilel TpofAquato axpifelag, ta onoio EemepviobvTol yio TV
TEPIMTOON LOVOOLAGTOTNG HUETAPOPAS OTav 1oyvovv ot €. (6.9, 6.10) (Zheng and
Bennett, 1995):

Pe = T <2 (6-9)
. ==-<1 (6.10)

H e&iomwon (6.9) dwwceoariletal pe Tukvi SlOKPITOTOINGT TOV YOPOL (KPS HKOG
keMoO Ax). Evd pe v oepd g n €€ (6.10) wavomoteitar otav €yovue LiKpo
YPOVIKO Prjna At.

90



Crank-Nicolson Xynuo

Y10 xep. 4.3.1.2 opiocape o evordueon péBodo peTOED TOL PNTOV KOL TOV
VTOVOOVEVOL oyNuatos. Avti ovopdotnke Crank-Nicolson. H cOykiion g v v
MEPIMTOON OMANG UETAPOPAS TNYALEL ATO TO VTOVOOVUEVO GYNUO KOl OG EK TOVTOL
etvan eEacparopévn (Zheng and Bennett, 1995). H ypnowyomta avtg e pebddov
gykettol 61o 0Tt Buoidlovrag evotdbsto avEdvovpe apketd v akpifelo. ZuVenmdg
pe v 1o dtakprromoinon €6v vVApyEL GVYKAMON givarl TOAVO va £xovpe KOAVTEPN
axpifelo amd 6t Oa giyope oto TANPOS vIovoovpevo oynua. H mayida oty yxpron
™G peBodov avtng eivar 0t T0 €0pog dwakprtonoinong oOmov eEacporiletar M
amoteAeopaTikéTTO TG €lvonl mOAD pikpd. Me amotéhecpo To emmALOV OeTiKA
YOPOKTNPLIOTIKA TOV TPOGPEPEL VO LNV UTOPOVV Vo xpnoipomombovv kat avtifeta to
apyntikd g va vepioyvovy. [oapdoetypa avtov eitvar to Zynuo 6.5

Crank Nikolson vs Full Implicit Relative Error
185% 18,6 %

20 A

18

16

14

12
x
o 10 7,7%
@
s 8
&
o 6 - 4,0%
s
g 4

5 0,01% 0,5%

0 T T ]

dt=0.5 sec .Vs. dt=0.1 sec .VS. dt=0.05 sec .VS. dt=0.01 sec .Vs.
Accurate Accurate Accurate Accurate
B Crank nikolson  m Full implicit

Yympoa 6.5: TTopovoialovtal to oyeTiKd cedApota HeTacy TG akpiPrg Avomng Kot
dvo aplBunTikdv pedddwv: a) Tov pntod oynuatog ot B) Tov oynuatog Crank-
Nicolson. To mpoPAnua  mov  emAvOnke OVOQEPETOL  OGE  GUUUETOPOPA
YAPMNOLOTOLDVTOG 1010 S10KPITOTOINGN GTO YMPO Kot id1EG PLOIKEG TTapapétpovs. To
OUVOAIKO GYETIKO GOAALLN VTTOAOYIGTNKE GOV 0 HECOG OPOG TMV EMUEPOVS CYETIKMV
CQOALATOV OA®V TO KEAIDV TOV OplOuUNTIKOL HOVTEAOL. Me 10 GYETIKO COAAUQ

, , ) c e
divetar amd v oyfon e = —9<

Cacc
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210 Zymua 6.5 eaivetor puo cvykplon ®g mpog TV akpifela petald tov TANP®S
vrovoovpevov oynuoatog (Implicit Scheme) ko g pebd6dov Crank-Nicolson. Omwg
mopatnpeitol To cedApa etvar to id1o yia dtakprronoinon dt=0.5 sec, aAld KaOOC TO
dt maipver 6AO KOl PKPOTEPES TIUES TO COAALO LEUDVETOL TOAD 7O YPHyopo 6TV
Crank-Nicolson am6 6tt ommv Full Implicit. H mepoyq Swakpiromoinong mov
TPOYUATIKE cLHEEPEL va ypnotpomomoovpe Crank-Nicolson givar peta&d dt=0.5 sec
kot dt=0.1 sec. mépa amd T0 SAGTNUA OVTO TO GYETIKO GOAANN peTa&h TG axpPng
Ahong kot g apBuntikng ivor to id1o kot yuo Tic dvo pebodovs. I't' avtd yperaletan
kavelg va eetdlel mpooektikd edv a&ilel va epappootel to oynuo Crank Nicolson.
Yrmhpyet moAd peydAn mbovotnta vo pewwbel vrepPoikd M evotdbela NG
apOuNTIKNG Adong, KafoTdvTag TNV EVAAMTN 6€ HKPEG AANAYES TOV TOPOUETPOV
€160000, Ywpig va 000el cav avtdAiaypo 1 avaplevOEVT emTAEOV aKkpifeta.
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7. AOMH ITHT'AIOY KQAIKA

7.1 AEITOYPTIA TOY KQAIKA OAOKAHPQXEIX

Onoc avoeépOnke kol oto wponyoLHeva KeQPOAowo TO TPOPANUO NG OTANG
petapopds €€ (5.1, 5.2) AoOnke pe 000  OpopeTikovg  peBdoovG:
o) YPNOLOTOIDOVTAG AVAAVTIKOVG TOTOVG €&, (4.4-4.18) ko1 0OAOKANPOVOVTOG TOVG
aplunTkd P) ypnoonoldvag apBuntikovs uebosovg kep. 5. Me avtdv 10 Tpdmo
&ytve oOYKPION TOV OMOTEAECUATOV TV 000 HeBOdwV ko eEnydnoav yproiua
ocvoumepdopato yo. v aflomotio g teAevtaioc. Me okomd v vAomoinomn TV
TOPOTAV® EMAVCEDV, YPAOTNKOYV oIV YA®ooo Tpoypoupatiopod Fortran (Intel
fortran 11.1.0.61 with MKL 10.2, Visual studio 2008) ot aropaitnteg vmopovtiveg,
dtvovtag peydio Bépog 1000 oty TaydTNTA 060 Kol 6TV akpiBeLa Tovg.

H Swdwcocioo mov akoAovdnOnke PBociletor omv apBuntikn 0AOKANP®GON OTOV
OTOYEIMOEG emeavelr Bewpeitor to Tpaméllo pe avowktd dkpa. To kvploTepPo
TPOPANUa  mov avtipetonilovy ot  avoAvTIKEG Avoelg Oewpeitor o ypdvog.
Ot g€, (4.1)-(4.4) mepiéyovv péco Toug ToAkamAd odokAnpdpota [Jf , pe amotéheopa
Y0l VO DVTTOAOYIGTEL [0l TN Y10 TNV GLVAPTNON TOV EEMTEPIKOD OAOKANPDOLOTOS VO
TPEMEL Vo, YIVOUV 000 KOt TPELS OKOUO SLUO0YIKEG OAOKANPMOOELS. AVt I dladKacio
elvar eoupetikd ypovoPoOpo Kot 1M EMAOYN] TOL GYNUOTOS OAOKANP®ONG €lval
KoBOPIOTIKT Yo TNV OKPIPELR KoL TV OMOTEAEGLOTIKOTNTO TOV TPAEEMV.

To oynuo olokANpwong ywo TV mapovoa epyacio emiéydnke va eivar "Tpoanéllo pe
avolktd dkpa" XZymua 7.1. Xoapakmnplotikd avtov eivol 0Tt pumopel va. vroioyilet
EMPAVEIEG OV EYOLV  OAOKANPOGIES acvvExetes. Tlapatmpeiote v e&icwon 4.1,
v t=0 dev pmopel vo VTOAOYIGTEL 1| TN TOV E0MOTEPIKOD OAOKANP®UOTOG e€ontiog

, Az (1) , , , , , ,
00 Opov — 5= 0 omoiog Teivel ot0 Gmelpo Yo { > 0. Emmhéov m péBodog avti

]
TOPEYEL TNV OLVATOTNTO MGTE Ol VITOAOYIGHOL TOL YivovTol GE J1d0YIKE GTAd10 Vo
unv - yévovtow oAAd vo  ovvepyaloviat. AvTO OELKOAVVEL TNV YpNoN TOL

npocapprolopevov Pruartog (adaptive step).
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ITwo avaivTtikd :

1. Bewpeitar apykd Tvyaio Prjua step.

2. Ymoloyilovtal 6t0 TPMOTO 0TAd0 O TIEG NG ovvaptmong FB, FI' ota
onueia step/4 ko 3 step/4 avtiotorya.

3. Ymoioyilovtan ot Tyég g ovvaptnong FAxar FA otig 0éoeig 0*step ko
I*step avrtiotoryo, Oewpaviog 0tL 1 evbeio Tov cvvdéel to FA ko FA
nepvaetl and ta FB kot FT.

4. Ymoloyileton T0o gufadd Sum; 6Alov Tov Tpameliov mov £xel BAon UKoV
step (tpaméllo FA, FA, 1,2 ) Zynua 7.1, pe PBdon tov yvwotd tHmo:
Baon pucpn + Paon peyddn eni Hyog do dvo €&€. 7.1.

5. e devtepo otddlo voroyiletor ) T ¢ ovvaptnong FBI 6to péco tov
dloTHaTOoG step Zynua 7.2.

6. Ymoioyilovian to onueion FA xou FA pe Bdon v Aoy ot mAéov
vrdpyer o gvbeia mov evavel ta onueia FA, FB, FBI™ ko pua Eexymopiom
n onota evaver ta. FBI, FT', FA.

7. Ymoloyiletor mAéov TO0 GLUVOAKS gUPadd TOL GYNUATOG e Ao stepsum;
ypnowonowwvtag v €. (7.2), Zynua 7.2.

8. XZvykpivovtol Ta amoteAéopoto Sum; ko Sum; pe v €. (7.3):

a. Edv division< 0.0000l.and.division>=0.000001,TOTE TO
Bruo-step moh €yovpe emAéEel eivor KOAO KOl UTOPOVUE Vo
TPOYMPNGOVUE GTNV ETOUEVT TEPLOYY| OLATNPOVTOS TO 6TAHEPD.

b. Eév division<0.000001D0 .or. abs(suml)<1.D-18,TOTE TO
Brpo-step oo Eyovpe emhééet etvar TOAD pikpd. Avtd pmopel va
opeiletan €ite €mewd M CLVAPTNON TOL OAOKANPOVETOL GTNV
meployn ovtn eivor otabepr|, eite emedn TO OMOTEAEGUOA TNG
OAOKANPOONG €ivar TOAD Kpd o€ OYECN HE TO TEMKO
OMOTEAECUO,  KOL OEV HOG EVOLNPEPEL VO EXOVUE KOADTEPT
akpifera. 'Etor pe 1o mapoév Paua €ovpe peiwon g
OTOTEAECUATIKOTNTOG TOV TPOYPAUUOTOS Kol KoBuoTepOvLE
yopic Aoyo. 't avtd to emopevo Prpa Ba eivor peyaAdtepo Katd
10% .

c. Eqv division> 0.00001 t6te M 1O PH0 pog €ivor opkeTd
peydio kot €xet petopévn akpipela. Kpivetar amapaitmrog o
VITOOMAOCIOCUOG TOV PUOTOG Kot 1) EXOVAANYN TV Bnudtov
amd To Prpa 2 péypt to Prpa 8.

9. Ymohoyilovpe xorvovpro Start =start+step, kot Eekivape v OladtKacio
amd 10 voOuepo 2.
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N
w
P I N

step/4 step/2 step/4

Yympoa 7.1: Tlopovcidletan tpamélio pe yvootéc tTic Tinég FB ko FTT kot dyvooteg
1 FAxou FA.

FA
FB FBI
Start —
1 2 3 4
| | |
I I 1
step/2 step/2

Yympo 7.2:  Ioapovoialeton tpamélio pe yvootég tic Tipég FB, FBIT kar FI' o
ayvooteg T1¢ FA xan FA.

_ FA+FA

Sumy = step (7.1)
Sum, = FA+:BF step + EBr+rd step (7.2)
division = Absolute (Sumy—Sum1) (73)

sumy
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Eneon vrdpyer mepintmon yio kdmolo Adyo va unv umopel va Bpet to mpdypoppo
KATAAANAO step mov va mAnpoil OAeg TiC mpovmobéoelg (kaln axpifela kvpimg)
vrdpyel meplopiopdg votepa and 1000 emavainyelg, vo otapatdel kdbe mpocmadeia
Y. KaAOTepo step va gpeaviletar pivopo AdBovg kot vo cuveyilel 6to emdOUEVo
onpeio Tpog OAOKANP®OT).

Mo va Bektiwbel n axpifero olokApwong, yopig coPapd KOGTOG GTOV YPOVO, GTO
TpoOypoppe Tov Avvel v €€. (4.2), yivetor ohokAnpmor otov ypdvo omd 0 €wg 1 pe
to Tpaméllo Zynmua 7.1, 7.2, eved yuoo xpdvo PEYOADTEPO TOL EVOC YPNOLLOTOLOVVTOL
nopamAncio Tpomélia TNG HopeNg Zynua 7.3 ko 7.4.

FA
Fr
A FB
Start
1 2 3 4
| ] | |
[ | | |
step/10 step 8/10 step 9/10

Yympa 7.3: Ilopovcidletan tpanélio pe yvootéc tic tinég FB ko FI' kot dyvooteg
11 FAxon FA.

FA
FA Fr
FB FBI
Start _
1 p
l 3 |4 |
I T !
step/2 step/2

Yympo 7.4: Tlopovoidleton tpamélio pe yvootéc tic tuég FB,FBI kar FI' won
ayvooteg 11g FAkat FA.
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7.2 AEITOYPT'IA TOY 'EINKOY KQAIKA ANAAYTIKQN AYXEQN

H €& (4.2) Mvetan and ta mpoypappo pe évopo: "pFin Program". H yevikn tov
Aertovpyia etvon 1 €€NG:

Yrdpyer évo Poaocwd opyeio mnyoiov kddwo (basic program.F90) 1o omoio
avalapupavel va avoiyet Ta KatdAAnio apyeio kot vo dtafalet Tiég omd avtd. Avtég
umopel va eivan eite Paocikd peyédn mov meprypdeovv TO pOVTEAO, €lTE OL
ouvteTayIéEVEG TV onuelowv ota omola amouteiton vo gupebel 1 ovykévipwon C
VoTEPO Ao KAmMOoV Ypovo t. Ltnv cvvéyeln vdpyel kaowog (input check.F90) o
omoilog eAéyyxel €lv To. OEOOUEVO. TANPOVV KATOOVG GULYKEKPIUEVOLS Opovg (un
apvnTIKOG xpovoc...). Edv Ola  elval Onwg mpémer  1OTE €pYETOL 1M CEPA TOV
aplBuntikov  mpdEewv (subfunctions.F90, bessel modified function.F90). H
vropovtiva, Tov vroAoyilelt v bessel modified function €. (4.6) dideton and Tig
vevikég pebooovg g oeAidog www.netlib.org (yevikn Piploypagin). EmumwAéov
vrdpyer koowkag (interpolation.f90) o omoiog kdéver ypappiky mapepPorn otnv
nepintwon 6mov votepa omd 1000 emavaANyels To TPOYPAULA advvaTel va Bpet step
0 omoio va mAnpol T amoutnoelg okpiPeioc. H mopepfoin yivetar peta&d Svo
yvertovikov onueiov C,, Cs pe ovvietaypéves Z,=z+0.001, x,=x+0.001,
yvo,=y+0.001, Z3=z-0.001, x3=x-0.001, ys3=y-0.001 avtictorya. Evod
X,Y,Z ¢€lval Ol GUVIETAYUEVEG TOV apylKoL omnueiov omov amétuyxe va Ppebet
OLYKEVTPMON He avaAvTikég Avoels. H Paockn doun mov axolovbel o kddwkag "sub
functions.F90" givau:
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l6fun(t2, £1,1z0)

19 18

9 8

Fxlintegral (t2,z2, failed) 17
10 7

intPartfxl (t2, starthA, step)
11 4 3 2a

intTotfxl (t2, failed)

12 5

Fx2integral (tl,t2, failed) 16

13 4

intPartfx2 (tl,startA, step)

14 3 t 2b
intTotfx2 (tl, failed)

15 2

19 ConceC (t1)

1

basic program (input-

Yympo 7.5: Tlapovcidleton n SOMIKN OpyAvV®OT TOV KMIKA VREVOLVOL Yoo TNV
EMIALGY ONUELNKNG TNYNG LE TEPLOPLGLEVO VOPOPOPED €5, (4.2).

Onwg mopatnpeiton oo Zynuo 7.5 O6An n  Oowdwocio Eekwvder amd TO
basicprogram.f90. And ekel yivetor m Tpo@odocio. dedopévev (otabepdv OV
TEPLYPAPOVYV TO HOVTEAD KLPIMG) G€ OTO LTOAOYIOTIKY Hovada ypelaotel. 'Etot
puéco tov 1, 16, 17, 18 1 Poocikn povada moapéyel Tic amapoitntes otadepés oTIG
VIOPOLTIVECG

ConceC(tl),Fx2integral (tl,t2,failed,Fxlintegral (t2,z2,failed) Ko
16fun(t2,f1,12z0). H Fxlintegral Ko N Fx2integral OTTOTEAOVV T
OLVOPTNOELS Ol Omoiec TPOKEITOL Vo, OAOKANP®OOHV ( ecmTEPIKO Ko €EMTEPIKO
olokhMpopo g €. (4.2) avtiotoya). O unyaviopds g KABe OAOKANP®ONG
BaocileTon oTIg povTiveg intPartfx2 (tl,starth, step) Ko
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intPartfxl (tl,startA,step). AVTEG VAOTOLOVV TOV PUNYOVICUO pe T TpaméCio
oL TEPLYPAPONKE omv moapaypoeo 7.1. Me v ocepd  TOLG OL
intTotfx2 (tl, failed) Kol intTotfxl (tl,failed)@povtilovv dote va abpoilovv
To. euPadd omd to TpamElio TOV TOVG TOPEXOVTOL, HEGH TOV cLVOEce®mV 2b ko 2a
(OLTE(') ('s pOD’CiVSQ intPartfx2(tl,startA,step) intPartfx2(tl,starthA,step)
avtioToryn) oAAG Kot TovTOYpova @povtilovy MGTE TOo o amd TO TPONYOVUEVO
tpaméllo va Bempeiton cav mOavo apyikd GTO EMOUEVO.

H 16fun(t2,f1,12z0) e&lvor m OOlKn} HOVASK 7OV  TPOYUOTOTOLEL TOV
petacoynuoticpnd Fourier o omoiog meprypdopetor amd v eficoon (4.14). H
vropovtiva autr Bélel 1Wwaitepn Tpocoyn KabMOG o punyavicpds e£6dov meptrypdoetal
ard v €. (7.3), pe division< 0.000000001. Koveig 8o pmopovoe va Bsmpnoet
vrepPorkd to péyebog avTd, Vo To HEIDGEL VO TPEEEL TO TPOYPOLLLIL KOt VO, OEL OTL TOL
OTOTEAECUATO OEV OLAPEPOVY TTOAD. TNV TPUYHATIKOTNTO OUMG LIAPYOVV TLYOi0
onuelo oto omoion M JwPOopd eivar apketd peydAn oe tétoro Pabud dote 1
OLYKEVIP®OTN KOODG OTOUOKPLVOUOOTE OmO TNV 7NYN VO UEYOADVEL OVl Va
pikpaivel. Ondte yperdletorl Wwaitepn TPOcoyN oIV UEIMOTN TOL GLVTEAECTN OLTOV.
Kpivetar embBountd yevikd va ypnoyorotovvion £tolpol kmowkés FFT (fast Fourier
transformations (TeukolskyS.Aet. al, 1997) 7OV EMTLYYAVOVV LEYAAES TAXVTNTEG OTIS
petatponés dacparilovtag mhvto v akpifea. . Opmg oty mopovca mepintwon
Sev frav avaykaio KGTL 11010 KaBMS VIdpyeL 0 6po¢ exp[—yZ D, t] oy €&, (4.14)
ninoidlet ypriyopa 10 0 Ko ¢ €k ToVTOL dev ypetdloviar moAAL abpoicuato ®oTte
Vo VIapyel M omotovpevy okpifeta. T tpéc 8e tov Y2 D,t>700 M TR ™G
nopaotaone exp[—yZ D,t] =10°% =0 eivon mporcticd pundév.

Méow tov cvvdéoenv 2-8 (Xy. 7.5) kbbe povada petapépel 6TV ETOUEVN TOV YPOVO
t; M t2. Omov t; eivon 10 Thve Gplo oAokAnpwong (Tov e£mTEPIKOD OAOKANPMUOATOG)
™mg €. 4.2 ko1 t; opoimg TOL AVTIGTOYOV E0MOTEPIKOD OAOKANP®UOTOS. MEC® TOV
ouvdéoewv 9-15 «déBe povtiva peETOEEPEL TOL OMOTEAEGHOTO TV TPAEe®mV NG OF
vtV Tov TV KaAece. Télog n obvoeon 19 ppovtilel va evnuepdoet Katevbeiav to
Baocwod mpdypappo OTL  KAmOW Omd TIG VRTOPOLTIVEG OAOKANp®ONG M O
petaoynuotiopdg Fourier anétuyav péoo o€ KAmoleg mpokabopIopEVES ETAVAANYELG
va Bpovv amotédecua pe v arottovpevn akpifeta. [TAéov o1 vmoAoyicpol Tpémet va
OTOUOTNOOLV 1] VO EEKIVIGEL 1] YPOULUIKNY TTapeRoAn otav avtd gival duvatd and tov
KOOIKAL.
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7.3 AEITOYPI'IA TOY 'ENIKOY KQAIKA I'lA APIOMHTIKEX AYXEIX

Ot avaAvtikég Aoelg mapd v akpifeia mov oabéTovy avtipetomilovv TpofAnuoTa
YPOVOL Kol  amOoTEAEGUATIKOTNTAG. Ot TOAAUTAEC OAOKANPMOELS €lvol OPKETA
YPOVOPOPES KL TAVTOYPOVO OEV VITAPYOVV Y10 OAEC TIC TEPUTTDGELS AVOAVTIKEG AVGELS
(.. TOPWDOES e TOAOTALG TTNYEG Ko T yadla). [ avtdv tov Adyo dmpiovpyndnke
myoiog KMOWKOS O omoiog  emMAVEL TOGO TO TPOPANUA TNG OTANG HETAPOPAS
mua 5.1, €. (5.1-5.24) aAld kol To TPOPANUO TNG CULUUETAPOPAS Xynpo 5.2,
e€. (5.25-5.56). Xpnowomomdnkav o mépav tov Intel Fortran Compiler kot étoyeg
VTOPOVTIVEG TOV AVVOLV J0POPIKES €ELCMGELS e Koyl TPOoEPYOUEVEG AT TO
Kiewotd moaxéto "w ode a 1.0.0.006, Intel differential equation solvers"
(http://software.intel.com/en-us/articles/pre-release-license-agreement-for-intel-ordinary-

differential-equations-solver-library-accept-end-user-license-agreement-and-download/).
E&attiag g moAvmhokOTNTag TV EEI0MGEMV TNG CVUUETOPOPAS  €E. (5.25-5.56) oT0
mopoKkaTo Zynuo 7.6 0o mapovoiactel povo €vo oxopipnuo tov Poacikod okeleToD
emiAvong amAng petapopadg €. (5.1-5.24).

boundary conditions.F90

]

— finite differences.f90 fCn vector.F9O

matrix dimension

outPut.F90

main subroutine.f90

| |

input validity.f90

'_‘|

basic program.F90

Yyqpa 7.6: Ilopovcialetor 1 dopKn opydveon Tov K®dKe vrehBuvou yio TNV
emilvon tov apBunTiKod poviélov Xynua S.1.
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H emiAvon amoteAeiTon and 8 OOUIKEG HOVAdEG TIG:

"outPut.F90, boundaryconditions.F90, fCnvector.F90,
finitedifferences.f90, input validity.f90, main
subroutine.f£90, matrix dimension calculator.£90

outPut.F90" H xdbe pa omd ovtéc eKTeELEl Kol ammd o SOLOPOPETIKT EPYATIOL.

Y10 Zynua 7.6 @aivetor 1 SOHIKN OpYAvmON TOL KO vrevBvuvov Yoo TNV
aplOunTikn Abon g amAng petagopds. Onwg mapatnpeiton Oha Eekvovv amd To
Baocwo mpoypapupa to omoio  avarapBdvel va dfdacel omd to apyelo 10000V T
dedopéva (oTabepés) Tov TEPLYPAPOVY TO LOVTEAO TPOG EMIAVGT|. TNV GLVEYELD LECO
oL KOovoAoy 1 eAéyyetol KaTd TOCOo T 0E00UEVA TTOV dtoPdoTnKaY EIVOL ATOdEKTA M
oyt I'a mopdaderypa dev yivetar va PBpioketon To KEVIPO TG TNYNG EOTEPIKA OO TNV
TEPLOYN TOL TOPMOOVG. LTNV TEPIMTO®ON TOV KATOL0 dedopévo dev gival 6mGTO, M
EKTEAEGT] TOL TPOYPAUUOTOS CTOUOTAEL KO ELOAVICETOL TO GYETIKO HNVLLL. AQOV
OAa gtva evta&et v ovvéyela avarapupdvel To kuping tpdypappa (main subroutine).
AmO €00 Kol TEPAL 1) LIWOPOVTIVOL OWTN GLVTOVILEL TNV EKTEAECT] T®V LTOAOIT®V
SOUIKAOV HOVAd®wV HECH TV Kavalmv 3, 4, 5, 6. [Ipdtn kivinon yio v eniAvon Tov
mpoPAuatog petapopds (6mmg meprypdpeton ond Tig elomwaelg (3.44)-(3.69) eivan n
onuovpyiot Tov Tivake 0 0moiog mEPIEXEL OAEG TIG OTADEPES TOV GLGTNUATOS TMV
ypopkdv eElomcemv. Ipv yivel avtd mpénet va yvopilovpe molo axpiPag Oa eivor
10 L€yeB0C TOV MOTE VAL TO TEPTYPAYOLLLE GTIG VITOPOVTIVEG EMIAVGTC.

H dopkn povéado matrix dimension calculator.f90 éxer to amoapoaitmro ®ote va
petpnoel to péyebog TV SvuoUdTOV Tov xpelalovtor Yoo vo. amofnkevtel o
aroutovpevog mivaxkoc. H minpogopia avtr petapifdletor oty Kupimg vropovtiva
(main subroutine.f90) pécm g 61660V 3 Zynua 7.6, n onoia oTNV GLVEKELD KOAEL TV
finite differences.f90 péow tov kavaiov 4. H tehevtaio oavoropPdver va
ONUIOVPYNGEL TOV TTivaka TOV oTAEPOV P TO PEYEBOS OIS TPOGIOPIGTNKE OO TNV
matrix dimension calculator.f90. v ovcia yio K4be KeAl TOV KATOKEPUATICUEVOV
Y®Ppov ypaeovtal ot eElomaoelg (5.11)-(5.24). Eivar dpw¢ anapaitnto va tpootefovv
Kol 01 GLVOPLOKEG cLVONKEG 01 omoiec eptypdpovv 1o povtédo Zymua 5.1. T'a avtdv
70 AOYo vmhpyel oaueidpoun emkotvovia pe v boundary conditions.F90 pécm tov
kavaiov 9. H onoia gpovtilel va epappdlel tig ovvoplokég eiomoelc (5.3)-(5.7P).
[TAéov o mivakag etvatl GyNUATIGUEVOG KO ETOLLOG TPOG EMIAVOT).

Mo v ermiAvon TOL GLOTAUATOS YPOUUUIKOV EEICMOEMV EMAEXONKE KAEGTOG
EUTOPIKOC KMIWKAG, O omoiog eumepiEyetor otig Pipiodbnkeg MKLV10.2.2.025
(MATH KERNEL LIBRARY) g etoupiag INTEL (http://software.intel.com/en-
us/intel-compilers/) pe v ovopacio. PARDISO* ( Parallel Direct Sparse Solver

Interface). O kddwoag avTOG pmopel TOAD €0koAo va AVGEL HEYAAOVLS TivoKes
EKUETOAAEVOUEVOG KAOE 10101TEPOTNTO TOV UITOPEl v VILAPYEL (T.Y. TOAAG pUNdeVIKdL,
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dy®V1Iog mivakog...). ['a va Aertovpyfoel cmoTtd OPMG omattel GLYKEKPIUEVO TPOTO
eloaymyne kol amodnkevong tov mivaka mwpog emilvon. Kaveig umopel va dwpdoet
OAVOAVTIKA TO EYXELPIO0 YPNONG OO TNV ETOPIN TOV TO TAPAYEL . ZUVOTTIKA LOVO GTO
Zyue 7.7 eaiveton éva mopadsrypo omobNKeEVONS GE GTHAEG TLYOIOVL UN SloYMVIOV
mivako pe TOAAG undevikd.

|
[0
o
o+
o+
w

B=|% 4 6 4
SO T
P o5 ke o B

The matrix B has 13 non-zero elements, and all of them are stored as follows:

Table A-2 Storage Arrays for a Non-Symmetric Matrix

values = (1 -1 -3 -2 5 4 6 4 -4 2 7 8 -5)
columns = (1 2 4 1 2 3 4 5 1 3 4 2 5)
rowIndex = (1 4 6 9 12 14)

Yympoa 7.7: Topovoirdletor o tpdmog amodnkevong un dy®viov wivoka omd Tov
kddowa PARDISO ( nyr mklman.pdf, intel MKLV10.2).

[Ipwv duwg @tacovue oy emilvon mpdTa TPEMEL Vo oynuatiotel to de&i puélog
(yvooto xar 61a0epo), €. (5.20, 5.24) ({f(C")}), TV ypappuikdv eElcOoEOV DOTE Va
YivEl GLVOMKA KOl 6MOTA M emilvon. Avtdv t0 pOAO TOV avoAapUPavel 1 povada
fCnvector.F90 péco g 61600v 5. 'Etot onuovpyeiton to o0&l pérog mov mpoxeLton va
emibel. Tnv mpdT QOPAE TOL KOAEITOL OLGLOCTIKA OTOTEAEL TNV €QOAPUOYN TNG
apywng ocovOning €& (5.3). IlpocOeta n fCnvector.F90 evepyomoteitar o©10 TEAOG
K@Oe emilvuomng Tov GLOTHHOTOC TV eEloMGEMV, MATE TO de&l HEAOG TV GTABEPDOV VO
YVvopilel To AmMOTEAECUATO TV TPOTYOLUEVOV TTPAEEDV (01 OPYIKEG CLUYKEVIPADGCELG
A0V dgv elval Unoév Ommg vtayopeve N €€. (5.3) otV apyn). Aeov yivovv O a ovTd,
avarapupavel topa n povada outPut.F90 va xoataypdyel ota KatdAinio opyeio to
aroteAéopata Tov {TNoE 0 YPNoING.

210 Zymua 7.8 @aivetor 0 TpOTOC LE TOV 07010 Ol AYvmoTol £yovv Kataveundei péca
oTOV TETPAYOVIKO Tivaxa. Omov n= o aplBpdg TV GUVOMKOV KEMOV TOL £YEL O
KOTOKEPUATIGUEVOS  YMDPOG, C™ givr ot ava(NTOOUEVEC GLYKEVIPADGELS TNG
SlAvpEVNG ovsiog Ko C* ! givan GUYKEVIPMGELS TNG TPOSPOPNUEVNS ovaiog. Ot
neployés 1 kau 2 Tov mivaka mpoépyovrat amd v gpappoyn g €. (5.1) evod ot 3 kot
4 mpoépyovtar amd v (5.2). [Ipocoyn oe kdbe ypapu tov mivako &vog pikpog
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apOuog otabepdv givor pun undevikoc. Avtdg 1ovTol LE TOV aplind TV Opwv TOV
eClowocemv (5.11) 1 (5.21) (avaroyo pe 10 oV EHOCTE GTO TAVO WGO 1| GTO KAT®
wod  Tov mivoka). Tuvold mepéyovron 4n’ otovyeia.

[ n I n ]
Cn+1 e+l
c n
1 2
Cn+1 C*n+1
n
3 4

N Cllll CllZ/ C113I ClZl/ ClZZ/ C123I C131/ C132/ C1331 Cle/ C212 ’ C213 ’ C2211 CZZZ/ C223'-'

Yympa 7.8: Ilapovcidletor 0 TPOMOG e TOV OTOI0 Ol TEGGEPIS AyvVOGTOL £XOVV
Kataveun et péca 6Tov TETPAyOVIKO TTivako.
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8. AIIOTEAEXMATA: FITTING-ANAAYXH EYAIXOHXIAX

8.1 FITTING

Opopdc:

Me tov 0po Fitting evvoovpe v d10d1kacio VITOAOYIGHOD PUGIKMY GTABEPOV EVOG
HOVTELOL, £YOVTOG YVOOTES TUUES HIOG 1| TEPLOGOTEP®V  UETOPANTAOV Ge O1dpopa
onpeio evog yOpov.

Avtd mov ocvpPaivel oy mPdEn elvar OTL TOAAEG POPEG EYOVLE KATOLO VTOYELD
opilovta ot10 omoiov katd AdBog yvOnke kdmolog pvmoc. H mpdn okéyn eivor va
vroAoyicovpe OGO pokpld Bo petagepbei avtdg o pvmog, oe mHGo ypovo Ba
OTOLOTNOEL VO LETOPEPETOL Kot TO1d o elval 1 cvuykévtpwon tov 10te. [ va yivel
KATL T€T010 Kavelg Ogv ypeldletal LOVO TNV apPYIK CLYKEVTIPMOT] TOV POITOL OAAG Kot
TO OGS €fvat 01 PLOIKEG 1010TNTEG TOV. [0 TaPAdELYHO 010G EIVOL O CUVTEAEGTNG
JoTOPAg Tov, HE OOV PLOUO TPOGKOALATOL GTO TOPMOES HEGO 1 TOGO YP1Yopa
kataotpépetol. Oleg avtéc o1 TapdpeTpot ivor TOAD GNUOVTIKOL Yo TV HETAPOPA
TOV Kot O TpOmMOg vmoAoylopoL Ttovg eivor péow Fitting. H Sadikacio mov
akohlovBeitan eivan n e€ng. TlpdTa cLAAEYeTOL Eva €00PIKO TUNUOL OTO TNV TTEPLOYN
nov &ywve 1 amdbeon tov pvmov. ZynuotileTor £va opoimpa aVTOL GTO £PYOCTIPLO
Kol emavalappdveror n wposHnkn pdmov oe awtd Ppovtilovrog va dtatnpnbovv ot
ouvOnkeg tov mediov. Emhéyeton éva pabnupatikd povtéAo mov meprypdeel v
HETOPOPE TOL POTOL AQUPAVOVTAG LITOYT TIC GLVOPLUKES GVVONKEC TOV EMIKPATOVV.
2V ovvéyeto AapPavovtor detypoata omd o opoimpe, VIToAoyileTol 1 CLYKEVTIPOON
TOL POTTOV KO TOVTOYPOVO GLYKPIVOVTOL TO OTOTEAEGUOTO LE TIG TIUES TOV OlveL TO
ponuoatikd poviého. Duokd oty opyn otdovion tuyoieg TIWES OTIC  QUOIKEG
TOPOUETPOVS TOV YPNOUOTOLEL TO HOVTEAD OAAG  LE TNV XPNoN E01KOL AOYICUIKOD
ol TapAPETPol avToi dlophdvovTal KATAAANAL £TG1 MGTE Ol SPOpPEG HeTalD TV
TIU®OV OV Oivel TO TEIPAO GTO EPYACTNPLO, UE TIC TIUEG TOV Olvel TO poBNUOTIKO
HOVTEAO, VO HetmBodV 060 TEPIGGATEPO YiveTal. LTO TEAOG Ol QUGIKOT TAPAUETPOL
7oV (Tov ponpaTKoH HOVTEAOL) ival AVTOL TOV AVTITPOCOTEDOVY TIG GLVONKES GTO
opoimpo Kot GUVETADS TIG cuvinkeg Tov mediov. 'Eyovtog T1g mapapétpovg avtovg,
Kavelg yopiler oto opyikd oL TPOPANUA Kol VTOAOYILEL OMOTEAEGUATIKG TNV
LETAPOPE TOL POTTOV GTO TEDTO.

[Mopakdto mapovstaloviol dedoUEVE amd TEWPAUATO OV yvav otnv PiAoypagio
Kol pe v Pondela TV pouTivdV TOL TAPOVCIACTNKOV GTO KEPAANO 7 oAl Kot
KatdAAnAov Aoyopkov Fitting £ytve 0 VTOAOYIGHOG TV PUGIKMV TOPAUETPMY TOVG.
To Aoywopkd mov ypnowomomOnke eivar to "Pest". YAomowei peBodoovg Gauss
Marquardt Levenberg with Broyden Jacobian updating woi Shuffled Complex
Evolution Covariance Matrix Adaptation pe amotélecpo vo pmopei va Ppioket
TOPOUETPOVG UE HeYOAN oTtabepotnta kot akpifela. Tavtdypova eivor oe Béon va
Kévelr aviivon ofePardtroc oe Linear over-determined 7 Nonlinear over-
determined through -calibration-constrained predictive maximization/minimization
problems. ITio moAAd vy 1o "Pest" pumopel va Ppet  kavelg ot0
http://www.pesthomepage.org/Highly-parameterized inversion.php.
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Lpadrto weipoua: Amln petopopa. Poxtnpiewv otig Tpeic J1oTATELS.

H petagopd Boakmnpiov oto vrédaeog gival £vo moAd oNUOVTIKOG LOAVGUOTIKOS
TopAyovTag TOV To. TEAELTAln YpoOVIa €yl apyicel va Tpafd TNV TPocoyn TOV
emoTUOveV. o avtd kpibnke evolopEPOV YPNCILOTOLOVTOS TO oplOUNTIKO LOVTELD
mov avantvoydnke kee. 7 oe cvvovacud pe 1o Pest va vmoloyiotodv ot QuotKol
TOPAUETPOL o€ TElpapa amAng peTopopds Paktnpiov, péoco o€ QUUO OTIG TPEIS
dwotdoelg Xymua 8.1.

Sampling  Glass Effluent

Influent plate tank Screen clear

clear ( ) well

well Flow

meter
Solution 7

Water tank Constant
storage head
tank

reservoir

Glass
marbles

Peristaltic 17.m Sand
pump 120cm

10cm

Yyqpo 8.1: IMapovoualetor M mepopatiky Odtaln mov ypNoyLonomdnke oty
petapopd  yvnbétn ko Poaktnpiowv (Chrysikopoulos et al.,, 2012). O vdpopopiag
amoteAElTO amd KaAd dafabucuévn, opoyevomomuévn aupo (quartz sand), evéd oty
€10000 KoL TNV ££000 TOL VPOV TNYAOIL EIGAYWOYNS KOl Apaipecng pOTOV.

Onoc kpivetol omopoitnto o€ TETOEG MEPMTIMOELS TPV TNV UETOPOPH T®V
Baktnpiov Pseudomonas (P.) putida yivetor pio SOKIHAGTIKY] HETOQOPE 1yvnOETN
(Tracer) ®ote va extiunBei n cvumeprpopd Tov Vopopopéa. Tlapakdtm axolovBovv
ot oplakéc ouvOnkeg €&. (8.3-8.9) kabBdG Kot 01 £I0MGEIS TOL YPNCLOTOMONKAY Yo
™V oNuovpyio ToL HodnUATIKOD HOVTEAOL amANG petapopag €. (8.1, 8.2):

Cxyz) | paCtryz) _ p 0%Cxy2) _ o 0%Cxyz) _ 5 2%CExyz)
e teT by Dy = b
UaC(ta,);,y,Z) + 2 C(t, x,y'z) +%C*(t'x,y'z) = F(t,x,y,Z) (81)
BOEEND — (6 x,y,2) — 1 5C (6, 2,y,2) - HEC (6,%,7,2) (82)
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Or opywéc kol oLvvoploKeG — GLVONKEC TOL TEPLYPAPOLY  TO HOVIEAO LOG
etvan €€. (8.3-8.9):

C(0,x,y,2) (8.3)
C(t,0,y,2) =0 (3.4)
aC(t,aL;.y,Z) —0 (8.5)
ac(z;,a;,o.z) —0 (8.6)
6C(t,;c},lLy,Z) —0 (8.7)
6C(t(;xZ,y 0 _ 0 (8.8)
6C(t,;c,Zy Lz) _ 0 (8.9)

Me ti¢ mapondve elomoelg va Exovv v e&ng epunveia: H €€. (8.3) onuaiver o6t
oTNV apYN TOL XPOVOVL deV LINPYE KAOOAOV pOTOC GTOV VIPOPOopEn pog Zynua 8.1, n
e€. (8.4) 6tL ommv €ic0d0 TOL VIPOYOPEn €lGAYETAL KOBOPO VEPO HE UNOEVIKN
oLYKEVTPOOT pUToL, N €5. (8.4) 0TL 0 pHmog mov e&€pyetan amd to VIpoPopEn dev
umopel va ovoumel o€ avtOV KOl OmOUOKPUVETOL, €ved TEAOg ol €5, (8.6-8.9)
OMUOIVOLV OTL T TOYMUATO OTIS O1EVOVVOELS Y Kot Z gival adlaméPaoTa Kol pOTOG
dev umopel va eloébel péoa amd avTd.

Y10 Zynuo 8.2 mapovcidlovion ot Béoelg Tov onueiov and 6mov ANeOnkav to
detypata ywo to "fitting". Eved ota Zynquota 8.3-8.7 mov akolovbovv @aivovtatl 1660
TO, TEPAPATIKO OGO Kol TO ATOTEAECHATO OO TV LAONUOTIKY TPOGOUOIWGN.

90 cm
d =] =11 =21 e 31 =41 = 51 =61 a7l 7 = B1
e3 =12 =22 °32 g4 e42 -52 ° 62 =72 B2
yd eig_ =135 =23 =33 Jaz =53 =63 576 83
o4 Bia B24 g =34 =44 =54 g =64 =74 - 84
47 cm s =157 =125 03s o454 55 Qs «75 =B85
/ -5 =16 D26 =36 =46 0se o 66 =76
V4 27 @17 227 237 Ba7 257  a67 . &77 =87
51¢cm > o8 o183 28 °38 - 48 =58 =68 b5 - 88

=19 .29 =39 =49 =59 =69 «79 =89

Yympoa 8.2: Tlapovoidletar 1 TAGKO TOV GLYKPATOVGE TIC OEYUOTOANTTIKEG PEAOVESG
v v Ay derypdtov. Ta voopepa mov eivar o €vtova (bold) deiyvouv 1o Bdbog
010 omoio £ptavav ot Beloveg ( vyouetpo unoév z=0 Ppicketor Tévew oty d100 TV
TA QK. ).
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oigF - - ~ g T T T 1 T T T T T T 11
:(a)SL14 (b)SL24 B Tracer

@ P. putida

012 T

c/C,
o
(=]
[+=]

o
=]
=

T

1

T

C/C,

:J(e') SL56. Tfses o

C/C,

. . ’ ’ ’ n ' ’ ’ 1 |
0 40 80 120 0 40 80 120
Time (h) Time (h)

Yympo 8.3: Tlopovocialovtor adldoTote OmOTEAEGHATE TOGO OO TO TEPALOTO
petapopds Ppaktnpiov (Kékkiveg Kovkideg), 1yvndEét ( umhe TeTpdymva) 660 Kot amod
™V aplOunTikn  Tpocopoimon  (KOKKIVI GLVEXOUEVT] KOUTOAN OVTIGTOLYET o€
Bakthplo, HITAE cLVEXOUEVN KOUTOAN avtiotoyyel oe yvnbétn). Ot Bécelg amd
o6mov &ywve M derypotoinyio vroAoyiletar amd tovg 6povg  SL (sampling positions)
o€ GLVOVLOAGUO LE TO Zynua 8.2.
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Xypo 8.4: Ilopovoidlovtar 1codyeig cvykevipmoemv (mg/L) yyvnBétn (Chloride)
OT®G LVToAOYIoTNKAY OO TO HOONUATIKO HOVTELO, Yo dtdpopa KABeTa y-Z emineda
0V VOPOPOHPOV opilovia. ZvyypOvmG ot PUTAe KOKAOL GLUUPBOAIoOVV TO TEPOUOTIKE
oedopéva, (Bécerg  SL 24, SL 26 SL 14) amd tv OJelypotoAnyic o€
a)t=26h,x=239cm,b) t=26h, x=13.75cm, c) t=48 h, x=13.75 cm.

10F T ‘ T T T % l\‘ T . T T |l -
—_ | /'; \‘, a
E | | f ‘/"'\.‘ ."‘. 0.9 I ( )
] E 2 g LT g o ‘S g
10k [ : " B : [ -
T | 1l /N )
= \ [ o [ 7N lios
3 5L ‘ | | \ '6.5/ l. | | | -
/ [ | -
18 8 ¢ o e - 5§
ToE— : — 1 : —
| L1 |
£ | \ 2 || | (€)
—\)." |
L g | [ | 03 .‘ | - -
) B 5§ g s s 88 ¢
L. 1 L L 1 L L I L 1
5 10 15 20 25 30 35 40 45

y (cm)
Yyqpoa 8.5:  Tlapovocudlovian  woobyeic ovykevipdoewv (mg/L) Poktnpiov
(P. putida) 6mw¢ vroAoyioTnKay amd 10 LoONUATIKO LOVTELOD, Yia d1dpopa KAOETO y-Z
emineda Tov VIPOPOHPOV opilovia. ZvyypPOvMS o1 KOKKIvol KUKAOL cupfoiilovv Ta
mepoapatikd oedopéva (Béoeg SL 24, SL 26 kou SL 56) amd v derypotoAnyio oe
a)t=48h,x=13.75cm, b)t=48 h,x=23.9cm,c)t=22h, x =54.35 cm
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y (cm)

y (cm)

y (cm)

y (cm)

y (cm)

y (cm)

X (cm) (A) x {cm) (B)

Yympa 8.6A: Ilopovoialovtal 1cobyeig ocvykevipmoewv (mg/L) 1yyvnbétn (Chloride)
OT®G VToAoyioTNKAY OO TO HOOMUATIKO HOVTELD, Yo d1apopa 0p1lovTia y-Z minmeda
TOL VIPOPOPOL opilovTa. XvyypOveg ot pumie KOKAOL GLUPBOAILOVY TO TEPAUATIKA
dedopéva (0o SL 24, SL 78, SL 14 xou SL 35 ko SL 56) amd v detrypotoAnyio
cca)t=26h,z=5cm b)t=26h,z=6cm, <c¢)t=48 h, z=6 cm.
Yyqpoe 8.6B: Ilopovoidlovrar  1oobyelg ocvykevipooewv (mg/L) Poaxtnpiov
(P. putida) 6mwg vroAoyioTnray amd TO HOONUATIKO HOVTELO, Yo dtpopa optlovTia
X-y enineda Tov VIPoPHpPov opilovta. Xvyypdvmg ot KOKKIVol KOKAoL cupoAilovv ta
nepopotikd dedopéva (0éoelg SL 43, SL 56, SL 14 «ar SL 35, SL 26, SL 47 kot SL
82) amd v detypatonyic ocea)t=33.5h,z=4cm,b)t=48 h,z=6 cm «xm
c)t=48h,z=7cm.
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Ta mepopoticd dedopéva amd v petapopd g P. putida éywav "Fit" pe v
Bonbewa tov e&icdoemv (8.1-8.9) aAld kol Tov Aoyispikov Pest mov avagépOnke
oV opyn Tov kepaiaiov. To Pest ypnolonoidvtag yvmoTEG TIHES TOV TOPUUETPOV
11 =0,78h",A=0,0109 h'', kon A * =N/2 = 0,0055 h™', oALd Ko Bewpdvtac 6Tt KaTd
npocéyyion Dy = DZ, vmoddyioe 11 tipég tov U, Dx, Dy, DZ, ko r;. Ot oyéoeig
A *=N2 xon Dy = DZ emBAnonxav and v avéykn o péyiotog apluods ayvootmv
nopapétpov mov Ba vroloyiotel va unv Eemepvd tov tpeic (Chrysikopoulos et al.,
2012)! Ta amoteAéopata and to Fitting mapovsialovion otov mivaka 8.1 pall pe ta
amopaitnTo  doTnHoTe  eumotoovvng  95%. Téhog pe TNV ypnNomn Tov
vopodLVAIIKOV dwomop®dv  Dx kot Dy vmoloyiotmke mn doomapoiudTnTo
(dispersivity) « (D= a U) 10v vOpogopéa yio TV Tepintwon Tov Paxtmpiov Kot
Bpénke L =4.54 cm ywo v x' devbvvon , kw a Ty= aT z=0.31 cm ywa 11¢
GAAeg dVO O1eVBVVGELC.

Mivakag 8.1. duoikoi TTAPAPETPOI TOU HABNUATIKOU HOVTEAOU yIO  HPETAPOPA
IxvnB<tn (KCI) kai Baktnpiwv (P. putida). Z1i¢ TTapapéTpoug TTou UTTOAOYIOTNKAV UE

Tn diadikaoia Tou Fitting TTapouoidfovTal padi kai Ta 95% dlaocTApATA EUTTIOTOOUVNG.

Parameter Status KCI Status P. putida
D, Fitted 26.3+10 cm’/h Fitted 14.1+7.91 cm*h
D,=D, Fitted 1.46+0.84 cm’h Fitted 0.97+0.37 cm’/h
Olx Estimated 8.46 cm Estimated 4.54 cm
Oly=0lT, Estimated 0.45cm Estimated 0.31 cm
F Fixed 20.4mg/(h-cm®) Fixed 1.8 mg/(h-cm®)
ry Fixed 01/h Fixed 0.78 1/h
r Fixed 01/h Fitted 0.26+0.14 1/h
U Fitted 3.1£1.94 cm/hr Fixed 3.1 cm/hr
0 Fixed 0.38 Fixed 0.38
A Fixed 01/h Fixed 0.0109 1/h
L Fixed 01/h Fitted 0.00545 1/h
Pb Fixed 1.63 kg/L Fixed 1.63 kg/L
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Aevtepo meipopo: Louuetapopa lov ue dpyilo otig Tpeic d10TAoELS.

[Tépa and v amdn petapopd Paktnpiov Kot 10V, To TeEdevtaio ypovia £xel apyicet
VO UEAETATOL KOl TO (QOIVOUEVO GULUUETOPOPAS — TOV  TOPUTAVED OPYOVIKOV
copotdiov pall pe kohhogwdn. Onwg avaeépOnke Kot 610 keP. 3.1 o KOALOEWN|
elval og B€on va S1ELKOADVOLV OPOAUATIKE TNV UETAPOPA TOV WOV  KATL TOL TO
kaf1otd  emkivovva yo v dnuocta vysio. Me autiv TV oKéYn TapoKAt® o
mopovclooTel OAN 1 dadikacio Tov Fitting mov €yive oe meipapa CLUUETAPOPAS 0md
mv  PPproypagic  (Movemomjuwo Tlatpdv  Epyaotipo  "Teyvoroyia  tov
[Tep1drrovtog”, Tunpo [Holtikdv Mnyovik®v).

To meipapo mepielye tavtdypovn petapopd v (bacteriphages MS2) kot  apyilov
(Kaolinite KGa-1b). Ot 101 avijkovv otnv koatnyopia F-Specific pe pia éhko RNA ko
uéyebog mepimov 24-26 nm. Avtictorya mn apythog  KGa-1b mpoépyeton amd v
nepoyn  Washington Country, Georgia kot givor  KOAG KPLOGTOAAOTOMUEVT
(Syngouna and Chrysikopoulos, 2011). Zmnv cvvéyewa dnpiovpyndnke piypo ov pe
™V Gpyltho apoiddnke KoTdAANAo Kot pe TNV ¥PNON WG TEPICTOATIKNG ovVTALOG
elon\le oe oplovtia oA ukovg 30 cm. Méca otnv 6THAN vty donpovpyROnKe
TopddeC TpocsBétovtag ceaipec YvoAioy (d=2 mm) Kot VTOAOYIGTNKE TEPOUATIKA 1)
TN Tov. Xt0 TEAOG €yve Odetypoatonyion amd v €£000 NG OTNANG Ko
VTOAOYIoTNKAV Ol TUKVOTNTEG TOV dtoAvpévov Tov, g dtwAvpévng apyilov oAAd
K01 1] TUKVOTITO TV TTPOCPOPNLEVOV 1OV ETAVD otV apytro. To melpapa avtd Eyve
TPELG POPES Y10l TPELG OLUPOPETIKEG TOPOYEG Zynpa 8.7.

O vmohoyopdg 0V mopMAoLG £ytve pe too €€Ng Puata 1) Zuyiotmke m oA
TEPLEYOVTOG HOVO oQUipeg YVOAOD, 2) ZuylotnKe 1 OTNAN TEPLEXOVTOS COUIPES
YVoAoU aAAG Kon vepo, 3) Tivetar n dapopd tov mopomdve 600 palodv ®CTE Vo
VIOAOY10TEL TO BAPog TOL vEPOD oL YEMEE T KEVA TOV TopmOovS Kot 4) Me yprion
NG TLUKVOTNTOGC TOV VEPOV VLIOAOYIOCTNKE O OYKOG TMV KEVMV KOl GUVETMS TO
TOPADOEC.

Packed
Column

/A
. /
Sample Peristaltic Feed
Collection Pump Solution

IxApa 8.7. Ilepapatikny ddTaén mov ypnoponomonke yoo v covppetagopd lov -
Apyihov (Syngouna and Chrysikopoulos, 2011).
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‘Exovtag ta amoteAéopaTo omd TO TEIPOUN CUUUETOPOPAS KOOMG Kol TIG OPLOKES
ovvOnkeg avtod, OoMuovpynOnkKe 10 apBUNTIKO povTéAo Tov BewpnTikd vToAoyilet
TG GLYKEVIPMGES oTov Ypovo. Ot eflodoelc mov 1o amotelobv  elvar ot
e€. (8.10-8.15). Avtég Advovtar pe v oepd OTMS TOPOVGIALOVTOL, GE GUOTNLOTO
TV 2x2 . AnAadn npota ot €€. (8.10-8.11) omv cvvéyela ot €€, (8.12-8.13) pe v
Bonbew towv €& (3.17-3.22) kor oto TéAOG ALvovtal ot €. (8.14-8.15). BéPoua
AmOPOITNTEG YOO TNV OMOWONTOTE  €MIALON  €lval  KOL Ol GLVOPLOKES
ovvOnkeg €&. (8.16-8.18).

* 2
£+p_m£:[)c 0 Cic _ye —AC, -2 Bm e
ot 6 ot ox ox 0

(8.10)
aC* * * *
p_m_C:rc—c"‘C:c _p_mrc*—ccc _}\‘ p_m(:C (811)
0 ot 0 0
% = Avac B Avc—v + Av*c*—vc - Avc—v*c* - xvccccvc - 7\’*vc p_mcch/c (8 12)
p_m a CCCVC = Av—v*c* - Av*c*— + Avc—v*c* - Av*c*—vc - }\‘*VC p_m Czczc (8 13)
0 ot 0
2 2
g CV + p_mcz + CCCVC + p_mczczc = DV a—(jiv + DVC a_2((3(2(:VC)_ Ui(CV + CCCVC)
ot 0 0 ox ox ox
B e ST e et (8.14)
ac* * * *
p_m_C:rv—v*(:v _p_mrv*—vcv _7\‘ p_mcv (815)
0 ot 0 0
(0, x) (8.16)
C(t,0) = C, (8.17)
aC(t,Ly)
=0 (8.18)
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Onov ot e€lomwoeg (8.10-8.11) meprypdpovv v amAn petaeopd tov apyilov,
ot €. (8.12-8.13) opilovv 10 pLOUO dNpOVPYIOG TOL GLUTAOKOL 10¢-GPYIAOG (10G
TPOGPOPNUEVOS TAV® GTNV EMUPAVELD TNG APYIAOV) Kol 10G-OPYIAOG TPOGPOPNLEVOS
EMOV®D OTIG GQAipeG YVaAloD, evd ot €. (8.14-8.15) meprypdpovv TV GUUUETAPOPE
100 apyidov. Me v oglpd tovg ot oprokég cuvinkeg €&. (8.16-8.18) opilovv 611 TNV
apyn Tov YPOGVOL GTO TOPMOES LVINPYE OmMOVCia 1OV Kot apyilov, oto onueio x=0
glodryetor o pumog (piypa v apyidov) kot yio 660 SlopKeL 1| TAPOYN 1 CLYKEVIP®OT)
exel elvar otabepn, téhoc otnv €€odo G oA (x = Ly) n petofoAn g
OLYKEVTPMONG eivar undév mov onuaivel 6t 0 pOTOG oL  e&€pyETOL AOLVOTEL pE
omoladNmoTe TPOTO va. Eava €16EPHEL GTO TOPDOEC.

Y10 mivaka 8.2 didovtor ot facikol TapPAPETPOL TOV TEPAUATOS CUUUETAPOPES, Yo
TIc Tpeilg dapopetikés mapoyés. Ot mo onpoavtikol amd ovtodg €ivol ol apykég
OLYKEVIPAOOELS TV OOAVUEVAOV 1V Cinv Kot TG apyilov Cinc Tov €1GEPYOVINL GTNV
omAn. E&locov onuoavtikn eivor kot 1 d1dpketo Katd TV omoio £(0VUE E1GPOT| PUTOV,
KaBmg votepa amd ypdvo tp n TyN yiveTtow avevepyn Kot ic€pyetal povo Kabapo
vepd GTO TOPMDIES.

Mivakag 8.2. duoikoi TTOPAUETPOI TOU HABNUATIKOU JOVTEAOU GUUMETAPOPAG.

Parameter Exp 1. Exp 2. Exp 3. Meplypadn dpwv

Cinv (PFU/mL) 51500 2425 4738 | ApXLKr CUYKEVTPWON LWV.

Cinc (mg/L) 62,838 | 69,122 | 63,781 | ApxlKn ouykEvTpwaon apyilou.

Q (mL/min) 0,8 1,5 2,5 | Mapoyr vepo.

p (mg/cm?) 1610 1610 1610 | Nukvotnta uSpodopéa.

(3] 0,42 0,42 0,42 | Nopwéec.

tp (min) 190 117 75 | Aldpkela mapoyng Halag .

U (cm/min) 0,38 0,74 1,21 | EvSomopwbng toxutnta.

Ixx (cm) 30 30 30 | Mnkog otAANG.

nx (cells) 500 500 500 | MéyeBog dlakplronoinong othAng.

Awdkacio kot Apudc [Mopapétpov v Fitting

H ocepd g emilvong deiyver 6Tt ou €. (8.10, 8.11) dev eivon aveEdptntes amod
omoladnmote GAAN e&icmon Kot cuvendg pmopel va BewpnBel 6t M petagopd ™G
apyidov elvar oviwg éva Eexwplotd meipapa. Apa eivar dvvatd va yivel Fit og tpeic
TOPAUETPOVG A0 TIC GUVOMK(A Oéka oL glcépyovtal otis €€. (8.10, 8.11).

Me v 010 Aoywkn ot e&omoelg (8.12, 8.13) eivan aveEapnreg and Tig €. (8.14,
8.15) Ot 6pot Cvc ko Cve dtav oynuatiloviol, oyvoovv tekeing Ty vmapén tov Cv
ko Cv. Avtd emPddreton amd Tic eéiomoeig (8.12, 8.13) otig omoieg dev vmdpyet
movdevé 0 6poc Cv 1j Cv' . Ot g€, (8.12, 8.13) £xovv d00si and Piproypagio (ke@. 3).
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Yvvenmg pmopel va yiver Fit oe  axopua 3 mopapétpovg omd T cvvolkd 15
TOPOUETPOVS OV Elodyovv ot €€. (8.12, 8.13).

[Mopopoimg pe v idwo oxéyn kot ot €€. (8.14, 8.15) eiodyovv 7 mapapéTpoug omd Tig
omoieg o1 3 pmopovv va yivouv fitting.

"Etot 0 péyiotog aptfpuog mopapétpov mov umopet va yivel Fit givor 9. Anhadn 3 v
ké0e Eexwpiotd duaypappa (Ce, Cv ko Cve).

Ot Tiég mov éywvav tehkd fit eaivovtal otov mapokdto mivako 8.3 ko elval
ypouatiopéves. Me mpaeve ypopo eivar to fit yio ta koArogwdn Cce, yaAdlio ot ol
Cv ko glvol o1 TPospoPNUEVOL 101 ETAVE GTOL KOAAOEWT. Opmg Kol TaAL ot
evwid dlaBéoipeg mapdpetpot yia Fit dev eivor apketol Yo va meptypopel GUVOAIKA TO
HovTéLo Ko moAAEG oTafepés akdua elval mpakTikd dyvoortec. 't avtdv 10 Ady0
TPooTEIN KAV Kot ot Tepapotikég e€lomoelg (8.19-8.26) ot omoieg 1oyvOLY Kat givol
Kovtd otmnv mpaypatikdtnto. Mo mopddoetypo n €€, (8.19) amoppéer amd 6t 1O
CLUTAOKO 100 pEe apYylho xel Tepinmov 1o 110 péyebog pe tov amid ApylAo Y1 avTd Kot
Bewpeiton 6T Eyovv Tapopola vopodvvaukn oactopd. H €. (8.23) mpoépyetor amod
TEWPAPATIKA Oedopéva Kol Qaivetal vo 1oYVEL yuo. €V €upy  QACHO  OPYLKOV
GUYKEVIPMOE®Y O©TO OMOI0 OVNKOLV KOl Ol  GULYKEVIPMOGELS TOV TEPAUATOS
CLUUETOPOPAGC OV TpocopoldveTol. Movo ot 6pot R._.+, R,_,« kau R,.+_, Oev
&ywvav fit ovte Ko Tpoépyovtal amd Kapioo GAAN oyéon, omdTE Ot TIUEG TOLG dOONKV
amo v Proypaeio.

EminAéov oyéoeic mov woyvouv €&, (8.19-8.26):

Dyex = Dey (8.19)
Ree—c = Rycr—ye (8.20)
Re—cr = Rycyc (8.21)
Ry_ye = Ry—ycr (8.22)
Cuceq” =75 Coceq (8.23)
L.=2L: (8.24)
Ly =L (8.25)
Ly =2Ly (8.26)
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Mivakag 8.3. Quoikoi  TTAPAPETPOI TOU PABNUATIKOU HOVTEAOU HETOQPOPAG KOl
OUUHETAPOPAG.

Transport Exp. 1 Exp. 2 Exp. 3

1| Dy 1,080 | 2,200 3,500 | cm?*/min
2| Dy 0 0 0 | cm®/min
3| D, 0 0 0 | cm?/min
4|U 0,380 | 0,740 1,210 | cm/min
5|1, 0,012 0,014 0,026 | 1/min

6| Le 0,006 0,007 0,013 | 1/min
7|86 0,420 | 0,420 0,420

8 | Ro_.* 0,073 0,855 1,954 | 1/min

9| Reree 0,068 | 2,328 3,001 | 1/min
10 | p (mg/cm?) 1610 1610 1610 | (mg/em’)

Cootranport | Exp. 1 Exp. 2 Exp. 3

1D, 2,3802 45 7.3 | cm?*/min
2| Dy, 0 0 0 | cm?/min
3|D, 0 0 0 | cm®/min
4| D,y 1,080 2,2 3,5 | cm?*/min
5| Dyey 0 0 0 | cm?/min
6|D,., 0 0 0 | cm?/min
7| Lv 0,002 0,034 0,102 | 1/min
8| L 0,001 0,017 0,051 | 1/min
9| Ly, 0,012 0,014 0,026 | 1/min
10 | L}, 0,006 0,007 0,013 | 1/min
11| R,_,- 0,946 1,880 3,382 | 1/min
12 | Rysy 2,281 0,659 2,836 | 1/min
13 | KR 0,002 | 0,018 0,099 | 1/min
14 | RS 0,031 | 0,010 0,010 | 1/min
15 | Ry_y.+ 0,002 0,018 0,099 | 1/min
16 | Ryeyer 0,072 0,855 1,954 | 1/min
17 | Ry, 0,010 | 1,1E-04 | 4,1E-05 | 1/min
18 | Ry oy 0,069 | 2,328 3,001 | 1/min
19 7,100 1,687 3,902 | ml water/mg clay
20 | Cyeegr 2,350 0,595 1,300 | ml water/mg clay

2V ovvéyelo akoAovBovv dtaypappota Xynpato 8.8-8.16 cvppeTapopds ta omoio
TPoEPYOVTOL amd To Ogdopéva TV mvakov 8.2, 8.3 ko mepi€yovv TG0 TO
ATOTEAECUOTO TNG HOONUATIKNG TPOCOUOI®moNS OG0 Kol  TIC TEPAUOTIKESG TIUEG TOV
gpyactnpiov.
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Cc Conc. Vs Time
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IxApa 8.8. [Tapovsialoviat 1660 Ta TEWPAPATIKE dedopéva  (KOKKIvol KOKAOL) 0G0
Kot to, amoteléspata and to Fitting (umie KopumoAn) yio v mepinmtwon g apyilov
pe moapoyy Q=0.8 ml/min. Ot Tég Tov y¥poOVoL divovtol 6€ min, VO OLTEG TOV

OLYKEVTPMOOEWV EIVOL 0OIACTATEC.

076 Cv Conc. Vs Time
o
) o
o
0,50 ° ® / \
» 0,40
(7]
2 / \
~
E 0% / AN
e
0,10
04000 ) ° \
0,00 T T T T
o0 (P 100 200 300 400 500
® Cv Exp Fitted Conc. Time [min]

IxApa 8.9. [apovsialoviat 1660 Ta TEWPAPATIKE dedopéva  (KOKKIvol KOKAOL) 0G0
Kot o anoteAéopata ond to Fitting (umhe koumdin) yoo v wepintmon tov 100 pe

mopoyn Q=0.8 ml/min.
OLYKEVTPMOOEWV EIVOL 0OIACTATEC.

Ot Téc tov ypdvov divoviar ce min, VO OVLTEG TOV
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Cvc Conc. VS Time
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ZxApa 8.10. [Topovoidlovtal 1660 T TEPAUATIKA O0ES0UEVE (KOKKIVOL KOKAOL) 0G0
Kot to amoteAéopato omd to Fitting (umAe wkoumOAn) yoo TV TEPITTOON TOV
OLOOOUATONATOS  10V-apyihov pe mapoyn Q=0.8 ml/min. Ot Tywég tov ¥pdvov
dtvovtal 6 min, EVO AVTEG TOV CLYKEVIPMOOEWMV EIVOL AOIUCTATEG.

Cc Conc. Vs Time

0,60

0,50

0,40

~

v
@ 0,30
S~
/
8 0,20
v / X

0,10 (J

()
[
(]
0,00 T T T T e
50 100 150 200 250 300
-0,10
® Cc Exp Fitted Conc. Time [min]

IxAua 8.11. [Mopovcidlovtal 1660 To TEPAUATIKA OEO0UEVE (KOKKIVOL KOKAOL) OGO
Kot To aroteAéopato amd to Fitting (UmAe KopmOAn) yio v Tepintmon g opyiAov
pue moapoyy Q=1.5 ml/min. Ot Tég Tov y¥poOVoL divovtol 6€ min, EVEO OLTEG TOV
OLYKEVTPMOOEWV EIVOL 0OIACTATEC.
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Cv Conc. Vs Time
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IxApa 8.12. IMapovcidlovrol 1660 To TEWPOUOTIKA dedoUEVE, (KOKKIVOL KOKAOL) OGO
Kol To amoteAésparto omd to Fitting (umhe KopUmOAn) Yoo THV TEPITT®OT TOL 100 UE
mopoyn Q=1.5 ml/min. Ot téc 0LV Ypdvov divoviol o€ min, VO OVTEG TV

OLYKEVTPMOOEWV EIVOL 0OIACTATEC.

Cvc Conc. VS Time
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ZxApa 8.13 [Mapovsialovtol 1060 To TEWPAUATIKA dedopéva (KOKKIVOL KOKAOL) 0G0
Kot to amoteAéopato omd to Fitting (umAe wkoumOAn) Yoo TV TEPITTOON TOV
CLGCOUATONNTOS  V-apyilov pe mapoyn Q=1.5ml/min. Ot Téc oL YPOVOL
dtvovton o min, VA AVTEG TOV GLYKEVIPDOGEWDV £Vl OOIUCTUTES.
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C [dim/less]

Cc Conc. Vs Time
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ZxApa 8.14. [Mopovcidlovtal 1660 To TEPAUATIKA OEO0UEVE (KOKKIVOL KOKAOL) 0G0
Kot To aroteAéopato amd to Fitting (UmAe KopmOAn) yio TV TePinT®on g opyiAov

pe mapoy Q=2.5 ml/min.

Ot Tég tov ypdvov divovior 6€ min, EVAO AVTEG TOV

OLYKEVTPMOOEWV EIVOL 0OIACTATEC.
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ZyxApa 8.15. Iapovcidloviatl 1060 Ta TEWPAUATIKA dedopEVa, (KOKKIVOL KOKAOL) OGO
Kot o, anoteAéopata ond to Fitting (umhe koumdin) yoo v wepintmon tov 100 pe

mapoy] Q=2.5 ml/min.

Ot Tipég tov ¥podvov divovtor 6€ min, VO OVTEC TOV

OLYKEVIPOOEMV EIVOL AOIAOTOTEC.
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Cvc Conc. VS Time
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ZyxApa 8.16 [Tapovsialovtol 1000 To TEWPAUATIKA dedopéva (KOKKIVOL KOKAOL) 0G0
Kol To amoteAéopato omd to Fitting (umhe wkoumdAn) yoo v TEPITTOON TOL
OLCOMUATOUOTOS  10V-apyidov pe mopoyr] Q=2.5ml/min. Ot téc 0LV YPHVOL
dtvovtal 6 min, EVO AVTEG TOV CLYKEVIPMOOEWMV EIVOL AOIUCTATEG.

Onwc mapatnpeital ota moparave Zynuoto 8.8-8.16 to Hoviého pag Exel KatapEpel
TOAD KOAGQ Vo TepLypayel To meipapa cvppeTapopdc. Kpivetar yprioio va 600l pa
e€nynon v to eovopevo oto XZynua 8.16. Tho cvykekpyéva o610 GYfU avTd
QOiveTOl [ apylkn ovéNon G GLYKEVIP®ONS TOL 100 KOl GTNV CLVEXEWD Lo
peimon g 6mwg axpiPag ivor avapevopevo. Avtd mov dev givorl avapevopevo givat
OTL oty cvvéxeln oTov ¥pOvo t=85 min VIAPYEL Lo amdOTOUN ENCT TG EVD EUEIS
avtifeta NON and t=75 min £YOVUE CTOUATNGEL TV TOPOYN OTOLAONTOTE POTOV GTNV
omAn. Qaivetonl mepiepyo va cvuPaivel KATL TETO10 Tap OAQ OLTA €YEL L0 AOYIKN
eEnynon. O 10¢ 6Tav Yo TPAOT POPE UITOIVEL GTNV GTHAN TPOSPOPATAL EXAVED GTNV
apyo mov Ppiokel oynuatitovrog copumioka wV-apyikov Cve uéypt vo eTdoel TV
péyiom tun Cveeq ( katdotaong wooppomiog). Ouwg €pyetor n dpa Tov 1 TOPOYN
apyilov otapatdel, t0te opyilel pe €viovo puBud N avtictpoen Sadikacio Kot o
10¢ amokoAAeitol amd v apytho oynuatifoviag opovg Cv pe pvOud R, _,. Avtog
elval Kou 0 AOY0oG OV €V EYEL OTAUATNGEL 1) TAPOYN 100, 1N CLYKEVIPMOTN TOV
avéavetal. H e&nynon avt) otpileton Ko amd to Zymua 8.17, 10 omoio delyvel Tmg
HETOQEPETOL O 10G Yo OPOpeTIKEG TWESG G moapapétpov Cveeq (U€yiom
OLYKEVIPMOTN  TOL GUUTAOKOVL 100-0pYiAOL GTNV KaTAoTOOoN 16c0poTmiag). Onwmg
nopatnpeitonr kobmg n péytotn i ™mg Cve  petdvetatl TG0 Kot T0 QOIVOUEVO TNG
amoToung avénong e€acbevel.
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Cv Conc. Vs Time, for various Cvceq
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IxApa 8.17. IMapovsialoviot S1aypAUIATE CLYKEVIPMOE®MV 100 (Tapoyn 2.5 ml/min)
Yo O10POPETIKES TIUEG TNG TTapopéTpov Cveeq. Ta vrdroura dedopéva divovtal GTovG
nivokeg 8.2, 8.3 yia mapoyn Q=2.5 ml/min (Exp. 3).

8.2 ANAAYXH EYAIXOHXIAX

Oplopoc:

H pébodoc 1 teyvikn HETAPOANG TOV TYLDV OPICUEVOV ETAEKTIKOV LETAPANTOV, Yo
va dtepevvnBel 1 emintwon Tovg o€ oplopéves AAleg LETAPANTEG oL €xovv e&€yovoa
onuacio ommv aflohdynon N emhoyn oamnopdcewv (http://www.infosoc.gr/infosoc/el-
GR/services/leksiko/332.htm).

[T cvykekpipéva £vag uyovikos PAETOVTOS £va SAYPOUIO GLYKEVIPOONS XPOVOL
oe €évo meipapo petapopds, Ba mpémer vo eivor oe Béom va extiufiost  motol
mopapeTpol  eivar onupavtikol og avtd ko motoi oev ivar. 'Etol dote edv BeAnoet va
EVIOYVOEL TNV QMOUAKPVVOT] TOL POTOL VO EEPEL TOLOVG TAPAYOVTIES VO ENMNPEACEL.
Mo mopdoctypa o meipapa  OmTOL TO EOVOUEVO NG OlOTOPAG €lval 0 KOPLog
UNYOVICUOG HETOPOPAS, N TOpoKpn avénon e optldvtiag tayhtnTog Umopel va
EXel TOAD OMUOVTIKG OTOTEAEGUOTA GTNV OQoipeon Tov pvmov. Avtifeta €dv 1
peTaymy” elval 1o Kupimg eovopevo 0G0 Kot va avéndel tnv taydtnta, SpapatiKd
amoteAéopato dev Ba vrapEovv. 't avtdév 10 Adyo Ba TOPOVGLOGTOVV TOPUKAT®
dwypappoto Zynmuoa 8.18-8.25 ota omoio Oo @aivovtar ot petaforég otnv
OLYKEVIPMOTN OV TPOKAAOVVTOL OO OAANYEC OTIC TWES TMV ONUAVTIKOTEP®V
TOPOUETPOV.

To oVvoro TV dedopéveV Yo TNV aplBUNTIK) TPosopoimon didovial 6Tov mivaKeg
8.2, 8.3 yia v mepintwon cvppetapopdg pe mopoyn 0.8 ml/min (Exp. 1).
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Cv Conc. Vs Time, for various Cvceq
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IxApa 8.18. Ilapovoidlovior ol TYWES TV GLYKEVIPDOGE®Y 10V Y10l OLOPOPETIKES

TIWEG TG TapapeETpov Cveeq. Omov Cvceq n HEYIOTN CLYKEVIPMOT TOL GLUTAOGKOL
100-apyikov oy Katdotacn woppomniag. Tavtdypova 16xHEL 0Tt Cyee g+ = % Cyceq -

Cv Conc. Vs Time, for various Rvcdv
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0,1
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IxApa 8.19. Ilapovoidlovior ot TYWES TV GLYKEVIPDOGEMY 10V Y10l OLOPOPETIKES
TéEG TG mopapétpov Rvedv. Omou Rvedv=R,._, ¢€lvol o puOudg petaTpomng tov
GLUTAOKOL 10V-0pYIAOL GE O10AVIEVO 10.
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Cv Conc. Vs Time, for various Rvcadv
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IxApa 8.20. Ilapovoidlovior ol TYWES TV GLYKEVIPDOGEMY 10V Y10l OLOPOPETIKES
TG ™G TapopéTpov Rvedv. Omou Rvcadv=R,.«_, €ivar 0 pvOUdC HETATPOTNG TOL
CLUUTAOKOVL 100-apYilov, TPOGPOPNUEVOD GTO GTEPED TOPADOES, GE SLUAVUEVO 10.

Cv Conc. Vs Time, for various Rvadv
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IxApa 8.21. Ilapovoidlovior ol TYWES TV GLYKEVIPDOGEMY 10V Y10l OLOPOPETIKES
TWEG ™G mopapétpov Rvadv. Omou Rvadv=R,-_, &ivar o pvOBudg petatpomng tov
TPOGPOPNUEVOL 100 GTO GTEPED TOPMDOES, GE SLUAVUEVO 10.
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Cv Conc. Vs Time, for various Dvx
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IxApa 8.22. IMopovoidlovtal ot TIEG TV CLYKEVIPMOE®MV 100 Y10, OLPOPETIKES
TIHEG TNG TOPApETPOV Dvx. Omou Dvx gival 0 GLVTEAEGTNG VOPOSVVAUIKTG OLUCTOPAG
TOV 100.

Cv Conc. Vs Time, for various Dcx=Dvcx

06 / J A
0:5 / /—_, / "‘\\\ Dcx=Dvcx=0.1

iy
I\
=04 _ -0.
Sos /) A\ —ovamtos
” 02 /_\I \\Q Dcx=Dvcx=1:7

0,1

0 T T T T )
-0,1 O 100 200 300 400 500

Time [min]

IxApa 8.23. Ilapovoidlovtor ot TIHEG TOV GLYKEVIPAOGE®MV 100 Y10 SLOPOPETIKES
TIWEG TG TOoPAPETPOL Dvex. Omou Dvex  €ival O GULVTEAESTNG VLOPOSVLVOUIKNG
SIBTOPAG TOL GOUTAOKOV 100-apYIAOV.
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Cv Conc. Vs Time, for various Lc
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IxApa 8.24. Iopovoialovtal ot TIEG TV CLYKEVIPMOE®MV 100 Y10, OLUPOPETIKES
TIHEG TNG TOPAUETPOVL Le. Omou Le givar 0 GLUVTEAECSTNG AOOOUNOTG TNG OLIAVUEVIG

, . ;o L
apyilov. Tavtdypova toyvet 6Tt Ly, =7C.

Cv Conc. Vs Time, for various Lv, Lva=Lv/2
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IxApa 8.25. Tlapovoidlovtor ot TIHEG TOV GLYKEVIPAOGE®V 100 Y10 SLOPOPETIKES
TIEG TNG TOPAUETPOV Lv. Omou Lv €lval 0 GUVTEAESTNG OMOSOUNGTG TOV OLOAVUEVOD

, . ;o L
100. Tavtdypova woydel 6T L, =7".
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8.3 XYT'KPIXH ANAAYTIKQN KAI APIOMHTIKQN MEOOAQN

‘Exyovtag otnv o0140eon pog 1060 avoALTiKEG OGO Kol aplOuNTIKEG AVCELS Yo TO
TPOPANUO TG OMANG LETAPOPAS KEP. 7 €yve duvatn N ovykplomn kail 1 aloAdynon
Tov povtédov mov avamtuydnke. Ilapoakdto oto Zynuo 8.25 mapovcialovrot
TOLTOYPOVO. Ol VO aVTEG ADGELS Kol edyovion ypnowua cvumepdopata. Ommg
nopatnpeiton 660 mo poxkpd eipocte and v myn  (z=50 cm) 1660 KOAOTEPT
axpifela Eyovpe. Kabog minoidlovpe @aivetal kdmoto avovtiototyio HETAED TV
Vo pebddmv. O AOYOC Yo KATL TETO0 €YKETAL OTNV OVON TG OVOAVTIKAG ADONG
e€. (4.2). H ovykekpyévn e€lowon Bempel 61t yro z=50 cm vrdpyel onpeoky Ty
UNOEVIKAOV SLOGTACEWV, KOl Y1 ALTO TO AOYO 1 GLYKEVIPMOGON TNG TNYOIVEL GTO ATELPO.
Kdatt 1éto10 ek10¢ amd 011 mapafidlel v evoikn tov TpofAnquartog, kabmg n palo
TOV PUTOL £V TETEPACUEVT), OEV UTTOPEL VO TPOGOUOIWOEL e KavEvay TpOTO Omd TIG
apOunTcéc pebdoove. Baoikn apyn avtdv givar 0TL 0 yOPOS Ol0KPITOTOLEITOL  OE
TMEMEPACUEVOVS OYKOVG, LE OLOTNPADC OPIGUEVES U UNOEVIKES OLOOTACELS. LVVETMG
avT 1M OmOKAIoN TV oplOuNTIKOV omd TG avaALTIKEG Avoelg givor amdAivta
avapevopevn  Kor dev Bewpeiton 0Tl akvpdvel TV okpifeld Tov PoONUATIKOD
LLOVTEAOV.

1.5)(10'4 [T ’ :
T 1.0}
& I
~—
{@)]
£
© o5}
0.0 [EeseeeC . .
’ 0 60 80 100
z (cm)

Yympa 8.25. TTapovsialetor cVYKPIoN LETAED AVOAVTIKMOV KOl AplOUNTIKOV AVCEWMV.
Ot mopdueTpol Tov aVaAVTIKOD HOoVTEAOL glval: meployn cvykplong (X, y, z)=(200,
250 cm, z), Yo xpdvo t = 5 days, o€ TPIOOACTOTO TEPLOPIGIEVO VOPOPOPLED. LLE TTALYOG
H = 100 cm, yio onuetoxn oy og 8éon x = 200 cm,y = 250 cm, z = 50 cm. Evod 1o
aplOuNTIKO HOVTEAD BedPNoE VOPOPOPEN OTO YDPO UE AOLOTEPOTO TOLYDUOTO LE
dwotdoelg Lx = Ly = 500 cm, Lz = H = 100 cm. H dwakpironoinon £ywe pe apfuod
KeMoV nx =ny = 71, nz = 33, ka1 ypoviko Prpa t = 0.25 d. Tavtoypdvmg yia t1g 6vo
AMoeg woyvovy: mapoyn péloc myic F = 4 g/(em’ day), Swomopd Dx = 1950
cm’/d, Dy = Dz = 1450 cm’/d, toyomra U =15 cm/d, amoddunon pe pubuod
A= 1%=0d", poopoenon pe puOud 1 =0.72 d ', amokdANoN pe PLOUO 1; =
0.4 d " xaw mopddec 6 = 0.25.
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YYTKPIZH ITAEONEKTHMATON ANAAYTIKQN KAI APIOMHTIKQN MEG®OAQN

ANAAYTIKESX MEOOAOI
1. Axpipn amoteréopato:
Me gvkolo tpomo kaveic pmopet va Exet axpifera 0.001%.
2. Aegv yperdletar va Bpebohv OAEG 01 GLYKEVIPADOGELS TOV YDPOL, MOTE Vo Ppedel
1 GLYKEVTPMOT €VOG oTMpEiov.
Kd&Be onpeio tov yopov eivar aveEapmto ond kdbe GAAo kot £To1

umopet Kot vwoAoyiletol EexmploTdL.

APIOMHTIKE> MEOOAOI

1. T'pfyopa amoteréspoto
Ta ypovikd Prpoto dt vwoloyiopod pmopei vo eivon apketd peydho
KOl GUVERMDC EMTPETOVY TNV YPNYOPN EEQYMYT OMTOTEAEGUATOV.

2. EvxoAn poviehomoinomn cvvletmv tpofAnudtmv.
Koaveic pmopet va poviedomomoel oOvOeteg mnyég, pe moAOTAOKO
oYNMa, OALG Kal pe d0oKOAEG EEICMGELS TPOSPOPNONG, ATOPPOPNONG
Kol 0modounong pe oxetiky] evkoAio. Kdatt tétoto givor moAd dvoKkolo
€Qv Oy 0dVVATO Y10 OVAAVTIKEG AVGELS.

3. Emilvon mpofAnpdtov yio to omoia SV LITAPYEL AVOALTIKY AVON.
[No 6ha to mpoPAnpato mov cuvavidviol otny mpacn dev eivol
AmOPOiTNTO VO LTAPYOVV OVOALTIKEG AVCELS. AKOUO OUMG KOl Vo
VILAPYOLV TIG MEPIGCOTEPES POPEG Eival dVLOYPNOTEG aPoD dev givar
EVEMKTEG Ko 0V TPocaprolovtol oe Kavovplo Oed0UEVa, TOV 16MC
TEMKE VoL TPOKVYOLV GTO AUEGO UEALOV.

2VUTEPACUL:

Kpiveton katd v yvoun tov cuyypaeéa ott étav eival TpocPAaciieg ol avaALTIKESG
Moelg koAd Ba elvar va ypnoorotovvrol e€ontiog g akpifelog Toug aAAd Kot g
duvatdHTNTOS VoL VITOAOYILOVV HEHOVOUEVES GUYKEVTIPMGELS oToVv Y®po. [Tapoia avtd
oV TPAEN avTipeTOmIovTol TPOPANLATE TOV Ol OVOAVTIKEG AVGELS LOVEG TOVG OEV
UTOpOLV Vo dMGovV akpiPn arotedéopata eEontiog g ToAvTAOKOTNTOS TOVS. TéTo10
npoPAnuata  givol TG TOL amoutovV  emilvon TPOCHET®V  €EICMCE®V  TOV
VOAOYILOVUV VOPALAIKEG KAICELS, CLYXPOVMDG HE TIC €EIGMOEL TTOV TEPTYPAPOLV
HETOQOPE POTTOV. X& AVTEG TIG TEPIMTMOELS Ol APlOUNTIKEG AVGELS €lval LOVOIPOLLOG,.
AMwote omdvio ot otafepég (Omwg TO TOPMDOES) TOL PLOIKOV TEdIOL ivar
OUOLOLOPPEG GE OAN TNV EKTOACT] TOL KO Yl OVTO GTO TPAYUATIKO TPOPANLOTE TOV
avTipeTomilovtal ofuepa ot aplOUNTIKEG AVCELS GTNV TAEIOYNQI0 TOV TEPIMTOCEDV
etvat av 6yt Lovadpopog, oiyovpa 1 KOADTEPT ETLAOYY.
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10. ETXEIPIAIO XPHXHY [IPOTPAMMATOX MANUAL

10.1 XAPAKTHPIXTIKA AOT'IEMIKOY

Mo 10 aplBuntikd poviého mov dnuovpyndnke Kee. 5.2, MOTE Vo TEPLYPUPEL M
CUUUETOPOPE POTOV  GE TPLEOACTATO TOPMOES HEGO, OvATTOYXONKE O KOUTAAANAOG
KOdwag oe yhdooa Fortran (kep. 7) kot oty ovvéyewo €ywve compilation (Intel
Fortran Compiler 11.0.6) ®octe va yivel 1 HETOTPOT TOL GE EKTEAECIUO OpyEio
"Cootransport Simulation.exe".

To "Cootransport_Simulation.exe" Umopel va QVTIHETOTICEL £vO. GOVOAO TPOPANUATOV
OV TOPOLGLALOVTIOL TOCO GE TEPAULNTH GTO EPYOCTNPLO OCO KOl GE TPAYLATIKEG
Kataotdoelg 6to edio. Eival e 6éom va Tpocsopoldcel Eva peyaho 0pog yemUeTpiog
myov wov opyiler and onuetoxn Zynquoa 10.1 Ko tedeidvel oe eAAENYOELON YN
Syua 10.2.  H ypnon eilemtikng yeopetpiog eivor emiong dvvorr, HE TOV
meploplopo 6t avtn HBa Ppioketon og po amd TIC TPElG KOPIES EMPAVEIES YZ, XZ KOl XY
0V Vopopopéa Zynua 10.3. Ze kdbe mepimtwon TOGO M eAlewmTiKy 6GO Kot 1
eMewyoedng myn  avtopoata yopilovior omd 10 TPOYpappo  oe €vo GHVOAO
onueakov mnyov Zynuoe 10.4 kot omnv cuvéyewn Eexwvael M ektéleon NG
TPOGOUOIGONC.

[Tépa Spmg amd 10 oYU TG TNYNS, OKOUA £€vo, HEYGAO GUVOAO TOPAUETP®V
Bpiokoviar otnv d10eomn TOov TEAIKOD YPNON MOOTE HOVIEAOTOMOEL OGO KOAVTEPQ
YIVETOL TO QOVOUEVO TNG GUUUETOPOPAC. Mepwkol amd avtovg ivar 01 PLOIKES
otafepéc Tov VOpPoPopEn ( MY TLKVOTNTO, TOPMOES), M OdpKE Kol 1oY0 NG
EKAOTOTE TNYNGS, Ol aplOuNTIKEG oTobepEs (T, XPOVIKO Kot ympko Prina) aAAd Kot
TOAD  GAAOL OKOUOL TOL  TEPLYPAPOVLY TNV HOPPOTOiNon kot To €i00¢ TV
amoTEAECUATMV TTOV {NTOVVTOL.

Télog pe oxomd va yiver m yprion tov  "Cootransport Simulation.exe" mio €OKOAN,
onuovpyndnke omv yimoooo mpoypoupoatiopod  Visual Basic 2008 YPOPIKO
nmepailov oemedvelag ypnot (Graphical User Interface). To omoio avaiapPavet
vo  pecoAafnoet peta&d TOL  YPNON KOl TOV TPOYPAUUATOS TPOGOUOIMOTNG
"Cootransport_Simulation.exe"  ®oTE HE €OKOAO TPOTO Vv YIVEL ECGQYOYN TOV
amopoitnTOV  TOpApETp®V  ot1o TeAevtaio. To avaAvTikd eyyelpidlo TOV
"Cootransport_Simulation.exe" péco tov Interface divetan oto ke@. 8.2.
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[Mapaxdto ota Zynuota 10.1-10.4 gaivovior To dvvotd €idn TyOV TOL PTopEt vo
TPOGOULOIDGEL TO AoYlopuKoO "Cootransport Simulation.exe".

Y&podopog
120 opitovrag

L ITEGTG]
i

Iy0

AdLamépaoto
aTpwpa

Yympo 10.1: Tlopovoidletar povtédo mov pmopel va  €MAVEL 0 KOOIKOG
"Cootransport_Simulation.exe". H nnyn €dd Bempeitar onuetaks oALd pe menepacpuévo oyKo.

Y

YSpodopog 120 X
opifovtac EMzwposLsn

mnyn

2
— [} —

Yympo 10.2: TTopovoidletor LOVIEAO EALENYOEIONG TTNYNGS TOV UTOPEL Vo ETAVEL O
kdowog "Cootransport_Simulation.exe". H nnyf €8d Oswpeitanr elhenpoedng pe toyoieg
dwotdoeilg otov X, Y, Z, dEova.
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1z0

EM\EUTTLRE
mnyn

7 o
- . ,
— | 2xaBl |5 | 22BEN A
‘l\-_’f

l z ASLamépaoto
oTpUIa

Yynqpa 10.3: Tlopovoidletonr HOVTEAO HE EMPAVEINKES EAAEWMTIKEG TNYEG, OF
SLPOPETIKA emimeda, mov umopel var emAvel o kmdwkag "Cootransport Simulation.exe".

H eMewmtucn imyn 1 aviket oto eninedo YZ, n iyn 2 oto XZ kot t€ho¢ M wnyn 3
avikel 6to eminedo XY.

Y8pododpog X
opifovtag

1z0

EMAsuTrign
Ty

Iy0

ABLanEpaoto

oTpWHa

Yympo 10.4: Topovoidletar povrelomoinon €AAEWTIKNG 7TNYNG, TOV OVIAKEL GTO
eninedo XZ, ooppova pe tov Kodwko "Cootransport_Simulation.exe".
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10.2 User Manual "Cootransport_Simulation.exe"

To apyeio €6600v MOV TEPLEVEL Yo €lc0ywy TO "Cootransport Simulation.exe"
ovopaleton input.txt xou Ppickeronr oTov 1010 LWOPAKEAD HE TO eKTEAECIUO apyEio
Cootransport_Simulation.exe. Xto Xynuo 10.5(a-d) @aivetor to Interface mwov drafalet
amo 1o apyeio avtd kot mapopoing (to interface) BpiokeTar 6To 1610 VIOPAKELO pE TO
"Cootransport_Simulation.exe".

- B
a5l Advanced Transport Simulation Software. Univesrity of Patras, Civil Engineering Department, Enviromental Engineering Labaratory, 2012 E@g

Physical Attributes of the Transport

Hydrodynamic Dispersion “ ~—> Decay Rate 1 —> Solute deposition onto the Solid Matrix
— —
] — X Direction 10 Solute Contaminant 0.020 Attachment Rate 0.10
Hydrodynamic Dispersion “ — Decay Rate ﬁ —J)» Solute Detachment from the Solid Matrix
z —> ¥ Direction 0.0 Sorbed Contaminant  0.010 Detachment Rate 0.01
—

Hydrodynamic Dispersion 1|—> Interstitial Velocity 1'—} Porosity of the Solid Matrix
1|—> Z Direction 0.0 Across X Direction  0.3800 Porosity 0.42

12,

Model Geomet| Source Confiquration ¢ Numerical Analysis Confiquration
’_’ Cartesian Coordinates Source Th
]M — Aquifer Lenght : ]M - S Number of Cells aquifer is Diviveded to :
EUIEE Hon 30.0 Source Center : . . 100
@ Point Source X Direction
Aquifer Lenght : X Direction 0.0
@ Elipti Y Direction 1
Y Direction 05 ) Eliptic Source ]‘
Source Center
Aquifer Lenght : ) Ellipsoid Source Z Direction 1
Y Direction 0.25
Z Direction 0.3 ]ﬂ —p  Time step Size:
Source .
Advanced Settings SiEp=ize 0.100
Boundary Conditions Source Center
Implicit to Explicit Ratio VE
—> Cells Upstream Z Direction 043 Source
2‘ P Dimensions Ratio 1.00

Ratio O/l 0.0 ]M f A =1, Means full Implicit Scheme
m VE =0.5, Means Crank Nicolson Scheme
22 ‘ >  Cells Dowstream 2“ ]M
T 10 Read Data ]M

—
) / Smuation Mode &~ ZM 2“
Ratio O/l corrensponds to the o o /

Outter cell Conc.Jinner Cell Conc. P
() Simple Transport
Ratio "0/l=1" Translates to dCidt=0

i i Go to Cootransport Start Simulation

-

Yympo 10.5a: Tlapovcidleton n odoun tov Interface 7y tO TPOHYpappQ
"Cootransport_Simulation.exe". To ocvykekpiuévo  eivor OpKeETO Yoo vo EMAVCEL €va
TPOPANUO amAG HETOPOPAS OAAG YloL TNV TEPITTOOT GLUUETAPOPAS YPeEdleTOl Kol TO
avtiotoyo Interface Zynua 10.6.



-

N
o5 Advanced Source Configuration, Simple Transport Elﬂlg

Source Behaviour Source Activity
2“ |—} Source keeps a Constant Mass Rate till the end 7 Source stays active tilthe end 7 €— 2‘ |
@ Yes @ Yes
) No @ Mo

If "Mo" gets Selected, then Source keeps a constant-
Concetration till the End. "Ma" Can only be applied- Source becomes Inactive after: 250
for Cells in direct touch with the Influnet well.

Source Power Supply

Source Power Attibutes ~ <@— 2“
10

Concetration

Flow rate 20

Cancel | | ok |

Yyqpa 10.5b: IMopovcoualetar  1n ovvéxelo tov Interface yia 1o mpoOypoppo
"Cootransport_Simulation.exe". To ocvykexpipévo givar vrebbovo yio vo TeEPLypaQel TNV
SLapKeLd Kol TV oYL TNg TNYNS (OTAN LETAPOPA UOVO).

-

,
a5 Source Dimensions: Ellipitc Source, Simple Transport Elﬂlﬂ

Sorce Surface Crientation Source Surface Dimensions
Plane on which the Eliptic sufaceison: <€— 2“ Source lenght across the : <€— 3“ |
_ X Dimension
@ YZ Plane
) ¥Z Plane ¥ Dimension 01
() XY Plane Z Dimension 0.05

| Canes | [ ok |

Yyqpoa 10.5¢: IMapovowaletan 1M ovvéyewo tov Interface yw 1o mpoOYpopLpo
"Cootransport_Simulation.exe". To cvykekpiévo givar vrebbvvo yio vo mePLypaeel TV
YEOUETPlOL OE TEPINTOOT TOL EYOVLE EALETTIKN TTNYT| (AN pETAPOPE PdVO).
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oSl Print Out Attributes, Simple transport

Type =1, Comesponds to printing data from the
Type =3, Comesponds to printing data from the

Additional Print possiblities

K.Y Z Coordinates of Cells that concetration is need to be Printed

Type X Y Z Time

ex. " 5 [ 7 10"
1 1 2 3 0 ?M .

1 2 4 [ 20

Type =2, Comesponds to printing data from the 2nd Element {Not available in simple transport)

. 9 e
Print All Cell Concetrations in XYZ format ~ Which surface to Print 7 Distance of Suface from ads origin ?
|§| Y7
Print Cell Concetrations in  YZ {or XZ or XY) format * Distance 5
[ s
T © Xy \
* Concetrations are Printed at Every Time Step

In Format Like Below :

1st Element

3d Element (Not available in simple transport)

?M Intersection attibutes

| | s

Yympo 10.5d: TTapovcialeton

N ovvéyelo tov Interface ywo 10 TPOYPOUUQ

"Cootransport_Simulation.exe" . To cuykekpipévo givarl vtehvvo yio vo TEPLYpaQeL T0 160G
TOV OTOTELEGUATOV TTOVL BELEL v AAPeL 0 ypNoTg (OmTAN LETAPOPA LOVO).
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10.2.1 ANAAYXH TOY INTERFACE AIIAHX META®OPAX KAI H XPHXH TOY

Otav kolel yioo mpdTn @opd o xpnotng 1o "Cootransport_Simulation.exe" eu@avileton
Umpootd Tov 10 ZyMua 10.5a. Amd owtod pmopel HEGH TOV KOTAAANA®V KOVUTIOV VO
petoPel o€ OmOONTOTE AALO HEPOG TOL TTPOYPAUUATOS 0LTOG emBupel (Y. Zyqua
10.5b 1} 10.5d) kou amod exel va e16dyet 11 KaTdAANAeS ekdoTtote mopapétpovs. Otav
Belnoel n aAdayr| Tov €KOVE GE KATO TOPAUETPO Vo 0moBnKeLTEL 6TO0 GKANPO dicko
dev €xel mapd vo matnoet to kovpmi 18 Zynua 10.5a " Save input data" kou €dv
Belnoet va tpé€et To HovtéLo mov pEYPL Kelv) TNV oTiyun| £xEl opicel dev €yl mopd
va matiosl To kovuni 24 Zynupo 10.5a " Start Simulation". Toéte o apyicovv ot
VTOAOYIGHOL. MOALG avTol TEAEIMGOVY umopel va mael oTov pdikelo OToL PpiokeTal TO
"Cootransport_Simulation.exe" ot ekel va avalntioel To ATOTEAEGHOTO OTA  OpYEin
print.txt M printSurWCoord.txt kot printSur.txt.

OMla o1 dvvatég emAoyéc mov pmopet va Kavet o xpriotng Ba avaivbodv pia mpog pa
apyilovtag pe to Packo interface Xynua 10.5a.

‘Etot v to Zynpo 10.5a ot apiBpoi ota miaicte kabBopilovv Tig e£NG TOPAUETPOVG
(o1 povadeg eivol EVOEIKTIKES OTMG EVOEIKTIKOG €lval Kol 0 pOTTOG TOV UETAPEPETAL

Y. APYIAOG.) :
2
1. Dcx =Longitudinal hydrodynamic dispersion coefficient [%]

2
2. Dcy =Lateral hydrodynamic dispersion coefficient [%]

2
3. Dcz =vertical hydrodynamic dispersion coefficient [%]

4. L.= decay rate of liquid phase solute [ﬁ]
]
m

1
6. U=average interstitial velocity [F2]. ( evdomopddng TorydTTo!

5. L.+= decay rate of sorbed solute [ -
day

otV 01evvvon X)
1

days
1
days

7. R,_,~ Forward rate coefficient [

]
]

8. R,~_, Reverse rate coefficient [

9. Th=porosity of the solid matrix
10. Ixx =dimension of the aquifer parallel to the x direction (cm)
lyy= dimension of the aquifer parallelto the y direction (cm)
1zz= finite aquifer thickness (cm)
11. Lx0 = Cartesian coordinates of the point source X direction [cm]
Ly0 = Cartesian coordinates of the point source Y direction [cm]
Lz0 = Cartesian coordinates of the point source Z direction [cm]
12. Indicates the type of the source. The possible options are Point or Eliptic or
Ellipsoid Source Figs. 10.3, 10.2.
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13.

14.

15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

The number of cells each x, y, z direction will be split to. Required for
discretization of the aquifer (Numerical methods demand it).

The number of pieces the time will be divided to. Required by the
discretization scheme (Numerical methods demand it).

Ratio between the Full implicit and the explicit scheme. Full implicit is very
stable but sometimes can be less accurate. On the other hand explicit scheme
tends to be unstable but when it converges it does it with more accuracy. A
value for the Ratio 0.5 creates the Crank Nicolson method which is known to
be stable for the simple transport problems (no adsorption or decay)

Button that opens the Advanced Source Settings Interface Fig 10.5b.

Button that starts reading the input.txt file and passes data read to all possible
interfaces. Usefull in case someone do an unwanted change and wants to reset
all parameters to their initial data. Don't forget the reading of the file is
automatically done when the program opens for the first time.

All changes done to the interface are saved to the input.txt file. This action is
also automatically done when the start simulation button 24 is clicked.

Opens the interface required to describe the kind and the number of wanted
output data fig. 10.5d.

Option that defines whether we have a simple transport or we have a full
cootransport (two different solutes the same time).

Defines the ratio of the outer cell concentration versus the inner boundary
cell (Upstream). Really usefull when an upstream clear water well exists that
creates a flow of zero concentration solute. In that case the ratio must be set to
zero. When set to one it corresponds to the dC/dt=0 boundary condition.
Defines the ratio of the outer cell concentration versus the inner boundary
cell (downstream). It is usually set to one to indicate that the solutes that exit
the aquifer never come in again. Also this setting corresponds to the dC/dt=0
boundary condition.

It opens the Cootransport interface fig. 10.6a (to do so option 20 must be set
to Cootransport). The specific interface is needed when we want to simulate
Cootranport.

Maybe the most important button. It start the simulation with the parameters
defined till now. When the simulation is finished the user can go and check the
results in the respective print.txt files.

In case option 12 (Source type) is set to Elliptic or Ellipsoid source there is a
need to define the geometry of the Source. This is done with the option 25
which opens the needed interface
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Ene&nynon tov Interface Zynua 10.5b (Advanced source Configuration):

26. Current Version of the model allows two types of source cell. The first one
keeps constant concentration till the end. It is usefull only when there is an
influent well at the start of the x direction (x=0) which has non zero solute
concentration and thus it allows pollutants to enter the aquifer. In that case the
upstream boundary cells keep constant concentration and the option 21 fig.
10.5a must be set to zero. The second source type allows to have constant
mass rate. This is usefull when we inject our pollutant in a random point of the
aquifer. When done so the options 21 or 22 fig. 10.5a can take any positive
value.

27. The source can be inactivated after some time. If done so we must define the
time after which the inactivation occurs.

28. In case we have constant mass release from the source cells we must define
the magnitude of the flow rate and the concentration of the incoming injection
fluid. Otherwise if we have constant concentration we need only to define the
concentration magnitude.

Ene&nynon tov Interface Zynua 10.5¢ (Source dimensions):

29. When the option 12 fig 105a is set to either Elliptic or Ellipsoid we need to
define the geometry of source. This can be done with the current interface
fig. 10.5¢ and the options 29, 30. Option 29 Indicates the plane the Elliptic
surface is set on fig. 10.3.

30. Defines the length of the Elliptic source in the corresponding X, y, z
dimension fig. 10.3.

Ene&nynon tov Interface Xynua 10.5d (Print out Attributes):

31. Till now we described many things but we never talked about time. We need
our concentrations at an explicit point, after a specific amount of time. These
parameters are inputted in the 31 option fig. 10.5d. For example if we enter
". 12 3 10" we ask the model to find the concentration (of the simple
transport problem) at a point with x=1, y=2, z=3 cm after 10 mins have
passed. The first parameter with value "1" defines the kind of the
Concentration to be printed. While we are on Simple Transport this parameter
can occupy only the value "1". This isn't true for the case of Cootransport,
where values "2" and "3" are also supported. For further details check
Cootranport interface.
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32.

33.

34.
35.
36.

Sometimes we require more info from just the concentration at a specific
point. That can be achieved by doing intersections and printing the whole
surface from a 3d aquifer. So option 32 allows us to get concentrations from
an intersection in two different formats: a) printSurWCoord (with
coordinates), b) printSur (without coordinates). "Yes" means we want to do
an intersection and print the results for every time step (which is defined from
option 14 fig. 10.5a) in the respective output file, while "no" means we just
get the results asked from option 31. Choice 32 is really usefull when we need
to create contours of a particular surface.

Like option 32, option 33 allows us to get in a "XYZ C" format all the cell
concentrations of simple transport, at the end of every time step. Each time
step corresponds to a different file (named by increasing number, in the
multiprints subfolder) .

Allows us to select which plane to print (YZ, XZ, or XY) while option 35,
Allows us to define the distance of the plane from the origin of the axis.

In case all changes made to the current (Print out Attributes) interface, are
valid then we just have to push the "Ok" button to save them. If we don't want
to keep them we just push Cancel. Don't forget Clicking "Ok" keeps the
changes but this doesn't mean changes are written to the hard disc. Which
leads to the fact that if the program closes without pushing "save data" option
18 fig. 10.5a any changes done are lost and the next time the program starts
the last saved data will be loaded.

141



10.2.2 ANAAYXH TOY INTERFACE XYMMETA®OPAX KAI H XPHXH TOY

Méypt  topa meprypayope v omAn  petoeopd evog pvmov (Element 1).
¥10 Zyqua 10.6 mov axoiovbel mapovoidleton to Interface mov fonbdet Tov yprot
VO EIAYEL TIG TOPAUETPOVG Y TNV TEPITTMOT TS SLUpETAPOPAg (Cootransport).

-

ol Cootransport Configuration. Second and Third Element L=
Physical Attributes of the Cootransport, Dispersion Source Configuration ﬂ \r
‘ ) Hydrodynamic Dispersion 2nd Element ‘ ) Hydrodynamic Dispersion 3rd Element Cartesian Coordinates Source Type
X Direction, Dvx =~ 2.0 === X Direction, Dvex 1.0 ‘ \huerenter
— @ Point Source
X Direction 0.0
() Eliptic Source
‘ —Jp»  Hydrodynamic Dispersion 2nd Element —p Hydrodynamic Dispersion 3rd Element “ \ - Elipt
Source Center

1.0 o —

Y Direction, Dvcy ) Ellipsoid Source
¥ Direction 0.4 “

—— Source
—> Hydrodynamic Dispersion 3rd Element Dimensions
j — source Center
Z Direction, vz~ 2.0 Z Direction, Dvez 1.0 e cction 03 Source
3i' Advanced Settings

Physical Attributes of the Cootransport, Sorption y l\
| Sorption 3rd Element

—} Decay Rate 2nd Element —> Decay Rate 3rd Element Sorption 2nd to 3rd Element

Y Direction, Dvy

‘_ 2.0

‘ —  Hydrodynamic Dispersion 2nd Element

o |k

s
\E

Solute Contaminant, Lv 1.0

&

rbed Contaminant, Lvca Rate, Rvdvc Attachment Rate, Rvedvea 1.0

“ Decay Rate 2nd Element y —’ Sorption 2nd Element Sorption 3rd to 2nd Element }-} Desorption 3rd to 2nd Element
— —
Sorbed Contaminant, Lva 1.0 Attachment Rate, Rvdva Rate, Rvcdv 1.0 Rate, Rvcadv

. Decay Rate 3rd Element ' DeSorption 2nd Element Desorption 2nd to 3rd Element Desorption 3rd Element

®
I3

Solute Contaminant, Lve 1.0 Detachment Rate, Rvadv Rate, Rvdvea 1.0 Detachment Rate, Rvcadve 1.0

Max concetration at eguilibrium Other Heeded Data g ‘
5 i ' Max Concetraion of 3d element Aquifer Density Head Data
_tute Phase, Cvceq 0.6 y

Save Input Data

Max Concetraion of 3d element Max Number of Buffed Variables
Go back to Simple Start Simulation
rbed Phase, Cveaeq 0.2 }/v 200 Print Out Options Transport

Yyqpo 10.6a:  Ilopovcidletan n odoun tov Interface 7y tO TPOHYpappQ
"Cootransport_Simulation.exe". Tleptypdoet Tig emmAéov TapapuéTpoug mov ypeldlovtal MoTe
va ABel 10 TPOPANLO TG CLUUETAPOPAC.
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gl Print Qut Attributes Cootranport o e S

XY .Z Coordinates of Cells that concetration is need to be Printed

In Format Like Below : €¢———— 34 '

Type X Y z Time
ex " 5 [ 7 10"
1 1 2 3 10 -
1 2 4 3 20
Type =1, Comesponds to printing data from the 1st Bement
Type =2, Comesponds to printing data from the 2nd Element
Type =3, Comesponds to printing data from the 3rd Element
Additional Print possiblities Intersection attibutes
Print All Cell Concetrations in XYZ format = Which surface to Print 7 Distance of Surface from ads origin ?
@ YZ
Print Cell Concetrations in 2 {or XZ or X} format *
& XZ Distance &

Print First Element (C) @

Print Second Element {V) ® &
35

* Concetrations are Printed at the End of Every Time Step

| Cencdl | [ o

Yyqpa 10.6b: Ilapovoidletor 1 ovvéxelo tov Interface yw to mPOYpopLpLL
"Cootransport Simulation.exe". To cvykekpipévo givar vebBvvo Yo vo TEPyPAPEL
10 €100¢ TV OMOTEAEGLATOV TTOL BEAEL va AdPel 0 xpNotng (ZvppeTaPopd).

[Mopoakdto @aivovior ot duvatég emroyég tov Interface. Exovv yiver ot €€ng 6o
olwnnAég Tapadoyéc: o) Exyovpe tavtdypovn petapopd dvo pHToV €K T®V OTOI®V 0
np®TOG elvan amAn dpythog (cvpPforo C) 1 omoia Kot EKTEAEL QAN LETOPOPA EVE O
devtepog elvar 10¢ (ovpPoro V), o omoiog ovupetapépetar B) Ot otabepéc mov
apOpPOVV TOV TP®TO PLTO Bewpovvtal ATt givor avtég Tov £yovv dobel oto Interface
anAng petaeopds Zynuo 10.5. Axdpa Baon towv mopandve "Element 1" Bewpeiton
ot gtvon 1 apytrog, "Element 2 " Bewpeiton 6Tt eivon 0 10¢ ko "Element 3 " Oswpeitan
ot gtvan 0 10 Tpocpopnuévog emdve oty apytro (Virus-Clay=Cvc).
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AwBéopeg emhoyéc tov Cootransport Interface Zyfua 10.6:

1. Dvx =Virus Longitudinal hydrodynamic dispersion coefficient [%]

2. Dvy = Virus Lateral hydrodynamic dispersion coefficient [%]

3. Dvz = Virus Vertical hydrodynamic dispersion coefficient [%]

4. Dvcex =Virus-Clay Longitudinal hydrodynamic dispersion coefficient [%]
5. Dvcy = Virus-Clay Lateral hydrodynamic dispersion coefficient [%]

2
Dvcz = Virus-Clay Vertical hydrodynamic dispersion coefficient [%]

Coordinates for the source x-direction [cm)].
Coordinates for the source y-direction [cm)].
Coordinates for the source y-direction [cm)].

AR G

10. L,= virus decay rate of liquid phase solute [ﬁ]

11. L,~= Virus decay rate of the sorbed phase [ﬁ]

12. L, .= Virus-Clay decay rate | dalys]

13. L, .+= Virus-Clay sorbed on the solid matrix decay rate [ﬁ]

14. R,_,»= Forward rate coefficient (v converts to v*) [ dalys]

15. R,+_, =Reverse rate coefficient [—]

16. R, _,. = Virus to Virus-Clay conversion rate | dalys]

17. R,._, = Virus-Clay to Virus conversion rate [ﬁ]

18. R,_,.+= Virus to sorbed Virus-Clay conversion rate [ﬁ]

19. R, ._,.+= Virus-Clay to sorbed Virus-Clay conversion rate [a;ys]
20. R, ._, = Sorbed Virus-Clay to Virus conversion rate | dalys]

21. R, ._y. = Sorbed Virus-Clay to Virus-Clay conversion rate [— 1ys]

22. Cvceq= Max concentration of Virus-Clay complex at equilibrium (Pfu
virus/mg clay)

23. Cvceq*z Max concentration of sorbed Virus-Clay complex at equilibrium
(Pfu virus/mg clay)

24. rD=bulk density of the solid matrix(solid mass/aquifer volume) [%]

25. In order to increase speed, some data is buffed onto memory. Option 25 allows
to define the max capacity of the buffed data. So in our example we set the
capacity to be 200 which means 200 variables (8 byte each) are buffed. More
capacity decreases time. Though one must be careful with the memory usage
since a large number in this option can result in several Gigabytes of memory
usage (sometimes more than 12 gigabytes of memory maybe required).

144



26.

27.

28.

29.

30.
31.

32.

33.

Initiates again reading input data from file. Useful in case there is a need to
undone changes to the interface. Don't forget though that all input files are
read once during the load of the initial interface fig 10.5a.

Saves all changes done to the respective input files on the hard disk. The input
files are held on the same subfolder as the main interface executable and are
named "input.txt", "inputC.txt" and "inputMisc.txt".

Opens the interface that will define what kind of data to print fig. 10.6b.

Q= is the flow rate with which we transfer solute mass (with

3
concentration Cm0 ) to the source cell [%]

Saves to memory all changes done and return us to the initial simple transport
interface fig. 10.5a.

Starts the Cootransport simulation.

Specifies the source geometry in case we have selected in option 33 Elliptic
or Ellipsoid Source (opens the required interface).

Opens the required interface that will define the type (constant mass or
constant Concentration) of our second pollutant source (e.x. Virus mass). The
first source was defined on the simple source interface and nothing is needed
to be done again.

Specifies the geometry of our second (e.x. virus) source.

Méypt e0d meprypayope to Interface Zymua 10.6a, tdpa cvveyicovps avaidovTog
10 Interface Zynua 10.6b mov opilel mowd amoteAéopato Oéher va del otnv ££000

XPAOTNG.

34.

35.

Option 34 allows the user to enter in a simple and straightforward manner the
position and the time after which he wants to have the concentration printed
in print.txt file as seen in fig. 10.9. So in our example fig. 10.6b user asked to
get the concentration of the first Element (here Clay) at position with
coordinates x=1, y=6 and z=7 after 10 days have passed which corresponds to
input "1 16 7 10 ". The user could also have inputted "2 1 6 7 10 " which
translates to print Virus concentration from a point with coordinates x=1, y=6
and z=7 after 10 days have passed. Because we are on Cootransport more
options are supported and the first parameter can be valid for values "1", "2"
or "3". The value "1" indicates Clay concentration (first element), value "2"
indicates Virus concentration (second element) and lastly value "3" indicates
Virus concentration sorbed on clays (third element).

Like it was discussed on fig. 10.5d, option 35 allows to select whether to print
the concentrations of the first element (Clay) or the second Element (virus).
The format can be either xy or xyz.
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10.2.3 ANAAYXH AIIOTEAEEMATQN EEOAOY

"Exovtag ypnoyonomcel cmotd to Interface yia v elcoywyn ded0pEVOV 0 XPNOTNG
KaAgitol va Eekivioel v pocopoinon. Avtd yivetar kdvovrog click oto kovumi
"Start Simulation" ZyMua 10.50. MOMG 1 TPOcOUOIMOT TEAEIMGEL TOL OMOTEAECUATO
yphpovtal ota omapoitnTa apyeio otov okAnpod dioko tov cvotnuatoc. Kaveig
umopel vo  ta  Pper  mnyoivoviag otov 1010 vmogdkeAo pe 1O apyeio
"Cootransport Simulation.exe" Ko YAYVOVTOG Y Ta ovopota
PrintSURWCOORD.txt ] PrintSurXYZ.txt kot multipleprints.

Evdewktikd ota mopokdto EZyfquate 10.7-10.11 @aivovion ta apyeia €£6dov. Xt0
apyeio PrintSur.txt (mov PBpioketon oTov 1010 LVIOEAKEAO pe TO input.txt) Zympo
10.7a, 10.7b aALd kar tavtdypova oto apyeio PrintSURWCOORD.txt (octov 1010
vroeakero pe to "Cootransport Simulation.exe") Xynuo 10.8  ¢@aivovtar ot
OLYKEVIPMOOELS UOG TOUNG ov emédeée o ypnotng. H dtapopd tovg givar 011 6T0
Tp®TO PAEMOVUE HOVO TIC GUYKEVIPMOOEIS TNV MO KAT® omd TV GAAN €ve GTO
OEVTEPO TOPATNPOVUE  KOL TIC CUVIETAYUEVEC TOV EMMEOOV TOV EKTUTOVOVIOL OE
popoen x, y, C (o1 dvo amd 115 Tpeic kataypapovtal, n tpitn eivar o apBudg H).
EmnAéov ot0 apyeio PrintSur.txt amotuvndvovion ol otabepéc mov meEPLypAPoOLY TO
HOVTELO paG OTm¢ OlaBactnKay amd To apyeio input.txt.

P e e o e e o e o e o o e o e o e ok e o e ok o ok
Input file was succesfully read

Dx= 31950.0000000000
Dy= 6450.00000000000
Dz= ©450.00000000000
U= 15.0000000000000

11=  0.000000000000000E+000
12=  0.000000000000000e+000
th= 0.250000000000000

1x0= 249.000000000000
1y0= 249.000000000000
1z0= 49.8000000000000

rl=  0.720000000000000
r2=  0.408000000000000

rD= 1.50000000000000
Q= 1.00000000000000

Cm0= 1.00000000000000
sourcesurf= 0
akl= 25.0000000000000

bET1= 25.0000000000000
cEl= 0.100000000000000

Txx= 500.000000000000
Tyy= 500.000000000000
Tzz= 100.000000000000
nx= 151

ny= 51

nz= 41

dt= 10.0000000000000
printsurMode=
Printsurxyz= 2
h= 249.000000000000

AR ER AR AR A AR AR A AR AR A AAL AN RSN R AR AN A AR AR A AR AR AS

Yyqpo 10.7a: IMopovcidletar apyeio €£60ov  printSur.txt yuoo 1O TPOYPOLLLLOL
"Cootransport Simulation.exe" (mpwto pépog).

146



0.80316D-06
0.80317D-06
0.80320D-06
0.80325D-06
0.80331D-06
0.80338D-06
0.803460-06
0.80355D-06
0.80364D-06
0.80374D-06
0.80384D-06
0.80394D-06
0.80404D-06
0.80413D-06
0.80422D-06
0.80430D-06
0.80436D-06
0.80441D-06
0.804450-06
0.80447D-06
0.80448D-06
0.80447D-06
0.804450-06
0.80441D-06
0.80436D-06
0.80430D-06
0.804220-06
0.80413D-06
0.80404D-06
0.80394D-06
0.80384D-06
0.80374D-06
0.80364D-06
0.803550-06
0.803460-06

B L L L e

current

0.80333D-06

0.80334D-06
0.80337D-06
0.80342D-06
0.80348D-06
0.803550-06
0.80363D-06
(0.80372D-06
(0.80382D-06
0.80392D-06
0.80402D-06
0.80412D-06
0.80422D-06
0.80431D-06
0.804400D-06
0.80448D-06
0.80454D-06
0.80455D-06
0.80463D-06
0.804660-06
0.804660-06
0.804660-06
0.804630-06
0.80455D-06
0.80454D-06
0.80448D-06
0.804400-06
0.80431D-06
0.80422D-06
0.80412D-06
0.80402D-06
0.80392D-06
(0.80382D-06
0.80372D-06
0.80363D-06

results
Horizontal
0.80367D-06
0.80368D-06
0.80371D-06
0.80376D-06
0.803820-06
0.80389D-06
0.80397D-06
(0.80407D-06
0.80416D-06
0.80427D-06
0.80437D-06
0.80448D-06
0.80458D-06
0.80467D0-06
0.804760-06
0.80484D-06
0.80491D-06
0.804960-06
0.80500D-06
0.80502D-06
0.80503D-06
0.805020-06
0.805000-06
0.80496D0-06
0.80491D-06
0.80484D-06
0.804760-06
0.80467D-06
0.80458D-06
0.80448D-06
0.80437D-06
0.80427D-06
0.80416D0-06
0.80407D-06
0.80397D-06

are

—{em_

0.80418D-06
0.80415D-06
0.80422D-06
0.80427D-06
0.80433D-06
0.80441D-06
0.80445D-06
0.80458D-06
0.80465D-06
0.80480D-06
0.80490D-06
0.80501D-06
0.80511D-06
0.80521D-06
0.80530D-06
0.80538D-06
0.80545D-06
0.80551D-06
0.805550-06
0.80557D-06
0.80558D-06
0.80557D-06
0.805550-06
0.80551D-06
0.80545D-06
0.80538D-06
0.80530D-06
0.80521D-06
0.80511D-06
0.80501D-06
0.80450D-06
0.80480D-06
0.80465D-06
0.80458D-06
0.80445D-06

based
vectical
0.80486D-06
0.80487D-06
0.80491D-06
0.B0496D-06
0.80502D-06
0.80510D-06
0.80519D-06
0.B0528D-06
0.80539D-06
0.80550D-06
0.80561D-06
0.805720-06
0.B0583D-06
0.80593D-06
0.80603D-06
0.80611D-06
0.80618D-06
0.80624D-06
0.80628D-06
0.80631D-06
0.80632D-06
0.80631D-06
0.80628D-06
0.80624D-06
0.B0618D-06
0.80611D-06
0.80603D-06
0.80593D-06
0.805830-06
0.80572D-06
0.80561D-06
0.80550D-06
0.80539D-06
0.B0528D-06
0.80519D-06

on

fcm},
0.80571D-06
0.805730-06
0.805760-06
0.80581D-06
0.805880-06
0.805960-06
0.806050-06
(0.806160-06
0.80627D-06
0.806380-06
0.806500-06
0.806620-06
0.806730-06
0.80684D-06
0.80694D-06
0.807020-06
0.80710D-06
0.807160-06
0.80720D-06
0.807230-06
0.80724D-06
0.807230-06
0.80720D-06
0.807160-06
0.80710D-06
0.807020-06
0.80654D-06
0.80684D-06
0.80673D-06
0.806620-06
0.806500-06
0.80638D-06
0.80627D-06
0.806160-06
0.806050-06

time

0.80673D-06
0.80675D-06
(0.80679D-06
0.80684D-06
0.80651D-06
0.80700D-06
0.80710D-06
(0.80721D-06
0.80732D-06
0.80744D-06
0.80757D-06
(0.80769D-06
(0.80781D-06
0.80792D-06
(0.80B03D-06
(0.80812D-06
0.80820D-06
0.808260-06
(0.80831D-06
(0.80834D-06
0.80835D-06
0.80834D-06
(0.80831D-06
0.80826D-06
(0.80820D-06
(0.80812D-06
0.80803D-06
0.80792D-06
(0.B80781D-06
(0.80769D-06
0.80757D-06
0.80744D-06
(0.80732D-06
0.80721D-06
0.80710D-06

t=10days

0.80793D-06
0.80795D-06
0.80799D-06
0.80805D-06
0.80812D-06
0.80821D-06
0.80832D-06
0.80843D-06
0.80856D-06
0.80869D-06
0.80882D-06
0.80895D-06
0.80908D-06
0.80920D-06
0.80931D-06
0.80541D-06
0.80948D-06
0.80956D-06
0.80961D-06
0.80964D-06
0.809650-06
0.80564D-06
0.809610-06
0.80956D-06
0.80949D-06
0.80941D-06
0.80931D-06
0.80920D-06
0.80908D-06
0.80895D-06
0.80882D-06
0.80B69D-06
0.80856D-06
0.80843D-06
0.80832D-06

0.80930D-06
0.80932D-06
0.80936D-06
0.80943D-06
0.80951D-06
0.80960D-06
0.80972D-06
(0.80984D-06
0.809597D-06
0.81011D-06
0.81025D-06
0.81039D-06
0.81053D-06
0.810660-06
0.81078D-06
(0.81088D-06
0.81097D-06
0.81105D-06
0.81110D-06
0.81113D-06
0.81114D-06
0.81113D-06
0.81110D-06
0.81105D-06
0.81097D-06
0.81088D-06
0.81078D-06
0.81066D-06
0.81053D-06
0.81039D-06
0.81025D-06
0.81011D-06
0.80997D-06
0.80984D-06
0.805972D-06

0.81085D-06
(0.81087D-06
(0.81092D-06
0.81098D-06
0.81107D-06
0.81117D-06
0.81129D-06
(0.81143D-06
0.81157D-06
0.81172D-06
0.81187D-06
(0.81202D-06
0.81217D-06
0.81231D-06
0.81244D-06
0.81255D-06
0.81265D-06
0.81272D-06
0.81278D-06
(0.81282D-06
0.81283D-06
(0.81282D-06
0.81278D-06
0.81272D-06
(0.81265D-06
0.81255D-06
0.81244D-06
0.81231D-06
(0.81217D-06
0.81202D-06
0.81187D-06
0.81172D-06
0.81157D-06
0.81143D-06
0.81125D-06

0.81257D-06
0.812580-06
0.81264D0-06
0.81272D-06
0.81281D-06
0.81292D-06
0.813050-06
0.81320D-06
0.813350-06
0.81351D-06
0.81368D-06
0.81384D-06
0.814000-06
0.814150-06
0.814250-06
0.81441D-06
0.81451D-06
0.814600-06
0.814660-06
0.814700-06
0.81471D-06
0.814700-06
0.814660-06
0.814600-06
0.81451D-06
0.81441D-06
0.814250-06
0.814150-06
0.81400D-06
0.81384D-06
0.81368D-06
0.81351D-06
0.813350-06
0.81320D-06
0.813050-06

0.81447D-06
0.81450D-06
0.81455D-06
0.81463D-06
0.81473D-06
0.814850-06
0.81495D-06
0.81515D-06
0.81532D-06
0.81545D-06
0.81567D-06
(0.81585D-D6
0.81602D-06
0.81618D-06
0.81633D-06
0.81647D-06
(0.81658D-06
0.81667D-06
0.81674D-06
(0.81678D-06
0.81679D-06
(0.81678D-D6
0.81674D-06
0.81667D-06
(0.81658D-06
0.81647D-06
0.816330-06
0.81618D-06
(0.81602D-D6
0.81585D-D6
0.81567D-06
0.81545D-06
0.81532D-06
0.81515D-06
0.81455D-06

Yymqpo 10.7b: Tlapovcidleton apyeio €EO60ov PrintSur.txt ya
"Cootransport Simulation.exe" (6eUtepo uépog).

T0  TTPOHYPOLLLOL
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The thickness

The number of

The number of pieces at X direction are
The number of pieces at Y direction are

pieces at Z direction are
¥ 4 o 9 o e 9 Y e 9 o ok 7 o o 9 9 o e 9 o e o ok o ok o o v e

500.000000000000
500. 000000000000
100. 000000000000

R R M A R R o o

The Hdinput information is :
The Tenght of aquifer L (cm)=
The width of aquifer w (cm)=
of aquifer H (cm)=

151

51

After t= 10.0000000000000 (Days) have passed

x(ecm) Z(cm)
1.65562913907285 1.21951219512195 8.031568707138275e-007
1.65562913907285 3.65853658536585 8.031723267075377e-007
1.65562913907285 6.09756097560976 8.032028792777816e-007
1.65562913907285 8.53658536585366 8.032478177498575e-007
1.65562913907285 10.9756097560976 8.033060963439302e-007
1.65562913907285 13.4146341463415 8.033763579880585e-007
1.65562913907285 15.8536585365854 8.034569652981122e-007
1.65562913907285 18.2926829268293 8.035460380749562e-007
1.65562913907285 20.7317073170732 8.036414965216027e-007
1.65562913907285 23.1707317073171 8.037411092465829e-007
1.65562913907285 25.6097560975610 8.038425449979042e-007
1.65562913907285 28.0487804878049 8.039434269683160e-007
1.65562913907285 30.4878048780488 8.040413884310772e-007
1.65562913907285 32.9268292682927 8.041341284099058e-007

Yympo  10.8: Ilopovcualetor apyeio €£d66ov  PrintSURWCOORD.txt vy 10
npdypappo "Cootransport Simulation.exe".

Edv ypnowomombei cwotd to Interface kot elcoybovv ta amapaitnro dedopéva Oo
Eexwvnoetl n mpocopoimon. Edv vrdpéer kamolo ocedipo oto dedopéva  (apvnTikog
YPOVOG) epeoviletal To avaioyo HNVLUL Kot O ¥PNOTNG KaAeital va dlopdmacet To
interface kot va Eavatpélel to mTpdypappo amd TV apyn. TV TEPITTO®ON T OeV
VIApYXEL Kavévo o@dApo TtOTe Eekivouv ot vmoloyiopol kot Ppickovtar ot
OLYKEVIPMOOELS 0TO TEAOG TOL Ypovikoy Pruatog dt. Xtnv cvvéxeln dapdlovtar ot
ypopupés g emoyng 34 Zynua 10.6b, mov meprypdoovv to onueion oto omoia
{nrelton va Bpebei  ovykévipwon. Eav o xpovog mov éxel mepdoetl eitvar pKpOTEPOG
and Tov ypoévo tov omoio {nrteiton to onpeio tétTE Yivovtar Ko GAAOL LITOAOYIoHOT
wote vo Ppedel to amotédespa votepa amd Eva axopo dt. Avtd yivetor puéyxpt o
¥pOVOG Tov oynuotileTon amd to Afpocpua Tev Pnudtov dt va eitvor peyoAdtepog and
TOV ¥pHVO TTOL amatel To onpeio. Xto T€A0G YIVETOL 1] EKTOTWON TOV OTOTEAECUATMOV
o€ apyeio print.txt Zynua 10.9.
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-

"Cootransport Simulation.exe".

>10 apyeio "print.txt" GLYKEVIPOVOVIOL TO OATOTEAECUATO 7OV OPIGTNKOAV GTNV
emaoyn 34 Zynua 10.6b. Towg eivor 10 Mo onuaviikd apyeio €£660v apov
napovctdlel oavorvtikd ko o popery "kind time x y z  Concentration" Tig
OLYKEVTPMOOELG TOL {ntOnKav amd tov ypnotn. [To cvykekpyéva oto Zynqua 10.9
170 6VUVOAO Ogdopévav (1) mepiéyel GUVORTIKG TIG KLPLOTEPEG TOPAUETPOVS  TTOV
doOnkav amd 1o Interface. H otAn (2) delyvel 10 €100G NG GLYKEVIP®ONG TOL
eEKTLVTTOONKE otV Tapovsa cepd. Ta dvvatd &idn eivar (1 7 2 1 3), 10 TP®TO
avTIoTolYel oTOV pPOTO MOV eKTEAEL OmMAN peETAPOPA T.Y.  APYIAOG, TO OEVTEPO
aVTIOTOlXEL GTOV POTO OV EKTEAEL GLUUETAPOPE T.Y. 10C EVM TO TEAELTAIOG €100C
OVTIOTOYEL 6TO GUUTAOKO HETOED TOV dVO TPOT®V POT®V T.X. 10G TPOCPOPNUEVOS
EMAV® OTNV dpylho. ZtnVv cuvéyela n othAn 3 divel Tov ypovo  6T0 TEAOG TOVL OTTOI0V
yivetor 0 VTOAOYIGUOC TV cvykevipmoemv. Ot omieg 4, 5, ko 6 divouv Tig
oLVTETAYIEVES TOV omueio (X,y,Z avtioToryo) Tov 0omoiov £yve 0 VIOAOYIOUOG TNG
ovykévipoong . Téhog 1 cuykévipwon mov {ndnke @aivetar oty o)A 7, givat o
YPOUUEVT o€ EKOETIKN LOPOT).
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| print.txt - Notepad =NACN X
File Edit Format View Help
The input information is :
The lenght of aquifer L (cm)= 30. 0000000000000
The width of aquifer w (cm)= 0. 500000000000000
The thickness of aguifer H (cm)=  0.300000000000000 E
T \mEer 0 ces at X g'l on are 10
T mber o ces at vy di on are
T ZA\mber‘ 0 3‘::e5 at z di 410r| are 5‘ 6‘ 7‘
TrerTTme step=7s O.J_OOOOOWJ'EFJ-UOOOO )
Num T'ime(Dayi) X{ecm) y{cm) Z{cm) Lconc(gﬂ_) (L
1.00000E-01 29. 85000E+00 250.00000E-03 150.00000E-03 4.768500 3E-29
1 1.50000E+01 29, 85000E+00 250.00000E-032 150.00000E-032 3.6790455E-086
1 2.40000E+01 29, 85000E+00 250.00000E-032 150.00000E-032 2.5200022E-04 |
1 3. 50000E+01 29. 85000E4+00 250.00000E-03 150.00000E-03 1.5461778E-03 |=
1 4, 50000E+01 29. 85000E+00 250.00000E-03 150.00000E-03 2.9002600E-03
1 5. 50000E+01 29, 85000E+00 250.00000E-032 150.00000E-032 3.2981375e-03
1 6. 50000E+01 29, 85000e+00 250.00000E-03 150.00000E-03 2.9005434e-03
1 7.50000E+01 29. 85000E+00 250.00000E-03 150.00000E-03 2.5502906€E-03
1 8. 50000E+01 29, 85000E+00 250.00000E-032 150.00000E-032 2.3791224e-03
1 9. 50000E+01 29, 85000E+00 250.00000E-032 150.00000E-032 2.2850874E-03
1 1.05000E+02 29. 85000E4+00 250.00000E-03 150.00000E-03 2.2077357E-03
1 1.15000E+02 29. 85000E+00 250.00000E-03 150.00000E-03 2.1283094E-03
1 1.25000E+02 29, 85000E+00 250.00000E-032 150.00000E-032 2.0434232e-03
1 1.35000E+02 29, 85000e+00 250.00000E-03 150.00000E-03 1.9537611e-03
1 1.47000E4+02 29. 85000E+00 250.00000E-03 150.00000E-03 1.8419141e-03
1 1.55000E+02 29, 85000E+00 250.00000E-032 150.00000E-032 1.7659121e-03
1 1.67000E+02 29, 85000E+00 250.00000E-032 150.00000E-032 1.6513289e-03
1 1.85000E+02 29. 85000E4+00 250.00000E-03 150.00000E-03 1.4815329e-03
1 2.05000E+02 29. 85000E+00 250.00000E-03 150.00000E-03 1.3005165E-03
1 2.25000E+02 29, 85000E+00 250.00000E-032 150.00000E-032 1.1314350E-03
1 2.45000E+02 29, 85000e+00 250.00000E-03 150.00000E-03 9.7662319e-04
1 2.55000E+02 29. 85000E+00 250.00000E-03 150.00000E-03 9.0493685e-04
1 2.65000E+02 29, 85000E+00 250.00000E-032 150.00000E-032 8.3713373e-04
1 2. 75000E+02 29. 85000E+00 250.00000E-032 150.00000E-032 7.7320528E-04
2
Xynpo  10.9: [Mopovcialetar  apyeio €£6dov Print.txt yw 10  7PIYpOLO




H popoen g tedevtaiog katnyopiog apyeiov e£60ov eaivetal oto Zynua 10.10a,b.

Documents library

multipleprints

MName

L= R R R L I

[y
=

Yyqpa 10.10a: ITopovcidletar 1 popen g tedevtaiog katnyopiog apyeiov €£660v
a6 1o mpoypappa "Cootransport Simulation.exe". H ovopocio toug eivar amdn kot
démetan amd po avEwv apiBunon. To emduevo apyeio TEPLEYXEL TIC GLYKEVIPDOGELS TOV

aKpIPOG ETOUEVOL YPOVIKOD PLOTOC. XTO E6MTEPIKO TOV OpYEi®V TEPEXOVTAL OLES
01l GVYKEVIPADGELS TOV KEAMMV TOV VOpoPopéa Zyfua 10.10b.

7

| 1 - Motepad =HAC X
File Edit Format View Help
X z C s
150.00000E-03 250, 00000E-03 150.00000E-03 4.2038378E-01
450. 00000E-03 250.00000E-02 150. 00000E-032 1.7672253E-01
750.00000E-03 250.00000E-02 150. 00000E-03 7.4291284e-02
1.05000E+00 250.00000E-032 150.00000E-03 3.1230851E-02
1.35000E+00 250, 00000E-032 150.00000E-03 1.3128943e-02
1.65000E+00 250.00000E-02 150. 00000E-032 5.5191949-03 =
1.95000E+00 250.00000E-02 150.00000E-03 2.3201800E-03
2. 25000E+00 250, 00000E-032 150.00000E-03 9.7536606E-04
2. 55000E+00 250, 00000E-032 150.00000E-03 4.1002B07E-04
2. 85000E+00 250.00000E-032 150. 00000E-03 1.7236915e-04
3.15000E+00 250.00000E-032 150.00000E-03 7.2461197E-05 4
3. 45000400 250, 00000E-032 150.00000E-03 3.0461512E-05
3. 75000400 250, 00000E-032 150.00000E-03 1.2805526E-05
4. 05000e+00 250.00000E-02 150. 00000E-03 5.3832353e-06
4. 35000E+00 250.00000E-032 150.00000E-03 2.2630248E-06
4,65000E+00 250, 00000E-032 150.00000E-03 9.5133B95e-07
4,95000E4+00 250, 00000E-032 150.00000E-03 3.9992747E-07
5.25000E+00 250.00000E-02 150. 00000E-03 1.6812302e-07
5. 55000E+00 250.00000E-032 150.00000E-03 7.0676192E-08
5. 85000400 250, 00000E-032 150.00000E-03 2.9711125e-08
6.15000E+00 250, 00000E-032 150.00000E-03 1.2490075E-08
6.45000E+00 250.00000E-02 150. 00000E-03 5.2506250E-09
6.75000E+00 250.00000E-032 150.00000E-03 2.2072776E-09
7.05000E+00 250, 00000E-03 150.00000E-03 9.2790372E-10
7.35000E+00 250.00000E-02 150. 00000E-032 3. 9007 568E-10
7.65000E+00 250.00000E-02 150. 00000E-03 1.6398149e-10
7.95000E+00 250.00000E-032 150.00000E-03 6.8935158E-11
&, 25000E+00 250, 00000E-032 150.00000E-03 2.8979223e-11
8. 55000E+00 250.00000E-02 150. 00000E-032 1.2182395E-11
&. 85000E+00 250.00000E-02 150.00000E-03 5.1212814g-12
9.15000E+00 250.00000E-032 150.00000E-03 2.1529037e-12
9.45000E+00 250, 00000E-032 150.00000E-03 9.0504579e-13
9. 75000E+00 250.00000E-02 150. 00000E-032 3. 8046657E-13
4 F
Yyqpa  10.10b:  Tlopovcidletor  apyeio  €£660v

"Cootransport Simulation.exe". Ilepi€xel cLYKEVTPOGELS
O xp6vog otov omoio avagépovtal OAES Ol GLYKEVTPMOELS eivar 1010¢ (To TEAOC KAOE

YPOVIKOV BHaTOq).

yio 10 {TPOYPOLLLO
oe popon X, Y, Z, C.
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>10 Eyfua 10.10a,b mapovcidlovion apyeio €600V pe v €ENG AOYIKN. XT0 TEAOG
KéBe ypovikov Prinatog onpovpyeitor apyeio pe amid ovopa Evav avémv apBud, to
omoio mePLEYEL OAEG TIG CLYKEVIPMOELS TOV KEMAOV Tov vopopopéa. H Béon mov
Bpiokovior o apyeion avtd elvar péoa otov vmogdkelo multiplePrints, o omoiog
Bpioketon péoa otov id1o pdxero pe tov apyeio "Cootransport Simulation.exe". To
ka0e apyeio Zynqpo 10.10b wepiéyet 1€00epic GTNAES, €K TV OTOI®MV 01 TPEIG TPADTES
dtvouv TIG GVVTETAYUEVEG TOV OTMEEiOV, TOV OTO10V 1] GLYKEVTPMOT EKTUTTMOVETAL, EVD
N tehevtaia divel akpPmdg avtnV TV cvykéEvipmon (To €100¢ NG omoiag Kabopiletat
and v emioyn 35 Tynua 10.6b).

Ao 1 GLYKEVTP®ON 1) OTTOL0L EKTVTTAOVETOL OVIKEL GTO KEVTIPO TO KEALOD TOv givot
mo kovid oto onueio mov (nteitor. Ko avtictoyyo ot ocvvtetaypéves mov
KaToypaeovTol avikovy axpiBdg oto KeAL avtd Kot 0V vl 01 GUVTETAYUEVEG TTOV
dwpdomroav amd v emroyn 34 Zymua 10.6b. Xt0 Eyfua 10.12 mapovcidlovion
OLPOPETIKEG TEPMTMOEL OMOL UL EAAEWMTIKN TNYN TPOCOUOLDVETOL OO Eval
neMEPUCUEVO aplBud keAMmv. Oswpolpe O0TL €va KEM avikel otnv mnyn  OTavV TO
KEVTPO 1oL Ppioketan pésa o€ avtnyv. 'Etolt n myn 5 npocopoidvetol omd ta kehd 1,
2, 3 ko 4. v mepintwon mov n wyn (wy. mnyn 7) €xer péca g Lovo Eva kKEVIPO
KeAMOV (kKeM 8), TOTE aVTH TPOGOUOIDOVETAL HOVO amd TO KEAL awTO. AV Yo KATOL0
AMdyo omv mepipetpo ™G TYNG Oev meEPKAEiETl Kavéva KEVIPO, OMMC OTNV
mepinmtwon wyn 6 pe keMd 12 kan 9, tote avtopato emALyeTOL TO O Ol KEA, GOV
OVTO TTOL TPETEL VO AVTUTPOCHOTEVEL TNV EALEITTIKT TTNYN, KOl GTNV TEPIMTOON HOG TO
ke 9. H 1dwa Aoywn o€l Kot yio TV TEPIMTOGT TOL TPOGOUOIDVOVUE EALENYOELON
YN (EAAEWTTIKY TTNYT GTOV YMPO ).

I o
0 0 lo Cg .
5 —
T
O (] () O
1 3
O o ([ O
2 4
/
@& Do [ o | e
8
. // 13 10

Yympo 10.11: TTapovcidlovior SOQOPETIKEG TEPIMTMOCES OTOL 1) EAAEWTTIKY TNYN
TPOGOLOIMVETAL OO EVOL TEMEPACUEVO OPLOLO KEADV.
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Téhog o1 dvvatotnteg Tov ParDiso 6mwg epapuodletar 6tov mapdv KdOK (G€ aVTHV
mv €ékdoon MKL 10.2.2.025) éyovv oOpro odwkprromoinong 101x101x101 oty
dtevbuvon XY kot Z avtiotoro. To voduepo avtd pmopel va gaivetonr pikpod oAAd
avtiotoy el og mivaka pe 4 x10° otoyeio ko amoutel meprocotepa omd 12 gigabyte
oKANpoY dickov.

Av yio Kdmolo AOY0 M €KTEAEON OTOUOTNOEL Kol EUQOVIOTEL KOmOL0C aplOuog
o@aApatoc tote To manual Tov Pardiso opilet ta e&ng Zynpo 10.12:

error INTEGER
The error indicator according to the below table:
error Information

0 no error

-1 input inconsistent

-2 not enough memory

-3 reordering problem

-4 zero pivot, numerical factorization or
iterative refinement problem

-5 unclassified (internal) error

) preordering failed (matrix types 11, 13 only)

-7 diagonal matrix problem

-8 32-bit integer overflow problem

-9 not enough memory for O0OC

-10 problems with opening OOC temporary files
-11 read/write problems with the OOC data file

Yympoa 10.12: Tlapovcidlovior Ta €101 TOV COEAALATOV TOL UTOPEL VO EUPAVIGEL TO
ParDiso.

Kaveic PAémovtag tv mbav onuocioc Ttov AaBdV TPATIEL TIS OmOPAiTNTES
dopbdoElg MOTE AVTA VO GTANATHCOLY Vo, ELPovVIfovTal. Xe YEVIKES YPOUUES €lval
OYETIKA OVOKOAO VO, TOPOoVSacTOOV OAAG Kol va Yivel kATl TETol0 pia peimon oty
dlaKpltonoinon tov Topddovg GuVHBWG Avvel To TPOPANUa. Xe kabe mepinTmon N
xprion tov pardiso &ivor mopomdved omd KAVOTOMTIKY, KAODS KATUQEPVEL Vo
YPNOUYLOTOUCEL GTO EMAKPOV TIS OLVATOTNTES TNG TEAELTOLOS YEVIAG VTOAOYIGTMV
(multiple core cpus, large ram capacity) peidvovtag €161 Tovg Ypoévovs  emilvong
exBetikd. Mo oAy oOykpion tov pardiso pe €vav cvvnOicpévo open source code
(Lu decomposition) divel ta €€ng amoteAécparto. o tov 1010 mivaka 1o pardiso
ypeldotnke mepimov 1 sec, evd 0 eAeVBePOg KMOKOG TOPATAV® ard 45 mins Yo TV
mAnpn enthvon tov. H xpnon tov "Cootransport Simulation.exe" pmopel vo gaiveron
TOAOTAOKN 0AAG otV TTPAEN eival TOAD edypnotn KabmG £xel peydAn duvatdTnTo yio
napapetponoinon. EmmAiéov OAOL Ol QUOIKOlT TOPAUETPOL TOVL  LOVTEAOL
amofnkevovtal 610 okAnpo dioko pe OmOTEAESHO M EmavAPOPd kot 1 emeepyacia
TOVG va. gtvor TOAD €0KOAT. AKOHO KOl Y10 TOVG SVGTIGTOVG L0 oA EKTEAECT TOV
Interface.exe Ba Aboel omowadnmote apeioiia mepl ¢ ¥PNOTIKOTTA TOV TAPOVTOG
AOYIG KOV,

152



11. KQAIKAX FORTRAN

YT emopevec oeAideg mopovcldleTor 0 MNYOMOC KMOJKOG TOV  AOYIGUIKOV
"Cootransport Simulation.exe" (fortran source code) Omwg avamtuyOnke Ko
mePLYpaeOnNKe ota kePAioto NG OwTPPNG avtic.  Aev kpivetor oKOmUo va
TopovVolooTeEl 0 kmoKag yw to interface (Visual basic 2008) xabog eivar dvev
apOunTKne (pabnuatikng) onuaciag. Iop' OAa awtd edv kdmolog embuvuel vo tov
del pumopel va tov Bpel 6Tov onTIK diGKO TOV GLVOJSEVEL TV EPYAGIN QLTY.
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Program finite_differences_implicit
use AA_BB_Solver , only: dt,Cvceq,Cvcaeq ! uses the module to share globally some "4
intresting variables

implicit none

real*8 Rcadc,Lca [!Rcadc=r2= reverse rate coefficient ,Lca=12=1*=decay rate of 4
sorbed solute

real*8 Rcdca,Lc IRcdca=rl1=forward rate coefficient ,=Lc=l1=decay rate of liquid phase v
solute

real*8 Rvdva,Rvadv,Rvcdv,Rvdvc,Rvdvca,Rvcdvca,Rvcadv,Rvcadvec ! forward or reverse 4
rates cooefficients (Virus case)!TIIIIIIIIRRIRRR RN RRR R RunnRuRnRnRrnnnnnrnernnnrnng,y
1t

real*8 Lv,Lva I Lva=12=I1*=decay rate of sorbed solute, Lv=Il1l=decay rate of liquid w
phase solute

real*8 U,Dcx,Dcy,th,thh,rD Dcx,Dcy hydrodynamic dispersion coefficient of the colloid v

component
I'th=thh=porosity (or th=th* the effective porosity can be used «
as well page 509) ,rD= bulk density of the solid matrix(solid mass/aquifer volume) v
real*8 Ix0_C,l1y0_C,1z0_C ,Dcz 11x0,1y0,1z0 =cartesian coordinates of the point "4
source colloid case
IDcz=Vertical hydronamic dispersion coefficient of the 4
colloid component
real*8 Ix0_V,1y0_V,1z0_V 11x0,01y0,1z0 =cartesian coordinates of the point source Virus

case
real*8 Dvx,Dvy,Dvz 1Dvx,Dvy hydrodynamic dispersion coefficient of the virus "4
component
IDvz=Vertical hydronamic dispersion coefficient of the virus "4
component
real*8 Dvcx,Dvcy,Dvcz !Dcvx,Dcvy,Dcvz =hydrodynamic components (X,y,z direction) for "4

the case when virus is attached to the colloid
real*8 Lvc,Lvca ! decay rates coefficients when virus is attached to the colloid, and
virus is attached to the colloid and all together sorbed on the solid matrix

real*8 Ixx,lyy,lzz ! Ixx,lyy,lzz the dimensions of the aquifer

integer nX,nY,nZ ! nX,nY,nZ the number of pieces the user wants to split the aquifer to v
,at Xx,y,z directions

real*8 F_C, CmO_C,Q_C ! F_C= general functional form of colloid source configuration «
[ML-3 t-1]=[gr cm-3 Day-1], colloid case

I CmO_C source (source cell) constant conccetration ,Colloid v
case
1 Q C is the flow rate with which we transfer soltuted mass 4
(Concetration CmO)to the source cell Colloid case
real*8 F_V I'F_v= general functional form of colloid source configuration [ML-3 t-1] v
=[gr cm-3 Day-1], Virus case
real*8 Q_V I is the flow rate with which we transfer soltuted mass (Concetration w
CmO)to the source cell [cm~"3/day]For the virus case 4
real*8 CmO_V ! The constant concetration of the flow rate [mgr/ml] Virus casevw
s
Integer printSurMode !Allows to print into the file PrintSur.txt

I a particular surface of the aquifer at a requested height H, forwe
every time step Dt (if O we print nothing ,if 1 we print for every time step).
integer PrintSurXYZ IMode (1 =yz plane is being printed,2=xz plane is being printed, «

=3 yz planed is being printed)
real*8 h 'H determines the height of the surface to be printed. (cm)
real*8 wm ! wm determines the numerical mode that will be used for the soliving of the v
tranport or cootranport problem. If wm=0.5 we have crank nikolson . If wm=1 we 4
have full implicit scheme
I wn should be within the range 0.5-1. Else we fall to explicit scheme the «
and stability is not ensured
integer sourceSurf_C ! sourceSurf_C determines on which plane the elliptic source is "4
based (Colloid source)
I(sourceSurf=0 we dont have an elliptic source but a point one, =1«
Ellipse is based on YZ plane, =2 Ellipse is based on XZ plane ,=3 Ellipse is "4
based on XY plane)
integer sourceSurf_V ! sourceSurf_V determines on which plane the elliptic source is "4
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based (Virus source)

I(sourceSurf_V=0 we dont have an elliptic source but a point one,
=1 Ellipse is based on YZ plane, =2 Ellipse is based on XZ plane ,=3 Ellipse is
based on XY plane)

integer Source_Type_C ! the type of the Colloid Source,=1 means constant source "4
concetration,=2 means constant mass flow! attention constant source concetration 4
can be valid only for influent cells

KK

integer Source_Type_V ! the type of the Virus Source,=1 means constant source 4
concetration,=2 means constant mass flow! attention constant source concetration V4
can be valid only for influent cells

real*8 akEl_C,bEl_C,cEl_C 1'aEl semi-axis of the elliptic source Colloid case! check the v

manual for more info
IbEl semi-axis of the elliptic source !Check the manual for more info
IcEl semi-axis of the elliptic source !Check the manual for more info «

real*8 aEl_V,bEI_V,cEl_V !aEl semi-axis of the elliptic source Virus case ! check the v
manual for more info
I1bEl semi-axis of the elliptic source !Check the manual for more info
IcEl semi-axis of the elliptic source !Check the manual for more info «

real*8 time_begin ,time_end

real*8 tp_C ! tp is the active time of the Colloid source (time within the source 4
provides with mass the model)

real*8 tp_V ! tp is the active time of the Virus source (time within the source "4
provides with mass the model)

real*8 dboundaryFactor,uboundaryFactor !dboundary factor indicates how many times the v

concetration of the outter imaginary boundary cell,

I at the end off the x direction, is smaller than the 4
concetration of the previous cell (which is in the aquifer limits)
I uboundaryFactor= is the same like dboundaryFactor ,but for the v
upstream boundary cells
integer CooTransp I Indicates wether we have simple transport (=0) or Cootransport «
1D
integer nMaxCcVectors ! Responsible for holding the max allowed Cc vectors. Since we "4
require to aquire the solutions for the colloid component and then
I use them to get the solutions for the Virus Component. We can «
store the results that Colloid transportation produced and then use them
I to solve virus component. By doing so we avoid factorizing "4
again and again the same matrix, without having to keep in memory the same time
I and the A matrix for the colloid component and the A matrix forw
the Virus component. Keep in mind that nMaxVectors require as well a lot of
I memory. By giving larger nMaxCcVectors we gain speed but we "4
need larger amount of memory. A valuearound 50 should be good.
common/VarTransl1l/Dcx,Dcy,Dcz,Lc,Lca,Rcdca,Rcadc

common/VarTransla/u

common/VarTran2/rD, th
common/vartrans4/dboundaryFactor,uboundaryFactor
common/vartrans5/wm

common/vartrans6/Lv,Lva,Rvdva,Rvadv
common/vartrans7/Dvx,Dvy,Dvz,Dvcx,Dvecy,Dvcz
Common/vartrans8/Rvdvc,Rvcdv,Rvdvca,Rvcdvca,Rvcadv,Rvcadvc
Common/vartrans9/Lvc,Lvca

common/printMode/printSurMode,PrintSurXYZ,h
common/sourceGeom_C/sourceSurf_C
common/sourceGeom2_C/aEl_C,bEl_C,cEl_C
common/sourceCoord_C/Ix0_C,l1y0_C,1z0_C
common/sourcePower_C/Q_C,Cm0O_C,thh

common/sourceGeom_V/sourceSurf_V
common/sourceGeom2_V/aEl_V,bEl_V,cEl_V
common/sourceCoord_V/I1x0_V,1y0_V,1z0_V
common/sourcePower_V/Q_V,CmO_V,nMaxCcVectors

common/Source_Type_trans/Source_Type_C,Source_Type_v

I opens files for input and output
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94 open(l1ll,File="input.txt",form="Formatted")

95 open(112,File="inputC.txt",form="Formatted") ! cootranport extra input file

96 open(222,File="printSurWCoord.txt",Form="Formatted")

97 open(333,File="print.txt",Form="Formatted')

98 open(444,File="printSur.txt",Form="Formatted")

99 open(555,File="temp.txt",Form="Formatted",access="direct", RECL=140) ! temp file for «
direct access

100 open(777,File="AA_BB_results.txt",Form="Formatted")

101 open(889,File="InputMisc.txt",Form="Formatted")

102 ! intialization in case reading failed

103 ! Input Data L

104

105

106 Dcx=1331.25D0*24.D0O

107 Dcy=268.75D0*24.D0 !lateral hydrodynamic dispersion coefficient cm”™2/day

108 Dcz=Dcy

109 Dvx=Dcx

110 Dvy=Dcy

111 Dvz=Dcz

112 Dvex=1

113 Dvcy=1

114 Dvcz=1

115 Lv=1

116 Lva=1

117 Lvc=1

118 Lvca=1

119 Rvcdv=1

120 Rvdvca=1

121 Rvcdvca=1

122 Rvcadv=1

123 Rvcadvc=1

124 Cvcaeg=1

125 Rvdva=1

126 Rvadv=1

127 nMaxCcVectors=50

128

129 U=0.625D0*24.D0 ! average interstitial velocity cm/day
130

131 Lc=0.DO !decay rate of liquid phase solute 1/days
132 Lca=0.D0 !decay rate of sorbed solute 1/days
133

134 th=0.25D0 !porosity

135 thh=th

136 1x0_C=200.DO I Cartesian coordinates of the point source cm
137 1y0_C=0.DO

138 1z0_C=50.D0

139 Ix0_V=200.DO 1 Cartesian coordinates of the point source cm
140 1y0_V=0.DO

141 1z0_V=50.D0

142

143 Rcdca=0.03*24.D0 ! forward rate coefficient

144 Rcadc=0.017*24_.D0 !reverse rate coefficient

145 1zz=100.DO I finite aquifer thickness (cm)

146 CmO_C=1.0DO

147 CmO_V=1.0DO

148 dt=1

149 F_C=1.DO

150 F_Vv=1.0D0

151 Q_C=1

152 Q v=1

153 printSurMode =1
154 PrintSurXyz=2
155 h=0

156 sourceSurf _C=0
157 sourceSurf_V=0
158

159 aEl_C=0.DO

160 bEI_C=0.DO

161 cEl1_C=0.DO

162

163 aEl_v=0.DO

164 bEI_v=0.DO

165 cEl_V=0.DO

166



167
168
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177
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180
181
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197
198
199
200
201
202
203
204
205
206
207
208
209
210
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tp_C=1.DO
tp_V=1.DO0

dboundaryFactor =0.1D0
uboundaryFactor=1.D0

CooTransp=0
1

I Reading from input file

read(111,*) 1!

read(111,*)Dcx

read(111,*) 1!

read(111,*)Dcy

read(111,*) 1!

read(111,*)Dcz

read(111,*) 1!
read(111,*)U

read(111,*) 1!
read(111,*)Lc
read(111,*) 1!

read(111,*)Lca

read(111,*) 1!
read(111,*)th
read(111,*) 1!

reads the

reads the

reads the

reads the

reads the

reads the

reads the

reads the

read(111,*)Ix0_C

read(111,*) 1!

reads the

read(111,*)1y0_C

read(111,*) 1!

reads the

read(111,*) 1z0_C

read(111,*) 1!

reads the

read(111,*)Rcdca

read(111,*) 1!

reads the

read(111,*)Rcadc

read(111,*) 1!
read(111,*)rD
read(111,*) 1!

read(111,*)Q_C

read(111,*) 1!

reads the

reads the

reads the

read(111,*)Cm0_C

read(111,*) 1!

reads the

read(111,*)sourceSurf_C

read(111,*) 1!

reads the

read(111,*)aEl_C

read(111,*) 1!

reads the

read(111,*)bEI_C

read(111,*) 1!

reads the

read(111,*)cEl_C

read(111,*) 1!

read(111,*) Ixx

read(111,*) 1!

read(111,*)lyy

read(111,*) 1!

read(111,*)lzz

read(111,*) 1!
read(111,*)nx
read(111,*) 1!
read(111,*)ny
read(111,*) 1!
read(111,*)nz
read(111,*) 1!
read(111,*)dt
read(111,*) 1!

reads the

reads the

reads the

reads the

reads the

reads the

reads the

reads the

read(111,*)printSurMode

read(111,*) 1!

reads the

read(111,*)PrintSurXYZ

read(111,*) 1!
read(111,*)h
read(111,*) 1!

reads the

reads the

read(111,*)tp_C

read(111,*) 1!
read(111,*)wm
read(111,*) 1!

reads the

reads the

first

first

first

first

first

first

first

first

first

first

first

first

first

first

first

first

first

first

first

first

first

first

first

first

first

first

first

first

first

first

first

first

read(111,*) dboundaryFactor

read(111,*) 1!

reads the

first

End of input Data

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

useless

,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains
,contains

,contains

names

names

names

names

names

names

names

names

names

names

names

names

names

names

names

names

names

names

names

names

names

names

names

names

names

names

names

names

names

names

names

names

names
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255
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258
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261
262
263
264
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266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
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read(111,*) uboundaryFactor

read(111,*) 1!
read(111,*) CooTransp
thh=th !

read(112,*) 1!
read(112,*)Dvx
read(112,*) 1!
read(112,*)Dvy
read(112,*) 1!
read(112,*)Dvz
read(112,*) ! reads
read(112,*)Dvcx
read(112,*) ! reads
read(112,*)Dvcy
read(112,*) ! reads
read(112,*)Dvcz
read(112,*) ! reads
read(112,*)Lv
read(112,*) 1!
read(112,*)Lva
read(112,*) 1!
read(112,*)Lvc
read(112,*) ! reads
read(112,*)Lvca
read(112,*) ! reads
read(112,*)Rvdva
read(112,*) ! reads
read(112,*)Rvadv
read(112,*) ! reads
read(112,*)Rvdvc
read(112,*) ! reads
read(112,*)Rvcdv
read(112,*) ! reads
read(112,*)Rvdvca
read(112,*) ! reads
read(112,*)Rvcdvca
read(112,*) ! reads
read(112,*)Rvcadv
read(112,*) ! reads
read(112,*)Rvcadvc
read(112,*) ! reads
read(112,*)Cvceq
read(112,*) ! reads
read(112,*)Cvcaeq
read(112,*) ! reads
read(112,*)Q_V
read(112,*) ! reads
read(112,*)Cm0_V
read(112,*) ! reads
read(112,*)tp_V
read(112,*) ! reads
read(112,*)Ix0_V
read(112,*) ! reads
read(112,*)1y0_V
read(112,*) ! reads
read(112,*)1z0_V
read(112,*) ! reads the
read(112,*)sourceSurf_V

reads the

reads the
reads the
the
the
the
the
reads the
reads the
the
the
the
the
the
the
the
the
the
the
the
the
the
the
the
the

the

read(112,*) ! reads the
read(112,*)aEl_V
read(112,*) ! reads the
read(112,*)bEI_V
read(112,*) ! reads the
read(112,*)cEl_V
read(112,*) ! reads the

read(112,*)nMaxCcVectors

read(889,*) ! reads the
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315 read(889,*) ! reads the first useless line ,contains names
316 read(889,*) ! reads the first useless line ,contains names
317 read(889,*) Source_Type_C

318 read(889,*) ! reads the first useless line ,contains names
319 read(889,*) Source_Type_V

320

321

322

323 I Prints to file what was read to ensure input file was read correctly
324 1 we check the quality of the input data

325 call validating_input(Ixx,lyy,1zz,nx,ny,nz,tp_C,tp_V,CooTransp)
326

327

328

329 I Reading from input file

330 write(444,*)"* "
331 write(444,*) "Input file was succesfully read"”

332 write(444,*)"Dx= ",Dcx

333 write(444,*)"Dy= ",Dcy

334 write(444,*)"Dz= ",Dcz

335 write(444,*)"Dx= ",Dvx

336 write(444,*)"Dy= ",Dvy

337 write(444,*)"Dz= ",Dvz

338 write(444,*)"u= ", U

339 write(444,*)"11= ",Lc

340 write(444,*)"12= ",Lca

341 write(444,*)"th= ",th

342 write(444,*)"1x0= ",Ix0_C

343 write(444,*)"1y0= ",1y0_C

344 write(444,*)"1z0= ",1z0_C

345 write(444,*)"r1= ",Rcdca

346 write(444,*)"r2= " ,Rcadc

347 write(444,*)"rD= ",rD

348 write(444,*)"Q= ",Q_C

349 write(444,*)"Cm0= ",Cm0_C

350 write(444,*)"sourceSurf= " ,sourceSurf_C

351 write(444,*)"aEl= ",aEl_C

352 write(444,*)"bEI=",bEIl_C

353 write(444,*)"cEl= ",cEI_C

354 write(444,*)"Ixx= ", Ixx

355 write(444,*)"lyy= ",lyy

356 write(444,*)"1zz= ",l1zz

357 write(444,*)"nx= ",nx

358 write(444,*)"ny= ",ny

359 write(444,*)"nz= ",nz

360 write(444,*)"dt= ",dt

361 write(444,*)"printSurMode= ",printSurMode

362 write(444,*)"PrintSurXYZ= " ,PrintSurXYZ

363 write(444,*)"h= ",h

364 write(444,*)"* "
365

366

367 write(*,*) "nx read",nx,"ny read", ny,"nz read", nz

368

369

370

371 1

372 CALL CPU_TIME ( time_begin )

373

374

375 write(222,*) " * * * * * * * * * * * * "
376 write(222,*) " The input information is :"

377 write(222,*) "™ The lenght of aquifer L (cm)= ", Ixx

378 write(222,*) " The width of aquifer W (cm)= ", lyy

379 write(222,*) "™ The thickness of aquifer H (cm)= ",lzz

380 write(222,*)"The number of pieces at X direction are ",nx

381 write(222,*)"The number of pieces at Y direction are ",ny

382 write(222,*)"The number of pieces at Z direction are ",nz

383 write(222,*) " * * * * * * * * * * * * "
384 write(333,*) " '
385 write(333,*) " The input information is :"

386 write(333,*) " The lenght of aquifer L (cm)= ", Ixx

387 write(333,*) " The width of aquifer W (cm)= ", lyy

388 write(333,*) " The thickness of aquifer H (cm)= ",lzz
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389 write(333,*)"The number of pieces at X direction are ",nx
390 write(333,*)"The number of pieces at Y direction are ",ny

391 write(333,*)"The number of pieces at Z direction are ",nz

392 write(333,*)"The time step is ",dt

393 write(333,*) " * * * * * * * * * * "

394 write(333,*)"Num___ Time(Days) X(cm) Y(cm) Z(cm) conc(g/L)"

395

396 call main(nx,ny,nz,Ixx,lyy,lzz,tp_C,tp_V)! calls the main subroutine to solve the 4
problem

397

398 CALL CPU_TIME ( time_end ) !ends the counter

399

400 write(222,*)"All the calculations where finished in",int((time_end - time_begin)/60.0), v
"mins +",((time_end - time_begin)/60.0-int((time_end - time_begin)/60.0))*60,"secs¥
401 write(*,*)"All the calculations where finished in",int((time_end - time_begin)/60.0), «
"mins +",((time_end - time_begin)/60.0-int((time_end - time_begin)/60.0))*60, ' secs¥¢

402

403 !

404

405

406

407 write(*,*) "Reading completed"
408 lread(*,*) ! slows down exit
409 end

410

411
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subroutine isBoundaryCell (BoundaryCell,iO,joO,w0,nx,ny,nz,bDx,Dy,Dz,r1,r2,11,12,dt,Al, «
A2,A3,A4,A5,A6,A7,A8,Flag3,flag4,flag5,flag6,flag7,flag8)
I this function is responsible for definiing whether a cell is boundary or not and 4
accordingly enforces the neccessary
I boundary conditions so the A matrix can properly be created
I AxC=fCn -fCn vector conctains a function of C (non sorbed ) concetrations and "4
then Cs (sorbed) Concetrations
I fCn_vector depends of Ccnpl to produce fCn!l!!
implicit none
logical BoundaryCell ! It will indicate if this is a boundary cell or not . True v
means this is actually a boundary cell
1
integer i0,jO,w0 ! i0,jO,w0 are the coordinates of the cell ,for which we want to "4
create the A
I coeffiecients (equations (1) and (2) are being silently written for eachwv
cell ,check page 509)
integer nx,ny,nz ! nX,nY,nZ the number of pieces the user wants to split the aquifer «
to,at Xx,y,z directions.
real*8 Al,A2,A3,A4,A5,A6,A7,A8 1 coeffiecients

real*8 Dx,Dy,Dz !Dx,Dy,Dz longitudinal hydrodynamic dispersion coefficient
real*8 r1,r2,11,12 Irl=forward rate coefficient ,r2= reverse rate coefficient,ll=decay w
rate of liquid phase solute
I 12=1*=decay rate of sorbed solute
real*8 rD,th !th=porosity (or th=th* the effective porosity can be used as well page v
509) ,rD= bulk density of the solid matrix(solid mass/aquifer volume)
real*8 U U average interstitial velocity
real*8 dxx,dyy,dzz,dt ! dxx=the lenght of each cell the total aquifer is splitted to.
I dyy=the witdth of each cell the total aquifer is splitted to.
1 dzz=the height of each sell the total aquifer is splitted to.
I dt= the (time) distance between two sequential time moments tlw
,t2 =dt=t2-t1

real*8 dboundaryFactor !boundary factor indicates how many times the concetration of 4
the outter imaginary boundary cell,
I at the end off the x direction, is smaller than the "4
concetration of the previous cell (which is in the aquifer limits)
real*8 uBoundaryFactor ! the same like dboundaryFactor but for the upstream boundary 4
cells
real*8 wm ! wm determines the numerical mode that will be used for the soliving of the ¢
tranport or cootranport problem. If wm=0.5 we have crank nikolson . If wm=1 we "4

have full implicit scheme

logical flag3,flag4,flag5,flag6,flag7,flag8 ! flags will point out if the according "4
coefficients should be added to the A matrix or not .! true means they should be 4
added

common/VarTransla/u

common/VarTran2/rD, th

common/VarTrans3/dxx,dyy,dzz

common/vartrans4/dboundaryFactor,uboundaryFactor

common/vartrans5/wm
linitializing values in case something went wrong during reading

Al1=0

A2=0

A3=0

A4=0

A5=0

A6=0

A7=0

A8=0

flag3=.True.

flag4=.True.

flagbh=.True.

flag6=.True.

flag7=.True.

flag8=.True.
BoundaryCell=_.False.

I end of initialization

if (i0==1 .or.i0==nx.0or.jO0==1 .or.jO==ny.or.wO==1 .or.wO==nz) then ! whenever a cell is v«
at the edges it is supposed to be boundary
BoundaryCell=_True.
else
BoundaryCell=_False.
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goto 11 ! the cell wasnt boundary and so we exit the function
end if

1 calculating A1-A8 concetration coefficients

Al=(1/dt+wm*(2.D0*Dx/dxx**2_.D0 +2.D0*Dy/dyy**2.D0 +2.D0*Dz/dzz**2.D0 +11lv
))

A2=(1/dt+wm*12)*rD/th
A3=wm*(-Dx/dxx**2.D0 -U/(2.D0*dxx))
Ad=wm* (-Dx/dxx**2.D0 +U/(2.D0*dxx))
AS5=-wm*Dy/dyy**2_D0
A6=-wm*Dy/dyy**2_D0
A7=-wm*Dz/dzz**2.D0O
A8=-wm*Dz/dzz**2.D0O

I applying boundary conditions

if (i0==1 ) then

flag3=.false. ! will be united with Al and wont be writted seperately in the A matrix
Al1=Al1+ uboundaryFactor*A3 1+0.001*A3 'A1=A1+A3 would normally be but A3 tends to zero ,w¢

since we suppose the that i-1,j,w cells tend to have zero concetration Al=Al+ "4
boundaryFactor*A3
I upstream boundary condition tends to infinite aquifer ! we could also use a "4
factor
end if

if (i0==nx ) then
1 in case we have v dc/dx =0 boundary
the hydrodynamic part of the A4(coeffiecient of the Ci+1l cell) will be united with "4
the Al and wont be written seperately though
the advection part of A4 will be subtracted from A4 because we suppose a boundary "4
downstream condition V(C+1-C-1)/(2dx)=g(x) exists.
I this condition obviously effects the A3 (coefficient fo the Ci-1 cell) and again we «
need to remove the advection part from it
1 But A3 and A4 have Hydrodynamic diffusion part which in order to work properly we "4
need toconsider that
1 the Ci+1l cells(we are out of the aquifer so Ci+l is imaginary) have only a portion ofv
the concetration i,j,w cells have
1 this portion is determined by the boundaryFactor parameter
TA3=-dt*Dx/dxx**2_.D0 INormally A3=-dt*Dx/dxx**2_.D0 -dt*U/(2.D0*dxx)
TA4=-dt*Dx/dxx**2_.D0 INormally A4=-dt*Dx/dxx**2_.D0 +dt*U/(2.D0*dxx)
I though here we dont have

flag4=.false. ! the hydrodynamic part of the A4(coeffiecient of the Ci+1l cell) will bew
united with the A1l and wont be written seperately
Al=Al+dBoundaryFactor*A4 Ithe 1i+1 cells have only a portion of the concetration i,j,«
w cells have Al=Al+boundaryFactor*A4
I downstream boundary condition tends to infinite aquifer
end if

if (JO==1 ) then

flagb=.fFfalse. ! will be united with A1l and wont be writted seperately in the A matrix
A1=A1+A5

end if

if (JO==ny ) then

flag6=.fFfalse. ! will be united with A1l and wont be writted seperately in the A matrix
A1=A1+A6

end if

if (wO==1 ) then

flag7=.Ffalse. ! will be united with A1l and wont be writted seperately in the A matrix
Al=A1+A7

end if

if (wO==nz ) then
flag8=.fFfalse. ! will be united with A1l and wont be writted seperately in the A matrix
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Al1=A1+A8
end if

I A2 isnt affected at all from the boundary conditions because it is interested only v
in the 10,jO,w0 coordinates
11 end subroutine

1For the colloid, fCn boundaries

subroutine isBoundaryCellfCn (i0,j0,w0,nx,ny,nz,Ccijktn,Ccimljktn,Ccipljktn,Ccijmlktn v
,Ccijplktn,Ccijkmltn,Ccijkpltn,flag3,flag4,flag5,flag6,flag7,flag8)
I this function is responsible for definiing whether a cell is boundary or not and 4
accordingly enforces the neccessary
I boundary conditions so the fcn vector can properly be created
I AxXC=fCn .fCn vector conctains a function of C (non sorbed ) concetrations and 4
then Cs (sorbed) Concetrations
I fCn_vector depends of Ccnpl to produce fCn!!l!
implicit none

integer i0,jO,w0 ! i0,jO,w0 are the coordinates of the cell ,for which we want to 4
create the A
integer nx,ny,nz ! nX,nY,nZ the number of pieces the user wants to split the aquifer «
to,at Xx,y,z directions.
real*8 Ccijktn, Ccimljktn, Ccipljktn, Ccijmlktn, Ccijplktn, Ccijkmltn, Ccijkpltn !
I Ccijktn, Ccimljktn, Ccipljktn, Ccijmliktn, Ccijplktn, Ccijkmltn, Ccijkpltn= usefull «
temp variables holding concetrations of the present t=tn time
logical BoundaryCell ! It will indicate if this is a boundary cell or not . True ¢
means this is actually a boundary cell
real*8 dboundaryFactor !boundary factor indicates how many times the concetration of ¢
the outter imaginary boundary cell,
I at the end off the x direction, is smaller than the "4
concetration of the previous cell (which is in the aquifer limits)
real*8 uBoundaryFactor ! the same like dboundaryFactor but for the upstream boundary v
cells
logical flag3,flag4,flag5,flag6,flag7,flag8 ! flags will point out whether boudary ¢
conditions the corresponding Concetrations
ICcijktn, Ccimljktn, Ccipljktn, Ccijmlktn, Ccijplktn, Ccijkmltn, Ccijkpltn "4
will be calculated without any changes from the boundary conditions or not
I Flag=True means no boundary effect is needed
common/vartrans4/dboundaryFactor ,uboundaryFactor

linitializing variables

BoundaryCell=_False. ! in the begining we assume that the cell isnt a boundary one

flag3=.True. ! All Flags are true which means that for the calculations of the fcn now
boundary conditions need to be enforced

flag4=.True.
flagbh=.True.
flag6=.True.
flag7=.True.
flag8=.True.

I End of initialization
if (i0==1 .or.i0==nx.or.j0==1 .or.jO==ny.or.w0==1 .or.wO0==nz) then ! whenever a cell v
is at the edges it is supposed to be boundary
BoundaryCell=_.True.
else
BoundaryCell=_False.
goto 14 ! the cell wasnt boundary and so we exit the function
end if

if (i0==1 ) then ! we got upstream cell
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179 flag3=.false. ! Cell position requires that Ccimljktn=Ccijktn*uboundaryFacto

180 Ccimljktn=Ccijktn*uboundaryFactor !Ccimljktn=Ccijktn would normally be but Ccimljktn «
tends to zero ,since we suppose the that i-1,j,w cells tend to have zero 4
concetration Ccimljktn=Ccijktn*uboundaryFactor

181 I upstream boundary condition tends to infinite 4
aquifer ! For that we could set the factor uboundaryFactor=1

182 I Ccipljktn is imaginary cell when i0==1

183 end if

184

185 if (i0==nx ) then ! we got downstram cell

186 flag4=.false. ! Cell position requires that Ccipljktn=dBoundaryFactor*Ccijktn

187 Ccipljktn=dBoundaryFactor*Ccijktn ICcipljktn= Ccijktn would normally be but "4
Ccimljktn tends to zero ,since we suppose the that i-1,j,w cells tend to have zero ¢
concetration Ccimljktn=Ccijktn*uboundaryFactor

188 I downstream boundary condition tends to infinite 4
aquifer ! For that we could set the factor uboundaryFactor=1

189 ICcipljktn is imaginary cell when §10==nx

190 end if

191

192 if (JO==1 ) then
193 flagb=.false. ! Ccijmlktn is imaginary cell. We can apply boundary condition dc/dy=0 «

and so on
194 Ccijmlktn=Ccijktn
195 end if

196
197 if (JO==ny ) then
198 flag6=.false. ! Ccijplktn is imaginary cell. We can apply boundary condition dc/dy=0

and so on
199 Ccijplktn=Ccijktn
200 end if

201
202 if (wO==1 ) then
203 flag7=.false. ! Ccijkmltn is imaginary cell. We can apply boundary condition dc/dz=0

and so on
204 Ccijkmltn=Ccijktn
205 end if

206
207 if (wO==nz ) then
208 flag8=.false. ! Ccijkpltn is imaginary cell. We can apply boundary condition dc/dz=0 «

and so on
209 Ccijkpltn=Ccijktn
210 end if
211
212 14 end subroutine
213
214 'End For the colloid, fCn boundaries
215
216
217
218
219
220 IFor the colloid-virus Cootransport, fCnC boundaries
221

222 subroutine isBoundaryCellfCnC (i0,j0,w0,nx,ny,nz,Cvijktn,Cvimljktn,Cvipljktn,
Cvijmlktn, Cvijplktn,Cvijkmltn,Cvijkpltn,AAijktn,AAimljktn, AAipljktn,AAijmlktn,
AAijplktn,AAijkmltn,AAijkpltn,AAijktnpl,AAimljktnpl,AAipljktnpl,AAijmliktnpl,

AAi jplktnpl,AAijkmlitnpl,AAijkpltnpl,flag3, flag4,flag5,flag6,flag7,flag8)

223 I this function is responsible for definiing whether a cell is boundary or not and "4
accordingly enforces the neccessary

224 I boundary conditions so the fCn and fCnC vector can properly be created

KKK

225 I AxC=fCnc .fCnc vector conctains a function of C (nhon sorbed ) concetrations and «
then Cs (sorbed) Concetrations

226 I fCnC_vector depends of Cvnpl to produce fCnC, for the case of virus-colloid 4
Cootranport

227 implicit none

228

229 integer i0,jO,w0 ! i0,jO,w0 are the coordinates of the cell ,for which we want to "4

create the A
230 integer nx,ny,nz ! nX,nY,nZ the number of pieces the user wants to split the aquifer «
to,at Xx,y,z directions.
231 real*8 Cvijktn, Cvimljktn, Cvipljktn, Cvijmlktn, Cvijplktn, Cvijkmltn, Cvijkpltn !
232 1 Cvijktn, Cvaijktn, Cvimljktn, Cvipljktn, Cvijmlktn, Cvijplktn, Cvijkmltn, v
Cvijkpltn = usefull temp variables holding concetrations of the present t=tn time
233 real*8 AAijktn, AAimljktn, AAipljktn, AAijmlktn, AAijplktn, AAijkmltn, AAijkpltn v
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Tusefull temp variables holding concetrations of the present on t=tn
real*8 AAijktnpl, AAimljktnpl, AAipljktnpl, AAijmlktnpl, AAijplktnpl, AAijkmltnpl, ¢
AAijkpltnpl lusefull temp variables holding concetrations on t=tnpl time
TAA values as well need boundary conditions since they represent AA=CcCcv
logical BoundaryCell ! It will indicate if this is a boundary cell or not . True ¢
means this is actually a boundary cell
real*8 dboundaryFactor !boundary factor indicates how many times the concetration of v
the outter imaginary boundary cell,
I at the end off the x direction, is smaller than the "4
concetration of the previous cell (which is in the aquifer limits)
real*8 uBoundaryFactor ! the same like dboundaryFactor but for the upstream boundary «
cells
logical flag3,flag4,flag5,flag6,flag7,flag8 ! flags will point out whether boudary ¢
conditions the corresponding Concetrations
ICvijktn, Cvimljktn, Cvipljktn, Cvijmlktn, Cvijplktn, Cvijkmltn, Cvijkpltn "4
will be calculated without any changes from the boundary conditions or not
I Flag=True means no boundary effect is needed
common/vartrans4/dboundaryFactor ,uboundaryFactor

linitializing variables

BoundaryCell=_False. ! in the begining we assume that the cell isnt a boundary one

flag3=.True. ! All Flags are true which means that for the calculations of the fcn now
boundary conditions need to be enforced

flag4=.True.
flagbh=.True.
flag6=.True.
flag7=.True.
flag8=.True.

I End of initialization
if (i0==1 .or.i0==nx.or.j0==1 .or.jO==ny.or.w0==1 .or.wO0==nz) then ! whenever a cell v
is at the edges it is supposed to be boundary
BoundaryCell=_.True.
else
BoundaryCell=_False.
goto 14 ! the cell wasnt boundary and so we exit the function
end if

if (i0==1 ) then ! we got upstream cell
flag3=.false. ! Cell position requires that Cvimljktn=Cvijktn*uboundaryFacto
Cvimljktn=Cvijktn*uboundaryFactor !Cvimljktn=Cvijktn would normally be but Cvimljktn «

tends to zero ,since we suppose the that i-1,j,w cells tend to have zero 4
concetration Cvimljktn=Cvijktn*uboundaryFactor
I upstream boundary condition tends to infinite "4

aquifer ! For that we could set the factor uboundaryFactor=1
I Cvipljktn is imaginary cell when i0==1
AAimljktn=AAijktn*uboundaryFactor ! The above can be applied as well for the AA values. «
Since AA values represent concetrations AA=CcCcv
AAImljktnpl=AAijktnpl*uboundaryFactor

end if

if (i0==nx ) then ! we got downstram cell

flagd=.false. ! Cell position requires that Cvipljktn=dBoundaryFactor*Cvijktn
Cvipljktn=dBoundaryFactor*Cvijktn ICvipljktn= Cvijktn would normally be but 4

Cvimljktn tends to zero ,since we suppose the that i-1,j,w cells tend to have zero w
concetration Cvimljktn=Cvijktn*uboundaryFactor
I downstream boundary condition tends to infinite "4
aquifer ! For that we could set the factor uboundaryFactor=1
ICvipljktn is imaginary cell when i10==nx
AAipljktn=AAijktn*dBoundaryFactor ! The above can be applied as well for the AA values. v«
Since AA values represent concetrations AA=CcCcv
AAipljktnpl=AAijktnpl*dBoundaryFactor
end if

if (JO==1 ) then

flagb=.false. ! Cvijmlktn is imaginary cell. We can apply boundary condition dc/dy=0
and so on

Cvijmlktn=Cvijktn

AAijmlktn=AAijktn

AAi jmlktnpl=AAijktnpl

end if

if (JO==ny ) then
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flag6=.false. ! Cvijplktn is imaginary cell. We can apply boundary condition dc/dy=0
and so on

Cvijplktn=Cvijktn

AAijplktn=AAijktn

AAi jplktnpl=AAijktnpl

end if

if (wO==1 ) then

flag7=.false. ! Cvijkmltn is imaginary cell. We can apply boundary condition dc/dz=0
and so on

Cvijkmltn=Cvijktn

AAi jkmltn=AAijktn

AAi Jkmltnpl=AAijktnpl

end if

if (wO==nz ) then

flag8=.false. ! Cvijkpltn is imaginary cell. We can apply boundary condition dc/dz=0
and so on

Cvijkpltn=Cvijktn

AAijkpltn=AAijktn

AAi Jkpltnpl=AAijktnpl

end if

14 end subroutine

TEnd For the colloid-virus Cootransport, fCnC boundaries

"4

"4

"4



OO WNE

0

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

28

36

37

38

39

40

42

43

44

167

C:\Users\User\Documents\Visual Studio ... ,upstream adv\fCn vector cootranport.f90 1
module fcn_Vector_Cootrans
contains
subroutine fCnC_vector( nX,nY,nZ,nx0,ny0,nz0,fCnC,Cvnpl,AAVector,BBVector,F_V,dt)
I1fCnC_vector takes in account the changes that were made from the source conditions
implicit none
I AxC=fCnC -fCnC vector conctains a function of C (non "4
sorbed ) concetrations and then Cs (sorbed) Concetrations
I fCnC_vector depends of Cvnpl to produce fCnC!!I!
integer nX,nY,nZ ! nX,nY,nZ the number of pieces the user wants to split the aquifer v
to,at Xx,y,z directions
real*8 th,rD !th=porosity (or th=th* the effective porosity can be used as well page v
509) ,rD= bulk density of the solid matrix(solid mass/aquifer volume) "4
real*8 , allocatable :: fCnC(:) I fCnC will be holding the stable vector of v
equation AXC=fCnCC (fCnC i1s afunction of Cvn =known concetrations at time t=tn, ¢«
for the virus case)
real*8 , allocatable :: Cvnpl(:) I Cvnpl matrix will hold all the unknown v
concetrations (sorbed and non sorbed ) at time tn+l
real*8 , allocatable :: AAVector(:,:) ! Vector holding the solutions of the 8, 13 eqs .«
Where aa=CcCvc and BB=Cc*Cvc* ,
1 2 dimensional matrix,because we need the AA «
values on time t=tn time as well as t=tnpl time
real*8 , allocatable :: BBVector(:,:) ! Vector holding the solutions of the 8, 13 eqs .«
Where aa=CcCvc and BB=Cc*Cvc*
1 2 dimensional matrix,because we need the BB «
values on time t=tn time as well as t=tnpl time
I Paper Colloid-Facilitated virus transport in «
saturated porus media . Vasiliki i.Syngouna Constantinos V.Chrysicopoulos
1 All the c values are located at the beginning of each row and then thew
Csorbed values follow
I1C=c+cs I non sorbed and sorbed concetrations
real*8 wm ! wm determines the numerical mode that will be wused for the soliving of "4
the tranport or cootranport problem. If wm=0.5 we have crank nikolson . If wm=1 we «
have full implicit scheme
I wm should be within the range 0.5-1. Else we fall to explicit scheme the «
and stability is not ensured
real*8 Cvijktn, Cvaijktn, Cvimljktn, Cvipljktn, Cvijmlktn, Cvijplktn, Cvijkmltn, "4
Cvijkpltn !
I Cvijktn, Cvaijktn, Cvimljktn, Cvipljktn, Cvijmlktn, Cvijplktn, Cvijkmltn, ¢
Cvijkpltn = usefull temp variables holding concetrations of the present t=tn time
real*8 AAijktn, AAimljktn, AAipljktn, AAijmlktn, AAijplktn, AAijkmltn, AAijkpltn ! v
usefull temp variables holding concetrations of the present on t=tn
real*8 AAijktnpl, AAimljktnpl, AAipljktnpl, AAijmlktnpl, AAijplktnpl, AAijkmltnpl, v
AAijkpltnpl lusefull temp variables holding concetrations on t=tnpl time
real*8 BBijktn,BBijktnpl Tusefull temp variables holding concetrations of the 4
present t=tn and t=tnpl time
integer rowPoss(8) ! useFull integers that will hold the position of the needed "4
concetrations Cvijktn,Cvipljktn ... in the Cvnpl Vector
real*8 Dvx,Dvy,Dvz IDvx,Dvy hydrodynamic dispersion coefficient of the virus 4
component
IDvz=Vertical hydronamic dispersion coefficient of the virus "4
component
real*8 Dvcx,Dvcy,Dvcz !Dcvx,Dcvy,Dcvz =hydrodynamic components (Xx,y,z direction) for 4
the case when virus is attached to the colloid
real*8 Lvc,Lvca ! decay rates coefficients when virus is attached to the colloid, and w

virus is attached to the colloid and all together sorbed on the solid matrix
real*8 Lv,Lva ! decay ratse coefficients when just a simple virus is soluted in the 4
water and when a vius is sorbed on the solid matrix

real*8 F_V IF_V= general functional form of virus source configuration [ML-3 t-1]=[gr «

cm-3 Day-1]

integer nx0,ny0,nz0 ! nx0,ny0,nz0 cell coordinates of the point source

integer rowPos,rowCsPos,row ! rowPos,rowCsPos the distance from the first element "4
for a single row (check the corresponding functions)

I "row"™ will hold the row at the current fCnC vector 4
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45  integer ii,jj,ww ,ir ! iterators
46 real*8 dxx,dyy,dzz,dt ! dxx=the lenght of each cell the total aquifer is splitted to.

47 I dyy=the witdth of each cell the total aquifer is splitted to.
48 1 dzz=the height of each sell the total aquifer is splitted to.
49 1 dt= the (time) distance between two sequential time moments tlw

,t2 =dt=t2-t1

50 integer sourceSurf_V ! sourceSurf_V determines on which plane the elliptic source is ¢
based

51 I'(sourceSurf_V=0 we dont have an elliptic source but a point one, =1 ¢
Ellipse is based on YZ plane, =2 Ellipse is based on XZ plane ,=3 Ellipse is basedwv
on XY plane)

52 real*8 U ! average interstitial velocity ! Dx,Dy,Dz, ...defined in basic V4
program hydrodynamic dispersion coefficients

53 real*8 dboundaryFactor,uboundaryFactor !dboundary factor indicates how many times the
concetration of the outter imaginary boundary cell,

54 I at the end off the x direction, is smaller than the 4
concetration of the previous cell (which is in the aquifer limits)
55 TuboundaryFactor= is the same like dboundaryFactor ,but for the v

upstream boundary cells
56

57 real*8 Rvdva,Rvadv ! forward or reverse rates cooefficients (Virus case)!IITITIIIIIT »
rrrrrnppnppnnRpbRRRbRRNRRRNRNNNLLNRLRNRR

58
59 logical flag3,flag4,flag5,flag6,flag7,flag8 ! flags will point out whether boudary «
conditions the corresponding Concetrations

60 ICvijktn, Cvimljktn, Cvipljktn, Cvijmlktn, Cvijplktn, Cvijkmltn, Cvijkpltn "4
will be calculated without any changes from the boundary conditions or not
61 I Flag=True means no boundary effect is needed

62 common/VarTransla/u

63 common/VarTran2/rD, th

64 common/VarTrans3/dxx,dyy,dzz

65 common/vartrans4/dboundaryFactor ,uboundaryFactor
66 common/vartrans5/wm

67 common/vartrans6/Lv,Lva,Rvdva,Rvadv

68 common/vartrans7/Dvx,Dvy,Dvz,Dvcx,Dvcy,Dvcz

69 Common/vartrans9/Lvc,Lvca

70 common/sourceGeom_V/sourceSurf_V

~
N
~+
s})

zing values

-
L L | T | R e}
[T o Y S S i

x
-
i

o

80 Cvaijktn=0

81 Cvimljktn=0
82 Cvipljktn=0
83 Cvijmlktn=0
84 Cvijplktn=0
85 Cvijkmltn=0
86 Cvijkpltn=0
87 rowPoss=0

~
©
(o]
<

88 I end of initializations

89

90

91 do ii=1,nx ! iterating through all the cells of the aquifer

92 do jj=1,ny

93 do ww=1,nz

94

95 ir=ir+l

96

97

98 IWe calculate and store the corresponding Concetration on the present time «
t=tn based on their position in the Cvnpl Vector

99 ICvijktn and Cvaijktn are based on the i,j,k cell only which means that "4
they are not affected by the boundary conditions at all

100

101 rowPoss(1)= rowPos(ii,jj,ww,ny,nz) ! Just for this case RowPoss(l) = ir , «
but in order to be less errorProne we use a general sheme with the function rowPos

102 Cvijktn=Cvnpl(rowPoss(1))

103

104 AAil jktn=AAVector (rowPoss(1),1)
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AAi Jktnpl=AAVector(rowPoss(1),2)

BBi jktn=BBVector(rowPoss(1),1)
BBi jktnpl=BBVector(rowPoss(1),2)

rowPoss(2)= rowCsPos(ii,jj,ww,nx,ny,nz)
Cvaijktn=Cvnpl(rowPoss(2))

I Checking the whether the cell for which we try to create the fCnC part is a w«
boundary cell or not. If it is, it takes into aCvount any extra boundary 4

conditions that may exist

call isBoundaryCellfCnC (ii,jj,ww,nx,ny,nz,Cvijktn,Cvimljktn,Cvipljktn, "4
Cvijmlktn,Cvijplktn,Cvijkmltn,Cvijkpltn,AAijktn,AAimljktn,AAipljktn,AAijmlktn, "4
AAi Jplktn,AAijkmltn,AAijkpltn,AAijktnpl,AAimljktnpl,AAipljktnpl,AAijmlktnpl, 4

AAijplktnpl,AAijkmltnpl,AAijkpltnpl,flag3,flag4,flag5,flag6,flag7,

flag8)

I if flags return with value =False this means boundary conditions have "4
already being applied and the corresponding concetrations are already calculated "4

I If flags return True this means we will calculate them based on their "4
position in the fCnC vector. AA values as well need boundary conditions since they «

represent AA=CcCcv

if (flag3==.True. ) then ! True means no boundary need to be
calculate the needed concetration based her position on the fCnC
AAVectors
rowPoss(3)=rowPos(ii-1,jj,ww,ny,nz)
Cvimljktn=Cvnpl( rowPoss(3))
AAimljktn=AAVector( rowPoss(3),1)
AAimljktnpl=AAVector( rowPoss(3),2)
end if

if (flag4==.True. ) then ! True means no boundary need to be
calculate the needed concetration based her position on the fCnC
AAVectors
rowPoss(4)=rowPos(ii+l,jj,ww,ny,nz)
Cvipljktn=Cvnpl(rowPoss(4))
AAipljktn=AAVector(rowPoss(4),1)
AAipljktnpl=AAVector(rowPoss(4),2)
end if

if (flagh==.True. ) then ! True means no boundary need to be

calculate the needed concetration based her position on the fCnC
AAVectors
rowPoss(5)=rowPos(ii,jj-1,ww,ny,nz)

Cvijmlktn=Cvnpl(rowPoss(5))

AAi jmlktn=AAVector(rowPoss(5),1)

AAi jmlktnpl=AAVector(rowPoss(5),2)

end if

if (fFlag6==_.True. ) then ! True means no boundary need to be
calculate the needed concetration based her position on the fCnC
AAVectors
rowPoss(6)=rowPos(ii,jj+1,ww,ny,nz)
Cvijplktn=Cvnpl(rowPoss(6))
AAijplktn=AAVector(rowPoss(6),1)
AAijplktnpl=AAVector(rowPoss(6),2)
end if

if (fFlag7==.True. ) then ! True means no boundary need to be
calculate the needed concetration based her position on the fCnC
AAVectors
rowPoss(7)=rowPos(ii,jj,ww-1,ny,nz)
Cvijkmltn=Cvnpl(rowPoss(7))
AAi jkmltn=AAVector(rowPoss(7),1)
AAi jkmltnpl=AAVector(rowPoss(7),2)
end if

if (flag8==.True. ) then ! True means no boundary need to be
calculate the needed concetration based her position on the fCnC
AAVectors
rowPoss(8)= rowPos(ii,jj,ww+l,ny,nz)
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Cvijkpltn=Cvnpl(rowPoss(8))
AAijkpltn=AAVector(rowPoss(8),1)
AAi jkpltnpl=AAVector(rowPoss(8),2)
end if

I for the crank nikolson , simple transport should be used ! directlty 4
exctracted from mathematica ***
IfCnC(ir)= - (Cvaijktn*Lva*rd*(1.D0 - wm))/th + Cvijktn/dt + (Cvaijktn*rd)/ v«
(th*dt) + Cvipljktn*((Dvx*(1.DO0 - wm))/dxx**2_.D0 - (U*(1.DO0 - wm))/(2.DO0*dxx)) + &
ICvimljktn*((Dvx*(1.DO - wm))/dxx**2.D0 + (U*(1.DO - wm))/(2.DO0*dxx)) + "4
(Cvijmlktn*Dvy*(1.DO - wm))/dyy**2_.D0 + (Cvijplktn*Dvy*(1.D0 - wm))/dyy**2.D0 + &
ICvijktn*(-(Lv*(1.DO - wm)) - (2.DO*Dvx*(1.DO - wm))/dxx**2.DO0 - (2.DO*Dvy* w«
(1.D0 - wm))/dyy**2.D0 - (2.DO0*Dvz*(1.DO0 - wm))/dzz**2_.D0) + (Cvijkmltn*Dvz*(1.D0 -«
wm))/dzz**2_.D0 + &
T(Cvijkpltn*Dvz*(1.D0 - wm))/dzz**2_DO
I simple tranport crank nikolson ends here 4

*kk *kk

I for the crank nikolson , cootransport should be used ! directlty exctracted v
from mathematica

fCnC(ir)= - (Cvaijktn*Lva*rd*(1.D0 - wm))/th - (BBijktn*Lvca*rd*(1.D0 - "4
wm))/th - (BBijktnpl*Lvca*rd*wm)/th + (Cvaijktn*rd)/(th*dt) - &

(-AAijktn + AAijktnpl)/dt - (rd*(-BBijktn + BBijktnpl))/(th*dt) + AAipljktn*( «
(Dvex*(1.D0 - wm))/dxx**2.D0 - (U*(1.DO0 - wm))/(2.D0*dxx)) + &

Cvipljktn*((Dvx*(1.DO - wm))/dxx**2.D0 - (U*(1.DO0 - wm))/(2.DO*dxx)) + "4
AAImljktn*((Dvex*(1.DO - wm))/dxx**2._.D0 + (U*(1.DO - wm))/(2.D0*dxx)) + &
Cvimljktn*((Dvx*(1.DO - wm))/dxx**2.D0 + (U*(1.DO0 - wm))/(2.DO*dxx)) + "4

(AAimljktnpl*Dvex*wm)/dxx**2_.D0 + (AAipljktnpl*Dvcex*wm)/dxx**2.D0 - &
((-AAIm1ljktnpl + AAipljktnpl)*U*wm)/(2.D0*dxx) + (AAijmliktn*Dvcy*(1.D0 - wm))/ «
dyy**2._.D0 + (AAijplktn*Dvcy*(1.DO - wm))/dyy**2.D0 + &
(Cvijmlktn*Dvy*(1.D0 - wm))/dyy**2.D0 + (Cvijplktn*Dvy*(1.D0 - wm))/dyy**2.D0 v
+ (AAijmlktnpl*Dvcy*wm)/dyy**2.D0 + (AAijplktnpl*Dvcy*wm)/dyy**2.D0 + &
AAijktn*(-(Lvc*(1.DO - wm)) - (2.DO*Dvcx*(1.-DO - wm))/dxx**2_.D0 - (2.DO*Dvcy* v
(1.D0 - wm))/dyy**2.D0 - (2.D0*Dvcz*(1.D0 - wm))/dzz**2.D0) + &
Cvijktn*(-(Lv*(1.DO - wm)) + 1.D0/dt - (2.DO*Dvx*(1.DO - wm))/dxx**2_.D0 - (2.«
DO*Dvy*(1.DO - wm))/dyy**2.D0 - (2.DO*Dvz*(1.DO0 - wm))/dzz**2.D0) + &
AAi jktnpl*(-(Lvc*wm) - (2.DO*Dvcx*wm)/dxx**2_D0 - (2.DO*Dvcy*wm)/dyy**2_.D0 - «
(2.D0*Dvcz*wm)/dzz**2.D0) + (AAijkmltn*Dvcz*(1.DO0 - wm))/dzz**2.D0 + &
(AAijkpltn*Dvcz*(1.D0 - wm))/dzz**2.D0 + (Cvijkmltn*Dvz*(1.D0 - wm))/dzz**2_DOw
+ (Cvijkpltn*Dvz*(1.DO - wm))/dzz**2.D0 + (AAijkmltnpl*Dvcz*wm)/dzz**2.D0 + &
(AAijkpltnpl*Dvcz*wm)/dzz**2_DO
I cootransport crank nikolson ends here "4

*kk *

end do
end do

end do

lir contains the row ,which the previous iterations finished with
do ii=1l,nx ! iterating through all the cells of the aquifer

do jj=1,ny
do ww=1,nz
ir=ir+l
Cvijktn=Cvnpl(rowPos(ii,jj,ww,ny,nz)) ! Calculating the neCvessary "4
Concetrations using rowPos to find position, from Cvnpl vector
Cvaijktn=Cvnpl(rowCsPos(ii,jj,ww,nx,ny,nz))! Calculating the neccessary "4
Concetrations using rowPos to find position, from Cvnpl vector
fCnC(ir)=-(Cvaijktn*(1.D0/dt - Lva*(1.DO0 - wm) - Rvadv*(1.DO - wm))) - "4
(Cvijktn*Rvdva*th*(1.D0 - wm))/rd ! fCnC vector created based on a general 4
implicit method
Twm=1=> full implicit, wm=0.5=> Crank Nikolson "4
end do
end do
end do
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if (sourceSurf_V==0)then ! in case we have point source
I because the way C are distributed the same way across the rows and the columns , wv
Column=Cow
row= rowPos (nx0,ny0,nz0,ny,nz) ! rowPos give the column in the matrix
1 source conditions applied
I we add the constant mass income at the source cell (located on the "row" row)
fCnC(row)=FCnC(row)+F_V
else ! in case we have elliptic or ellipsoid source

call sourceConf_CooTr(nX,nY,nZ,nx0,ny0,nz0,row,fCnC,F_V)
end if

end subroutine

subroutine sourceConf_CooTr(nX,nY,nZ,nx0,ny0,nz0,row,fCnC,F_V)
implicit none
! sourceConf is the responsible subroutine to implement the source geometry ,in case wew
have an elliptic source
integer nX,nY,nZ I nX,nY,nZ the number of pieces the user wants to split the aquifer v
to,at Xx,y,z directions
integer nx0,ny0,nz0 ! nx0,ny0,nz0 coordinates of the elliptic source center

integer row ,rowPos ! rowPos the distance from the first element for a single row ! "4
“"row"™ will hold the row at the current fCnC vector
integer rowSourcePos ! converts with the help of sourceSurf_V,the 2 dimension plane 4

into a 3 dimension space
I and returns the row of the particular elliptic source cell
real*8, allocatable :: fCnC(:) ! fCnC will be holding the stable vector of equation "4
AXC=fCnC (fCnC 1is afunction of Cn =known concetrations at time t=tn)
real*8 F_V IF_V= general functional form of virus source configuration [ML-3 t-1]=[gr w
cm-3 Day-1]
real*8 dxx,dyy,dzz ! dxx=the lenght of each cell the total aquifer is splitted to.
I dyy=the witdth of each cell the total aquifer is splitted to.
1 dzz=the height of each sell the total aquifer is splitted to.
integer sourceSurf_V ! sourceSurf_V determines on which plane the elliptic source is 4
based
T(sourceSurf_V=0 we dont have an elliptic source but a point one, =«
1 Ellipse is based on YZ plane, =2 Ellipse is based on XZ plane ,=3 Ellipse is "4
based on XY plane)
IT'(sourceSurf_V=4 => ellipse in tree dimensions =ellipsoid)
real*8 aEl_V,bEI_V,cEl_V !aEl_V semi-axis of the elliptic source ! check the manual for ¢

more info

IbEI_V semi-axis of the elliptic source !Check the manual for more v
info

IcEI_V semi-axis of the elliptic source !Check the manual for more «
info

real*8 IHorMax, IVerMax, IHorMin, IVerMin ! usefull variables that indicate the limits of v
the square that surrounds the elliptic source
real*8 IzMax ,I1zMin ! usefull variables that indicate the limits of the cube that "4
surrounds the ellipsoid source
integer nHor,nVer ! usefull temp variables to hold nx ny or nz depending on the current ¢
plane
integer nHorMax,nVerMax ! usefull variables that indicate the limits (in cells) of the ¢
square that surrounds the elliptic source
integer nHorMin,nVerMin I usefull variables that indicate the limits (in cells)of the ¢
square that surrounds the elliptic source

integer nzMax, nzMin ! I usefull variables that indicate the limits (in cells)of the 4
cube that surrounds the ellipsoid source

real*8 Ix0_V,1y0 V,1z0_V 1'Ix0_V,ly0 V,I1z0_V =cartesian coordinates of the elliptic 4
source center

real*8 IHorO ,IVer0 ! usefull temp variables to hold Ix0_V or IyO_V or 1z0_V 4

depending on the current plane
real*8 dHor,dVer ! usefull variables that describe the dimensions of a cell
real*8 IR1 ,IR2 ,IR3 ! random lenghts used as temp variables
integer sourCellNum ! the number of total cells the elliptic source was divided to
integer ir,irr ,irrr ! iterators

common/VarTrans3/dxx,dyy,dzz
common/sourceGeom_V/sourceSurf_V
common/sourceGeom2_V/aEl_V,bEl_V,cEl_V
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common/sourceCoord_V/Ix0_V,1y0_V,1z0_V
common/numOfsourcecel ls/sourCel INum

I initializing values
IHorMax=0.D0
IVerMax=0.D0
1zMax=0.D0

IHorMin=0.D0
IVerMin=0.D0
1zMin=0.D0

nHorMax=0
nVerMax=0
nzMax=0

nHorMin=0
nVerMin=0
nzMin=0

dHor=0
dvVer=0

IHoro=0
1Ver0=0

ir=0

irr=0

irrr=0

IR1=0.DO

1R2=0.D0O

IR3=0.D0O

sourCel INum=0

Tend if initialization

ifT (sourceSurf_V==1) then ! we are on yz plane
IHorO=1y0_V
1Ver0=1z0_V

nHor=ny
nVer=nz

dHor=dyy
dver=dzz

else if(sourceSurf_V==2)then ! we are on xz plane
IHorO=1x0_V
1Ver0=1z0_V

nHor=nx
nVer=nz

dHor=dxx
dver=dzz
else if(sourceSurf_V==3)then ! we are on xy plane
IHorO=1x0_V
1VerO=1y0_V

nHor=nx
nVer=ny

dHor=dxx
dver=dyy
else if(sourceSurf_V==4)then ! Ellipsoid = Ellipse in three dimensions
IHorO=1x0_V
1VerO=1y0_V

nHor=nx
nVer=ny

dHor=dxx
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336 dver=dyy

337 goto 10 ! all the ellipoid code could be inserted here instead of the goto statement, «
but it would be more error prone

338

339 else

340 write(*,*)"Unknown internal error occured when trying to determine the plane of the «
epiptic source"

341 write(111,*)"Unknown internal error occured when trying to determine the plane of the v
epiptic source"

342 write(222,*)"Unknown internal error occured when trying to determine the plane of the v
epiptic source"

343 write(333,*)"Unknown internal error occured when trying to determine the plane of the v
epiptic source"

344 write(444,*)"Unknown internal error occured when trying to determine the plane of the v
epiptic source"

345 write(*,*)"The system will now stop"

346 read(*,*)! slows down system exit

347 pause

348 stop

349 end if

350

351

352

353 ! creating a surrounding square outside of the elliptic source

354 I we will then check which cells of the square are really inside the Ellipse
355

356 I calculating max Limits

357 IHorMax=lHorO+aEl _V

358 IVerMax=lverO+bEl_V

359

360 nHorMax=int(lHorMax/dHor) +1 ! the integer part of the division is returned and the 4
next closest cell is considered to be valid

361 nVerMax=int(lVerMax/dVer) +1

362

363 if(nHorMax>nHor) nHorMax=nHor ! the position of the source cant be outside of the 4
aquifer

364 if(nVerMax>nVer) nVerMax=nVer ! the position of the source cant be outside of the 4
aquifer

365 if(nHorMax<l) nHorMax=1 ! the position of the source cant be outside of the aquifer

366 if(nVerMax<l) nVerMax=1 ! the position of the source cant be outside of the aquifer

367

368 I calculating min Limits

369 IHorMin=IHorO-aEl_V

370 IVerMin=1VerO-bEI_V

371

372 nHorMin=int(lHorMin/dHor) +1 ! the integer part of the division is returned and the «
next closest cell is considered to be valid

373 nVerMin=int(lVerMin/dVer) +1

374

375 if(nHorMin>nHor) nHorMin=nHor ! the position of the source cant be outside of the "4
aquifer

376 if(nVerMin>nVer) nVerMin=nVer ! the position of the source cant be outside of the "4
aquifer

377 1f(nHorMin<l) nHorMin=1 ! the position of the source cant be outside of the aquifer
378 if(nVerMin<l) nVerMin=1 ! the position of the source cant be outside of the aquifer

379 I square borders are now determined

380

381 do ir=nHorMin,nHorMax

382 do irr=nVerMin,nVerMax

383 1 cell is considered to be inside the source Ellipse ,if its cencter is inside 4
(inside the Ellipse)

384 IR1=(ir-1)*dHor +dHor/2.D0 ! we locate the center of each valid cell

385 IR2=(irr-1)*dVer+dVer/2.D0 ! we locate the center of each valid cell

386

387

388 if(nVerMin==nVerMax .and.nHorMin==nHorMax) then ! at the Horizontal, and at the «
Vertical direction

389 Tonly one cell is intersected by v
the elliptic source

390

391

392 row= rowSourcePos(ir,irr,ny,nz,nx0,ny0,nz0,sourceSurf_V) ! rowSourcePos 4

give the row number in the matrix
393 fCnC(row)=FCnC(row)+F_V
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sourCel INum=sourCel INum+1

else if(nHorMin==nHorMax) then ! at the Horizontal direction only one cell is
intersected by the elliptic source

it (IR2>1VerMin _And.IR2<=1VerMax)then
row= rowSourcePos(ir,irr,ny,nz,nx0,ny0,nz0,sourceSurf_V) !
rowSourcePos give the row number in the matrix
fCnC(row)=fCnC(row)+F_V
sourCel INum=sourCel INum+1
end if

else if(nVerMin==nVerMax) then ! at the Vertical direction only one cell is
intersected by the elliptic source

if (IR1>1HorMin _And.lIR1<=lHorMax) then
row= rowSourcePos(ir,irr,ny,nz,nx0,ny0,nz0,sourceSurf_V) !
rowSourcePos give the row number in the matrix
fCnC(row)=FfCnC(row)+F_V
sourCel INum=sourCel INum+1
end if

else if( ((IR1-1Hor0)/aEl_V)**2_D0 +((IR2-1Ver0)/bEl_V)**2_D0 <=1.D0 )then !
checking if the ellipse equation is being respected or not
1 it is respect we add the proper effects of the fCnC vector
row= rowSourcePos(ir,irr,ny,nz,nx0,ny0,nz0,sourceSurf_V) ! rowSourcePos
give the row number in the matrix
fCnC(row)=FfCnC(row)+F_V
sourCel INum=sourCel INum+1

end if

end do
end do

goto 9 ! protects it from reading the ellipsoid code (elliptic source already used)

I Ellipsoid source code starts Here
I creating a surrounding cube outside of the elliptic source
I we will then check which cells of the square are really inside the Ellipse

I calculating max Limits

10 IHorMax=lHorO+aEl_V
IVerMax=1verO+bEl_V
1zMax=1z0_V+cEIl_V

nHorMax=int(lHorMax/dHor) +1 ! the integer part of the division is returned and the
next closest cell is considered to be valid

nVerMax=int(1VerMax/dVer) +1

nzMax=int(lzMax/dzz) +1

if(nHorMax>nHor) nHorMax=nHor ! the position of the source cant be outside of the
aquifer

if(nVerMax>nVer) nVerMax=nVer ! the position of the source cant be outside of the
aquifer

if(nzMax>nz) nzMax=nz ! the position of the source cant be outside of the aquifer

if(nHorMax<1l) nHorMax=1 ! the position of the source cant be outside of the aquifer
if(nVerMax<1l) nVerMax=1 ! the position of the source cant be outside of the aquifer
if(nzMax<1l) nzMax=1 ! the position of the source cant be outside of the aquifer

I calculating min Limits
IHorMin=IHorO-aEl_V

IVerMin=1VerO-bEI_V
1zMin=1z0_V-cEl_V

nHorMin=int(lHorMin/dHor) +1 ! the integer part of the division is returned and the
next closest cell is considered to be valid

nVerMin=int(lVerMin/dVer) +1

nzMin=int(1zMin/dzz) +1
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if(nHorMin>nHor) nHorMin=nHor ! the position of the source cant be outside of the
aquifer

if(nvVerMin>nVer) nVerMin=nVer ! the position of the source cant be outside of the
aquifer

if(nzMin>nz) nzMin=nz ! the position of the source cant be outside of the aquifer

if(nHorMin<l) nHorMin=1 ! the position of the source cant be outside of the aquifer
if(nVerMin<l) nVerMin=1 ! the position of the source cant be outside of the aquifer
if(nzMin<l) nzMin=1 ! the position of the source cant be outside of the aquifer

I cube borders are now determined

do ir=nHorMin,nHorMax

do irr=nVerMin,nVerMax

do irrr=nzMin,nzMax

I cell is considered to be inside the source Ellipsoid ,if its center is inside
(inside the ellipsoid)

IR1=(ir-1)*dHor +dHor/2.DO0 ! we locate the center of each valid cell
IR2=(irr-1)*dVer+dVer/2.D0 ! we locate the center of each valid cell
IR3=(irrr-1)*dzz+dzz/2.D0 ! we locate the center of each valid cell

if(nVerMin==nVerMax .and.nHorMin==nHorMax.and.nzMin==nzMax) then ! at the
Horizontal, and at the 2 Vertical directions
I only one cell is intersected by the elliptic source

row= rowPos (ir,irr,irrr,ny,nz) ! rowPos give the row number in the
matrix

fCnC(row)=FfCnC(row)+F_V

sourCel INum=sourCel INum+1

else if(nHorMin==nHorMax .and. nVerMin==nVerMax) then ! at the xy plane only one «¢

cell is iIntersected by the ellipsoid source

it (IR3>1zMin .And.IR3<=lzMax ) then ! restrictions only on z direction
row= rowPos (ir,irr,irrr,ny,nz) I rowPos give the row number in the
matrix
fCnC(row)=FfCnC(row)+F_V
sourCel INum=sourCel INum+1
end if

else if(nHorMin==nHorMax .and. nzMin==nzMax) then ! at the xz plane only one celle

is intersected by the ellipsoid source

if ( IR2>1VerMin .And.IR2<=IVerMax) then ! restrictions only on vy
direction
row= rowPos (ir,irr,irrr,ny,nz) I rowPos give the row number in the
matrix
fCnC(row)=FfCnC(row)+F_V
sourCel INum=sourCel INum+1
end if

else if(nVerMin==nVerMax .and. nzMin==nzMax) then ! at the yz plane only one celle

is intersected by the ellipsoid source

if (IR1>IHorMin _And.IRl1<=lHorMax ) then ! restrictions only on x
direction
row= rowPos (ir,irr,irrr,ny,nz) ! rowPos give the row number in the
matrix
fCnC(row)=FfCnC(row)+F_V
sourCel INum=sourCel INum+1
end if

else if(nHorMin==nHorMax) then ! at the x direction only one cell is intersected
by the elliptic source

it (IR2>1VerMin _And.IR2<=1VerMax .And.IR3>1zMin .And.IR3<=I1zMax)then
row= rowPos (ir,irr,irrr,ny,nz) I rowPos give the row number in the
matrix
fCnC(row)=FfCnC(row)+F_V
sourCel INum=sourCel INum+1
end if

else if(nVerMin==nVerMax) then ! at the y direction only one cell is intersected
by the elliptic source
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516 if (IR1>IHorMin .And.IRl1<=lHorMax.And.IR3>1zMin .And.lIR3<=1zMax) then

517 row= rowPos (ir,irr,irrr,ny,nz) ! rowPos give the row number in the «
matrix

518 fCnC(row)=FCnC(row)+F_V

519 sourCel INum=sourCel INum+1

520 end if

521 else if(nzMin==nzMax) then ! at the =z direction only one cell is intersected by v
the elliptic source

522

523 if (IR1>1HorMin _And.lIR1<=lHorMax.And.IR2>IVerMin _.And.lIR2<=1VerMax) then

524 row= rowPos (ir,irr,irrr,ny,nz) ! rowPos give the row number in the ¢
matrix

525 fCnC(row)=FfCnC(row)+F_V

526 sourCel INum=sourCel INum+1

527 end if

528 else if( ((IR1-1Hor0)/aEl_V)**2.D0 +((IR2-1Ver0)/bEl_V)**2_D0 +((IR3-1z0_V)/ "4
cEl_V)**2.D0 <=1 )then

529 I checking if the ellipsoid equation is being respected or v«
not

530 I If it is respected, we add the proper effects of the fCnC v
vector

531 row= rowPos (ir,irr,irrr,ny,nz) I rowPos give the row number in the 4
matrix

532 fCnC(row)=FCnC(row)+F_V

533 sourCel INum=sourCel INum+1

534 end if

535 end do

536 end do

537 end do

538

539

540

541 9 if (sourCellNum==0) then ! the elliptic or ellipsoid source failed to intesect the "4
center of any cell ,and so we will use a single point source

542 Ibecause the C are distributed the same way across the rows and the columns ,Columny
=Row

543 row= rowPos (nx0,ny0,nz0,ny,nz) ! rowPos give the column in the matrix

544 1 source conditions applied

545 I we add the constant mass income at the source cell (located on the "row"™ row)

546 fCnC(row)=FfCnC(row)+F_V

547 sourCel INum=1

548 end if

549

550

551 end subroutine

552

553

554

555

556

557 end module
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module fcn_Vector_Simple_Trans
contains

subroutine fCn_vector( nX,nY,nZ,nx0,ny0,nz0,fcn,Ccnpl,F_C,dt)
1fCn_vector takes in account the changes that were made from the source conditions
implicit none
I AxC=fCn .fCn vector conctains a function of C (non sorbed w
) concetrations and then Cs (sorbed) Concetrations
I fCn_vector depends of Ccnpl to produce fCn!l!I!
integer nX,nY,nZ ! nX,nY,nZ the number of pieces the user wants to split the aquifer v
to,at Xx,y,z directions
real*8 th,rD !th=porosity (or th=th* the effective porosity can be used as well page v
509) ,rD= bulk density of the solid matrix(solid mass/aquifer volume) "4

real*8 ,allocatable :: fCn(:) ! fCn will be holding the stable vector of equation "4
AXC=fCn (fCn is afunction of Cn =known concetrations at time t=tn)
real*8 Ccnpl(2*nx*ny*nz) ! Ccnpl matrix will hold all the unknown concetrations v

(sorbed and non sorbed ) at time tn+l
1 All the c values are located at the beginning of each row and then the w»
Csorbed values follow

IC=c+cs I non sorbed and sorbed concetrations
real*8 wm ! wm determines the numerical mode that will be used for the soliving of "4
the tranport or cootranport problem. If wm=0.5 we have crank nikolson . If wm=1 we «

have full implicit scheme
I wm should be within the range 0.5-1. Else we fall to explicit scheme the ¢
and stability is not ensured
real>8 Ccijktn, Ccaijktn, Ccimljktn, Ccipljktn, Ccijmlktn, Ccijplktn, Ccijkmltn, "4
Ccijkpltn !
I Ccijktn, Ccaijktn, Ccimljktn, Ccipljktn, Ccijmlktn, Ccijplktn, Ccijkmltn, w»
Ccijkpltn= usefull temp variables holding concetrations of the present t=tn time
real*8 F_C !F_C= general functional form of Colloid source configuration [ML-3 t-1]= «
[gr cm-3 Day-1]
integer nx0,ny0,nz0 ! nx0,ny0,nz0 cell coordinates of the point source

integer rowPos,rowCsPos,row ! rowPos,rowCsPos the distance from the first element "4
for a single row (check the corresponding functions)
I "row™ will hold the row at the current fCn vector "4

integer ii,jj,ww ,ir ! iterators
real*8 dxx,dyy,dzz,dt ! dxx=the lenght of each cell the total aquifer is splitted to.
1 dyy=the witdth of each cell the total aquifer is splitted to.
1 dzz=the height of each sell the total aquifer is splitted to.
I dt= the (time) distance between two sequential time moments tlw
,t2 =dt=t2-t1
integer sourceSurf_C ! sourceSurf_C determines on which plane the elliptic source is «¢
based, Colloid case
I(sourceSurf_C=0 we dont have an elliptic source but a point one, =«
1 Ellipse is based on YZ plane, =2 Ellipse is based on XZ plane ,=3 Ellipse is "4
based on XY plane)

real*8 Dcx,Dcy,Dcz,U ! average interstitial velocity ! Dcx,Dcy,Dcz, ...defined in v«
basic program hydrodynamic dispersion coefficients

real*8 Rcadc,Lca !'Rcadc=r2= reverse rate coefficient ,Lca=12=1*=decay rate of "4
sorbed solute

real*8 Rcdca,Lc IRcdca=rl=forward rate coefficient ,=Lc=l1=decay rate of liquid "4

phase solute
real*8 dboundaryFactor ,uboundaryFactor !dboundary factor indicates how many times the «
concetration of the outter imaginary boundary cell,
I at the end off the x direction, is smaller than the "4
concetration of the previous cell (which is in the aquifer limits)
TuboundaryFactor= is the same like dboundaryFactor ,but for the
upstream boundary cells

logical flag3,flag4,flag5,flag6,flag7,flag8 ! flags will point out whether boudary v
conditions the corresponding Concetrations
ICcijktn, Ccimljktn, Ccipljktn, Ccijmlktn, Ccijplktn, Ccijkmltn, Ccijkpltn 4
will be calculated without any changes from the boundary conditions or not
I Flag=True means no boundary effect is needed

common/VarTran2/rD, th
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common/VarTrans3/dxx,dyy,dzz
Common/vartrans4/dboundaryFactor ,uboundaryFactor
common/vartrans5/wm
common/VarTransl1l/Dcx,Dcy,Dcz,Lc,Lca,Rcdca,Rcadc
common/VarTransla/u
common/sourceGeom_C/sourceSurf _C

initializing values

S
I

VS -

ir=0

Ccijktn=0

Ccaijktn=0

Ccimljktn=0

Ccipljktn=0

Ccijmlktn=0

Ccijplktn=0

Ccijkmltn=0

Ccijkpltn=0

I end of initializations

IWe calculate and store the corresponding Concetration on the present time «
t=tn based on their position in the Ccnpl Vector

ICcijktn and Ccaijktn are based on the i,j,k cell only which means that "4
they are not affected by the boundary conditions at all

Ccijktn=Ccnpl(rowPos(ii,jj,ww,ny,nz))
Ccaijktn=Ccnpl(rowCsPos(ii,jj.,ww,nx,ny,nz))

I Checking the whether the cell for which we try to create the fCn part is a «

boundary cell or not. If it is, it takes into account any extra boundary 4
conditions that may exist

call isBoundaryCellfCn (ii,jj,ww,nx,ny,nz,Ccijktn,Ccimljktn,Ccipljktn, "4
Ccijmlktn,Ccijplktn,Ccijkmltn,Ccijkpltn,flag3,flag4,flag5,flag6,flag7,flag8)

I if flags return with value =False this means boundary conditions have "4

already being applied and the corresponding concetrations are already calculated "4

I If flags return True this means we will calculate them based on their "4
position in the fCn vector

if (flag3==.True. ) then ! True means no boundary need to be applied and so we ¥
calculate the needed concetration based her position on the fCn vector

Ccimljktn=Ccnpl(rowPos(ii-1,jj,ww,ny,nz))
end if

if (flagd==_True. ) then ! True means no boundary need to be applied and so we ¢
calculate the needed concetration based her position on the fCn vector

Ccipljktn=Ccnpl(rowPos(ii+l,jj,ww,ny,nz))

end if

if (flagh==.True. ) then ! True means no boundary need to be applied and so we v
calculate the needed concetration based her position on the fCn vector

Ccijmlktn=Ccnpl(rowPos(ii,jj-1,ww,ny,nz))

end if

if (flag6==.True. ) then ! True means no boundary need to be applied and so we ¥
calculate the needed concetration based her position on the fCn vector

Ccijpilktn=Ccnpl(rowPos(ii,jj+1,ww,ny,nz))

end if

if (flag7==.True. ) then ! True means no boundary need to be applied and so we ¥
calculate the needed concetration based her position on the fCn vector

Ccijkmlitn=Ccnpl(rowPos(ii,jj,ww-1,ny,nz))

end if
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if (fFlag8==.True. ) then ! True means no boundary need to be applied and so we ¢
calculate the needed concetration based her position on the fCn vector

Ccijkpltn=Ccnpl(rowPos(ii,jj,ww+l,ny,nz))

end if

1 for the crank nikolson , simple transport should be used ! directlty 4
exctracted from mathematica

fCn(ir)= - (Ccaijktn*Lca*rd*(1.D0 - wm))/th + Ccijktn/dt + (Ccaijktn*rd)/(the
*dt) + Ccipljktn*((Dcx*(1.DO0 - wm))/dxx**2_.D0 - (U*(1.DO - wm))/(2.DO*dxx)) + &

Ccimljktn*((Dcx*(1.D0 - wm))/dxx**2.D0 + (U*(1.DO0 - wm))/(2.D0*dxx)) + 4
(Ccijmlktn*Dcy*(1.DO - wm))/dyy**2_.D0 + (Ccijplktn*Dcy*(1.D0 - wm))/dyy**2.D0 + &

Ccijktn*(-(Lc*(1.DO - wm)) - (2.D0*Dcx*(1.DO - wm))/dxx**2_.D0 - (2.DO*Dcy*(1lw
.DO - wm))/dyy**2.D0 - (2.D0*Dcz*(1.DO - wm))/dzz**2.D0) + (Ccijkmltn*Dcz*(1.D0 - «
wm))/dzz**2_.D0 + &

(Ccijkpltn*Dcz*(1.DO - wm))/dzz**2_.DO

1 simple tranport crank nikolson ends here "4

end do
end do
end do

Tir contains the row ,which the previous iterations finished with
do ii=1l,nx ! iterating through all the cells of the aquifer

do jj=1,ny
do ww=1,nz
ir=ir+l1
Ccijktn=Ccnpl(rowPos(ii,jj,ww,ny,nz)) ! Calculating the neccessary 4
Concetrations using rowPos to find position, from Ccnpl vector
Ccaijktn=Ccnpl(rowCsPos(ii,jj,ww,nx,ny,nz))! Calculating the neccessary 4
Concetrations using rowPos to find position, from Ccnpl vector
fCn(ir)=-(Ccaijktn*(1.D0/dt - Lca*(1.DO - wm) - Rcadc*(1.DO - wm))) - 4
(Ccijktn*Rcdca*th*(1.D0 - wm))/rd ! fcn vector created based on a general implicitv
method
Twm=1=> full implicit, wm=0.5=> Crank Nikolson 4
end do
end do
end do

if (sourceSurf_C==0)then ! in case we have point source
1 because the way C are distributed the same way across the rows and the columns , ¢
Column=Cow
row= rowPos (nx0,ny0,nz0,ny,nz) ! rowPos give the column in the matrix
I source conditions applied
I we add the constant mass income at the source cell (located on the "row"™ row)
fCn(row)=fCn(row)+F_C
else ! in case we have elliptic or ellipsoid source

call sourceConf(nX,nY,nZ,nx0,ny0,nz0,row,fCn,F_C)
end if

end subroutine
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subroutine sourceConf(nX,nY,nZ,nx0,ny0,nz0,row,fCn,F_C)
implicit none
1 sourceConf is the responsible subroutine to implement the source geometry ,in case wev
have an elliptic source
integer nX,nY,nZ I nX,nY,nZ the number of pieces the user wants to split the aquifer «
to,at Xx,y,z directions
integer nx0,ny0,nz0 ! nx0,ny0,nz0 coordinates of the elliptic source center
integer row ,rowPos ! rowPos the distance from the first element for a single row ! "4
“"row"™ will hold the row at the current fCn vector
integer rowSourcePos ! converts with the help of sourceSurf,the 2 dimension plane into ¢
a 3 dimension space
I and returns the row of the particular elliptic source cell
real*8, allocatable :: fCn(:) ! fCn will be holding the stable vector of equation "4
AXC=FCn (fCn is afunction of Cn =known concetrations at time t=tn)
real*8 F_C !F_C= general functional form of colloid source configuration [ML-3 t-1]=[gr ¢
cm-3 Day-1]
real*8 dxx,dyy,dzz ! dxx=the lenght of each cell the total aquifer is splitted to.
I dyy=the witdth of each cell the total aquifer is splitted to.
1 dzz=the height of each sell the total aquifer is splitted to.
integer sourceSurf_C ! sourceSurf_C determines on which plane the elliptic source is 4
based,Colloid case

T(sourceSurf_C=0 we dont have an elliptic source but a point one, =«
1 Ellipse is based on YZ plane, =2 Ellipse is based on XZ plane ,=3 Ellipse is 4
based on XY plane)
I'(sourceSurf_C=4 => ellipse in tree dimensions =ellipsoid)
real*8 aEl_C,bElI_C,cEl_C 1!'aEl_C semi-axis of the elliptic source ! check the manual 4

for more info. Colloid case
IbEl semi-axis of the elliptic source !Check the manual for more "4
info.Colloid case
IcEl semi-axis of the elliptic source !Check the manual for more "4
info.
real*8 IHorMax, IVerMax, IHorMin, IVerMin ! usefull variables that indicate the limits of v
the square that surrounds the elliptic source
real*8 IzMax ,I1zMin ! usefull variables that indicate the limits of the cube that "4
surrounds the ellipsoid source
integer nHor,nVer ! usefull temp variables to hold nx ny or nz depending on the current ¢
plane
integer nHorMax,nVerMax ! usefull variables that indicate the limits (in cells) of the ¢
square that surrounds the elliptic source
integer nHorMin,nVerMin I usefull variables that indicate the limits (in cells)of the ¢
square that surrounds the elliptic source

integer nzMax, nzMin ! I usefull variables that indicate the limits (in cells)of the 4
cube that surrounds the ellipsoid source
real*8 Ix0_C,1y0 _C,1z0_C !'Ix0_C,ly0 _C,I1z0_C =cartesian coordinates of the elliptic 4

source center,Colloid case

real*8 IHorO ,IVer0 ! usefull temp variables to hold Ix0 or ly0 or 1zO depending on
the current plane

real*8 dHor,dVer ! usefull variables that describe the dimensions of a cell

real*8 IR1 ,IR2 ,IR3 ! random lenghts used as temp variables

integer sourCellNum ! the number of total cells the elliptic source was divided to

integer ir,irr ,irrr ! iterators

common/VarTrans3/dxx,dyy,dzz

common/sourceGeom_C/sourceSurf_C
common/sourceGeom2_C/atEl_C,bElI_C,cEl_C

common/sourceCoord_C/Ix0_C,l1y0_C,1z0_C
common/numOfsourcecells/sourCel INum

I initializing values
IHorMax=0.D0
IVerMax=0.D0
1zMax=0.D0

IHorMin=0.D0
IVerMin=0.D0
1zMin=0.D0

nHorMax=0
nVerMax=0
nzMax=0

nHorMin=0
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224 nVerMin=0

225 nzMin=0

226

227

228 dHor=0

229 dVer=0

230

231 IHor0=0

232 1Ver0=0

233

234 ir=0

235 irr=0

236 irrr=0

237 1R1=0.DO

238 1R2=0.DO

239 1IR3=0.DO

240 sourCel INum=0

241 lend if initialization

242

243

244 if (sourceSurf_C==1) then ! we are on yz plane

245 IHorO=1y0_C

246 1Ver0=1z0_C

247

248 nHor=ny

249 nVer=nz

250

251 dHor=dyy

252 dver=dzz

253

254 else if(sourceSurf_C==2)then ! we are on xz plane

255 IHorO=1x0_C

256 1Ver0=1z0_C

257

258 nHor=nx

259 nVer=nz

260

261 dHor=dxx

262 dver=dzz

263 else if(sourceSurf_C==3)then ! we are on xy plane

264 IHorO=1x0_C

265 1VerO=1y0_C

266

267 nHor=nx

268 nVer=ny

269

270 dHor=dxx

271 dver=dyy

272 else if(sourceSurf_C==4)then ! Ellipsoid = Ellipse in three dimensions

273 IHorO=1x0_C

274 1VerO=1y0_C

275

276 nHor=nx

277 nVer=ny

278

279 dHor=dxx

280 dver=dyy

281 goto 10 ! all the ellipoid code could be inserted here instead of the goto statement, «
but it would be more error prone

282

283 else

284 write(*,*)"Unknown internal error occured when trying to determine the plane of the «
epiptic source"

285 write(111,*)"Unknown internal error occured when trying to determine the plane of the v
epiptic source"

286 write(222,*)"Unknown internal error occured when trying to determine the plane of the v
epiptic source"

287 write(333,*)"Unknown internal error occured when trying to determine the plane of the v
epiptic source"

288 write(444,*)"Unknown internal error occured when trying to determine the plane of the v
epiptic source"

289 write(*,*)"The system will now stop"

290 read(*,*)! slows down system exit

291 stop
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292 end if
293
294
295
296 ! creating a surrounding square outside of the elliptic source
297 1 we will then check which cells of the square are really inside the Ellipse
298
299 I calculating max Limits

300 IHorMax=lHorO+aEl_C

301 IVerMax=lverO+bEl _C

302

303 nHorMax=int(lHorMax/dHor) +1 ! the integer part of the division is returned and the
next closest cell is considered to be valid

304 nVerMax=int(lVerMax/dVer) +1

305

306 if(nHorMax>nHor) nHorMax=nHor ! the position of the source cant be outside of the
aquifer

307 if(nVerMax>nVer) nVerMax=nVer ! the position of the source cant be outside of the
aquifer

308 if(nHorMax<1l) nHorMax=1 ! the position of the source cant be outside of the aquifer

309 if(nVerMax<l) nVerMax=1 ! the position of the source cant be outside of the aquifer

310

311 I calculating min Limits

312 IHorMin=IHorO-aEl _C

313 IVerMin=1VerO-bEI_C

314

315 nHorMin=int(lHorMin/dHor) +1 ! the integer part of the division is returned and the
next closest cell is considered to be valid

316 nVerMin=int(lVerMin/dVer) +1

317

318 if(nHorMin>nHor) nHorMin=nHor ! the position of the source cant be outside of the
aquifer

319 if(nVerMin>nVer) nVerMin=nVer ! the position of the source cant be outside of the
aquifer

320 if(nHorMin<l) nHorMin=1 ! the position of the source cant be outside of the aquifer
321 if(nVerMin<l) nVerMin=1 ! the position of the source cant be outside of the aquifer

322 I square borders are now determined

323

324 do ir=nHorMin,nHorMax

325 do irr=nVerMin,nVerMax

326 I cell is considered to be inside the source Ellipse ,if Its cencter is inside
(inside the Ellipse)

327 IR1=(ir-1)*dHor +dHor/2.DO0 ! we locate the center of each valid cell

328 IR2=(irr-1)*dVer+dVer/2.D0 ! we locate the center of each valid cell

329

330

331 if(nVerMin==nVerMax .and.nHorMin==nHorMax) then ! at the Horizontal, and at the
Vertical direction

332 Tonly one cell is intersected by
the elliptic source

333

334

335 row= rowSourcePos(ir,irr,ny,nz,nx0,ny0,nz0,sourceSurf_C) ! rowSourcePos
give the row number in the matrix

336 fCn(row)=FfCn(row)+F_C

337 sourCel INum=sourCel INum+1

338

339 else if(nHorMin==nHorMax) then ! at the Horizontal direction only one cell is
intersected by the elliptic source

340

341 it (IR2>1VerMin .And.IR2<=1VerMax)then

342 row= rowSourcePos(ir,irr,ny,nz,nx0,ny0,nz0,sourceSurf_C) !
rowSourcePos give the row number in the matrix

343 fCn(row)=FfCn(row)+F_C

344 sourCel INum=sourCel INum+1

345 end if

346

347 else if(nVerMin==nVerMax) then ! at the Vertical direction only one cell is
intersected by the elliptic source

348

349 if (IR1>IHorMin .And.IRl1<=lHorMax) then

350 row= rowSourcePos(ir,irr,ny,nz,nx0,ny0,nz0,sourceSurf_C) !

rowSourcePos give the row number in the matrix
351 fCn(row)=fCn(row)+F_C
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352 sourCel INum=sourCel INum+1

353 end if

354

355

356 else if( ((IR1-1Hor0)/agEl_C)**2.D0 +((IR2-1Ver0)/bEI_C)**2.D0 <=1.D0 )then !
checking if the ellipse equation is being respected or not

357 I it is respect we add the proper effects of the fCn vector

358 row= rowSourcePos(ir,irr,ny,nz,nx0,ny0,nz0,sourceSurf_C) ! rowSourcePos
give the row number in the matrix

359 fCn(row)=FfCn(row)+F_C

360 sourCel INum=sourCel INum+1

361

362 end if

363

364 end do

365 end do

366

367

368 goto 9 ! protects it from reading the ellipsoid code (elliptic source already used)
369

370

371

372 I Ellipsoid source code starts Here

373 I creating a surrounding cube outside of the elliptic source
374 1 we will then check which cells of the square are really inside the Ellipse
375

376 I calculating max Limits

377 10 IHorMax=lHorO+aEl_C

378 IVerMax=1verO+bEI_C

379 1zMax=1z0_C+cEI_C

380

381 nHorMax=int(lHorMax/dHor) +1 ! the integer part of the division is returned and the
next closest cell is considered to be valid

382 nVerMax=int(lVerMax/dVer) +1

383 nzMax=int(l1zMax/dzz) +1

384

385 if(nHorMax>nHor) nHorMax=nHor ! the position of the source cant be outside of the
aquifer

386 if(nVerMax>nVer) nVerMax=nVer ! the position of the source cant be outside of the
aquifer

387 if(nzMax>nz) nzMax=nz ! the position of the source cant be outside of the aquifer

388

389 if(nHorMax<l) nHorMax=1 ! the position of the source cant be outside of the aquifer

390 if(nVerMax<l) nVerMax=1 ! the position of the source cant be outside of the aquifer

391 if(nzMax<l) nzMax=1 ! the position of the source cant be outside of the aquifer

392

393 I calculating min Limits

394 IHorMin=1HorO-aEl_C

395 IVerMin=1VerO-bEI_C

396 1zMin=1z0_C-cEIl_C

397

398 nHorMin=int(lHorMin/dHor) +1 ! the integer part of the division is returned and the
next closest cell is considered to be valid

399 nVerMin=int(lVerMin/dVer) +1

400 nzMin=int(IzMin/dzz) +1

401

402 if(nHorMin>nHor) nHorMin=nHor ! the position of the source cant be outside of the
aquifer

403 if(nVerMin>nVer) nVerMin=nVer ! the position of the source cant be outside of the
aquifer

404  if(nzMin>nz) nzMin=nz ! the position of the source cant be outside of the aquifer
405

406  if(nHorMin<l) nHorMin=1 ! the position of the source cant be outside of the aquifer
407 if(nVerMin<l) nVerMin=1 ! the position of the source cant be outside of the aquifer
408 if(nzMin<l) nzMin=1 ! the position of the source cant be outside of the aquifer

409 ! cube borders are now determined

410

411 do ir=nHorMin,nHorMax

412 do irr=nVerMin,nVerMax

413 do irrr=nzMin,nzMax

414 I cell is considered to be inside the source Ellipsoid ,if its center is inside
(inside the ellipsoid)

415 IR1=(ir-1)*dHor +dHor/2.D0 ! we locate the center of each valid cell

416 IR2=(irr-1)*dVer+dVer/2.D0 ! we locate the center of each valid cell
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417 IR3=(irrr-1)*dzz+dzz/2.D0 ! we locate the center of each valid cell

418

419 if(nVerMin==nVerMax .and.nHorMin==nHorMax.and.nzMin==nzMax) then ! at the 4
Horizontal, and at the 2 Vertical directions

I only one cell is intersected by the elliptic source

421

422

423 row= rowPos (ir,irr,irrr,ny,nz) I rowPos give the row number in the 4
matrix

424 fCn(row)=FfCn(row)+F_C

425 sourCel INum=sourCel INum+1

426

427 else if(nHorMin==nHorMax .and. nVerMin==nVerMax) then ! at the xy plane only one »¢
cell is intersected by the ellipsoid source

428

429 if (IR3>1zMin _And.IR3<=lzMax ) then ! restrictions only on z direction

430 row= rowPos (ir,irr,irrr,ny,nz) ! rowPos give the row number in the ¢
matrix

431 fCn(row)=FfCn(row)+F_C

432 sourCel INum=sourCel INum+1

433 end if

434 else if(nHorMin==nHorMax .and. nzMin==nzMax) then ! at the xz plane only one celle

is intersected by the ellipsoid source

435

436 it ( IR2>1VerMin .And.IR2<=IVerMax) then ! restrictions only on vy 4
direction

437 row= rowPos (ir,irr,irrr,ny,nz) ! rowPos give the row number in the ¢
matrix

438 fCn(row)=FfCn(row)+F_C

439 sourCel INum=sourCel INum+1

440 end if

441 else if(nVerMin==nVerMax .and. nzMin==nzMax) then ! at the vyz plane only one cellwe

is intersected by the ellipsoid source

442

443 if (IR1>IHorMin .And.IRl<=lHorMax ) then ! restrictions only on X V4
direction

444 row= rowPos (ir,irr,irrr,ny,nz) ! rowPos give the row number in the ¢
matrix

445 fCn(row)=FfCn(row)+F_C

446 sourCel INum=sourCel INum+1

447 end if

448

449 else if(nHorMin==nHorMax) then ! at the x direction only one cell is intersected «
by the elliptic source

450

451 it (IR2>1VerMin _And.IR2<=1VerMax .And.IR3>1zMin .And.IR3<=l1zMax)then

452 row= rowPos (ir,irr,irrr,ny,nz) ! rowPos give the row number in the ¢
matrix

453 fCn(row)=FfCn(row)+F_C

454 sourCel INum=sourCel INum+1

455 end if

456

457 else if(nVerMin==nVerMax) then ! at the y direction only one cell is intersected «
by the elliptic source

458

459 if (IR1>1HorMin .And.lIR1<=lHorMax.And.IR3>1zMin .And.IR3<=1zMax) then

460 row= rowPos (ir,irr,irrr,ny,nz) ! rowPos give the row number in the ¢
matrix

461 fCn(row)=FfCn(row)+F_C

462 sourCel INum=sourCel INum+1

463 end if

464 else if(nzMin==nzMax) then ! at the =z direction only one cell is intersected by
the elliptic source

465

466 if (IR1>IHorMin .And.IRl1<=lHorMax.And.IR2>1VerMin .And.lIR2<=lVerMax) then

467 row= rowPos (ir,irr,irrr,ny,nz) ! rowPos give the row number in the «
matrix

468 fCn(row)=FfCn(row)+F_C

469 sourCel INum=sourCel INum+1

470 end if

471 else if( ((IR1-1Hor0)/aEl_C)**2.D0 +((IR2-1Ver0)/bEI_C)**2.D0 +((IR3-1z0_C)/ "4
cEl_C)**2.D0 <=1 )then

472 I checking if the ellipsoid equation is being respected or «

not
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I If it is respected, we add the proper effects of the fCn «
vector
row= rowPos (ir,irr,irrr,ny,nz) ! rowPos give the row number in the 4
matrix
fCn(row)=FfCn(row)+F_C
sourCel INum=sourCel INum+1
end if
end do
end do
end do
9 if (sourCellNum==0) then ! the elliptic or ellipsoid source failed to intesect the "4

center of any cell ,and so we will use a single point source
Ibecause the C are distributed the same way across the rows and the columns ,Column
=Row
row= rowPos (nx0,ny0,nz0,ny,nz) ! rowPos give the column in the matrix
I source conditions applied
I we add the constant mass income at the source cell (located on the "row" row)
fCn(row)=fCn(row)+F_C
sourCel INum=1
end if

end subroutine

end module

function rowSourcePos(ir,irr,ny,nz,nx0,ny0,nz0,sourceSurf) ! converts with the help of w«
sourceSurf,the 2 dimension plane Into a 3 dimension space

implicit none I and returns the row of the v«
particular elliptic source cell

1 calculating the distance from the first element for a single row (positioning the ¢ «
elements)

1 supposed that each row is written by the formula write(*,*) "C" (((i,j,w , w=1,nz),j=«¢

1,ny),i=1,nx) for the c¢ and
then the same for Csorbed write(*,*) "Cs" (((i,j,w , w=1,nz),j=1,ny),i=1,nx)
we would get 111 -112 -113 -114 -115 -121 -122 -123 -124 -125 -131-132 ....

integer rowSourcePos ! like function rowPos but for the elliptic source cells

integer ir, irr ! the number of pieces the distance from the (0.0.0) each source cell v
is divided to

integer ny,nz ! nX,nY,nZ the number of pieces the user wants to split the aquifer to,at ¢

X,Y,z directions.

integer nx0,ny0,nz0 ! nx0,ny0,nz0 cell coordinates of the elliptic source center

integer i,j,w !The coordinates 1i,j,w of the cell each A coefficient is multipliying

integer sourceSurf ! sourceSurf determines on which plane the elliptic source is based

I'(sourceSurf=0 we dont have an elliptic source but a point one, =1 Ellipse is based «
on YZ plane, =2 Ellipse is based on XZ plane ,=3 Ellipse is based on XY plane)

integer rowPos ! rowPos the distance from the first element for a single row

=0

i=0

w=0

rowSourcePos=0

ifT (sourceSurf==1)then ! we are on yz plane
i=nx0

Jj=ir

w=irr

rowSourcePos=rowPos(i,j,w,ny,nz)
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else if (sourceSurf==2)then ! we are on xz plane
i=ir
J=nyO0
w=irr
rowSourcePos=rowPos(i,j,w,ny,nz)
else if (sourceSurf==3)then ! we are on xy plane
i=ir
Jj=irr
w=nz0
rowSourcePos=rowPos(i,j,w,ny,nz)
else
write(*,*)"Unknown internal error 2 occured when trying to determin the plane of the v«
epiptic source"
write(111,*)"Unknown internal error 2 occured when trying to determin the plane of «
the epiptic source"
write(222,*)"Unknown internal error 2 occured when trying to determin the plane of «
the epiptic source"
write(333,*)"Unknown internal error 2 occured when trying to determin the plane of v
the epiptic source"
write(444,*)"Unknown internal error 2 occured when trying to determin the plane of «
the epiptic source"
write(*,*)"The system will now stop"
read(*,*)! slows down system exit
stop
end if

end function

function rowPos(i,j,w,ny,nz)
implicit none

1 calculating the distance from the first element for a single row (positioning the ¢ w
elements)

I supposed that each row is written by the formula write(*,*) "C" (((i,j,w , w=1,nz),j=«
1,ny),i=1,nx)

Ifor the ¢ and then the same for Csorbed write(*,*) "Cs" (((i,j,w , w=1,nz),j=1,ny),i=1lw
,NX)

I we would get 111 -112 -113 -114 -115 -121 -122 -123 -124 -125 -131-132 ....

integer i,j,w !The coordinates 1i,j,w of the cell each A coefficient is multipliying

integer rowPos ! rowPos the distance from the first element for a single row

integer ny,nz ! nX,nY,nZ the number of pieces the user wants to split the aquifer to,at ¢
X,Y,z directions.

rowPos= (i-1)*ny*nz+(J-1)*nz+w

(i-1)*ny*nz+(J-1)*nz+w = is like writting nested do loops
do ii=1,nx ! iterating through all the cells of the aquifer
do jj=1,ny
do ww=1,nz
rowPos=rowPos+1
if (ii==i.and.jj==j.and.ww==w) goto 1 ! position located, we end the functionw

! end do

1 end do

Tend do

I the difference is that it really faster
end function

function rowCsPos (i,j,w,nx,ny,nz)
implicit none

1 calculating the distance from the first element for a single row (positioning the "4
Csorbed elements)
1 supposed the each row is written by the formula write(*,*) "C" (((i,j,w , w=1,nz),j=1v«
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,ny),i=1,nx) for the c

Tand then the same for Csorbed write(*,*) "Cs" (((i,j,w , w=1,nz),j=1,ny),i=1,nx)
I we would get 111 -112 -113 -114 -115 -121 -122 -123 -124 -125 -131-132 ....

integer i,j,w !The coordinates 1i,j,w the cell each A coefficient is multiplicating

integer rowCsPos ! ii,jjj,ww iterators

I rowPos the distance from the first element for a single 4

row

integer nx,ny,nz ! nX,nY,nZ the number of pieces the user wants to split the aquifer to v

,at Xx,y,z directions.

I initializing values 1in case something happens with the reading of the nx,ny,nz "4
values
rowCsPos=nx*ny*nz ! All the C values are located at the beginning of each row andw

then the Csorbed values follow
rowCsPos=rowCsPos+(i-1)*ny*nz+(jJ-1)*nz+w

end function
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module finite_differences
contains

subroutine aConstructor(nx,ny,nz,Dx,Dy,Dz,r1,r2,11,12,dt,vDim,A,ia,ja) ! responsible 4
subroutine for creating A coefficients who will fill up the A vector
implicit none I also creates the neccessary vectorsw
ia,ja needed to solve the 2*nx*ny*nz equations

integer i0,jO,w0 ! i0,jO,w0 are the coordinates of the cell ,for which we want to 4
create the A
I coeffiecients (equations (1) and (2) are being silently written for eachw
cell ,check page 509).
integer nx,ny,nz ! nX,nY,nZ the number of pieces the user wants to split the aquifer 4
to,at Xx,y,z directions.

real*8 Dx,Dy,Dz !Dx,Dy,Dz longitudinal hydrodynamic dispersion coefficient
real*8 r1,r2,11,12 !rl=forward rate coefficient ,r2= reverse rate coefficient,ll=decay w
rate of liquid phase solute
1 12=1*=decay rate of sorbed solute
real*8 rD,th !th=porosity (or th=th* the effective porosity can be used as well page wv
509) ,rD= bulk density of the solid matrix(solid mass/aquifer volume)
real*8 U IU average interstitial velocity
real*8 dxx,dyy,dzz,dt ! dxx=the lenght of each cell the total aquifer is splitted to.
I dyy=the witdth of each cell the total aquifer is splitted to.
1 dzz=the height of each sell the total aquifer is splitted to.
I dt= the (time) distance between two sequential time moments tlw
,t2 =dt=t2-t1
real*8 wm ! wm determines the numerical mode that will be used for the soliving of the v
tranport or cootranport problem. If wm=0.5 we have crank nikolson . If wm=1 we 4
have full implicit scheme
real*8 Al,A2,A3,A4,A5,A6,A7,A8,A9,A10 ! coeffiecients
integer rowPoss(10),rowPosss(8) ! rowPoss,rowPosss the distance from the first V4
element (column) for a single row
integer rowPos,rowCsPos ! rowPos, rowCsPos =check the corresponding functions
integer ii,jj,ww ! ii,jj,ww=iterators

integer currentRow ! currentRow holds the number of the current row for which the 4
coefficients are been written
I'(equations (1) and (2) are being silently written for each cell , "4
check page 509).
logical BoundaryCell ! will indicate if this is a boundary cell or not . True means «

this is actually a boundary cell
logical flag3,flag4,flag5,flag6,flag7,flag8 ! flags will point out if the according "4
coefficients should be added to the A matrix or not
1 true means they should be added
integer vDim ! this holds the lenght of the vector that will store the coefficient «
matrix A
real*8 ,allocatable :: A(:) ! A vector will store the matrix that holds all the known
concetration coefficients at time tn+l .
1 All the c values are located at the beginning of each row and then the v
Csorbed values follow
TA=c+cs I non sorbed and sorbed concetrations coefficients
integer ,allocatable :: ia(:),ja(:) ! vectors that are used by the sparse matrix solverv
I please check the manual of parDiso page 2351 (mkl 10.2.2.25)
integer rowlndex ! please check the manual of parDiso page 2351
integer elementlindex ! the index of each non zero element in the A vector
integer ialndex I used on ia vector

common/VarTransla/u

common/ VarTran2/rD,th
common/VarTrans3/dxx,dyy,dzz
common/vartrans5/wm

Tinitializing values in case something went wrong during reading
A1=0
A2=0
A3=0
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56 A4=0

57 A5=0

58 A6=0

59 A7=0

60 A8=0

61 A9=0

62 A10=0

63 rowPoss=0

64 rowPosss=0

65 currentRow=0
66 BoundaryCell=.False.
67 flag3=.False.
68 flag4=.False.
69 flagb=.False.
70 flag6=.False.
71 flag7=.False.
72 flag8=.False.
73 A=0.DO

74 1a=0

75 ja=0

76 rowlndex=0

77 elementlndex=0
78 1alndex=0

79 1 end of initializations

85 IThe way c and cs are dirtibuted on each row the same way the are distibuted for each v
column (check rowPos function)

86
87 do ii=1l,nx ! iterating through all the cells of the aquifer
88 do jj=1,ny
89 do ww=1,nz
90
91
92 I setting the current cell coordinates
93 i0=ii
94 J0=jj
95 wO=ww
96 currentRow=currentRow+1 ! increasing the row ....everytime the cell is "4
changing
97
98 call isBoundaryCell (BoundaryCell,iO,joO,w0,nx,ny,nz,Dx,Dy,Dz,r1,r2,11,12,dtwv
,A1,A2,A3,A4,A5,A6,A7,A8,Flag3,flag4,flag5,flag6,flag7,flag8) ! calls the 4
respective subroutine to verify if cell is boundary or not
99
100 if ( BoundaryCell ==_False.) then
101 I this means we can use the default coefficients
102
103
104 lwritting and saving the a coeffiecients
105 1 all the coefficients are written in the order they appear in any row of «
the matrix
106
107 A3=(-Dx/dxx**2_.D0 -U/(2.D0*dxx))*wm
108 Ifor upstream speed scheme [IA3=-dt*Dx/dxx**2_.D0 -dt*U/dxx
109 1 A3 multiplies CiO-1,j0,w0
110 rowPoss(1)= rowPos(i0-1,j0,w0,ny,nz)
111 elementindex=elementlndex+1 1 each time we write an element we w«
increase the elementlndex
112 A(elementindex)=A3
113 Jja(elementlndex)=rowPoss(1) I filling the neccessary vectors forwv
the inversions
114 ialndex=i1alndex+1 1 falndex is used to position "4
elements on the la vector
115 ia(ialndex)= elementindex ! the index in the general matrix of the first «
non zero element in a row.
116
117 AS5=-wm*Dy/dyy**2_D0
118 1 A5 multiplies CiO,joO-1,w0
119 rowPoss(2)= rowPos(i0,j0-1,w0,ny,nz)

120 elementindex=elementlndex+1
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the

D))

A(elementindex)=A5
ja(elementlndex)=rowPoss(2)

A7=-wm*Dz/dzz**2_.D0O

1 A7 multiplies CiO,joO,w0-1

rowPoss(3)= rowPos(i0,jo0,w0-1,ny,nz)

elementindex=elementlndex+1

A(elementindex)=A7

Jja(elementlndex)=rowPoss(3) I filling the neccessary vectors forv

inversions

Al=(1/dt+wm*(2.D0*Dx/dxx**2.D0 +2.D0*Dy/dyy**2.D0 +2.D0*Dz/dzz**2.D0 +11lw

TA1=(1+dt*(2.DO0*Dx/dxx**2_.D0 +2.D0*Dy/dyy**2.D0 +2.D0*Dz/dzz**2.D0 + «

11+U/dxx)) !for upstream speed scheme

the

the

the

the

the

1 calculating the column where every A should be written to "4

I A1 multiplies CiO,joO,w0

rowPoss(4)= rowPos(i0,j0,w0,ny,nz)

elementindex=elementlndex+1

A(elementlndex)=A1

ja(elementlndex)=rowPoss(4) I filling the neccessary vectors forwv

inversions

A8=-wm*Dz/dzz**2.D0

1 A8 multiplies CiO,joO,w0+1

rowPoss(5)= rowPos(i0,jO0,w0+1,ny,nz)

elementindex=elementlndex+1

A(elementindex)=A8

ja(elementlndex)=rowPoss(5) I filling the neccessary vectors forwv

inversions

A6=-wm*Dy/dyy**2_.D0

1 A6 multiplies CiO,joO+1,w0

rowPoss(6)= rowPos(i0,joO+1,w0,ny,nz)

elementindex=elementlndex+1

A(elementlndex)=A6

ja(elementlndex)=rowPoss(6) I filling the neccessary vectors forwv

inversions

Ad=-wm*Dx/dxx**2_D0 +wm*U/(2.D0*dxx)

Ifor upstream speed scheme 'A4=-dt*Dx/dxx**2.D0

1 A4 multiplies CiO+1,j0,w0

rowPoss(7)= rowPos(i0O+1,j0,w0,ny,nz)

elementindex=elementlndex+1

A(elementindex)=A4

Jja(elementlndex)=rowPoss(7) I filling the neccessary vectors forwv

inversions

A2=(1/dt+wm*12)*rD/th

1 A2 multiplies CiO,joO,w0

rowPoss(8)= rowCsPos(i0,j0,w0,nx,ny,nz) ! Csorbed coefficient
elementindex=elementlndex+1

A(elementlndex)=A2

ja(elementlndex)=rowPoss(8) I filling the neccessary vectors forwv

inversions

else

I finding the first non zero element in a row
ialndex=ialndex+1 1 ijalndex is used to position "4

elements on the la vector

ia(ialndex)=elementlndex+1 ! the index in the general matrix of the firstw
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non zero element in a row.

1+1 because

last non zero element in the previous row
I'( while we want the fist non zero element in

the next row)

A

for the

for the

for the

for the

for the

for the

for the

if(flag3==.True.) then
1 A3 multiplies CiO-1,j0,w0
rowPosss(1)= rowPos(i0-1,j0,w0,ny,nz)

should be written to

elementlndex=elementlndex+1
A(elementlndex)=A3
ja(elementlndex)=rowPosss(1)
inversions

end if

if(flagh==_.True.) then

1 A5 multiplies CiO,jO0-1,w0
rowPosss(2)= rowPos(i0,j0-1,w0,ny,nz)
elementindex=elementlndex+1
A(elementlndex)=A5
ja(elementlndex)=rowPosss(2)
inversions

end if

if(flag7==.True.) then

1 A7 multiplies CiO,joO,w0-1
rowPosss(3)= rowPos(i0,jo0,w0-1,ny,nz)
elementindex=elementlndex+1
A(elementindex)=A7
ja(elementlndex)=rowPosss(3)
inversions

end if

I A1 multiplies CiO,joO,w0
rowPosss(4)= rowPos(i0,j0,w0,ny,nz)
elementindex=elementlndex+1
A(elementindex)=A1
ja(elementlndex)=rowPosss(4)
inversions

if(flag8==_.True.) then

1 A8 multiplies CiO,jO,w0+1
rowPosss(5)= rowPos(i0,joO,w0+1,ny,nz)
elementindex=elementlndex+1
A(elementlndex)=A8
ja(elementlndex)=rowPosss(5)
inversions

end if

if(flag6==_.True.) then

1 A6 multiplies CiO,joO+1,w0
rowPosss(6)= rowPos(i0,j0+1,w0,ny,nz)
elementindex=elementlndex+1
A(elementindex)=A6
ja(elementlndex)=rowPosss(6)
inversions

end if

if(flag4==_True.) then

1 A4 multiplies CiO+1,j0,w0
rowPosss(7)= rowPos(iO+1,j0,w0,ny,nz)
elementindex=elementlndex+1
A(elementlndex)=A4
ja(elementIndex)=rowPosss(7)
inversions

end if

the elementindex holded the

I calculating the column where every

I filling the neccessary vectors

I filling the neccessary vectors

I filling the neccessary vectors

I filling the neccessary vectors

I filling the neccessary vectors

I filling the neccessary vectors

I filling the neccessary vectors
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for the

1 A2 multiplies CiO,joO,w0

rowPosss(8)= rowCsPos(i0,jO,w0,nx,ny,nz) ! Csorbed coefficient
elementindex=elementlndex+1

A(elementlindex)=A2

ja(elementlndex)=rowPosss(8) I filling the neccessary vectors 4
inversions

end if

cal

I rightOrdered(BoundaryCell ,rowPoss) ! checking whether the coefficients «

are placed correctly on the matrix

end
end do
end do

Icarefull

do

currentRow now holds the last row that the previous iterations finished «

with (C non sorbed concetration coefficient rows)

do ii=1,nx ! iterating through all the cells of the aquifer (including the "4
boundary cells)
do jj=1,ny ! Cs sorbed equations (eq 2 page 509) are based on the same cell v

without
do

affecting the neighbouring cells ...
ww=1,nz ! so no attention should be given whether the the cell is 4

boundary or not

I Creating a coefficients for the Cs (sorbed) concetrations and 4

adding them

509.

1 accordingly after C (non sorbed) rows.
1 the cs rows are after the c rows
Tequation (2) is being silently written for each cell ,check page v

1 setting the current cell coordinates

i0=11

J0=jj

wO=ww

currentRow=currentRow+1 !carefull currentRow holds the last row that thew

previous iterations (C rows (nhon sorbed rows)) finished with

lwritting and saving the a coeffiecients
A9=+wm*r1*th/rD
I A9 multiplies CiO,joO,w0
rowPoss(9)= rowPos(i0,joO,w0,ny,nz)
elementindex=elementlndex+1
A(elementlindex)=A9
ja(elementlndex)=rowPoss(9) I filling the neccessary vectors forwv

the inversions

ialndex=ialndex+1 ! falndex is used to position "4

elements on the la vector

ia(ialndex)= elementlndex ! the index in the general matrix of the first «

non zero element in a row.

for the

end
end do

A10=-(1.D0/dt +wm*(12+r2))

1 A10 multiplies CiO,joO,w0

rowPoss(10)= rowCsPos(i0,j0,w0,nx,ny,nz) ! Csorbed coefficient
elementindex=elementlndex+1

A(elementindex)=A10

Jja(elementindex)=rowPoss(10) I filling the neccessary vectors V4
inversions

end do
do
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I finally we add the last element to ia holding the maximum number of non zeroes "4
elements plus 1

ialndex=ialndex+1

ia(ialndex)=vDim+1

end subroutine

subroutine rightOrdered(BoundaryCell ,rowPoss)
I this subroutine checks if the coefficient are properly positioned on any row
implicit none

integer rowPoss(10)

logical BoundarycCell
integer i

1=0
if ( BoundaryCell==_false.) then ! we are not on a boundary cell
do 1=1,7 1 1-7 and not 1-8 because the last because when i=7 ,i+1=8
if(rowPoss(i)<rowPoss(i+1l) ) then
else
goto 11
end if

end do

end if
goto 8 ! everything went as expected
11 write(*,*) "critical error please try again ,the A coefficients wont take the right v
place in the A matrix "
write(*,*) "the system will now stop”

pause

8 end subroutine

end module finite_differences
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Subroutine validating_input(Ixx,lyy,lzz,nx,ny,nz,tp_C,tp_V,CooTransp)

use AA_BB_Solver, only: dt ! uses the module to share globally some intresting "4
variables

implicit none

I this routine checks the quality of the input data

lex. source cell is out off the aquifer.

Treal*8 dt ! dt= the (time) distance between two sequential time moments tl,t2 =dt=t2v«

-tl ! defined in the AA BB Solver module

real*8 Rcadc,Lca TRcadc=r2= reverse rate coefficient ,Lca=12=1*=decay rate of V4
sorbed solute

real*8 Rcdca,Lc IRcdca=rl=forward rate coefficient ,=Lc=l1l=decay rate of liquid V4
phase solute

real*8 Rvdva,Rvadv ! forward or reverse rates cooefficients (Virus case)!!IITITIIITNINT o

real*8 Lv,Lva I Lva=12=1*=decay rate of sorbed solute, Lv=l1l=decay rate of liquid «
phase solute

real*8 U,Dcx,Dcy,th,rD !Dcx,Dcy longitudinal hydrodynamic dispersion coefficient v
(colloid case)

Ith=porosity (or th=th* the effective porosity can be used as "4
well page 509) ,rD= bulk density of the solid matrix(solid mass/aquifer volume)
real*8 Ix0_C,l1y0_C,1z0_C ,Dcz 11x0,1y0,1z0 =cartesian coordinates of the point "4

source
IDcz=Vertical hydronamic dispersion coefficient (colloid 4
case)
real*8 Dvx,Dvy,Dvz 1Dvx,Dvy hydrodynamic dispersion coefficient of the virus "4
component
IDvz=Vertical hydronamic dispersion coefficient of the virus "4
component
real*8 Dcvx,Dcvy,Dcvz !Dcvx,Dcvy,Dcvz =hydrodynamic components (X,y,z direction) for «

the case when virus is attached to the colloid

real*8 Ix0_V,1y0_V,1z0_V 11x0,01y0,1z0 =cartesian coordinates of the point source Virus
case

real*8 Ixx,lyy,1zz ! Ixx,lyy,lzz the dimensions of the aquifer

integer nX,nY,nZ ! nX,nY,nZ the number of pieces the user wants to split the aquifer «
to,at Xx,y,z directions

real*8 CmO_C,Q_C ICmO_C source (source cell) constant conccetration (Colloid case)

1 Q C is the flow rate with which we transfer soltuted mass 4
(Concetration CmO)to the source cell (Colloid case)
real*8 CmO_V ! The constant concetration of the flow rate [mgr/ml] Virus casew
real*8 Q_V 1 is the flow rate with which we transfer soltuted mass (Concetration «
CmO)to the source cell [cm~"3/day]For the virus case
Integer printSurMode !Allows to print a file PrintSur.txt a surface of the aquifer at «
any requested height H, for every time step Dt (if O we print nothing ,if 1 we 4
print for every time step).
integer PrintSurXYZ IMode (1 =yz plane is being printed,2=xz plane is being printed, «

=3 yz planed is being printed)

real*8 h
integer sourceSurf_C ! sourceSurfe determines on which plane the elliptic source is "4
based
IT(sourceSurf_C=0 we dont have an elliptic source but a point one, =«
1 Ellipse is based on YZ plane, =2 Ellipse is based on XZ plane ,=3 Ellipse is 4
based on XY plane)
integer sourceSurf_V ! sourceSurfe determines on which plane the elliptic source is "4
based
IT(sourceSurf_V=0 we dont have an elliptic source but a point one, =«
1 Ellipse is based on YZ plane, =2 Ellipse is based on XZ plane ,=3 Ellipse is "4
based on XY plane)

real*8 akEl_C,bEl_C,cEl_C 1'aEl semi-axis of the elliptic source ! check the manual for w
more info ! Colloid case
IbEl semi-axis of the elliptic source !Check the manual for more 4
info
IcEl semi-axis of the elliptic source !Check the manual for more 4
info

real*8 aEl_V,bEI_V,cEl_V !aEl semi-axis of the elliptic source ! check the manual for w«
more info !Virus case
IbEl semi-axis of the elliptic source !Check the manual for more "4
info
IcEl semi-axis of the elliptic source !Check the manual for more "4
info
real*8 wm ! wm determines the numerical mode that will be used for the soliving of the v
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tranport or cootranport problem. If wm=0.5 we have crank nikolson . If wm=1 we 4
have full implicit scheme
I wm should be within the range 0.5-1. Else we fall to explicit scheme the v
and stability is not ensured
real*8 tp_C ! tp is the active time of the Colloid source (time within the source "4
provides with mass the model)
real*8 tp_V ! tp is the active time of the Virus source (time within the source "4
provides with mass the model)
integer nMaxCcVectors ! Responsible for holding the max allowed Cc vectors. Since we 4
require to aquire the solutions for the colloid component and then
I use them to get the solutions for the Virus Component. We can «
store the results that Colloid transportation produced and then use them
I to solve virus component. By doing so we avoid factorizing 4
again and again the same matrix, without having to keep in memory the same time
I and the A matrix for the colloid component and the A matrix fore
the Virus component. Keep in mind that nMaxVectors require as well a lot of
I memory. By giving larger nMaxCcVectors we gain speed but we "4
need larger amount of memory. A valuearound 50 should be good. v
integer CooTransp I Indicates wether we have simple transport (=0) or Cootransport «
GD
common/VarTransl1/Dcx,Dcy,Dcz,Lc,Lca,Rcdca,Rcadc

common/VarTransla/u
common/VarTran2/rD, th

common/vartrans5/wm
common/vartrans6/Lv,Lva,Rvdva,Rvadv
common/vartrans?7/Dvx,Dvy,Dvz,Dcvx,Dcvy,Dcvz
common/printMode/printSurMode,PrintSurXYZ,h

common/sourceGeom_C/sourceSurf_C
common/sourceGeom2_C/aEl _C,bEl _C,cEl C
common/sourceCoord_C/Ix0_C,l1y0_C,1z0_C
common/sourcePower_C/Q C,Cm0O_C

common/sourceGeom_V/sourceSurf_V
common/sourceGeom2_V/aEl_V,bEl_V,cEl_V
common/sourceCoord_V/Ix0_V,1y0_V,1z0_V
common/sourcePower_V/Q_V,Cm0O_V,nMaxCcVectors

if (Ix0_C>Ixx) then

write(*,*) " Error found in the input”
Write(*,*)" The position _x_ of the source
write(*,*)"please change the input file and
read(*,*) ! slows down the system exit
stop
end if

it (1y0_C>lyy) then

write(*,*) " Error found in the input”
Write(*,*)"™ The position _y_ of the source
write(*,*)"please change the input file and
read(*,*) ! slows down the system exit

stop
end if

if (1z0_C>1zz) then

write(*,*) " Error found in the input”
Write(*,*)" The position _z_ of the source
write(*,*)"please change the input file and
read(*,*) ! slows down the system exit

stop
end if

cant be outside of the aquifer _colloids_"
try again ,THE SYSTEM WILL NOW SHUT DOWN"

cant be outside of the aquifer _colloids_
try again ,THE SYSTEM WILL NOW SHUT DOWN"

cant be outside of the aquifer _colloids_"
try again ,THE SYSTEM WILL NOW SHUT DOWN"
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it (Ix0_V>Ixx) then

write(*,*) " Error found in the input”

Write(*,*)"™ The position _x_ of the source cant be outside of the aquifer _Virus_
write(*,*)"please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"
read(*,*) ! slows down the system exit

stop
end if

if (ly0o_Vv>lyy) then

write(*,*) " Error found in the input”

Write(*,*)" The position _y_ of the source cant be outside of the aquifer _Virus_"
write(*,*)"please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"
read(*,*) ! slows down the system exit

stop
end if

it (1z0_Vv>1zz) then

write(*,*) " Error found in the input”

Write(*,*)"™ The position _z_of the source cant be outside of the aquifer _Virus_
write(*,*)"please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"
read(*,*) ! slows down the system exit

stop
end if

iT(Ix0_C<0.DO .or.ly0 _C<0.or.1z0_C<0) then

write(*,*) " Error found in the input (Ix0,ly0,1z0)_ Colloids_"

write(*,*)" The coordinates of the source cell cant be negative"”

write(*,*)"please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"
read(*,*) ! slows down the system exit

stop
end if

iT(Ix0_V<0.DO .or.ly0 _V<O0.or.1z0_V<0) then

write(*,*) " Error found in the input (Ix0,ly0,1z0) _Virus_"

write(*,*)" The coordinates of the source cell cant be negative"”

write(*,*)"please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"
read(*,*) ! slows down the system exit

stop
end if

if(Ixx<=0.D0 .or.lyy<=0.or.1zz<=0) then

write(*,*) " Error found in the input (Ixx,lyy,l1zz)"

write(*,*)" The dimensions of the aquifer cant be negative"

write(*,*)"please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"
read(*,*) ! slows down the system exit

stop
end if

if (Q_C<=0.0r.Cm0_C<=0)then
write(*,*)"Possible error found during reading input file (Q,Cm0) _Colloids_

write(*,*)"Source flow rate or Concetration of the source flow shouldnt be zero or
negative."
write(*,*)"The only case this is allowed is when |you] have given initial source

concetraton other than zero to the aquifer."

write(*,*) "And now you want to observe the way the concetrations will be distributed
if you stop the source flow rate,or you begin to remove"

write(*,*)"solutes from the aquifer."

write(*,*)"Please push enter to continue with the excisting input file"”

read(*,*)

end if

if (Q_V<=0.or.Cm0O_V<=0)then
write(*,*)"Possible error found during reading input file (Q,CmO _Virus_ )"

write(*,*)"Source flow rate or Concetration of the source flow shouldnt be zero or
negative."
write(*,*)"The only case this is allowed is when |you] have given initial source

concetraton other than zero to the aquifer."

write(*,*) "And now you want to observe the way the concetrations will be distributed
if you stop the source flow rate,or you begin to remove"

write(*,*)"solutes from the aquifer."

"4

"4

"4

"4

"4

"4
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write(*,*)"Please push enter to continue with the excisting input file"”

read(*,*)

end if

iT(hx<=0.D0 .or.ny<=0.or.nz<=0) then

write(*,*) " Error found in the input (nx,ny,ny)"

write(*,*)"™ You cant split the aquifer in a |negative| or |zero| number of pieces”
write(*,*)"please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"
read(*,*) ! slows down the system exit

stop
end if

if(Rcadc<0.DO .or.Rcdca<0) then

write(*,*) " Error found in the input (r2,rl)"

write(*,*)" The reverse rate (r2) and forward rate (rl) coefficient cant be negative"
write(*,*)"please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"
read(*,*) ! slows down the system exit

stop
end if

if(Rvadv<0.DO .or.Rvdva<0) then

write(*,*) " Error found in the input (Rvadv=r2,Rvdva=rl)"

write(*,*)" The reverse rate (r2) and forward rate (rl) coefficient cant be negative"
write(*,*)"please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"
read(*,*) ! slows down the system exit

stop
end if

iT(Lc<0.DO .or.Lca<0Q) then
write(*,*) " Error found in the input (Lc=Il1,Lca=12)"
write(*,*)"™ The 12=1*=decay rate of sorbed solute and the lIl=decay rate of liquid
phase solute cant be negative "

write(*,*)"Please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"
read(*,*) ! slows down the system exit
stop

end if

if(Lv<0.DO .or.Lva<0) then
write(*,*) " Error found in the input (Lv=I1,Lva=12)"
write(*,*)" The 12=1*=decay rate of sorbed solute and the ll=decay rate of liquid
phase solute cant be negative "

write(*,*)"Please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"
read(*,*) ! slows down the system exit
stop

end if

if(Dcx<0.DO .or.Dcy<0.or.Dcz<0) then
write(*,*) " Error found in the input (Dx,Dy,Dz)"
write(*,*)" The Hydrodynamic coefficient cant be negative .
write(*,*)"Please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"
read(*,*) ! slows down the system exit
stop

end if

if(Dvx<0.DO .or.Dvy<0.or.Dvz<0) then
write(*,*) " Error found in the input (Dx,Dy,Dz)"
write(*,*)" The Hydrodynamic coefficient cant be negative .
write(*,*)"Please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"
read(*,*) ! slows down the system exit
stop

end if

iT(Dcvx<0.DO .or.Dcvy<0.or.Dcvz<0) then
write(*,*) " Error found in the input (Dx,Dy,Dz)"
write(*,*)" The Hydrodynamic coefficient cant be negative .
write(*,*)"Please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"
read(*,*) ! slows down the system exit
stop

end if
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244

245

246

247

248 if(rD<=0.D0 .or.th<=0) then

249 write(*,*) " Error found in the input (rD,th)"

250 write(*,*)" The th=porosity OR the rD= bulk density of the solid matrix(solid mass/ «
aquifer volume) cant be&

251 negative or zero"

252 write(*,*)"Please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"

253 read(*,*) ! slows down the system exit

254  stop
255 end if
256
257
258

259 if(dt<=0.D0) then

260 write(*,*) " Error found in the input (dt)"

261 write(*,*)" The time step Dt cant be zero or negative.”

262 write(*,*)"Please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"

263 read(*,*) ! slows down the system exit

264 stop

265 end if

266 1f(tp_C<0.DO.or.tp_V<0) then

267 write(*,*) " Error found in the input (tp_C)or (tp_V)"

268 write(*,*)" The tp_C or tp_V ( time source is active)cant be negative ,time must be v
positive number *

269 write(*,*)"Please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"

270 read(*,*) ! slows down the system exit

271 stop
272 end if
273

274 1f(h<0.D0) then

275 write(*,*) " Error found in the input (h)"

276 write(*,*)" The height of the surface to be printed should be a non negative number
277 write(*,*)"Please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"'
278 read(*,*) ! slows down the system exit

279 stop

280 end if

281 ! U average intersistial velocity has no restrictions.... can be negadive ,zero or a "4
positive number

282

283 i1f (printSurMode==0.or.printSurMode==1.or.printSurMode==2_or.printSurMode==3)then ! 4

Colloid case

284 else if(printSurMode==11.or.printSurMode==22_or.printSurMode==33)then ! Virus case

285 else

286 write(*,*) " Error found in the input (printSurMode)"

287 write(*,*)"PrintSurMod determines whether we want to print a surface or not...Thus "4
should be 0 or 1 or 2 or 3 only "

288 write(*,*)"Please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"

289 read(*,*) ! slows down the system exit

290 stop

291 end if

292

293 If(PrintSurXYZ==1 .or.PrintSurXYZ==2_.or.PrintSurxXYZ==3 ) then

294 else

295 write(*,*) " Error found in the input (PrintSurXyz)"

296 write(*,*)"PrintSurXYZ determines which plane we want to print _Mode 1 =yz plane is "4
being printed,2=xz plane is being printed, =3 yz planed is being printed "

297 write(*,*)" Thus PrintSurXYZ should be only 1 or 2 or 3 "

298 write(*,*)"Please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN®

299 read(*,*) ! slows down the system exit

300 stop

301 end if

302

303 if(sourceSurf_C==0 .or.sourceSurf_C==1 .or.sourceSurf_C==2_or.sourceSurf_C==3 .or. 4
sourceSurf_C ==4) then

304 else

305 write(*,*) "™ Error found in the input (sourceSurf _C)"

306 write(*,*)"sourceSurf determines on which plane the elliptic source is on ."

307 write(*,*)"If sourceSurf_C=0 our source isnt elliptic but apoint one ,"

308 write(*,*)"if sourceSurf_C=1 Ellipse is on xz plane , =2 xz plane , 3 yz plane ,4 v«
ellipsoid source”

309 write(*,*)" Thus sourceSurf should be only O or 1 or 2 or 3 only"”
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write(*,*)"Please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"
read(*,*) ! slows down the system exit

stop
end if

if(sourceSurf_C==1 .or.sourceSurf_C==2_or.sourceSurf_C==3 .or.sourceSurf_C==4 ) then
if(aEl_C<=0.D0 .or. bEI_C<=0.or. cEl_C<=0) then
write(*,*) " Error found in the input (aEl_C or bEI_C or cELl_C)"
write(*,*)" The dimensions of the elliptic source cant be zero or negative , set
sourceSurf=0 if you want a point source "

write(*,*)"Please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"

read(*,*) ! slows down the system exit
stop

end if

end if

if(sourceSurf_V==0 .or.sourceSurf_V==1 _or.sourceSurf_V==2_or.sourceSurf_V==3 _or.
sourceSurf_V==4 ) then
else
write(™*,*) " Error found in the input (sourceSurf_ V)"
write(*,*)"sourceSurf_V determines on which plane the elliptic source is on ."
write(*,*)"If sourceSurf_V=0 our source isnt elliptic but apoint one ,"
write(*,*)"if sourceSurf_V=1 Ellipse is on xz plane , =2 xz plane , 3 yz plane ,4
ellipsoid source”
write(*,*)" Thus sourceSurf should be only O or 1 or 2 or 3 only"”
write(*,*)"Please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"
read(*,*) ! slows down the system exit
stop
end if

if(sourceSurf_C==1 .or.sourceSurf_C==2_or.sourceSurf_C==3 .or.sourceSurf_C==4 ) then
if(aEl_C<=0.D0 .or. bEI_C<=0.or. cEl_C<=0) then
write(*,*) " Error found in the input (aEl_V or bEI_V or cEl_V)"
write(*,*)" The dimensions of the elliptic source cant be zero or negative , set
sourceSurf=0 if you want a point source "

write(*,*)"Please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"

read(*,*) ! slows down the system exit
stop

end if

end if

if(Wm<0.5D0.or.Wm>1) then

write(*,*) " Error found in the input (Wm)"

write(*,*)" wm determines the numerical mode that will be used for the soliving of
the tranport or cootranport problem"

write(*,*)"wm should be within the range 0.5-1. Else we fall to explicit scheme and
the stability is not ensured"

write(*,*)"Please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN',

"Wm found="",Wm
read(*,*) ! slows down the system exit
stop
end if

if(nMaxCcVectors<=0) then

write(*,*) " Error found in the input nMaxCcVectors™

write(*,*) " Responsible for holding the max allowed Cc vectors. Since we require to
aquire the solutions for the colloid component and then"

write(*,*) " use them to get the solutions for the Virus Component. We can store the
results that Colloid transportation produced and then use them"

write(*,*) " to solve virus component. By doing so we avoid factorizing again and
again the same matrix, without having to keep in memory the same time"

write(*,*) " and the A matrix for the colloid component and the A matrix for the Virus

component. Keep in mind that nMaxVectors require as well a lot of"
write(*,*) " memory. By giving larger nMaxCcVectors we gain speed but we need larger
amount of memory. A value around 50 should be good."

write(*,*) " nMaxCcVectors should be a non negative integer value, Instead the value
nMaxCcVectors= ' ,nMaxCcVectors, "was found"

write(*,*) " Please change the inputC file and try again ,THE SYSTEM WILL NOW SHUT
DOWN"™"

read(*,*) ! slows down the system exit

"4

R
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370 stop
371 end if
372
373
374 1f(CooTransp==0 .or.CooTransp==1) then
375 else
376 write(*,*) " Error found in the input (CooTransp)™
377 write(*,*) " Indicates wether we have simple transport (=0) or Cootransport(=1l) "
378 write(*,*)" Thus CooTransp should be only 0 or 1 , While it Was found to be",
Cootransp

379 write(*,*)"Please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN"
380 read(*,*) ! slows down the system exit

381 stop

382 end if

383

384 end subroutine
385

386

387
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subroutine main(nx,ny,nz,Ixx,lyy,1zz,tp_C,tp_V)

I main subroutin connects the input andoutput from the basic program with the finite 4
differences functions

use finite_differences ! Loading neccessary modules, modules allow passing allocatable ¢
vetors without the need to

use prntOutPut I explicitly determine the vector length (Fortran passes 4
vectors lenghts automatically when comes to modules)

use visitOutPut I Also vectors created this way dont use static memory and can «
dynamically use all available ram

use fcn_Vector_Simple_Trans

use fcn_Vector_Cootrans

use AA BB_Solver
implicit none

integer nx,ny,nz ! nX,nY,nZ the number of pieces the user wants to split the aquifer to v
,at X,y,z directions.

real*8 Ixx,lyy,lzz 1 Ixx,lyy,1zz the dimensions of the aquifer
real*8 dxx,dyy,dzz 1 dxx=the lenght of each cell the total aquifer is splitted to.
I dyy=the witdth of each cell the total aquifer is splitted to.
1 dzz=the height of each sell the total aquifer is splitted to.
real*8 r1,r2,11,12 1 r1,r2,11,12=temp variables that either will hold values from 4
Colloids or Virus ! I2=I1*=decay rate of sorbed solute
Iri=forward rate coefficient ,r2= reverse rate coefficient,ll=decaywv
rate of liquid phase solute
real*8 U I interstitial speed
real*8 Rcadc,Lca I Rcadc=r2= reverse rate coefficient ,Lca=l12=1*=decay rate of "4
sorbed solute
real*8 Rcdca,Lc I Rcdca=rl=forward rate coefficient ,Lc=l1=decay rate of liquid "4
phase solute
real*8 Lv,Lva I Lva=I12=I1*=decay rate of sorbed solute, Lv=Il1l=decay rate of liquid ¢
phase solute
real*8 Rvdva,Rvadv ! forward or reverse rates cooefficients (Virus case)
real*8 F_C !F= general functional form of virus source configuration [ML-3 t-1]=[gr cm «
-3 Day-1], colloid case
real*8 F_V !F= general functional form of virus source configuration [ML-3 t-1]=[gr cm ¢
-3 Day-1], Virus case
real*8 Ix0_C,1y0_C,1z0_C !'Ix0_C,ly0_C,01z0_C =cartesian coordinates of the point "4
source (Colloid case)
real*8 Ix0_V,1y0_V,1z0_V 1Ix0_V,ly0_V,1z0_V =cartesian coordinates of the point "4
source (Virus case)
real*8 tl1 1 tl= the total time after which we want to calculate the concetrations
real*8 Dvx,Dvy,Dvz 1Dvx,Dvy hydrodynamic dispersion coefficient of the virus "4
component
IDvz=Vertical hydronamic dispersion coefficient of the virus "4
component
real*8 Dcx,Dcy,Dcz 1Dcx,Dcy hydrodynamic dispersion coefficient of the Colloid "4
component
IDcz=Vertical hydronamic dispersion coefficient of the Colloid v
component
real*8 Dx,Dy,Dz IDx,Dy hydrodynamic dispersion coefficient Will other hold Virus «
or Colloid component
IDz =Vertical hydronamic dispersion coefficient Will other 4
hold Virus or Colloid component
real*8 tc,tmpTc ! tc = current time= total time since the source begun providing mass, ¢
tmpTc temporary variable holding tc value
integer vDim ! this holds the lenght of the vector that will store the coefficient w¢
matrix A
integer nX0_C,ny0_C,nZ0_C ! nX0_C,ny0 _C,nZ0_C cell coordinates of the point source "4
(Colloid source)
integer nX0_V,ny0_V,nZ0O_V ! nX0_V,ny0 V,nZ0_V cell coordinates of the point source "4
(Virus source)
integer sourCellNum ! the number of total cells the elliptic source was divided to
integer ii,iii,ir literators
logical allCcConcPrinted ! Indicates if all colloid concetrations were properly "4
printed . If true then all colloid questions where answered
I and prntOutCv subroutine ,if ready, can convert the temp.«¢

txt record file to print.txt formatted file
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Integer printSurMode TAllows to print a file PrintSur.txt a surface of the aquifer at ¢
any requested height H, for every time step Dt
I'(if O we print nothing ,if 1 we print for every time step).
integer PrintSurXYZ IMode (1 =yz plane is being printed,2=xz plane is being printed, v
=3 yz planed is being printed)
real*8 h 'H determines the height of the surface to be printed. (cm)
integer rowPos ,rowPosSource ! rowPos the distance from the first element for a "4
single row
'rowPosSource is the rowPos for the source cell
real>8 Q_C,CmO_C,thh ICmO source (source cell) constant conccetration ! Q is the v
flow rate with which we transfer soltuted mass (Concetration CmO)to the source cellwv

I'th=thh==porosity (or th=th* the effective porosity can be used as «
well page 509)

real*8 Q_V I is the flow rate with which we transfer soltuted mass (Concetration «

CmO)to the source cell [cm"3/day]For the virus case "4
real*8 CmO_V ! The constant concetration of the flow rate [mgr/ml] Virus casevw
integer Source_Type_C ! the type of the Colloid Source,=1 means constant source "4

concetration,=2 means constant mass flow! attention constant source concetration 4
can be valid only for influent cells

integer Source_Type_V ! the type of the Virus Source,=1 means constant source 4
concetration,=2 means constant mass flow! attention constant source concetration 4
can be valid only for influent cells

real*8 tp_C ! tp is the active time of the Colloid source (time within the source "4
provides with mass the model)
real*8 tp_V ! tp is the active time of the Virus source (time within the source "4

provides with mass the model)

Ineccessary vectors for the cootranpotrtp

real*8 , allocatable :: fCnC(:) I fCn will be holding the stable vector of "4
equation AxXC=fCnC (fCn is afunction of Cvn =known concetrations at time t=tn, ¢
for the virus case)

real*8 , allocatable :: Cvnpl(:) I Cvnpl matrix will hold all the unknown "4
concetrations (sorbed and non sorbed ) at time tn+l (Virus case)

real*8 , allocatable :: Ccn(:) I Ccn matrix will hold all the unknown "4
concetrations (sorbed and non sorbed ) at time tn (Colloid case)

real*8 , allocatable :: AAVector(:,:) ! Vector holding the solutions of the 8, 13 eqs ¢
. Where aa=CcCvc and BB=Cc*Cvc* I can hold values for t=tn and t=tn+1

real*8 , allocatable :: BBVector(:,:) ! Vector holding the solutions of the 8, 13 eqs ¢

Where aa=CcCvc and BB=Cc*Cvc* ! can hold values for t=tn and t=tn+l

1 Paper Colloid-Facilitated virus transport in «

saturated porus media . Vasiliki i.Syngouna Constantinos V.Chrysicopoulos

real*8 , allocatable :: AAVectors(:,:) ! Vector holding the solutions of the 8, 13 eqs ¢

Where aa=CcCvc and BB=Cc*Cvc* ! can hold values for t=tn ...t=tnmax (nmax= "4
nMaxCcVectors)

real*8 , allocatable :: BBVectors(:,:) ! Vector holding the solutions of the 8, 13 eqs «

Where aa=CcCvc and BB=Cc*Cvc* I can hold values for t=tn ..._.t=tnmax (nmax= 4
nMaxCcVectors)

1 Paper Colloid-Facilitated virus transport in «

saturated porus media . Vasiliki i.Syngouna Constantinos V.Chrysicopoulos "4

real*8 , allocatable :: CcVectors(:,:) ! Responsible for holding Cc solutions ,for "4

successive times . Since we require to aquire the solutions for the colloid 4

component and then

I use them to get the solutions for the Virus Component. We can
store the results that Colloid transportation produced and then use them

I to solve virus component. By doing so we avoid factorizing 4
again and again the same matrix, without having to keep 1in memory the same time

I and the A matrix for the colloid component and the A matrix forw
the Virus component. Keep in mind that nMaxVectors require as well a lot of

I memory. By giving larger nMaxCcVectors we gain speed but we 4
need larger amount of memory. A valuearound 50 should be good. "4

real*8,allocatable: :AAn(:),BBn(:)! AAn vector will hold all (all cells) initial known "4
concetrations (AAn=CcCvc ) at time tn
I BBn vector will hold all (all cells) initial known w
concetrations (BBn=Cc*Cvc* ) at time tn,
I So we can calculate values on t=tnpl (ex.-tl) based w
on values t=tn (ex. t0)
Tend of neccessary vectors for the cootranport
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I Start of <<<<<<<PARDISO>>>>>>>> variables
integer*8 ,allocatable:: pt(:)
real*8,allocatable:: A(:)
integer,allocatable:: i1a(:),ja(:),perm(:),iparm(:)
integer maxfct ,mnum,mtype,phase,nrhs,msglvl
integer n ,error
integer mkl_get_max_threads
integer mkl_num_threads
real*8 ,allocatable :: Ccnpl(:) ! Ccnpl matrix will hold all the unknown concetrationsv¢
(sorbed and non sorbed ) at time tn+l
I All the c values are located at the beginning of each row and then the v
Csorbed values follow
1 C=c+cs I non sorbed and sorbed concetrations ,Colloid case
real*8 ,allocatable :: fCn(:) I fCn will be holding the stable vector of equation v
A[C]=fCn
I(fCn is afunction of Cn =known concetrations at time t=tn)
TAll the c values are located at the beginning of each row and then the v
Csorbed values follow
TA=c+cs = non sorbed and sorbed concetrations coefficients
integer nMaxCcVectors ! Responsible for holding the max allowed Cc vectors. Since we "4
require to aquire the solutions for the colloid component and then
I use them to get the solutions for the Virus Component. We can «
store the results that Colloid transportation produced and then use them
I to solve virus component. By doing so we avoid factorizing "4
again and again the same matrix, without having to keep in memory the same time
I and the A matrix for the colloid component and the A matrix forw
the Virus component. Keep in mind that nMaxVectors require as well a lot of
I memory. By giving larger nMaxCcVectors we gain speed but we "4
need larger amount of memory. A valuearound 50 should be good.
I End of <<<<<<<PARDISO>>>>>>>> variables
common/VarTrans1/Dcx,Dcy,Dcz,Lc,Lca,Rcdca,Rcadc

common/VarTransla/u
common/VarTrans3/dxx,dyy,dzz
common/vartrans6/Lv,Lva,Rvdva,Rvadv
common/vartrans7/Dvx,Dvy,Dvz

common/printMode/printSurMode,PrintSurXYZ,h
common/sourceCoord_C/Ix0_C,l1y0_C,1z0_C
common/sourceCoord_V/Ix0_V,1y0_V,1z0_V
common/numOfsourcecells/sourCel INum
common/sourcePower_C/Q_C,CmO_C, thh
common/sourcePower_V/Q_V,Cm0O_V,nMaxCcVectors
common/Source_Type_trans/Source_Type_C,Source_Type_v
1 early Initializing

dxx=1.D0
dyy=1.D0O
dzz=1.DO
ri=1. 1!
r2=1.
11=1.
12=1.

1 End of early Initialization

I calculating the size Vdim of the A vector

call matrixDimCal(vDim,nx,ny,nz,Dx,Dy,Dz,r1,r2,11,12) ! call the specified subroutine «
to calculate all the possible non zero elements ,
I in order to allocate the vectors needed .

1 <<<<<<<PARDISO>>>>>>>> allocation
allocate(a(vDim))
allocate(Ja(vDim))
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allocate(ia(2*nx*ny*nz+1))
allocate(perm(2*nx*ny*nz))
allocate(iparm(64))

allocate(pt(64))

TEnd of <<<<<<<PARDISO>>>>>>>> allocation

I allocating the neccessary vectors
allocate(Ccnpl(2*nx*ny*nz))
allocate(Cvnpl(2*nx*ny*nz))
allocate(fCn(2*nx*ny*nz))
allocate(fCnC(2*nx*ny*nz))
allocate(AAVector(nx*ny*nz,2)) ! 2 vectors matrix,because we need the AA values on
time t=tn time as well as t=tnpl time
1 Its lenght though is half from other Vectors since
its doesnt participate in the a matrix that solve 2 serious of equations the same
time
allocate(BBVector(nx*ny*nz,2)) ! 2 vectors matrix,because we need the BB values on
time t=tn time as well as t=tnpl time
1 Its lenght though is half from other Vectors since
its doesnt participate in the a matrix that solve 2 serious of equations the same

time
allocate(AAVectors(nx*ny*nz,nMaxCcVectors)) ! 2 dimensional matrix,because we need
the AA values on time t=tn time as well as t=tnpl time (n=1....nMaxCcVectors)

1 Its lenght though is half from other Vectors since
its doesnt participate in the a matrix that solve 2 serious of equations the same

time
allocate(BBVectors(nx*ny*nz,nMaxCcVectors)) ! 2 dimensional matrix,because we need
the BB values on time t=tn time as well as t=tnpl time (n=1...._.nMaxCcVectors)

1 Its lenght though is half from other Vectors since
its doesnt participate in the a matrix that solve 2 serious of equations the same
time

allocate(CcVectors(2*nx*ny*nz,nMaxCcVectors)) !2 dimensional, First dimension=all
colloids concetrations, Second dimension=diffent times (sequential times though)

allocate(Ccn(2*nx*ny*nz))

allocate(AAn(nx*ny*nz)) ! Allocate based on twice the total number of cells

allocate(BBn(nx*ny*nz)) ! Allocate based on twice the total number of cells

I End of allocating the neccessary vectors

tmpTc=0.DO0

tl=dt !one iteration at least will occur
rowPosSource=0

F _C=0.DO

F_Vv=0.DO

Dx=0

Dy=0

Dz=0
allCcConcPrinted=.False.
CcVectors=0

1 <<<<<<<PARDISO>>>>>>>> jnitialization

pt=0 !for more details check the ParDiso Manual page 2348.
maxfct=1 ! we store one matrix only

mnum=1

mtype=11 ! real and unsymmetric matrix
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phase=12 ! phase the most important parameter ,determines the way " pardiso solver " 4
works

I 12 means "Analysis,numerical factorization™ !for more details check the 4

ParDiso Manual page 2350 (mkl 10.2.2.25)

n=2*nx*ny*nz ! number of total equations to be solved simultaneously

A=0.D0

ia=0

ja=0

perm=0 ! current configuration doesnt use it ,and so we can set it to O.

nrhs=1 ! we solve each time one side hand vector

iparm=0 ! we use the default factory configuration of ParDiso

111 temp only for debugging

Tiparm(8)=30 ! number of max iterative refinements, if iparm(8)=0 no refinement is 4
happening

111 temp only for debugging

msglvl=0 '1= we will get statical info on the screen every time Pardiso solver is 4

called,0= we get nothing

error=1 !

success , else something went wrong
in case we dont have elliptic or ellipsoid source ,sourCellNum will 4
never be calculated by fcn_fector and so must have

I value "one"™ in order not to affect the point source

sourCel INum=1 !

Ccnp1=10.D-30 !
Are zero at
Ccn=10.D-30 1
Are zero at
AANn=0.D0 1
Are zero at
BBn=0.D0O 1
Are zero at
Cvnp1=0.D0 1
also zero
AAVectors=0. I
Are zero at
AAVectors=0. I
Are zero at

AAVector(:,:)=0.
BBVector(:,:)=0.

fCn=0.D0
fCnC=0.DO

Appying initial
the begining of
Appying initial
the begining of
Appying initial
the begining of
Appying initial
the begining of

All concetrations sorbed or not...

conditions to
time
conditions to
time
conditions to
time
conditions to
time

the

the

the

the

Appying initial conditions to the

the begining of

time

Appying initial conditions to the

the begining of
DO
DO

I end of initialization

Tiparm(60)=1 !

Imkl_num_threads=1

Tiparm(3)=1

time

I single thread

1 single thread

mkl_get_max_threads() do the job

iparm(60)=0

multithreading
in case of 32 bit its betterl!!l!l

multicores...

aquifer
aquifer
aquifer
aquifer

blocks
aquifer

aquifer

error is an output variable and shows if the inversion succeeded.

.All concetrations
.All concetrations
.All concetrations

.All concetrations

error =0 ¢

at t=t0=0 w»

at t=t0=0 w«

at t=t0=0 w»

at t=t0=0 v

of virus with colloids are 4

.All concetrations

.All concetrations

if iparm(60)=0 we can ignhore the above 2 statements and let iparm(3) =

at t=t0=0 w«

at t=t0=0 w«

If the memory of the system is not enough we will start using the hard w
disc to store the matrices
I Current version of parDiso (v10.2.2.25) out core solving requires :

1ty
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mkl_num_threads= mkl_get_max_threads() ! numbers of processors, value of
MKL_NUM_THREADS

iparm(3) = mkl_num_threads ! We will use all the available processors of the system

I multithreading..... multicores. ..

Icalcualting the dimensions of the cells
dxx=Ixx/nx
dyy=lyy/ny
dzz=1zz/nz

Icalculating source position Colloid

nX0_C=int(Ix0_C/dxx) +1 ! the integer part of the division is returned and the next
closest cell is considered to be the point source

nyO_C=int(ly0_C/dyy) +1

nZ0_C=int(1z0_C/dzz) +1

if(nX0_C>nx) nX0_C=nx ! the position of the source cant be outside of the aquifer
if(ny0_C>ny) nyO_C=ny the position of the source cant be outside of the aquifer
if(nZ0_C>nz) nZ0_C=nz ! the position of the source cant be outside of the aquifer
if(nX0_C<1) nX0_C=1 ! the position of the source cant be outside of the aquifer
if(ny0_C<1) ny0_C=1 ! the position of the source cant be outside of the aquifer
if(nZ0_C<1) nZ0_C=1 ! the position of the source cant be outside of the aquifer

ITcalculating source position Virus

nX0_V=int(Ix0_V/dxx) +1 ! the integer part of the division is returned and the next
closest cell is considered to be the point source

nyO_V=int(ly0_V/dyy) +1

nZ0_V=int(1z0_V/dzz) +1

if(nX0_V>nx) nX0_V=nx ! the position of the source cant be outside of the aquifer
if(ny0_V>ny) nyO0_V=ny the position of the source cant be outside of the aquifer
if(nZ0_V>nz) nzZO_V=nz ! the position of the source cant be outside of the aquifer
if(nX0_V<1) nX0_V=1 ! the position of the source cant be outside of the aquifer
if(ny0_V<1) ny0_V=1 ! the position of the source cant be outside of the aquifer
if(nZ0_V<1) nZ0_V=1 ! the position of the source cant be outside of the aquifer

T <L <<<<<<<<<<<<<<<Cal culating the sourCellNum
SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS>>

write(*,*)" ******* Program started ****x*x*v

write(*,*)"Calculating the number of cells the Source consists of"

call fCn_vector( nX,nY,nZ,nX0_C,ny0_C,nZ0_C,fcn,Ccnpl,F_C,dt)! the first time it is
called calculates the sourCellNum (in case of elliptic or ellipsoid source)
I if we have point source it wont be
affected by the fCn_vector ,and will keep its initial value 1.
fcn=0.D0 ! we set again fCn to zero in order to be calculated properly (in case of
elliptic or ellipsoid source)

I <<c<<<<<<<<<<<<End of Calculating the sourCelINum
SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSESSSSSSSSS>SS>SS>SS>S>

T <LK <<<<<<<<<< Calculating the sourcePower
_F_>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>
ifT (Source_Type_C ==2) then
ITF=G*W =Q*CmO0*W/dxdydz=Q*Cm0/ (th*dxdydz) 1 check eq 8 ,page 509 Analytical Solution
for solte transport
Iin saturated porous media with semi-infinite or finite thickness 1998
I W=dirac(x-Ix0_C) Dirac(y-1y0_C) dirac(z-1z0_C)/th
F_C=Q_C*CmO_C/thh

ICalculating F based on the geometry of the source
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I If we inject through a needle to a specific cell (of the aquifer) mass then the F_Cw«
are as below. This specific cell wont have constant concetration through time
F_C=F_C/(dxx*dyy*dzz*sourCelINum) ! Colloid case

end if

ifT (Source_Type_V ==2) then

TF=G*W =Q*CmO0*W/dxdydz=Q*Cm0/ (th*dxdydz) I check eq 8 ,page 509 Analytical Solutionw
for solte transport

Tin saturated porous media with semi-infinite or finite thickness 1998

I W=dirac(x-Ix0_C) Dirac(y-1y0_C) dirac(z-1z0_C)/th

F_V=Q_V*CmO_V/thh

ICalculating F based on the geometry of the source

I If we inject through a needle to a specific cell (of the aquifer) mass then the "4
F_C are as below. This specific cell wont have constant concetration through time

I F=F/ (dxx*dyy*dzz*sourCel INum) ,When we have 2 "4
dimensional trasport F=F/(dxx*dyy*sourCel INum)!F=F/(tp_V*dxx*dyy**sourCelINum) alsow
here 3 min is the normal time the source is active and transfer 1 ml of tracer v

with Q=2ml/hr.
F_v=F_V/(dxx*dyy*dzz*sourCel INum) ! Virus case
end if

if (Source_Type_C ==1) then

I'lf we inject the mass into the influent flux, and through this flux the mass is "4
tranfered into the aquifer, then all the cells who are in direct touch with the 4
flux have constant concetration

I keep in mind that we assume that the cells with direct touch to the infuent flux arew
only the ones which are considered to be source cells.

I the last assumption is usefull when a secondary flux (within the main flux) is also «
provided and so not all the cells at x=0, are in touch with contaminant flux

F_C=(+Dcx/dxx**2.D0 +U/(2.D0*dxx))*CmO_C

end if

if (Source_Type_v ==1) then

I'lf we inject the mass into the influent flux, and through this flux the mass is "4
tranfered into the aquifer, then all the cells who are in direct touch with the 4

flux have constant concetration
I keep in mind that we assume that the cells with direct touch to the infuent flux arew
only the ones which are considered to be source cells.
I the last assumption is usefull when a secondary flux (within the main flux) is also «
provided and so not all the cells at x=0, are in touch with contaminant flux
F_V=(+Dvx/dxx**2_.D0 +U/(2.D0*dxx))*Cm0_V
end if

Icalculating F at the next time (tc+dt) ,Since the next printing time will be t+dt
if(tc+dt>tp_C)then

F_C=0.DO ! Insert here the neccessary source loading, By default if we cross the 4
active time of the source, mass supply rate becomes zero

end if

if(tc+dt>tp_V)then

F_V=0.DO ! Insert here the neccessary source loading, By default if we cross the 4
active time of the source, mass supply rate becomes zero

end if

I <<l <<l << <<<<<<<<<End of Calculating the sourcePower "4

__F SSSS555555555333535353533533333553333333333353333335555>5>

! Time will now start to count

do
T<caccccccccccc<c<<<<<<<Creating right hand vector colloid "4
CASE>>>>>333>3333333333333333333333333333333333333333333335>5>>
1 creates new fCn vector based on the initial Ccnpl cell concetration (Colloid "4
case)

call fCn_vector( nX,nY,nZ,nX0_C,ny0_C,nz0_C,fcn,Ccnpl,F_C,dt)

write(*,*)" ******* Rjght hand vector ready 1111 *¥*&xxx @
Tcaccccccccccc<<<<<<<<<<<End of creating right handvector colloid "4
CASE>>>>>3333>333333333333333333333333333333333335>3>5>>
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381 T<<cc<ccccg<c<<<<<<<<<<<<<<<<<<Creating A matrix for the colloid "4
CASE>>>>>>3>3>3>3>3333333>333>33>333333333333333>3>3>3>3>3>3>3>3>3>3>>>>

382 Icalling the neccessary subroutines to construct the coefficient matrix

383 write(*,*)"Creating the A coefficient matrix For the colloid case"

384 Dx=Dcx

385 Dy=Dcy

386 Dz=Dcz

387 Il=Lc

388 12=Lca

389 rl=Rcdca

390 r2=Rcadc

391 call aConstructor(nx,ny,nz,Dx,Dy,Dz,r1,r2,11,12,dt,vDim,A,ia,ja)! A matrix Ready

392 write(*,*)" ******* The A coefficient matrix is ready ,Colloid case 111 *¥x&x&x 1

393 Ioccacgss<s<<<<<<<<<<<<<<<<<End of A matrix Creation for the colloid 4
CASE>>>>>3>3>3>3>3>3>333333>3>333>333333333>33>3>3>3>3>3>3>5>>3>>>

394

395

396 1 <<<<<<<<<<<<<<L<L<L<L<<<<<<<<<<<<< Factorizing the A matrix, Colloid "4
CASE>>>>>3>3>3>3>3>333>333333333333333333333>3333>33>3>3>3>3>3>3>5>3>>>

397 write(*,*)" ******* Factorizing the A matrix *******x

398 phase=12 ! 12 means "Analysis,numerical factorization only"

399 CALL pardiso (pt, maxfct, mnum, mtype, phase, n, a, ia, ja,perm,nrhs,iparm,msglvl, ¢
fcn,Ccnpl,error)

400 I analysis numerical factorization only ! we do not modify «
fcn or Ccnpl

401 write(*,*)" ******* [Factorization ready 111 rx¥x&xkx o

402 write(*,*)" "

403 write(*,*)"rxrxrxrxrxxx*Bellow source values are being printed****** * * "

404 <K<K Factorizing the A matrix, Colloid U4
CASE>>>>>>3>33>3333333333333333333333333333333333533535>5>5>5>>

405

406 phase=33 I complete solve in one step

407 rowPosSource=rowPos(nX0_C,ny0_C,nZ0_C,ny,nz) ! locating the source cell

408

409

410

411

412 tmpTc=Tc

413 do ii=1,nMaxCcVectors ! We try to fill all the available CcVectors

414

415 1 tc=0 the very first time this is read

416 tc=tc+dt

417 1 after the first time above argument is read ,time will be tc=dt

418 I we calculate concetrations at the end of the tc time

419 CALL pardiso (pt, maxfct, mnum, mtype, phase, n, a, ia, ja,perm,nrhs,iparm, "4
msglvl,fcn,Ccnpl,error)

420 CcVectors(:,ii)=Ccnpl ! Filling the CcVectors with the results of Ccnpl

421

422

423

424 Tocaccacccccccgccggggg<<<<<<<<<<<<<<<Applying Colloid Source Inactivity, "4
Colloid case >>>>>>>>>>>>>>>>>>>>>SSS>SSS>SSSSSSSSOSSSSSSSSSSSSSSSSSSSSS>S>>>

425 IR R NN N RN NN N N N N R R R R R R N R NN RV
TIInnrnnnennnnNenrreeerny

426 if(tc+dt>tp_C)then

427 F_C=0.DO ! Insert here the neccessary source loading

428 end if

429 BN N N N NN
TR pnnRnRnEnEnRnREnRrnInInrIInIn]

430 Tocoacacccggggggsg<s<<<<<<<<<End of Applying Source changes, "4
Colloid case >>>>>>>>>>>>>>3>>3>3>3333SSSSSSSSDSSSOSSSSSSOSSSOSSSSSSSSSS>S>>

431

432

433

434

435 Il ssgsssss<<ss<<<<<<<<<<\V\e calculate Cc concetrations and fill "4
CcVecotrs (Colloids)>>>>>>>>>555555555555S5S5S5S55555555555555555>555>5>5>>>

436 I creates new Ccnpl based on previous fcn (Colloid case)

437

438 CALL fCn_vector( nX,nY,nZ,nX0_C,ny0_C,nz0_C,fcn,Ccnpl,F_C,dt) ! creates new 4
fCn vector based on the previous Ccnpl results

439 write(™*,*)"At the end of time t=",tc,"Source concetration Colloids is ",Ccnpl «

(rowPosSource)
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440 Tocaoacaccacccccccccgegss<c<<<<<<<<<<End of Calculating and filling CcVectorsv«
(ColloidsS)>>>>>>>>>5555555555555555555555S5555555S555S555 5555555555555
441
442
443
444
445 << << Printing Colloids Concetrations values "4
SSS553335333333333333333333333333333333353335>5>3>5>5>
446 call prntCcOut (Ccnpl,dxx,dyy,dzz,dt ,nx,ny,nz,tc,tl,allCcConcPrinted)
447 INotice that prntCcOut Subroutine may have finished with value "4
allCcConcPrinted==.True. or .False.
448 1 If true then we printed all possible Cc concetrations and we also reached thev
end of input file, and also we reached maximum time tl.
449 Iwere tl is max time after we want concetrations either Colloid ones or Virus v«
ones
450 I If false then we just found end of file and also we printed all colloids "4
concetrations till time t=tc
451 if(allCcConcPrinted==_.True.) Then
452 goto 430 ! we exit the loops for filling the CcVectors since we reached and of ¢
time
453 end if
454
455 Tocaacaaceccccggccc<<<<<< End of printing Colloids Concetrations "4
values>>>>>>>>>>5>>55555555>55S5S55S5SSS5SSSSSSS>S>>>>>
456
457
458
459
460
461
462 IF (error _NE. 0) THEN ! checking for errors
463 WRITE(*,*) "The following ERROR was detected: ", error
464 write(*,*) "check the Pardiso manual for more info"
465 pause
466 END IF
467
468
469
470 End do
471
472 ii=ii-1 ! Very important. Do ii=1,nmax statement allows ii to go beyond nmax "4
(basicly ii=nmax+1), but when this happens the do loop exists... But still has gonev
ii=nmax+1.
473 I So we bring ii to its proper value
474
475
476
477
478
479 1 "4
"4
480 1 Virus "4
Case
481
482
483 430 tc=tmpTc ! Restores tc to its original value (negates iterations made to fill "4
CcVectors) so Cootransport (Virus) simulations can work properly below
484 phase =-1 ! realease all internal memory the next time pardiso is called. "4
Pardiso now must solve a new matrix.
485 CALL pardiso (pt, maxfct, mnum, mtype, phase, n, a, ia, ja,perm,nrhs,iparm, "4
msglvl,fcn,Ccnpl,error)
486
487
488 write(*,*) " <<<<<<<<<Solving equations to calculate CcCvc and Cc*Cvc*, Plz wait!!! "4
SSSS>S>S5>5>5>>>>
489 Tocaocaaccacaccccccccccccc<<<<<Calculates all AAValues And BBvalues for all times "4
steps t:l,t:nmax (nmaX:nmachveCtOrS)>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>
I calculates all AAVector and BBVector through iterations
1 Based on initial conditions AAn,BBn,Ccn. Returns AAVectors,BBVectors
I first time its read AAn=BBn=Ccn=0. these are the initial conditions that we have 4
assumed
493 call AA_BB_Point_Over_Time_Calc(nx,ny,nz,Ccn,AAn,BBn,CcVectors,AAVectors,BBVectors ¢

.ii)
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write(™,*)""<<<<<<<<<<<<<<<<<<< Concetrations CcCvc and Cc*Cvc* were successfully «
calculated >>>>>>>>>>>555>5>555>555>5>>>> M ¢

Tocaccaccaccccccccc<<c<<<End of Calculating all AAValues And BBvalues for all times «
steps t:l,t:nmax (nmax:nmaxccvectorS)>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>

I for all the available CcVectors
T <<<<<<<<creates new CVnpl based on previous fcnC "4
(ViruS Case) SSSS5353533333333333335335333533333333333333335353353>5355>5>

TAAVector(:,1)=AAVector(:,2) ! Time t=tn+1l becomes t=tn ! the first time this is readv
AAVector(:,1)=AAVector(:,2)=0 since we initialized it this way

IBBVector(:,1)=BBVector(:,2) ! Time t=tn+1l becomes t=tn ! the first time this is readv
AAVector(:,1)=AAVector(:,2)=0 since we initialized it this way

ICcn(:)=Ccnpl(:)! The first time this is "Read" Ccn=0, the other times Ccn(:)=Ccnpl(: ¥
) is automatically done by the system and so... we can leave it as a comment...

ICcnpl(:)=CcVectors(:,1)1And thus the first vector holds t=tn and the second holds t=v
tnpl

ICALL AA_BB_Creator( Ccn,Ccnpl,AAVector,BBvector,Cvceq,Cvcaeq,nX,nY,nZ,dt) ! createsv
the vectors AAVector(:,2) and BBVector(:,2),based on:

Ccn, Ccnpl,AAVector(:,1)

AAVector(:,1)=AAn(:) 4

AAVector(:,2)=AAVectors(:,1)

BBVector(:,1)=BBn(:)

AAVector(:,2)=BBVectors(:,1)

CALL fCnC_vector( nX,nY,nZ,nX0_V,ny0_V,nzZ0_V,fCnC,Cvnpl,AAVector,BBVector,F_V,dt) ! w
creates new fCn vector based on the previous CVnpl results and on

Tinitializing AAn,BBn,and Ccn for the next batch of iterations with lenght=ii. Thisw
batch will be activated after the virus transport simulation has finished
TAAVector(:,1),BBVector(:,1),AAVector(:,2) and BBVector(:,2)

AAn(:)=AAVectors(:,ii) ! the last value of of the vectors will the initial to "4
calculate the next batch of concetrations

BBn(:)=BBVectors(:,ii) ! the last value of of the vectors will the initial to "4
calculate the next batch of concetrations

Cen(:)=CcVectors(:,ii) ! the last value of of the vectors will the initial to "4

calculate the next batch of concetrations

write(*,*)"xxrxrxkxixixrhellow source values are being printed**x*dktitkkdtikrin

write(*,*)"At the end of time t=",tc,"Source concetration Virus case is ",Cvnpl "4
(rowPosSource)

T ooocaaceaceccgggggg<<<<<<<<<<<<<End of creatings new CVnpl based on previous «
fcnC  (Virus case)>>>>>>>>>5>5>5>5>55555555555>55555555S555>5>>>>

T <LK« <<<<<<<Creating A matrix Creation for thew
VIrUS Ccase>>>>>>>>>>>>>>SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS>S>>

ITcalling the neccessary subroutines to construct the coefficient matrix

write(*,*)"Creating the A coefficient matrix For the Virus case"

Dx=Dvx

Dy=Dvy

Dz=Dvz

I1=Lv

12=Lva

ril=Rvdva

r2=Rvadv

call aConstructor(nx,ny,nz,Dx,Dy,Dz,r1,r2,11,12,dt,vDim,A,ia,ja)! A matrix Ready

write(*,*)" ******* The A coefficient matrix is ready @1l ***x*xx*xx =

I <Ll sssggsssssss<<<<<<<End of A matrix Creation for the v«
VIFUS CASe>>>>>>>>>S>SS>SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSOSSS>>>

T <LK LLLL<<<< Factorizing the A matrix, Virus «
CASE>>>>>3333333333333333333333333333333333333333333333333333333>5>>

write(*,*)" Factorizing the A matrix, Virus Case"

phase=12 ! 12 means "Analysis,numerical factorization only"

CALL pardiso (pt, maxfct, mnum, mtype, phase, n, a, i1a, ja,perm,nrhs,iparm,msglvl, "4
fcnC,Cvnpl,error)

I analysis numerical factorization only ! we do not modify fcn or Ccnpl

write(*,*)" ******* [actorization ready Il rxkxsdsxsk o
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I<

ph

<LK Factorizing the A matrix, Viruse
CasSe>>>>>>>>>>>SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS>>

ase=33 ! complete solve in one step

iii=1l,ii ! For the available Ccvectors,We calculate Cv vectors and do the printing
tc=tc+dt
1 after the first time above argument is read ,time will be tc=dt
1 we calculate concetrations at the end of the tc time
CALL pardiso (pt, maxfct, mnum, mtype, phase, n, a, ia, ja,perm,nrhs,iparm, "4
msglvl,fcnC,Cvnpl,error) ! complete solve in one step

write(*,*)"At the end of time t=",tc,"Source concetration of Virus 1is ",Cvnplvw
(rowPosSource)

<LK <<Applying Source Inactivity, Virus case «
SSS3333333333333333333333333333333333333333335353555>5>>
IR R NN N RN NN N N NN R R R R RN N R NN RV
if(tc+dt>tp_V)then
F_V=0.DO ! Insert here the neccessary source loading

end if
AR N NN NN

I << L<<<<<<<<<<<<<<End of Applying Source Changes, Virus «
case >>>>>>>>>5>35>3535>333>>3353>S>>>>>>>>>>>

Il gssggssgggsssss<<\arious print routines are "4
activated>>>>>>>>>>>>>>>>5>>S>>5>>>>>>>>
Call prntCvOut (Cvnpl,AAVector,dxx,dyy,dzz,dt ,nx,ny,nz,tc,tl, "4

allCcConcPrinted) !Cvnpl corresponds to Virus, Print one concetation at a time

if (printSurMode==1)then
Ccnpl(:)=Ccvectors(:,iii) ! we update Ccnpl so we can print properly
call surface_print(Ccnpl,dxx,dyy,dzz,nx,ny,nz,tc,PrintSurxyz,h) ! Prints all ¢
colloid surface at point h
else if (printSurMode==2) then
Ccnpl(:)=Ccvectors(:,iii) ! we update Ccnpl so we can print properly
call VisitLineData(Ccnpl,dxx,dyy,dzz,nx,ny,nz,tc) ! at each time step we 4
try to plot the volume concetrations,Colloid, Ready for Visit software
else if (printSurMode==3) then
Ccnpl(:)=Ccvectors(:,iii) ! we update Ccnpl so we can print properly
call surface_print(Ccnpl,dxx,dyy,dzz,nx,ny,nz,tc,PrintSurxyz,h) ! Prints all ¢
colloid surface at point h
call VisitLineData(Ccnpl,dxx,dyy,dzz,nx,ny,nz,tc) ! at each time step we 4
try to plot the volume concetrations,Colloid, Ready for Visit software
else if (printSurMode==11) then
call surface_print(Cvnpl,dxx,dyy,dzz,nx,ny,nz,tc,PrintSurxyz,h) ! Prints all ¢
Virus surface at point h
else if (printSurMode==22) then
call VisitLineData(Cvnpl,dxx,dyy,dzz,nx,ny,nz,tc) ! at each time step we 4
try to plot the volume concetrations,virus, Ready for Visit software
else if (printSurMode==33) then
call surface_print(Cvnpl,dxx,dyy,dzz,nx,ny,nz,tc,PrintSurxyz,h) ! Prints all ¢
Virus surface at point h
call VisitLineData(Cvnpl,dxx,dyy,dzz,nx,ny,nz,tc) ! at each time step we 4
try to plot the volume concetrations,Virus, Ready for Visit software
end if

if (tc==-1.333D0)then
goto 332 ! end of program
end if

I << << <<<<<<<<<<<<<<creates new CVnpl based on previous fcnCw
(Virus case) >>>>>>55555>>>>>>3>335353333>>>>3>>>S355555555>>>>>5>>5555>
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if(iii<ii)then ! needed because CcVectors(:,iii+1l) will create error for array ¢

bounds,if iii=ii we dont need to calculate next fcnc vectr, either because we
reached end of time ,or because our nmaxCcVectors is reached and we run out of Cc
vectors
AAVector(:,1)=AAVector(:,2) ! Time t=tn+l becomes t=tn
BBVector(:,1)=BBVector(:,2) ! Time t=tn+l becomes t=tn
AAVector(:,2)=AAVectors(:,1ii+1)! we exctract from the already calculated
AAVectors the AAvector that the next fCnC_vector will need
BBVector(:,2)=BBVectors(:,iii+1)! we exctract from the already calculated
BBVectors the BBvector that the next fCnC_vector will need

CALL fCnC_vector( nX,nY,nZ,nX0_V,nyO V,nz0_V,fCnC,Cvnpl,AAVector,BBVector,
F_V,dt) ! creates new fCn vector based on the previous Ccnpl results

Tocoaaaccaeecccggggcs<<<<<<<<<<<End of creatings new CVnpl based on
previous fcnC (Virus case)>>>>>>>>>>>>>>>>>5>>>5>5555S>S5S5S5S5S5S5555555>5>5>>
end if

IF (error .NE. 0) THEN I checking for errors
WRITE(*,*) "The following ERROR was detected: *, error
write(*,*) '"'check the Pardiso manual for more info"
pause

END IF

ir=ir+l1l ! iterations counter

iT(ir>1000000000)then ! protection from infinite loops
goto 330
end if

end do

"4
"4

I The last time the above '"do" ran, it didnt made the neccessaries changes because ofv

the if(iii<ii)then .... statement, so now we do it seperately

AAn(:)=AAVectors(:,ii) ! the last value of of the vectors will the initial to
calculate the next batch of concetrations

BBn(:)=BBVectors(:,ii) ! the last value of of the vectors will the initial to
calculate the next batch of concetrations

Cen(:)=CcVectors(:,ii) ! the last value of of the vectors will the initial to
calculate the next batch of concetrations

Ccnpl(:)=Ccn(:) ! we update Ccnpl since we will now solve again the colloid
transport and we need remind Ccnpl where it had stopped

"4

"4

"4

"4

1 the above statement isnt really needed...Because either Ccnpl isntwv
modified at all during computations or either is updated at every time step virus «

transport does
I when the printSurMode®s are checked

end do

332 write(*,*)"all calculations finished with success"
goto 331 ! protects from printing without reason the below error message
330 write(*,*)"Error max time steps reached"
write(™*,*)"Check the way time steps are added in main subroutine”
write(*,*) "the system will now close"
read(*,*)!slows down the system exit

331 end subroutine
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subroutine matrixDimCal(vDim,nx,ny,nz,Dx,Dy,Dz,rl1,r2,11,12)

Ithis subroutine calculates the size of the vector that will store the coefficient 4
matrix A

use AA_BB_Solver, only: dt ! uses the module to share globally some intresting v
variables

implicit none

integer i0,jO,w0 ! i0,jO,w0 are the coordinates of the cell ,for which we want to 4

create the A
I coeffiecients (equations (1) and (2) are being silently written for eachw
cell ,check page 509).
integer nx,ny,nz ! nX,nY,nZ the number of pieces the user wants to split the aquifer V4
to,at Xx,y,z directions.
Treal*8 dt ! dt= the (time) distance between two sequential time moments tl,t2 =dt=v«
t2-t1 ! defined in the AA _BB_Solver module
real*8 Al1,A2,A3,A4,A5,A6,A7,A8,A9,A10 ! coeffiecients
integer rowPoss ! rowPoss the distance from the first element (column) for a single «
row
integer ii,jj,ww ! ii,jj,ww=iterators
integer currentRow ! currentRow holds the number of the current row

Ifor which the coefficients are been written (equations (1) and (2) are being 4
silently written for each cell ,check page 509).
logical BoundaryCell ! will point if this is a boundary cell or not . True means "4
this is actually a boundary cell
logical flag3,flag4,flag5,flag6,flag7,flag8 ! flags will point out if the according V4

coefficients should be added to the A matrix or not
I true means they should be added
integer vDim ! this will hold the lenght of the vector that will store the coefficient ¢
matrix A
real*8 Dx,Dy,Dz IDx,Dy hydrodynamic dispersion coefficient Will either hold Virus «
or Colloid component
1Dz =Vertical hydronamic dispersion coefficient Will either hold v
Virus or Colloid component
real*8 R2,L2 Ir2= reverse rate coefficient ,l12=1*=decay rate of sorbed solute, Will 4
either hold Virus or Colloid component
real*8 R1,L1 Irl=forward rate coefficient ,ll=decay rate of liquid phase solute, Will v
either hold Virus or Colloid component
Tinitializing values in case something went wrong during reading
A1=0
A2=0
A3=0
A4=0
A5=0
A6=0
A7=0
A8=0
A9=0
A10=0
rowPoss=0
currentRow=0
BoundaryCell=_.False.
flag3=.False.
flag4=.False.
flagb=.False.
flag6=.False.
flag7=.False.
flag8=.False.
vDim=0
I end of initializations

IThe way ¢ and cs are dirtibuted for each row the same way the are distibuted for eachw
column (check rowPos function)

do ii=1l,nx ! iterating through all the cells of the aquifer
do jj=1,ny
do ww=1,nz

I setting the current cell coordinates

i0=ii

J0=jj

wO=ww

currentRow=currentRow+1 ! increasing the row ....everytime the cell is "4
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changing

59

60 call isBoundaryCell (BoundaryCell,iO,jO,w0,nx,ny,nz,Dx,Dy,Dz,r1,r2,11,12,dt, ¢
Al1,A2,A3,A4,A5,A6,A7,A8,Flag3,flag4,flag5,flag6,flag7,flagd)

61 1 calls the respective subroutine to verify if cell is boundary or not

62

63 if ( BoundaryCell ==_False.) then

64 I this means we can use the default coefficients

65

66

67 vDim=vDim+8 ! every time we find a usual cell we write 8 (A1-A8) 4
coefficients to describe the C concetrations (C non sorbed concetrations)

68

69

70 else

71

72 I we are on a boundary cell

73

74 vDim=vDim+2 1 space for coefficients (Al,A2).These are always written "4
for any kind of cell (boundary or not)

75

76

77 if(flag3==_.True.) then

78 vDim=vDim+1 ! space for A3 coefficient

79 end if

80

81 if(flag4==_.True.) then

82 vDim=vDim+1 ! space for A4 coefficient

83 end if

84

85 if(flagb==.True.) then

86 vDim=vDim+1 ! space for A5 coefficient

87 end if

88

89 if(flag6==_.True.) then

90 vDim=vDim+1 ! space for A6 coefficient

91 end if

92

93 if(flag7==.True.) then

94 vDim=vDim+1 ! space for A7 coefficient

95 end if

96

97 if(flag8==.True.) then

98 vDim=vDim+1 ! space for A8 coefficient

99 end if

100

101 end if

102

103

104

105 end do

106 end do

107 end do

108

109

110

111

112 ITcarefull currentRow now holds the last row that the previous iterations finished v
with (C non sorbed concetration coefficient rows)

113

114 do ii=1l,nx ! iterating through all the cells of the aquifer (including the 4
boundary cells)

115 do jj=1,ny ! Cs sorbed equations (eq 2 page 509) are based on the sdame cell v
without affecting the neighbouring cells ...

116 do ww=1,nz ! so no attention should be given whether the the cell is 4
boundary or not

117

118 1 Creating a coefficients for the Cs (sorbed) concetrations and "4
adding them

119 1 accordingly after C (non sorbed) rows.

120 I the cs rows are after the c rows

121 Tequation (2) is being silently written for each cell ,check page v
509.

122
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1 setting the current cell coordiantes
i0=ii
J0=jj
wO=ww
currentRow=currentRow+1 !carefull currentRow holds the last row that thew
previous iterations (C rows (non sorbed rows)) finished with
vDim=vDim+1 ! space for A9 coefficient
vDim=vDim+1 ! space for A1l0 coefficient
end do
end do
end do

end subroutine
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module prntOutPut

I this module is responsible for Reading the rest of the input.txt and print to file 4
the results

contains

subroutine prntCcOut (Ccnpl,dxx,dyy,dzz,dt ,nx,ny,nz,tc,tl,allCcConcPrinted)

implicit none

real*8 x,y,z1 ! the coordinates of the point we want to get the concetration

real*8 Ccnpl(:) I will be holding all the colloid concetrations (Ccnpl is a "4

vector)
real*8 dxx,dyy,dzz,dt ! dxx=the lenght of
I dyy=the witdth of each cell the
1 dzz=the height of each sell the
I dt= the (time) distance between

each cell the

,t2 =dt=t2-tl1
integer nx,ny,nz I
to,at Xx,y,z directions
real*8 tl,tc !
Itc=current tl
integer nxi,nyi,nzi l'are the coordinates of the point we
(nxi...are expressed in pieces) after tl time
integer row I "row" will hold the row number ,of the
concetration,of B vector

integer num ! num will hold the number of the read line ,

one "1" then we print colloid concetratiosn

total aquifer is splitted to.
total aquifer is splitted to.
total aquifer is splitted to.
two sequential time moments tlw

nX,nY,nZ the number of pieces the user wants to split the aquifer v«

tl will be the total time after we want to get the concetrations
=the time already passed since the beginning

cant to get the concetration «
point for which we calculate v

If num begins with the digit «

I 1f num begins with the digit "2" we print Virus Concetrations,
I If num begins with the digit "3" we print Concetrations of Viruses "4

attached onto Colloid
1 Else we should get error
1 check reading from files.
Character*11 StrNum !
integer ii,jj,ww ! iterators
integer ip !
written at (temp.txt file)
integer ir ! total number of values read from input.txt
logical allCcConcPrinted !
printed

Usefull string used to store the num value, as a string variable

ip Is the position of the line the current concetration at t=tl should be «

Indicates if all colloid concetrations were properly "4
If true then all colloid questions where answered

I and prntOutCv subroutine ,if ready, can convert the temp. «

txt record file to print.txt formatted file
logical
past

real*8 temp ,templ,temp2,temp3,tempsd !

real*8 aDt ! when we read for first time we want all times

printed and not only dt/2 to 3dt/2

FirstTimeReading !checks whether we have read from the input file again in the ¢

jJjust for converting temp.txt to print.txt

from O to 3dt/2 to be 4

I adt helps this happen when printing conditions are caclulated

save FirstTimeReading ! we want to remember the outcome
save ir

izing values
; 21=0; num=0;
nzi=0;

row=0

allCcConcPrinted=.True.

ip=0

temp4=0.D0 ;templ=0.DO ;temp2=0.DO0 ;temp3=0.D0 ;
StrNum="12345678" I empty string

of the last subroutine

data FirstTimeReading/.True./ ! this is only read once per program run.

Tend of initialization

if(FirstTimeReading==.True.) then
ir=0
adt=-dt/2.D0
Tand temporary lines are added to the print.txt (based
-txt)
FirstTimeReading=.False. !
end if

on the required lines of inputw

we have already read from this file
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rewind 111 ! we go at the beggining of our input file to read again ...Time now is tc=
tc+dt

do ii1=1,70

read(111,*)! we jump the Ffirst lines of the print txt. Contains only text "4
spexifications

end do

9 read(111,*,end=12) num,tl,x,y,z1 ! if end of file is reached we go to end
ip=ip+1

if(tl<=0) then ! checking the time read.

write(*,*) " Error found in the input (o)

write(*,*)" The time after which we cant to calculate the concetration, cant be 4
negative or zero"

write(*,*)"Please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN w

read(*,*) ! slows down the system exit
stop
end if

if(tc<tl .or.tc==dt)then
allCcConcPrinted=.Ffalse. ! it is the first time we read the file or we have more 4
calculations to do

end if Tbefore we declare that we have all the concetrations 4
printed

if((tc -dt/2.D0 +aDt)<tl .and. tl<=(tc+dt/2.D0) )then ! current tc approcahed best tl
allCcConcPrinted=_.false. ! we have to notify the system that we will now print at
least one concetration

nxi=int(x/(dxx))+1
nyi=int(y/(dyy))+1
nzi=int(z1/(dzz))+1

if(nxi>nx) nxi=nx ! the position of the source cant be outside of the aquifer
if(nyi>ny) nyi=ny the position of the source cant be outside of the aquifer
if(nzi>nz) nzi=nz ! the position of the source cant be outside of the aquifer
if(nxi<l) nxi=1 ! the position of the source cant be outside of the aquifer
if(nyi<l) nyi=1 ! the position of the source cant be outside of the aquifer
if(nzi<l) nzi=1 ! the position of the source cant be outside of the aquifer

row=0 ! initializes row counter, sequential reads make it imperative

do ii=1,nx
do jj=1,ny
do ww=1,nz

row=row+1l ! row counter
if (ii==nxi.and.jj==nyi.and.ww==nzi) then
if (row==0) row=1 ! in case we try to print the cell C(1,1,1) this would «
lead Ccnpl to Ccnpl(0) which is not allowed
goto 11 ! position located, we end the function
end if

end do
end do
end do

I We will try to indetify the Concetration that needs to be printed based on the
num value
I num will hold the number of the read line ,If num begins with the digit one "1" w»
then we print colloid concetratiosn
I 1If num begins with the digit "2" we print Virus Concetrations,
I If num begins with the digit "3" we print Concetrations of Viruses "4
attached onto Colloid
1 Else we should get error
11 write(StrNum, " (i10)")num ! we convert the integer num into string so we can "4
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check its digits one by one

StrNum=trim(adjustl (StrNum)) ! Removes preceding

if (Scan(StrNum,"1")==1) then

integer

blanks (from left)

I Digit one "1" was found to be first on num w

temp=Ccnpl(row) I We print colloid concetrations
else it (Scan(StrNum,"2'")==1)then ! Digit one "2" was found to be first on num «

integer

goto 9 ! we do nothing since this subroutine prints Colloid values only
I Check the beggining of this routine for the meanings of Num "4

else if (Scan(StrNum,"3")==1)then ! Digit one "3" was found to be first on num v

integer

goto 9 ! we do nothing since this subroutine prints Colloid values only
I Check the beggining of this routine for the meanings of Num

else
write(*,*) "The system failed to understand the kind of Concetration you want ¢
to print”
write(*,*) "Based on the input data in the input.txt"”
write(*,*) "Please check again the first number of every row, for the rows "4
after the ™

write(*,*) "parameter input section. The numbers should start from the digits ¢

1,2 or 3 only"

write(*,*) "For more check manual: "
write(*,*) "Critical error found the system will now exit"”

pause
stop
end if

I we print current time
write(555,33,REC=ip)num, tc, (nxi-1)*dxx+dxx/2.D0 ,(nyi-1)*dyy+dyy/2.D0 ,(nzi-1)*dzz v«
+dzz/2.D0,temp ! concetration is pointed at the middle of each printing cell
33 format(15,"” '",Esl14.5," ",Enl4.5 ," ",En14.5,"
ir=ir+l ! we count the values printed to the temp.txt

end if

goto 9 ! again and again we read till we find end

",En14.5 ," " ,Esl6.7)

INotice that prntCcOut Subroutine may have finished with value allCcConcPrinted=«

=_.True. or .False.

I If true then we printed all possible Cc concetrations and we also reached the "4
end of input file, and also we reached maximum time tl.

Twere tl1 is max time after we want concetrations either Colloid ones or Virus ones

I If false then we just found end of file and also we printed all colloids "4

concetrations till time t=tc
12 end subroutine

subroutine prntCvOut (Cvnpl,AAVector,dxx,dyy,dzz,dt ,nx,ny,nz,tc,tl, 4

allCcConcPrinted)
implicit none

real*8 x,y,z1 ! the coordinates of the point we want to get the concetration

real*8 Cvnpl(:) ' will be holding all the virus concetrations (Cvnpl is a "4
vector)
real*8 AAvector(:,:) ! will be holding all the viruses attached on Colloids "4

concetrations (Ccnpl is a vector)
real*8 dxx,dyy,dzz,dt ! dxx=the lenght of each cell the
I dyy=the witdth of each cell the
1 dzz=the height of each sell the

I dt= the
,t2 =dt=t2-t1

(time) distance between

total aquifer is splitted to.
total aquifer is splitted to.
total aquifer is splitted to.
two sequential time moments tlw

integer nx,ny,nz ! nX,nY,nZ the number of pieces the user wants to split the aquifer «

to,at x,y,z directions
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real*8 tl,tc ! tl will be the total time after we want to get the concetrations
Itc=current tl =the time already passed since the beginning
integer nxi,nyi,nzi 'are the coordinates of the point we cant to get the concetration
(nxi...are expressed in pieces) after tl time
integer row ! "row" will hold the row number ,of the point for which we calculate
concetration,of B vector
integer num ! num will hold the number of the read line ,If num begins with the digit
one "1" then we print colloid concetratiosn
I If num begins with the digit 2" we print Virus Concetrations,
I 1f num begins with the digit "3" we print Concetrations of Viruses
attached onto Colloid
1 Else we should get error
I check reading from files.
Character*11 StrNum ! Usefull string used to store the num value, as a string variable
integer ii,jj,ww ! iterators
integer ip ! ip is the position of the line the current concetration at t=tl should be
written at (temp.txt file)
integer ir ! total number of values read from input.txt
logical allCvConcPrinted ! Indicates if all virus concetrations were properly printed
If true then all virus questions where answered
I and prntOutCv subroutine ,if allCcConcPrinted= .True. as
well, can convert the temp.txt record file to print.txt formatted file
logical allCcConcPrinted ! Indicates if all colloid concetrations were properly
printed . If true then all colloid questions where answered
I and prntOutCv subroutine ,if ready, can convert the temp.
txt record file to print.txt formatted file
logical FirstTimeReading !checks whether we have read from the input file again in the
past
real*8 temp ,templ,temp2,temp3,tempd ! just for converting temp.txt to print.txt
real*8 aDt ! when we read for first time we want all times from O to 3dt/2 to be
printed and not only dt/2 to 3dt/2
I adt helps this happen when printing conditions are caclulated
save FirstTimeReading ! we want to remember the outcome of the last subroutine
save ir

alizing values
=0; z1=0; num=0;
nyi=0; nzi=0;

allCvConcPrinted=.True.

ip=0

temp4=0.D0 ;templ=0.DO ;temp2=0.DO0 ;temp3=0.DO0 ;

StrNum="" " I empty string

data FirstTimeReading/.True./ ! this is only read once per program run.
Tend of initialization

if(FirstTimeReading==.True.) then
ir=0
adt=-dt/2.D0

Tand temporary lines are added to the print.txt (based on the required lines of inputy

-txt)

FirstTimeReading=.False. ! we have already read from this file
end if
rewind 111 ! we go at the beggining of our input file to read again ...Time now is tc=

tc+dt
do ii1=1,70
read(111,*)! we jump the first lines of the print txt. Contains only text

spexifications
end do

9 read(111,*,end=12) num,tl,x,y,z1 ! if end of file is reached we go to end
ip=ip+1

if(tl<=0) then ! checking the time read.
write(*,*) " Error found in the input (o)
write(*,*)" The time after which we cant to calculate the concetration, cant be
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negative or zero"
write(*,*)"Please change the input file and try again ,THE SYSTEM WILL NOW SHUT DOWN w

read(*,*) ! slows down the system exit
stop
end if

if(tc<tl .or.tc==dt)then
allCvConcPrinted=.Ffalse. ! it is the first time we read the file or we have more 4
calculations to do

end if Tbefore we declare that we have all the concetrations 4
printed

if((tc -dt/2.D0 +aDt)<tl .and. tl<=(tc+dt/2.D0) )then ! current tc approched best tl
allCvConcPrinted=_.false. ! we have to notify the system that we will now print at
least one concetration

nxi=int(x/(dxx))+1
nyi=int(y/(dyy))+1
nzi=int(z1/(dzz))+1

if(nxi>nx) nxi=nx ! the position of the source cant be outside of the aquifer
if(nyi>ny) nyi=ny the position of the source cant be outside of the aquifer
if(nzi>nz) nzi=nz ! the position of the source cant be outside of the aquifer
if(nxi<l) nxi=1 ! the position of the source cant be outside of the aquifer
if(nyi<l) nyi=1 ! the position of the source cant be outside of the aquifer
if(nzi<l) nzi=1 ! the position of the source cant be outside of the aquifer

row=0 ! initializes row counter, sequential reads make it imperative

do ii=1,nx
do jj=1,ny
do ww=1,nz

row=row+1l ! row counter
if (ii==nxi.and.jj==nyi.and.ww==nzi) then
if (row==0) row=1 ! in case we try to print the cell C(1,1,1) this would «
lead Ccnpl to Ccnpl(0) which is not allowed
goto 11 ! position located, we end the function
end if

end do
end do
end do

I We will try to indetify the Concetration that needs to be printed based on the
num value
I num will hold the number of the read line ,If num begins with the digit one "1" w»
then we print colloid concetratiosn
I 1f num begins with the digit "2" we print Virus Concetrations,
I If num begins with the digit "3" we print Concetrations of Viruses "4
attached onto Colloid
1 Else we should get error
11 write(StrNum, " (i10)")num ! we convert the integer num into string so we can "4
check its digits one by one
StrNum=trim(adjustl (StrNum)) ! Removes preceding blanks

if (Scan(StrNum,"1")==1) then ! Digit one "1" was found to be first on num «
integer
goto 9 I we do nothing since this subroutine prints Virus values only
1 Check the beggining of this routine for the meanings of Num
else if (Scan(StrNum,"2'")==1)then ! Digit one "2" was found to be Ffirst on num
integer
temp=Cvnpl(row) I We print Virus concetrations
else if (Scan(StrNum,"3")==1)then ! Digit one "3" was found to be first on num
integer
temp=AAVector(row,2)! We print Viruses attached on colloids concetrations
else
write(*,*) "The system failed to understand the kind of Concetration you want ¢
to print”
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301 write(*,*) "Based on the input data in the input.txt"”
302 write(*,*) "Please check again the first number of every row, for the rows "4
after the ™
303 write(*,*) "parameter input section. The numbers should start from the digits v
1,2 or 3 only"
304 write(*,*) "For more check manual: "
305 write(*,*) "Critical error found the system will now exit"”
306 pause
307 stop
308 end if
309
310
311
312
313
314 I we print current time
315 write(555,33,REC=ip)num, tc, (nxi-1)*dxx+dxx/2.D0 ,(nyi-1)*dyy+dyy/2.D0 ,(nzi-1)*dzz «
+dzz/2.D0,temp ! concetration is pointed at the middle of each printing cell
316 33 format(15,"” '",Esl14.5," ",Enl4.5 ," ",En14.5," ",En14.5 ," " ,Esl6.7)
317 ir=ir+l ! we count the values printed to the temp.txt
318
319 end if
320
321 goto 9 ! again and again we read till we find end
322
323

324 12 if (allCvConcPrinted==.True. .And. allCcConcPrinted==.True.)then ! Both virus and w
Colloid concetrations must be already printed

325 I we will transfer our outputs from the temp.txt to the print. ¢
txt (from a record file... to a formatted file)

326

327 do ir=1,ip

328 read(555,33,REC=ir) num,tc,dxx,dyy , dzz ,temp

329 write(333,33) num,tc,dxx,dyy , dzz ,temp 1 concetration is pointed v

at the middle of each printing cell Inum,temp ,templ,temp2,temp3,temps

330 end do

331 write(*,*)"conversion finished"”

332

333 tc=-1.333D0 ! a negative value is given in order the main program not to call «
again the prntCcOut or prntCvOut subroutine

334 I all times tl1 already have their concetrations printed

335

336 end if

337

338

339

340 end subroutine

341

342

343

344

345

346

347 subroutine surface_print(b,dxx,dyy,dzz,nx,ny,nz,tc,PrintSurxyz,h)

348 implicit none

349 Iresponsible subroutine for printing whole the surface of the aquifer at a "4
particular time

350 real*8 b(:) ! will be holding all the concetrations (b is a vector)

351 real*8 dxx,dyy,dzz ! dxx=the lenght of each cell the total aquifer is splitted to.
352 I dyy=the witdth of each cell the total aquifer is splitted to.
353 1 dzz=the height of each sell the total aquifer is splitted to.
354 integer nx,ny,nz ! nX,nY,nZ the number of pieces the user wants to split the aquifer ¢

to,at Xx,y,z directions

355 real*8 tc !tc=current tl =the time already pass since the beginning

356 integer PrintSurxyz lindicator ,shows which surface we want to print : PrintSurxyz=«
1 => yz is printed,PrintSurxyz=2 => xz is printed ,PrintSurxyz=3 => xy is printed

357 real*8 h ! surface position (distance from (X%,y,z)=(0,0,0))

358 integer row I "row" will hold the row number ,of the point for which we calculate v
concetration,of B vector

359 integer i,ii,jj,ww ! iterators

360 integer nhO ! h (surface position) measured with cell units

361 integer nxyz,nnxyz ! usefull iterators for the printing mechanism

362 real*8 ,Allocatable::cSurf(:,:)

363



222

C:\Users\User\Documents\Visual Studio ... all,central disp ,upstream adv\outPut.F90 7

364 Tinitializing values

365 ii1=0 ; jj=0; ww=0

366 row=0 ; nhO=1; i=0

367 nxyz=0 ; nnxyz=0

368 Tend of initialization

369

370

371 write(444,*) " current results are based on time t =",tc,"(days)"

372

373 if (PrintSurxyz==1) then

374

375 allocate(cSurf(ny,nz)) ! allocates the neccessary matrix based on which surface v
we want to print, surface yz

376 cSurf=0 ! initializes the allocated matrix

377 row=0 ! initializes row counter, sequential reads make it imperative

378 nhO=int(h/(dxx))+1 ! converting h to cell units

379 if(nhO>nx) nhO=nx ! the position of the source cant be outside of the aquifer

380 if(nh0<1) nhO=1 ! the position of the source cant be outside of the aquifer

381

382

383 do 1i=1,nx ! we convert the b vector to a cSurf(ni,nii) (i ,ii could be anyw

of X,y,z ) matrix,which contains all of the surface concetrations

384 do jj=1,ny

385 do ww=1,nz

386

387 row=row+1

388 if(ii==nh0) then ! current cell is part of the printing V4
surface

389 cSurf(gj,ww)=b(row)

390 end if

391

392 end do

393 end do

394 end do

395

396 nxyz=nz

397 nnxyz=ny

398 write(444,*)" Y---->>>(cm) Z vectical (cm) "

399 end if

400

401

402

403

404 if (PrintSurxyz==2)then

405

406 allocate(cSurf(nx,nz)) ! allocates the neccessary matrix based on which "4
surface we want to print, surface xz

407 cSurf=0 ! initializes the allocated matrix

408 row=0

409 nhO=int(h/(dyy))+1 ! converting h to cell unitis

410 if(nhO>ny) nhO=ny ! the position of the source cant be outside of the aquifer

411 if(nh0<1) nhO=1 ! the position of the source cant be outside of the aquifer

412

413

414 do ii=1l,nx ! we convert the b vector to a cSurf(ni,nii) (i ,ii could be 4
any of x,y,z ) matrix,which contains all of the surface concetrations

415 do jj=1,ny

416 do ww=1,nz

417

418

419 row=row+1

420 if(Jj==nh0) then ! current cell is part of the printing "4
surface

421 cSurf(ii,ww)=b(row)

422 end if

423

424 end do

425 end do

426 end do

427

428 nxyz=nz

429 nnxyz=nx

430 write(444,*)" X Horizontal ---->>>(cm) z vectical (cm) "4
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431 end if

432

433

434 if (PrintSurxyz==3) then

435

436 allocate(cSurf(nx,ny)) ! allocates the neccessary matrix based on which "4
surface we want to print, surface xy

437 cSurf=0 ! initializes the allocated matrix

438 row =0

439 nhO=int(h/(dzz))+1 ! converting h to cell units

440 if(nhO>nz) nhO=nz ! the position of the source cant be outside of the aquifer

441 if(nh0<1) nh0=1 ! the position of the source cant be outside of the aquifer

442

443 do ii=1l,nx ! we convert the b vector to a cSurf(ni,nii) (i ,ii could be any w»
of X,y,z ) matrix,which contains all of the surface concetrations

444 do jj=1,ny

445 do ww=1,nz

446

447

448 row=row+1

449 if(w==nh0) then ' current cell is part of the printing v
surface

450 cSurf(ii,jj)=b(row)

451 end if

452

453 end do

454 end do

455 end do

456 nxyz=ny

457 nnxyz=nx

458 write(444,*)" X Horizontal ---->>>(cm) Y vectical (cm) "4

459 end if

460

461

462

463 cSurf now contains the concetrations of the particular surface ,based on height h v
(or nhO in cell units)

464 Iprinting cSurf

465

466 do ii=1,nxyz

467 write(444, 122) (cSurf(i,ii),i=1,nnxyz )

468 write(444,*)

469 end do

470 122 format( (D11.5,", "% )
471

472

473 write(222,*) I we jump a row

474 write(222,*)" "
475 write(222,*)" "
476 write(222,*)" After t=",tc, "(Days) have passed"

477

478 I printing surfac with Coordinates

479 if (PrintSurxyz==1)then ! we print yz plane coordinates per column

480 write(222,*)"Y(cm) Z(cm) "

481 do jj=1,ny

482 do ww=1,nz

483 write(222,*)(Jj-1)*dyy+dyy/2.D0 ,(ww-1)*dzz +dzz/2.DO, cSurf(@j,ww) ! "4
concetration is pointed at the center of each cell

484 end do

485 end do

486

487 else if (PrintSurxyz==2)then ! we print xz plane coordinates per column

488 write(222,*)"X(cm) Z(cm) "

489 do 1i=1,nx

490 do ww=1,nz

491 write(222,*)(1i-1)*dxx+dxx/2.D0 ,(ww-1)*dzz+dzz/2.D0 ,cSurf(ii,ww) ! "4
concetration is pointed at the center of each cell

492 end do

493 end do

494

495 else if (PrintSurxyz==3)then ! we print xy plane coordinates per column

496  write(222,*)"X(cm) Y(cm) "

497 do ii=1,nx
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do jj=1,ny
write(222,*) (ii-1)*dxx+dxx/2.D0, (Jj-1)*dyy+dyy/2.D0 ,cSurf(ii,jj) !
concetration is pointed at the center of each cell
end do
end do

else
write(™*,*)"Critical error the system will now stop,we cant print the neccessary
plane with the neccessary coordianates"
write(*,*)"please check the input file about printing and try again”
stop
end if

end subroutine

end module prntOutPut

modulle visitOutPut
contains

subroutine VisitLineData(b,dxx,dyy,dzz,nx,ny,nz,tc)
implicit none

Tresponsible subroutine for printing whole the volume of the aquifer and at differentwv

files
real*8 b(:) ! will be holding all the concetrations (b is a vector)

integer nx,ny,nz ! nX,nY,nZ the number of pieces the user wants to split the aquifer ¢

to,at Xx,y,z directions
real*8 tc !tc=current tl =the time already pass since the beginning
integer row ! "row" will hold the row number ,of the point for which we calculate
concetration,of B vector
real*8 dxx,dyy,dzz ! dxx=the lenght of each cell the total aquifer is splitted to.
I dyy=the witdth of each cell the total aquifer is splitted to.
1 dzz=the height of each sell the total aquifer is splitted to.

integer i,ii,jj,ww ! iterators ! i specifies the time at which we print. Only
intgeres for now

CHARACTER fileName*35 ! fTilename the name of the file to be written

save 1 ! we will remember the previous call of the subroutine

data i/0/

Tinitializing values
i
J

0
0

[T
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ww=0
row=0
Tend of initialization

if(i==0) then

I we open a Ffile the first time this subroutine is called in order to create a .

visit file

I Visit file describes Visit software the names of

database

open(888,File=""multiplePrints\visitDatabase.visit",Form="Formatted")

end if

=i+l
I if( tc-Int(tc)==0)then

files that

10

"4

part of a greater v

call fileNameCreator(fileName,i,tc) ! grabs the name of file to be printed

open(778,File=fileName,Form="Formatted")

(Lenght)

do ii=1l,nx ! we convert the b vector to a cSurf(ni,nii) (i
of X,y,z ) matrix,which contains all of the surface concetrations

do jj=1,ny
do ww=1,nz

row=row+1

I opens the file to be written att
write(778,*)" x y z C " ! needed filespecification to work C(m/v), X,y,z=

"4

,il could be any v

write(778,44) (ii-1)*dxx+dxx/2.D0 ,(Jj-1)*dyy+dyy/2.D0 , (ww-1)*

dzz +dzz/2.D0,b(row)

44 format(Enl4.5 ,

end do
end do
end do
I we closed the written file

close (778)

Telse
i

D =D

s
d

i=i-1
Tend if

end subroutine

subroutine fileNameCreator(fileName,i,tc)
implicit none

CHARACTER fileName*35 ! filename the name of the file to be written

character number*7
character baseFileName*21

PARAMETER (baseFileName = "multiplePrints\")

",En14.5,"

",En14.5

I we dont need to print yet we revert the change on i

integer 1 ! indicates the number of files previously printed

real*8 tc ! current time
Twrite(number,100) tc

Tnumber=adjustl(number) ! moves to right and removes leading blacnks-adding them to

the end

",Esl6.7)

Ti=len_trim(number) ! Retuns the lenght of the string without the ending blanks

IfileName=baseFileName//number(1:i)//" .dat"

"4

"4

Twrite(888,*)"print t= "//number(1:1)//".dat” ! we fill the visit database file with ¢«

the names of the files that we create
write(number,”(i6)") i
number=adjustl (number)
fileName=baseFileName//number
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226
11

write(888,*)"print"//number//".dat” ! we Ffill the visit database file with the names «

of the files that we create

I this is needed in order to make visit read them as time v

varying database
100 FORMAT( F8.2 )! converts the blank spaces before the 1 to zeros ex. "

end subroutine

end module visitOutPut

1"="001" ¥
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Module AA_BB_Solver
double Precision , allocatable :: CcvectorT(:) ! Vector that will hold Cc and Cca "4
concetrations for a specific x,y,z cell over time..._t=tn+1_..._._. +n  (were n=nmax)
I The First nmax rows are Cc concetrations and thew
rest are Cca concetrations
double Precision Cc0,Cca0 ! CcO and CcaO are the initial conditions for the case of "4
Solute colloids and Sorbed on the solid matrix colloids
double Precision Cvceq,Cvcaeq !Cveq max holds the concetration of viruses attached "4
onto clay collids at equilibrium (M viruses)/(M clay)
ICvcaeq max holds the concetration of viruses attached onto clay v
collids already attached onto glass beads at equilibrium (M viruses)/(M clay)
integer nmax ! nmax holds the number of time steps we will perform. Based on that nmax «

determines the size of the jacoby matrix (nmax could be set= nMaxCcVectors)

double Precision dt Idt= the (time) distance between two sequential time "4
moments tl,t2 =dt=t2-tl

logical negSlope ! indicates whether we have negative slope or not on Cc values

ICcVectorT,Cc0,Ccal,Cvceq,Cvcaeq,dt,nmax variables are made common to all routines 4

inside AA_BB_Solver

Contains

subroutine AA_BB_Point_Over_Time_Calc(nx,ny,nz,Ccn,AAn,BBn,CcVectors,AAVectors, "4
BBVectors,nMaxCcVectorsorll)

IMPLICIT NONE

I The AA_BB_Point_Over_Time_Calc sub calculates for a specific point the AA=CcCcvw
and BB=Cc*Ccv* Concetrations over time

double Precision AAO,BBO ! AAO and BBO are initial conditions. Each cell has its own V4
AAO=CcCvc,BB0=Cc*Cvc*

integer i,j,k,ir,it literators,it= time iterator

integer nx,ny,nz ! nX,nY,nZ the number of pieces the user wants to split the aquifer to v
,at X,y,z directions.

integer nMaxCcVectorsorll ! Responsible for holding the max allowed Cc vectors. Since «
we require to aquire the solutions for the colloid component and then

I use them to get the solutions for the Virus Component. We can «
store the results that Colloid transportation produced and then use them
I to solve virus component. By doing so we avoid factorizing "4
again and again the same matrix, without having to keep in memory the same time
I and the A matrix for the colloid component and the A matrix forw
the Virus component. Keep in mind that nMaxVectors require as well a lot of
I memory. By giving larger nMaxCcVectors we gain speed but we "4
need larger amount of memory. A valuearound 50 should be good.
double Precision , allocatable :: CcVectors(:,:) ! Responsible for holding Cc solutions v
,For successive times . Since we require to aquire the solutions for the colloid w
component and then
I use them to get the solutions for the Virus Component. We can «
store the results that Colloid transportation produced and then use them
I to solve virus component. By doing so we avoid factorizing "4
again and again the same matrix,and also we avoid having to keep 1in memory the 4
same time
I and the A matrix for the colloid component and the A matrix forw
the Virus component. Keep in mind that nMaxVectors require as well a lot of
I memory. By giving larger nMaxCcVectors we gain speed but we 4
need larger amount of memory. A valuearound 100 should be good.
double Precision , allocatable :: Ccn(:) I Ccn matrix will hold all the unknown "4
concetrations (sorbed and non sorbed ) at time tn (Colloid case)
I Basicly Ccn will hold the initial coniditions so 4
AA_ BB _Point_Over_Time_Calc can calculate
I values on t=tnpl (ex.tl) based on values t=tn (ex. «
t0)
double Precision , allocatable::AAN(:),BBn(:)! AAn vector will hold all (all cells) "4
initial known concetrations (AAn=CcCvc ) at time tn
I BBn vector will hold all (all cells) initial known «

concetrations (BBn=Cc*Cvc* ) at time tn,
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I So we can calculate values on t=tnpl (ex.tl) based «
on values t=tn (ex. t0)
double Precision , allocatable :: AAVectors(:,:) ! Vectors holding the solutions of the v
8, 13 eqs . Where aa=CcCvc and BB=Cc*Cvc* ,
I 2 dimensional matrix,because we need the AA v
values on time t=tn time as well as t=tn+l...... n
double Precision , allocatable :: BBVectors(:,:) ! Vector holding the solutions of the 8 v
, 13 eqs . Where aa=CcCvc and BB=Cc*Cvc*
1 2 dimensional matrix,because we need the BB v
values on time t=tn time as well as t=tn+l1...... n
I Paper Colloid-Facilitated virus transport in «
saturated porus media . Vasiliki 1.Syngouna Constantinos V.Chrysicopoulos 4
double Precision CcAver,CcaAver 1 because Cc and Cca change with time, we intepolatew
the closest Cc values and Cca Values to get CcAver and CcaAver.
double Precision tmpCvceq,tmpCvcaeq ! tmp variables holding the Values Cvceq and Cvcaeq

double Precision slopeAA,slopeBB ! Slopes of AAl1 and BB1 graphs, they are checked and «
indicate if we have reached results that dont change significally over time

double Precision slopeCc,slopeCca 1 Slopes of Cc and Cca graphs, they are checked ande
indicate if we have reached results that dont change significally over time

! "4
T<<<<<<<<<<<<<<<<<<<<<<<<Pefining valiables for the INTEL DODESOL U4
approaCh>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>
INTEGER ierr
INTEGER NEQ
I It is higly recommended to declare ipar array of size 128
1 for compatibility with future versions of ODE solvers
INTEGER kd(2), ipar(128)
double Precision T,h, t_end, hm, ep, tr
1 As ODE system has size n=2, than the size of dpar array is equal to
I max{13*n, (7+2*n)*n}=max{26,22}=26. More details on dpar array can be
I found in the Manual
double Precision y(2), dpar(26) ! dpar(26) normally for a 2 equations
EXTERNAL FEX, JDUM
I<<eccccccccc<c<<<<<<End of Defining valiables for the INTEL DODESOL 4
approach>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>
! "4

I initializing general variables
nmax=nMAxCcvectorsorll ! nmax initially will be equal to nmaxCcvectors or to Il which «¢
ever is .... but there is a change the give Ccvectors till tn+l maybe
I not to be enough for the DLSODA to calculate all AA,BB 4
concetrations till time t=tn+1, and so more
I Ccvectors should be supplied To DLSODA. Thats why nmax will be «
holding actually the time tn till we have
1 Succefully calculated the AA,BB Concetrations
tmpCvceg=Cvceq
tmpCvcaeqg=Cvcaeq
ir=0
CcAver=0
CcaAver=0
negSlope=_False.
Tend of initialization

TAllocating vectors-Matrices
allocate (CcvectorT(2*nmax)) I allocates the neccessary vector (2*nmax row the "4
first nmax contain Cc and the rest contain Cca,
I all values are for a speccific point.. and describew
how it change thorugh time)
CcvectorT=0 ! a fast initialization
t_end=0
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! End of allocation

Tcocececegecec<s<<<<<<<<<<Starting initializing variables for the INTEL DODESOL v
approach DISODA>>>>>>>>>>>>>5>5>5>555>>5>5>5>>>>>

NEQ = 2

Y(1) 0.DO ! Initial Values, for t=0,AA=BB=0

Y(2) 0.DO ! Initial Values, for t=0,AA=BB=0

T = 0.DO ! initial value for the independant Value t (AA=BB=0 for T=0),always we startw

from t=0...
Thut the next time AA_BB_Point_Over_Time_Calc is called the initial values 4

AA0,BBO,CcO and Cca will have changed

global parameter settings
I minimal step size for the methods
hm=1.d-20
I relative tolerance. The code cannot guarantee the requested accuracy for ep<1.d-9
ep=1.d-8 ! absolute tolerance
tr=1.d-35

Ly * * * dodesol * * *
Please don"t forget to initialize ipar array with zeros before the first call
1 to dodesol routines
DO i1=1,128
ipar(i)=0
END DO
Tipar(4)=0 — the routine computes the numerical Jacobi matrix. In this case 4
jacmat is a dummy parameter that will not be used.
Tipar(2)=0 !- the explicit or implicit scheme is chosen automatically,
ipar(2)=1 !- the Merson"s method and the 1st order explicit up to 9-stage "4
methods are used,
Tipar(2)=2 !- the implicit L-stable (5,2)-method of the 4th order is used.
Tipar(3)=Exit flag:
Tipar(3)=0 lipar(3)=0 — exit at the end of the integration interval,l
ipar(3)=1 lipar(3)=1 — exit after every successful step.

Tipar(6)=0 !'- the explicit part works as the method with a variable order of v
accuracy and a variable number of stages in the 1st order method,
Tipar(6)=1 !'- the explicit part works as the Merson"s method,

Tipar(6)=7 lipar(6)=k, 1<k<10 — the explicit part works as fixed k-stage 1lst «
order method.

setting size of the system n, end of integration interval t_end, and initial
1 value y at t=0

T cocoaccccccccgsccscccc<<<<end of initializing variables for the solver 4
DISODA>>>>>>>>>>>>>>>>>>S>>>>S>>S>S55S>>S>>>>>

CcVectorT(l:nmax)=CcVectors(ir,l:nmax) ! we exctracted all time for a specific «
cell, Cc case

CcVectorT(nmax+1:2*nmax)=CcVectors(ir+nx*ny*nz,l:nmax) ! we exctracted all timew
for a specific cell,Cca case

CcO=Ccn(ir)! extract initial values for a cell Cc case

CcaO=Ccn(ir+nx*ny*nz)! extract initial values for a cell, Cc case

TAA_BB_VecTrial (1:nmax)=AAVectors(ir,:) ! we Ffill the first half of Fvec vectorwv
, For each point we get its change through time,AAn case

TAA_BB_VecTrial (nmax+1:2*nmax)=BBvectors(ir,:) ! We fill the last half of Fvec «
Vector, for each point we get its change through time,AAn case

AAO=AANn(ir)! extract initial values for a cell AAn case
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163 BBO=BBn(ir)! extract initial values for a cell, BBn case

164 Y(1)=AA0

165 Y(2)=BBO

166 h=1.d-7

167 T=0.d0 ! the initial value are for T=0, y(1)=AA0,y(2)==BBO

168 ipar=0 ! reinitializing parameters

169 ipar(3)=1 lipar(3)=1 — exit after every successful step.

170 lipar(2)=0 !'- the explicit or implicit scheme is chosen automatically,

171 ipar(2)=1 !- the Merson®s method and the 1st order explicit up to 9-stage "4
methods are used,

172 Tipar(2)=2 !'- the implicit L-stable (5,2)-method of the 4th order is used. "4

173 Tipar(8)=9 ! the maximal number of stages in the 1st order k-stage, k=9 now

174 I start Temp just for debugging"

175

176 write(*,*)"we are currently on cell"”,ir

177

178 write(777,*)""<<<<<<<<<L<L<L<L<LL<LL<LL<LL<LL<L<<<<<<<<t=0 new cell 4
SSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSSS

179 write(777,*)"For the cell with i=",i,"j= ",j,"k= ",k

180 write(777,*)"The AA and BB results are ™

181 I end temp sjust for debugging

182

183 DO it = 1,nmax

184 t_end=dt*it

185

186 99 if(CcvectorT(it)>1.d-28 .or.CcvectorT(it+nmax)>1.d-28) then

187

188 if(it==1)then

189

190 Itesting the slope

191 if(CcvectorT(1)>=Cc0) then ! we have zero or positive slope (Cc slope)

192 negSlope=_False.

193 tmpCvceqg=Cvceq

194 else

195 negSlope=_True.

196 tmpCvceqg=0.D0 ! the equilibrium is close to zero

197 end if

198

199 if(t+h >t_end) then

200 h=T_end-t ! verifying that the region we will check doesnt exceed «
T end

201 end if

202

203 CcAver=((T+h)/dt)*CcvectorT(it)+(1.D0-(T+h)/dt)*CcO

204 CcaAver=((T+h)/dt)*CcvectorT(it+nmax)+(1.d0-(T+h)/dt)*Cca0

205

206 if(y(1)<=CcAver*tmpCvceg+tr .and.y(1)>= CcAver*tmpCvceq-tr .and.y(2)<=«

CcaAver*tmpCvcaeq+tr .and.y(2)>= CcaAver*tmpCvcaeq-tr ) then ! results found 4

previously seem good enough, and valid for the next calculation step...no dodesol v
will be called, important to avoid numerical error due to roundoffs

207 I really usefull in case Cc doesnt change much and for that reason w
the dodesolver will probably fail to find fast enough a new better solution

208 T=T+h ! in case no calculations are needed the time being we "4
move time forward by h, the last valid time step

209 h=2_.D0*h

210 I we do nothing y(1),y(2) will remain the same, we only forward a "4
little bit the time

211 else

212 1 we call intel_solver to calculate new y(1),y(2)

213 CALL dodesol(ipar,NEQ,T,t_end,y,FEX,JDUM,h,hm,ep,tr,dpar,kd,ierr) ! ¢
general solution

214 if(ierr <0)then

215 write(*,*)"intel solver failed to get results with the current "4
step h=",h

216 write(*,*)"error 1"

217 pause

218 end if

219 1Y now holds the results on the tout time

220 end if

221

222 if(t<t_end) goto 99

223 else

224
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225

226 Itesting the slope

227 if(CcvectorT(it)>=CcvectorT(it-1)) then

228 negSlope=_False. ! we have zero or positive slope (Cc slope)

229 tmpCvceq=Cvceq

230 tmpCvcaeq=Cvcaeq

231 else

232 negSlope=_.True. ! we have zero or positive slope (Cc slope)

233 tmpCvceg=0.D0 ! the equilibrium is close to zero

234 tmpCvcaeq=0.D0

235 end if

236

237 if(t+h >t_end) then

238 h=T_end-t ! verifying that the region we will check doesnt exceed w»
T_end

239 end if

240

241

242

243 if(it>=3) then ! we will check the slope of y(1) and y(2)..-.

244 iT(AAVectors(ir,it-2)==0.d0 .or.BBVectors(ir,it-2)==0.D0 .or. "4
CcvectorT(it-2)==0.D0 .or.CcvectorT(it-2+nmax)==0) goto 101 ! we avoid checking "4
slopes division by zero detected

245 slopeAA= (AAVectors(ir,it-1)-AAVectors(ir,it-2))/AAVectors(ir,it-2)

246 slopeBB= (BBVectors(ir,it-1)-BBVectors(ir,it-2))/BBVectors(ir,it-2)

247 slopeCc= (CcvectorT(it-1)-CcvectorT(it-2))/CcvectorT(it-2)

248 slopeCca= (CcvectorT(it-1+nmax)-CcvectorT(it-2+nmax))/CcvectorT(it-2«
+nmax)

249

250

251 it ( Dabs(SlopeAA)<0.00001 .and.Dabs(SlopeBB)<0.00001.and.Dabs "4
(SlopeCc)<0.000001.and.Dabs(SlopeCca)<0.000001 ) then ! results found previously v
seem good enough, and valid Tfor the next calculation step...no dodesol will be 4
called, important to avoid numerical error due to roundoffs.

252 I really usefull in case Cc doesnt change much and for that 4
reason the dodesolver will probably fail to find fast enough a new better solution

253 T=T+h ! in case no calculations are needed the time being we ¢
move time forward by h, the last valid time step

254 h=2*h I we increase step in order not to do iterations with «
really small step without reason (later on h will be checked so T+h<dt)

255 I we do nothing y(1),y(2) will remain the same, we only forward a w«
little bit the time

256 else

257 I we call intel_solver to calculate new y(1),y(2)

258 101 CALL dodesol(ipar,NEQ,T,t _end,y,FEX,JDUM,h,hm,ep,tr,dpar,kd, "4
ierr) ! general solution

259 if(ierr<0 )then

260 write(*,*)"intel solver failed to get results with the current v

step h=",h

261 write(*,*)"error 2"

262 pause

263 end if

264 'Y now holds the results on the tout time

265

266 end if

267

268 else

269

270 I i<4 we cant check second derivative yet

271 I we call intel_solver to calculate new y(1),y(2)

272 CALL dodesol(ipar,NEQ,T,t_end,y,FEX,JDUM,h,hm,ep,tr,dpar,kd,ierr) ! "4
general solution

273 if(ierr<0 )then

274 write(*,*)"intel solver failed to get results with the current "4
step h=",h

275 write(*,*)"error 3"

276 pause

277 end if

278 'Y now holds the results on the tout time

279

280 end if

281

282 if(t<t_end) goto 99

283 end if
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else
I really small numbers were given from cc and thus its likely our attempt v
to solve for AA and BB will probably fail
1 also even the calculattions for AA and BB werent to fail, it wouldnt 4
matter since the resulting AA,BB would have
1 the same magnitude which means AA=BB<10-34 =0
1 AA=BB<10-34 =0
Y(1)=0.0 ! AA is set to zero their value is so small and so there isnt any v
reason for us to calculate
Y(2)=0.0 ! BB is set to zero their value is so small and so there isnt any w«
reason for us to calculate
t=T_end ! we move forward the time
end if

IF(ierr< 0) THEN
PRINT* . o= —=—=—=—=—=—=—=—=—==="
PRINT*, *DODESOL FORTRAN FAILED"
PRINT*, "dodesol routine exited with error code”,ierr
Print*,"Please check manual of intel ode solvers for what the error means ¢

Print*,"You may change the input data and try again”
Print*,"The system will now pause"
pause 1
END IF
Istart Temp just for debugging"
Twrite(777,54)t_end,y(1), y(2)
154 format(" t= ",Esl4.3," AA= ",Enl14.4, "™ BB= ",Enl14.4)
154 format(Es14.3," ",Enl14.4, " ",Enl4._4)
I end temp sjust for debugging

AAVectors(ir,it)= Y(1) ! AAvectors,BBvectors 1is fTilled iteratively for all v
different cells

BBvectors(ir,it)= Y(2) ! and for all different times (Based on the outCome «
of DLSODA,y(1)=AA,y(2)=BB)

End do

1 once AA_BB_VecTrial successfully aqcuires the correct data AA,BB it stores "4
them to the AAVectors and BBvectors

1 but before that we need to undo the changes we did in order to reduce "4
stiffness

End do
end do
End do

I removes memory that wont be used by the main program

deallocate (CcvectorT)

END subroutine

End module
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SUBROUTINE Jdum (n,t,y,a) ! we wont use jdum at all... since we numerically
calculate the jacobi matrix...
IMPLICIT NONE
INTEGER n
DOUBLE PRECISION t,y(*),a(n,*)
I though we need to create a dummy subroutine Jdum since the Dodesol requires so
RETURN

END subroutine

Subroutine FEX(Neq,T,Y,YDot)
use AA_BB_Solver
implicit none ' FEX calculates the equation 8 and 13 based on AA0,BBO,CcVectorT,CcO,
Cca0,Cvceq,Cvcaeq,ScaleFvec,dt,nmax
1 where Neg= number of equations to be solved (2) in our case
I T= initial value of our independant variable which is zero (t=0)
I Y= array of initial values for our Ydot (t=0 => AA=0,BB=0),afterwards
Y contains the point of which we want to calculate the derivatives YDot
Ydot time derivatives of each different equation
Ydot(1) returns the time derivative from equation 8, for the given
input parameters. AA=CcCvc

"4

"4

"4

1 Ydot(2) returns the time derivative from equation 13, for the 4
given input parameters. BB=Cc*Cvc*
1 for more read odepack.f ,DLSODA Region
double Precision FAA1 ! Functions FAAl returns the value of equation 8, for the "4
given input parameters. AA=CcCvc , positive slope
double Precision FBB1 ! Functions FBB1 returns the value of equation 13, for the «
given input parameters. BB=Cc*Cvc* , positive slope
double Precision FAA2 ! Functions FAAl returns the value of equation 8, for the "4
given input parameters. AA=CcCvc , hegative slope
double Precision FBB2 ! Functions FBB1 returns the value of equation 13, for the «
given input parameters. BB=Cc*Cvc* , negative slope
double Precision Y(neq),YDOT(neq)
integer Neqg ! Neq = Number of differential equations to be solved together (only "4
first order can be solved)
double Precision T Ithe independent variable. On input, T is used only on the
Ifirst call, as the initial point of the integration.
Ton output, after each call, T is the value at which a
Icomputed solution Y is evaluated (usually the same as TOUT).
Ton an error return, T is the farthest point reached.
Tinteger nmax ! nmax holds the number of time steps we will perform. Based on that «
nmax determines the size of the jacoby matrix ! already defined in module
double Precision AAijktn, BBijktn Tusefull variable holding concetrations on t=v
tn time (BB=Cc*Cvc¥*)
double Precision Ccijktn,Ccijktnpl IVariables holding the concetration of the "4
colloids at the i,j,k cell, on time t=tn and t=tnpl
double Precision Ccaijktn,Ccaijktnpl !Ccaijktnpl holds the concetration of the "4
sorbed colloids into the solid matrix on the next time step

ICcaijktn holds the concetration of the sorbed "4
colloids into the solid matrix on the current time

ICveq max holds the concetration of viruses attached "4
onto clay collids at equilibrium (M viruses)/(M clay)

ICvcaeq max holds the concetration of viruses attached w
onto clay collids already attached onto glass beads at equilibrium (M viruses)/(M ¢
clay)

Idouble Precision Cvceq,Cvcaeq dt Idt= the (time) distance between two 4

sequential time moments tl,t2 =dt=t2-tl1 ! these 3 varaibles are already defined in
the specification area of the module
Idouble Precision Cc0,Cca0 ! CcO and CcaO are the initial conditions for the case of
Solute colloids and Sorbed on the solid matrix colloids ! already defined in module
integer ir ! iterator
integer nRegion ! Y is the point on which we want to calculate the ydot"s. But even
if Y seems to be continue its not since time is discretized and splited in parts
of dt width
I nRegionl indicates 1in what region (part ) Y is located (needed for

"4

"4

"4

"4

"4
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the AA variable)

400 double Precision wMM I Cc= Ccijktn*(1 - wMM1) + Ccijktnpl*wMM1. wMM1l indicates how "4
much of Ccijktn and Ccijktnpl we need to construct properly the Cc, here wMM1l isnt v
related to Crank-Nikolson, we got explicit shemes

401
402
403 ITdouble Precision , allocatable :: CcvectorT(:) ! Vector that will hold Cc and Cca 4
concetrations for a specific x,y,z cell over time..._t=tn+1.._._._. +n  (were n=nmax) Iw
already defined in module
404 I The first nmax rows are Cc concetrations and «
the rest are Cca concetrations
405
406
407 ! Inialization
408 Neg=2 ! dont really needed ... but the DODESOL interface requires it...
409 IT.... The shame as above goes for T , The DLSODA requires it but... the subroutine "4
dont. ..
410 ir=0
411 nregion=0
412
413 wmm=1
414 1 end of Initialization
415
416 nRegion=int(T/dt)
417 wMM=T/dt-nRegion ! Basicly the decimal part of the division is stored in wMM, so thew
correct analogy of Ccijktnpl and Ccijktn .
418 I Cc= Ccijktn*(1 - wMM) + Ccijktnpl*wMM. If i have y=1.2 ,dt=1 thenw
i need 0.2 value from Ccijktnp2 and 0.8 from Ccijktnpl
419
420
421 I Based on given Y (point at which we want to calculate the Ydot®s) we will "4
calculate the needed parameterers Ccijktn,Ccijktnpl,AAijktn and BBijktn
422
423 if(nRegion==0) then
424 I here we need also to apply initial conditions
425 Ccijktn=CcO ! CcO =soluted concetration of colloids at t=0
426 Ccijktnpl=CcVectorT(1) ! Calculating Ccijktn on the Ccn vector ( time t=tn+l)
427 AAI Jktn=Y(1) IT(1)=AA0,T(2)=BBO
428 BBijktn=Y(2)
429 Ccaijktn=Cca0 ! CcaO =sorbed concetration of colloids at t=0
430 Ccaijktnpl=CcVectorT(1l+nmax) I Calculating Ccaijktn on the Ccn vector ( time t=tnv«
+1)
431 Else if(nRegion<nmax) then ! not equal... since we need n+l1..._.but if n=nmax , the "4
nmax+1l doesnt exist
432 TEverything we need here comes from CcvectorT
433 Ccijktn=CcVectorT(nRegion) ! Calculating Ccijktn on the Ccn vector ( time t=tn)
434 Ccijktnpl=CcVectorT(nRegion+l) ! Calculating Ccijktn on the Ccn vector ( time t= «
tn+1)
435 AAiJktn=Y(1) 1Y(1)=AAijktn,T(2)=BBijktn
436 BBijktn=Y(2)
437 Ccaijktn=CcVectorT(nRegion+nmax) ! CcaO =sorbed concetration of colloids at t=0
438 Ccaijktnpl=CcVectorT(nRegion+nmax+1l) I Calculating Ccaijktn on the Ccn vector ( «
time t=tn+l)
439 else if (nmax<nRegion<nmax+1l) then ! we dont have values for Cc for the Y the DLSODA w
asked. So we cant calculate for the given y then YDot"s
440 I If we are to close to the end of the given CcvectorT ... we can assume that thew

last value of the ccvectorT is representative and for the next value(although thatw
doesnt even matter since we put wm=0 and we use only the previous ccijktn value)
441 wmm=0

442 Ccijktn=CcVectorT(nRegion) ! Calculating Ccijktn on the Ccn vector ( time t=tn)

443 Ccijktnpl=CcVectorT(nRegion) I Calculating Ccijktn on the Ccn vector ( time t=tn+w«
1

444 AATjktn=Y(1) 1Y(1)=AAijktn,T(2)=BBijktn

445 BBijktn=Y(2)

446 Ccaijktn=CcVectorT(nRegion+nmax) ! CcaO =sorbed concetration of colloids at t=0

447 Ccaijktnpl=CcVectorT(nRegion+nmax) ! Calculating Ccaijktn on the Ccn vector ( "4
time t=tn+l)

448 else

449 write(*,*)" we dont have values for Cc for the Y the DLSODA asked. So we cant "4
calculate for the given y then YDot"s"

450 Pause

451

452 end if
453
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454

455 if (negSlope==_False.) then

456 YDot(1)=FAAl(Ccijktn,Ccijktnpl,AAijktn,BBijktn,wMM)

457

458 YDot(2)=FBB1(Ccaijktn,Ccaijktnpl,AAijktn,BBijktn,wMM)

459 else

460 YDot(1)=FAA2(Ccijktn,Ccijktnpl,AAijktn,BBijktn,wMM) ! functions for the negative 4
slope

461

462 YDot(2)=FBB2(Ccaijktn,Ccaijktnpl,AAijktn,BBijktn,wMM) ! functions for the negative v«
slope

463 end if

464

465

466 End Subroutine

467

468

469

470

471

472

473

474

475

476 Function FAAl1(Ccijktn,Ccijktnpl,AAijktn,BBijktn,wMM)

477 use AA_BB_Solver , only: dt,Cvceq I uses the module to share globally some "4

intresting variables
478 implicit none

479 double Precision FAAL I Functions FAAl1 returns the value of equation 8, fore
the given input parameters. AA=CcCvc
480 double Precision AAijktn,BBijktn TAAijktn usefull variable holding concetrationsv
on t=tn time (AA=CcCvc)
481 IBBijktn usefull variable holding concetrations on t=tn «
time (BB=Cc*Cvc¥*)
482 double Precision Ccijktn,Ccijktnpl 'Variables holding the concetration of the V4
colloids at the i,j,k cell, on time t=tn and t=tnpl
483 ITdouble Precision Cvceq ICveq max holds the concetration of viruses 4

attached onto clay collids at equilibrium (M viruses)/(M clay)! Already defined inw
the specification area of the module

484 Tdouble Precision dt Idt= the (time) distance between two sequential ¢
time moments tl,t2 =dt=t2-tl ! Already defined in the specification area of the ¢«
module

485 double Precision Lvc,Lvca ! decay rates coefficients when virus is attached to the V4
colloid, and virus is attached to the colloid and all together sorbed on the solid w

matrix
486 double Precision Rvcdv,Rvdvc,Rvdvca,Rvcdvca,Rvcadv,Rvcadve ! forward or reverse ratesw
cooefficients (Virus case)!!1ninrnnrnnnnnnnpnnrnnrnnrnrnnpnnrnnrnnpnnnrnnrnny 4
487 double Precision th,rD Ith=thh=porosity (or th=th* the effective porosityw
can be used as well page 509) ,

488 1rD= bulk density of the solid matrix(solid mass/aquiferwe

volume)

489 double Precision wMM I Cc= Ccijktn*(1 - wMM) + Ccijktnpl*wMM. wMM indicates how much «¢
of Ccijktn and Ccijktnpl we need to construct properly the Cc, here wMM isnt "4
related to Crank-Nikolson,we got explicit shemes

490

491

492

493 Common/VarTran2/rD, th

494 Common/vartrans8/Rvdvc,Rvcdv,Rvdvca,Rvcdvca,Rvcadv,Rvcadve

495 Common/vartrans9/Lvc,Lvca

496

497

498 1f( (Ccijktn*wMM + (1.DO-wMM)* Ccijktnpl)*Cvceq-AAijktn>=0.D0 )then ! we test wether «
max concetration of AA has being reached in the system during our time step. Cvceq=«
max Cvc concetration

499

500 FAAl=-(AAijktn*Lvc) - AAijktn*Rvcdv - AAijktn*Rvcdvca + (BBijktn*rd*Rvcadvc)/th + "4
Rvdvc*(Ccijktn*(1 - wMM) + Ccijktnpl*wMM)*(Cvceq - AAijktn/(Ccijktn*(1 - wMM) + 4
Ccijktnpl*wMM))**2

501 else

502 TFAA1=0.D0 ! since max cocnhetration has being reached the derivative dAA/dt is set «

equal to zero to ensure we wont Cvceq is the max possible concetrations
503 TFAA1=1.D-150
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FAAl= ((Ccijktn*wMM + (1.DO-wMM)* Ccijktnpl)*Cvceq-AAijktn)/dt
TFAAl=-(AAijktn*Lvc) - AAijktn*Rvcdv - AAijktn*Rvcdvca + (BBijktn*rd*Rvcadvc)/th - "4
Rvdvc*(Ccijktn*(1 - wMM) + Ccijktnpl*wMM)*(Cvceq - AAijktn/(Ccijktn*(1 - wMM) + "4
Ccijktnpl*wMM))**2
end if

End function

Function FBB1(Ccaijktn,Ccaijktnpl,AAijktn,BBijktn,wMM)
use AA _BB_Solver , only: dt,Cvcaeq 1 uses the module to share globally some 4
intresting variables
implicit none

double Precision FBB1 ! Functions FBB1 returns the value of equation 13, for the «
given input parameters. BB=Cc*Cvc*
double Precision AAijktn,BBijktn TAAijktn usefull variable holding concetrations «

on t=tn time (AA=CcCvc)
IBBijktn usefull variable holding concetrations on t=tn
time (BB=Cc*Cvc¥*)
double Precision Ccaijktn,Ccaijktnpl !Ccaijktnpl holds the concetration of the "4
sorbed colloids into the solid matrix on the next time step
ICcaijktn holds the concetration of the sorbed colloids v
into the solid matrix on the current time

Tdouble Precision Cvcaeq !Cvcaeq max holds the concetration of viruses attached ontowv
clay collids already attached onto glass beads at equilibrium (M viruses)/(M clay) ¢
1 Already defined in the specification area of the module

ITdouble Precision dt Idt= the (time) distance between two sequential time "4
moments tl1,t2 =dt=t2-tl1 ! Already defined in the specification area of the module

double Precision Lvc,Lvca ! decay rates coefficients when virus is attached to the V4
colloid, and virus is attached to the colloid and all together sorbed on the solid v

matrix
double Precision Rvcdv,Rvdvc,Rvdvca,Rvcdvca,Rvcadv,Rvcadvc ! forward or reverse ratesv
cooefficients (Virus case)!1111ninnnnnnnnnnnnnnrnrprnrnrnrnrnrprnenrnnnnnnnnnt "4
double Precision th,rD I'th=thh=porosity (or th=th* the effective porosityw

can be used as well page 509) ,
1rD= bulk density of the solid matrix(solid mass/aquiferwv

volume)
double Precision wMM I Cc= Ccijktn*(1 - wMM) + Ccijktnpl*wMM. wMM indicates how much w
of Ccijktn and Ccijktnpl we need to construct properly the Cc, here wMM isnt 4

related to Crank-Nikolson,we got explicit shemes

Common/VarTran2/rD, th
Common/vartrans8/Rvdvc,Rvcdv,Rvdvca,Rvcdvca,Rvcadv,Rvcadvc
Common/vartrans9/Lvc,Lvca

IT( (Ccaijktn*wMM + (1.DO-wMM)* Ccaijktnpl)*Cvcaeq-BBijktn>=0.D0 )then ! we test 4

wether max concetration of BB has being reached in the system during our time step.«
Cvcaeqg=max Cvca concetration

FBB1= -(BBijktn*Lvca) - BBijktn*Rvcadv - BBijktn*Rvcadvc + (AAijktn*Rvcdvca*th)/rd «

+ Rvdvca*(Ccaijktn*(1 - wMM) + Ccaijktnpl*wMM)*(Cvcaeq - BBijktn/(Ccaijktn*(1 - 4
wMM) + Ccaijktnpl*wMM))**2
else

IFBB1=0.D0 ! since max cochetration has being reached the derivative dAA/dt is set «

equal to zero to ensure we wont Cvcaeq is the max possible concetrations

1FBB1=1.D-150

FBB1=((Ccaijktn*wMM + (1.DO-wMM)* Ccaijktnpl)*Cvcaeq-BBijktn)/dt

1FBB1= -(BBijktn*Lvca) - BBijktn*Rvcadv - BBijktn*Rvcadvc + (AAijktn*Rvcdvca*th)/rdwv
-Rvdvca*(Ccaijktn*(1 - wMM) + Ccaijktnpl*wMM)*(Cvcaeq - BBijktn/(Ccaijktn*(1 - "4

wMM) + Ccaijktnpl*wMM))**2

end if
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Itemp just for debugging
I start Temp just for debugging™

Iwrite(*,*)"Fbbl was set to zero due to AA>Cca Cvcaeq"

Twrite(*,*)"Dumping variables™
Iwrite(*,*)"AAijktn given is ",AAijktn
Twrite(*,*)"BBijktn given is ",BBijktn
Iwrite(*,*)"CCaijktn given is ",Ccaijktn
Iwrite(*,*)"CCaijktnpl given is ",Ccaijktnpl
Iwrite(*,*)"wmmgiven is ",wmm
Twrite(*,*)"Result ydot is ",FBB1

I end temp sjust for debugging

End function

Function FAA2(Ccijktn,Ccijktnpl,AAijktn,BBijktn,wMM)
use AA BB_Solver , only: dt,Cvceq I uses the module to share globally some
intresting variables
implicit none
double Precision FAA2 I Functions FAAl1 returns the value of equation 8, for
the given input parameters. AA=CcCvc
double Precision tmpFAA2 ! temp Varaible holding FAA2 value
double Precision AAijktn,BBijktn TAAi jktn usefull variable holding concetrations
on t=tn time (AA=CcCvc)
IBBijktn usefull variable holding concetrations on t=tn
time (BB=Cc*Cvc¥*)

double Precision Ccijktn,Ccijktnpl 'Variables holding the concetration of the
colloids at the i,j,k cell, on time t=tn and t=tnpl
ITdouble Precision Cvceq ICveq max holds the concetration of viruses

attached onto clay collids at equilibrium (M viruses)/(M clay)! Already defined in
the specification area of the module

Tdouble Precision dt Idt= the (time) distance between two sequential
time moments tl,t2 =dt=t2-tl ! Already defined in the specification area of the
module

double Precision Lvc,Lvca ! decay rates coefficients when virus is attached to the
colloid, and virus is attached to the colloid and all together sorbed on the solid
matrix

double Precision Rvcdv,Rvdvc,Rvdvca,Rvcdvca,Rvcadv,Rvcadvc ! forward or reverse rates
cooefficients (Virus case)!!1ninrnnrnnnnnnnpnnrnnrnnrnrnnpnnrnnrnnpnnnrnnrnny

double Precision th,rD Ith=thh=porosity (or th=th* the effective porosity
can be used as well page 509) ,

1rD= bulk density of the solid matrix(solid mass/aquifer

volume)

double Precision wMM I Cc= Ccijktn*(1 - wMM) + Ccijktnpl*wMM. wMM indicates how much

of Ccijktn and Ccijktnpl we need to construct properly the Cc, here wMM isnt
related to Crank-Nikolson,we got explicit shemes

Common/VarTran2/rD, th
Common/vartrans8/Rvdvc,Rvcdv,Rvdvca,Rvcdvca,Rvcadv,Rvcadvc
Common/vartrans9/Lvc,Lvca

ITC (Ccijktn*wMM + (1.DO-wMM)* Ccijktnpl)*Cvceq-AAijktn<0.DO )then ! we should never
exceed the Cveq
TAAijktn=(Ccijktn*wMM + (1.DO-wMM)* Ccijktnpl)*Cvceq
TFAA2=-(AAijktn*Lvc) - AAijktn*Rvcdv - AAijktn*Rvcdvca + (BBijktn*rd*Rvcadvc)/th -
Rvdvc*(Ccijktn*(1 - wMM) + Ccijktnpl*wMM)*(Cvceq )**2.DO
FAA2=((Ccijktn*wMM + (1.DO-wMM)* Ccijktnpl)*Cvceqg-AAijktn)/dt
tmpFAA2=-(AAijktn*Lvc) - AAijktn*Rvcdv - AAijktn*Rvcdvca + (BBijktn*rd*Rvcadvc)/th
- Rvdvc*(Ccijktn*(1 - wMM) + Ccijktnpl*wMM)*(-AAijktn/(Ccijktn*(1 - wMM) +
Ccijktnpl*wMM))**2.D0

"4

"4
"4
"4

"4
"4

"4
"4

"4
"4
"4
"4
"4
"4

"4
"4

"4
"4

"4
"4
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605 iT( tmpFAA2<FAA2) FAA2=tmpFAA2 ! we select the absolute bigger slope
606 else If( AAijktn>=0.D0 )then ! we test wether max concetration of AA has being "4
reached in the system during our time step. Cvceq=mac Cvc concetration
607 FAA2=-(AAijktn*Lvc) - AAijktn*Rvcdv - AAijktn*Rvcdvca + (BBijktn*rd*Rvcadvc)/th - v

Rvdvc*(Ccijktn*(1 - wMM) + Ccijktnpl*wMM)*(-AAijktn/(Ccijktn*(1 - wMM) + Ccijktnpl*w¢
wMM))**2_DO0

608 else

609 TFAA2=0.D0 ! since max cocnetration has being reached the derivative dAA/dt is set «
equal to zero to ensure we wont Cvceq is the max possible concetrations

610 TAAI jktn=(Ccijktn*wMM + (1.DO-wMM)* Ccijktnpl)*Cvceq

611 FAA2=1.D-150

612

613 end if

614

615 End function

616

617

618

619

620

621

622 Function FBB2(Ccaijktn,Ccaijktnpl,AAijktn,BBijktn,wMM)

623 use AA_BB_Solver , only: dt,Cvcaeq ! uses the module to share globally some 4

intresting variables

624 implicit none

625 double Precision FBB2 ! Functions FBB1 returns the value of equation 13, for the v
given input parameters. BB=Cc*Cvc*

626 double Precision tmpFBB2 ! temp Varaible holding Fbb2 value

627 double Precision AAijktn,BBijktn !AAijktn usefull variable holding concetrations «
on t=tn time (AA=CcCvc)

628 IBBijktn usefull variable holding concetrations on t=tn «
time (BB=Cc*Cvc¥*)

629 double Precision Ccaijktn,Ccaijktnpl !Ccaijktnpl holds the concetration of the V4
sorbed colloids into the solid matrix on the next time step

630 ICcaijktn holds the concetration of the sorbed colloids ¢

into the solid matrix on the current time

631

632 Idouble Precision Cvcaeq !Cvcaeq max holds the concetration of viruses attached ontowv
clay collids already attached onto glass beads at equilibrium (M viruses)/(M clay) ¢
1 Already defined in the specification area of the module

633 Idouble Precision dt Idt= the (time) distance between two sequential time 4
moments tl,t2 =dt=t2-tl ! Already defined in the specification area of the module

634 double Precision Lvc,Lvca ! decay rates coefficients when virus is attached to the V4
colloid, and virus is attached to the colloid and all together sorbed on the solid w

matrix
635 double Precision Rvcdv,Rvdvc,Rvdvca,Rvcdvca,Rvcadv,Rvcadvc ! forward or reverse rateswv
cooefficients (Virus case)!11Ininnnnnnpnnrnnnnnnpnenrnnrenrennnpnnpnnrnnnnnnnry o
636 double Precision th,rD Ith=thh=porosity (or th=th* the effective porosityw
can be used as well page 509) ,

637 1rD= bulk density of the solid matrix(solid mass/aquiferwe

volume)

638 double Precision wMM I Cc= Ccijktn*(1 - wMM) + Ccijktnpl*wMM. wMM indicates how much «¢
of Ccijktn and Ccijktnpl we need to construct properly the Cc, here wMM isnt "4
related to Crank-Nikolson,we got explicit shemes

639

640

641

642 Common/VarTran2/rD, th
643 Common/vartrans8/Rvdvc,Rvcdv,Rvdvca,Rvcdvca,Rvcadv,Rvcadvc
644 Common/vartrans9/Lvc,Lvca

645
646
647
648 IT( (Ccaijktn*wMM + (1.DO-wMM)* Ccaijktnpl)*Cvcaeq-BBijktn<0.DO )then ! we test 4
wether max concetration of BB has being reached in the system during our time step.«
Cvcaeqg=max Cvca concetration
649 I1BBi jktn= (Ccaijktn*wMM + (1.DO-wMM)* Ccaijktnpl)*Cvcaeq ! max concetration reachedw
... We set the current concetration to max possible
650 1FBB2= -(BBijktn*Lvca) - BBijktn*Rvcadv - BBijktn*Rvcadvc + (AAijktn*Rvcdvca*th)/rdw«
- Rvdvca*(Ccaijktn*(1 - wMM) + Ccaijktnpl*wMM)*(Cvcaeq)**2.D0O
651 FBB2=((Ccaijktn*wMM + (1.DO-wMM)* Ccaijktnpl)*Cvcaeq-BBijktn)/dt
652 tmpFBB2= -(BBijktn*Lvca) - BBijktn*Rvcadv - BBijktn*Rvcadvc + (AAijktn*Rvcdvca*th)/ v«

rd - Rvdvca*(Ccaijktn*(1 - wMM) + Ccaijktnpl*wMM)*(-BBijktn/(Ccaijktn*(1 - wMM) +
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Ccaijktnpl*wMM))**2.D0O
653 iT( tmpFBB2<FBB2) FBB2=tmpFBB2 ! we select the absolute bigger slope

654 else 1f( BBijktn>=0.D0O )then ! we test wether max concetration of AA has being reachede
in the system during our time step. Cvceqg=mac Cvc concetration

655 FBB2= -(BBijktn*Lvca) - BBijktn*Rvcadv - BBijktn*Rvcadvc + (AAijktn*Rvcdvca*th)/rd «
- Rvdvca*(Ccaijktn*(1 - wMM) + Ccaijktnpl*wMM)*(-BBijktn/(Ccaijktn*(1 - wMM) + "4
Ccaijktnpl*wMM))**2.D0O

656 1FBB2= - (BBijktn*Lvca) - BBijktn*Rvcadv - BBijktn*Rvcadvc + (AAijktn*Rvcdvca*th)/rd w«
- Rvdvca*(Ccaijktn*(1 - wMM) + Ccaijktnpl*wMM)*(Cvcaeq - BBijktn/(Ccaijktn*(1 - "4
wMM) + Ccaijktnpl*wMM))**2

657 else

658 1FBB2=0.D0 ! since max cocnhetration has being reached the derivative dAA/dt is set «

equal to zero to ensure we wont Cvcaeq is the max possible concetrations
659 FBB2=1.D-150
660
661 end if
662
663
664
665
666 End function
667
668
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