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Ancrpakr: I[Tocie 3anme Bepsuje coprBepa Modflow-2000, nouerkom 2013. roguHe 3aBpIIEHO je C HETOBOM HAJOTPAIHOM H Kao
OCHOBHa Bep3uja 3a Jaby Hagorpaawy y3er je Modflow-2005. Osa Bep3suja mobuna je noe moxyne (Modflow-CFP u Modflow-
NWT). Hcre roaumHe wu3amuia je HajHoBHja Bep3uja mnporpama mo umeny Modflow-USG. OchoBHa pasinuka je MmocTojare
HECTPYKTyHpaHe MpeXe AUCKpeTH3alije, ITo cMamyje Opoj Moaenckux henuja y oqHocy Ha npenxoaHe Bepsuje codreepa. HoBuna
je ¥ To 11a je oBa Bep3uja mporpama 6asupaHa Ha HyMEPHYKO] METOIM KOHAYHKX 3al[peMHUHA, YMECTO METO/IM KOHAYHUX pa3iiiKa. 3a
caJa HeMma joll yBek mojpmiKy 3a nmporpam Modpath, 3] Busyenusanmjy pesyirara npopadyHa, TpaHcropT 3aralyjyhux marepuja,
CHMyJalijy TpaHcrmopTa (Giynaa pasiumdure TYCTHHE OJf BOIE, alk Ce OYeKyje Ja he y HapeIHOM IEpHOIy OBa BEp3Hja MOCTATH
OCHOBA 3a Jajby Hagorpaamsy Modflow-a.

Kibyune peun: Modflow-2005, Modflow-CFP, Modflow-NWT, Modflow-USG, recrpykrynpana mpexa
YBon

V MOJIyJlapHOM TPHUCTYIy CaBpeMEeHHM co(TBEpHUMa M3 OOJIAaCTH MOJCTUpama MOJA3EMHHUX BOJA,
Modflow o6aBsba 3amaTke y OKBUpY T3B. MPOIECHHT MoayJa. [laHac mMpencTaB/ba WHIYCTPH]CKU
crangapn y obmactu 3] Mozpenupama MOJ3EMHHX BOJA NMPUMEHOM METOJE KOHAYHUX Pa3IHKa.
ITpBu nyt je mybnukoBan 1984. roxa. ITouyerHe Bep3uje mporpam (Modflow-88 u Modflow-96)
uMaie cy oapelieHa orpannuema Koja cy y 3HaTHOM 00MMY OTKJIOmeHa Bep3ujom Modflow 2000
(Harbaugh et al, 2000).

Jenna on OMTHMX HOBHHA OBE BEp3Hje Mporpama je yBoheme Moya 3a ayTOMAaTCKy KanOpammjy y
nporecy erajoHupama mojena. [pyra je ma yBohewe Layer Property Flow Package (LPF) xoju
samemwyje opurumHanan BCF  (Block Centred Flow Package) Besan 3a ¢unrtpannone
KapaKTepUCTUKE M IUCKPETH3alHjy MPOCTOpa Kpo3 KoHIenT ciojeBa. LPF xopuctn BepTHKamHy
BPEAHOCT KoepuIHjeHTa QUITpannje yMeCTO BEeTMYMHE MPOIyPHUBamka Y CBaK0Oj MOAENCKOj henuju,
a mpoLypuBame onpelyje HHTepHO, IOK 3a W3AaHH NOJA HNPUTUCKOM YMECTO crenupudHe
M3IAIIHOCTH HW3JaHM KOpHCTH crenubuyno yckiaaaumree (SS). Takohe, HOBHHA KOJ
HeCTallMOHapHE CUMYJIAlMje peXuMa MoJ3eMHUX BOJa je Ja c€ MOy KOMOMHOBATH CTAIllHOHAPHU U
HECTaIMOHAPHHU YCJIOBU TOKOM jeHOT Tpolieca npopadyHa (MHBep3Hor win qupektHor). Modflow-
2000 je campkao u HOBe Momyie: Jliscretetization (DI1S), Hydrogeologic Unit Flow (HUF), Lake 3
(LAK), SFR — ycMepaBame 3a MOTOKE: MOBPEMEHE W CTAJIHE W HAYMH HHXOBOT MPUXPaHBakbha
oqHOCHO apenupawa, u Dual-continuum model (DCM) - 3a cumynupame KpeTrama BOJC Y
kapctauM cuctemuma (Anderman et al, 2002; Anderman et al, 2003).

On mouetka 2013. roz. npecrane cy Hagorpaame oBe Bep3uje 1 USGC koju je BIACHUK mporpama
je omnyuno naa je ciaencha pedepentna Beps3uja oor mporpama Modflow-2005.



1. Modflow-2005

VY ocuoBu, paau ce Bep3uju Modflow-2000 u3 koje je HCKJbydYeHA TMOJpPIIKA 32 ayTOMATCKY
Kaaubpaliijy MoJiela, 10K Cy J0JaTH HOBH MakeTH, Kao 1mro je Unsatured Zone Flow (UZF) moaya.
To je HOB Momyn wuHbuUATpanuje W eBamoTpaHCHHpalyje y Kora Cy YKJbydYeHH U e(eKTH
3a7pkaBamba BoJE y He3acMheHoj CpelMHM M TNPHUIIOBPIIMHCKU OTHIQj] y TOTOKE W je3epa
(Niswonger, 2006). ITopen oBor, ykibydeH je u momya Conduit Flow Process (CFP). ¥V 3aBucHocTH
Koju ce o1 oBux MoyJia kopuct, Modflow-2005 ce nen va Modflow-NWT u Modflow-CFP.

Modflow-NWT

[Toctoje oapehenn dynkunonanuu acnekru Modflow-NWT koju ce paznukyjy ox Modflow-2005.
Ynorpebom UPW (Upstream Weighting) moayna y Bepsuju Modflow-2005, nobuja ce Bepsuja
Modflow-NWT. Cam moxyn UPW je 3amena 3a panuje momenyte BCF, LPF i HUF moyie.

VY mpupoau ocumiandje HUBOA TOA3EMHHUX BOJA MOTY C€ KpeTaTH W3HAI M UCIOJ KOTE TMOJMHE
HEKOT cjioja. Y Kiacu4HUM Bep3ujama nporpama Modflow, kana ce TokoM npopadyHa HUBO CIIyCTH
UCITOJ] TIOJIMHE CJI0ja, JI0JIa3u JI0 MojaBe ,,CyBUX' MojeICKuX henuja y Tom ciojy (cimka 1). Takse
»cyBe" henmje ocrtajy TpajHo HeakTHBHE Ha MOJely INTO Hajuenthe 3a mocieauily uMa OJICyCTBO
koHBepreusije pemewy. Y Modflow-NWT ,cyse” hemuje ocrajy aktuBHe, 00e30ehyjyhu
KOHBEPTEHIIM]y Ka peliemy, OJHOCHO HYMEPUYKY CTaOWITHOCT, 3a]pKaBajyhin MUHUMaJHUA HUBO
BOJIC Y HbHIMaA.
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Ci. 1. TIpuka3 HauMHa pelaBarba Ollajamba HUBOA UCIIOA MoanHe Moeicke hemuje: A. TTodetHo crame HUBOA (y TPEHYTKY T=Tp); b.
Omnaname HuBoa (y TpeHyTKy T=T,); L{. Knacuuno pemieme y nporpamuma Modflow — yBohemwe ,,cyBux” momenckux henuja; 1.
Pemrerse y Bep3uju Modflow-NWT

Fig. 1. Overview of ways to solve declining of levels below the bottom model cells: A. The initial state of the level (at time t = t0); B.
Declining of the level (at time t = t1); C. Classical solution in Modflow programs - the introduction of the "dry" model cell; D.
Solution in Modflow-NWT version.

Modflow-NWT je nokymaj USGC-a na pemn npoGiem mojase ,,cyBux" henuja (dry cells) Toxom
cumynanuje pexxuma nomsemuux Boga. Modflow-NWT omoryhaBa pemiaBame HETHMHEAPHHX
npobiieMa Be3aHUX 3a CTpyjame moa3eMHux Boga momohy Newton-Raphsonove nuneapusanuje
(Niswonger et al, 2011). IToxgemasama mapameTapa 3a pemanarmbe npodisema y Modflow-NWT cy
OpojHa 1 KOMITJIEKCHA.

Modflow-CFP

Modflow-CFP uma MmoryhHOCT cumynanuje TypOYJIEHTHOT WM JAMHUHAPHT PEXHMa KpeTarmba
MOJ3EMHHUX BOJa KpO3 KapCcTHE KaHale: a) TaKo MITO Claja OCHOBHY jeIHAYMHY CTpyjamba



MOJI3eMHHMX BOJa ca H3pa3uMa 3a AMCKPETHY Mpexy mwimHapuune 1esu (Hagen-Poiseuille
jennaunHa 3a jgamuHapHu u Darcy-Weisbach jemnaumna 3a TypOyseHTHH TOK); 0) yHOIICHEM
MOJIEJICKOT CJI0ja BUCOKE IMPOBOJBUBOCTH KOJUM CE€ MOXKE CUMYJIMPATH TypOYJICHTHH PEXHUM TOKA
MOJI36MHUX BOJA, WIM 1) KOMOMHALMja MPETXOJHA JIBa, IJIe€ CE MCTOBPEMEHO Claja JUCKPETHA
Mpexa (KapCcTHHX) KaHajla U ¢jioja BUCOKe mpoBosbuBocTh (Shoemaker et al, 2007).

Orpannuema aktyesine Bep3uje nporpama Modflow oxHoce ce Ha Ta na ce cumysupanu (KapcTHH)
KaHaJIM 33/1ajy Y CBAaKOM CJIOjy MOceOHO 0e3 MOryhHOCTH H-MXOBOT ITOBE3MBAHKa KPO3 MOJIEIICKE
CcllojeBe, MPHUXPAmbUBAKBE je MPOIEHTYAHO jEJHAKO 3a Lely AY)XKUMHY KaHaja, 3aTHM, aKTyelHa
Bep3uja He MpopavyyHaBa OWIIAHC MOA3EMHHUX BOJA, BPEIHOCT IMHjE30METAPCKOT HUBOA C€ 3ajaje
TPaHUYHAM YCJIOBOM KOHCTaHTHOT IOTEHIIMjajla U caMO Ha KpajeBuMa KaHaia, 6e3 moryhHocTh
3aj71aBamba BPEJHOCTH HUBOA Iy KaHana. Ha cinuim 2-A npukasaHa je pa3ivka y HauuHy 3a/laBama
HIIp. KapcTHUX KaHana u3mely kinacuunor Modflow-a u Modflow-CFP, nox je na cauuu 2-b nar
MpHKa3 33aJaBama KaHala y mpodriry ca Ha3HAKOM J1a TPEHYTHO HHje MOTyhe MmoBe3nBame KaHaia
n3Melhy MozieICKuX ciojeBa.
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Co. 2. Tlpuka3 3amaBama (kapctHor) kanana y miady (A) u npoduny (B). Jlerenna: 1. monesncka henuja; 2. 3anaBame KaHaiga y
nporpamy Modflow; 3. 3agaBame kanana y nporpamy Modflow-CFP

Fig. 2. Representation of karstic channel in the plan (A) and profile (B). Legend: 1. the model cell; 2. setting channels in Modflow; 3.
setting channels in Modflow-CFP

2. Modflow-USG

ITouerkom 2013. rox. USGC je mpencrasuo mporpam Modflow-USG. Osa Bepsuja mporpama
Modflow yBoau HOB W peBONYLMOHApaH MNPUCTYN MOJeIUpamy moa3eMHux Boaa. USG je
ckpahenuria o unstructured grid (mectpykryupana mpeska). Ha ciuim 3 nprkasane ¢y yoouuajeHe
crpykryupane (A) u Hectpykryupane (b) mpexke nuckperusanuje (Panday et al, 2013).

Kon xmacuunor Modflow-a rieo momen je mon yrtuiajem moryirhaBama Mpexe AMCKpPETH3AlUje Y
obnactu ox Beher unTepeca (4-a). 3a pasnuky ox mwera, kog Modflow-USG mocroje 3nauajuo Behe
MoryhHOCTH y Iu3ajHHpamy Mpeke AUCKpeTH3alje Koje He ontepehyjy meo mozaen (4-0). OBakaB
HOBU TIPHUCTYN Ca HECTPYKTYHPAHOM MpPEXKOM JAMCKpeTh3anuje omoryhaBa 0oJbe ONMUCHBALE
TEOMETPHjCKUX OOJMKA JIMTOJIONIKKMX IEIMHA WIM TPaHWYHHX yclioBa M yOp3aBa mpopaudyHe jep
YKYITHO y MOJIENTY TIOCTOjH Mamke MOJIECIIKHUX henuja.
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Cn. 3. YobOuuajene crpykryupane (A) u Hecrpykryupane (B) Mmpexe auckperusarmje. Jlerenma: a) mpaBoyraoHa mpexa 0)
HENpaBWIHA MPABOYTaOHa MPeXa 1) TPOYraoHa Mpeka — jeIHAKOKPAKH TPOYIIOBH J) TPOYraoHa MpeXa — jeAHAKOCTPAHHYHK
TpoyryioBH €) cahacta Mpexka () MpaBoyraoHa yMETHYTa MPEkKa I) TPOYraoHa yMETHYTa MPEKa — jeJIHAKOCTPAHUYHU TPOYTIIOBU X)
paujaiHa Mpexa 1) MpaBoyraoHa yMETHYTa MPEXka - HEIPABIIIHA j) HEMPABIIIHA TTOJIMTOH MPEXka

Fig. 3. Typical structured (A) and unstructured (B) discretization grids. Legend: a) rectangular grid b) irregular rectangular grid c)
triangular grid - isosceles triangles d) triangular grid - equilateral triangles, e) honeycomb grid f) inserted rectangular grid d)
triangular inserted grid - an equilateral triangle h) radial grid i) rectangular inserted grid - irregular j) irregular polygon grid
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Ci. 4. 3one Beher uHTEepeca Ha MOZely IpUMeHOM KiacuuHor mporpama Modflow (neBo) n npumenom nporpama Modflow-USG
(necHo)

Fig. 4. Zones of greater interest in the model, using the classical program Modflow (left), and with application of Modflow-USG
program (right)

Ilo y mutamy nuckpermsanumje y mpodumy, Modflow-USG ce kapakrepuine 3uaTHO Behom
c11000/10M 1 JTaKOhOM Tpe/icTaBJbarba Te0JIOMIKOT CKIIONa TePEeHa: O/ AUCKOHTUHYAIHUX CJI0jeBa /10
pacenuux crpykrypa. Kon kmacmunor Modflow-a mymepuiny ce penoBu u KOJOHE, JOK Ce Y



Modflow-USG Hywmepwuiily 4BOpOBH KOjU OJArOBapajy CBaKoj IMOjeIMHAYHO] MOJEICKO] hemuju
(cnuka 5).
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Ci. 5. [IpuMep KOHIENITa CTPyKTyHpaHe ¥ HECTPYKTYHpPaHe MpeXe JUCKpeTH3anuje y npodury. Jlerenza: a) meMaTn3oBaHH
npocdu; 6) IpIMeHa CTPYKTYHpaHe MPEKe; 1) IPUMeHa HECTPYKTYHPaHe MpeKe

Fig. 5. Example of the concept of structured and unstructured discretization grid in the profile. Legend: a) schematic profile b) the
application of structured grid, c) the application of unstructured grid

3a pemaBame MNapuujaHUX IUPEPEeHIMjaTHUX jeAHAYMHA CTpyjamba IMOA3EMHUX BOJA KOJ
Modflow-USG He kopuctu ce Merona KOHAYHHMX pasiuka (IpupaimTaja) Kao y KIaCHYHOM
Modflow-y, Beh ce kopucTn HymMepuika MeToia KoHauyHUX 3ampeMuna, t38. CVFD merona (control
volume finite difference) nnm merona mHTerprcannx konauHux pasnuka (Panday et al, 2013). 3a
MPUMEHY OBE METOJIE HYKHO je na Mojencke henuje Oyay mpu3MaTHyHEe, KOHBEKCHE U Ca PaBHOM
nosiatoM u noauHoMm (ciuka 6). Kon mpumene CVFD wmerone ce yBosme T3B. UBOPOBH KOjH Ce

HaJaze y HeHTpy mMozencke hemuje.
d) e) f) g

Cuuka 6: IIpumepu Monenckux henuja HyxHux 3a npumeny CVFD metone: a) Tpoyraona npusma 6) mpaBoyraosa npu3ma If) Komka
1) IETOyraoHa Mpu3Ma €) IeCTOyraoHa npusma () KOHBEKCHH TOJIMIOH I') KOHKABHH TTOJIUTOH

; 5 5

Fig. 6. Examples of the model cells necessary for the implementation of the CVFD method: a) triangular prism b) rectangular prism
¢) cube d) pentagonal prism e) hexagonal prism f) convex polygon g) concave polygon

Taunoct npumene CVFD metoze 3aBucu of Beher Opoja dakTtopa, Mehy kojuma je HajBaxkHHja Ja
CBaka IyX Koja MOBe3yje JiBa CycelHa 4Bopa Oyje HOpMalHa y OJHOCY Ha KOHTAaKT um3Mely nse
mozeincke henuje (cnuka 7). Y uaeanHuMm ciy4ajeBuma (ciuke 7 - a, 0, 1) TO HUje TPOOIeM,
MelhyTum cama Quiio3oduja HECTPYKTyHUpapHE MpEXe AUCKPETU3aIije 1o MPaBuTy JOBOIH JIO TOTa
Jla C€ HE MOKE YBEK 3a/J0BOJBUTH TPAKEHH YCJIOB M TaJa HACTajy KOMIUICKCHHU Cliy4ajeBu (ciuka 7 -
1, €).
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Ci. 7. TlpuMep HeaHuX CilydajeBa IIOBE3MBaba YBOPOBA CyCEAHNX MOJeIICKuX heinja (a. mpaBoyraoHe, 6. LIECTOYraoHe H L.
Tpoyrase henuje) 1 KOMIUIEKCHUX Cily4ajeBa (1. U e.)



Fig. 7. An example of ideal cases of connecting the nodes of the adjacent model cells (a. rectangular, b. hexagonal and c. triangular
cells) and complex cases d) and €)

VY KOMIUIEKCHUM clly4yajeBUMa Mel)ycoOHMX ofHOca CyceIHMX YBOpOBa y MopenckuM hemujama
yBoau ce GNC xopekuuja (Ghost Node Correction) koja moapasyMeBa aa ce y3 3aJ0BOJbEHE
onpeheHnX HyMEpHUKHX yCiioBa yBojae (pUKTHBHM 4BOpoBH y hemujama (cmuka 7 - 1, €). Heku
CaBpPEMEHHU IIPOrpaMCKHU MaKeTH oMOoTyhaBajy Jia ce 0Ba KOpPEKIHja jeTHOCTABHO aKTUBUPA.

Modflow-USG je pemno mpobieme koju cy kapakrepucanu kiacuuan Modflow, xao mro cy
HedIieKCHOMITHA Mpeka TUCKpeTH3alHje, HYKHOCT KOHTHHYJTHOCTH MOJEJICKHX CIJIOjeBa,
HyMepH4Ka HeCTaOMITHOCT M3a3BaHa 10jaBoM ,,CyBuX' henmuja u Iy>KuHA MpOpadyHa ycie. BETUKOT
Opoja monenckux henuja. PenaTHBHO KOMIUIMKOBAH MPUKa3 HECTPYKTYHUPAaHE MPEXKE H MPEIyCIOBU
3a MpUMEHY HyMepHUYKe METO/i¢ KOHAYHHX 3alpeMHHA 3a MOCIEeIUIly UMajy Ja je MporpaMupame
nparehux Moaysa 3HaTHO Texxe y oaHocy Ha kiacuuan Modflow. Modflow-USG jomr ysek nema
HOAPIIKY OpojHUX MOAyna u mporpama. TpenytHo (HoBemOap 2013. roz.), Momiow-USG Hema
nozapiky 3a Modpath, 3/ Busyenu3saiujy pesynrara npopadyHa, Tpancrnopt 3aralyjyhux marepuja,
CUMYyJAIMjy TpaHcnopTa ¢uyuaa pa3nduTe TycTuHe oJ Boze, utia. On okxtodopa 2013. rog.
MOJIP>KaH je MpopavyyH OuiIaHca MOA3EMHUX BOJA HA MOJIEIY.

3ak/pyuyak

Toxom mocnenwux 20 roamHa on Hacranka nporpama Modflow, mera mpati nepmaneHTHa
Hajgorpaama M noBehame MOryhHOCTH CHMyJandje XUAPOAWHAMUYKHUX TPOIEca y PEalHOM
XHMIPOreosIonKoM cucremy. Akryenna Bepsuja Modflow-2005 je mamorpaljena ca qsa HoBa MOAyIIa
KOja 3HauyajHo mporupyjy MoryhHoctu kiacuunor mporpama Modflow ysomehm moryhuocT
cumynanuje kapctaux kanaiga (Modflow-CFP) u mpeBasuiaxeme mpobieMa H3a3BaHOT M0jaBOM
»CyBux“ Mogmenckux hemuja tokom mpopadyHa (Modflow-NWT). Onx mouerka 2013. rom.
MPEeJCTaB/beH je MOTIYHO HOB KoHIient ca Bep3ujom Modflow-USG. 3a pasnuky ox Kiacu4HOT
nporpama Modflow, HoBa Bep3uja mporpama He CaapKH CTPYKTYHPaHy MPEKY TUCKPETH3AIIH]je
npoctopa 00yxBaheHOT MOJIEIIOM, JTOK C€ HYMEPUYKH IMPOpadyHH ce 00aBJbajy METOIOM KOHAYHUX
sanpemuna (CVFD merona). Mako y oBom TpeHyTKy (HoBeMOap 2013. roa.) oBa Bep3uja mporpama
Modflow nema Gpojue mpatehe Moysie 300T CIIOKEHOCTH MPOIeca MPOrpaMHUpama, Y HapeIHHM
roarHaMa 300r OpOjHHX MPEJHOCTH MoXe ce ouekuBath mga he Bepsuja Modflow-USG
Npe/ICTaBIbaTH HAPEIHY OCHOBHY Bep3ujy mporpama Modflow.

3axBaJIHHIIA

AyTopu ce 3axBasbyjy MHHHCTapcTBY IpocBeTe, HayKe M TEXHOJOIIKOT pa3Boja Pemybmmke CpOuje 3a
(unancupame npojexara 176022 u 111-43004.

MODFLOW AT THE CROSSROAD

Abstract: After the latest version of Modflow-2000 software, in the beginning of 2013th its upgrading was completed, and as a basic
version for further upgrading Modflow-2005 was taken. This version got new modules (Modflow-CFP and Modflow-NWT). In the
same year, the latest version of the program, called Modflow-USG was released. The main difference is the existence of an
unstructured discretization network, which reduces the number of the model cells in relation to the previous software versions. The
novelty is that this version of the program is based on a numerical method of finite volume, instead of the finite differences method.
For now, there is still no support for the program Modpath, 3D visualization of the calculation results, transport of pollutants,
simulation of the transport of fluids that are of a different density than water, but it is expected that in the coming period, this version
will become the basis for further upgrade of Modflow.

Key words: Modflow-2005, Modflow-CFP, Modflow-NWT, Modflow-USG, unstructured grid

Introduction



Within the modular approach in modern software, in the area of groundwater modeling, Modflow
perform tasks within the so-called processing module. Today it represents the industry standard in
3D modeling of groundwater flow by applying the finite difference method. It was first published in
1984. The initial versions of the program (Modflow-88 and Modflow-96) had certain limitations
which were considerably corrected by the version Modflow 2000 (Harbaugh et al, 2000).

One of the important novelties of this version of the program is the introduction of modules for
automatic calibration in the model calibration process. The second is that the introduction of the
Layer Property Flow Package (LPF), which replaces the original BCF (Block Centred Flow
Package) is related to a seepage characteristics and discretization of space through the concept of
layers. LPF uses vertical value of hydraulic conductivity rather than the value of leaking in each
model cell, and the leakage is determined internally, while for the confined aquifer instead of using
the specific yield it uses the specific storage (Ss). Also, novelty in non-stationary simulations of
groundwater regime is that a stationary and non-stationary conditions during a calculation process
(direct or inverse) can be combined. MODFLOW-2000 also contained new modules:
Discretetization (DIS), Hydrogeologic Unit Flow (HUF), Lake 3 (LAK), SFR - guidance for
streams: temporary, permanent, and the way they recharge and drainage, and dual-continuum model
(DCM ) — for simulation of the water movement in karst systems (Anderman et al, 2002; Anderman
et al, 2003).

Since the beginning of 2013, this version stopped upgrading and the USGS who owns the program,
decided that the next reference version of this program will be Modflow-2005.

1. Modflow-2005

Basically, it is a version of Modflow-2000, but without the support for automatic calibration, and
with new packages added, such as Unsatured Zone Flow (UZF) module. This is a new module of
infiltration and evapotranspiration which also includes the effects of water retention in the
unsaturated zone and surface runoff into streams and lakes (Niswonger et al, 2006). In addition to
this, the Conduit Flow Process (CFP) module is also included. Depending on which of these
modules is used, Modflow-2005 is divided into Modflow-NWT and Modflow-CFP.

Modflow-NWT

There are certain functional aspects of Modflow-NWT which differ from Modflow-2005. Using
UPW (Upstream Weighting) modules in Modflow-2005 version, Modflow-NWT version is
obtained. The module UPW itself, is a replacement for the previously mentioned BCF, LPF and
HUF modules.

In the nature, fluctuations of groundwater levels may move above and below of bottom of some
layer. In the classic version of Modflow program, when during the calculation level drops below the
bottom of layer, a phenomenon of "dry" model cells occurs in that layer (Figure 1). Such "dry" cells
are permanently inactive in the model which most often results in a lack of convergence in the
solution. In Modflow-NWT "dry" cells remain active, ensuring convergence to the solution, i.e.
numerical stability, while maintaining a minimum level of water in them.

Modflow-NWT is USGS attempt to solve a problem of "dry" cells appearance during the simulation
of groundwater regime. Modflow-NWT enables solving nonlinear problems related to groundwater
flow using the Newton-Raphson linearization (Niswonger et al, 2011). Setting parameters for
solving problems in Modflow-NWT are numerous and complex.

Modflow-CFP



Modflow-CFP has the possibility of simulation of turbulent or laminar regime of groundwater flow
through karst channels: a) by bringing together the basic equation of groundwater flow and terms
for a discretized grid of cylindrical tube (Hagen-Poiseuil equation for laminar and Darcy-Weishach
equation for turbulent flow); b) introduction of a model layer of high conductivity that can simulate
the turbulent groundwater flow regime or ¢) a combination of the previous two - at the same time
connecting the discretized grid of karstic channels and layer with high conductivity (Shoemaker et
al, 2007).

Limitations of the current version of Modflow program are related to the fact that the simulated
karstic channels are given in each layer separately without the possibility of their connection
through the model layers, recharge is equal in percentages for the entire length of the channel, the
current version does not calculate the groundwater balance, the value of piezometric level is given
by boundary condition with the constant potential and only at the ends of the channel, without the
possibility of giving the values of the level along the channel. Figure 2-A shows the difference in
the way of giving, for example, karstic channels between classical Modflow and Modflow-CFP,
while Figure 2-B represents the channels in the profile with the note that it is not possible at the
moment to connect the channels between the model layers.

2. Modflow-USG

At the beginning of 2013, USGS presented a Modflow-USG program. This version of Modflow
introduces new and revolutionary approach to groundwater modeling. USG is an abbreviation for
unstructured grid. Figure 3 shows a conventional structured (A) and unstructured (B) of
discretization grids (Panday et al, 2013).

In the classical Modflow, a whole model is under the influence of the discretization grid density in
area of greater interest (4-a). Unlike it, in Modflow-USG there are significantly greater
opportunities in designing the discretization grid that does not burden the full model (4-b). This new
approach to unstructured discretization grid enables better description of the geometric forms of
lithological units or boundary conditions and speeds up the calculations because there are less
model cells in the model.

As for the discretization in profile, Modflow-USG is characterized by much greater freedom and
ease of presenting geological structure of terrain: from the discontinuous layers to the fault
structures. In the classical Modflow, rows and columns are numerated, while in Modflow-USG
nodes that correspond to each individual model cell are numerated (Figure 5).

For solving partial differential equations of groundwater flow, Modflow-USG does not use the
finite difference method as the classic Modflow does, but the numerical method of finite volume,
so-called CVFD method (control volume finite difference) or integrated finite difference method
(Panday et al, 2013). For the application of this method it is necessary that the model cells are
prismatic, convex and with the plane overlying and bottom layer (Figure 6). When using CVFD
methods, so-called nodes that are located in the center of the model cell are introduced.

The accuracy of CVFD method application depends on numerous factors, among which the most
important is that each straight line that connects two adjacent nodes to be perpendicular to the
contact between the two model cells (Figure 7). In ideal cases (Figure 7 - a, b, c) it is not a problem,
but philosophy of unstructured discretization grid itself, by the rule leads to the fact that it is not
always possible to satisfy the required condition and then the complex cases occur (Figure 7 - d, e).



In complex cases of the mutual relations between adjacent nodes in model cells, a GNC correction
(Ghost Node Correction) is introduced, which implies that along satisfying certain numerical
conditions, fictitious nodes in the cells are also introduced (Figure 7 - d, €). Some contemporary
software packages make it possible to simply activate this correction.

MODFLOW-USG has solved the problems that characterized the classic Modflow, such as
inflexible discretization grid, the necessity of continuity of the model layers, the numerical
instability caused by the appearance of "dry" cells and the length of the calculation due to the large
number of model cells. Relatively complicated display of unstructured grid and preconditions for
the application of numerical method of finite volume made the programming of related modules
considerably harder than in classic Modflow. Modflow-USG does not yet have the support for
many modules and programs. Currently (November 2013), Modlow-USG does not support
Modpath, 3D visualization of calculation result, the transport of pollutants, simulation of transport
of fluids with different density than water, etc. Since October 2013, calculation of groundwater
balance in model is supported.

Conclusion

Over the last 20 years, since the development of Modflow program, it constantly upgrades and
increases the ability of simulation of hydrodynamic processes in real hydrogeological system. The
current version Modflow-2005 is upgraded with two new modules that significantly extend the
capabilities of classic Modflow program, introducing the possibility of simulation of karst channels
(Modflow-CFP) and overcoming the problem caused by the emergence of "dry" cell in the
calculation of the model (Modflow-NWT). Since the beginning of 2013, an entirely new concept as
a version Modflow-USG, has been introduced. Unlike a classic Modflow program, the new version
of the program does not contain a structured discretization grid of space covered by the model, and
the numerical calculations are performed using the finite volume method (CVFD method).
Although at this time (November 2013) this version of Modflow does not have numerous
accompanying modules due to the complexity of the programming process, in the coming years due
to the many advantages it can be expected that the version Modflow-USG will become the next
basic version of Modlow.
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