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Summary of Models and Methodsfor the FEHM Application- 
A Finite-Element Heat- and Mass-Transfer Code 

Coorgo A, Zyvoloski, Bruco A. Robinson, Zorn V. Dash, and Lynn LTroaso 

ABSTRACT 

The mnthcmuticnl modoln and numcricol mcthodH cmploycd by thc FEHM npplicntion, t i  finite- 
clcmcnt hcnt- m d  maw-trnnnfcr computcr code thn t  can n h u l n t c  noninothcmal rnultiphrinc multi- 
component flow in poroue mcdia, arc dcncribud. Thc UHC of thin c d c  ir, npplicnblc to natural-wtatc 
Heudien ofgcothcrmnl syntcmn nnd groundwater flow. A prirnnry UHC of thc FEKZiI applicntion w41l bc 
to nnnint in thc undcntmdingof  flow ficldn and mnw bnnnport in thc Hnturntzd and wrratumtcd zoncn 
bclow thr proponcd Yucca Mountdn nuclear wnntc repository in Scvnda, Thc componcnt modcln of 
F E I c l  wc dincuvecd, Thc firnt major componont, Flow- and Encrm-Trnnnport Equntionn, dcdn with 
hcot conduction; hcnt and maw trnnfcr with prcsnurc- nnd tcmpcmturc-dcpcndcnt; propcrtian, rcln. 
tivc pcrmcnbiliticrr nnd capillary prcenutcn; inothcmnl nir-wntcr ~ m n ~ p o r t :  and hcnt nnd mmn tmnn-  
fer with noncondcnniblc gaH, Thc nccond componcnt, Di~aI-Poro~ity and Doublc-PorolJjry/Doublc- 
Pcrmcability Fonnulntion, in dcnipcd for ptoblcmn dominntcd by fracturc flow. Anothcr cornponcnt, 
Thc Solute-Trunnport hlodcln, includcfi both a rcactivc~trnnnport modcl that Himulntcd t-rmsport of 
multiplc H O ~ U ~ C H  with chcmical reaction nnd a gmticlc-tmcking modcl. Finally, tlic cornponcnt, ConHti- 
tutivc %lntionnhipn, dcuh with prunnurc- nnd tcmpcmturc-dcpndcnL fluidldrlgruc propcrticn, rclntivc 
pcrmcabifitkn nnd capillnry prcnnuron, ntrcnn dopcndcncicn, and ronctivc nrrd norbing nolutcn. Each of 
thcw componcntn in dincunHcd in dctuil, including purpoec, nHnumpfionn and limitations, dcrivntion, 
npplicntionn, numcricnl method type, dcrivntion of numcricnl modcl, location in thc FEIm codc flow, 
numcrical stability and accuracy, nnd altcrnntivc nppronchu to modcling thc cornponcnt. 
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Summaw of Modalr and Motnods for fno FEHM Applicutlon 
PURPOSE 

1.0 PURPOSE 
ThiH rnodclnandmcthods Nummary providw a dctnilcd dcwription or thc mathomatied 
modcln ond numcricnl mcthodn cmploycd by thc FEHX npplicotion. 

2.0 DEFINITIONS AND ACRONYMS 
2.1 Definitions 

FEIEM: Finitc-clcmcnt hunt- nnd muap-trnnnfcrr code fZyvoloeki ot al. 19861, 

FEHhN. an onrliorvurion of FEKV dcnigncd npccificolly for t he  YUCCA &fountain 
Site Chnrnctcrizntion Projcct. Both vcrlrionN arc now cquivalant, nnd tho URC of 
F E m S  hu.u bccn dropped. 

2.2 Acronyms 
WSL: Lon Nnrnon Nntional Lnborutory, 

RTD: rctlidcnco-timc dintribution. 

RTTF: rcnidcncc-timo trnndcr function, 

SOR: nimultuncoun ovcr.rclnuution. 

W: Succa Mountain Sire Chnrnctcrizntion Projcct. 

3.0 REFERENCES 
Birdwll, R I{,, E;. Cmpbc l l ,  Et C. Engcrt, and B. J. Trvilr. 1990, Simulation of 
rndionuclido rctnrdncion nt Yucca Mountain wing a ntochuntic mincrologicnlf 
goochomical model, In High k v e f  Radioactiuc Waatc Manngemcnt: Procccdinp of the 
Firat intcmationul Topical ilfeeting, LaH Vcgaa, Nwada, April 6-32, 1990, pp. 153-162. 
Ln Grmgo Park, Illinois: Amcricm h'uclcar Socicty. 
Brighorn, W. E. 1974. Mixing cquutiona in Lihort lnborntoly corm. Society of Petroleum 
Enginccrx Journal 14: 91-99. 
Brownoll, D. €I., S, K. CIargS, and J, W, Pritchutt, 1975, Computcr simulation o f  
gcathcrmtd rcncrvoirn, Pupcr SPE 5381 in Procccdinfl# ofthe 45th California Regiona1 
M'ceting of the Socicbty of Petroleum Engineers ofMME, Vcnfuru, Catifornia, RichardHon 
Tcxn~: Socicty of Pctrolcum Enginccm, 
Bullivant, D,, nnd G. A. Zyvolorrki. 1990. An cfficicnt nchomc for thc nolution of lincar 
Nyntcrn witiing from coupled diffcrantiul cquationn, Loa N m o ~  Sationd Laboratory 
roport L&L'R-90=3187. 
Corcy, A. T, 1954. Thr! intcrrclntion botwccn g:un nnd oil rclntivo pcrmonbiliticn, 
Producers Monthly 19: 3841. 

D a h ,  V. 1979, Simplified finitc-clcmcnt modoh for  rcHcrvoir flow problcrns. Socicty of 
Petrolcum Enginrcr?c Journal 19: 333-343. 
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PunK:, L. S. K., L. Buchunnn, und  R. S h u r m n .  1994. Hybrid-CVFE mcthod for flcxiblc- 
grid rcncrvoir nimulntion, Socicty o f  Pctrolcurn Enginccrn .fuumal 19: 188-1119. 

Gunpj, A, F, 197& Variation ofwholc nnd frricturod poroun rock pcrmcnbility with 
cmifining prcenurc, /nrcrnariotml *Journal ofRocl; McchanicN and MininA Scicriccx and 
Ceonrechanica Abstractn 15: 249-157. 

Ham, L,, J. Cul ln~hcr ,  nnd C, S, Kcll, 1984, AVBSINRC Stcam Tabfm, 
Tlidrrnodynumicn, and Tramport Proprrticn and Computcr Programs for Vapor and 
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Mcrccr, J. W., und C, 13. Fuunt. 1975. Simulntion of water= and vapor-dominntcd 
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NOTATION 

d l y  \Subscript aonoting valua at zoro saturation. 

L' /Subscript donoting onorgy. 

f Subscript donoting fracturo proportics, 

jiuw 

i, j ,  k 
Subscript donoting propertios of flowing fluid, 

(Subscripts donoting nodal positron (nodo indicos). 

%yvolonki, G ,  A., und Z, V. Dnnh. 1991. Sol'twrwr! verification roport: FEIIMS vcrrcion 
1.0. LON Alumon Xnlionnl Laboratory rcport LABUR-91-609, 

Zwolonki, C. A,, 34, J. O'Sullivan, and D. E, G o .  197'9, Finite-diffcrcncc Lcchniqucs for 
modcling gcothcrmel roncrvoirs. Intrrnational Journal for b'urncrical and Analytical 
Mctirodu in Ct!orncchunrcn 3: 355-366, 

2-wolonki, C. A,, %. V. D m h ,  iind S, liclknr. 1988. IPEl-IM: Finitc-ulcmcnt hcnr- nncl 
maw-trannf'cr codc. Lon AlnrnoH Sntionnl Lnborritory report LA-11221-MS 
Zyvolonki, G4 I\., %, V, Dnrch, rind S. Kclkar. 1992, FEI.IMS 1.0: Finite-clcmcnt hcut- 
and mnnn-trnnnfcr codc. Lolr Alumon S n t i o n d  Laborntory rcport  LA-120G2-MSI Rev, 1, 
Zyvolonki, G .  A,, and B, A. Robinnon. 1995. Modch and mcthods nummary for thc  
CZSOLVE application, Low Alrimon SnLionnl Lnhorntory r c O I w n r C  documcnt ECD-97, 
Xyvolonki, G. A,, B. A. 12obinnon. %. V, Dnnh, nnd L, L. Trcnnc. 1997, Gnor'n mnnunl for 
the FEI-IM tipplication-a finite-clcmcnt m n t w  unci hcrit-tmnnfcr codc. Lon Alnmon 
Sat ionnl  Laborntory r c p o n  LA-133OG-M (May). 

4.0 NOTATION 
Varinblcs uwcd in the dcrivntion of thc. cornponcnt knd numcricnl model nrc  cnumcrntcd 
in Trtblc I with rcfcrcnce Lo Lhc cquutionrc in which they nppcur (dvcn in Hquurc 
brackctn). 

I Table 1. Nomenclature 

- 
A 

A 
- /Approximation of A, 

jvector A. 
I 
ITwo*dimonsional array A, 
I 

In1 

3llxulm 
i n )  1 Ono-dimonsional orraylvccior A. 

I 

U isubscripf donoting air proportios. 
I ' Subscript aonoting concontration. 
I 

C 

cup I Subscript donating capillary voluos, 



Summary of Modols and Methods lor tho  FEMM Application 
NOTATtON 

Table 1. Nomcnclatute (continued) 

lr 
m 

t?IU 

m in 
Y 

P 
I' 

rcls 
S 
s 

sur 

r 
V 

vr 

\%' 

x, ): ," 

rl 
0 

I ,  2, . . ., in. 

m+l, . . ., n 

.~ 

Subscrlpt donating residual Ilquid. 

Subscript donotlng mass or matrix proparty for dual-poroslty formulations. 

ISubscrlpt donoting maximum valuo, 

ISubscript donotlng minimum vduo, 

[Subscript donoting dcrivativo with rospoct to prossuro, 

'Subscript donating fluid phaso, i 
/SuSscripl donotlng rack proportios. 

/Subscript donoting valuo nt roforoncb conditions. 

i Subscript donotlng dorivatlvo with rospGct to saturation. 
I 
/Subscript donotlng slopo of a linoar rolotion. 

Subscript donotlng saturation dopondonco. i Subscript donoting dorivatlvo with rospoct to tomporaturo or tomporature 
(dopendonco. 

ISuSscript donating vapor propartlos. 

/Subscript donoting rosidunl vapor, 

Subscrlpt danoting walar proportios. 

Subscrbts donotlng coardinato diroctlan. 

/Subscript donating noncondonslblo gas. 

!Subscript donotlng inltlal valuo, 
! 
/Subscripts donating tho s~ocio or componcnt (i.o., mh component). 

I 

I 

I 

I 
I 

iuwm 
UP JSuporScrlpl dQnOtIng upstroom-woigntod mtua. 

0, k, k+f 
n, tr+l 

Isuporscripts donoting itcratlon (i.o,, Mh itoratlon). 

[Suporscripts donating timo $tap (i,o,, nth tlmo stop). 

[ Intornodo aroa pmloction for flnita=volurno calculation (L2). [Figuro 31 

/Solution matrix lor systom of nonlinoar oquatlons. [Eqns, (47) - (S), (64) V2)] 
Arrhanius o c W o n  modo1 pammator (frequency factor). For units. so0 discussion of 
control stotomont mn in Usor's Manual (Zyvoloski 01 al, 1997). [Eqn, (as)] 

A 

+"P - [*' I 
hts nro glvon in MLOT systom of dimonslons: mass (M), lbngth (L), tlma (O), and tompontum (T). 

6 



SUmmmy of Modols and Mathods for tho FEHM Applrcalion 
NOTATION 

Combination of molocular dill usion and disporsivity ($) . [Eqn. (n)] 

Table 1. Nomenclature (continued) 

C 

4, 

' Honry's Law cootficiont modo1 paramotor par malo-tmction of Itquid] , [Eqn. 

Constants in tompcraturo-dopondon: Honry's Law oxprcssion. [Eqn, (82)] 

IConcontntion (solutc) accumulation torm [ -), [Eqns. (36), (79, (f6)] molos 

JConsIonts in tomporaturo.dopondont oquilibrium-constant exprossion, [Eqn. (89)l 
i 
/Noneondonsiblo gas accumulation lorrn [Eqns, (19), (20), (27)J 
I 
I 
I I S:oichiomotric coofficionts usod in rooction-rato modal, [Eqns. (83), (S l l ) ]  

lSpocios/soluto in tm ronctionhraio oquation. [Eqns. (83), (84), (go)] 
I 
[Exponent in tho rooction-rato oquation, [Eqn. (W)] 
/Air consorvation voriado. [Eqns. (SO), (51)] 

1 Residual vector, right-hand siue (forcing !unction) for systorn of linoar equations, 1 [Eqns. (46h (64) - (72)l 
\Concontration (solulo) - [Eqns, (36),  (37), (39), (73) (76), (78), (79), T a m  I I :  

I Normalized concontration. [Eqns. (96)and (97)1 

lCapocitnnco matrix. [Eqns. (25), (26), (27), (32), (3611 

1 

I 

I ("??. 
I 

lComproLsibilily I (g). [Eqn, (129)j 
I 

hits am given in MLUT systorn of tYlrnansrons: mass (M), longth (L), timo (O), and tomporatuto (7). 

7 



Summnry ot Mouola and Mothods tor tho FEHM Appltcntlon 
NOTATION 

d 

E 

A 

- 
c: 

jnits are givon in 6 

Table 1. Nomcnclaturc (continued) 

Disporsion coolflclont lor tmeor ($). [Eqns. (36), (38), (7611 

Enorgy~transmiscJibility torm (cl [Eqn!L (1 0)- (12), (29), (3411 u/' 
EHoctrvo disporslon coolliciont of a solute. [Eqn. (93)] 

Mass-trnnsrnisslbMy term (0). [Eqns. (9), (1 1)' (121, (ZO),  (221, (231, (281, (a), (351, 

lntornodo dlstanco for finito=volumo cnlculation (L), (Figurn 31 

Young's modulus (?I. [Eqn. (7811 

(37)' (39)i (7611 

Arthonius oquation rnodol paramotor (activation onatgy) - . [Eqn. (8511 

Equation rosiduols. [Eqns. (29, (261, (271, (361, (42) (541 

(4511 

b:LI 
norm of rosiduals (squaro mot ot tho sum ol tho squatad rosiduels). [ECns, (a), 

Jacobian matrix for nonlinoor systom. [Eqn, ( 4 3 1  

Flux woctot for concontntion oquntlons (m;;s) - . [Eqn. (7311 

Flux wctar for onergy equation ($). [Eqns. (41, IS)] 

F I ~ X  w3ctor for mass oquotion (+) [Eqns. (1 I ,  (311 

Flux voctorfor noncondonsiblo gas oquotion (A). [Eqn, (17)J 

Function at time t. [Eqn. (24)] 

Dorivatlvo 01 f with rospoct to titno. [Ecln. (24)j 

Gravity-torm coofficlonts, [Eqns, (25), (26), (27), (33) (36)' (3911 

Accolomtion of gravity ($) [Eqns. (9), (lo), (20), (a), (23), (251, (2% (27), (361, 

5' timos tho unit voctor in tho gmvltationtll (2) diroctlon, [EQns. (7), (S)] 

.OT systom of dlmOnSiOnS: mass (M), longth (L), timo (O), and tompornturn m. 

L O  

L'10, 

(7611 

8 



Surnmaiy of Modols and Mothods fot tho FEHM Applcntton 
NOTATION 

h 

Im 

h' 

M 

M/  
m 

Table I, Nomenclature (continued) 

f ML: Honry's Low-oquntton modo1 paramotor ( h m t  of rumon)  

ECuiliSriurn-constant modo1 paramotor (hoat of reaction) ML2 ', [Eqn, (87)] 

Mass-flow impodanco (+) a [Eqn, (do)] 

Haat-flow impodanco 

Thormol conductivity (3). [Eqns. (6), (16), (26), (311, (1331, (1341, Pago 211 

Rotorda:ion cootilciont (Iinoar odsorptlon). [Tabla I [ ]  

Equilibrium constant. [Eqns, (86) - (SS)] 

Equilibrium constant a: W C ,  [Eqn. (87)] 

lnlormouialo lorm usod in oquilibrium constnnt oxprossion. [Eqns. (98) and (89: 

'Multipltot to incronsc roaction ratos 10 approach oquilibriurn bohavior. I 

/Into!modiato torm usod in oxprossion of Hanry's Law constant. [Eqn, (82)] 

Intormodlolo torm usod in oxprassion of Honry's Law constant, [Ec;n. (82)] 

/Intrinsic rock pormaobility ( ~ ~ 1 .  [Eqns. (7), (e), (1 t ) ,  (61), (!32), (63), (132)) 

I Forward Wfd fovorSo roactton fato constants, [Eqns, (E@), (SS)] 

i Radioactive-docay rate constant. [Eqn, (102)J 
I I/_ path length (L), 
Longth scalos usod in dual-porosity and Uoublo=porosi~/doublo.pefmoabili~ 
probloms. [Eqns. (56), (Sa), (591, (60), Figuro a] 

I 
I 

Motocular woight (A). [Eqn. (79)) 

[Fluid mass in a coll (M). [Eqn. (91)] 

I Exponont usod in Gangi st1066 mOdOl. [ E m  (1 30)] 
( 

v -- -- ----- I-- 
lnits aro gtvon tn MLUT syslom 0 1  Uimonstons: muss (M), longth(L),f), and tomparatura (T), 

9 



Summary ol Module und Mothods for tho FEHM AppllCntlOn 
NOTATION 

Table 1. Nomcncloturc (continued) 

Inits ara givun in b 

10utlot mass flow rnto from onc call to mothor (5). [Eqn. (9111 

&Dorimontat paramotor usod In van Gonuchton rolatlvo=pormoabllity and capillary. 
I 
I prossuru rnodols. [Pago 57, Pago 581 

!finito.olamont shapo function. [Pago 20, Eqns, (28) 9 (34, (37) (3911 
I 

~Prossuro (3). [Eqns. (7) (lo), (20), (22), (23), (25), (26), (27, (36), (401, (47) - 
1 
I(%), (Sl), (621, (631, (76)t (791, (104) (1071, (111), (lla), (127) (129), (131)1 

! 

i 
INoncondonsiblo gas souno tam (A). [Euns. (78), (ZO), (27)j 
! 

lnlogml volumo. [Eqns. (28) (N), (37) - (39)] 
AT systom ot dimensions: mass (ih), iongin (L), limo (u), ana tompornturn (7. 

- - 

10 



Summary of Modols and Mothods for thc FEHM Application 
NOTATlON 

Coofficionts usod in sorption modols. [Eans. (78), (go), Tablo I l l  

Table 1. Nomenclature (continued) 
I ---- -- ---- 

1 VolumO fraction lor fracturos in dual-porosity nnd douP~o-porosity/ooublo.Dormoabilit! 

I I Woighting factor for time discrotitation. [Egn. (24)] 

i Prossuro or tornpofaturo variable in rationnl-function approximation lor saturntion 
Ioquations. [Eans. (loa),  ( log)] 
I 
ISolution voctor. [Eqns, (42), (43), (46), (64) - (7211 
INormalizod distance along flow path (Eqn. (96)l I Polynomial in nurnorator of rationallunction approxirna:ion, [Eqns. (1 04) - (1 OS)] 
I 

I 

IExponant usod in :no airlwator diffusion model. [Eqn. (21)] 

INormalirod timo, [Eqns. (96)anU (97)] 
I 1 Pararnotor used in nonlinoar adsorption mod01 (Froundlrch, rnodifiod Froundlich), 
jpbblo Ill 

I 

--- -- 
Jnits or0 given tn MLOT systom of dimonslons: mass (G), longtn (L), limo ( O ) ,  and tomporaturo (T), 

11 



Summary at Modols and Methods lar tho FEHM Application 
STATEMENT AND OESCRlPTlON OFTWE PROBLEM 

t 

Table 1. Norncnclaturc (continued) 
.- - 

j Pnramctor ~ S O U  In van Gonuenten rolutivo.potmoobillty and cnpillory.prossuro 
'models, [Eqn, (t25), Pago 581 I 
I 1 Viscosity (g). [Eqns. (71, (a), (711, (751, (671, (621, (631, (17% (12011 

I Fmctlonal vapor lfow panmotor. [Eqns. ( 7 %  (15)J 

?. 

p 

V 

Tortuosity factor in the clir/wator diffusion modol. [Eqn. (21)] 

Particlo ago slnce ontorlng tho modal domain (0) .  [EqR. (102)] 

I 

d ;In situstross '"\). [Eqn. (131)j 

I 
I iF 

!Fluid rosjdoncu timo in a cell (0) .  [Eqn. (91)] 
I 

~Par!Iclo rosidonco timo In a toll (01.  [Eqrr. (9l)l 

Radiooctlvo=docay hull-lib (0)  . 
Porosity. [Eqns, (2), (51, ('191, (27) (231, (901, (129), (130), (73211 

Matrix porosity in partlclo-trocking modol. [Eqn. (99)] 

Flow domain of tho rnodol. [Eqns. (28) - (34, (37) - (3911 
Jnlts aro plvon in M E T  systom of dlmonslons: muss (M), length (L), tlmo (a), and tomPQf'ntura ('"b 

i c 
bl/2 
0 

9 I W  

-- 
$2 

5.0 STATEMENT AND DESCRIPTION O f  THE PROBLEM 
Tho primary UHC of the  FEIM applicntion will bc t o  nsnidt in the  undcrntnnding of flow 
ficldn and ma" tmnnport  in the naturntcd und unnaturntcd zoncn bclow the  potontial 
Yuccn Mountain rcpository. StudicH in thc aaturntod zonc om prcticribcd in I W -  
L~~L=SP.$,3.1.2.3.1,~ ( the  C-WcIh projcct) and includc utic ortbc FEICAT codc to dcfiign 
and annlyzo trncor tcntn (rcnctivo and nonrauctivc) to churucecrizc thc flow field bclow 
Yuccn Mountain. S tud im in t h c  uneaturatcd zonO nro prwcribcd in Y"=UYL-SP-  
8.3.2.3.7.1 and  includc thc  Htudy of couplcd proccnncs (multicornponcnt flow and natura l  
convcction). 
Yucca Mountnin is oxt;rcmoly complcx both hydrolo~icnlly nnd goolo~ricully. The 
computcr codclr thot uro uncd to  modcl flow must  bc ublc to dcscribc thu t  complaxity, 
For oxmplc, thc flow at Yuccit Mountain, in both thc mtu rn tcd  nnd unenrurnkd zonm 
in dominated by frncturc? and fnult flow in many arcnn. With permotition to  and from 
faultn nnd trncturon, thc now ia inhcmntly thrcc-dimcnnional (341, Birdncll ut al. 
(1990) prcncnrcd calculntionn nhowinr: t h c  importunco of 343 flow ut; Yucca Mouritain. 
Coupled hea t  and  mntw trnnnport occurti in both thc  umntu ra t cd  and  anturntcd zonw. 
In the ncur-field rcgion numounding the  roponitory, thc couplcd flow cffccts dominoto 
thc  fluid bahnvior. I-larc, boiling, dryout, nnd condcnnation ran occur (Sitno 19881. In 

12 
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Sumrnofy of Modols nnd Mothods far the FEHM Applicutton 
STRUCTURE OFTWE SYSTEM MODEL 

the frir-licld unnnturutcd zone, Wccks (191371 hnn dcHcribcd nriturnl convcctian that 
oCCUrH throul$l Yuccu )'lountilin d u c  to  ncnnonal tcmpcrnturci chrrnKclr. I-Icnt nnd mnnn 
trunnl'cr nre rilno importrint in motchinC: nlltUrflLCd*).Onc~ modliln to  tcmpcruturc 10):s nnd 
prcwurc tcetn rind in  modcling cnhnnccd convcctian duc  to ~aponitor?,  heating:. 

Tho  triinnport proccnwn a t  Yuccu MCZountain are vcry complcx. Vnrioun ndnorption 
mcchaniwmn rnngin): from nimplc lincnr rclntionn to nonlincnr inothcrmn munt bu 
incorporated in t h e  trtlnnport modeh.  Multiple intcructinF: chcmicnl HpccicH munt bo 
rnodc1c.d no thnL thin ntructuru crin roproacnt rndionctivc dccny with duuKhtcr productn 
and cou pl cd gcochc m i cii I trrc n n port, 

6.0 STRUCTURE OF THE SYSTEM MODEL 
The component modclH that  mnkc up  tht? ovcrall t rnnnporl  modcl arc: 

Flow- und EncrkyTrnnspor t  EqunrionH for nimu1nl;ion o f  praccwwn within poroun 
rind pormonblc mudio, which includc: 

hciic conduction only; 
* h w t  and  m m i  trrinnfor with prottnurc- and  tcmpcrnturc-dcpcndcnt 

* inothurmnl nir-wntcr t rnnnpon;  and 
hcu t  a n d  mriw trunnfcr with noncondcnniblc p i n ,  

propcrtiw, rclntivc pcrmcubiliticn, nnd cnpillnry prwnurcn; 

Dual-Porosity rind Doublc.Poronityll)oublo.Porrncability Formulntion Ibr problcmn 
dominntcd by frilcturc flow. 

Solutc-Trnnnport Slodcls, includinK: 
11 rotictivc-trnnnport modcil thnt  nimulntcn trnnnport  01' multiplc nolu~en with 

LI piirticlc-tracking modol. 
chemical rcuction: rind 

ConHtitutivc RclntionnhipH Tor prcnnurc- imd tcmpcrnlurc-dcpcndcnt fluid/uir/Ffalr 
propcrticn. rolalivc psrmcnbilitics and cnpillaly prcnnurcn, ntrcw dcprndcncicn, 
and rotictivc and  Horbinc nolutcn, which cncompnnn: 

thcnnodynamic cquntionn; 
iiir nnd nidwutcr  vapor mixturcn; 
cquntion.of-nfntc rnodcln; 
rclutivc-pcrmcabi1it;y nnd capillary-prcnmrt! functionn: 

9 ntrcrrn-dopndcnt proportion: and  - vnrinblo thcrrnol conductivity. 

7.0 GENERAL NUMERICAL PROCEDURE 
T h c  numcricnl eolution ntriitcgy for FEZ-IM i n  nhown in Figurc 1. 

13 



Summary of Modols and Mothods for tho FEHM Appllcatlon 
GENERAL NUMERICAL PROCEDURE 

/------? START ,d Input darn- 
d' I initioliro poramctcrs j 

Calculatcfinitc- 1 
1 clement coctliclcnts -.- J 

I 

I 

'I 
..*/ \ 

,*--Corn putt---. 

\transport?/' 
\ no .('flow and cncrgy ,.- 

- 
Evalueto fluid pammctcrsd 

accumulation terms, 
transmissibilitles j 

Form equations, 
, 
I 

solve Jecobion system 1 
__ 

Updata solution 

I d- I -  

I solve Jacobian 
I cut tlTc / Form equations, j 

,J 

no 7- 1 
V 

Increment tlmc 1 

no 

I70 

Figure I. Simplified diagram of code flow in the FEHM application. 
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Summary of Modols and Mothods lor !ha FEHM Applicntion 
COMPONENT MOD E LS 

8.0 COMPONENT MODELS. 
8.1 Flow and Energy-Transport Equations 

8.1.1 Purpose 
Thc  purponc of thin model in to nimulrrti* hcrit conduction, h w r  and  mnnn 
t rnnsfcr  for multiphunc flow within porous and pcrmcnblc mcdia, iind 
noncondcnniblcb ~ n n  flow within porous rind pcrmciiblc mcdin. 

For hcnt  conduction, t hc  input  t o  the  model connintn o f  on injtiul 
dwcript ion of t he  mcdiii (rock) propertien und ntntc. T h c  output  connintH o 
u final mcdin ntutc, 

For hcnt  rind n i a ~ d  Lrnnrrfcr, t h c  input  to  thca m o d d  consis1,rr of un initial 
description of tho fluid s tn te  IIP well us mcdirr propcrtics. Thc output  
connintn of'thc finiil fluid rind nwdin ntutcn. 

For noncondcnsiblc ELIN flow, in nddition to the  initial mcdiri ptopcrticn nnd 
fluid Htutc, thc  dcscription of thc initinl ntorc ol'thc p i s  is rcquircd. Thc 
outpul  consisfh of thc f i n d  ntntc ol'thc KCIN in  addition to thiit dcncribcd for 
the  prcvious componcntn, 

8.1.2 Assumptions and limitations 
Thc mujor unsumptionn nrc thonc nnsociatcd with Durcy'n liiw for fluid !low. 
Thin restriction mcunn the  velocity of fluid flow must  bc very dow.  Tlic 
cxoct qurintificrition of t he  vnlucn in  b m t  ddrctiwcd in t hc  nswocintcd 
vulidulion rcport (Dnsh c t  nl. 1997). hno thc r  nnsumption i n  thcrmnl 
Pquilibrium bctwocn fluid and rock (locrilly), which ik utcunlly nn cxccllcnt 
rrnnumption nn the  thcrmnl  WLIVC for rockn truvcln on t h c  otdcr of 10" m h ,  
IOa3 rn irr the  uppcr  l imi t  o f t h c  porc size, rind fluid vclociticn [ire ol'thc 
ordcr of los5 mln. 

Othcr nneumpl;ionn include fin immovnblc rock phnnc und ncgligiblc viHcouH 
henring:. T h c  antiumptionn ussociutcd with flow nrc discunncd in Browncll, 
c t  nl. (1975). 

8.1 $3 Derivation 
Bccausc thc dorivutions of the  KovcrninC: cquntions nrc! ~lnnlogous for hcnt  
conduction, hcnt  rind mnsn trnnsfcr for multiphnnc flow within porourr nnd 
pcrmcablc mcdin, noncondcnniblc g a ~  flow within porouw a n d  pcrmcnblc 
mcdiu, nnd trnnnporl of multiple so lu tw within poroun nnd pcrmcnblc 
medin, only tho  hout find masn dcrivntion will be prctwntod. 

Dctnilcd dorivrrtiontJ of t hc  govcming cquntionti for two-phusc flow 
including hca t  t rnnsfcr  hnvc bccm prcrcnrcd by wvcra l  invcntigntorh (c ,g, ,  
Mcrccr nnd Fuunt 19'75; Rrowncll c t  nl. 19751, thcrcforc, only n brief 
dcvclopmcnt will bc prcscntcd, T h c  notation u w d  is d v c n  in Tublc 1. 

Conecrvution ol'rnatrn for waior in  cxprcnncd by tlic cquntion 
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Summary of Moclels and Motnods tor tho FEHM Appllcation 
COMPONENT MODELS 

an., - - - .b v ' j'", + Q,, = 0 , 
at 

whore thc maws per uni t  volumc, A,,, in Given by 

- 
a n d  t h e  mil" flux, j',,, , is k v c n  by 

Hcro, o in  the poroaity of t h c  matrix, S is snturution, p ia denttity, 7 iM the 
conccntrotion of the  noncondonniblc p w  und i~ cxpwsecd un a fruction of 
thc total mnsa, 9 in velocity, und the nubncriptn v ond / indicntv qutmtitiarr 
for t h e  vapor phirnc cind the liquid phunc, rclcpcctivcly. Sourcc and sink 
tcrmH (rruch 
rcprascntud by thc tcrm q,,,. 
Conncrvntion of fluid-rock cncrm i s  cxprcnncd by t h e  equation 

borcn, rcinjcction wcllrr, or p-oundwntcr rochnrgc) urc 

whcrc the uncrgy per  unit  volume, A,. is givcn by 

I-Icrc, the nubrrcripl: t rof'crn to t h c  rock mntrix. u,. u,, and U I  nrc npccific 
internal  cncrhicn, cPr  it^ t;hc npccific hcnt, h,, und It1 a r c  npccific cnthnlpics, h' 
is a n  cffcctivc thcrrnnl conductivity. T ilr thc tcmpcrntuw,  und qc in the 
c n w p  contriburcd from sourcw nnd Hinkn. 

To complctc t h c  governing cquntiow, it i n  awumcd that Darcyb Luw 
npplics to t h c  movcmcnt of cnch phuw: 

and 
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nn d 

whcrc : is aricntcd in the direction of gravity, Hwc, thc trnnnmisnibiliticn 
arc givcn by 

un d 

Thc nourco and wink ecrmn in Eqnn. (1) rind (4) nriw frum borcR, and if the  
total mnlrn withdmwal, 4,, Tor cncli bore in  npccifiicd, thcn the  cncrm 
withdruwnl, 4r, in dctormincd nw followrr: 

whcrc 

nnd 

(14) 

(15) 



Summnry of Modoler and Mothods for tho FEHM AppllcaUon 
COMPONENT MODELS 

Thc form ol'Eqn, (15) ahowtl how importnnt thc  rclativc pcmcability ratio 
/?,& in in controlling tho dinchargc componition. Othcr Hourcdsink tcrms 
nrinc from imploulontntion or boundary conditionw. Thonc include npocifiod 
prcnwrc and tompuraturcrr tmd nro discunncd in thc "Boundary conditions' 
nubsaction of Section 8,1.6, 'Dcrivntion of numorical rnodcl", Thc rclctivc- 
pormoability und capillary-prcssurc functiom arc summurizcd in Section 
8.4, 'Conntifudvc RelntionHhipn". 
Tho final form of tho pure hcabconduction oquation in cunily obtnincd from 
Eqn. (10) whon all convcctivc tcrmn nro diminutod: 

II 

Thc manil flux, Jq,  nourcc (or nink) ntron~$h, y,,, and uccumulnfion tcrm, 
A,, UIC dcfinud an Ibllowa for thc noncondcnsiblc g a ~  conscrvntion 
equation: 

Thc noncondcnniblc ~ n n  conncrvotion cquntion irr 

Hcro, 51 in thc conccntrntion of tho noncondcnniblc g n ~  and ia cxprowncd us 
a fraction of tho total muss. An with the wntcr-bdance oquatinnn, nourco/ 
nink tcrmn arr? uncd to implomcnt bounduly conditions. Tho roador iR 
rofcrrcd t o  tho 'Boundnry Conditions" wbacction of Scction 6,1.6, 
'Dorivatian of numorical model". far dotnils. 
Thc airlwntcr diffunivity (Prucsn 1991) in  given by 

o 0.101325 T+273,1S 
D,, = W,D,,,P, P [ 273,15 ] (21) 

0 whom t is tho tortuosity factor nnd D,, in tho vduc of D,,, nt ntundurd 
conditionn, Within FEICvl, t h ~  vnluu o f D ,  in nct to 2.4 x lo*' m2h, 8 in nee 
to 2,334, ,and thc tortuonity fnctor is un input purmctcr, 
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Equntionn (91, (101, (161, nnd (20) rt!pruecnt the model cquationn for fluid 
and  cnorKy trnnnport in thc  oumputcr codc FEI'INI, It nhould be notcd t h a t  
Eqn. (9) with q net to  0 nlno rcprcscntn purc wntcr. 

For nituutionn in which hcnt cffcctn nrc minimul, thu modcl can bc 
eimplifiod, Thc inothcrrnnl air-wntcr two-phanc nyntcm in FEI-IM in 
rcprcncntcd nomcwhut. diffcrcntly thiin t h e  norrinothcrmnl nyntcm dcfincd 
above, J:Icrc, t he  liquid phccnc in purc wntcr  und t h c  vapor phnnc in pure 
nir. Thc  componcnt mnnn.bnInncc cquutionn nrc thcn nlno phunc-bnlnncc 
cquntionn: 

whcro Eqn. (22) in tho wntcr-balnncc cquntion and Eqn.  (23) rcfcrn LO thc 
conncrvntion o r  uir. 1-lcrc, t h c  nubncript 1 rcfcrn to thc liquid-wntcr 
propertim n n d  v rct'crn to uir propertien, One option in t h c  modcl in to  
nolvc Eqnn, (22) nnd (23) un a full two-phnnc flow problcm. A fur ther  
nirnplificrrtion cun bc mndc in which the  air prcnnurc i~ rtnnurncd la  bo 
conlctunt. Thie annumption lcude to a n  cquntion that; i n  s imilar to 
Richrird'n cquution for unnuturnrcd flow, T h e  method rcduccn t o  uninff only 
Eqn. (221, Thc mcLhod in  doncribcd fur thur  i n  tho nubncction on "Rcduccd 
dchpx-of-t'rvcdom nlgotithms" in Section 8.1.6, 

8.1.4 Applications 
Thc cornponcnt modcl dcncribcd ubovc mny bu uncd to  model thc flow o fn i r ,  
wntcr, wutcr vapor, nnd hca t  in n pornun mcdium. T h c  vnlidity of t hc  
modcl i n  dcpcndcnt  on t h c  validity of thc cquntionn dcncribcd in 
Scction H.1,3, Thc flow o r  both uir and wntcr  munl; bc nuflicicntly nmnll nt 
all ponniblc! flow rntcn no t h n t  t;hc ubovc dcncribcd cquutionn will bc vnlid. 
ThiH rcntriction in bclicvcd to bc Hntjnficd a t  Yucca Mountain, Ol'morc 
conccrn in t h e  uccuracy o r t h c  rcquircd inpu t  and  thc  numerical prcciHion t o  
which thcec cquntionn a r c  nolvcd. 

Fo r  the flow cquarionn, t h c  nnturntcd pcrmcribilitiw. poroHiticn, frncturc 
pcrmcribiliticn, and  volumc8 of hydrogcolok4c unitn arc rcquircd. In 
nddition, t;hc rclncivc.pcrmcobility and capillnry-prcnnurc functionn n rc  
rcquircd. I-Iinroricnlly thin informntion han bccn difficult; to obtuin. It in 
iniportnnt to  notc thu t  t h c  cnpillnry prcnnurc at low liquid nnturntionn i n  
vctf important  t o  t hc  vnlidity of tho cnlculntionn bur  is no t  uvoilnblc in 
r c ~ o n n  ncur  rhc rcnidunl naturritionn, 

The innuc of numcricnl uccuracy ie cxtrcrncly irnportunt to rhc unclirlncnn of 
thc rcnultn, T h c  ilccurncy may bc cvnluntcd by nolving thc nnmc prublcrn 
w i n g  difrcrcnt nizc i.yidn a n d  cvnluatinff thc  chnngc in Lhc Holution. 
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whom 

L1 

L2 

K,, = Jf", 1 hi VNjJV , 
Ll 

2 K , K  
K , 4  K ;  In the obovc equntiona, k = nnd chct D"' i c m ~  indicntc nn 

upstrunm-wcightod trunnminnibility h d c n  1979). Thin tcchniquc hnn 
workod wcll in l;hc low-ordcr olomcntn (3-nOdc tnnngfc,  4-nodc 
qundrilntcrnl) for which thc nChcmCn r o ~ c m b l c  difrurcncc tcchniqucn. The 
upntroum weighting in dctcrmincd by cvuluotinl: thc intcrnodc flux for thc 
nodcs i a n d j .  Thc nhnpc-function cocfficicntn nrc gcncrutod in II unique 
wny that rcquirw thc intcnotionn in Eqnw, (331, (341, and (35) to bc 
pcrformcd only o n w  and thc nonlincsr cocfficicntn to  bc wpnrntcd from 
thin integration ( w e  Zyvolonki 1983 for m o m  dotails). 

Thc int;cfimt;jon nchcrncrr nvnilablc in  FEELM arc GUWH in fcgnt ion  nnd a 
node-point achcmc uHcd by Young (1982). 1% implementation diffcrrc from 
common mcthods in that it U W H  Lobatto inHtcad of Cnunrr intcpntion, Thc 
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nct cffcct i n  thnt,  while rctnininfi t hc  mmc ordcr  of in tona t ion  occurncy (at 
lunnt for lincar und qundriitic ulcmcntn), thcrc arc comidcrnbly fcwor 
nonzero tcrms in thu r c tu l t i n r  matrix cquatiuna. Figure - H  h ownu 
compnrhon of thc nodal conncctionll for Lobutto tind Gauss i n t c p d o n  
mcthodrr, It should bc notcd that thwe rcmlttr hold on an orthogonu1 grid 

Figure 2. Comparison of nodal connections tor conventionsl(~) 
and lobatto (a) integrations for an orthogonal grid. 

only. If R nonorthogonul grid wurc introducad, thcn udditiond nonrcro 
term8 would nppour in thc  Lobatto qundraturo method. Sotc alcro thnt tho 
lincnr olamcnts yield thc ntnndnrd 6- or 7-point diflbrrnco uchcmc. Thc 
rcndcr is roforrcd to TounC: (1981) for mora datailn. 
In nddition to thc  finite-alcmunt in togut ion  tcchniquw dcncribcd nbovc, 
thc codo hulr provisionn f'or iinito-volums calculution of thc internode Bow 
tcrmlr dcncribod by Eqnn, (28) t o  (35). In tho finitc-volumc approach, thc 
gcornotric tcrmcr aru calculntcd OP arm projcctionn and dintanccn bctwccn 
nodcd. The gcomotric par t  orEqntl. (2$), (291, and (30) aro d v c n  by tho 
arcn bctwocn thc noden divided by tho dintanco. Thc urco in pnrtitioncd 
nccording to thc pcrpcndiculcir bisoctoril ofthc midpointe of thc nidolr ofthe 
clcmontn. Thin tcchniquc in nhown in Fig. 3 for triunglon in two 
dimcnsions. An analogous nppronch in uncd in throc dimonHionn for 
tctrnhcdmln. Qundrilatcraln in two dimcnnionn m d  huxahudruh in thrcc 
dimcnnionn nrc firMr. dccomponcd into trianglctr and t c t ruhcdruh ,  
rcepactivcly, and thc gcornctry cocflicicntg formcd C ~ H  dcucribcd obovc, For 
more dctniln thc rcndcr iH rafcrrod to Fung ct al. (199d). 
It i N  important to noto hcrc that with upwindinK, the gcomctric fnctom rhot 
govcrn intcrnodo flow, rcgnrdlalrti of whuthcr culculntcd from D. finite 
clcmcnt or Gnitc=volumc approach, m w t  not changc in sign. T h i ~  rcquircs 
D Dclaunny grid plus Chc constraint  thnt my c l c m c n t ~  at intcrfaccn or 
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k 

Figure 3. Area projections and internode distances used in 
finite-volume calculations on a Delaunay grid. 

cxtcrior boundnricn hnvc intcrior anglcn ~ C H H  than x12 radinnn. Thc rcndcr 
in again rcfcrrcd to Fung c t  ul. (1994) for morc dctoiln. 
Thc dcvclopmcnt of t h c  numcricnl npproximntion o f  tho  t r m n p o r t  cquntion 
in Himilnr t o  t h a t  for thc flow cquntionn. Following thc  dincunnion above, 
t h o  npccicn conccntration, C, and t h c  np.t-cicn nccumulation tc,m, A,, nrc  
intcrpolatcd in cach clcmcnt: C = I N ]  { C} nnd A, = I N ]  { A c }  . 
Lining thowc npproximotionn nnd a Cnlcrkin nppronch, tho following 
cquntion in obtaincd: 

r' r 

whcrc 

D,C" i H  un upntrcm wci~ht;cd=conccntrntion trnnnminlribility, Thin 
nppronch in nimilnr eo thc linitc-differuncc method for nolving thc  trnnlrport 
cquntionn. 
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Boundary conditionti, Two typw of fluid (rnand rrourcue und HinkN are 
irnplcmcntcd: n npccii'icd flow-ratc sourechink and (L apccificd prcnsurc 
condition n t  n noumdilink. So=flow or impcmuublc boundary conditions 
mo iiutomuticnlly natinficd by the  finite-clcment mcsh, Tho conntnnt- 
prcnaurc boundnry condition irr implcmcntcd usinl: n proanurc=dcpcndcnt 
now term: 

whcro Pi itc thc  prcseurc ot the  wourcc nodo i, PJ~~,,,,, i8 tho npccificd flowing 
prcsnurc, I,,,; i n  tho impcdancc, and qm,i i p  the  mu" flow rutc, By 
&pccif'ying a lurbc I, thc prannurc cnn bc forccd to bu c q u d  t o  PS~~,,,. Thc 
oncrgy (tcmpcraturc) spccificd at a oourcdnink or Rowing prcsuurc node 
rcfcrs only to tho incoming fluid vnluc; if fluid llown out, ntubility dictates 
tha t  thc  cnorGy of tho in-placc fluid bc usvd in calculurions, 
In addition to the mnaw=flow twurcc/nink, hcnt=flow ttourccn con nlno bc 
providod, A npccifrcd hcnt flow can bc input or a npceificd tcmpcraturc 
obtuinod: 

whore Ti in  thc tcrnparorurc nt thu Rourcc nodc i, TflOw,i iw tho npccificd 
flowinA tcmpcraturc, lC,,j in thc  impcdnncc to hcnt flow (thormd 
ro&stnncc), and 4ai in the hcnt flow. Thin hunt flow in aupurimpowcd. on 
any cxinting hcnt flow from ofhor boundnry conditions or ~ o u r c e  toms. 
Spceifiod nnturntions, mlntivc humidjticn, air-mnww fractionn, BP wcll un 
npccifiod uip flown nro nllawcd. Thcno uno nourcolninkn to nchicvo thc  
donirod vnriablc vnlucb in a way that in annlogoua to tha t  doncribcd for 
prcesuro baundury conditions. 
In FEEM, thcrc iw nlno 11 provinion for crontinE: l n r ~ c  volume ruscnboirn 
that cffcctivcly hold vllrinblcs ut their initial valucn. Tbc nodcs arc lubclud 
on input and Chc volumw rcplnccd aftcr thc  calculation of thc  gcomutric 
coullicicntn with a rcncrvoir volume of 
Solution mothod, Tho applicntion of thc dincrvtization mcthodH to thc 
governing partial diffcrcntial cquntiona yiulda a Hystum of nonlinow 
ulgobrnic uquntionw, To wolvo thuno equutionw, tho Sowton=hphson 
itcrntivc procodurc in wad. Thin iturativc procedure makcn unc of the 
dcrivutivc information to obtuin nn updutcd solution frum un initial ~ C N H ,  

Lot chc nct uquntionw to bu nolvod bc given by 

m3. 

u%{.d) = (0). 1 (42) 

whcrc {x)  is tho vactor ol'unknown vulues of tho vnriablctr that 8utit1Q tho 
ubovc oquution, The proccdurc iH sturtcd by making M i n i t i d  hwxw at thc 
nolution, n a y  {x}'. Thin woss is unually takon un thc wolution from thc 
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prcviuun timc stcp, DcnotinE thc  valuc ot' { x )  a t  the  ktlt itcrution by 
{ x }  , thc  updatinK proccdurc irr dvcn by k 

k 
At cach stcp,  thc rcniduah { F}' = { F } ( ( x }  ) arc comparcd with n 
prcncribcd error tolcrnncc, Tho prcncribcd cmor tolcrancc, E, i n  an input  
parnrncter, und an  I nurm i n  uncd: 2 

Convcrgcncc i n  achicvcd whcn 

Thc vnluc of E is unually in the range from 
timc-ntcp control i n  dcaimcd bnncd on thc  convcrgcncc of thc Scwton 
itcrntionn, If tho codc i n  unnblc to find n nolution { x }  nuch thnt  thc 
rcnidualn bccomc Icns thnn thc tolcriincc within a given number of 
itcrutionn, thc t jmo rrtcp in rcduccd and thc  proccdurc rcpcotcd. On the 
othcr hnnd, if convcrgcncc i n  mpid,  thc t imc ntcp i n  incrcuncd by 
multiplying with a uncr-rrupplicd fnctor, thun nllowing for large timc ntcpn 
whcn ponniblc, 

Thc linonr aquntion nct to bc nolvcd at cnch Scwton-Raphnon iterntion of 
Eqn. (43) in 

t o  lo". Scmiautomntic 

I. 

k * l  in thc  Jacobian matrix, 1 Ax') in  thc  chrmRc in thc 
- L 7 .  J 

k + l  k r l  k 
nolution voctor {Ax x' - x  }, rmd { F I k  in thc rcnidunl. 

Tt in HolVcd with a rcunc componcnt, GZSOLVE (ACC Zyvolonki and TCobinnan 
19951, thn t  providcn n robust nolutian mctliod for npnrlrc nyntcrnn of 
cquutionn. Further  dctriiln of thc nalution proccdurc C M  bc found i n  thc  
CZSOLVE MMS componcnt of  thc  documcnt jus t  citcd. 

licduccd dcgrcc-of-frcedom nlgorithmn. In thc couplcd phynicul 
proccnwlr thnt dcncribc now in poroun mcdin, one proccnn i n  oftcn 
dominant, In hcat  and fluid flow, for cxmplc, thc  prcwurc chnngcn morc 
rapidly thun thc tcmporaturc. AH rccognizcd by %yvolonki c t  nl, (1979). 
thin fact may bc urrcd t o  nirnplify thc  l inonr  uquntionn nolvod at cnch ntcp of 
(I Scwton-Rnphkion itmation, Solving the  purc-watcr hunt and mnnn now 
lcodr; t o  thc  followhE nct of lincnr cquntiom nt coch nuch jtcrntion: 
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Tho Hubttcriptn m and c rcfcr to the munR- and cncrgy-balance cquntions, 
rcnpcctivcly. Thc HubncriptH P and T rcfcr to dcrivativcn with rcrnpoct to 
prcnsurc und tcmpcrnturo, rcnpcctivoly. Thc supcnrcriptn indicating thc 
itcrntion number hnvc bcen dropped for convonicnco. From Eqm. (9) und 
(101, it; cun bc nccn that t h o  ptimnry contribution of tcmporufuro i n  to d c c t  
thc thc rmd  conduction tcrmn m d  thc dcnsity m d  vinconidcn. Prcnnwc, 
howcwr, nffcctn thc donnity and i n  dircctly involvod in tho Durcy vclociticn. 
In other words, thc prcnnuro mor0 diroctly affcctn thc  global WIlnNpOrt of 
hcnt nnd mn". Cuidcd by thh rcanoning, n compututionnlly cf ic icnt  
schcmc i n  obtninod by ncglccting thc off-dingonnl dorivntivon with rcnpcct 
to tcmpcrnturc. With this modification, wc c a n  nolvc for thc tcmpcruturc 
chungc using: 

Thin rcsult may, in turn, bc Hubtltitutcd in thc mnse*bnlnncc portion of 
Eqn. (47) f i v i n r  

Tho indicntcd matrix invcrsiorw and mu1t;iplicationfi MU pcrformcd with 
dinpmnl matriccn, und tho rcnulting motrix for the cdculation of thc 
prcHnurc corrcction in u bandcd matrix or cxnctly thc  u m c  utrucfuro nn 
[A, , lp ) ,  It wnn found thnc ndditionol cmcioncy could bc uchicvod by toknl :  
H C V C ~ ~  pannos of SOR (simultancoun ovcr-rclauution) itorntionn akcr thc 
rrytitcm in Eqm. (a) and (49) was nolvud (Bullivnnt and Zpolouki 19901. 

Thc nnmc proccw cun be uacd to  rnducc the  nir/wntcr/houe-couplcd Pyntcm 
to a one or two doguc-of-frocdom problcm, The couplcd 3n by 3n syetcm 
mny be written US 
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Hcrc, tlic nubncript u rcfcrn 'to thc conlrcwntion of air mnnn nnd dcrivncivca 
with rcnpcct t o  t h e  nir vnrinblc, Tho air vnriablc in climinntcd in favor of 
thc prcnnurc und t;cmpcrnturc wing 

Subwtituting thirr in t h c  mann- und cncrkT-corruction cquntionn yicldn: 

r I 

During tho Himulotion, the phnnc ~t i i tc  of t h c  nyntcm can changc. Thin 
p o ~ ~ i b i l i t y  rnnkcn it ncccnnory t o  rcnrrangc Eqnn. (31) and ($2). The 
mcthod rcmninn t h c  N R ~ C .  T h c  rcduccd EqnH. (51) nnd (52) arc uscful in 
thcrmol nimulntionn in which phnnc chnnRcn or othcr factom rcduco the 
timc ntcp. Thu 3n-by-3n nyntcm may further bc roduccd to  a n  neby-n 
tiptern (di~cufiecd in Rullivant and %yvolonki 19901, Biillivant and 
Zyvolonki nlno nhowcd that tho opcrntionn givcn nbovo cun convcnicntly bc 
donc dur ing  t h c  cquurion normnlizution proccnn, 

The lant rcduccd dcpcc-of-frccdom nlgorithin to bc dcncribed rcducvn t h r  
inothcrmnl n jdwntc r  problcrn to a onc-vatinblc nyntcm, Thc rcsul t  is 
nimilar to  thc Richnrd'n solution. To obtain n computntionnlly c f fc icn t  
nchcmo. t h c  air prcnnurc in conntrnincd to ntmonphcric prcnnutc in thc  two -  
phnnc rcl,rion nnd t h c  liquid rrnturation in  conntmincd to 1.0 in thc onc- 
phnnc liquid rcA4on, The mcthod involvcn Hwitching vnriublcn and 
nnnocjatcd dcrivntivcn in tho  eolution of tho lincnr nyntcm that; produccn 
tho Scwton-Rnphnon corrcction, Tho mutrix cqundon t h a t  deecribcn t h c  
Jacobian mutriccn for nn inothcrmnl nyntcm i n  d v c n  by 

Here, chc nubncript rv rcfwn to  thc! wut;cr-conncrvntion cqurition, und thc  
nubnctiptn P nnd S rcfcr to dcrivutivcn with rcspcct to prcnnurc und 
Huturntion, ronpcctivcly. Though Equtirion (53) hnn t h c  appcnruncc of 
bcing undctconstrnincd, for cvcry matrix position t h c r c  i n  only onc nonzero 
entry in tho two mntriccH [A,,,,] a n d  f . A W s ] ,  ThiH in u conwqucncc of t h c  
vnriablc nwitching junt dincuntrcd, T h c  nlgorithm connint~ of rcplncing 
tcrmn in lAw,,'I with f c m n  from I A w s ]  irtwo-phnnc conditionn cxint nt n 
nodo. Thc  rcsultinE nyntcrn in given by 
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CGSI 

whcrc .Y rcprcwntn prcssurc or nnturation, dopcnding on thc nodul phnw 
statc. 

8.1.7 Location 
Thc implcmun tation ncqucncu for the Flow* and Enorgy-Tmnnpart 
Equations may be won in Fig, 1 in which tho box 'Form cquationn, ~ o l v c  
Jncobinn Hyetcrn- indicutos the pogition in tho nlgorithm uf tiic compononts 
of thorco cquatione in thc  avcrall structure of FGICM, 

Thc aquationn tha t  arc nolvcd arc highly nonlincnr nnd couplod. Thc 
ntability of tho ayHtom has beon muximircd by nolving thc fully couplod und 
fully implicit formulntion of tho problcm. Bocuusc of the nonlincurity, 
howcvcr, stability cannot bc gunrantecd. Lofic han bocn incorponitod to  
rcntart n timc' step if thc codc rculizcn it i n  cdculat ing in M area in which 
tha oquntion of titoto ( t ~  implcrnontcd by FEELMI iff not valid, 
Accuracy oi'thc eimulutions i R  nlno cloudcd by hho nonlincnrify innuc. 
Formally, thc  npntial diffcrcncing in nccond=ordcr accuxatc and thr? timc 
tcrmrr aro first-ordor uccuratc. Thcrc is a provision (which i n  u ~ u d l y  
invoked) that upwinds thc tmnnrnitwibility terms, Thin rcducou tho eputinl 
nccurncy to  fimt ordcr, It ifi difficult in procticc LO catimatc tho quuljty af a 
Kimulation from thcw thoorctical considcrntions, The uwr is ndviecd to 
run a givon problcm with ncvcrnl B i d  nizca und t i m w t u p  sizcn to  ANHCNN 
thc quality of n part icular  Holution obtained with FEFM, The accuracy of 
thc colculationn is also oddrctjncd in thc FEIm verification rcport IDanh 
and Zyvolonki 1993, 

8.1.8 Numerical stability and accuracy 

8.1.9 Alternatives 
Thc primary nltcrnativc PO chc formulation givun horc in rn intcgmtcd 
iinita~diffurcncc formulntion. Thc roadcr in roferrcd t o  Ntao (19881 nnd 
PRUJNI (1991) for dotailN. Tho basic diffcroncc in thcoly i b  thnt FEEM unw 
a nodc-cantcrcd npprouch, whorcnn thc intcmntod finito-diffcroncc 
formulation u ~ c n  a ccll-contcrod approach, Clntwicnl f i d t c  diffcrcnccs may 
olno bc uncd to solvo tho cquutions prcwntcd hcrc, but this approach lack* 
thc gcomotric flexibility of thc othcr mcthods mcntioncd. 

8.2 Dual-Porosity and Doubl~PorositylDouble-Petmeability 
Formulation 
8.2.1 Purpose 

Many probkmu nrc dominatcd by frncturc flow. In thano c a w ,  thc 
Erncturo pcrmcability controln thc prcanuro communication in thc rcscrvoir 
cvcn though local storngc around thc frncturc mny bo dominatcd by thc 
porouH rock that  cornmudcaton only with thc cloncsf fracturcn. Thin 
phcnomcna roquircs n modcl in which thc fractures dominate tho global 
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prcnnurc rcnponnc of the roscrvoir. TIic frticturcn Lire ncodcd merely nrr 
ntorugc* Mocnch (19841 hnn ntudicd ncvcrnl wclln in thc nncur:itcd zonc 
bcncrith Yuccn 3lountnin nnd found t h a t  rcnultn could be undcrrrtood i f  
dud-poroni ty  mcttinds wcrc u d .  The numcricnl modcl in which t h c  
miitrix mutoriul is contwuincd t o  communicntc only i n  t h c  ncighborinK 
fructurus iti known nn the dud-poronity method, 

In 3 partiiilly nnturrttcd poroun rncdium, flow in oficn dominutod by 
cnpillmy nuction, I n  u modium comprincd of frncturun nnd matrix, t hc  
mutrix mutcrinl hnn t h c  hichcnt cnpillnry suction, a n d  undc r  rolntivcly 
titutic conditionn, t h c  moisturc  rcnidcti in t h c  matrix mntcrinl. Infil tration 
c w n t s ,  such an NCVCX rninfnll, can nuturotc thc parow rncdium nllowing 
rapid flow in t h e  frncturcn. T o  cnpturc  thin flow phcnorncnn, u nystom of 
cquntionw ullowinc: communication bctwccn thu frncturcw a n d  mntrix blockrr 
in thc rcnctvoir in nddition to thc  flow within t h c  fructurcn nnd mntrix 
blockn in nuccnnnry. Thin mcthud in known na thc  doull~*-porottjtyldor~blc- 
pcrmoiibility method. 

T h c  dccinion tibout which frrncturc model Lo UNP in oftcn nffwtcd by t h e  
trrinrricnt nirturv of thi!  nimulntion. I t  i n  ponwibtc t o  obtriin nearly the niimc 
rcwultw for N double-pcrmcubility xinlulntion w i n g  u lcw~ cxpcnwivc 
cquivelcnt-continuum npproiich for n wtcrrdy-rrtolc solution, but diffcrunt 
ronultn would bia obtuincd for n trnnwicnt rolution. 

Far tmnlcpott, the altcrnntivc fructurc formuliitionrr arc cvcn more 
importtint, I-Icrc, thu aimulntionn arc nlmont; tilwnys trrrnnicnt. The miicrix 
and  frricturctt nrc in approximntc p r c w u r c  c!quilibrium, and thcrc  i n  little 
flow from mntrix to  frirctura, T h e  t rnccr  in tliir wcnurio in  conntruincd to  
ntriy in the ftrrcturc if it Htnrtcd t h r w .  Thiw conctruint oftun producw 
orroncoun rcnultn thrit can bc improved if  diffunion from mutrix t o  f rncturc  
in included, T h c  frncturc  f'ormulntionN in FE1.IM nccount for rnotrix-to- 
friictu re d i ffunion, 

8.2.2 Assumptions and limitations 
In t h o  duubporonity method, t h o  cornputntionnl volumc cnnnistw ol'u 
fructurc t h a t  communicntw with fritcturcn in othcr computnfionul collw, 
iind rnritrix miiteriul tlirit only communic:ttrn with t h e  frncturc in itn own 
computationul cell, This bchnvior of thc mtitrix mntcrinl is both n phynicd 
timitotion tind i i  computiitianul t.or11, Thc phynicnl limitntion rcnu1t.n rrom 
t h c  rnodcl'lr innbility to nllow thc mutrix mutcrinln in diffc!rcmt C C I I H  to 
communicate diruclly. Thirr limitntion yivldn only minor error* i n  
wnturntod-zone culculutionn b u t  could porrc Inrgcr errorn in ehc unwaturn:cd 
zonc whcrc  cnpillriry prcsnurcn would f'orcc rrikmifrcnnt flow t o  occur in thc 
mtitrix mntorinl. Thc computationid ndvnntugcn will bc riddrmncd in 
Section tL2.3, 

Thc doublc-poroHity/doubIc.pc!mtoabilily mathud diffww from t;hc dunl- 
pornnity method in t h u t  t h c  mntrix con communicutv with othcr mntr ix  
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I ,, - I 

Onc matrix nodc 
(double porosity/ 
dou blc pcrmoa bility) 

Two matrix nodes 
(dual porosity) 

Figure 4. Computational volurnc elcmcnts showing dual-porosity and double 
porosity/doubi~pcrmc~bility parameters. 

nodcn. Thin obility produccw 11 more rcnlirtic nimulntlon but ipr 
compututionntly more wpcnnivc. 

8.2.3 Derivation 
Figure 5 dcpicte thc dnublc.poronity/doubIc,-pcrmc~bilit~ and dual-poronity 
conccptn. Two pnrnmetcrn chnraccorirc u doublc-por.onieyldoublc- 
pcrmcnbiIity rcncrvoir. The first in  thv volurno f'rucdun, VJ, of tlic frncturw 
in tho compufutioiinl c d l .  For tho ninglc-rnutrix=nodc clystcrn nhown in 
Fig, 4, this frnction is u/b. Thc nccond parumatcr ia rulnccd to  the 
fructurc'R ubility to communicntc with tlir locnl matrix muterial, In thc 
litcraturo, th i r  pnrumctcr takcn n varicty of Ibrmr, T h s  eimplcnt in a 
I c n ~ I i  ~ c a l c ,  Lf thitt quuntifica the iivcrnp dintuncc thc matrix rnatcriul itr 

from tlir frncturc. Wit11 just o m  nodc i n  the  matrix mutcrial, thc trnnnicnt 
bchuvior in thc mntrix matcriul cannot bc modclad. To improvu thiH 
Hituntion, two nodce uru uncd in FEIO'I to  rcprcncnt thc matrix matcriul for 
;I dunl-paronity rcacrvoir. Cnnccptually. thin nppronch in thc  trnmv 
formulntion na just dcncribcd with the addition of t i  nccond frnctutc volume 
(it in adnumad thiit thc lank$h ncnlc ofcnch matrix volume itr proporrionul to 
tha volumc fractionl. Thia approach in the two-mntrix-nodc nyatcm nhown 
in FiK. 4. ,Mom matrix nodcrr could hc nddd,  but datn nrc ruruly fiood 
anouKh EO julrtify thc unc of w c n  two muerix nodes, Thc trimplo d u b  modo1 
dcpictcd in Fig. 4 i H  just onc of trcvurirl di fkrcnt  Koomctric nrmnKcmcnte. 
Mr2oonch (1984) und Warren und Root 11963) lint other rcncrvoir typcn. All 
nrv nimilar in that thvy asnume u locul onc-dirnonnionul connection ot'thc 
mntrix to tho frncturo. 
A volume fruction and a Ic.nmh ncalc UFC ueud to chnrnctcrizr? thc nptcm. 
Equations (91, (101, (201, nnd (331 arc formulntcd for both the fracture und 
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mntrix computntionul gridn. One-dimcnHionnl vcrsionfi a rc  crontcd t o  
locally couple the t w o  n c t ~  of cquntionn, Thc IcnLth nculcs arc uncd to 
modify nputiul d i f f m n c c  tcrmn, and Lhc volume fractions arc U H C ~  to 
modify the  uccumula+'  .ion tcrmn, 

Tho volumc frrictionn for rtic doublc-poronityldoublc-pL.rmcnbility 
form u 1 n t i on nti t i n fy t hc fo I I ow i n F: rc I a t i on PI h i p: 

whcrc  V j  in the volumc frucLion of f'rucrurcn hind 1% i n  thc friiction of the 
miitrix volumc. The Icnfih sculcn itrc p n r t i t i o n d  for thc  frncturc a n d  
mntrix vtilurncrr ux in f i  

whcrc L, ir Lhc Icnj$h ~ c a l o  for the fracLurc volurnc. L,, in t h c  Icnk-th wnlc 
of thc matrix volumc, and $0 i H  n chnructcrintic IcnLqh sculc, 
Thc volumc frncticms for t h c  dunl-porosity formulation mt;il.ify thc  fallowinl: 
rclaliunnhip: 

V , + V / ]  4. Vf2  = 1 , 

whcrc V l i n  the volumc I'rnction of f'rncturos, V'l in t h r  fraction of thc  first 
matrix volumc, nnd V p  in thc fraction of t h c  rrocond rnfitrix volumc. l3cenll 
t h a t  two nodcti arc' U H C ~  t o  modrl thc porous rock (muwix)  a n d  t h c  mntr ix  
mritcriril communicntcn only wi th  tlic locrrl I'rnctxircn, The Icngth ncnlcn nrc 
d v c n  by 

whcrc  LJ in  t h c  length H C ~ C  for thc  f rnc turc  volumc, L,q in rho I c n n h  ncnlc 
of thc firtd mutrix volumc, 
volumc, und Lp is n churactcrintic Icn@lr ncnlc. 

i n  t h o  Icnmh ncnlc of rhc  nccond matr ix  

8.2.4 Application 
T h c  f ruc turc  modcln nrc cxt rcmcly  uncful in  invcntiEntinl: flow and 
trnnwport i n  t h c  gcologic repository bccuunc of t h c  importrrncc 01' f rncrurc  
flow nnd trunsport, Lnrgc diffcrcncon are cxpcctcd bctwccn trnnnport 
cnlculntionn from modcln wi th  lumpcd (murrix nnd liricturc) propcr t ics  nnd  
niodoln that include f rnc turc  flow nnd t rnnnpor t ,  FEI-IM, t h r o w h  ti 
rcolintic dcncription of frocturcr, nllowfi t h c  unc of morc  rculintic 
rudiunuclido done culculntionn in  t h e  pcrlbrmnncc=nrcncnnmcnt calculnrionn, 
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8.2.5 Numerical mcthod type 
Only nlgcbraic manipulntionll nrc uacd in the dcrivarionn dcscribcd in 
Scction 8.2.6. 

8.2.6 Derivation of numcrical model 
8.2.6.1 Dual porosity 
Computntionally, tho vdumc fractions a n d  lcngth Rcnlcn arc upcd to creatc 
onc-dimcnnionul voraionv of Eqnn, (91, (201, (201, iind (76). Thc 1cnfi.h ~ c u l c  
in uncd to modify npntiul diffcronce tcrmri, and the volumc fuctors urc U H C ~  

to modify thc nccumuhtion tcrmn ( thc e matrix in Eqnn. (21;) nnd (26)). 

Thc gcomctric factor rcprcscnting thc spntial diffcrcncinl: of thc one= 
dinwnnional cquntion far flow bctwccn the fructurc and tho fimt matrix 
nodc (annlogoun to thc j:comctric part of Eqnn. (28) and (29)) i H  given by 

whcrc V, in thc  total volumc of thc computat;ional ccll. 
Thc nnalogous term for thc !low from thc Iimt mufriv volume to thc wcond 
mntrix voluinc is given hy 

W." 

Using thcw gcomctric factors, Eqnc. (251, (261, and (27) arc' modificd with 
rhr. nddition of thc following f l u  turms: 

whcrc rn rcfcrrr to thc rnntrjx undJto thc  rrncturc. The equation for thc 
mntrix conniats of t h e w  transfcr tcrm.u plus uccumulntion tcnnlr anulorous 
to thow for thc fructurc nnd Hhawn in Eqns. (21, (51, (191, and (24). I t  
should alno bc noted thn t  chc gravity tormN arc not nhown in thc tranlrfcr 
tcrmli nbovc Ibr Nimplicity but arc rcprortcntud in un annIoKous way. 

Thc. ono-dimcnnionol naturc of rhc cquutionn providcs 11 compututionully 
ctricicnt mcthod for nolvin): thc nlgrbrnic cquetionn nriknb: from thc dud- 
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poronity nirnulntion, Equation (64 )  nhown the matrix cquntioo nnHing from 
nuch n kimulution: 

164) 

I-Icru, t;hc nubncript 0 rcfcrn t o  t hc  frocturc, 1 rcfcrn to  rhc firnt ma t r ix  
volumc, nnd 2 rcfcrn LO thc nccond mntrix volurnc. Tho x roprcncntn t;hc 
unknown vnriablc or vnriablc pnir, Thc o n c - d i m c n h v . d  charnc tcr  of tlic 
matr ix  cliffunion mcann thnr  t h e  nccond mntrix nodc can only dapcnd on thc 
first; mntrix nodc. Thcrcforc, rho nubmatrix iA2ul  in  empty, Thc fnct thnt 
matrix nodm canno l  communicotc  with matrix nodcn in othcr 
computntionnl cclln rncanR thot; tho nubmntriccn [ A , ,  I and [ 
dingonul, thcrci'orc: 

arc 

whcrc thc  invcrtiion irc trivial bccnunc In2 i H  d inpmnl,  S u h t i t n t i n g  thiH 
cxprcnnion into thu cqunt;ion for t;hc fimt matr ix  nodc riven 

whcrc 

nn d 
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Tho inversion and multiplicutionr iiro trivinl bocuuw of thc d i w o n d  
nLIturc of thc matricoa involvod, Equation ( 6 3  mny ncxt bo wbntitutcd 
into thc equation Ibr the frncturc vnrinblcn. XotinA that  [Ao2]  irr cmpty 
(thc fructuro cnn only communicntc with tho f i r p t  matrix volumLr) dvcs 

Rcnrrankng tcrmn rcrrultn in 

Equation 1711 ctlnrrints of  an nupncntcd frncturc matrh of thc " n o  form US 
thc  oriknul fracturc rnutrix [A, J , Thc opcrationR cnrricd out only add n 
few pcrcont to thc nolution timc rcquircd to ~ o l v c  P thglc-poronity qwtcm. 
After tho Holution OrEqn,  (71) in obtninvd with the mcthodH dcscribcd in thc 
CZSOLVE A;VZMS componcnt of Zyvolonki and Robinson (19961, tbc solution in 
thc frructurc volumc can bc abtnincd by using Eqnlr. (66) axid W). 
8.2.6.2 Doubte~porosity/double-~~r~eabi(ity method 
Thc doublc-porosity/doublo.pcrmcabilit;y mcthod ie malogoue to thc  d u d -  
poroPiry mcthod dcrrcribcd nbovc with tho cxccption that thcrc i H  only onc 
matrix node rcproncntcd in thc  doublc-poro~i~y/doublc-pormoabiIity 
mcthod. Thc matrix nodc, howevw, cnn communicatc globdly to othcr 
matrix nodcs. Thin appronch loads t o  n nystem of cquntionlr of thc form: 

In thiH net of linear cquufionn. the submatriccg Am and A I  1 arc  spnrnc nnd 
,401 rind ,410 arc dingonnl. Currcntly, thin nystcm of cquntionu ie eolvcd 
dir-cctly, but rosearch to improvc thc  cf'ficicncy of nolution in onl:oing:. 

8.2.7 Location 
U'hcr. cnnblcd, thc fracturc models arc callcd during thc  cquntion- 
gcncrotion and nolution phntwe of thc  simulation. This paint in  the eumc 
aH tha t  nhown for thc Flow- and Encrgy-Trnnnport Equationg in FiK. 1. 

8.2.8 Numerical stability and accuracy 
Thc eamc connidcmtionn that wcrc diucunacd in Section 8.1.8 for thc Flow- 
and EncrWTrnnsporc Equations arc vulid hcrc. 

8.2.9 Alternatives 
Othcr appronchcn to modcling frncturolr includc thc equivalent continuum 
approach, in which the frructurc and morsix propcrtics arc nvcrujicd, and 
thc discrctc fracturc nppronch, in which t h e  frncturw a r c  modclad UP 
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individuul computuLioniil cclln. Both of thcnc mvthodn nrc included in t h e  
modo1 dcrrcribcd in Section 8.1, "Flow nnd IhcrLT-Trnnnport Equotionn'. 

Thc rc  hnH nlso been nomc crfort t o  UHC 11 combinntion of niimcrical and  
nnulytic i.cchniyucn. In thin upproach, t h c  matrix flow is rcprcncntcd with 
n onc-dimcnnionnl nnulbytic axprcsnion, Bccnunc of t h c  nonlinoiir nn tu rc  of 
t h c  nolution, thin nppronch hun not bocn purcucd. 

8.3 Solute Transport Models: Reactive Transport and Particle 
Tracking 
8.3.1 

8.3.2 

8.3.3 

Purposc 
Thc purposc of the rcrictivc-truntiport rind pnrticlc-trackinl: models in thc 
So lu tc~Trun~por t  NodclH component is to nimulalc the  movcmcnt of trnccr 
H O I U ~ W  trnvcling in cithor t h c  liquid or gnn phnlrcr. A vnricty of rcnctivc- 
trnnnport  cnpnbiliticn nrc ptcncnt  in thc  modcln. To pcrfrmn 3 rrnctivr- 
trunrcport nimulntion. nn ini t inl  dcrrcription of cnch nolurc conccntrntion in 
coch phunc, trnnnport  proport iw of t he  nuid rind medium, nnd KI 
npccificution of  the  tidnorption modcl a n d  pnrllmctcrs nnd tiny rcnction 
modcln a r c  rcquircd.  Tho ou tpu t  conwintw of tho find conccntrntion orcnch 
noluti1 in cuch phunc. 

Assumptions and limitations 
Solutcn arc arrnurnod t o  bc ptcncnt in truce qunntiticw Much thnt; t hc i r  
prcncncc docn not impact thc f luid propcrticrr or thc  computed flow lieldn, 
A r d n t c d  nssumption in t h n t  chcmicnl rcnctionn do  nut; cntcr into thc 
cncrgy bitlrrncc through cnclothcrmic or cxothcrmic reriction terms. I'I' 
rcnctionn takc plucc bctwccln t h c  fluid nnd nolid phnncn (dinnolution nnd 
prccipitntion), t ho  triinnfcr of mnnn in  annurncd to hnvc nu impnct on  the  
hydroloL~c propcrticn of thc medium. 

N n n y  othcr  npcoific [innumptionn nre bu i l t  into the Solutc-Trnnnport 
Mudcls component thii t  urc rclnrcd to  t h c  na tu re  of t:hc trnnnport  nnd 
chcmiciil rcnctian behavior. Thcnc unnumptions nrc t rcnrcd  in 
Section 8,3.3. 

Derivation 
8.3.3.1 Reactive-transport model 

Thc nolutc-trnnnport equutionn in t he  rcnctivc-trunnport modcl 
arc not directly couplcd t o  tlic hcnt- and miinn-trnnnfcr rryntom 
but: U N C  the flow rntcn und tcrnpwnturcs  obtained c by thc hcut- 
und mnnn-trnnnfcr nolution, T h c  mnnn flux, i t . ,  Hourw (or nink) 
ntrcnkqh, yc, und uccumulntion tcrm. A,, nrc dcfincd nn follows 
for u nolutc: 
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The trannport oquution for it aolutv i -  k$vcn by 

I-Icrc. C i n  thc  concentrntion of thc  NOIULC. thc  tcrm ai, 
at 

' (D,aC) i s  thc dittpcrrrion tcrrn, pr- is an 

cquilibriurn aorption tcrrn (ncv thc ncction bclow for thc 
formulation Ibr norbinp solutcn). C, rcpwncno rho ndrrorption of 
tho nolutc onto thc parow mcdiu, and in uddition, t h c  tcrm yC 
includclr the trourcc or dink due  to chcmicnl rcoction. Thc  
chemical-rcnction tcrmrc arc ditrcuwcd in morc dotuil below in 
the ncction titlud 'Multiple, intcructinl: nolutun.' 

Equution (76) is n gciicrul cquntion for u nolu~e pmucnr; in cither tho 
liquid or p i s  p h a w  or onc. h u t  purtitiann bctwlun thc liquid and 
~ u n ,  Tho model in cirpuble of tiimulutinguny of theno possibilities, nn 
wull &in a nolid npccicn, Tor which only the nccumulotion and 
chemicd-rcnction tarmn nm prcwnt. Scvcrnl ~olutcn cun bc 
nirnulnrcd Nimultnnmudy and cnn irrtcrnct with onc mother 
thmunh thc chcmicnlmaction model, The trunlcpart tcrmn cun bc 
Net an ti function of ponition, and thcrc in no rcquircmcnt that they 
bo dic dumo lbr till solutes prcncnt in u phunc. 

Thc ncxt four trubwctionlr chborntc on \*urioun t ramport ,  
norption, und rcuction i'cnturcn of thc rcactivc=tmnnpurt modcl. 

Dinpcmion cocfficicnttr. Thc model unelr n lrtundirrd 
formulation lor thc dinpcrlrion cocflicivnt, cxpmnncd on follown 
for thc x-dircction: 

Thc Dorcy velocity in computed from thc  nolution of' tho fluid- 
flow equation. Tho ditipcrnivity, ad,  nnd thc  molccular- 
dirunion cocEcicnt, DAB, arc propcrtivn of thc mcdium, thc 
fluid (liquid in thu ubovc cquntion), und thc solute. Similar 
cxpronrionH arc  writtcn for thc  y-  and 2-dircctiona. 

Adnorbing nolutcn. The ncncrnl oquilibrium modcl for 
ndnorption of npcciclr onto thc  rcncrvoir rock i n  r$vcn by Polzct 
c t  al. (1992): 
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Thc pnrnmcLcrn al, alL, and p a r c  ~ v c n  in Trihlc 11 nlonE with 
thc commonly uncd norprion4nothcrm inoduln t h u t  can bc 
dwivcd l‘rom tho cquntion. Thc pnrrimcLera K,,, A, c,,,s, ‘I,, nnd 
I‘ arc tho  corrcnponding pnrnmctcrn tiHaociafcd with thc mrption 
rnodclrc rin thcy urc‘ more commonly Ibrmulutcd, For cxnmplc, 
when thc  linanr, equilibrium notplion modcl is ncluctcd, thc al  
pnrnmctcr in  thc  widely used A’, pnrnmctcr citcd in norption 
Htudicn, 

To nolvc thc nolutc mans-bnlnncc cquntion with equilibrium 
Horption, C,( in Eqn. (76) i n  compulcd uninl: Eqn. (78) t o  
dctcrminc thc munn of Holutc on tliu rock fur u gjvcn fluid-phnnc 
conccnrrntion, ‘rhun, c,( i n  not actuutty present u8 a nCpnriitc 
unknown in t h c  munn bulrtncc. 

Hcnry’n Lnw npcciw. In conirnst  t o  n liquid-only or vnpor. 
only npccicti, all trnnnport  tcmw of Eqn. (76) urc rotnincd (both 
liquid nnd vapor). T h c  vripor conccntrotion is rclntcd t o  thc  
liquid conccntrntion ulcnurninr: t h c  cquilibrium Hcnry’s Luw 
cquution: 

whcrc  M,, in  thc  molcculnr wciKht; of wntcr, M, ,  i n  t h e  
molcculnr weight of Lhc vnpor, P,, is t h c  gan prcHwrc, nnd 
is t h c  Wcnry’n Law cocfficicnt. Tcmpcmturc  dcpcndcncc of t h c  
I-Icnry’n Luw canntnnt in modclcd wing the following rclntion: 
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whcrc A r t  and ,MiI, are modcl parmcrtcrN, R i n  thc univcrnal 
Ens conntunt (6.314 x loe3 kJ/mol-Kl, and T h thc tcmpcrnturc 
in dcpccn Kclvin. Thc units for AIfll arc kJ/rnol, and t h e  units 
for AI ,  and K,, nro XPnAiquid molc-fracti,ion. 

An oltcrnntc formulation of the tcmpcrnturc dcpondcncc of thc 
Mcnry'e Law coufiricnt in  nlso ovnilublo. It ie includcd 
npcciricnlly to modcl thc  dineolution of  COz into thc liquid 
p h u w  Tlic cmpirical corrclation uncd to iit dufa for COz 
disnolution by Plummcc und Buecnbcrr: (19821, after convcrtiw 
into thc units roquircd by FER& iti 

1O.I32Sp, 

br,hZ,, 
K,, = ' 

whcru k,/ = IO k'rr , and 

(81) 

Multiplc, intcructing xolutm. Thun far, only thc 
rpccificatian of an individuul solutcr has bcon discuwcd. Ln the 
rcuctivc-trunnport modcl. chcmicnl rcactiona involvinr: one or 
mofc cornponontn cun bc specificd with tho following form: . 

whcrc tho u'n nrc thc  Htoichiomouic coeficionts nnd thc B'I 
dcnotc onch rcolutc pruncnt in 11 particuliv reaction Lc., the mth 
or  m 4 t h  componcnt), Thiti rdutionship ia formularcd fo r  each 
rcnction bcing modclod, and ~1 nolutc may bc proncnt in nny 
numbor of rouctiona an oithcr n rcuctant OF n product. 

Thc roactiona muy bc epccificd cithor nr kinetically controllcd or 
equilibrium rcuctione. For n kinoticully controllcd roaction, thc 
rntc IRW Kovcmin): each mvcrsiblc. reliction ia Hpocifiod ur 
f6110WH: 
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n 3 

i = 111 .i. I J 
(84) 

Hcrc, t h c  Hquarc brncl.2tn [ I dcnotc conccntrntion, thc  hj nrc 
cxponcnte in tho rcnction-rato o r  equilibrium equation 
(npccificd for cvcry rcnctnnt  in cuch rcnction), nnd thc forward 
and rcvcmc roaction-rutc conntantn, kl.? and k r P Y ,  nrc govcrncd 
by t h c  Arrhcniutr cquation (Hhown herc only for thc fonvnrd 
r cacti on 1: 

In Eqn. ($41, t h c  nroichiomctric cocflicicnr u j  prcmultiplying thc 
rote-lnw cxprcntiion in ncgativc if B j  in a rcactant bccuulcc it i H  bcing 
connumcd in thc rcnction. 

For  equilibrium rcuctionw, t h c  following rclntionehip is 
Hntinficd: 

I R;lh’ 

whcrc fi,,, i H  the cquilibrium conntant for rhc rcnction. Thc 
tcmpcraturc  dcpcndcncc of K f , ,  cnn bc cxpronncd in two wnyn, 
similar to t h c  Hpccificntion of Ncnry’H Lnw conHtnntN ubovc, In  
chc ~ I Y N I ;  modcl, t h c  v m ’ t  I-Iofl‘ralntionnliip is uwd: 

Altcrnntivoly, a formulntion allowing nimulntion of t h c  
carbonurc rcriction nyntcm i n  includcd, which UHOH t h c  following 
rom: 

(88) R,, K,, = lo  , 

whcrc 
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In Eqns, (87) and (891, the tompcrnturcn arc in dcgroon Kclvin, 

For sorbing npecion, ronction mny occur for solute in thc fluid 
phano, in thc Horbcd phunc, or both. For the modified 
Frcundlich iaothcrm (Eqn. (7811, thc totd concantration uncd in 
tho rcnct ionmtc low for thc cunc of fluid and norbcd-phaeo 
solutc participating in L!C ronction iw 

whcro pr is thc  bulk-rock dcnnity, pp i n  thc fluid dontlity, Q i~ 
porosity, nnd a l  , a2, and p arc thc sorption hotharm 
purmctcra .  Effcctivcly, thc nocond tom on tho right-hand nidc 
of Eqn. (90) ie thc cquivnlcnt conccntration of the aorbcd ~pccics 
if i t  wcrc prcnont in thc fluid phnnc, Tho asgumption thnt  
reactivity i N  idcnticnl for rroluto rcgnrdlcorr of phmc i, vnljd for 
radioactive dccuy but will certainly bc incclrrcct lor nomc 
chcmical raactiionn. Thus, FEI.EhlT providcn nn option whorcby, 
for cnch spccice in cach ranction, the wcr may Npccify whcthcr 
thc  ronction applicn to nolutc in tbc  fluid phnlrc (conccntration of 
[ B , ]  Il nolutc in tho ttorbcd phuw (conccntmtion h~von by the 
fraction on thc right hand Bide of Eqn. (9011, or both. For two- 
phunc flow, p,, is roplnccd by s,$, , whcrc s,, ie tho nnturation 
ofthc phnw (p) containing thc nolutc. 

For rcnctiom involving n solid qxciw,  typicnlly a zcro=ordcr 
chcmicnl reaction is atlsumcd, though thi~ ie not rcquircd. Thc 
concontrntion of D nolid i~ cxprcneod in r n o h  of Hpccies pcr kg 
rock, whcrcm all other conccntrntionn in tho codc aru cxprcwcd 
in molcs of Hpccics per kg of fluid. Thc modcl for eolid rcactions 
undcrgoinF zcro-ordcr rcnctions nccountH for thc  dcgrcc of 
mturntion whan computing mtoe ,  When tburc is no nolid 
prcncnt, n nolutian muRt bc wpernocurntod (thc raec of thc 
rcaction forming tha Polid muHC bc grcutcr than tho rntc of the 
rcaction connuming tho Holid), or ulec thc roaction ie unsumcd to 
not take plncc. 

Finally, whon Konlyln LRW apccion era rrpwiliod an undcrgoinr: 
chcmicd rcnctionn, it in  nnnumcd thnt thc rcnction t;trkca plncc 
for H O ~ U ~ C  in cithcr thc liquid or vupor phaecw but not  both. The 
uncr munt spccify which phunc. pnrticipntclr in tho rcnction. 
When i t  in  donircd thut  tho rcnction takc placc in both phonc~ 
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8.3.3.2 

(nny, for ii rndior\ctivc-dccay rcnction), t h c  uncr muHt npccify two 
rcnctionli with jdonticul rntc cxprcnnionh, onc for t h c  liquid- 
bornc portion of thc nolutc nnd onc for tlic vapor-bornc portion. 

Solute nourccn rmd rrinkn. Solute nourcen or ninkn nrc  
hnndled in n munncr  finnlojywn to rhc fluid-flow HourccR nnd 
ninkrr. I f  t hc rc  irr fluid flow out  o f t h e  modcl domriin (u ff uid 
Mink), the  in-plncc nolutc conccntrntion in uncd in tlic wolutc 
mnnn bnlnncc. For fluid cntcrinK t h c  nyntcm, tho nolutu 
conccntrntion of the incoming fluid cnn bc npecificd. 
hitcmulivcly, thc conccntrotion n t  ci nodc or nodcti cnn bc hcld 
n t  i i  fixcd conccntmtion. This boundary condition cnn bc cithcr 
(1 nourcc or n nink for rcolute, dcpcnding on the LTodicnt in 
conccntrntion u t  locntionn odjuccnt to  rhc nodc ut  which t h e  
boundnry condition i n  iipplicd. 

Part i c le4 ra e ki n g m od el 
T h c  pnrticlc-ttuckinl: mcthod drvclopcd in FEMM vicwn t h c  
fluid-now computntionul domuin nn nn intcrconncctcd nctwork 
of' lluid ntoruw volumcn. T h c  dcncription t h n t  follown is 
npplicnblr for ntcndy-stntc flow ficldn; t h c  vnrintionn in the  
mcthod for trouting trannicnt; flow kyntcmn nrc dincunncd Intcr, 

T h c  two ntcpn in t h e  purticlc-truckinE npprorich nrc to 
dctcrminr 1) t h e  timo n pnrticlc npcndr in n givcn cell nnd 2) 
which ccll t h c  ptirticlc trnvcln to  ncxt. Thcrc two ntcpn arc 
detuitcd below. 

Thc rcnidcncc t ime t h n t  n pnrtjclc npcndn in n cell ir Kovcrncd 
by a trnnnfcr function dcncribinK t h c  probnbility of t he  purticlc 
npending u givcn Icngth of tirnc in thc ccll, Thun, thin pnrticlc- 
trucking approach IH culled tho  "rcnidcnca-timc trunnfcr 
runction" (RTTF) mcthod. For a cumulntivc! probability 
distribution function of purticlc rcnidcncc timcn, tho ronidcncc 
t imc of a pnrticlc in a cell i n  computed by KuneratinK u random 
numbcr  bcrwccn 0 and 1 rind dctcrrnininr  t ho  corrcnpondini: 
rcnidcncc t imc, If n lnrgc numlscr of pnrticlcn pnsn through tho  
ccll, rhc cumulntivc rcsidcncc-timc dirrtribution (RTD) of 
pfirticlcs in thc. ccll will bc rcproduccd, 

From thc nolution of t h c  flow field i n  u numerical modcl, t h c  
mciw of fluid in thc  computntionnl ccll and  the mnnH flow ru t c  t o  
or from cnch udjnccnt ccll h obtnincd. In  t h c  nimplcHt cnnc, t h c  
rcnidcncc t imc of n piirticlc within cnch finitc-diffcrcncc ccll, 
T,,or, , is givcn by 
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whcrc My in t he  fluid maw iilrnacintvd with the cell and the 
numrnntion term in thc dcnoininntor rcfcre to thu outlet munn 
flow rutcn from thu coll tu adjncont din, In thc abncnca o f  
dinpcrrrion or othcr  trnnnport mcchnniwmlr. the erunnfw function 
ia n Howinido function t h u t  is unity nt the fluid renidcncc time, 
Z,-, bocuurw for thin nirnplc cnnu, all pnrticlcs ~ O M N C H H  chje 
ronidoncc timc. Equilibrium, linuar Horption is includvd by 
correcting thc roHidcncc dmc by a rcturdation fctctor R f ,  no thn t  
II c,,,lrl = R T , whcrc R f  i n  givcn by 

f f  

In Eqn. (921, KJ i* thc vquilibrium lrurption coofficicnt, PI,  i n  
thc bulk-rock dcnnity, 0 is tho poronity. Sf is tho saturation of' 
thc  phunc in which thu pwticlc io travcIinK, and p/ is the 
dcnnity o f  thc iluid. Oncc uptin, in thc ubtrcncr? of othcr 
t rampor t  procoencn, thc tmnsfcr function in  a Hcaviwido 
function. 

Boforc dincussing more complcx cxumplm of chc RTTF mothod, 
wc will outline thc. mothod for dotormining which cd l  n part ido 
truvcln to aftcr complot in~  itn ntny a t  a givan coll. Tho 
annumption tha t  i n  connintent with the RTTF mcthod i n  thut; thc 
probability of traveling t o  a neighboring ccll is proportional to 
thc mans !low rutc to thnt  coll. Only outflows arc includcd in 
thin culculntion; thc probnbility ot'travding to an udjaccut aodu 
ie 0 if  flow in  from thut nodc t o  thc  currcnt nodo. By gcncrnting 
n uniform rundom number from Z C ~ O  to onc, thc dccision of 
which nodc to travel to in ntrnightfonvnrd. Thun, thc particle- 
trncking ulgorithm connistrr of 1) computing thc rcnidcnco timc 
of n pnrticlc n t  a coll uninl: thc RTTF method and 2) ncnding thc 
partido to an ndjnccnr e d l  rundomly with tho probability of 
trnvclinc: to a d v c n  coll proportional to tho mnnn flow rneo t o  
thut  ccll. 

Tho tranlrfct function for trmsport proccneon nuch nlr dinpernion 
aro doncribcd now. Within n computational coll. i t  ilr nenumcd 
thnt  onc-dimcnnionnl, axial dinpamion i n  valid. Thc trnneporti 
oquation and boundary conditionn for thc onc-dimcnnionul. 
advcctivc-dinpcmion cquotion arc: 
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c = c,, nt; s = 0 , nnd (94.1 

In thc  cquntionn ribovc, C is thc  concrntrution, C,, i n  t h c  
injcction conccntration, v in t h c  supcrficiul flow vclocity, and 
Drlf i n  tho cffcctivc dinpvrnion cocfficicnt given by D,,jj = a\’, 
whcro 0: in t h e  dinpcrnivity of t h o  medium. I-Icrc, it is nnnumcd 
t h a t  thc  flow dinpcrrrion componcnc of DrjI in  lurgc compnrcd to  
thc  molcculur diffusion cocfficicnt Dn,, , A nondimcnnionnl 
vcrdon of Eqn,  (93) cnn bo obtriincd uning thc  followinl: 
trnnnformntionn: C = C/C,, , 2 = x / L ,  und 
e = R v t / L  R fT f ,  whcru L, in  t h c  dintnncc ulonK thc  flow 
pnth whcrc t h e  concentration irc bcinF: mcnaurcd. Tlicn 
Eqn. (93) bccomcn 

whcrc P r  = \ ’L/Drf j  irr thc  Pcclct numbcr, Altcrnntivcly, 
P c  = ,!./a. Thv nolution to  Chin cquntion nnd thctw boundnry 
conditicnn i n  given by Brighum (19741 nn 

T h c  U R C  of thin nolution in t h c  RTTF pnrticlc-trucking mcthod 
rcquircn t h n t  t h c  tmnHport problcm bc advection dominatcd no 
t h a t ,  durinc: t h c  t imc npcnt in u computotionnl ccll, nolutc would 
not tcnd to  nprcrid n nimificnnt dirrtnncc  WAY from t h a t  ccll. 
Then t h e  opproximntc uric of u distribution of timon within t h c  
ccll nhould bc ndcquntc, Qunntitntivcly, t h c  criterion for 
ripplicnbility in  bnscd on the gr id  Pcclct numbcr,  Pcx = A d a ,  
whcrc AV irr  t h c  churnctorjntic l c n ~ q h  scnlc of t h c  computational 
cc!l S o t c  t h a t  in contrnnt to convcntionul nolutionn to t h c  
ndvcctivc~=diepcrnion cquntionn, coarnc npatinl dincrctixation i n  
hclpful in nntinfyinl: thin criterion, an long an t h e  mcnh npwing  
is nmnll cnough to  provide an nccurnrc flow noIuLion, 1-IiEhly 
dirrpwnivc trnnnport invnlidntcn thc unnumptionn of t h c  R R F  
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pnrticlc-tracking tcchniquc. Thin in  not vicwcd us a ncvcrc 
limitation of the method, bccuusc accurntc solutionw to tlic 
advuctivo=dispcrsion equation urc cosily obtained by 
convontionul finite-difrcrcncc or  finite-clement ccchniqucn for 
thin cnnc. Thu niche fillcd by this ncw tuchniquo in in the 
nolurion of'advcction-dominated problcmlr involving thc 
movcmcnt of Hhurp conccntrution fronts. 

Far rnultidimcnnional flow ayntcrns, this method for airnuluting 
diapcmion can br cxtcndcd for chc cntlc or dispcrdon cocnicicnt 
valuorr nli&pcd with tho coordinatc LYCH, For this cwc, thhc flow 
diructiion in  dcccrmincd by thc vcctor drawn from the nodnl 
position oftha cull from which thc  particlc trnvclcd to h c  currcnr 
ccll, and t h ~  dilrpcrsidty for thin flow dircction is d v c n  by 

The RTTF purticle-tmc.Lnl: tcchniquc cunnof ba formularcd 
with u l o n ~ t u d i n n l  nnd trmsvcrnc dinpcrt4ion-cocflicicnt modal, 
bccnunc thc now rutcn botwccn cdhi nrc dcfincd rathcr t h m  thc  
nctunl flow velocity u t  u position. For a dirrpordon modo1 
a l i p c d  to thc flow direction, thc pnrticlc-trucking mcthod, such 
ns thut  of Tomp~on  and Cclhur (1990), or a eonvcntional finite- 
elemcnt or frnitc=difcrcncc Rolucion to thc  ndvcctivc=dispcr~ion 
cquution rrhould bu uncd. 

Mutrix diliunion. Nutriu difluaion ban bccn rccognizcd as un 
important trnnnport mochnninm Cor fructurcd poroun mcdiu 
(Scrctnickn 2980; Robinnon 1994). For many hydrolojdc flow 
sptomn, fluid flow in dominntcd by f r a c t w n  bccnunc of tho ordcm- 
of-magnitudu Iup r  pcrmcubiliticn in Crncturcn cornparod to thc 
surrounding rock matrix. I1Iowwor, cvcn when thc fluid in the 
matrix in complotcly stagnut, noluw CM maw into t;hc mutrix via 
moloculiir diiruaion, rcwlting in a phpnicnl rcturdntion of noluto 
c o m p m d  to pure fracturc trunlrport, This crcct hm rcclrntly bwn 
dumonntrntcd a t  laboratory ncolc by Rcimun I19961 and ut ficld 
ecnlc by Mulonzowaki nnd Zubcr C196t). 

Tu dovolop n transfer function for matrix diffulrion, an idunlizcd 
roprcncntation of thc trunnport np tcm munt 6mt bc gcnorutcd, 
Figurc b nhown the momctry or thc modd nyntarn usod for t h i n  
purpone, Thc gcomotry und flow n y t c m  conrriats ol'oqunlly 
Hpaccd, pnrnllcl frncturen, cuch of which tranmits uquul flow, 
Fluid in the rock matrix is ntugnant, Trunnport in tbha f'rncturcs 
i n  govcmad by Eqn. (93) with nn additionnl tcrm 41m on thc  
right=hnnd nidc d v c n  by 
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Figure 5. Model system used to formulate the rasidence-time 
transfer function for matrix diffusion 

whcrc o,,,,, in  thc miitrix porosity nnd hi i n  thc  fmcturc  
npcrturc.  Trunnport bctwcon thc frocturc nnd m n t n x  in 
covcrncd  by thc onc-dinlcnsjonnl diffuHjon cquatjon: 

whcrc Rl., ,,, i n  t h c  rctnrdrition cocflicicnt for the matrix. The 
molcculnr diffunion cocfficicnt in a function of t h o  frcc difrusion 
cocflicicnt of thc nolutc in watcr and n tortuosity f'actir to  
account for thc dctuilr of diffusion through t h o  tortuouH, fluid- 
fillcd pore nctwork. In thiH modcl, D,,, i H  trcatcd nn thc 
fundumcntul rrnnnport pnrnmclcr, rccognjzing thnt it i s  u 
property of both t h c  Holutc and  thc mcdium. Solutions to  thin 
trannport problcm dcpcnd on thc nature of thc boundary 
condition nway from thc fract;urc*. An analytical nolution is 
h5vcn by Tring c t  ul. (1981) for t h c  ncmj-infinitc boundary 

condition 

dinpcrnionl in the frncturcn, Stnm u t  al. (19851 nhow that the 
nolu~ion ruduccn t o  

= 0 on )' + -, For thc cnnc of plug flow (no 77 
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Thc scrni-in finkc boundury condition bctwcm fracturcli limitn 
thc validity of oithcr of thcnc solutions to nituncione in which 
tho chhnrnctcriatic diffuNion ~ ~ M C O ~ C C  for thc transport problcm in 
Hmall compurod to  thc frncturu npncing:. Hawclvcr, UH lonx LM the 
nolutc hnn innufficiont time to diffunc to t h e  ccntoriinc bctwocn 
fmcturcn, thc nolutionn providcd by Tnnl: c t  d. (1981) or S t u n  
ct al, (1985) nrc vnlid to rcprctrcnt thc  trnneior function for rhc 
pnrticlc-trucking tcchniquc.. 

Although, in principal, thc  Tnng ot a]. (1982) nolution could bc 
u w d  for thc trnnnfcr function, its complcx form mukcs it: vcry 
inconvcnicnt for rnpidly computing particlc rosidcncc times. 
Inntcnd, a two-ntcp proccnn in  U H C ~  in which t ho  rcHidcnce time 
within I;ho fracturc is limt computed wing tho trantrfcr function 
for one-dimcnsionnl ciispcrnion in Eqn. (97) without norption. 
Thcn thc  plupflow cquation with matrix diffunion and clorption 
(Eqn. (101)) is uncd with thc  vnluo of thc  fra?t.wc rcnidcncc time 
juHt dotcrminad to Hoc thc t rundc r  function for tho matrix= 
diffusion component of thc model, To u w  Eqn. (101) a8 n 
trnnnfcr function, n tiubroutinc wnrc dcvclopcd t o  dctcrminc tho 
invcrsc of tho Orrot functi ?nu t ha t  i H ,  tbc valuo of xd for n given 
vnluc of . yd ,  ~ u c h  that yd = cr[(xd)  , Thc numcricnl 
implcrnontnrion of thie method antailw dividinC: thc m o r  
function into picccwinc continuous ecpncntw from which tho 
value of .rJ is dctarmincd by intcrpalation. Thc u w  of thc two- 
ntop uppronch in  justificd bccaunc of thc principle of 
supcrponition, which dlown the dccoupling of thc dispurnivc 
proccnn in tho frncturc from thc diffusive t rmnport  in the 
matrix. 

Rudionctivc dccay. Rndjouctivc dccay ie important to mnny 
of thc applicntionrr for which thin modcl w a ~  developed, numcly 
nuclcut waHtc rcponitory studics, Xutural isotopce, wch us "C1 
mnd I4C, idno roquirc thc nimulation of rdionct ivc docny, Thin 
phcnomcnon cnn bc trcatcd by introducing thc  dccny cquation 
for an irrcvcrsiblc first-ordcr rouction: 

whcro Tug, irr tho particle's agc nincc cntcring tho syntum and 
k,, is thc  rate constnnt for rndiaoctivo dccny, which i n  relntcd 
to the mdioactivc-dccny half-lifa, t,,:, by k,,, = 0,693/~,,:. 
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I n  t h i s  modcl. rhc concept ol'u fruction ol'n purticlc in  uncd to 
incorporntc rirdiouctivv dccny into t h c  cnlculntion. Thc u p  of 11 

purticlc, o r  t imc nincc cn tc r inc  t h e  nyntcm, in  uned in Eqn, I1021 
to compute t h c  f'rnction of t h c  particles rcmnininl: nt  the currcnl; 
timc. Whcn conccntrntion viilucn urc computed from t h c  
componitc bchnvinr of n large numbvr of pnrticlcn, thin mcthod 
riccurntcly uccountN for riidiortctivc dccny, 

Particle wourcw und ninkn. Thcrv nrc two mcthodn for 
introducinr: prirticlcn into t h c  flow nywtcm: 1) inject tho particleti 
with thc  nourcc fluid cntcrinl: thc rnodcl domnin or 2) rclcnnc tho 
purticlcn nt u purticulnr nodc or Hct of nodcn, Thc iirnt rncthod in 
mod to trnck injcctcd fluid UR it pnnncn through thc Hystcm. Thc 
number Of pilrtiClCH c n k r i n g  with thc murcc fluid r t t  cucll ccll id 

proportional to t he  nourcc' flow rntc at thnt  nodc. Thcs method in 
t hc  pnrticlc-tracking cquivnlcnt of n conntnnt noluto conccntrntion 
in t h c  source fluid. For mcthod 2, un oqurtl numbcr orpnrt ic lw 
urc rclcnscd nt cnch nodc npccificd rcgturdlcrw of thc nourcc flow 
rate. In cithcr cane, tllc rnodcl cnlln for thc pnrticlcn to bc rclcnncd 
o w  11 npccificd t ime intcrvnl. Thc codc then computcn n ntrirtinr: 
timc for cuch pnrticlv. 

For  fluid exiting thc madcl domnin, t h c  modcl t r cn tx  thin flow nn 
unothor outlct  flow from t h c  node, T h c  dccinion nf'whcthcr tho 
purliclc Icrivm thu Nyntcrn or trnvclw to nn ndjriccnt nodr i n  thcn 
mridc on a probnbilistic bnniN,JllHt nn though the fluid s ink  wcrc 
ano the r  conncctcd nodc. Whcn ;I pnrticlc Ienws t h c  nyntcm, its 
Hojaurn throuEh t h c  modcl dornnin is complctcd: rhin fact in 
tccorded w prtrt of t hc  ntntinticn of l;hc nirnulntion. 

T r u n n i c n t  flow ficldh. LVhcn t h c  l<l'"l~ prirticlc-trucking 
mcthod in implcmcntcd for n rime-vnryinfi f luid flow nyntcm, t he  
iippronch in itomcwhul marc complcx bu t  n t i l l  trfictabk. 
Connidor n numcricul nimulntion in which n d iwrc tc  t imr  ntcp in 
tokcn at t ime f a n d  a nuw fluid flow field is cuinputcd. In chit+ 
rnodcl, tranniont  flow^ a r c  handlcrl by t reat ing the new fluid 
flow t imc, r n r W ,  UH a n  intcrmcdintc rimc in rhc piirticle-trncking 
cnlculntion t h u t  t h e  nimuliition munt ntop tit, T h e  futc o f  it11 

pnrticlcti in trnckod from r imc I t o  t imc I,,,,,, unwuming thnt; t h c  
flow field is contitnnt ovcr thin t ime intcrvnl. Whcn t;hc 
xirnulntion rcnchcn Inr, , ,  , t h c  punition of ' thc pnrticlc in rccordcd, 
d o n g  with t h c  fract iond tirnc rcrnnining for t h c  pnrticlc nt: thc 
ccll nnd thc rnndomly gcnwntcd y-coordinutc of t h c  trnnHfcr 
function uocd for  that  pnrticlc in t h c  ccll. Whcn t h c  ncw fluid 
flow nolution i n  cntnblinhcd, thc proccnn cont inuw, bu t  t h c  
rcmnininE rcnidcncc r imc for u particlc j H  t h e  t imc detcrmincd 
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from tho ncw rrtrnsf'cr function times thc fractional time 
rcmaininK in tho ccll, 

Anothor trnndiimt cffoct thot mus t  bc connidarcd in  thnt  thc  wrn 
of thc outlct manti now rn tw Z~I,,,,, in Gqn, (91) docs not 
ncccnwnrily vyuul thc Hum ofchu  inlct mann flow rnrw. Whcn 
thcrc is nct fluid HtoruKc in 11 coll, thc purticlc=truckinr: 
ul~ori thrn U H W  rhc. sum ofdrc inlct flow rutrn in Eqn. (931, 
whcroiw Eqn. (91) itnolf in uncd whcn thcro in nut drtdnul;c of 
fluid. 

8.3.4 Applications 
For t rampor t  calculationn using cithcr thc roactivo-tmnsport or particle- 
trncking moduln, thc vnlidity of the dolution dcpcndn firnt on t h e  uccuriicy 
or thu  flow cquntionn. In addition, the rcliubility of the  transport  
purnmctcrn in ulwo n factor in the roprcnentntivcncwn of nny transport 
trim u la t i on, 

For the roactivc=trnnaport modcl, thc i s~uc  of numcricnl accuracy is 
cxtrcrndy importnnt to  thc uHcfulncslr or  thc rcsultn. Thc nccurncy miry bc 
evaluated by ~ o l v i n g  tho darn(! problcm uainl: diffcront size p i d s  und 
cvnluatinC: the chnngc in thc nolution. Tho myjot nuurcc or  numcricnl 
orrollr for trannport nolutionn i n  nncicipntod to be thc numcricul dhpcrnion 
rcnulcinl: from thc upwinding of the ndvcction tcrm, Ntcrnativoly, thc 
pnrticlo-trackinE module can ba uncd Tor ndvcction-dorninatod prablcmn to 
providc n nolution thnt  con bc compurvd tu thc rcuctivc-trunsport rcaultw, 

Thc primary applicntionri of thc pnrticlt4xacking modo1 nrv: 
to Kuncrntc trnnrrport. nolutionn thnt aro ublc t o  tritck nhnrp frontn in con- 
ccntrntion without numcricnl ditipcmion, tlicrcby ullowinr: r c d t n  from 
thc rouctivc-transport modcl to  bc evnluatcd for numcricnl ticcurucy; 
to allow fluid pnthwuyn t o  bc muppcd out  vinually uninE particlcn that fol- 
low chc fluid; 

to providc n transport  nolution for 3 nolurc thut diffuncs into thc  rock 
matrix; and - t o  cornpilo statintics on thc dintriburion of fluid L ~ ~ C N  prcncnt nt a kvcn  
location. 

Scvcrnl limitntionn of thc particle-tracking modcl dhould bo noted. The 
particle-cmcking mcthod produccs ti t rampor t  solution that i n  frcc of 
numcrical diapcrnion whcn now is  prcdominnntly nligncd with thc fluid 
flow finite-clcmcnt mid,  Grid oricntntion cffocts may bc prcacnt whcn flow 
t rnvch diugonally ucrow the grid. Thc dinpcrrcion modcl cxtcndH tho 
trunsport nolution boyond u nimplc dplug flow" transport  modcl, but rhc 
RTTP mcthod in  only vulid for advcction-dominatcd problcm~.  In rcgionn of 
u modo1 domnin for which chc h$d Pcclct; numbor in l c s ~  thun about 1, thc 
method producctr innccuratc rcnulttc. Finally, thc  matrix-difluaion rncthod 
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in vulid only i T  t h c  H O ~ U L C  hun innurficiont tinic to diffunc fully bctwccn 
I'rttsturcs d u r i n c  tho  t ime ncalc of ii nimulution. 

8.3.5 Numerical method type 
For tho rcnctiw-erunnport  modcl, t h c  npproximntion of t h e  ptireinl 
dirfcrcntinl cqurttionh ['or nolutc tr i tnsport  purnllvlrc uxricely t h c  thcory  
outlined for t h c  nolution of thc  flow- nnd cncrEy-trnnnport  i!quotionn in 
Section 13.1.6, Thc conccntrationn of all H O ~ U L C H  rnurrt be nolvcd 
r;imultnncounly bccnuw chc conccntrntionn itre couplcd through t h c  kinctic 
or  equilibrium reaction tcrmn. Thc codc cmployw nn aption to  nolvc 
multiple nolutc conccntrmtionn dircctly wing t h c  multiple do~.px-ol:  
frccdom cquotion nalvcr for u p  t o  four  tcolutcrr. When more  thnn four 
noIut.cn lire prcncnt. n n  itcrrttivc procedure i n  rcquircd.  Thin mcthod i n  
outl ined in dctuil in Section H.3,6, 

T h c  RTTF particle-trncking mcthod in n Lnjwmgian  numcricul method t h u t  
cmployn trunnfcr functionn t o  computt? prirticlc rcnidcncr timcn in cnch ccll. 
Thun, t h c  t ime u pnniclc npcndn in n ccll, rin wcll nn the  dccinion of which 
ndjriccnt ccll to trrrvcl t o  ncxt,  im dctcrmincd  prabnbilinticnlly. 

8.3.6 Derivation of numerical model 
8.3.6.1 Reactive-transport model 

Bccriunc m m y  rtnpcctr of tho rcrictivcr-trnnnport numcricnl 
mcthodn pnrnllel t h c  dcvclopmcnt of t h e  fluid- nnd cncrgyv- 
trrinlrprrrt numcrical  mcthod, only t h c  pn r t s  of thc dcvclopmcnt 
t h n t  nrc  un iquc  to  nolutc trnnHport iire outlincd hew, In t c rno )  
to t h e  crrdc, t h c  churnicnl rcnction tcrmn of the nolutc mrrw 
bulrincc vquntionn urc! nlwnyn forrnulntcd an kinutic cxprcnsionn 
wi th  forward nnd rcvvrnc rntr: tcrmn. For kincticully controllcd 
rcnctionh, tlienc ru t c  t w m n  tiro thc two product tcrmn of 
Eqn,  ( 8 4 ) .  Equilibrium rwc t ionn  U H Q  then I'nct t h a t ,  n t  
cquilibrium, thc forward und rcvcrnc rntm nrc  cqunl NO thit t  
A'fq = k,,,,./krp,, . Forward  rind r c v c r w  r n t c  conntuntn itrc 
rorccd to bc in t h e  corrvct rutio to  nimufrttc equi l ibr ium,  nnd ri* 

lonj: nc t h c  rntc conntnnts tire hiKh cnouxh, cquilibrium i n  
rrpproximritcd. Of'c(lurkc, it in  no t  Itnown u priuri w h n t  vtrlucn LO 

unc for t h c  rntc connuints, If thc vtiluon n rc  too low, equi l ibr ium 
bchnvior in not  upproximittcd. A I C H M  obviauw connidcriition irr 
thrit jl'thc vnlucn m e  too high, t h c  rntc termn in Eqn.  (56)  
ovcrwhclrn t h e  t r i innpon tcrmn in t h c  mnnn bainncc and thc 
ronctivc-tmnnport  problcm in not well-pnncd: t h c  trrtnsport  pn r t  
of t h e  mnnn bolnncr! gctn lont in the nolution of' t h e  cquutionn, 

To c i rcumvcnt  t h e w  problcmn, on t h c  lirnt ~ o l u t e  Limo ntcp, the 
modcl Ntnrth u t  II rclntivcly low va luc  for Lhc forwnrd rnto 
conntunt, computcn t h e  corrcnpondinK rcvcrnc rritc conntnnt 
connintxnt wi th  thc equilibrium conntiint for tht? r o i d o n ,  nolvcn 
thc rciictivc-trunnport problem, t h c n  perfbrmn n chi-ck to  cnliurc' 
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. .  

thnt  cquilibrium i H  npproximntcd c v c r p h c r c  in thc  modcl 
domnin. The chcck is 

. .  
, .  

n 
I 

<Tl"l (103) m 

I .  1 

, '  , 

n . , .  

I . .  

8 .  yr,tn = 1 - ubs 
' .  I 

. . .  
whew ylol is n uncr-defined tolcrnncc pnrumctcr dofining how 
clonc to equilibrium to forcc ouch rcoction, Compnr iw 
Eqns. (1031 und (861 und mnkinl: uao of the fttct thut 
K,, = kq,/kr,,,, at cquilibriurn, thc  vnluc 1 -yrsn cnn bc nccn 
nn the rntio of thc  equilibrium quoticnt ( thc rinht-hund nidc of 
Eqn. (813)) to the cquilibriurn conntnnt. Scttinc: y,,,! to, m y ,  0.02 
furcca thin ratio to 0.99, or roughly npcnking, 99% or  tht! way to 
cquilibriurn. If thc check i n  not natinficd at all podtionn, thc 
minimum vuluc 1 - Y,,,, in found, and thc forward ratc conatant 
i n  multipliod by Yr,m/kl;,c, ,  w h w c  kfUo is u uwr-dvfincd 
pnrnmctcr (nnnumvd to bo I w n  thnn 1) t ha t  nctn thc rutc at 

, I  

1 '  

which thc rutc constnntn arc' incrcnscd t o  uppmnch equilibrium 
bchnvior, hltcrnativcly, kfil,, cun be choeun to  bo n dircct 
multiplier to the  current Forwnrd ratc conatunt, in which CIIHC 

thc  vuluc in net grcntcr Lhim 1, 

In oithcr c u ~ e .  thc  proccsn ofnolving thc cntiru rcactivv- 
trnnnport a p t c m  is rcpcirtcd with hiKhcr and higher r m  
contitunti until Gqn. (103) in antiefrcd for nll cquilibrium 
rcuctionn nt ull ponitionn, In portionn of the modcl domuin 
whcrc conccntrutiann arc low, i t  in panniblc thn t  t hc  rcactiun 
rutcn nrc low, or uvcn zcro, cvc'n when equilibrium bohuvior in 
Hpocificd. Tho model cun bc mudc to nkip the oquilibrium check 
or Eqn. I1031 whun lhc forward rnto ( the donominntmr in 
Eqn, (103)) i n  Iew chun u uscr-npccificd rcuction tolcrc\nccr 
parumctcr, cnllcd rf,,ol. When a ncw timc ntep ie tukcn, t;hc 
rntc conntnntn dctcrmincd prcviounly UW uncd to rontnrt the 
procunlr. Thew rutc conabnta  will unually bc suflicicnt: to 
;iHHurc equilibrium bchavior ut nubnequcnt tirnc Htcptl, but thc 
equilibrium chock in ntil l  pcrfarmcd and rntc conntnnfa 
incrcancd if n v c c n n q .  

Thc ayNtcm of cquutione rcpresunting the  maw bulnncc for cnch 
nolutc rcnultH in n couplcd nyntcm oi'Ssal x S, pquntionn. Whcn 
kincticn arc rnpid cornpurcd to trunnport, ci thcr becnunc thc 
rntc conntuntn tire wt larm or  thc equilibrium rcuction option i n  
chown, thc nolution tcchniquc munt bc quitc robust. The 
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rnultiplc dcpcc-of-freedom solver nn tuml ly  hnndlcn thin nort of 
ntrongly couplcd nyntcm of cquutionn, I-lowovw. the  cu r rcn t  
nolvcr hundlcn u p  t o  four dr?pc.cn o r  frccdorn (in thin CUHC,  four 
couplcd ~ o l ~ t c n ) ,  To nolvc for niorc thnn four nolutcn, nn 
i t c r n h c  proccdurc hnn bccn implcmcntcd in which the nolutcn 
arc placed into groupn of up to  four no lu~cs .  T h e  codc nolvcn thc 
equat ions ~ v o u p  by group, Whcn u nolutc in not  prcncnc in n 
AVOUP, l;hc currcnt  vnlucn of concontrntions uru uncd in 
computing rcnction rntc tcrrnn, but  thowe conccntrntionn iirv no t  
unknownti ut t;h:iL particulnr ntcp of t h u  solution. 

Bccnunc t he  cirlculation ol'conccntrntionn in j p x ~ p n  fullinF: lntcr 
in LIW wqucncc  rnriy impact t h c  mmn bnlnncc of nolutcti nlrcndy 
nolvcd for, t;hc ontirc nyatcm in not  ncconnnriiy convcrKcd nft;cr 
all poupw arc nolvcd. An outuf i tcrativc loop ovcr all g ~ o u p n  in  
truvcrlicd until t h c  rcnidunln of nll cquntionn arc low. At thin 
point, t h e  cnt i rc  nyntcm of cquutionn i H  nolvcd LO thc npccificd 
tolcrnncc, nnd 11 ncw t imc  ntcp is mkcn .  

8.3.6.2 Particle-tracking model 
All unpcctn of t he  nurncricnl rnodcl for particlc trfickinE nrc 
discunnod in Suction 8.3.3.2. 

8.3.7 Location 
The implcmcntation ncqucncc for cithcr thc rcnctisc-trnnnport rnodcl or  
t h c  pnniclc- t racking rnodcl i n  i l lu twatcd in Pic, 1 ( p n p  141, T h e  two 
modcln cunnot bc run  nirnultnncounly in t h c  currcnt vcrnion of FEI-LM, 
Af'tcr R heal;- nnd mnnn-trnnnfcr timv nLcp in trlken nnd tho flaw nnd 
tcrnpcraturc liclds arc dctcrmincd, t h e  noluL;c!.crnmport nolution i n  
computed from the prcvioun hcot- a n d  mass-trannfcr timo LO tho  cu r rcn t  
timc. Thc flow field uwd for t he  trnnnport  culculationn i n  nnnumcd to bc 
unchanging durinl: thin rimc. 

8.3.8 Numerical stability and accuracy 
Rcuctivo-trunnport modal. A n  in t he  hcnt- nnd mtinn-trunnfcr nolution 
diacuwion (Section 8.1,8), nonlincrviticn can give rirc t o  problomn with thc 
stabil i ty of the Nolucion. Thc formulrition of t h c  problcm nn n fully couplcd, 
implicit nolution muximizen thc  likelihood of  obtaining a ntnblc, nccuratc 
nolu~ion.  Accurricy i n  ulno intimately ticd to thv p i d  dincrctixution, t imc 
ntcp, nnd dinpcrnion cocfficicntH of t h c  nolutcn, Advcction-dorninutcd 
trnntrport with low dispcrnion coufficicntn in  well known to be difficult to 
sirnulute uccurritcly with finitc-diffcrcncc or  finitx-clcmcnt tcchniqucn. 
Testing tha ~ o l u t i o n  apinHt the rcnultn of n cnlculution with trmnllcr grid 
Hpncinp und timo ntcpH is onc way to L ~ H W C H H  thc  lcvcl of numcrical 
dinpcrnion, Another wny in to compnrc thc  solution to a pnrticlc-trncking 
irimulotion, which in dcnigncd to  minimize numcrical inuccurucion. 
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Pnr t i c l e - t ruck ing  mod& Thc accuracy or un RTTF particlc-trnclcin): 
Holution should bo cvuluntcd ueinl: thc foallowing connidcrutionti: 

Thc  dinpcmion cucflcicnt munt bc N C ~  high cnough to avoid grid Poclct 
numbcrn ICNN thnn 1; in fiicr, thc code nctn thc Pcclct numbcr of n cell Lo 1 
for any vnluc lowcr than 1. 
Diffuliion into thc rock mutrix must  be NIOW cnough tha t  the nohtc has 
innufficicnt timc to diirunr fully to the  centcrlinc botwccn fracturcn. 
If'thc vclocity vcctorH wt not nligncd with thc ilnitc=clcmcnt grid, Home 
inuccurncim duc  to  grid-oricntation cffects nrc to bc cxpcctcd, - Thc numbcr of purticlcs in tho nimulation mulit bc suficicnt; t o  rninimizc 
crrarn induccd by ntatisticnl fluctutitionn, 

8.3.9 Altcrnativcs 
Rcuct ivc- t r rmbport  modcl. A M ~ y  diffcrcnt numcrieal formulutions of 
thc rcactivc-trnnnport problcm me ponniblc. h rcvicw of these mothods 
wnH pcrformcd by Yoh and Triprlthi (19139). Thonc rnodeh differ in thc  
number of specjw t ha t  cnn be rrimulntcd and tho n n t w c  of thc chcmicnl 
rcnctiona that  c n n  bo liimulntod, Whcn cquilibriun is n e ~ u m c d  for all 
rcactionn. thc rcnction put; of the problcm can cffcctivcly bc decoupled 
from the trnnnport and conwidcrublc nimplificntion rcnultn. For combined 
kinctic nnd equilibrium formulations, Fricdly und Rubh (1992) huvc 
shown that Himilur nimplification~ arc ponsiblu. Most modoh prcncntcd in 
tho li tcrnturc thnt unc Hophisticntcd chcrnical Hubmodch urc rcetrictcd to  
nimplirtcd flow goomotrica and flow phynics or rcquirc n flaw ~o lu t ion  as 
input, a d  the number of Lvid points t h u t  practically can bc NimUfntCd i A  

nmall, 
Thc muctivc=trnnaport modcl dcvclopcd hcrc wan ~pccif i~ir l ly  d c d m c d  for 
unc in thc context of Inrpx4cnlo two9 und thrccdirncntcionnl nimulutjonli, It 
wnn uHnumcd that  in thc nciv futuru, computational rcsourccn would bc 
infiuflicicnt to hnndlc a largc numbct of chomicnl apccics for o. larpwxde 
problem of many huuenndn of grid points, Thcrcfurc, chc modcl 
dcvolopmcnt nsnumcd thnt in formution from other sourcm (mochcrnical 
codcn and litcrnturo dutu for u fcw kcy rouctions and Hpccic4 could bc 
abnrructcd m d  diutillcd into n rclativcly nmnll nurnbcr of intcrnctinK Holutcs. 
Givcn this nnnumption, thc logical mcthod orsolution WL~N to  UHC thc multiplo 
dcgrcc-of-frccdorn nolution tcchnolo~y thnt in ut t.hc cuntcr of thc F G I M  
code. Altcrnutivcs tcchniquw, NU& an thosc rcfcmd to above, will bc 
cvuluatrrd and incorporated into futuro vcrHions of FEHM an nccdcd. 
Pnrticlc-trucking modcl. Thc RTTF particlc-tmckinR modcling 
npproach in FEHM diffm from mo@t poundwutar  pnrtictc-ttncking 
nlgorithms raportcd in tlic litcrnturc (c.~. ,  Tompnon nnd Cclhar (1990); Lu 
(1994). Thcsc mcthuds rcquirc that  thc vclocity vcctor bo rc~olvrd aecurntcly 
nt cnch locntion in thc model domain. Doing t h i n  usdl,v involvcv M 
intcrpolntion mcthod GO obtuin the vclocity nt my ponition nccdcd bmwd on thc 
vnlucn camputcd from u flow Himulation (nt coll fawn or nodcfi, for cxunple), 
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Thc iilgoriLhm then connintn of marching forward in Nmnll time ~ t c p n .  computing 
thc  trnjcctory and 11 nvw locntion of t hc  particlc n t  t h c  new timo. Equilibrium, 
lincar Horption iti modclcd by introducinF: n rctardntion rnmr to rcducc t h c  
panicle vclocity. Dispcrlrion in hnndlcd uning n rundom-walk upprooch t h a t  
dinpluccn thr! prirticlc n ccrtriin nmount du r inc  w c h  timc ntcp NO t hu t  t hc  
pnrticlu niimplcs ;i diffcr(!nt vclocity iicld than  it would hrrvc in the nbncncc of 
dinpcrtiion, 

By c o n t r w t ,  t ho  upprorich U H C ~  i n  thc FEI-ISI porticlc-trackin!: o l p r i t h m  
ulrcn t h c  n u i d  mnnn fluxes from node t o  nodc an thc bnnin for mnvinK 
pnrticlcn. Thono arc t h c  qunntAticn t h u t  arc uctunlly known in intcgrntcd 
fi n i t c- d i f I'c rc n cc n n d fi n i t  c-c 1 e m c n 1; c u 1 cu I n t i on H , w h c rcnlr t h c v c  1 oc i t y 
vcctorn r m  i nk rpo lu tcd  rcnultrc, Thun,  t h o  implcnicntation of t h c  liTTl7 
Lcchniquc i n  un cxintinl: code like FEl.IM i n  wnichtl 'onvnrd. h n o t h c r  
practicril ndvuntugc  i~ thrit t h c  computntiona nro cxtrcmcly rant: 
nimulat ionn with ncvor:il million pnrticlcn n r c  pructicnl w i n g  convcntionul 
workntntionn, One comprominc i n  thc npprouch in t h c  limitlition to  
ridvcction-dominrrtcd t rnnnpor t  nyntcms. ThiH wnlr t hough t  t o  bc n 
rortsonublc comprominc, cnpccinlly in t h e  contex t  of n codc t h u t  d r c u d g  hnn 
fi  rcnctivc-Lrnnnport modulc t h u t  cnnily hnndlun wyntcrnr wi th  hiKh 
d inpcrnion eocl'licic n t n .  

8.4 Constitutive Relationships 
8.4.1 

8.4.2 

8.4.3 

Purpose 
The dcnniticn, vincositicn, and  cn thnlp ics  of wntcr,  wntct  vapor,  nnd uir uro 
rcqujrcd for thc nimulution of  flow^ and cncrky trnngport  in  :I poroun 
mcdiurn, Thcnc contifjtutjvc rclotionn dcpcnd on t cmpcrn tu rc  a n d  
prcsnurc. To bc computtll;ionally dr ic icn t .  t h e  form of thcnc rclutionn m u s t  
be  CUP^ LO compute  rind accurnLc. To  nntinl) t;h(!nc nccdn, rutionul 
polynomiul f i tn  t o  the Sn t ionn l  Burcou  of S t andnrdn  Stcam T a b l c ~  ilrc 

uncd, T h e  modcln r cqu i r c  rhc  prcwwuro und t cmpcru tu rc  nl'ir nodc an input,  
a n d  thcy  o u t p u t  the dcnn i t iw ,  vinconitiun, nnd  cnthnlpion of t h e  phnncn, 

Assumptions and limitations 
AL prcncnt. ncvcrul f i t H  of t h c  dutn tire nvailnblc to t h e  uncr, Thonc ullow 
unaK:c or  t h e  rcliitionH for t c m p c r r m r c n  up t o  3GOoC a n d  ptcnnurcn up to 
110 MPu,  I f  t hc  varinblc i w x c d n  t h c  limitn of t hc  data, the  FEKN code 
will rcntnrt  t h c  t imc gtcp wi th  11 nmnllcr t imc-ntcp nixe and  try t o  kccp t h c  
vorinblc wi th in  thc b o u n h  of t ho  da tu .  

Derivation 
Prcnnurc- und tcmpcrnturc=dcpcndc\nt fluid propcrtica. A porous 
flow nimulnlor, Much n~ FEI-IM, wiLh hcnt- a n d  miinn-trnnnfcr caprtbi1it;icn 
rcquircn t h c  functionril dcpcndcncc  of t;hc phtrnc dcnni t iw,  the phnsc  
cnthnlpicn, a n d  thc phanc vinconitics on t cmpcru tu rc  ('0 und prcnnure (PI. 
Bccnunc FEI-114 i n  an implicit code t h a t  URCR n Scwton-ltnpheon itcrntion, 
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dcrivcitivcn o f  the  thcrmodynomic funccionu with rcupcct to P nnd T arc 
rilno rcquirod. 

Rntionul-function upproximutionn arc uscd to cntimntc the thcrmodynamic 
vuriablcn in FEHM, whcrc tho rational functions nrc  a ratio of'polynomiul~. 
Complctc polynominln of ordcr thruc a rc  uucd in both tho numcrntor and  
donominutor. For oxumplo. tlrc dcmi ty  i s  iipproximutcd UN 

Y ( P ,  TI p ( P , T )  = - 
Z ( P ,  T) ' (104) 

whcrc 

and 

This typc or rclationship h u ~  bccn nhown by %yvolonki and Dnsh (1991) fa 
provide un riccurtltc mcthod Tor dctcrmining pnramctcr valucn ovcr u widc 
runKc of prowurcn und tcmpcroturcn, an wcll an allowins dcrivativon with 
rcspcct to prcssurc nnd tcrnpcruturc to bc cornputcd cunily. 

Polynomial cooflcicnt.u wcrv obruinod by fitting datu from thc Sationul 
Bureau of Stundnrdn OSRD dutabanc 10, thc dntnbnnc UNCd for rhc NBSJ 
h'RC Steam Tczblc~ (Hnrr cr nl. 1984). Thc datn fitN rcnult in crrorn lcsn 
than onc pcrcvnt und olhn ICRH thnn 0.1 pcrccnt, The cocfficicntti thn t  nrc 
uncd in FEI-LM arc  valid ovcr thc  prcsnurc and tcmpcrnturc ranged 

0.001 S P 5 110.0 MPn and 0,001 5 7'5 ,760°C, Polynominl cocfficicnts for 
the cnrhnlpy, dcnnity, and vidconity runcriona urc givcn in Table I11 in thc 
Appcndix. 
Prcnnurc nn ti function of rruturution tcmpcrnturc and tCmpC~lltWC 
an a function of naturation prcnnurc. Thc cquatian for thc wturot ion 
linc ifi important fbr thc dctcrmination of the phnw state of the liquid- 
vripor nyntcm. Thc nriturntion line mny be dencribcd in ~1 wutcr-only nyntcm 
nn tho prcNHurc ubovc which boiling occurn, In n mixturc dnir or other 
noncondcnsiblc grin, thc Haturntion linc i N  tiimply thc  partial prcnsurc of 
water or thc vnpor prclrnurc of wntcr. ltntiond-function approximations 
arc nlsa uncd for thc Nnturution-linc cquntionn: 
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whcrc 

Y ( X )  = Y"+ Y , X +  Y$+ Y3X3 3. Y,Xd (108) 

nn d 

I-Ict~, X rcprcncntn tcmpcrnturrr or pronnurc in the rcnpcctivc rclationnhipn. 
Polynominl cocfficiontn for thc nnturution functionn nrc givcn in Tnblc IV in 
thc  Appendix, 
FEIIM U I N O  nllown for thc inclunion of n vupor-prcnnurc-lowcrinl: t cnn ,  
which may bc important in nituntionn in which high cnpillary forccn a r c  
prcncnt. Thc rnodilicd vapor prcwurc iti dvcn by 

3 

whcrc Pv in t h e  ?cw vupor prcnnuro of water. Pcllp in the cnpillnty 
prcnnurc, nnd R in  the ~ A F I  conntnnt divided by tho malccular wciEht of 
wnlcr. 

Propcniew of air und uirwupor mixturcrr. Approprintc thcrmodynnmic 
information for air nnd air-vnpor mixturcn nrc! provided. Thc dcnnity of nir  
in  nltnuncd to obcy thc idcal piin luw. Gning ntmonphcric conditionn nn thc 
refcrcncc ntatc, wc havc 

(111) 

whcrc p, hnn unitn of kg/m", Tis in "C, and P irr in ,Wo.  Thc mixturc 
dcnnity in ~ v c n  by 

whcrc p,,,,, i n  thc  dcnnity of warcr vapor. 

The enthalpy of air ,  I t ,  (BIJkgj, i n  spccifiud nti n function of tcmpcrnturc 
only: 

/ I ,  = C J T  ' lo-") , (113) 

whcrc cp,, in Lhc hcor capacity of air (MJ/kg OC) and is given by 

-7 ' 
5 0  = 1003.7 + O.O25656T+ 0,00045457?- 2.7107 x 10 T' , (114) 
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Thc p n r m c t m s  in Eqn. (114) wcrc obtninod by rcponrcion ora more 
complex corrclution found in Sychuv ct nl. (1988). Thc mixturc cnthalpy for 
the  vapor phunc ia 

whcro 
vupor phnac, The mixturc onthnlpy of thc liquid phutw in f i w n  by 

iv thc  cnthulpy of rrtamn und qy  in thc musn4raction of nir in tho 

whom It,, ,,, in the cnthalpy or liquid watcr nnd 7, i H  thc  maas-frnccion of uir 
in thu liquid phnnc. 
Annuming idonl RON bohuvior, thc mws=Smction of' air in thc vapor phaac 
may bc cxprcnwcd nr 

Qtl 

P, 
q v = - - '  

Tho munn-l'rnction of dr in thc liquid phone in annumod to obey Hunryk Law or 

whcrc Kit,. in the EIonry'n Luw conntnnt Tor iiir (Kit, LI a 1.611 x 10" Pn") 
and Pu in thc pnrtinl pronnurc o f  nir. 
Tho vincollity of thc vapor phalcc in annumod to bo n lincrlr combination of 
thc air viscosity ond t h o  watcr viseonity: 

whoro p,, ,,, is tho Heclrm virccosity and in obtainad from Atcam dutn. The 
vinconity of air is anrcumcd canetont: 

Thc liquid-phuno vincosity in  nsnumod to be indcpcndcnt of t h h c  amount of 
d h o l v c d  air und is obtaincd from u mtional-function uppro.uimution likc 
thosc npociiicd nbovc. 
Rolntive-pcrmcabiIity and cupiIliuyprcarrurc hnctionn, Rclativc! 
pcrmcabilitice nnd cnpillnry prcwures can bu Htranl: fuunctionn of' 
nnturntion. Scvcrnl wcll-known rolndve-pomoubility functionn NL. 

nvnilnblc to  thc uwcr. Thcy arc tho dmplc  Iincnr functionlr, tho Corny 
11954) rclatiannhipu, and tho van Cunuchtcn (19SO) functions. CompoNitc 
rclativc=pcrmcability CUWCN, ar dcacribcd b y  Klavcttor and Pctcw (19861, 
arc U ~ O  u user option. 



i. 
,,-1 
‘7 

Summary ol Modols and Mcthous for tho FEHM Application 

Thc lincur functione nrc  givcn by 

I’* 
nnd 

t 

COMPONENT MODELS 1 

‘7 g 
:I, 
q 
7 
it  

7 
d -. A 

(121) 

(122) 

whcrc S I ,  in rcnidunl liquid naruration, S,,, i N  rcnidunl vnpor nn-irnt ion,  S~au,r 
i n  mwtimum liquid nnturation, nnd Sv,,,uA in  maximum vnpar nnturation, 
The Corcy rcIoeivc-pc.rmcnbility runcfionn nrc g i w n  by 

s,-s,,-svr 
1 - &- sv, whcro SI = rind SI, imd S,, urc the  rcniduril liquid und vnpor 

naturntionN, ruepcctivcly. 
Thc van Ccnuchtcn rclntivt!-pormcubility functiont+ arc‘ dcncribcd by the 
To 1 Io w i n L: form u 1 a e: 

R,, = 1 .o - f$ , 

125) 

126) 

(n i n  nn expcrimcntally dctcrmincd whcrc S = undjL = 1 - -  

pnram ctcr) 
RI a n d  K, arc rcntrictcd by t h c  rcquircmcnt t h n t  0.0 5 K, 5 1 ,O and 
0.0 5 R,, S 1 .O, Thc relative-pcrmcability functions urc truncntcd to  t h c  
approprintc vnluo if thcnc conditionn nre  violatcd. 

. S,-S,, I 
J’1mrr.r - S / r  n 
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The capi l lqv functionn connidorcd arc tho lincnr function and thc vun 
Gcnuclitcn cnpillnry-prcnnurc modcl, Our LcrminolaLT follown that; of 
PrUC" (19911, 
Thc lincnr cupillary-function modcl i n  fivcn by thc following cquntiona: 

[ 0.0, 

whcrr Pcapnllrx is thc muximum cupillary prcwurc, SI, ie thc  rcsidud liquid 
saturation, and  SI^,^ i N  thc maximum liquid eaturntion. Tho rctlwiction 
Simllr > SI, in alwo ncccsenry. 
Thc van Ccnuchton functionn lvnn Gcnuchtcn 1980) for capillary prornuro 
arc doucribcd by thc following cquationtc 

I 
tl 

A = I - - (n  and ac am cxpcrimentally dctcrmincd pnrumcecre). 

Thc van Conuchtcn capillury-prcsaurc C U ~ V C H  approach an infinite vnluc an 
SI nppronchcn 0 and 1, which roquirce thc UNO of oxtrupolation tcchniquce. 
At low naturationn, both linuar nnd cubic fitM tire availnblc, At high 
suturntionn, a linear fit i B  uacd, 

Struss-dcpcndcnt propectiou. Ofion, it i N  ncccwory to  iiccommodatc 
chnngcn in tho rock poronily and pcrmcnbility duc to chongcH in cffcctivc 
utronn caulrod by tomparnturo and porn-fluid pronauro chunKcn, h lincur 
and nonlinear modcl nra incorporntud in thc codc for thia purponc. 

Tho linonr pow-prceaurc modo1 for poroeity ia ~ v o n  by 

whwc 9 is thc poronity ut prcnwuro P, 00 i N  thc poroeity nt pm~nurt! Po, and 
a,, i n  thc  nquifcr comprcnnibility. 

Thc nonlinunr modcl off'ractur~~ potmity (Cmgi 1978: Appendix) id  d v c n  
bY 
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(130) 

und 

P, = a - P - a E A T ,  (131) 

whcrc P, in  t h c  clonurc ntrcwn, Q i n  t h c  in situ rrtrcns (arrnumcd inotropic), 01 
i n  t h c  cocfficicnt of t h c m n l  cxpnnsion of t h c  rock, E in Young’n m ~ c i u l u ~ ,  
AT i~ t h c  tcmpcrnturc  change of the rock, nnd Px nnd m arc pnrarnctcrH in 
thc modcl. 

For t h c  Cnnd Model, t h e  cffcct of ntrcnn nnd tcmpcroturc chongcrr on 
pcrmcnbi1ity urc modclcd with 

whcrc ko in the pcrmcubility nt poronity $0, 

Vuriablc t h c m d  conductivity. Tho thcrmnl conductivity of t h c  nolid i n  
oftcn more iiccuratcly churnctcrizcd an a function of rcmpcmturc  or liquid 
mturnt ion.  A lincnr tcmpcrnturcgdcpc!ndunt modcl and n rclntion b a w d  
upon t h c  nquarc root of liquid nnturntion are incorporntcd in thc codc for 
thjH rcnnon, 

Thc  l incar tcmpcraturc=dcpcndcnt modcl i n  givcn by 

whcrc KTilr thc tcmpcrntuto-dL.pcndcnt: thcrmal conductivity, KTeI ix  thc  
thermal conductivity at; tho rcf’crcncc tcmpcrnturc  Tpel I and K,y in t h c  
~ l o p c  of  thc ljncnr rclntion, 
The ~ n ~ u r n t i o n - d c p c n d c n t  t;hcrmal-conductivjty modcl id  fivcn by 

whorc K,v,, in the naturution-dcpcndcnt thcrmnl conductivity, K,, in tho 
conductivity at m r o  nnturnfion. and K,<, ,~ i n  thc  nlopc of thc l incar 
rclationnhip, Sofc t h u t  thc  conductivity nt complcfc naturntion in 
491 + Ks, 5 ’ 

8.4.4 Application 
Tlic Conntitutivc Rclntionnhipn dincunncd in Suction 8,4 dcncribc 
pnrnmctcrn t h n t  nrc  utwd in thc modcln dcncribcd in prcvioun rrcctionn, The  
dincunHion providcd in Scction 8.1,4 in  alno npplicnblc harc. 
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8.4.5 Numerical method type 
Thc Scwton-Raphson mcthod ii uNcd to culculatcr naturntion and 
tcmpornturo an n function of prcawurc. Tho mcthod has  boon prcviounly 
dclrcribod in Soction 8.1.6. 

8.4.6 Derivation of numerical model 
The rulntivc-pcrmoability u d  capillary functiono roprcncnt thc mont 
nonlinoar purtn of FE€IM, nnd npcciul considoration han boon dvon  to 
thorn. A proccdurc nimilar to t ha t  uncd by Xitno 11988) in uscd to rcatrict 
thc win Gcnuchtcn cnpillnry function, Eqn. (1281, to finitc vducn whcn 
approaching zcro naturution, Tho proccdum in  nimplc. At  a low nufuration, 
urrually input by thc uncr, thc VM Conuchtca functions arc rcplnccd with 
lincnr litR thnt  match thc van Canuchtcn function at tho ~pocifiod 
naturation vnluc and at ta in  n maximum valuc, usually twicc the vnluc of: 
thc  npccifrad Huturntion, ut zcro nuturntion, Tkii now cnpillnry prcsnurc in 
thcn uHcd in thc calculation of thc rclntivc pcrmcnbility. Thc famulation 
in FEIIM difforn from Nituo'a implomontation in thnt  i t  uncn u cubic ~ p l i n c  
fit to  match both tho valuc and tho nlopc at t h o  trpccificd naturution. At 
zcro naturntion, tho cocflcicnto of chc nplinc mc adjuNtod 90 thnt a zcro 
alopc and a zoru tlccond dcrivativc uro nchiovod. Thh approach m u r c n  LL 
monatomically incroatling function for thc capillary proaeuro, 

8.4.7 Location 
Tho ConHtitutivo RclafiontAips arc uscd to obtain thc plrrnmctcrn that  
dcfinc thc Flow- and GncrgpTrunwport Equotiontl. Rcfcr rhg  to Fig. 1 
(pagc 141, thc box lnbolcd 'Got thcrmodynamic pnramctcre' rcprcwntn 
cnlln to  routincn that form tho ConHtitutivu Rclutionnhipn. 

8.4.8 Numerical stability and accuracy 
' 

Thc formulation of thc  Conntitutivo Rclntionnhipn i n  dircccly rolutcd to  thc  
ovcrall uccuracy of t;hc FEI3M upplicution. Thc nccuroto formulation of thc  
water proportion dcncribud in Scction $ A 3  won motivntcd by the. nocd to 
hnvc accuracy combined with computnbility. Thc ditrcuslrion in 
Scction 8,4.6 nhawcd tho ncod to hnvc continuoun m d  finitc vducn of' thc 
conntitutivc functions. Thc uuthorn bclicvc thcro itl still much work to bc 
donc in thc nrou of cxtcndinp tho r m g c  of thc  functiom un woll an finding 
rcprcnontntionn thnt will allow bcttcr convorgcncc of thc Kcwlon-Rnpheon 
iturntior.. ' 

8.4.9 Alternatives 
FEEV UHON nnnlytx dcrivntivcn of thc conHtitutjvc functions dcscribcd in 
Scction 8.4. The TOUGH codc doncribcd by P ~ U C N H  (1991) and tho var iant  
of TOUCH unad by Kitno (1988) UHU numcrical diffcronccs of thc fluid- and 
oncrgy-balanca oquntionlc in tho Xcwton-Raphnon itcrntiion, Both of thc  
mcthodn huvo morit. Thc numcrktrl-dcrivativo opprooch allown for 
ponnibly fanecr incorporation of ncw fluid phynicn modclH, whcrono t hc  
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nnnlytic-dcrivutivc uppronch U N ~ R  fcwclr itcrritionrr on tcntcd problcmn 
{ Rccvcn 1993 1. 
Thc functionul rcprcrrcntotion of t h c  conwtitucivc modcln could bc tcplnccd 
hy 11 tribulur formulntion. Sovcrnl ovnilnblc codcn hnw trrcd tribulur i n p u t  
for cnpillnry and rclntivc-pcrmcnbilitp dntn. IW-131 will nlno incorporntc 
tubu lu r  rcprcncntationn in fu:urc vorhionh, 

9.0 EXPERIENCE 
Thc FEHM computcr  code ond i t n  prcdcccworh hnvc bcltn UWI on n wide vnrirty of 
problcmrr riinklng from p o t h c r m u l  to cnvironmcnlnl rcmcdintion a n d  radioactive 
tmnnpor t .  When uncd in conjunction with its avnilnblc grid-gcncration p n c k n p  nnd 
postproccnning tooln, it hnx b w n  11 nucccnrrful tool for modcling vcry complcx gcologicol 
scttinp und coupled-fluid proccnncn. Whcn b m c h m e r k c d  ngninrrt o thc r  codun, it han 
bccn rrhown to bc cxt rcmcly  compctitivc ( R ~ V V C H  1993), 
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Temperature range 

Table IV. Polynomial coefficients for saturation functions 1 

10-34oOc 

yo 0,71725602O-03 

y / 0,2260751 60.04 

y2 0.261 785560.05 

y3 -0.10516335O-07 
y4 o m  6702aa-09 

20 0,10000000c+01 

%, *0,22460012O-02 

z,. 0.30234c920-05 
zj -0,32466525Q-09 

%J 0.0 

Cemperature 

=0.250461210~05 

0,45249584C-02 

0.33551 5280+00 

0,1 oooooooO*o~ 
0,122547860+00 

0.20889841 0-06 

0.t 1507544~-03 1 0,31934455e-02 

0.455381 51 0-02 

0,23756593e-03 
i 
I Pressure range 1 U.UUI23- 14,39410 MPa 
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