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Abstract

NORIA,-SP is a finite ele!ment computer program that solves a single nonlinear, parabolic.,

partia.1 differential equatirm. The equation describes the transport of liquid water rh.rough
i -t 1:_ ,partially saturated pormr,_ media, rh,:, numerical procedure uses the standard (,al.rkln finite

_!,].Olj_entmethod to handl¢:_spatial discretization of two-dimensional domains with either planar

s3:_nr_letry or axisymmetry. 'I'i_ne integration is perfo_'med by a second-order predictor-corrector
schome tlJat uses error e_timates to automatica,tly adjust time..step size to maintain uniform

local time truncation error throughout the. calculation. Thus. the user is only required to

" select an initial t,imo-step size. Most material properties can be set eittPer to constar_t valu,,s or
defined a,.sfunctions of the depend.ent and independent variables in user-supplied subroutines.

• _ This report i_, intended primarily a,s a user's manual but also briefly describes the theory of
liquid transt:_ort i,n t:)orou_ media and the numerical procedure used in NORIA-SP.
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The work contained iu t,his report pert, a,ins to WBS Elemel:_t 1.'2.1 .,t,9.
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Pret_tce

• ; ' J,,.), _'_A( il(}S ((,artllnt_, .._i<_ll_,.1l_al,_I'a.l,_rie,_(SNi.) lllal in_'ili_le,_('()k()"ll,; i( _rll:l!_, 1__'> ' ' '

,,i Illiii' lraIl,_ll,_l'l _'_tlla!i_l-l,_ :i_lll_ll,._l,_lx" li<t_li,l wa_'r, w_.t<,rx'_l_>l", air. alid _'il_,rgy.

',<')-4i<,li.l('_l\'iill2;,)lily Ill(' li(tlli,t w,'.il(,l (,(llla.(i,)ii. 'l"lli,_ ._iil_ll'-t)lia_(' \'("rsi()ll in N()I/IA-H1 -).
i !it>: iil_illli;li iil<l_l(t('> lllli,]l, l)lii li<ii al!, <ii"ili(' I)_<'l,;t4i'<)llli(lilif(ii'liiali<Jri ill('lll(l('(.I iii (.li('
,,l:_tili_tl X()I(I:\ lii_ll)li,'ll, ll<)w('x('r, Iii<' !>rililal'V illl,('lil, ,>]' liiis _ltJ(illii('ill is I() l)r<.,vi_t('I]10

_l-_<r ,.,f ,_()l_I.\-lgl' illi it('l'lll';ll_' II,_<"l"S lllallillll. ('lJll;',('(lll('lllIV. l.ii_' i'<'a_t<.'r sli<llll<t l'ef_'r Io

t_,.X()I_I.\ iii,iilil_il it' _l<t,lili_._ll;.li,ll,iail i,_ r<,_tllir_,<ti'<'f_al'<tili_,; l.ll_'e_lliai.ioil _l<,\,elllllltii,lil.
_!,i titlil_, i'l_'ili<'iil lt_<'lii<>l:t_ il.<:_'_l.

'1I_,' _,ilittl<.'--,',tll_il.i,Jli \'<'r_i_,li<Jt"Iii(' X()IIIA _"<,,t_'(N()I{I.,\-SI')iia,_ I>_.,i,Iill<<i(,(tllil>.<.Jl;
:,.,lli<,llll\ ' t<_i alial\'zilit \'iili_Jll_.;li\'_tl_ll<l_i<'a]:('l,ll;il'itls [_.)I"Iii<" tl_>l.<,lii.ialilll<t¢,r_roliri_l
_l,,i,i \_lsl_, rl,ill>,..,il<>rv_tl xl"ll('<'_"i ;'k,l<_iiillaill iii w(',_l/'rli J_<'\'a_ta.'l'll_'_' allaiys_'s arl'

. fl,'ia!tt' I,_,rt_.,rlll_,,l a_,.<-llliiill!_>;_l <'/lllilJ_i,'_ii,_'i!l<.,_l<'] ll_ l'_'ltl'('._'ill, iii<' ['ra_'tilr_,(l f.{(,ollJl{i("
,,,1i<_.Ill !lii._ lll_l_,l Iii<> iilat_,l'i<ll _liai'all_'ii_li<._ _>tllie lliatrix all<l tli_, l"ra.cliir('._at't'

i,';_ w,,i_lil_,,I li, ,,l_l_lili <'_tlli_,';ll_'ill l_,-i_il_,rial ill<.,l>_,rli<,_, lll'<'.<-;Slill' <'_tililillri_llll l)<,!.,we_,ii

': ' lliiitl'iT,; ,llil[ tl_l_'llir_,',_ i.-, <:i<._;1111/_,'_t_t_ a ,_ili,'l_' i(lll,_t'l'\';tli,:,Jll ic_'(]llalitill ('ali lit:' 7;(JIV('(I.

;',t Jill \. i";t' i_,:.>1l'il<'l lir_'<li<, ;i(__)lltlll_l_]all' iii(' <<Jllill<_sil_' lll(J<l_._l, 'I'll<-'e_lllali<Jll.<.; for W,_t.I.('I"

,,I,.,,], i<'_-ill I,,,1t__t_<'r<,_l_tllTillix _lll<l fiji' t'ra<i I11'1,',<4alt' l>i't',<_<'lltl'_t.'l'(J ll,_eI'.]le('(irle ['_,)r

,',<,i,i,.'i_-;il_\,,l',ilin ;_:<iil._l_' ii_Jil[r<li'llll<'_l ll_Jl'_>li._lii;li_'i'ial, l.li<' liS('l' oa.ii _illll_lY s_,l.itie
I,';1 +'1 i ll_" tr;llllil_'_ l_l 71,1tl.
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1 Introduction

The ¢:a.l('llla.t.iot)of tra.tl_ien( (t¢)wiii l,or_:,lls ill(!,(lia,is of iuteres(, iii raxlioa,c(,ive w;_v,,
. _li_t)osa,1._l"lle i1)al.h('in;d,ic,a] (,_l)l;-ili_)lls l.]lal _lesvril)e flows iii l_(u'_ii_nl(',li_ _:I',,<_,.,_,,,))'

lligllly no_llill_,ar alld are (hlls nor alll<'llaI>le(o a,ii_tlytic sollil.ion exc(,l)l,, t)('rtlal):_, iii

l

Sl:)('('ified.

'Fli(-'sol_l(.i<.)))l)r(:)¢'(,(l_ir(, iii N()F_I,\-HP is (.r_tnsient;)_¢) l:)r<)visiouha.,_lJ_'('l))lia(l<,f(,)
_.)l>tainilIi_slea.dy ,_olul.i()i)sl)(,ca)i,_(,,,<u("]l_.i',<l,ea.(ly sol_itiou i)ro_:(:'(l_ire))_a.yli()(, I)('_'<)))v,,)-

is a.lway,_;l)(>,_,_il:))(,((>('oiis(,ri)('(,a. i)',>).)isi('))(.;_,))a,lvsis that will al)proach the (h',_ir('(l,_i,,,,lv
st,at,(: aft(,)" sora(-'(qapse(i (.in)(:,.

The followiilg s(-'("(,i_))),_pr<)vi(l('_ i,li<,_)r(,ti(-a,lba.(:kgro_Ind f_)r ai,d inl'orlna(,i<)i_<,_ I),,',,'

(,<)_l._eN()I_IA--SI ). S(,ci,i()ll_ _l_'s('ril)(,,_(,li_'(:'_l_la.l,icJn theft gow, rns (,h(_transl)or(, _)f )i<i_)i,i
wa.((,).'t,hro_)._i)a l_,)'(.)_)s)))('(lignin.S('(I i_)n :I ,li_('_iss('_ t,h(' ,_l)aii_l disvre(.izati_))i ()f _},,, ,l,,
l)_U_den(,vamial)l(-'ill N()I_IA-NI ), iii(' (;_d,'i'kii) liili(,e cl(.,.mc)it forllll).latioi) ()f (Ii(, _;(,v(.)))_)):,
e(illatiOll, a,lld (,li<' ('Ilf(Jr('(:II'_('ll(, (.)['))_)llli(la,r.v ('()iidil, iOll,S, l)(.g,a.ilsof t,he (,i'_n("i)_(.('_!r<_li()_
l)r(:.)ce(Im'eare s(g _>li(iii S(,('(i(>)i,I. ,_('<'(i_,li_5 th,.'ou_i_ 7 are (lircct('d l._rin).a.ril,vI<, t i_.
use of N()RIA-SP: S('(,tiolt 5 g:i\.'<,sall _)\'ei"viewoi"(,ilo fuli('),ic)lls i,ha(, are l)("rf()r'_l_(,<ll,,.
N()I:_.IA-SI->;S('ci.ioi._(i <l_'s_'l'il,(,si)i_, i)ll))li ))(,('d(.'d(,()ex('c_l(,(:,NORIA.-SI); ai)_l ._{,.(li,,_

7 illus(,ra.tes (,lle irlfoi')_.t.i()i_ in N('('i.i())i_; l_v sa.lilpl(' prol)l_-ulls, Finally, S('('t,i_)i_s i.-:,
_,.:lossa.ryof (.ern)s llla.t )nay )i_.J(l)<'i'alli:,lia_(o usei's wllo are )_(:)l,Iraiu('(l iu l'iilit(' ,,I(,_,,_',
al_alvsi_aiid unlil(,rical Fl_el,ll()¢t_.



2 .F.h  ory and Mathematical Model

2.1 Background

J

Illt , _l_,t,r\' (_t'lrallSl)OVl, ttlr,.,llgll l)ot'oll.'_ Ill_'_ti*L(lat._'SI)a('k t..()l..]1('late l_S()s io t,]l(,

,,,,.,rt,;,.,f l)a_'('y (.]_.5(i). _[ol"<, r('c',..lll_an,_[ ,.:',._i'tli._]('l..,,'a.l,t('llll_tS 1,(_l_lo(l<,l s_l('!l tl_,ws ill_'lu(t_'

1 I,' w,)I'k_ t_t' l_icllaI'_ls (1.()31). "

'l']lt' lll;ttl_('mat.i("a.1 t'l'L_.)(lt'l(t('sc"rib(_,(till t,llt' f,.)llowing t,v,,'osttbs(,('ti(Jtls is relatively

e,(,l_,,t_l. I']\',,ll so, t.he following asstttlll)t.iolls Ilav_' 1)e(,tl l_a(le:

, 'l'tl,' sillgl_' i)llase co_sists of a single colnl)oncnt in liq_id, ltew, 1,t_, li<luid t_ha.sc

is a,ss_l_(,',t l() I_e w_t(,r 1)ul otl_er (:<)_s_,it,_(.,_t,scan be _no(t(,led e(l_a, lly well I)y

_;() 1(1,,'\--St'.

• .,\11 \'is,_.,_s tl()w (ll()w al l,ie;l_ ('I_o_gl_ (h'llsi!.i,'s s_ 1.l_at _l_)l('c_la.r (,lM'fs at,' _i_il_-

,,,ll;,_l ) i:.;la_i_lar aIl(l ,,I,(,ys l{i('llar(ts' ('(l_al.i(_ (Fr(,('z_' a_l,] (!l_('rry, 1._79), wlticl_

s a t'_,__ (,f l)ar('y's law t'_r _l_sal,_rat(,,l _l_('(lia.

® 11_(' i)()r_,_sil,v of i,]1_'II_al.l'ix is tll_iforl/l t)v(q" ca.,']l cl('_(,_t,. [I l) 1,(_1,welv_, _a.t,('rials

2.2 (,()_s(,l"\'ation a' '' Lquat._on

, ' .... S_,;"..,.('I.I('II[. /_[' ('()11

,, }1_'I_'

,, t,_,l,' l,r('_.;.:l_r,'i!l t l_,' li_il_i(I 1,1_;._.,,,'.

,_/, ll;(,I;.l I11_' ('_l.l)_l/il all('('.'



t =-. t,inle., _11'1(I

q = mass flux vector.

,I

, The ter_._ls on _.:]leleft represent a.('('llnllllatiorl of mass; the terln on the right represent._
ll(,t, iuft_lx ()f I_ass.

[II ovcl(,r t.(, c()rnl)](.,(,' ttl(-' gov(,rtlillg l!.:(lllal,ioll (2.1) a,lld s()lv(' for pre,ssurr, a rela.ti(,l_-

stlil) nlust I)e ('host.li t,(. specify how (,l_e fitlx depends (:,li til(; ullknowtl pressllr(,. Ttlis

r(datiut_sllil), whi<l_ is ('ollstit_ll, iv(' iI_ llai,_lr(' aIld tll,s d(W'1_d,_ ¢)11l)l_ysicM m(_(:l_u_isl_._,

2.3 Transport Equation

'i'he tuatl_emati('a,l _()(iol u,_(,d i_ N()HIA-SP drscril)e:_ l,tl(: ,,ra_Sl)ort of li(l_i(I a,('
('or(li_l,e;to rh(, l)ress_r(.'-(Iriv(m Da.r(:y flow (_,(l_a.l,ion'

pk
q = ...... \v i) '2.'2)

tt

W t I(' r('

[, = liqui_l (l(,_,_i(,y,

k ..... l)('.v_l(,al)ili(.y of (,l)(' l)_)r()_l.'-;)_a.(..ri× 1,()[low i_ til(' li(l_i(l pl)a._(',

/' ('tl'('('li\'_' l,V(',_._r( , i)_ (J_, li(I)_i,l t)llu,_(', i._', t' ...../)-i- p,q:: .=::/,.q(')/, + :),

I' i)_,r(, l)r_,,_,_ir<,i_ li,,.' li(l_li(I l,lla,',_',

;! - 11_(._(('(,l(,)'_,(.i(,)_ ('a_s(,,l l,y ,_r_vil,y,

t.l_(' >',_t',:i.',i.'.<,li:_,:)_('(lwi(.l! til(, (lir('((i,,))()[' ,_I'avii.y +u_(l is (,],l)_,.,_it(, i.))s('t_._(', a)l(l

_,"-- ))r(':-.;,'.-;tlr¢'!l('a(]. t+,+., l)_,r(' l)r(,s..--;,lt'(, ,livi(l,'(l I,5' /,.q.



2.,1 Colnposit, e ._Yacture/Mat, rix Model

N()I'{IA-,'qP ca,l_ I,c, _Js_,_lto avlalvze t,llt, (low _t' wa(.t,r t lJr'_Jtlglt ['rac't,llrt,_] t_or'o_ls lll;:_,-

_riaJ. l'llis is a.c<'t_ll_l_lisllt'cll_y torv_l_,latiIlg ii. sillgl_' c_Iill_sit,_' vlt,d._'ria,l l,lll't_tl_!;ti\'olll1_l_'

W_'i.!.,.l_l,iIl..<of tile ll_al,_'rial cl/a.ra._:l.c,risl,i_'s (iJer_l_ea}_ilit.y a.zl_l lll{_i,,41,111"t,_'olll,elll,) of l,}st,llla.-

iri:,,, i,ll,[ [rat{urr' llla.l,t,l'ials. _l'llis x'ol_l_c, wt'igl_l,i_g l_al_st,l_e t_,rt'orlll_,_[ iii 1t_" _S_,_"S_I_-

t'_,,Iii r;es 1"I, [:11)(_! a,_t !' ti',l{M as is ,l_'l_c_st, ra.t,etl iii l,l_,,sa._ll_le l_r_l,l_,vl_(,q_,_,l,io_ 7). 'l'l_ '

!':,_lll_li_lV;llla,l.rix. "l'lle l_t_lel is 1,r_'(13' ,lcscriln,¢l I_ere, a,ll, l_ollgl_ it, is rec_)n_ev_tle_l t,lta,i,

}it,st' il}t._'_lit_g t,o ivl_t_l.,_{,11t, l,tlis l_t('l refer i._, l,]_c'a.l_ov_, r_'I'ert'l_'t'.

,,t Ir;,,'ltlrt,s 1)_,1' ,li_it, v_)ltll_' _l" _'c_l_l_C_sil,t' _a.tt,rial, x.vl_iclt i_'ll_,l_,s I_¢,l,l_l_a.l,rix a.vld

t','l" llllit \'t,[ll'lll' t}[" lllltl, l'iX lllill.('l'i/ll. '1'11(' _"(llllll(,I,':il,(' , _,ll' l,c:d, al, i.n_lt_sil3' i:; 1,11_,' v()]lllll(' ()[

,I, .=,I,,,,(l ......ct,.:) --_q,.:. (2.a)

I_(,.:,} := ( 1......¢.:) t_,,, !- ¢:/,,:, (2..1)

(9 -:::(_-),,,t (').f := 0,,, 5,,, -t- O r,_,'.f (2.5)

iv,,Iv. Ii' l l_c' l'ra_'l,t_r_' l,_)rositv is _lc,til_c_l;_.,-;zc,r_, til,' ll_at.c.ri;d t)r()l),,rl.i_,s rc'tl_,c:l, l,l_c)sc'c)f
!1,. lll/_lv'i'< _l_l\'.

(;ix'_'l, tilt' Illat('I'ial I_I_t,_(,l'li_'.__l_..,,,ril,_',l _1,,\'_,. l,l_,' l._r,'sst_r(' s(,l_l.i_l is t'c_ll_l t'rov_

i., I _i_li_,I_s2.1 ;-trl(l 2.'2 i;_(l(,t_(,I_l_'vlt (_t ;, _all'ix (,lll 3' (O.f ::-_--()) (_I' a ,'_.,_)t)(,s]l( ' _llal,(,I'ia,]

_!_ ,_,.,1_l.l_, lllal ri× a_l,_l,ii 11_. l_l_tl_,lial i:_c_l_l,_,sil_', l.c_t,}lc, t'r_t_t,_lr_,sits w_'ll.



pknl
q._ = ..... V P, (2.(i

#

. pkf
q/= -_. VP. (2.7

#

¢

The linear, or pore, velocity of l,he liquid l:hrough tile matrix is given by

a.ud optiolla.lly thro_lgtl the fractures I)3,

q/ 2.9vf = ++(&,- ,_,';,_)

vv!lere ,% is the residua.l sat_lra.tion.



3 Galerkin Finite Element Formulation'

3.1 Weak Ft)mn of the Partial Differential Equations
o

'I'll(, first .';I('1:)ii: at)t)lyillg tile fiIlil.(' ('l('Jl)('_ll, m<'lllt)d tr) a l),'(,l,l('lll is tr, 1)'lt. ill( _

i.b,v_'r:lill,"_(litt'('rejltial e(ll_ati(_zi il:l ,weak rorln (Zielll<iexx,ic:z, 1977). 'l'lais sre I) has tllre('
b

l)ar|s: (1) I)ro(l_lcts of lhe goverl)itlg (lifferelltial e(tuation, t_;(lllal,ion (2.1), are formed

',vi_tL_ ._(,1(,f weigllti_lg t:llll('ti(_llS ilia.l, are (l(,tiIl(,(1 ill l.h(, following tw()slll,s('.('tioIls; (2)

1t1(' t,r,._(lll('l,,._are illte_rat, e(t (,\'t'r t,h(' 1)rol,l('lla (I,._ll_aill; all(l (3) (;r(,(:,ll's t,tl(',._:'en_ is lls(,¢l

I(, i(.,t_('(' ali ._(,_'(_,t-or(h,r ,l(,l'ival.ilv('s t,o first (,r_ler. ,,\l)l)lyi_ tt_(. [irsl, txx,(_sl,el)S res_ll,._

i:)(-) /
? ........_,",dS' = -- V. q_/,id,<,', (3. l)

. :i)l ' "

W}I('['('

,,/,%'.... 11_('(lilfi'r,,l_l.i:,l (_IaI(,a.

..%l,t,l.\iI_ (',r<'('_l'_ l.}_(,(_l'_'I_i.<,l'2;(t_li<,l_ (3.1)l('a,l.'._ I(, l.l_,.'f(,ll(_wi_g r('.s_Ii,:

',", } 11 'l'l

],.I_1,li_,!_ :_.'2) i_-.II1(' v,(';,k I',,!l'_i t,l' l'i(l_l;tii,,I_ (:!.I) ;_l ,I i:, i}1(' _"<t,i,_li<,_I},_,1 i_-.'.,,iv:',l I,\'

i\i(lttl..\ _ '. I".,t_l_,ii,,l, (:!.:2)i:.; i:,<.,l _,_ (.v_,l,l_,/,' (1.
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Figu, re _.1. Finite Element Discretization ,_f a Region

3,2 Finite Element Basis Functions

The heart of the finite element method is the representation of dependent variables

by a set of ba,sis functior_s, each of which spans only a small subdornairl of the problem
domain, Definition of the set of ba.sis functions is accomplished by subdividing the

problem domain into el¢3ments and defining a set of local basis functions on each element,
'Ihe problem domain is subdivided so that it if_the direct sum of the elements, as shown
in Figure 3,1, except, perhaps, at curvilinear domain boundaries where element sides
might only approximate the true boundary.

A large number of element types have beer] used in finite element analysis. Two
types are available in NORIA-SP' (!) the eight-node isoparametric quadrilateral, and

lD

(2) the eight-node su,bt:,arametric quadrilatera,1. The number of nodes in an element
correspo, nds to the number of basis functions used to represent a dependent variable
within that element, "Isoparametric '_ and "s_bparametric '_ refer to the way an element
is mapped into a st_.tndard elemerlt.



F'i_]ile _l.1,1_.rlt t,;tsi._ f_]iJ,,,li'.Jl],__r_' ._etlerallv ,l_'till_'_lol_ s!al_dar_i _.lel_.,1Jts. Iii t,t_'

::l,'ll_i.__ ._.(:_lar('will_,'(I_'__I_ fall,,I__I_("li_('.,_( .......l,-.vl_,I q -::-i.+I a_,,.lwith
_,,,I_._li_a_li_.at_'_,rI_'r:,ai,_li__i,lwav_,l_l_:.'-i_'_.(l':i_,_r_,?,._).l'l_,i,,._i._['_..l_i_'ti_._sfur

....._(J.....()(I....,/)(14.£,+_/)()t ...... ._

J

o._ ........... ,-i'(l ...._i(I-._-#)(I-_.._-._/t,.

,:,_ =+_!:(1 ...._" !l-_/i

,.:,,_ :::-+!-(1 +_) 1 ......q2)

,:,:........ I-!;( I .....,_': ( I + _i)

_:_.,i_._I,l,l,_,_:,i_ w<,_l,l I,,, _.,_,,_ll,li.'.l_,',l l,v _I'_._l_,_lali,..,_al_,l .,,c_.li_,_.'l"l_is is the si_,_-
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",.3 Galerkin's Method

_,,I,:, t1_(_ l'(,ll,r,viI_ t',:_-I_:

./::: I

,/ _ , _,_'tti_i_'l_liI_ ltl_' ('.":l.,alJ.,"_i,_ll {,t' 11_' _'ll'('_'!iV_'li_t_i(I I_1_'_,_1_'_'. I'
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'['he quot.ier._t in pa.rentheses followed by a. subscrit)l, is eval_la.te(i a.t ea.ch of the node

poiuts of au elelner|t atld eXl:)a,llded over l,ha,t elelnetlt Ilsing t,h(; same ha,sis functions a,s

those _lsed in Eqnat, ion (3.4). The advantage of the expansion showll in Equa,tio1,_ (3.5)

is l,}la.l,ev(:'rS'(lling otliez" l.lia.)_ l,l_e l)asis fllncti()_ls _'_r_q_I)(' i,a.kel;i (_)_l,side of the i1_t(,graJso

(,hat elenlent inl,egra.l,iotls ('all l:)e l_erfovnwd once. a.1',dfor all.

,[' f Pk . v t_]--' _'('idS" =

?"Fh(.!,ti)tal t'ol'll_ t,t" 1.Xl_a.tio_ (3.2) solved I.)y N()RIA-SI' is shown below. Th(: (,.onven.-

l..it)_ tha.(, _'('l.)_.,_tl..('(li_l(lices are ,s_n_w_t is a_l()l)t,('(t h("re. Su_n_ed i)_(lic(-,s_'a._gefrom 1 tr)
N.

( ()® _ M.i, "+ (t_k) t_. ' M,_,.i + q'nMi = 0 (3.7)

wl_,r(, 1,]_<,s_l,s,:'_'il,t_,(t l)_at _'ix (l_al_lili(,,_ at(' ,l_'lii_,'(lI)('l¢)w,

•'AI,..... ,f ,/,,d,_
,'t_l

%,

,'Al_i......f d,_6idS"

M ,t,,, / ,,',,2_o_,,\-"6,,/, ';
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3.4 Boundary Conditions

FiI_itc. _'l,:'lllel_t hollnclary con(til.i_ms arc' _li\,i_h'(1iIlto t.x',,_)(:at,.'gories: esseld, ia.l a.tlcl
l_al._lI'al. Ali _'ssential t._olll_da.,rycon_litioll is a 1)irictllet o11<',L_:., a,I_ollll_tal'y cowldit,iotl

_,t' iii(' tirsl kind; a ilat,llral boun_lary con_tit,ioll is any _t.her tylJe, i,e., a, Neun.la,llll (tlltx) "
,,l' a ttol_itl (mixe_t)I,oun_tary _'oll_lition, :\ l{_l_i_lI,.,_ndary _'_,_i_dith,_is one ir_ wllicl_
I,_,ll, a varial,h, al_d it.;;derivative., _),])[){_-|.['. "

'l'rcat_m'_t of esse_tial bo_n_la,ry co_dit.io_s is eutirely _lilf'ere_t t,l_an t.l_a.tof na,t_ra,]
I_ul_<lary conditions in the finite ele_nell'_,metl_od, l':sseuti,al I)o_r_dary con_litions a,re
i!_ll_¢,sedexactly /_y forcing.; coetticie_Is i_ tlw I,a,sis f_¢'tion ¢'Xlm._sioI_sto t,ake o_ the
l','¢l_ir¢'_tvalues. I'-'orexa._nl)le, ii' tl_e pvt,ss_re aloug a. I)t_ta.ry" w_,re to I)e s('l _,qual to
l{l{t(} [_'a., l[_e _'_)c.[[],c'"_t_l.,sof l,l_,..'t,'-t.sis,flll:lCLiOllS ,._,se<lt_., ,,'xl_al_,l l:,r,,'ss_:_r_,v,.,,:mldt,::',set
I_ l IlO() for _'a.c]_of 1.1_,nodes _:r_that, I_o_l-_:lar3'.()111,11_,oi,l_er I_aI_l, llal, llra,,l l_o_ndary
c_I_dilio_ls are _ever i_nl)Ose_l_'xactly i_ 1,1_,ti_il.e elt'_nel_l,_1_,1,1_t. i_sl,ea.tt, t)rescrihed
llt_x valine:; a.re i_s_,rl._,di_ tl_' a.l)l_rol_rial,_,t,o_l_lary inl.¢,gral i_ i':hl_a.tion (:{.2). For
_'x;_lnt_lc',ii"a. t:,{,,_n_tarywt,re t_l"escril,e,l 1.(._I_' _,.) tlo,,v, i.t_el_ol_ndary i_t.eggvalterm v,,o,.Id
t,,_,s,:,l t_..,zero l.h_,r_.,. .N_._-tl'_lxI,,,:.,l_.l_laryc,:,_lit.ions are _l('t'a_ll, i_:tN()I'II,,\-SP. lt_ the

_._1_._,__,_._t'_:_3"t,,,,_._la.ry c_._til.io_ Sl:_C,citie_.thy 1,1_.,_._ser,n,::,__.ass tl_xes al ali I:n:)_.'_daries
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4 Time Integration Sche:llm

4.1 Strategy

The tiIll_' i,li.('_;ral.i_)l_ ,_',cl_e11_('ill N()I_I,,\-,SI _ was cllosela t)e('ause ii, is _lUit.e r(,t,ll:,;l.

a_lt.t)lnat.i('allv a_l.illst,_ til_e-sW 1)_,iz('1,__(_():nn_)(law vm'iat.ioils ill llat, ura.! t.iln(' s('al(', _[_i
11

i,_ (luite a c('llrat(' (local tin1(' tr_lll_ai i_,ll ('trot iu tl_ir,'t order), lt ilse._ a. t>re(lic1,(,r--,'(,rl,'('i :,_

sclleu_e co_lt)led wiiil a Newl.()l_ it(_rat i(,l_ t)rL,('(.'cl_re to _na.r('h a.h,,a,t iu time ((',r(',_t_ _ ,_:_[.

1979 and l:tixler, i9S9). The N(,wt,¢)l_ iti'ral, io_ sclmn_e is (-',,_senl,ial i_ N(.)I/.IA-%I ), _jx'_,_ t !,,

,'a('I_(d"tl_(.'_k_¢)wIl._.I:]_('l__i('I)(_I"II_(.l.il_(,i_te.gra.tiouI)r(_('ed_reis_les('ril,e(II_(,h,w:";_

._l('a(ly_,la,ix's_l!_lit_i)r_,((,(I_r(,inavailal,I(,i_N()RIA-,SI).,S't(.,a(lysol_tious_'at__,;(,_'l'_,llv

l,(,_,l_l.ai_w_ll)y,'(_n..-Ir_(tin_a l.ra_Iniel_l.,"al,:ula.tioni,l_a,l,a.l,l)roa.(:hes_ steady,si,ill,(,;l['i"I

:_()_I('ela.l)_e,ll.i_'.'I_I_eI)r(_I)l('v_lwitI_,_(m_'rall)_rp()se,sl,ea.dy-sl.a.tesolversisl.Ilal__l('i_

s_,l\'ersa,r(,_)I Iik('ly_,,I,,,(()_\'('rn;('_iI_,riI_,,n_a,iorityof prol:)l('I_slha,tw(,_IdI,_,aI_I,,>:,.,,i

4.2 Adams-Bashf()rth Predictor

TI_(_ A,.latl_+-l++_sl_f'_)rtl+I)r_,,.li('t.(:,ri:+,l('s('ril:)edI)yShat_l:)inea.n(l(',(_r<:lotl(l!)_',r))i11

l]_eirtreal.i;_t,t_l_<,.._,l)_i.(,rl_(,tI_(),I.,.;i_,ri_itialvaluel-)rol)lem_.The Ada t_-Iia_l_i',,rIl_

l_r_,li¢'l.()r r_'_t_lir('._tt,(, ,1_,1)_,i1_1_,_Ivarial,l(,._ at t l_e l)rece(:ling tiu_(-:plane a._(l t,l_(,ir ral (._ ,,f

\V]I(_I'( _

11)=: i,l_("rat_._f_l_al_('(,1"I'_

t_=- a 1_I'_,_ti,'I_._1,l_la_!lilv.

l'_lin_l('_f(,rIi,('.i;_l_'__I",l_Ii_.'.,',,fi_r_.:-_._,_Ir(,a.r('l_a,leby tl_ef_Ilow,ingI'(,rln_la_.



,,' ( )t' t'),,_2_t.__ ((t). .....t ").___ :__t._.._ (). .... . (

]'i_l_l,.ll.i_,ll (.].2) is tile c<_tnlll_II c"xl)re_si_Ii fl_r ra.l.c' ,,)f _'lia.n_e ii:.;ill& l.lie l,r_fl)ezoicl rtllf,,.

It<,\v<'\'_,r, il wus flllillcl l lial li,_ill_ l,](.tlial, i<)li (,1..!) iii. l,iinc,l.)laiie lt a.il_l a.l. l,iliiel)laiie /i .....1

ltil.l_lli¢'¢,: l,ul.l_l)c)i'al t),_Cillal i¢)il,W, 1.hal: I)(,l'(Jlllt, ¢liiil, i, li<)[.i('_:,al_lt-' a.s _l,<,ii.lly Sl,al,_;' iS ,.l.i_lJr<Jacli<'<l.
?

[_)\' i.lSili<l_ ]_(llia.l.iOli (.'1.;i) i.<<) t',.'-llilllal.t' l,lie l'al(' I.)[' (']l_t, ll_¢" i;)f l.]i<' ¢[<'l)<'ll<[l'iil. \,'arial_ies ul

I iil_l'i)lal_<' n-- 1, lii(, us<'illal.i<_li_ i1.1'('elilllill',:l.l.e<l,

'i'tl<' ;\<la.llis-lta._llt'<_rl.li l_l'<,_ii<'l<lr I'_illllt,l. lit' ll,<_<'<l_,Jll t,]iO tir,_l, I,W_)l,iili<' ;<t,<'liSIl_<'t'aii,_('

l ll_' <l_'ll<'ii_[<'lit \;irial>l<,s iH'l' I1<;I.asSi_li<'_l \.'iillll'S 1)l'ior I,<>l,iiliel)la.il_:, z<'i'o> wtlicli i,_ t,lie iilil, ia.l

,,,lt<tilitlll. '['llllS ;tsl, a.l'l.-lil)t)l'<><¢'<ltlr< ' is r_,"(lllil'¢,ll. 'l"lil, t,lro('_<'_,llli'¢,tl,_e<l ill N()t/IA--_i > is
,t<,_,rill_,<l iii _lltt_l.,<'l.i_.;lii :1.(i.

4.3 'l.Yal)ezoi<l-R.ule Corre¢:l, or

.,\ li"al,_,z_li_l-rlll<, ((ll_l.iil,;-.l_i_'<,liSt>li)<¢.trl¢,cl.<_r ;;l,l'l/ is l:a.keli a.l'l;er e;:l.cii lll't;_ti<'lxir stX,l>

I_._ iiililr_.J\'_, l,li_, lir_.'_.ti<'i.<'<ls<>llll.i<)ll. Iii a¢l¢li!,ilJii., iisillg I:><_t,li schell/es allows l<)ca.I l,iilil'

!)llli,';-ll.i()li _'ll't)l' l() t)(' ('sl.iliial('(t ,<-;(>i.li_ll lilii(' _te 1) si;z,(' ('_i.ll I)(' a(lj_lsi,e(I. Alll,()llla.l,i("

l iili(,.sl(' i) :.,iz<"._(,l(.<'l.i<)li is <l(,,<:('.rit)(,,l iii )qlil)_<,<li()ii .I.5.

Ai)l_li('iil.i_Jli <Jt'Iii<' l.ral)i'z<)i(I-i'_ll<' sl(' I) iliv<il\'<'s (lire_, l)a.rl,s.

ii l'illl,., <l<,ri\i_liv_, iii I")_lliali<.>ll (;_.2 in i<'i,lli,_'<l I_\' i_,_lil['¢'rl,ll<'_'. li'or <,xa.llilll_',

_(:)) ......():!:_::..i..L.__7!__._.

xt ll<'r,.' 111<'<,_,l_,_<'i'il_l_ I !/i'_ iil,l{_';lt<,_,: til:ii _t _' l illl_ _l<'li\';_lix'_' i:<<'\;llll;ll_'_l llli_lw,l,:

i<,'i_e,_'<'ii l ilil_'i_l;_ii<':- / itli_t si I I.

i I tl_' ,J('tl_'li,li'iil \';11'i_1 ii<' iili_l t'illil'li,>ll:4 <>1'Iii< <l,'l><'l <t_'Iii. \'ilrial>l<' iii l']lill_ll.i¢.,li (,I...)

,ii<' <'\'_ll_l;ll.<'_i IlliltWiIV I,_'l\V_'<'li t illl<'t_lllll_",,. I:,>l t'.Xhlilt)lt',

(_t),, i_/: :-: _1(l',< t_/.' ). l.ti)
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?• Equa, tion (3.2) is solved for ea.ch of the coefficients, P. used in the expa,nsion of

pressure a.t the new timepla,ne,

Til(, predictor step l)rovides an estililat(' o1' the d(q)e)ldent varia,ble a,t the 7_.+ 1 t,imeplano

for use in gqua.tions (4.4) and (4.5). If more l,ha.n one Newton itera, tion is required a.t a

° given t.imel)la.n(._, t,he previous Newton result replat'es the pretlict(;d soluti(m a,(, tile n('w

timepla.ne. Once t.lle (.rap(!'zoid-rttle ('orrector step is conll)l(,l,e, the size of the lie×l, t,iil_t'

slep is ca.Italia.re(I, as (lescril:)ed below, a.ll(1a.tlother tilne st.ep is initiated.

4.4 Newton Iteration Procedure

'l'liv eq_la(,iolls gellera.l, ed iii the l,ra.l>ezoid.-rlilo st,_'l)(h'sc.ril)(:(1 al>ow_ are llslla.lly lligtll3,

iioillinca.r. As a resltlt, a,n it,era.five liml..llod is lleo(lod t,o solve tlieln. Ne,,vl,oll's n_etllo(.I

is _Is('_l in N()RIA-SI ) l:)eca.use ii lla.s good c()Iiv(wg('li(,(-' l)rOp('rl, ies a.n(l (:xhibil, s a, good

(h)tllaiil oI"al, l.rac(,i()il. Nt,wt(>li's m(,tllo(l r(,¢l_ii'(,s (.lle ('ollsl,rti(:(,i()ll t)l"a..la('ol)ia.ll li_a.trix,

wtlicli is a,ccomplished tl_tt_lerically iii N()I:I.IA-.SI _ I>y i,lie foliowiiig st(-:l>S: (i) ('.al('lxla,tiitg

rt'si(lu_ds, i.t:., the rigl._(,side of lgq_la.(,it))l (3.2); (2) ilicretncqll, ilig (m.('ll of (,h(_[illite (,I('.Inelll,

('oetiicic'lits ()ll¢' a.t a. (:illl(.,_md recal(:ul;_tiiig the resi(l_la.ls; a.ll(l (3) _lsi)lg (,lie (lilI'(:r(-,,:ce'sof

resi(l_la.ls to estirna(,e Cii(, ra.res of clia,nge with resl)e('l, I,o the li,:ii,e elemelit co,-:tticietits.

'i"ll_' c(.)lalplita.tioila.I wt)rk ilivolx:ed iii ('ollsl, ructillg (,li(' ,la,col)ia.ii til_ctrix is ).'(,dn('('(.l 1)3:

l.akilig iiito a.(:(,()ll))(,l,llal, l,l)(' r(,si(llla.ls iii _)I (q(:lll(qll, (l('p(ql(l oi)ly ()ii tile ))o(la,l c()elli(:i('_ts

of tlla.t el('_('_it. l'li(' !'('s_ill,itlg e(lUatiolls are ii)en sol\'(:d usiilg a. i'r()lli,a.l m(!_l,ho(l d(:v(_lol>(,(l

I)\' Ir_)iis (I,_)7(.))ali(l g_'ii(,raliz(,(l I)3: (',artliilg (l._)7,q) (,o lla.n(lle a.sytlllii(:,,tric, nml, ri('es.

S_'x'craI l)ar, li_<,t_,rs ('(,i_tr<)l (.Ii(' ol)_'r_l,i()n ()f' (,I_(,N('w(,otl i(,(q'a.ti()ll l)r()cess. Tile first

l)_iratn('ter coiltrols (,li(_ size of til(, illcrvni(,llt;; (,() rh(' <lel)elldellt va.ria.l)l('s tls(:(l iii ('a,lcl,.-

lal.i)_,_;(,Ii(' .Ia('ol)iai))_ai, rix. Nornla.lly, each of rh<, <lel>endetlt va.)'ial)l(-,s is iix('reme))(.('(l l)y

I() -(; <)I' i.I)(, )))#)xiililli)l a l)s_>lllt(, \'alll_' iii (.Ii(' ii('l(l; I'()r (,'<ailll)l_', li(Itli(l ))toss,ire is il)(,r(,.

lli(')l(('(l l)y I()-(; (,I"(.I_' il_a×illi(it_.l \'al_i(' _)I'I' iii _,Ii(,ii(,l_l. '.l'l,r('(' <)i,l)('r l)a,ra.i_i_i,('rs a.r(' ils('_l

i(), <)!,(.r_)lIll(' _illllil)(,r ()f N_'w(())) st,('l)s ta.k(,)) a(, a (:illi('l)la.)i(,. N_)ri_la.lly, <)Ill3, _))_' N_'w(,(,)_

si<,I, i_<l'_,_lllir(',I; li,,w('v('r, ii' i.li(' <lilI'(,l'('li('<,l)(,(.w(,(,Ii i,li(' ))r,'(li('(.(',I _t.)i(l('orr('('l,(,(l ._,.)l_l(.i_)lls

i,,<I<,<, _e;r('i_(,))i,.)r(' (lial) _>))('Ncw(())i ._(,('I)lll;_.y l)_' t_d<(')_. 'l'lii'_ (liil'('r('_('(' is (l<'lii)('({ l)y _

w('ie;l)t('(i _',,.,' i_<))')_i_ili([ is _iix"(")'iii i.li(' ._)lli(,i_))l (),l(.l)lil.:

i..........................................................

)_<_.r = (.ii(' iliiiXiliilll'ii _ll)s<.lllii,(! valli(' ()f til(, va.rial>l(' _l.(,_,11li_)(l(, I)_)ili(,s, a.ll(l
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p :--=.:tile prcctictcd sollltion or, it' one or more Newt,¢_ll st,ef, s llave alrea.dy tJ¢,en t,a,keli, tli¢'

pr_'violls reslllt of rho Newton process.

Nc,rma.lly. N¢'wt,on iteratioll is contillued until rms _ 0.01; l_ow¢,ver, ilo nlore I,ha;n '_,

:",!_",,,'l,_,I_st,_,psare a,llowod a.I, a given tii_epla, lle. Also, ii" t'm.s > 0.2, the l,irne.-stel, size

in r_,¢1_1co¢t,as ¢lescril)ed iii t,h¢' following slll,_sectioti, a.n¢l the time step is relma, ted. One

a¢t_tilional t_ara, llleter tlla.t coIlt, rols tlle choice of time-step size is described in the next

s_ll:,,,:,ectioll. The values of these pm'mneters _re not easily, and ordinm'ily need not be,

lilodifie_t by. the /lSf:?r. However, they,,may, be modified when a piobl'-e..ni so requires.

4.5 Automatic Time-Step Selection

'l'in_e-step size is v_tried al, each timepla, ne to mMntttin loom time trulic_d, ion error as

_lllit'orlllly a.s t)ossible. Taylor expaiisions are used to estimate local time truncation error

f_)r til(" A(la.llis-l:_ashforth predictor and the tra.1)ezoid-rule correctof The error estimate

f()," rh(' l)r(,dicl,or is

"1-21( A_'_I'_-i)AtI_ _ O:_P(t,,+l)_)ta 4I-'.+, - t'(_,,+,)li:: '2+ a ,-7- I + o(At ). (,l._)

• _ ¢ 9Iii,r, t>(l,,+l) refers to the _'xa,ct solution of the finite element lsqu,d, ion (,J.,) a,t, time

t,,+_l. 'l'tl(, (t<,ubl(.' v(-wti(,a.l I)_rs iil(tic_l,e the rms norm defined in Lqll_tion (4.7). The
_'l'l't_r (,sl, illla, t,t_ for tit(, ('orl'(;('l,or i_,;

0 :_P (Z,,+1i
A_It II+O(A_)• (4.n):',,+.,-/'( z.,+,)11= _7 Oz:'

i{\' c(,rrll)il]irlg Equations (4.8) and (.:1.9) to eliminate the norm of the third time derivative

_,1"/', aIl_.l by lisillg the triangle inequa,lity to eliiniIla, te the exact solution P(/,,+1), the

,.z,,+,_ I1:_..,..../'(,.+,/1 < I1*;,+,-:'".-,,_+O(A,:;'_). (4.t0)
' - :l + {iA#,,,__/A_,.

• _]]<'r('. (l,,+l is l, ti(' t,l'I'Ol' iii LIii, C.Ol'l'(-_cl;(,d soiutioll ;ll, tJlll(_l)la, lie 11,+ 1 [qnMly, [,qlla, tioli
1.!t) illitalia's l,lial.

( )"_!.,,+.?= At.,,+, 40(A/_,, ), (4.11 )
d,,+_ At,,,,

v, tli_'li I';i.ll li(' solv<'<l f<." Al.+l IxJolJi,a,iti

15



The upper bound on c/,,_4.1ft'ore |Th/li_tioi) (<.1.10) is used irl Equai, iori (4.12) t() (,S(,al)lisl_

a lower bollnd olI A/,,,.+I. tta'rc, d,,+._ llas t)e('ll set (,o _:, which is tlle desired \,a.l_l_'<)r(.1_(,

" l_)cal time (,rllri(-a.tioll error at i,]l(' u('x(, (.inle. sl,el), '['li(' (Icl'_lilt wduc of ¢ iii N()I{.IA-:-;I )

is I0 -s. l_;qilatioil (4.12) is llscd to (',al(:lala,te tin1(,-si,cp size for ('a,(:]i i,iil_c s(,(._I) l,_',_;iiiili):),,_;

wii,ll 'n- 4. l low(,v(,r, wll(',il rh(-; A/,,,.+i is l('ss (,h_ul 80% ()I'At,,,, tlle s(Jlu(,i()tl a.(, (,i)l_('i)l;_.)L<'

_t.+ I i,_ re('_dc_lla,t('(l _li(l 'At,_ is r(q)la('(:(l by til(' si_la.II(:r va,lue,

4,6 Start-Up Procr, dure

Tl,c A(lari_s-l>)a,sllfortll r)r('(lic(,or (;,a,i_ilot l)c llsed on th(.', first two tii_i(_ StCl)S I,(,('ali,_(,

rat,cs of clla, la_;(-'of t,h(, <l(:,p(':lldcllt wu'i_d_)l('s a,i'e lloi, kllown prior 1,¢)(>lle illii, ia,l coil(li(,it))).

As _ re,<',_ll(,,a st_u't-ul> proc, edllrc is rcqtlire, d 1,o il)iti_t(_ the tii_le ititegra.l,or, 'I';i(" t))i('

_Is(:'¢lhere is to take two)l)ackwa.rd-diff(;rencc sLc.ps l:_efore iili_,,iating 1,I_¢,'i,w(.)-.st(,l)tills(,

il_t¢:'_ratioll proccd_irc, 'l"li(-' r(,a,s_))) I)a.ckwa.r<l differeuce is ('hoseli illst(-,a(l ()I' (ra.l)('7,_)i¢l-.

rill(-' is (,ha.i, t)a.cl<,wa,rd-diff(_rclic(._ si,(.:liS liell> da,llip otit discontii:l,iities tha,(,ina,yI)(' l:)i'('s(,li(.

iii (,lie iilitia.] d_ta. I.,uskili _il(l l_a,i_ila,('.li(.:r(1982) ha,ve. sliowii tha,t _c t'<._wI_iwlcwa,i'(l

(tilh, ret_ce sl,(-'ps l,a.k(:'li ;ii, (,ii(-' l)egillllillg ()f a. tilll(:', integr_tti()).! l.)rocedllr(; (',_1.lla,cl,lia,liy

(.'ll]l;l,l-l{:Cftl(-' _-l,c.Ctll'_ti,y()[' i,llc ov(;ra,ll l'('SllitS l.)y (lamt:)ilig singul_rii, ies tlia, t, lrligil(. ,<)l,li('i'\vis('

('ii,liSt', ()S(:i lla,tioris.

Aili,oill_i,i(;, till_(.'-<_l,(_l:)size s(']('('l,i()il I)(:gins _ffl,oi" l,he. til'St t)re(liotor-corr(:(:i,t)r si,('l),

wllich is i,tic i,hird tiill(-: sl,(!;p. Ttie oiliy (.',xc(.',l)l,iou is tliat it' til(: use.r i'e,{lil(;si,,_i,lla,t (Jilt,l>lil,

t)e l)rilil, e(t a,t a. l)a.rl,iclila, r l,im(', tiil_(-_--si,cl) siz(: Hi;i,y ])(.'. lirilite.(t s() tll;_l, r(-',_lilt,s('.;til ])(,

('oiiil)tl(,(-;(I a,t tlia, t c'xa,ct va,lil(_ ()1'tilll(;. [Iser-.l'(_(]lll:_st(:;(l out,[)iii, iS (tes(".ri/)('<l flll'l, ll('r iii
_(-'('(,iC)ll6.
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5 Program Description

5.1 Organization

'i't1_,i_r_.,_,_ratl_¢_rgatliza,t,i_._llill NOI_.IA.-,_I' r(_tl_,('l,stllc_,_h,l,S t,a.l<_,Tiill ._,_,{,illgIIl_,S¢)lV,.

w_l_,_li_l_.N()RIA.-SP col_t_til_sa,l_¢_t 5() vo_l,i_es l,]_a,l,ca,_ 1,_',_:_d,_',gorize,_la,c,_:oI'di_gt,_)

A an(I _,r¢'des('rib_.;d il_ S_tbs(:ct,ions 5.2-.5.(i.

.Mesh (le,nerrotion, Assign uodal point loca,(,ions. Assign uoda,1 l::,_,_i_ts(:o fiuite e,le-
_l)(,)lts and t)rga,_ize dat,a for equa,(,ion forn_u,la,(,i(,_, 'l'he [inite elen_ent libra,ry in NOR, IA-
SI.) ct)_lsist,s of (,wo elemeut tlypes.

l_()uudtu'y aud Iuit, ia.1(lo_dit, ious. Assig_ I)ou)_(la,ry _:onditions (>oa,pl)ropria(,e noda,l
I),,i_(,s _._i_¢:1,,,;,:,.l(_,ct,iuiLial conditions.

l'_,,_,-l_r<,,'(,ssill_.N()I_IA-_I_l_a.__oil_l,_,r_lall,l_,l,l,i_,_(:apa,l_ilil,i_,_.l_._l,_'a,_l,a.__)_ll,l)s_1,
iii(' i_ (,1_(:'I':X()I)[I,"-; t'¢,r_a,(, (Mill:;.-('._lrral_ _'/,,L, I!)S_) is 1,r¢,(1_('¢'_1.'l'l_i,_iii(' (:_,1_LI_¢,_



=

.. litre,, /'l a..ll(l /:_ ar_, I>c)lylLc_lllin.lsttl_lJ,Illa.y I,ie li11(,a.r.,Cl,la,(lra.i.i<'._ <,r ('ill,it., a.ll<l_ is _l.
1,_,r_l.lll¢'l,ri<' ¢'oordill_.t,c'. 'l'llis _q)l)roa.cll allc,ws rc'laJ,ively coVlxl)lica,l,¢'(lbound_ry stla,l_es tc,

, l_r lilo<leled ea.sily a.lld a.c('llra,tely.

'Flli' Ilsc,l' locat(_s llocl(_ l_Oilll;s a.lotlg;i,ltc' l-_ouil(la,ri_'s of a l'c'_ioll hy Sl)C_c.iryingl,ll(,

(l(,l,cri_iilcs r(,laJ,ive Sl,ia,rilig. No(lc l)Oinl,s 'wil,hiil a, regioil a,r¢,g¢;1;ev'a,i_eclaaii,oum.t,ica.lly
oil(,c,t,ll(, I,olllid_,ry llod_,s lia.ve I_rell icl_'lli,ifie_l hy a,ll (I,,I) lilllllt.,ering s,ysl,eln. TII_, lis(,r

Ic,cat.,edby llw,a.lisof a. sul.>rcnil,ilir Slll)pliecl I)y l,ll(; lisc,r.

Tlle titia,l six't) iii n_c,s]lgelic'ra,(,ioli is I;oa_ssignnode l:)Oinl,s 1,(_elenmlll, s. In l,lie ca,,<.,ot'
iSOl.mralilel,ric eleilieill,s, til(' elenient,slia,pe is del,erinilxed by a.ll of l,he nodes _ssigiled 1,o
1,ha.t,elc'ilicq:iiu; iii l,ll(_cas_',(Jl'sul._l;)a,ra,rncq, ri(' cl('lllcull;s> i,tle elc,nlci:il, slia,pe is del,erlnine(t I_y
('tJl'li('l' no(lc's. The nliciside nodes iii sul:li)aJ'a.nw_oricele,lilenl,s a,re local,cd lilidwa,y ¢,ill l,ll('
lille sc%iilelil, t,lia.l, COlili('cl,s axlja,(:(uil;coriil'r ii(,iclc',s. In geliera,1,el<_lllerll;bounda,ri(_s l,lia.l,
I_ordc,r a,regioli clo liot, coilicidc; wil, li l,lie region bounda.ry ii,self. llowever> iSOl)aJ'a,ille,l,i'ic
t'l('lll('ill,s l_c,l,t,c-'ra,l)l)roxiilial, e a, c,lii'v('cl I)OlilidaJ'y t,li;:tii (lo sul:lpa, ra.illel;ric c;lerllelil,s.

"l'wo (lisl;iliCl, (,rr<>i's arc' iill, rotiu('c,(l iii N()tIIA-SP Wlieil a.l)i)r()xililaJ,ing ctirve(l I>Ollii(1-

a.ric'st'tJt'a.t>t'¢)l>lc'ili(tt,iiiaili. "i'll<' iii'Sl, (q'rc)r is iii t,lie si,el) of a,I)lirt)xitliaJsliig 1)i'ol)letil <l<>-
I'llliill I.)oItil(l;il'iC'S ],y l't'_it)ll ti()tlli(.ia, rii's. 'l'h_ s(-':('Ollil orrt)r is iii i,iie sl.el) of a.l)l)ri)xilllal,iti g

I'('e;itJii I.ttlli(laric,s li3, c"1¢,111c'IiI,I)(llillllal'iCs. [lowc:vi;r, l,ilc.'se ('TI'Ors &l'(' gc:rlera, lly IllillOr a.licl

<lisalJl_c'arall,c,,.,;_q,ll_,rwile,ii l_r(Jl,lelli dolll_diis lia,ve sti.aig;lii, I,ol_licl<t,i lc,. I url,hei'i_or(',

Iii'st, error ca,ii t:,(, i'c,(lliced I)y I)re_d<iligup aJl il'i'egill_l" proble, ln doina.,in inl,o nior(, ail(l
lii()i'(' i'egiollS a.li(l _:a.iili(' c'Oiill)lel,c',ly (_liilliiia,l,c!(l1)y a.ssigjllilig 1)ollii(la,ry li(,l(]e loca,l,i()lls
iii(livi(lua.ll.,,,,,('il.ll<,r I)y lllC'_'i, llS (,ii"t,11(_[,iC)illl, Ol)l,ioli lll(;lll, iCiil('_d a,l)ove{,ii' l$1icus('r-sulll>lic<l
si.il,r(llll,ili('.. 'l"li<' s(,(,oli_t(_I'I'()I' iS illllel'(_lll, iii l,tit', Jiliil,(' elrille, iil, niel,lio(l, I)_lt,, a.ssliowii

1,k' _l,l'_l, ll_; il, ll(l 1"i2,; (1!)73), wil,li ('('l'l,a.ill illil_l r(,sl, ric'l, iollS I)ll l,ll_' slia, l:)Cs of (_](;lll('llt,s_ t,llis

('ll'(Jr i;i Iii' lllJ lli t_;tlc,ri,i(i('I" l,li;-I,li l,li(' ('l'l'tll' lila,_l_' I>y i'_'l_i'c's('ill, iii g l,ll(_ sollit, i()ii iii i,erlil,<-: _>t
Iii<' tiliil,(' <'l<,ll_l'vli, I_asi,<-;t'lili('i,i<_iis.

: l{',lelnent, Lil:)rary

N()t{Ii\ Sl" lis(,s si,al,i( _i,l'r_l,vs 1,11al,liar(, I;l(!(,li cliill_!iisi(,lil'(l l,t, a,c,ctJliiiii_>(taJJ, lilJ l,(,

.r),()(}() I'l('lil('lllS; tl(J\V<_V('l', N()I{IA-,qI' (:g'l.II I)(' l'('(lilliCllSiOll('(I 1,()liali(lle la.l'_cr lllesil,'s.

" 'I'li<,l,,,, i/,l(, I.V',"()I,asi<' _.'l('lll('iil, l,yl_('s a\'ailal)l<, iii N()IIIA-SI'

IS<Jl)al';lliil'l,ric l']iv;lll,-.N(,(l('(_la(li'ilal,('ra, I. "l'tl(' iS(Jl)a,raill(,l, ri<' <,ig;]il,-li(.lt' (llla,(irila,1, -

<'i'i-i]((Tt!AI)I4/S) ('_ I_av<'<'ill'V(,_lsi,t(,_, _s ,<-;li(,wiiiii l"i_;_lr(, :i.21,, a,li(l list'S l,l_(_I,a,<',i,<_

t'illlq'l,i<lli)4 _l('tili('(l ill I')(lliat, i<)ii (i/.;I)1,<, ilil,<'l't><>lal,l' _l('l>(,!l(ll'lil, \'._,ri;ii,l(,s 71,111t1,()Ilia, l) fl'(,lll
1.1i(' slitli_lii,l'(I <l<Jlllliill 1,t) ;.I i<'a,I lit)ilia, iii.



Slll)l)_U'a,l_etric l_i_llt-N_)(h, Qlla({i'ilat('ral. 'Flic, slal,t)ara,tllel,ric ei_tll,--llod(, (tlla_tvi-
l;,)(,r;_l (QIIAI)S/,I) lla.s s(,raie;ll(, si(l(,,'-;alld ll,,-;('s(,Ii(' ha.sis l'_111C(,i_)lls(l('li)Ic'<lill l"3ClUa.(,i_)I_
(:',.'I) !._)iil1.(,rl)c)la(.e<l(.'.l)(,u(leIli,va.ria.l)l('sa.ii(l l-)iliil(m,rl)asis ['lIIl('t,io)Is, Ct.i, (,o tlla,l) fr()1)1til(:
.'.l;,)l(l_II'_l(h))_la.iI_(,_)a. r(:a.l(l,,)_)_a.i_.l'lilill('a.r l>_-_,sis['_l_('(.i_)_)sa.re (Icli)l('(l a,s

°.

I

1
= + + ,z)

:,-,, :-.- - + ,z).

Is_,l)a.ra.))_('t,ri(" a.l)d s_l)pa, ra.ln('(,ri("l,)'a._)sl'c)r_na.l,io)_s oi"a.)_elel_e_ll, a.re r('Sl)(,c(,ively d(.-
lil_'(t .s

A,I Al

,I = I ,i- I

A,I Al

,r --:/__...,,_,i_,-_---: -'.io.i. (0.3)
,_= 1 ,i= I

))_))))l)('r_)I"I)asis ['_('lio)_s _s<'(li)_ (,l)('exl)a)_si_)))o\'('r a,_ ('l('n_('_)t.

l'i\al_lati()_l of tilt, i_l(,(,e;ral._il_ l!',(l_lati(,t (:_.2) is (:arrie(l o_I, over sl,a._(la.r<lel(')n(ml,s l)y
,_:_i_,,_(I_<'(ra)_sl'orn_a.l,i()_s(l('li_(,(l i_ l!;{l_a.ti()_s(h.2) a_l(l (5.3). 'l'l_is ('va,lua,(,ion requires
l l)_l (.l_e.l_c_,l)ian of 1,I_(')nal>l)i)Ig I)(, ('alc_la(,('_l. l)l(,egra(,io_ is l)('rl'or))_(,d l>y ni_)e-poit_(,
(',;_I_.:sial) (1)_a(l ra.l,t_r('.

:,;_ l:l()tititlary and Init, ial Conditions

' . l,[[('('(,_veli¢llli(l l)r('sst_r(' ca,_l'l(,lil_(la)'v(_)))(lili_,))sal'( Sl)_,('ili_.(l_))_a,t_('l('t))_'))(,Imsis " ' '
.,. .l,,',ili('(l r(,r i)_(li\i,ll_al _)(,(lal l)()i)_(,s()r ('I(,))_,i_(.,,.',i(l(,s.l!s(, ()f l,ll(, la,l,l,(,r is resl,ricl,ed (,o

....,.: wl_('v(,(l_.r(, is a _l_il't)rlll ,,.'_II_(.a l_)ll_;a si(It., _"l;tss ll_ix(.s ;tr(' Sl)(,('ili(,(la,s('()_sl,a)_(s
>,I,,),:'-i(,I_')))(,))(.,<i,l('s. ?,('r(:)-))_ass.ll))x(',,)_(li(,i())l>_at(' tl_(, d('fat_ll, In)_))<la.r3'('()_)(li(,ionsi)l
',(.)I{IA ,<,I', i.,., )io l,(),l)_(lary ((,I_(li(.i()i_l_(,(,(lI)(, sl)('('ili(,(l for a,l_ in)l>('rl)_('.a.l)l(',surfa.('e.

i\l,,)(,(,v(,), i_,))3'()f l,l,_,a,l)_,v(.(,yl)(.s {)f l)ol_)_(l,,ry ('_))l(li(,i()l)s_la,.y I)(' sl)('(:ili(.(l as fi)nc(,io_s
,l ; I_', ,,l' (.l_(',I('I,('I_(I('I_(.(,r i))(l(,l)('_(h,)l(,',,ari_d)l('s I)y )_)('a_Is()f _s('r--S_)l)l)lie(ls_l)r()ul,i)_(,s.

'l'w_)(,I)(,i_,)is(,xis(, i_ N()I{ IA-,";I'f()r Sl)('('ili('a,(,i())lof i)_il,ia,l c_)_(li(,i(>)Is.Tl_e (l(:'.l)e_le))(,
;)_ ;,l,)(, )i_3: l)(, sl)('('ili('(l i)l ll_, i_)l)_l(,(l(,<k(,_)l)(, ('()l)sl.a.)ll,ov('r ('a('i_))_a(,('ria.l. Arl)il,ra.r3,
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- 5.4 Solution Procedu).'e

The .-;ol_lli()Ii1)r()c_'(l_lv_.'u,_ed il_ N()ItlA-SI _ is described il_ Sec.li,.)ri,l. The l.ral.3_.'/<)i(].

performe_t by Irons' fi'o.tai procedure, (lro_s, 1970), which has five distin('t, steps: (1)11_'.
_'li)_d_atio)_1:_roce._sis s_-'l_1_for tl)_, t'r._l,ai s-lution procedure', (2) a,residual ,,,(._:'_,.)_'.)_,t
al_ ele'me_) co_'itici_'u__al fix at(" asseml)led for ari element; (3) t.laelocal residual x'(',('(,_,_"
a).l,l l.ll_',:l,')_._'r)(('()_'fli('ie!))_a(l'ix arc, r('._lwctively adde.d to a globa.l residual v(,c(.o)'a)_,]
(()<,fii(.'ie_))r));,.).)ri-<'.(.I) eq_ati(m: ).ha.! have l)eep, fully summed a.re forwa,rd.-(.'li__)i)_a(_'(:l'
:_l("l.)S(2) (hr(,k_;l_ (t) arc-'relwate¢l _),(.il all element.s have been treated; and (5) l,+_<l<
sul),_lit_tioI_ is ca.vri('<l,:)_1.t,o l)rod_c<" the solution vector at the new timepla,e. "l'l_is

process is rel)('aled for each (imel)lane a.))d mab, be repeated several times for a. sin_](,
ti))wl.>lar_e.,a< ,{e_cril>ed i_ He(:lion 4.

5.5 Calculation of Derived Quantities

Q,_i_(, fi.(,q,t(,),llv the _,_;(,rwishes (o (,xa._it_e qua,utities derived from Lh(.,l)a,si(:'Ii('l,1
va)ial)les. l'l)¢"s(' ¢)_a,litie._; i,('l_),t¢' sal._))'al.iola,_,conductivities, liquid flu.'<, a))d 1._o)'('

(}i)_'ar) v('l,,ci_}_',_iI_ (.1)_'r_)alrix, a))<], if a (',)ml)osite model is used, in the ['racl._r(,._a.)i_l
t_)ial (,-(:>)_p()site)(1._a_tit.i(',:<a.s w('l]. "['he variables reported are coutro],ed by (:l_("l:))'i)_(,"r

5.6 Plotting

N()H IA-._P l_a,,,)_(_i_;(¢'r]lall)l,_.(i)_g ('a.l)abili(,ies. Instead, a., OUtl.),_tfile i_ the I!;X()-
[)l:S formal is l.)ro(l)_ced. This til(' ca.)_),})e)-)1:)_-'used a,s direct input to graphics l)_c]¢a_es
su,:1) a,,_It_INI'IW ti ((',li¢'k an(l (lar(.li_:g.;,1988) a,nd BLOT (Gilkey and Glick, 1!)_!)).
l_l_))laBI,t)T a_id "I'1¢INI'I'3" II call _(.'_l('rate plo(.s of nodM point locations, finite el('ta_¢'_(,

l_ist())'ie:._,a_)(l l))'(:)lil('_;.:\_l(lit,io_ally, par),icl(' path}ines can l)e plotted using 'I'I:(INI'{"_
II. Pressur('s, (._ra)_5.'of t.l)_,(leriv¢'(l ¢l_a))t.iti('s reported during (,he calculation, may I)(,
i)_,l_(l,-,l i_)lilc' EX()I)[TS lil¢"will)_i),.' "l)()s(," option o_) the st,o I) card (Se(,tio)) G.!)).
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6 Input Guide

6.1 Introduction

It, t'<>rlla_ilate'a.tld solx,¢, a tillit¢' ¢,l¢'zlwlat I_I'ol_l_;lll. 'l']lt'_,_agll a. ,_'ri_',_ <Jt' ccJlill_a,t:l_t a,rl:l

tiliit¢' elenielil ¢'ctlial,ioris, a.il¢l postproc'e'ssiiig; _t' st._lut..ioii field eta\a. T]I_" _l_'l.lial sc"_lll¢:'iic<'

_<:,lll_> ov_tc>r ila which rh( • op(-,ration,_ (:an t:,t, _,_._rl'i_'d(_i11...[rAtt,_, t'(,ll_>will_;slll)st:'cl, ic_llS,

l_s_' ('¢)ilallaala¢lail(t data card._:_r(.,¢luir¢'d Dy N()I_IA-SI' at(: d_:,s_:'rib_,_liii r<,_l_;]lly t,},c .sali_¢'

t:>r_t_'vllial they would norr:aally a t)l._ear iii a_l illl)lat ¢1_¢:1¢.

ii[:lJl)<'l'-,_',;t_:'",,v,.._r_l_itlil_lya ,'<:,llli_lali<l,:_r_ll.,l_ali_illwvi<'ii_l,lil,\'alli_:'.¢.:/.,I:()I{.MIKI'.

l_,_v'_'l'-_'a,s(' f'll _l'i-l("| _:'t'S.

• :\11 \'_lili.lJl_',__li'<'illlliil ili _tfi'<'<'-ti<'l,I ft/l'lll;.il _lll_l ,t_ll_','<','_i\'¢vlti'i:.tl,l,..:_itl"_' _l'll_i.l'_.ll('tl

lit' i:'( ii i 1111;t,<.;.

i [] iil,ti<'atx': l;JlJli<>lilll ]Jlii';tlii_.'l_:'l'_ ilial Ilia)' Ii(' t_iiiiil_,_l Ity ii._ili >_:_i_"<'_'._i\'<'('<.lliilil;i:
ill i.t. \'iil'iit_ll#" li._l.. If Ilia' tJlllitl_'<! ll_ti';'illl('l_'l' i_ lt<d t'oll<J\v<'<!by _-ili(.ll, ll('l' l>_-irit/iil't("i',

I1_ I'(JllllllliS li_'<'_llt_' II_'<t.

ii ---:)_--iil_li<'_ti_:'_iii<' <l_'t'ii.l_ll \'_llll<' fl>l' i_li ,,1_Ii<,ii_tl t>iii';llii_'lt'l'.

t \li _ll'_l<'!'i,<',k (-li lllli\' iii' ll:-<'<l l,I (t,lilillli<' ,I ,,i_lil.ll,il' ii.<,i ,ii!It, ii _,l',<,ii,i i:ilii ,,,r,l. li

l., >1_,,<',1atl_'i tli_' li_.l.,i<tl_iiit<lt'r iJll Iii<' _<ii',l iii_il i,_ lt_ I_i, <_,iililili_'_l.

ii ,'_ l,>ll_.,r>iT;ii (_) lilt-iV tl_' _l_-'.<'<ll_> t'ii,i ii <],_l<l_'_li'_l_-:,_>lll_ll, tilt' l'('lllliililii[! ,<_l,,<l' IJll
iii, ,;_l_l lllil\' Iii' ll_',l t'<)r _<llilllll'lli:,. "

ii l_ll<' ,:t>lill"llli'< <Jt"_'_t<'li iiil.t_ll ,'_ll,l _li_' ili,ii, ;_i_',1I,x' ilil,l<'.'lil!ilt.t:..

ii Ali 'ill_!illili,'_ .,,_:_,.,<i_ti,.,lwill, _, _.<,_Ji,iili<llt, ,lir,., I i<,li ;l__>_':.;lJi('.<-,.<_',l iii i,'1'111.<_ ,>1lli_'

iJllili;ll (.#. "-)(tJ(Jl(till_lt_' b;v_tl,lll. 'l'li_' (<lric'_;l_(_li_[ili_ <till.ililili_'_ l'<tr ;l:,/i_\llilil_"lli(

l._r,JiJl+'lll:-:;ll'l' illlil!l li\' l'<'lll_t_'ili,',..,i til' II,>l'i/,Jiii,il ,,l, lr,lili_il<'. ,'. wil li ilia, I,_,li_,l ,,,,..i
<tili:.tli'. ¢'.

':,:)



,i/J

• The user is free to select dimensional units; however, the units chosen must be
consistent between ali quantities defined in both the input deck and any user .....
supt.)lied subroul, ines.

e When an ini)llt vallw is restric.ted to a c.erl,ain range of va]ties, that range is givcll;

otherwise, consideration slmuld be given to t,he applicable computer's accuracy
' and accepted values. Of collrse, t,he user is responsible for defining a, physically

meaningful prol_le,m.

The comn_and ca,rds are described in the following order:

• llea,d,.:r card

:_'I P® SI_I .l corn1na.ndca,rd

• F()II.MI(Fc,:.,inn'la.lldcard

: " ' TY® VLL()(,I colnll_a,lld ca,ht

, ()ll".l"l::'II'-l-'conl_Ja.n_l_'a.rd

• IINZIPI:" c.omma,nd card

• I¢.t);STAIt_I'comIlla,Ii_l card ,,

® Program t,ern_.illai,iollcard

Irlt,l_efl_,llowirl.e;s_l,sc.,c'tioIls,l.I_",i_,li',:idlza.ldc.scriptiorls_:,fthecomma.hd ca.r_Is;.-m"

_lis,'llss,:,,!,f,..,llc..,vw_lI_5',_l_,scripti_:_s,..4tilei_l)_t.(Ic-,cksi,rllctllrt'.,,ilS(-"rs'_.l.,routin(-_s,i_lii,ia.l

6.2 Header Card

'I'I'_,_'l_,:"a_l,,"r_'a.r_ll_._stI:,_'i,llcfirst,cardi_la _l,.'ck..A $ _'_usi.a..l_l_eari_.t,l_elirsi.

,',,l_,_ilr_;_.I_,,I'_"_"__ai_i_,_79,.',.,l_l_l.'-;ar_,.._vailal,lefi.¢a.l,roI,le__titl_'.The l_ea_Ic,rca.r,lI_;-',:..:

$ pr,_blc_ lille

6.3 SE'FIJP C,o_nmand C,ard

'I'I_,.._'iirsl,iasl,:i_ll',:,r_l_la.i.ill.ga IiIlit('_.,l(':__l_'_i.a._a.ly.';is_sil_,¢;N()IIIA-,";I'ist,o Sl)C',:'ify

'I'i_,..'_l_al.,,riall,r_._i,_,ri.i(,sa..r_',I,:.s,:'riI,_',Iill,"-;,_,cti,:,l_'.2);i.I_('_i_.sI_a._(lI,,.,,,l_l,la.ryc,,_i(lii,i,.,_l.,-:

l.l_r,,_'s_,i.s,,I'ass,..,_:iat_,,l,lat.ac,..r,ls.
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'File ,ql;,TUP comtlla:_ii card ha,'_l,hc, follc_witlg forit_al,:

Wf IC'l'('

L

;/rri'l+t _ '2 _ del,ermines l,lle alnounl, of printollt, t)rodllce, d dttring l,he se.l,up operat, ion.
()ttl,t)tll illcrea.ses wii,ll i,h_' \,'a.llleof ip'ri,,t, l;'_r ilrri'n,t = 1, rio se+t+tl!) infornlal, iotl
is l_riul,_'_l;ilrriTll. = '2 _:ivc,s+,lc'lnelll.d¢'iitlil,iotl (c.,q., type, tlla+i,eria,I, coordiua.tes)
alld I,_,_tn_iary c_,t_lil.io_ls (,.g., type, loca.tiot_, value); iln'in.t = 3 incl_das ot_l,l>Ut
from iprt._rI.,= '2 plus grid it!l)ttt, data for l,l_,:"problem georrtel,ry; il)'rin, t = 4 inclttdes
OUtl)tlt, ['rolr_ iIrrinl. = 3 plus cuor(litta.i,_'sa,nd a,ssocia,te.d (I, ,I) va,ltws for ca.ehnod _.
l:,(:,thl)y (I, J) va,lue a,nd l>y e.l+,tnt:;ttt.

_]_(,_,"i< 18 _ is the tnaxirtlun_ _t_t_il:,_,t"of I t_ws'c ' o[' node l_oi_t,s t,o t)e ge_tera.i,e_l Ma,.r.,i
t_'__,,!ot_ly I_, st_ecifie_! if l,h('r_' a,re _'_,t'_,i,l_m_18 l-rows or mor_ i,han 2770 J-rows.
'l'll<' lil t_il,on tlw t_a.xin_it_l I- a,t_l .I-r_v,v'..+is I. ,I _ 5(I,000.

,,_'d__' -,' _+- _l_q,_,t'tt_it_t'st,l_, t_t_lherit_ ¢_fl,l_ _,let_ents. l'+'_t' file _lefa.t_It,(or_ler le.ft l_la,nk.),

tl,_, ei,,,,,,,t,ts ar_, t,,,,_,l,_,,',_,,lIo' i,,cwasi,,g (I, ,/) va,l,xes [c.g., (1,1), (2, 1), (3, 1),...,
(I,'2), ('2, '2),...]. l:_,r or,l_"r -.- I'i/.ES(',I_ lt]li]l), the elen_ent,s a.re numbere_t accord-
il_g;to tll_'ir order it_ t,lt_' iut)_lt list. The elet_euts shottl<l lw, ordered so t,h_t l;he
l'rotit, widtl_ of the l_rol)len_ is minimiz_'d (II'Olts, 1!:)7(I). Vor a. lmsic+dly recl;a,ngular
sl_a.l)¢'_!geon_el,ry, eh, theists sltould be n_mt_e+redacross ttw. diu_et_siot_of the doma,in

r_t:_lluwit_g the, SET[lP comtnm_d ca.td, three sets of data, cards a,re required, lhese
,l_,la s_.ts .';l_vcify r_ate.ria,I l_rOl_erties, uoda.l t_oi_lt locatiot_s, attd fit_it,e elen_ent tnesh
;,I_,i l,,.,_+_,la.ry<'_,_l+liliut_s. l'.Sa<'llof the _l+t.ta.s_.i.s is t_,t't_fit_at¢_<ll+,yat_ I:_NI) card. Tlw

.",I',I[1 <',,_,t_+_<l a.t_+[t'+.a,:lit+sN()I_IA-BP for tile next+i,,v,l I",NI) _'at'<lt,t"rt+llillat:l',s t, ll+, _.... ' l .>

+ _Jllll}t,_lll+[.

.Material Dal,a Cards

,",lat,,,rial ,l+,t+a_'a.t'<Isar_' _,l"lwr, i,y'l>_.,,,.;,,I_,' for [l_i,l l>r_+l_,ri+i_,sa.tl,:l_t_:' for tt_ai,rix

[++,.,+:.l+ri,,,l,++;'_+.,], ++++.++,,l,'r,p, I+,9



W 11(_l'e

. 7nal.erial ,.a_n.c is a,n Ol)t,iotl_d a.lplta,tlutlw.ric ma, t,eria,! t-l+u.v.le+for user rt:_f+:.r_:t_c_,.

,.,,,_.be_.v is a,tt it_l,,,!'rtla.lrefer¢-mc¢" tltlt_ll_¢'t"t'¢_rt,he mal, eri_fl. The fluid must, be rlttltll:_vr 1.
1,

/_ is i.ll_-'det_sil,y of l,he liqttid.

t.I, is t,he dyna.t+rtic viscosit, y of t,he liquid.

.q is t.he _cc¢++ler+vl,ion ca.um_d by gt'avil, y.

Tile va.lt.w,s dei itled m_tsl, be consistc_nl, wil,h the system .of units chosen by the user. Th_'

_l_q'ault, valtle for a,ll pa.ra,mel,ers ot+tfit,l.ed oil |]tli_:l 1)roperi;y ca.rds is zero.

Pvlaterial propert, ies for tlla.t.rix tlla.t.eria.ls are specified according to the followitle;
l'ot'Ill a,t,:

[7,,atcrial 'nam(-',], _ntmbe+r, Po, a

W ]I(" I+('

_,++tcrial '_+.a',++"is a+t_opt, iot_al all+l_at_t_r_eric _tm,i,erial name for user referet_ce.

,,Tr+.b_:r is a,t_ it_t+.wt_alt't'ft'rt++t_c<+t_t_t+l.>_,t"t'ot+the ma, terial. M+t_t'ix ma.i;eri+ds ma,y t.ts_++_t_),'

or all of tl_e t_umlw.rs 2 thro_gh 13.

t_-< 0 _-- is t,lw itiit, ial efi'e+ct,iw+_liqtiid l)ressure in a+ mal;eria.1, t_ --- p-t- pgz or .[J =

pg(q_ + z) where _,P= p/p.q.

_. -<,0° _ is the atlgie, m_,a.st_red in _l_gt'_:,_s,from the x-e+xis t_o the firsl, princip_d axis
it+ t;he clo+_kwis(-' <+tirect,iot+.

,,+.

'['lt_' ma t,t:,ria.ll,¢'"t__¢,al._ilil,y,i)¢,r++).'<it,y,t_t¢fisi,_re,cotttet_t a,nd ca,pa,citance are det, et't_it_¢-,+lirl

_l,_¢,r-stipl)li+_¢ls;_l+t'_,_lt.i_¢,,_+l_'s<'ril+¢,+li_ _tl+,se¢'tiot+_6.11. lhc-_',para, tne_,ers c_ a,t_d I]+_tl+_lst,
" I+q' Sl+l., l,(J C()IlS],+t.III, vallloS for <'a._+'ll t+aat,twia.l, l)ef+ult, va,lu,+s art', zero unless ol, llt_t'w,i+,+_'

+_lJ_'+ifit,d.An IC,N [) cot_+_a,t_d _tsl+ f,)llow l.,he r+_at,eria,1 propet:l,y portion of the, Bl'i;'l'[ll'
t't,_l I 1lIl +t,ll (l,

ENI)
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l'orous n_aterials lhc)deled I)y N()RIA-SI' (:a.n lla.\,'c citll('r is()i,r()t)ic (,r (_rtlloi.r<)l_ic

j)crlllea.bilil, ies. For isoiiropic naa.t,erials (i:ila.l,cria.ls iii \vllicll I>erinea, bilitics are ll()(, t'lrtlc.-

(i,,lls <_fdirection), l)ermeabilil, y is ¢lelille([ iii (,lie llser sllbroill;ine by /'(li = 1(2.2 = /q.

'[']i_, a.ligl_-'_)ll (,lie mal, eria,l plo I -,tt,y ca,r(t ¢1' is• _e' ' , , (_i(,ller zero or left I)la,)ll<. li_c)rorl, hol, r<)l)i(' "

Iil+l(,_,ri_,ls(llia,l,crials iii v,,llicll pertilca.t)ilil, y is ii, t'lill('t,ioll of (lircc(,i()li), I)crill(:al)ilil,y is (1(.....

liil('(l in (lie lls('r subroul, inc' a, lOilg 1,]I(' lJrillcil)a.[ axes: l*'ll is (,]i_:valllc ()f l)crlli(:a,l)ilil,y iii

I.}1('<lil'('<'(,ioi'_of (,li("firs(, l>riliCil>a.laxis; /,(_ is (,li(' va.Iu(, (.)t'l>erill('abili(,,$ ' iii (,}_('_lirc('(,i(>il (Jt'

(I),, s(,('_)li,,l l)rili(-il)al axis; a,ild {_,is (,Ilo ailgl(:' ll)(:'.a.sllr('d iii i,]ic clockwis(' <lir('('(,i())l('r())ll til('

x i_xis I,_)i,li(' lirs(, prillcilml axis. 'I'Ii(' a ilgl(' ,i, )i('(,(l I)(, Sl)(,cifi('(l t))il3' wli_ql (.ii(' l)rili(,il)_l

_.×_'s_,i'_' llo(, ali e;)i(,(l wi(,ll i,lle ('()()r(liila(,c axes.

N()I{ IA-Sl ) (l()(,s)lot c<)l)(aii) a.iiy ,liillciisi_)ila.l ('(>lisi,a.ii(,s ()r l)r()l)('rl, i('s; l,ll(,r(,.f()rc, i,li(,

_i:_('r is i'r('(, (,() ('li()()s(' _i.ILV(:())isis(,(,il(, s(,t of liili(,s. 161r(,l_(,r))_()r(', i(, is l)ossil)l( , (,(.)ca.sl,

iii<.' g;()\'('rlii)l,_ c_llia,l,ioils (2.1) a.)ld (2.2) iii <li))_('))si())ll('ss t'()rlii. If a (lilll(_)_sio_l('ss I'()rlli

i,_; )1:-;('(t, stJllle (.)[' l,ll(-' l)a.ra.lllel,('rs iii l,]l(' i_la.(,('rial I)r()l)(q'l,y ca.r(ls \v()lll(I I)(' r(,l)]a.('(,(I l) 3,

,li)li('Ilsi_)lil('ss grOlil:)S ali(] so)_(' w<)ul([ l)c r(_l)la.('(',] })y ll)li(,y. 'l'llis a.l)l)i'()acli liligli(, I)(,

il.':<'['lll ['()r la lge--s<'a.l(, liai'_lili('l,i'ic si, li(lies.

No(:lal-Poi_lt Data

i\t'(,<,l' lila,l,_'rial l)rt)l_er(,i<'s Ila,v(' I)(,¢'li sllt,<itit,(I, lit)_l_l t)_)ili(,s ['()r (,ll_' liliii,(, (,l<,lll('ll(,

iiii'sli ifr(' _(,li('l'a(,('(i. (',(ql('i'ii, t,i()ii (Jr il()(la.I l)l)iill, s a.II(I g(,ll(_ral.i()ii ()f (,l(,lii(,lii,s are ,ii.<;.

i ill('l !)l)(!l'a(ii)iis iii N()IIIA-,ql ), N(J<lai-I)()ilil, I<)('a.l,i(JliS _>,i'_!('ii]Cilla.l,(,(l lisili_ (llia(irilal,<,ra.I

r(,e;i<)iis. 'I'll(' lil,)lili(ta.ri('s _,)f l,]i(' i'('gi(Jlis Si.l'(' (l<,i,('l'liiilit'(l I)y I)()lyli()lilia] lilal)l)ililrs> a,s (l_.....

_<<'i'il,<'(Iiii ,qlll)S('('i.i()li T).2. 'i'll(" I',S<'r(l<,tiii('s (,a('ll r('.gi()li I),V Sl)('('ifyilig a s('( ()f I)()ili(,s l,ll;ll.

Ii(' (.)11iii(' ])t)llll(ia.ry ()[" til(' r('t_i()li. N()(la.I I)<)ilif.s ai(' i(l(,li(,iti('(I I)y St,XI (/,,1)lllllll])('l'ili,_

>\'slt'lll. '1'1_('l()('a.l,i()li III' li()+la.I I)<)ilil,s wil, liili a r(%i<)li is (,ii(.iri,ly ('()ill, rtJil('(l l)y l.ll(, iiliiill)<'r

,Jt' i)<)iill,s _1]()11.,_(,il('ll (>f (,li{' I)_)llll¢la.l'i('s ()[" l.ll<, l'(,tri()ll ali([ I)y g('()lll(_l,l'i(" 1)iil'alll('l,('l'S (,llat,

('()111I()l I('liil iV(' li()<l_ll Si)ilr('ill_- { al(Jllg; ('a<,ii (Jr Ill(' l)()iili<tai'i(,.,-,. 'l'llr('(' (lal.a ('al'(1,<_at(' ii(,(,(t(,(I

i() _'l('liii(' ll_(' II()(]_l.I ])()illl,S ill ii l'('_il)II,

",",'iii '1'( '

i.,.,,,, ./,,,,., iii'(' lilt.' lililiiliililli \';llli,', <, _,f / _lii(i ,I i<)r lli_' i('_.!i_)ii I,<'ilit_ ,t,>_,li('r_ll(,(l (l"it.,lir(.
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i+,+,,.,.,.]',,,,+<+.,.art, l,ll,:' l+l+t.xill_tlttlva+Itt(_st)l' / a.tl(l ,/ l'or Llle rt@tJtl l)o+in_ _otl(>,ra.i,(+<l(l+'it_;tlt'e

6. la). 'Fllt> tlill',t'r+',t+c_>l_¢'t,we ett t,l_o ll'l+i,Xillllllll +131{I lllillitlltllll \';+t.ltleS(le,tt+ri'tlirt(+s t,l_<,

tlilttil)t,r of ii(.,tl,_,l)t)iilt.s iii Lllo l'(>_it)ll.
,i

.q, < 1 _ +'.-;lJt_c+lit's;t ge<;,titc,Lri(' l'aci.t.+r l'tJr tlt,,:lalSl)at'itlg alolig t,ll(' ill+ sitle+ ¢+)fLll(, t't>#itJ;l

, (l<'i,a;itr(,(+.la). 'l'lic, gt't)llwi+t'i<' l'a('l.()t's, SiltJ'V,,'tl ill li'+gltt'e.6. la., at'(" <+lefitl(_(ll,y

.q_ +--....._, (+;.l )
A?, 2

Aj, (i.?+)
,@2--- _Aj_'

<itl(l ATtar,f_)r _'II-=i (Jt".7', is gi\,etl l,y

A71+'=l"( 9-1.,C/-at.........1)'¢1"-(''_-I)1' 6.3)

W I 1('_1'('

l'' .... tL( 't'_0__] l':'tlgtli iii t'lJ<:'i u,r j (lit'('+'t,itJtJ tJl' tllt_ l'("gi(>lil_('itlg g(+ti('ra..t(+(l,

,+'il.... t,tJl,+il titltiil_('r t)f li<>(la.ll._t+_ilits-. I,

,'_+-- ili(l('x <.flat _;(,(,s f't'(_tli i t,lJ Al.

'I l_<'+l(+li_ilit,tt,<-;lt,r q:.+alltl ,+'l,tai'(' t+i,_,s+-iti,i,_i,'-;l.lit_s(' l'(,r ,ll ali(l .?2., rt*;l+('<'i,i\"('ly. 'l'li(,

_lt,l,+tillt \:allt<,s ,,+I'ill<ii5' _;i',+'_, _'(itlal tlu,_l+ll:.+l)a(+iliUalt.,i,g +i:<i_l(,.l'l<,¢+lli(.(,ti(:l',+t.('l.¢,r,'-;l.lla.l, ai,,

I+,F+,+<'_'<,r _'+t_+_ll('rt lt+,It _li,ii.X'u,iv(' ,I._t+tJllll't,l'il . t,(,(lal sl,a,'itt,," (i.+ t+li('<list,a.li('<+sl_('l.wt'('l+• _+.),"q _ • ,+

,<,li_.,('(lil i\'t" li<_tl<'s t'l,l'ili ii f2;('Olii('i.l'i(' I)rt_uit't'ssitJli wit,li gt,()lil(,l,rit' t'a<'ixJr 9+).

1'()1.,'\11 .<_l,<'titit'siii<' list' (.+1' ;I l)<,litr I'ai,lilir t.li_lii ii ('itl'i.t':--;i_t.ll t'(itll'(lilial,t' .s\,;M.(,lii. 'I'll('

tl<'t'<l.l_lli.'-+ii ('_lrlt':_i<+ili<'(.li'_tililti.(" .s.vsl,('lii if ii<is l tlii';-l+,l[i('l,_'r iv', <>iilil,t.t'<l.

+' ' lilt' tl ,, ,t' ii I>(,llll' <'<,<,i'_tili_il<'.<+;V:';l('lli.._',, " ()'.:*, .:<_-( (1 ;.... (l('+<_i..,lt,i.i.<'.<< rit_,iil t



._t_- j......_'l_,,.':l'e eh'fin(' 1,1)('co(,rcliila.l._,sof (l_e f(,ur c,,rll(,r a.ll(l Ol,(.iona.Isi,.h, l>(_in(ssfor e'.a.<.ll'
rt.'gio)l. I[' a. l'(,_iOll is l)i.,il1_d(,(lI)3' sl,ra,i_ll(, lil)(,s, ()1113,(.lle ('oor(lina.i.i,s of l;lli',l'ollr

,.'<)rill'rs)_(:,_'(.II)(' sl)('cilie(l (i._., :rl .r,1 a.))d :;I _,)). If a.)l',' of _l rc:gio)l's si(les a.re
(:_l)'x'<'(i,(.llen th(, a.l>propria.l.("si(l(' n_)(l('s )rills( I)(, sl)(,cilie(l a.s sl)()w)l i)_ l"igllr(, (_.lh. ..
A _llla(lra.(,icmal)l)in,p-;is usc(l 1.odeliIle a. l)oll))(la.ry ii"oil(, si(l(, l.)oin(, is specified; a.
('lll)i("))_al._l)illgis lls(,d 1.<-)(h,li)l(,_ l)()_l(la.ry ii' two side l>oi)lls a,m sl)(wified, l:)oii_Ls
sl_(>_l(lI)(, )_ea.rlyequally sl)ace(l al_))Ig(,acl_si(l_, ()I'a. regi_)_.

\,

i,,,ii_(,s. _l'l_e())_lx'r_'slvi('(.i_,_is (,l_a.l.I.,<,_..,I,,_,., _i _0,0()0.

I(, is ,_;o_(,l,imesco)_v(,)_i(,_l(,1,ob(-,a,bl(_1,(:)I)osii,io)t a,n i_divi,ltml i_o(la,l l)oi_(, or a, sl,ri)_g

poI 'r, i..i, ,,:,,::.,, [.,,],

Wlli'l'(_

,': is ill(' I,.I Sl)(:',citi('_t(.io_f()r ll_(' l)oi_(,.

, . : i,,.,ll_(, ('oov<lii_a(.<"l)air lhal (i(,lili<,s(.l_<'l()('a,t i())_<)f til(' l.)<)i)_(,.

l)(}l.,.A]{,sl)(,ci[i(,s ll_(, _is(,()f a ))()lar I'_'I.1,11(_I' (,ll_l.ll_'I ((,_'i.['(,(!)..qi'.d[l ('o()r(li_'.,a,l,esvs(,o,n_.

:'.:, -,:() >-, .',()-", () >-- (](,sie:na1_.,s(1_(--_)ri_:il)(,i";-t.l)<)lar ('()ordi)_a(,('.,eysl.em.

2,_



SIDE 3
ga

O

" Imln, jmax PART N O SIDE 2
g2

, 0 0 0
SIDE 4 O O _12

g4 0 0 0 0 0 Ai1

Imin, Jrnin SIDE 1 Imax, jmln
gl

(a) I, J NOMENCLATURE

XT, Z7

Xll,Z 1 X3, Z3

X4, Z4 Xlo, Z 10

PART N
X$, ZS

XS, Z_

X12, Z 12q

Xg, Z9 x2, Z2
Xs, Z 5

Xl, Z1

(b) COORDINATE NOMENCLATURE

_ imax,lmln,
"_Z .`- -+.... - xz,Z23 X4, Z4

Imln, Jmln

. Xl, ;[1

(C) ARC NOMENCLAT URE

2g



W ]i("I'_'

', ....,., .J,,,i,, ;tr_, t,llc, lllitlill_lltI_ x';_lll¢,__,1'/ all<l ,/ I'<,1I!,<, m',', ;,._ ._t_,wt_ i_1 l"iL!;_r¢,t;.l,. e

:,.,,,,.,.,j,,,<,.,,al'c,I,I_,l_l_.xiill_IIllvalll<,,__,I'I _il<l,Il'_,I'i.Ii_,ar_',_._:_l_<,w_liI_l"i_¢_Ir_'(i.l_'.

Ih'_'all,_t' a _,ll_'-_tilil_,ll,_i_lial a,rl'ay _,1"li_,_l_' I_,illt,,_ i,_ ,_<,ll_,ra,l,_'_l I,b' i,lli,_ _'_>lllil_a_l_l, °

<l<'lill_'<l_'il,li_,r I>y lt',_itia.l,il_li (ii.l)or l'_,_llla.l,i<>ii((;.7), _ll_l_eli_lili_ _,li wll<,i,tl<_rI <_l',/ is
I,<,ill,> ili<'i'<,lll<'lil<'<l _i.loli_ l.]i<' ii.v<'

l'()l,i\l_ _1,<'<'iti<'._l,li<' ii,,-;i,<li' ii I_<Jla.i' ral, li<,r 1,1ill,li ;i. ('._li'l,<,sillli _'._>l>l'_lilial,_,,<.;.v,<41.l,lli,

._'_>-; (I b,..>.:;_ -.',ii _-- _l<,_i_;llal.<'si,ll<, _,l'i_;ili _,1'ii, i_llar <'_J<Jl'_lilial.<,s$,'_l.('lll.

,/'1, 'l./'.i_.7-,i _l<'tili_' l,li_, <'lJl>r<lilial,(_._<>t'1,11_,<'ll<l,_<_l'l,ll<, _ll'(' alibi <._llt,i<liia.l ilil,<'l'lll_lial,<'

l_<.)illl,s. 1t' l,li<' _-ii'(' i,'-;it. sl,l'a,i_;]il, lill<', <>illv l,li<, [irsl l,w<>s_,l,s iii' <'<><lr<lilial,<;sii<,_'_l

I,<, _1><,<ili<'._l; if l,li_, il.rl" is <'lli"v'<,<l,<,il.ll<,i' t>lii, <>I'1,w_.liiii,<,l'lll<_+lial,l' i.><_ilil,,<;,<-',li<.,ii]<lI><,

._t><,<'iti<,_1._l._.<_li<l\_,'liiii l"i<l.,.lii'<,(;. 1<.

l'll,'r_' _ll_. Iii, iliiil_ 1_, lll_, lilllllill'l' Iii' I'()IN'I' ;lli_l AI{('. <1_I._,_at_ls l.llal, iliii.t:' I,<, lis_,ll

li /<,lil,l_ll iii:2; ii lii_'sli. I/<>lll l.vt>_'s<,f ('<lllilila.ll_l,<-;Iil,:lv illJiJl'i_.l hli.yWIl<'l'<'williili lll_' li<><l_ll

i_llil lJ<il'li_Jii <Jt' 1,li<'SI']'I'III' _'<.,llililali_l.

()11<' ['iliilit'l' IJt_li<Jll<,xi._l,_l'_>r<l_'liliiii_; li_lal ll_>iiil. I<l<';ll.i<Jli_.i_.>_l_ll_'_><Jr_lilial,_,,<.;('_ill

,,' ,l<'till_'_l I,y iii<' I_'I' iii a ._lll,r<,lll.iil_' _'all<'_l I')X'I'l)I'71". 'l'llis ,<_lll_l'<lilt,iil<' iJi'<_\'i_l<'_a ,_;r<,_ll

I,,_,1 ,f I<,>:il,ility llll_l i.<_,l<,.<<,ril,<',liii ,c'gllll._<,<'li<,li t;.i 1, _ill,l'<>illilil' I')X'I'I)I';I" i:_ _,_'<<'._,_<'<1

,', li ;i_ liP, Iii<' [<lll,Jwili,,_ <_il<l ;liit'wlil,lt, williili ltl,, il,,<l;il _l,.,t_,l_l_rli<,i _,1ltir, gl,','l'l!l'
,_ I11 i71 i<1.

I",X't'I ) 1:,I,'
I,

\ l';;klJ ,_,ililiil.ill_l ii il_l t<,ll,,w 1 I_' li_,_t_i _1_1_,.

'Itl



Elelitent, and Boltridary Data

_ti,_[ I_c_ttil_lary <'t,ll_lii.i_,it _l**.l,;_..I_c,_'a!i:;_'l,lle tl_la.l lltlilll,s art, gc,ilera, l,<,¢lilt¢lcl_eilch,ltt, ly t,t
Q

tll_' t4t,ll_e_t,,s, ,_'l_,_'l,i_,ll_l' i,_l_'s [,_ _'_lisl,rlic't, _ui cl_'illt,ill, is very tlexil_lc, l lit. I_r_.,c_'s,_;_,F

_'ollst,rllct, ilig _ul ele,_'t_t, c.t_l,sisl,s of i_l_,lll,i[yiilg a. groltl_ oi' i_oda,l IJ_itll,s l_oserve a.s c<Jrll_'r

_lat,a. car_l.

............ : .............. ;. ................................... __t:............ L__'..'I....................... '.t......2_,

W]I<'I'(_ , '

!

_'t_'_l.c_.t./til,t: is it.li a.lt)]lalltllneri(' lia.lll(, I't)r l,ll(, l,yl)(, ()l" elclil('_ll,. 'l'llc a.llowe{I cl_'lll{,rll.

l,yr>e.sat{, _tcscril_,d l_clow.

/I/t/,/ iS l,}lf" Ill_ti, l'iX lll?|.l,t'l'{_-II lllllllll(.,l' ('()1" (,iii' {'1(,111¢;111,. 'l'llis Illliill,cr slit_tl¢l ct,vl'_,Sl)t,ild t,{_

{_lit.,ut' l,lie illa.l,eria.l illtll_l,el's t,llai, a,l_l)ea,rs {)li a. llla,t,rix lila.l,eri_d prol)ert, y ca.r_l,

71,.ii, [/_,,j_,... ] _-iI't'l.llt, 1,,/ x';t.lll<,sfur l.ll{_ liotle l_Oilll,s iii (,lie {'leli_{'u£. l ll_, llotlt,s ar_,

\¥t_'_ 1, ,1 is ,_p_t'itit,_t olll,y t't,r 1,11_'lirsl, litek.le, l,lt_, t'c,llowill#i vallies for 1;li{' r¢_li_a,illill#;

" .... ..... -i

\.\"ll_'i_ I,.I v;_lli_':-',;li'<' ._l,<,_'ili_,,II'(,r c_,rll<,r ii_,_l(,s tJiil,,,, l.}l_, I,.I \,_l.lll(:.sfor ca.ell ll_i_l:;i_l<,
I_,,,l,' ii.l'l' l._.i.l<_'il1_, t,_' iii<' _x"_,l'il_:.;<'<Jt"lilt' v;illl_'s a.l, l,ll_' a,l.ia.<'<'_ll,l'<,l'lll,l'S. 'I'll<, _'<,<,i'_lilla.l,_,:;

,ii' llli_l.<4i_l<'i llil,s ii.F(,i'_.<l_,lill<'_l;l,<_I.li<' llii<ll,_Jilll, t,t" l,lll' ;l<l,i;i._'(,ill.('Iii'ill!FS.

Ali _'l<'l I'111.';', 1.yl,<'i_.',_1,<','ili_'<1I,\' I.li<' r'/<"l_#<'##! //I/J<' I >TIl'':l,lil('l'l'l', 'I'll<' ['<,lll>wilitA':']l'lll<'lll

l,Vl,<'s Illil;t/ I>l' II_;<',l iii N()I¢IA NI'



7

4 SIDE 3 3

SIDE 4 SIDE 2

8 6
Jl, jl

SIDE 1

NODE 1 5 2

Figure 6.2. Nulld,t,ring of l';lt.tnent, Nodes and Sides
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" I1_1,1_(,g_'_('_'_t.l,i_)_of ,';lll:7,[)_l,l'_llll(![,l'i_,: ('I{'III_,'II{.,S, I)l_ysica.l ('oordina.l,_,s (i_',a) of _i_lsi_l_' i1_,_1<,._;

ll_,c.(I nol.. li_, pr_-,_'isely _ til(, _,l_,I_(,l_l ,,_i_l_,t,_'c_a_se l,ltese cool'ditla.la-.'s a,re llol, lls_,_l iii I'll,-.

_l_]<nov,,t_sover (itl;:t.(lril_-t.l,_,r_t.]_,](,t_l('llt.s

'l'w() t)oiv_l,s _I,I)(L)II(, l, tl(_ (/,_,1)i,l('vltifi,'al.ic,vl ()t' ,m el(!:vne_t, a.rc m)l,ewov't:l_y, l'_u,']l _'1(....

_1_,_11,is idc_ll.itie(I ivll,(,v'll_dly 1_,.'4,t1(,(/,,/) t_tir of Lhc !:;rst, t_o(le _)_-mmd on l,l_(,{'l_'Jll_,,_l

,[;.t.l._l,("_t.rd, i.¢'., (il,,}'l). ]_e(';-l.llS(,_1113'('(,rll(,l llt,_t(, lll_-l,y])e na,l_ed tJrsl, on _-_,!1(:'Jolll('lll ,[,:_1,.'.,

c#t.rd, l;}le i_terl_;-x,l i_let_l,itica,l,io_ _1_-_.3,'_,I, 1,c l_Ili(im-;. I ht, user lllll,qt a,w:)id _,ssign_l<'l_l, _,['i._

t,roblen_ can _,lways be _tvoide(1 I_y:._cl_'<'l.i_lga,n a,ppropri&te nod_._,lordering on the r_'l_'x.'_._l.

cl(,tnet_l, da,l,a. _:_trds. 'l'l_' sec_tt_l i_oit_t is l,h_-_,l,clen_e_t conne('tivit;y is dei, erminc(I I)3, _,{l;_,l

( I, ,!) va,l_es. 'l'l_v l_rol)lelll is t,11#_,!iri s_,l_l,' sil, ll&i, iOllS it, iS c,onw:'lli(::lll, t,O _,ssig_l lla_,t'_'[,]li_._

<'l_'_'l_l.S will Ilol, I)e l_l'_t)_,l'ly col_l_c_'t_,_t.

l_o_nda, ry (:ol_lil, io_s _'_, sl_,{,ili_,_l 1,3:_'l(;n_ent a,_d may _-_,l.)l)o_t,r_mywllere al'l(,r I_,

l_.l, llr_-._.l}-,(,_I_<l_t._'y('()ll(lil.i(.,,ls _'_ I_('sp_'_'iti(:,(I(,_ly a,s being co_st_ml; a,long (:l('l_(,lll, si_l(,:;.
'1_t_, t'ornl_.l, for 1)r_;;ci'il)i[_g I_l_l,l_l'y _"(.,l_lil,i(,_s is

l"l(',, b. c. t*_/l_(:, i,, .],. ,si(t('/_,o&:, 't_al'_.te/cur'l,e _,o.

_\'[1(*I'()



l)l!]l_l i' Sl)('_'itiesa ('()us(,_l(,\,_,1_('f_)r(.tJ'('('(,iv('li(ll_i_l l)r_:s:.;_r<,_,(,;__(1('.

I)I'I,I,'I,'SlI)IiI Sl)(,uili_,s_ ('()l_sl,a_lt,\'a]_(' l'()r _'ll'<'('(.iv('li(l_i(t t>r('ss_r(';_.1_,)_4;_._('1('_('1_(.
si(t_'.

• I)I",I"I,'\,'Ai_Y Sl)('_:iti('s(,lla.1,_'ltk'('l,iv_'li_l_i_l I_r(_s:-_r_' _1_!_1_a,l__l_I_l_I_l,si(l_'is va.riM)l_,.
,,\ ('ll li.VIiI sl_l:_ru_l,il_, l_l_sl,t_, S_l)l_li<'._lI_.s'1,1_,I_s_,l'I,__l_:l,_'.rlilil_I_w _tt'_,_-l,iw, li_l_i,l

\\' J I_ 'I('



7_pa,_,._specities the number of passes to be made through t,he loop.

iT_c Sl)ecifies the increlnent to 1)(,a(td(,ct to t1lt' I or ,1 rallies foun<t witlJin til(' loop, 'l"ll_'
iT_cparanleter n.lay be negative.1

- Element. (tata cards, boun<iary c<>nditi<.mdata car(tfr, or a <:ombination (.>fthe two, ft,l-

low th.e looping com_nan<ts. I-l_)oping and ,]-]oopiilg at(' termi1_a.ted r(,spectiwqy by rh<,
fl)ll,.)wing <'olmnancls.

IEN I)

.., ,,[,!I_'_N1)

Valll,:s t_t'i alJ(I .! tt_(, tirsl tiIl_<'tllrollgll l,ll_'I<Jopar_:,t.h,.._s('g;i,_:'('ll<,lit,l le data car(Is I,hal, Ii<._.

_1_,tI_(,l_l,lar\' c()n(til.i()_ll)ort i()n (_t"th(' Sl';rl'Ill ' ('(__n_a_(1.A_ ('xaml_h' of rh(_'_se of t,l_is

i,,,,f,i_,g i)_(,,'('_t'__'is _i\'('n i_l S_'('_i_._n7.2

6.4 FORMKF Command Card

All(', 11,_'(,),_p],'l.i_,,, (,f _.11(-'SI:_I"I!I ' ('onm_a._ld.11,,__(.xl task in t.l,(:'[i__il,_'(q,._,,,(.,,1

t;_ilt. ('l,.n_,.I_ l:],t_ali_,_ (:.l..2).T l_is ta.sl_is ll:i,%g('r('_t1)y 1.l_('I:'()I'IMI';F c<,_nma_l:

<ill'r('



\:1".i,()( '.l'lh ', [I,,_.,Ii_,';;]

l_,,,_t,;m; = (;AUSS '" . , .Sl.'C IIze,_Ill,' \','l,_c'il,i_',_;i_, I.' _';d,"_ll;_,teclal, 1,11_',:!;,_lssI_ints using tile

_;a_Is._l)ointl)r_'ssIlr(,p;r;x,iic'lli:;,;_ll_l111_'ll;'xlra.l)_la.(('clio i,li_'L"_)l'vt_,rnoda,l l)oi111;

l,,_';_ficJrls,Iflo_,;li_,;i:;l_,fl,l_]at_kili_'v,._'l_,iti_'.'_willI>_,_';_l__lJa,l,ecla,tthe gauss

:,,,,;li._; ......N()I)AI_ ,_lw,'itit',_ tl,_' v_'lo_'il,i,':_i,,_1.. cal_t_l;_l,_'clai, tit,' vt_,_la,ll:,oiv_l,sv_sing l,lte

_l,,,lal l_oiIll, I_r_,sslxl'_' gra._ii_'vll.,_.

[:_,6 O[Jr]_P[.JT ([J,,Ollllllallf[ (],_tI'd

:,_;_il_l,J,' i_ N()I:(IA-SI" 1,3._lsiv_ 1,t_' ()13_I'1'[1'1' _,,l_la_t _'_v'_t.S_,J_'ctive pripet,ing of a.ll

()[!_1"1_11'I_, t:qp_':, ;;I, ;;_...., ;_,_

\n,']1¢'1'_'

l t:,'r,, i.,.-:I_, livv_il I_, til,' v_tll_l,_'v,,f ()11'11'1 I' ,,,l_lt_aI_,l ,';tv',l_ I1_;_i 1_;_5'I_' l_,'-;ecli_l a

,,,!,',. I I,.,w, v_,r. ali ()I'.*lt'l"l ,,,Ii_ll_,_l ,;_I'_ls i!_:_ !,l,',,',l,' l l_,. I_.XZII'I ' ,,,l_v_a_,l car_l .
t _-,l il_,.,I iv__1_' f,41_,v,'ill_..

,',i'l .;i_.,t I,,. _ ()[]1 l'l"l, ;,1_,i,,t It_,. f,,il,,,,viI_;_,,t',,,l_,,_ _



OIITI_IJ'I ', i:>()INTS, xi, zl, x.2, z2,..., x2s, z2r>

1
W 1'1e 1'¢-_.

. xi, zl-x25, z._s is a, list of x, : [oi"7', z] coordiua.tes for the special points, A. nla,xinl_lm (,f

2,5 points m,_y be specifie, d on a, single (:oimmuad ct_rd.

N()I].IA-SP Mlows Ul) tc) 50 spe('ia.l l)oints No be specified during _u rola,lysis, liesllll,s al,

special points a,re printed in tile OUtl)lll,. The va,lue of iprt on the UNZIPP c_Lrd ('()Ili;r<>ls

tile number of vm'ia.l)les printed. Tlle defa, ult values (iprt : 0) printed a,re l)re,s:_llr¢',

s_tura.tion, a,_d co|ld_|ctivity. Ol:)ti,)_al wd_ms (iprt > 0) _re fluxes (m_trix (,r l,¢.,l.;d)

mid velocities (matrix). If the sollitiou file (ta,pelg) is No be s_ved (see Nile RI)SS'I'AI_'I',

N()S.AVIi] (:()llll:rlan(l) a,nd Sl)i_t:ia.il.)t)int,s a,re reql.lested, a, solution file a,t the d(.'sigiiat('_l

)(-wial l)(.)int.s (i,a.pel7) is Mso saved. ()II'FI_IIT colllnl_'l,ild (:ards tha,t desigua,Ne.Sl_ecial' i ........

1)oints llliky 1)e Inixed with ctu'ds i,lia.t linlit Oil{pill;.

6.7 UNZIPP Command Card

"I"tie I INZIPP COliinill, lid card illstriict,s N()RIA-SI ) to begin a.ssembling a.ild in l,e_rai ....

iii_ the tinil, e i'lt, ill<'ilt, lgql.iat,ioiis (3.2). "l"lle I INZIPP coilllxlm_d c_rd ha,s the foll,,wii_!,,
t'l;)l'il 1_l,i,:

11NZIt:'I :>,ii, [t,s], At, i, [,_,o. ,st,ep.s}, [iT_it. ('on,d.], [n,l)ri,_,t,}, [tp'pi'r,t,],..., [#,print:,,,5], [it,r/]

W }1(' I'0

ti is iilitia,l time. If Ii is v;_q,1,()TAI'E, the initia,l time is read from a disk file c.a.lle,:l

ta,I)elg.

/f _ 10'xs>-. is lilla.I l,iill(-', i.c., l,lii, l,ill/(, a,t which the tirne irltegr_tion t)ro(:(:,durt_ will

st,oi).

Al,. is l,]i(', iliil, ia.I l,illle.-st(, I) size.,. ,-/_/.ialso (-,l.a,l>iislies's• " the, miliin_um tinle sl.t,lJ _/]_,w(,,l

" (luring tilt' l,iill(, iill,(.,lzya.l,iori l)ri>('("(tlll'( '.

_<). ,sle7),s-_ ll)0(I _ is i,ti(_ lil;-l.×ililill/l lllll-iI])('r of l,ime steps to be t_keri.i

c' ' "4 ()[' l,]l(_Illit. co'lt.d, s])(_ Irl(. 1,11¢._s()lll'l"(! initia, l c.onditioris for ttie proi)lelll. If l.liis I);i..

i'a.lll(q,(,l" iS olilil.l.('d, iI_ii,ial ('illl(litiCJll,q _t,l'e. taken frolIri materia,l properl,,y c;.t.l'(ls. If

tllis ll_t.l'it.llll't4,1" iS S(-q, l,()TAt'I!], init, ial coriditions a.re rea,<l frOll/ l;h¢_ file i,a,l>(.l!l, a.,<

e.×plailied t_elc,w.



_-_1'_'l_rilltx'_l ai, the tiilal l,ilI l_,l:_la.llcso l,lbcus_'r I1_!;_:1ll_,t r_',gucsl,olll, l_Ut,l,.ll_;ri. 1t'_.l,"i'_l

is oiriii_ted, r_.;sults will I_-',t_rinl;cd only ;.t.l;t,l ie, lasl; l;iln_:_plarie,of _ ca,lculm, ioli.
41

lll_:_\,I,t, d_,sigliau'_l tbr <,lii,l_lll,. '1'1• i_' list, t_f i.i_,s liilist. I,_ iii _s_:_'_ll_lillgt,rdt'r ,_1_ '-
.,_

il'),iil_ olin'. _,_"moro Zt'_'_I_'r_,Swill _1t._" 1,1_',_;<'l_<:i,i<'ll_'f l,illl_'_-Sb._l'SiZe'SO1,tial, r_'s_li,'',

_t,'l'l ct,iil, i'ols t;ll_"'Ilaralll_'t_,rs l/rillt_,_l a.l. l,lil' t.iliil'lJlaii_:,<-.;_l_,lilil'¢l id_,v<,. 'l'li_'. IJ_lra.lil<'.

l<,l' valll(_s l)l'iiltx'<l will iliclil_le l,lio_l, iI<;_<'l'il,_,_:lI;<_l<JwI'<,r t,lil' <l<'till<'._lip_'l va.iii<, iii

_,,I,lili<>li I,<_l li,,ts_,li_l,_',l t',,,r l_,s_.'l"valli<,_ _>t/pr'l,

iprt parameter values printed

0 or blank (default) PRESS, MSAT/TSAT (no composite/composite),

MCONDI I/TCONDI I, MCOND22/TCOND22

I MXFLUX/TXFLUX, MZFLUX/TZFLUX, MXVEL, MZVEL

2 if composite, MSAT, FSAT, MCONDII, MCOND22,

FCONDII, FCOND2 ° MXFLUX MZFLUX

FXFLUX, FZFLUX, FXVEL, FZVEL

,3 PHEAD, MMC, MPERMII, MPERM22, and if composite,
FMC, TMC, FPERMII, FPERM22, TPEI_MII> TPERM "o_<.

wli_'i'_' lii_, /,iltl,lll. _liialll.il i_'_al'_' a,_d<,_ril><,<l t,,,l<>w

( '()X 1) <',,llnlll_'l.i vil)'

I'I.I'X ilil:.; {I);ll',\ v_,l<,,il))
XI(' lii_,i.<-,li111,i<>lil(,lil

I'1;1_XI I,,'l li i<';.il,iIii >

1>1_1(_.<-; <,tt<,<'iiv_,(l(,lal)I,l'_<'._lil'l'

I>IIIAI) 1,1'_'.<-;_ii I'_' I_,'i,<l
.<';.'\1 ,<,;1t il!;il i(Jll

\'1(I, I,<,l_' \val('l' v_'li,,il\"

Xl,,<lili<'l ._

XI llial, liX

]; Flal'l ill'_'

'1 i_,1;_1(+'l,lilli(,,_il<'



X horizoilta,ldirection
Z verl:ica,ldire("ti(_ll

11 _lirec.tion of tirsl, l)riiicipal a,xis
2'2 dir_cl.ioll ot' secoll(I prillcil)a.l a,xisqt

'i"tler(' is Ilo Ilee,l for l/_llll,ipl(' IJNZIPI:' ca.r_lsi_l N()lt.IA-SP I_e('a.lls(-,l_inl(,-sl,('.I) siz(' i,,_
a.(I]llsi,('da.lli,ollla.tica.lly I)y tll_' i)rogranl and I)(:ca.uscsi)_'cilic'a.i,ioll(_l'tinl('.l)la.lIc:Sa.1,wl_i,:l_
r_'s_llt,sare o_l,p_l, is (t_it,e Ilexil)l< '1'1_(:I INZIPI _card _sl; t)e followed I)y a,_ li;NI)('a,r_l:

!_;Ni)

lI_il,ial (.o_(lit,i(_s __ay /,(, specitie(l o_ _la,l,('ria,l l._r()l)C.rl,y ca.r(ls or r(:a,d t'ro_ 1,apel 9,

;.t.s,Ivs_'ril)c(I a.I)ov_', li'lie l.a.l_(;19_'.a..lll)e cr(,a,l,e(Ii_l _I_' of two wa.ys: ii; ca._ be. sa.vc([ t'ro_l_a
I_r('\'it.,llsN()II.IA-SI:' I'_l_itlsil_g 1,1_'11I;]S'I'A11"1'()pl,i()li d(:scril)(;(l I)_;Iowor ii, ca,_ I_' wi'it,l,_'l_
l_5' al_Jl,l_'r 1._rogra,.lll.'1"11(,a.l)l)r()t_l'ia.t.et'(_rl_a.l,['or 1,l_('lile is (h:s('rit,e(l in Subsecl, io_t li.l,1.

6.8 RLS_IAR_. Command C,ard

N()II.IA-SP sa.v(-'strallsi("_ll, !_olul,io_ (la,i,a. ()_ a.n (_xt,ernal file. (l,al)el9) for ('()_ti_iIig

(_ll)_l,a.l,i_s ()1' l_(_Sll)r(_'v;ssi_g, ll_ ('ases of Ia.rge l)r()l)l(:n_s, (;I' l,h(;s(; wil,lt _la.l_y l,i_l(.....
I_la,l_(_'s,t,l_is Iii(, ('ai_ I)(;('olll,' la,rge. 'I'll(:f()ll(Jwilig coln_lla,r_(lis _s(;(l if ii, is ([esir(:,(1.llj:. i._,
,_a.\'('t.1_(,s(,l_ll,i()_l(lata.

11li;S'I'A1_'1' N(),qA\:I';

I{I,;SIAI{'I,I_l,;.ql,I,l,,._/:l,,sl

\VII('I'('

/,._/:/,.,, 4 1)> i_,li,'a,l,'s t,1_('l,il_('l)la,_(' _l_(,r at'l,_'r wl_i('ll 1.1_(,s,)l_ll,io_ til_' is 1,(,l)(' I,_,,_i-
" 'I'1Ii(,I_(,,t,l_lril_g t,1_(,r(,.sl.arl,i_I'(_('(,ss, i(' s_l_t, io_ Iii(, is i'l'W(illll(lii' _,,_l('l,.'_is _l_lill.(,(1.

'1'1_(,:-_,_l_l,i_,_iii(' is I,_,sil,i(_,_'_la,t'l,('rt,l_(,_,sl_l:,,sl,il_(_l)la,_(';l,h(' i_il,ial ('(_l_(lit,i_ i;_
_:,,_l(,,I a.,,._t1_(,tlr._l,l.i_l_(,i,la_(..(;_,_,(,rally, ii' '_,li]l_, sl(_l_SItav(, alr(,a,ly I,(',,'tl l,;_k_,ll
i_ ,'._i__,,,.;i,,_i ,.,_l.x,,'_is,l.il(, it._,'r ,,,i_(,_1_1,,;(,1_._t,l_._].2 ,, 1,,,('_)_l,il_(' 1.1_('Ira_,,qi_,_i

a.l_,ly'si',.



'l"lJ¢' Ilt:..S'I_AI'I'I', I{I:',SI']'I__'_,I1_l_l_lJ_l_:tl_,_ll_lil_llll,',li;,_.,'l.v t'_ll_,u'11_'t,_';_,t_'t'_'av_t.

.'\ I:()I:_MI(I: cc,l_I_la_,l ,ar_l I_1_,'_1I_1"_','_'_t,' _,I_I'i";'"
(_a_,sicl_tsolu(,iol_ i,'_I)(,i_:4(',)I_,i_l_'(l via t,l)(' r(,.sl.art._)i)t.i()_. 111a.(l_lil,i()l_,i;.it.. (:o)_d.(_1
_l_c'I!NZII)I :__-:_,_-_<1 car,_lsl_,,_l,l 1,(' ;;(,i,t.,_'I'AI'I']. II, is _._;,ll.s ,l('siral,l(. l.o set l.i (,o

lh_.' t{.I.,SI AI{:T ,"o_._al_l.s _lir_'ct N()I{.IA-,";I' t._,_:_,ll_.ct_,l_l,i_,_ _]a.t.;_t'ro_nthe file

t.al)el!), v,,hi,'h conl.ai_s l.l_' ,_,ll_l.i(,_ ,tat,;_.

6.q Program '-].ernuna ,_on Collllnand C,ard

"FI S" I' ,

. 1()1'

t i,_I__lal,a, i_ i,!_<,fl,rl_ _[' a_ F',X()I)I!S dal, a.t_as:,(Mill._-(',_rr;_ _1 al., 1!)_8) for t:)ostl)ro--

__,_._i_lgwit.l_ gra.pl_ic,_l>a.cka_:',_s_'[_ as I_!,()'1_ ((;ilkey an,l (lli_'k, 1!_8!1)an¢l "I"t_,INITY
11 ((;li_:k a_4 (,artling, 19_). 1I.l_re are fo_=rcon_n_an_ts t,o _:_,_t,='olt,ll_:_'_,nte.=_tsof the

,lalat,as¢': (1) tt_e P()S'I_ol)t.iox](,l_tile .st.op_'o_nn_a._l,'ar, I tlag,_tll_, ¢'r,_at,i,,_ of a.nF]X()-
1)1',".;dat,al,a.se; (2) t.ll(, ,"iF:i,ti:('.'l' _,(,t_l_la.ndi_di,at('s ',vlii,'h \'ariat,lc.,_are to be. included
i_ l.l_, _la.t.at,a.se,(3) !,t_, 'I"IYlt'; or 'I"IMI::f'I.ANI?, c._n_a_,t i_l_._tili_,;_l.i_l_t)la_e.,.;t,obe iu-
,1_1,1_,_1i_, lt_e_lal.al,as,,.al_,l (.1)tl,_, I']NI)<'_:,_a_,l c(.,lnF,l_,l,es1}_.!,]×()I)I!_-; fil_ detinitio_.l

,_TOt_, POST

• _( _' _!i"_li.l'. I =,\1_1

I I_1I,i1'I._,.\N I,:, AI,I.

11.\tI::I'I.:\NI'_,, IN( 'I{ 1':;\1l':?q'i. ;,',_/.;'/. ;;...;1,,/,.;;;,'

_,;"

_I'



1;;N!)

_._,a,r is t,he number of a.lplla,numeric n,_mes ttl_t follow on this line.

v¢tri(zble is an ,_lpha,nunleric ll_.mle tha,t indica, tes qu_mtities to be written to the EXO-

DItS dat, a,ba,se. The valid responses and explanation m'e given below,

If variable is PRESSURE, the database includes

No fractures Composite

PRESS,PHEAD PRESS,PHEAD

If variable is SATURATION, the database includes

No fractures Composite

MSAT MSAT,FSAT,TSAT

If variable is CONDUCTIVITY, "thedatabase includes

No fractures Composite

MCONDII,MCOND22 MCONDI1,MCOND22,FCONDI1,FCOND22,

TCONDII,TCOND22

If variable is FLUX, the database :includes

No fractures Composite

MXFLUX,MZFLUX MXFLUX,MZFLUX,FXFLUX,FZFLUX

If variable is VELOCITY, the database includes

No fractures Composite

MXVEL,MZVEL MXVEL,MZVEL,FXVEL,FZVEL,LXVEL,LZVEL
w

l:"liysica,I _l_ia.ntitie,s

(',ONI) conductivity
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I:I.I!X flll× ([)a, rcy \,'c:l_,,('ib')
p :S_Rl ...... effect,iw!, ((,_)t_ll)1)ressl.tre
P HEA I) pressure head
_ A"I' sa,(tlratiol_

Modilie,rs

M Illa,i,rix
l;' t'racl..ure

rl- l,()l, al ( ('()I'[ I l)()Si i'() )

.\ ll_l'iZolll.a.l ,lirc'_'(.ic)ll
Z vertical ¢lir_,(:l,i(nl

'2'2 <li_'(,_'l.i_)l_()f's('c_.,_t(l**ryaxis

_/_,_'/ is ll_c firs(, (:ilnet:)la,v_<'I,_ I,(, il_<l_{le(tiii (,l_c' _la,i,a,J,as(',

•.,[,'_,"/ i< l]l_' livl i'(.,f ill(' [ir:..,I lizl_'l_lals_' i _' il_(l_,l,',l i_,tt_,, I;ll_,l,;_:-,_,.

/,'!' :-11)(' lilliC' ill(l'('lllt'ill l ) ,l,,,t(,r)_).ill( I i(' il)l(,iill(,(li_1(' lil i('.'-, l,..) I,,' )i,'l_(l('(l _)) Iii(

.'_,,,,, i:-_a 1i>.;1,)t'(il)_¢,._tl_;,l _,I('(,, 1,(.i,_,l t,l,',t i_li)<. ,l,.,_al,_,._:(..\ l_;,:,:il _ (,t I') l ii,),

.-.l,('(ili('(I _iI)l_' will i,(' i_,l_(t,',l i)_ 11_('l']._()l)li!.; _i;,i_l,;_'.<('.If _ lilll(' <':.;,('(',i'< ltl,
lilxl(' ()t' 11_('la._l >,()l_ii()l) lil_,'l)]al'_', ii._,' !il,_! _,,,,ll_li(,l_ li),_,'l,l,'.,l)(" wil! I,,' il),l_(l,',t i_,
11_',lat;11)_._x('.

I"-'



li't_rc,xml/l_lc, to iis_'lllclea.ll x,'a.ria.l,lc',_al, cv_:ry l,we,ill,iel,ll l,il_acpla,lle over 1000 l,iixl<_l)la.ll_'.s
iii t,11_"li]X()l)tlS _ta,l,a,l_s_,,l,ll__,I'_,ll_,,wiiig<'on_irla,ilds(,(ll]('ll('c wolll_t I)c SUPl)lie(l"

_1 ()1 ,1 (), 1
ii

SI,.'.I_I,_(','I',A I.I.,
' _ I?Nlq"'I'IM 1,_1:'1,AN h.,,IN(tll:,M ....,,,, 1,1(1(10,2(I

" I,;NI)

'()r,i,_)iIlclll,l,'olii\'sa.l,lll'a.l,i_,tlva.lll_,sai.a.lli,illl_'.l_Inllcs"

S V()P,I (, I
' ' ' "' SA'PlJRA'I"I()NSI,.I.hA, .1,,1,.....
'I'IM l!',PI.AN I_,AI.,I.,
1,2NI)

6.10 Input Deck Sequence

'l'lle¢)rd(-,roi'coliHa_a.ndsiiia.N()liIA-Sf ittpul,_h'<'kissolm:wh_l,flexible,llowex,¢_r,

ti_<'rear_'so,lit, ot_vious ]ilnil;ari, iol.is I,o ('(llllll.]_Uld S('([IlOIICO I_('('i.l.lls( -_SOlll(; C.Ollll)Ul;a.l,iOliSal'('
li(,¢'i...,,.;s;t.l'3, i)ve.reqllisil,es I,o ol,]_ers, 'l'lie t'ollowiilg ('.OllllllOll|,S I)l'<_vide,qOl'lle guidelines.

• if SliT.l_lll:>,I:()ltMKI :, ai_.<.lI INZII:'I _c_Jlillllall([ cards a.reillc.lllde.d iii a.n illi)lll, <:l<'<'k,

l.]iey sliolild _l.]Wii.5:s <)('Cl.ll' iii t,]i<' (Jl'_ler Iisl,e_l li<w<:, l[owever, iii ltla, lly ('._.l.s(.;s,ii, is

iI<'sii'al,le I.,_>ilis(,rl, (>i,hi'r ('()llllllll.llll <'a/'(ls ll<q.Weeli l,[i<'se car(is,

i If i.lie I_I,S 1Alt'I _,N(),SAVI': ('l:iiliiiiall(l is lis('<l ii, lililsl, t'<_llowa,li IIN'/.]It_I:>_'tJlililia.ii<].

i.... 1 CSii If ii l.ra.lisi_'lll, ('a,]('ltilt.i,i_,_iiis l)('ill_ (XJit(,ilili_'(I, 1,ii('.i/.I.,SIAI(I', {.I., t73'1'('.olliliia.li,l
_li<.,iil_l iillllie_lial,l'lv I'<ili<Jw l, Ii_, ]ll:wl_l_,r <al'_I a.ll<l slllJllld illilli<'<]ia.l,e.iy I)1'(_('._,<]<' i>_>i.ii

_7,1 ] i . I:t;llllllli-lJl(t H('(]IICII('I' IlllI.Vl,'()ll L.1I,;I: " 1'_lll_l I', _'_llillia.lills. li<>w<'\.'<,r,iii<' ,Sl(l"lll:'
_ (i ,' '1 1 il!_' ilisl'rl,_',l I,_'l\v,','li l.ll_ lil',,_ [AI('I' alibi i.ll(, 1;'()1{1\.I1'{!: ('oillllia.li_ls. II' l,lit' SliTl'lli

('<lllllilhll<f ;_(,(til<,ll(:t' i':; ili('I_l_l_,_t, ii sli<,iil_l tlt, i<[eiil, il:a.l t.<l t,[l<, tilll' Ils_;(] iii 1.}i_ [)1'1-'\,'i(>11,_;

1l'a.ll:_i_,til, a li;ii v:_i,<-..

i if ()1i'1 I>11'1' ,'<,il,_ili;-iil<l,:ai'_isai'l' iii_lli_l_'_liii i,ll_' illl.>_il _l<'ck,l,tl<_ysliolll_:l aiwa.y,<_
" f(,ll,..,wlilt, SI'.','IIii" ((Jlltlli_illlI ,al'(t ._('([ll('lll'(' _111(t IJr('<('([( ' l.[ll' IINZII'I' ('()liilllall(I

_'iir(].

li I1'_ S'I'()I'. I'()_'1' <l>iiiitiali_l ;.a'_lll<'ll<'t'is il_'lll<l<'<tiii iii<' illt)iil, <1<,<'1<,ii. iilli,<dt',Jii<,x,'
'NZII'I' _'l,lllill_llllI tai'_l.Iil_' I:,

.1;I



6.1.1 User Subroiltines

Ali t_.'_l_l_,111scx(,('lt(.(,<l Itsillg N()I{iA.-.qI' re_lllirc sttl)rolll, iiles slll)l)lie(I l-,y tile ,lser.

I'I';I{M( I;I{\/1';I,,ml(lI';XPl)I']FllSCV--(l('lillcdsIll)I'o11--N()I{ lA-Sl" I'e('()glli>,,(,s 1i'1,1111)(!, , ' , '
,P

:l.ll<l i'I!;I{M al'(, VC(l_liw,_ll'_)v ali a{)l,li<ati_i_s. I,a_'l_ of l,l_'s_ s_l)r_)_H,illes is (lescril:,c_! Im-

Moisture ' ,Cont.t..n(,

l"l,[lll)(: i:-;call(_(I <_1_'_'dt_l'i_g (.t_e l)r(_l)h,_l s_'l,l_l_a,l. (,l_e itlil, ia.l i)i'(;ss_l'(; 1,_)('l_eck for er-

rs)rs a,n(l s_'l, the ct)n_l_OSil,_,1_1()(1(:_1II_cg. Tl_e Ve(l_lir(:{ta.rg_nenl, list a,lld array ([ime_sions

;_.r('sl_¢)x.v_)l)elow a,l(.)_igwi(,[_ a descril)l, iotl of ea,('l_ va,vial)le i_t tl_(: _u'g_n_('n(, list. l)3xaanplcs

..UBROU]INE FLUIDC (NELEM,MAT,NN,P,X,Z,TIME,RH[II,

1 CAP,THM, PHIM, SMR ,THF,PHIF,SFR,TH,PHI)

DIMENSION P(8),X(8),Z(8)

DIMENSION CAP(8),THM(8),THF(8),TH(8)
(;

C VARIABLES PASSED TO ROUTINE"

(i

C NELEM Element number

C MAT Material number of this element

C NN Number of nodes at which o_.rtputis to be computed

C P Effective pressure at each node
i] X x-coordinate value at each node

_] Z z-coordinate va].ue at each node

C, TIME solution time

i] [{HOG product of water density and gravity
C',

(,

<3 VARIABLES RETURNED FROM ROUTINE.

C
@

<; CAP capacitance at each node
<', THM matrix moisture content at each node

<" PHIM matrix poros:ity for th_s e].ement/material

C SMR matrix residual saturation for this elemertt/material
<]

'I'I



C Fracture and total variables need only be defined in the case of

C a composite model (see Subsection 2.4).

C

C THF fracture moisture content at each node

C PHIF fracture C'porosity'' for this element/material (zero if no

C composite model)

C SFR fracture residual saturation for this element/material

C TH total moisture content at each node

C PHI total 'Cporosity'' for this element/material

C

RETURN

END

Permeabilities

SI1}.)I'{)ll,lllC, EI{,M is 1.1,.cd I,o l)r¢',scl'i[,e l,he futlcLiona,[ dependence of l,he pe, rll]ea, bil-

il, i¢,s. PERM is c.,¢dl¢-,d'' during t},cproblem setup at, l;he initia, l pressure tc,assure nonneg-
t" '_ _ .a.l,ivc va, lues of permeability. I ht:, a,rgumelll, list, a,nd a,rr_y dimensions are shown below

,,

;-llong wit, l_ a, dcscripl, ion of the v_ria.blcs. Exa, mI)les of PERM are given in Subsecl;ions

7.1 a,nd 7.2.

SUBROUTINE PERM(NELEM,MAT,NN,P,X,Z,TIME,RHOG,

i AKMIi,AKM22,AKFII,AKF22,AKII,AK22)

C

DIMENSION P(8) ,X(8) ,Z(8)

DIMENSION AKMIi (8) ,AKM22 (8) ,AKFil (8) ,AKF22 (8) ,AKii (8) ,AK22 (8)

C

C VARIABLES PASSED TO ROUTINE'

C

C NELEM Elelnent number

C MAT Material number oi: this element

C NN Number of nodes at which output is to be computed

( P Effective pressure a't each node
m

C X x-coordinate value at each node

C Z z-coordinate value at each node

C TIME solution time

C RHUG product of water density and gravity

C
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C VARIABLES RETURNED FROM ROUTINE:

C

C ARMf1 matrix permeability in the first principal-axis direction

C at each node

C AKM11 matrix permeability in tlle second principal-axis direction

C at each node

C,

C Fracture and total variables need on].y be defined in "the case of

C a composite model (see Subsection 2.4).

C

C AKFII fracture permeability in the first principal-axis dir'ection

C at each node

C AKFII fracture permeability in the second principal-axis direction

C at each node

C AKII total pezmteability in the first principal-axis direction

C at each node

C AKII total permeability in the second principal-axis direction

C at each node

C

RETURN

END

t3ourldary Conditions

\'k"lJ<'l, I,<,II,,,lars.' (',:,rl<lil.i_,r_ ,,I,t.i,,I,._ l'!!:l,'i,'\likl_.Y ,,r IIlA..:AI_'Y _.1'(_ll,_(',l, 1.1_('l_::;(,r lil,l,_i,

.<_,ll,l,ly (,ii,' (Jr il/()i'(' (llll{.\/li]ll ._lllir(ilil.ili(_s I.<,_l<'liil(, ll,.,w l li(,. l,(,ilil(l_,r.v (.,,l l<l i l,icJil (l('l,('l,<l.<_

,,11 Iii<' ili(l(_l,(,ll(l('lll. <Jl' (l(_l,<ql(i('IIl, va.rial.)l(!s. \¥}ll,li iii,til,li I:>I!',I"I"VAI{.Y is iI,<_{'.(i,l,ii<' slil>-

r_,iilili,' r<,l.iirli. _',('tl'('(:l.iv<' I>l','_.<-;lll't,._(}l)'_ wli<'ii <>l,l.i(Jii I;I,\"Ai{Y i._ li_(,I, 1.tj<' ._ill,r<,iil.ili('

I('l,iil'li._ I)ar_'.V tllix (\/AI,III':). l'q()tIIA--gl' will _l,'_'l'!>l. iii, i.<, (; (llll{.\,"l')ll _-;lil,r,llll.iil(':_ (ii

<_lli I>,.' I l.lii'<lii_:li (;). 'l'tl_' \wllll(! <,t li i._;l,l'<.._,rit,(,l I>v I,I1_,.,,<,.1..<1,,,,.,',:,<,,,,. I)ilialll ('l,(_r <>li

iii<, 11(' ('a.r,l. (',llll\ll']ll slil:ll'liill, iil(,s }la v_, l,lii, I<_ll<,will[_ t'<,riii:

SUBI:_f:iU':FINE CURVEn (NELEM, MAT, NN, t:', TIM[!:, VA[A/li;)

DIMENSION P(8) ,X(8) ,Z(8)

, • .r,_:t: (s )DI MENS I ON I SI DE J. (3 ) I S I DE 2 ( 3 ), I S [ D.Ii:,.::',( 3 ), g "

DATA (ISIDEI(I),I=I,S),(ISIDE2(I),I-::I,La),(ISII)g3(:r),]:=I,,'_f,)>

1 (ISIDE4(1) ,I=1,3) /].,5,2,2,6,3,:_,,7.,4,4,8,:l./
(,t.,

(.:: NATURAL BOUNDARY CONDITIONS'



C THIS SUBROUTINE CALCULATES DARCY FLUX

C OF LIQUID WATER, IN UNITS OF M/S
C FLUXES ARE POSITIVE IN

C THE DIRECTION OF THE OUTWARD POINTING

C NORMAL TO THE ELEMENT SIDE. FOR

C EXAMPLE

C

VALUE=O.O

C

C ESSENTIAL BOUNDARY CONDITIONS: THIS

C SUBROUTINE PLACES VALUES DIRECTLY

C IN THE VECTORS CONTAINING THE

C DEPENDENT VARIABLES. FOg EXAMPLE

C

DO I0 I=1,3

P(ISIDEI(1))=F(TIME)

i0 CONTINUE

RETURN

END

W 11('_1'(:_

VA I_UIi3 is l,he c,lrrent valuta _,.ssignc(l for _ t:l,lx-tyl)_' bouild_ry condition.

ISll)l'3n is a. wwtor l,tla,t _let:ill_,s l,ll_' ilo(le l_illt,s 1,ha.t lie on side n of a, qua,drila.l,('.r_d

elern('_llt. These vectors a,re Ils_:t'_ll for _ssigilillg e.ssenl, ia.1 I-_OUll(:[a,l'ycondil, iox_s.

e

\¥t_en esserltia, l bounda,ry conditiolls a,re I,eing assigned, i.(:., u',__il_gPEFIeVAI:{Y, 1,1_(_

I,()uIl(la.T'y co11(tit,i(_ll va.lues are inserl,r.d (tirectly irl l,tte _Hq-)rol)ri_tc vect()r of depelt(l(_ll,

varia,l.,l(.'s as illusl, r_d,rd _:d_ovv. In 1,1lr illusl, ra.l,i_,11,Y('I'IMI!]) rel)reseld, s _my t'ul_cl.io_ (_t'

1.il_l(.,but il, ('()uld (,q_l_dly well 1,(,_t.l'_l_cl.io_ _t' _my or a,I1(,t' the il_(h:'l)e,ldent; or _l<_l_('_(l_'l_t

Mesh Generation

" \¥1_:_1 _,_li'_X'l_lJl/_'l'_ (,_r(l is i_s(_rl.c(l il_ tl_(' _l()(la.I--I,_,i_ll,g(,l_('ra.l,i(,ll I_OI'ti()l_ (,1"til('.

SI':'I'I;t' s_:(I,l('llc_' (,t"(la.ta. (:a.r(Is, N()HIA-SI-' ('a.lls the _s(;r-(l('.til_(,(l s_l:,ro_t, iu(:, I!:;X'I'I)I_I".

•- 'l'llis s,_l,ro_t,i_,_, I_rov'i(h"._a, grea.t ,_,_a.l(_l' iI(,xil,ilil,y i_l (l('li_i_g llo(le l)oil_l, lo(:at,i(,,_:-..
I,:X'_'_) _'_'_l_.s l,h(' fl,il_)wi,,,, I'(,r,l_'

SUBROUTINE EXTDEF(X, Z,MAXI)

DIMENSION X(MAXI,1),Z(MAXI,1)
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+,i .,+ i ,ic THIS SUBROUTINE DEFINES NODAL COORDINAIEa_,

C X AND Z FOR EACH REQUIRED NODE POINT
C

IMAX=II

JMAX=21

DO i0 I:I,IMAX

DO i0 J=I,JMAX

X(I,J)=FI(I,J)

Z(I, J)_F2(I,,])

I0 CONTINUE

RETURN

END

",A:I I('t'(+

X is a,, a,rr+ty t_l"1,c,_lai x-._'_,t'_li,t;,,(,_,,-+.'l'l,<+ t,w_ s,ll,sct'ilJl, s a,t'_:l,l+t'+(l,.J) I+_,I,_,I[or.a, giw+,,

11t,<lc'I,,.+illi,.

IMAX il_ t,]_i,'-;ill,lst, ra,ti¢,tl is t,l_' ttt_t_l,cr' of l-rows in (,1_<;l,rol_l<'.t_+<h)tt_a,it+.

,lXI,,\Xi,_ t,l_i,_+]]Itlst, ra.t,icJtl is 1,1_<'lltltt_l,('+r_,1',J-l'¢.,w+'-;it+ l,l+(,l)r_,l,l_,tll +[<_t+n+dt_.

I"I, I:'2 axe a,r]+_il,ra.ry [tlttctiolls t,l_+t.t,_l_'(_.t'_llitl_+,t,l l<; x-a.t_([ z-<:o()r+[itla+l;e,'-;for ca,cb (l,J)

l>a,ir.

6.12 l_it,ial (",o_dit, iut_s

I,_;_\' l_' _,ll,l>li_'<l i._ N()IIIA _I' l,y _,_, ul' i.I_' I_I,BI/\I'_' _,l,t.i_,_, (Sl_l,.'-+_'_'t,it,_ 6.B) +t,t_++l

<I++'i_tit_ +t,_<,xt(,r,lal lilt, (t;tl+t,l+l). 'I'I_, :++l.a,t,(,,l,<,I_t,it, NC)I<IA+BI' l,l_+t.l,r<,a_l',._itlii, ia+l+la,ta,

all

READ (19) TIME.,PMAX,F'M]N,NUMEL,((US(I,,]),I=I,8),,]:1.,NUMEL)

\VII(,I< +



'I"IME is the value of t,ime correspondilig l.o the iuitia, l condition.

t:)_IAX, PMIN a,re the r('sl)ectiw' lna.ximuna and mininmm wdues oi effect, ive liq_li,1

•. pressllre in the field.

V' NI,!MEI_ is l.he (,ol,al number ot" elenwnt, s in the doma_in.

11S is a. mat, rix that, contains t.lle elt>ctiv=" pressures at, each node of each element. "l'h,.'

first subscril)t indicates local node nllmber; the second subscript indic_Les eleme))(
number.

6.1a Error Messages

NORIA-SI" colltains a l,::_st,of error cllecks t..hat test for bad input da,i,a., iml:_rop_'r

dinlensions, _"tc, When an error is ellcOllllte, red, &ll error messltge is printed _nd execlll.ioll

is usllally terminated witll a ST()P 1. Error messages in NORIA-SP are listed below.

. BCTIMt,3-"I'iME ('.l.il{\!E NIIMI:IER T()O LARGE .... A time curve number greal_,r

than six was c..llcolllltered.

• (:(.)NNE('.T- .... :,\l_ invalid uodal poillt, llumber wa_s found in constructing t,he con-.

uectivit,y array for ollt,plll Io t.[,e [_,X()I)I!S file,

• CONNE('T. ....The maxiu_llnl 111111d_erof element blocks wa.:3exceeded, Eit,her re,tllce

the n,lTnber of elenlei_t blocks or increa.se MAXBLK.

• (.'ONNE('_T' ....The maxinmln n_mber of nodes wa.s exceeded. Either reduce the

rmmber of elemonts or increa.se MAXGNOD.

DRIVEI{-.I.INRtc(',()(I_NIZEI) ('()MMANI) ......A command wa,s either misspelled or

• EI,.I)AIA-[_t( ' APPLII?A)T() AN I;N1)EI'_INED ELEMENT- ....A boundary condi..

tit:m was apt_lied to a.lt ele_nent.. I:_ot yet: defined.

• EI, D,,VI_A.-I_(' ()N Ik/.t'l{()['IgI{ SII)E OF ELEMENT- ....A bounda,ry condit,io_ was

" ,,_pccili_'d t'_ alt in_t_rOl_erel_'l_e_lt side.

. • t!'I.,I)A'IA-I:;X('I:_SSI\,,'I'; I?I()[!NI)ARh' ('()NI)ITIONS ON ELEMENT .......M_re 1.1_;-_

ei;2]lit I.,o,t_l_la,,3' c_l_ditiotis have l,et'II applied to an elemenL,

ELI)AT:,\-IN\,'/\I,II) I;'ItACTIItt['] PI']RMEABILITY (AKFll) ......A r_egative \'a]tl_,

of fracer,re t_{,rl_wal:_ilit.y it_ the _lirect.ion of t,he principal axis was ret,ur_ed ['r_,_,
PI"]I{M for l,b,.:,i_dica.t, ed n_at,_,rial.

: 49



r -, i" •• I;_rI.,I)A1A-INVALID FFIACTt.It:II_ I:_I_FIMI.--'_I-_II_,IT'_' (AI'/M22) ..........A nega.lix'e valois,

c,f fvact,ure l)ermeabilit6, in the direct, ion of t,he seconda.ry a.xis was rel.llrlled fronl
P li_RMfor the indicated material.

• ti_I_I)AT.,\-IN\/ALID t;_I-'{A(ITIII_F_M()ISTI1RI__ (I()N'I'I_NT. A tiega_,iv¢' va.lTlc_of

fv;tct,_r_,lllt_ist.ure toni,ehf,, or _ vallle grea.ter l,llall i;he t'r_lctllre p_rc_sil,?;,, w_,s r_'- II
l_irl_ed from Ial.,!.lll)( ', for t,he in¢licate_l lllal,_'l'ial.

'_ _ _ , ' VII]II(' tj[' lll/'l,-• I,'_I,I),YI_A-INVAI_II)MATRIX M()ISTIII¢.F'_ (I()N'I 1.,N1 A l_(,e_.l,iv(

ii'iX lllt)i_;l,lll'l' ('._)llI,tql{,, t)l" a, va.l_l_' gl"('al,('l' l,]la,II {,ll_," llla,l, rix ])ol't)silb,' , wa,s r_,l,_r_'tl
t'rt_Ill i;1,IIII)(' for the i1_tlical.e_t_llat_,ri;_l.

® I';I,I)NI_.,\-.IN\/AI.,II) MA_I_IIIX I'I,;IIMI_';A l:_ll,l'l'h' (AK_I I 1) A ll_l_,;_l.iv_'\';_1_, t_t'

_llal ri,; I_erl_eal_ilil.,' in l.l_e_lirecl.ion of the l_ri_l_'ilmlaxis v,,a.sr_,i._r_e_lI'r_,l_[PI!',I_M
t;,r I1,_'il_lic;_l,e_t_ml.erial.

I']I,I)A'I"A-INVALII) MA'I'RIX I:'F]I_Mi'_,AI_/II.,I'I_Y(AI'(M22) A _cg;_.t,iv_, va,l_l_'_,t'

• I,]I,I)A_F,A--INVAI.,II) MA'I"I'IIX I'()II(),SI'V_' A l_'gali\,'c \'al_t' of _lal.rix I,ol'_sil,y
was retur_ed frown F_I_[III)(', for l.l_ei_tica.l._'_li_laleri_l,

• I']I,I)ATA-IN\'AI_II) T()TAI. M()ISTI]I_F 2 ('()N'I'I:'N'I' A 1_,g;,_iv_'_'i_l_' _,t'l,_t.;._l

lll()iSl,lll'(' ('Olll,('lll, O1' ii V/t]IlC' ,_l'('it|,(_'l" {,lla, ll i, ll(' l_l,;.|.] i)or_sil,!/, was rt,l,_r,_t'_l J'_'_l_
I:1,1"11)(' t'<_rthe i_li_'_tl,_'_l_;tl._,rial.

, .- _-,(. ,-_ j._ -, ,, . '• I']11)A'I',,\ IN\,"AI_II) I.)IAL l_l(Ml,_:_llll_l'l_h' (AI_II) A ll(_al,iv('\'a]ll( (i['l,ol.a}

I,,'rl_lt'_l,ilily i_l ille _liv_'_'l,i_ of 11_'l_l'i_'il_al axis was r¢'l,_I'_l_,_lfroll_ I'I,',i'ILI t'_r 1.t_,

. t,II,I_._\'IA-IN\.;AI_ll)'I_()TAI., I'I,]I'¢MF.]AI_III_I'I"_' (:_\1,;2'2) A ll_,g_liv_,,,';_l_,_,l'l_,t,;_l

_,,t__,,._1ii,,_ F'I_I:II)( ' t_r 1,1_,i_li_'_l_,,I _;_l_,lial,

• 1 _I),\'1:\ I_()()1_1't{t'_,\,'1()I!,'_I,YI)I']I:INF]I) I,]rv_r i_ .'Sl,_'cilic;_l,i,,__,tl_,,,l_ille;.( I_,,'k
i_,_lt_ir, I 1,,,,,1_\vill_iI_ l w_,_,xi,,,lil_; I_,,,,I,,';, .,

al_ ,'l,.ll_,.l_l Sl_,,_'itical,i,._ _ar_l t.l_al was I_,l ,l,,!i_'_l i_ i)_, 11_/_i_,ri;dI,r_l)_'r_3'/i_il i,I



• ELDATA-IJNR.L(.,O(.,NIZLI.) BOUNDARY CONDITION_Boundary condition tying,
is in error, (.',beck spelling,

, • E,I.,DATA-IJNRIs(,O(,N1ZtsI. (:OMMAND .....Erroneous element, boundt_ry co,,tli.-

tion, or looping specifica.tioil. (',lleck spelling.

• Iii;XOWR,I-. NI_,E(,O(,NIZI:.,I) W()R,D IN POST COMMAND.--Invalid optioll lls_;,.I
in rh e..PO,_S_I"command. (_heck spelling.

• F1 LI)-IbN1) ()F DATA .An cn(l-of--lilt wa.s el_collntered on the input file. (,ll(_,.:k
termina.tioll ca,td.

_P_" ")S P '1' _ '• , ,',.,, .... B-IN I! VAIIIAI_I,I'.,'I'O() lA)N(, .....An inpllt wt,riable with more tlla.ll l,,,Jl

• Ie()I:IMI,_la'A-BAI) I:;I_I;;MIgN'F ,IA(',()BIA N.... A ilega,l,iw_ element area was t'o_Ln(l.

(lh(,ck eleIllent coc_rclirlal.esa,ll_lcollnectivity.

• F()RMI,_I_'A-T()() MANY TIMIa;-VAI:IYIN(I B(",S ......More thtm six time-va, ryil_g I,(,_I_d--

F()RMI{I:'P-ItAI) EI.,EMI!;NT J A(.IOBIAN ........A negative eh:merit a,rea. was f(,l_(l.

(:beck ele_ne_t coordi_ates a,_d co_nec.l, ivit, y.

• .F()RM 1'_FP-"F()() MANY TlM i,;-VAllYIN(', B( :S.......More ti_a.nsix time-va._'yine l_t;_ll,,t--
a.ry c()ndil,ions were Sl3ecitic_l.

• MA'I'II.li,;AI)-MA"I'IgI{IAI, N(). "!"()() I,AI_.(',E- a l_la.t<,ria.lwa.s assigned a. :1_1_1._<,_

r • • _ ....MAI It,I.,AI)-'I'()() MANY MA'I'I'IIlAI,S SPl!;(.:ll_'ll_l) More th;m 12 solidi _a,l,e-

• N_\II';SII-I.I MAX ()I{. MIN l:;X('.l';l:.l)S Sl'l';l:ll;'ll!;I) VAI,I.IE .....A grill l_i_l, w_:,

SI";'I_Ii1_ _ar,1.

® t_IIV.S()I,N-IN,_liI:I:I('II:',N'I" S'I'()IIA(II'; llls_tti,'i_'I_l, sl._,raw;_' t'(_r _,l('ll_'_l. ,'_,_t_'_'

• i'I{I';,S()I..N-INSI:I"I"I('I_' I';N'I_S_I'()I{A(I'I:, I;'()11 FI{()N'I' \Vll)'I'lt lid'(linch'l,r_l,l_'ll_

I'ItlN'I'EII-I!NI_I:;('()(IN1Zt';I) ('()MMANI) A_ ()lJ'l'l'l;'l _ ('_n_a_i was _s_,_l

will, ali illc_,llll,l_'*_'_,_"_issl,_'ll_,,t l_a.l'a_,l,,l_'rlist.

• QI::\I)-ZF.i/() ,1A('()ItlAN ek ¢l_a,trilal_'ral _,1_._1_'_,1will, a z('ro ar_'a was [_,_1,(t.



ii t_I";S'I'AIi,T-[INII..I._(',()(_NIZI_I) (!()MMANI)-A r(_si,a.rt coll_lna,nd _:a.rd wa,s used

wiilla.tlin('olnplel,eornlissl)elledl)a,ra,lllelx'rlisl,.

ii I!NZII'I'-(',OMMANI)(',AIi,I) MISS.'IN(',- A Ce,rllaina,tioll ca,tel is naissitig. .,

. IlNZII:>I:i-MAXIMIJM S'I"()I{.,'\(II'] EX(',I']EI)I']I). Ma,xiilllirri a.ctiw_stora,ge exceeded, f
l_('(lll_'e l)rtD}lc,11lsize' or i'_'_liil_('ilsioncode.

ii 1JN Z11)P- Ml,'qMA"I"(',HON N li MBER,O V I"]LEM I__N"I"SO N TA 1:)E 19...........'7.17he riumber
t)f elelnellts rea.(! froril TAP I_I9 for illitia,1 ('olidil,ions does not, rrla,t,cll the ril.iinber of

t,lei_leilt_ (It,litl('(I iii the ,'.;etlli.I ,set'.tioll of l,ll(-: illl)lit (lecl,_.

ii IJNZII_i_-TIMI,._S'-l"li]P,q_'IZETOO SMALl..,-....."f'ime integra, tion l)rocedlire a,ttelnpted
i() lise a. l,itile sl,e t) sllaa,ller i,]ian I,lie lisei'-Sl)ecified inil,ia,l tirile s(,ep.

ii {TNZIPP-ZI;7,t:'_.OPIV()'-I" ....A z,_ro wa.s folirid on the dia,golla.! t)t' tilt:, <,<llia,l,ion he,iiig
elil_iliated, l;](llia.tion systena is singular or eletnerlt c.onliectivil,y is in error.

6.1 4 C,olnputer Requirements and Control Cards

"l_ll(, ()vigillal v('rsi_,il (ii' N()IHA was writteii for exe,(:ution on tile (',I{AY ma.infr_mes.
N()I_IA-SI' ('_,lnpil('s with I>(,t.lil,h(, (:ft a,nd eft77 o:)nipilers lln(ler (',TSH atl(l witli the
,:t'77 (;_lllt)iler lill(t('l"I INI(',()S. Milior cha,nges will a.lso allow _ (l()ul)l(_l.)re(.'isioti version
i(>('(,rlal,il(,(iii a VAX alid t,t,ll(_rsilnilar ina.ctlill(_s; howev(_r', l,l te _dlowa,t.)le problem size,
I_l;t\'ll(,(,_li_, I,(, r(,_llice(l (clivretitly defined i,o be 5,00()el(_.nleni,s). Tills re(lu(:tioli involves
,l_ali_iti_valli('s(lefiil('(liiiliarainetersta.telllelil,s.

l,_,<'a_i_e,d(',pendingon t.llediflic_ill.yoftl_eproblenl,more.than()heNewton iteration

i_' t., r(,(lliired pe,r t,im(' step, an_l tim_>st(q)s ave rel)e;tt.e(l wlleli err()vs are l,oo l_rge.
'l'l_.l(,t(,r(,, ii is g('ll('rally a_:lvisal,l(' to set i,ll(:,i,il_l('liiliil. ['(Jra (:al('lllatioll i,(, t)(" a, factor
<,f ,,l_,' al_¢l _,lie-Ilalf i,() l.w(, lli,u;ll_.l_ i,lla.li w(Jlll¢l I_,. ,,,Xl)(,¢t.(,(Il'(,r' a _l)(,('ifi('¢tnlinll)e,r of

l ii,l,' :-_l(,l,s,_.,<._l)(,_"iallywl_'l_ (,llll,arkilit4 (,li a It('_,,,,I,r()l,l('lll. z\.<_ali _,xa.iill,l(,, ()li t,ll('_(Ira,y
"l-Xll'. N()IiIA-St > r(,ql:ir('s al)tjlll 1(} s('_'()ll_t.<.;t'(,r ('(_illl)ila/i_)ll all(l Sl,aTl,"ll]} , a,ll(l a,bou(,

(J.!J{lll Y,t'('(JlIII5 Iii)l" (']('IIICIII, lil,'l' l. illl(' Sl,(' I) fl)l' ._,1_11i(,li (_f iii(' _lil['(,r(.iil.ial(,(llia.l,i()lls. Atl
i.,,l,lili_Jiia[ l(I (_i'711.<-;('((_t_lssll(,lll_l I_(,a_l<l('.(li._,iii(, (,sl.illlal.(,_l(,x(,_'llli(,ti l.iill(, if :._igllitic.a,nt

i,,,'_I lll',J_'t'_ill,_; is l(J I)(' i,('i'fi,rlii_,_l, sli('ll a_ _'(Jlill>iil.iti._ I v('l(,(iii(,::.;. "

1 tl_' ._l_.'!>s,les('l'il,('_l I.'l_,w t(Jl' <t_l(' ('×['l'llli_Jll ltl'(' _i('lit'li/' (Iii,')' _ll'(' ilt'_(!ssary ['cir ,,

, x<,ltil ill lL N()lC lA-.qt' <>l_ali3 _ _'tlliilliil<T ,",;h'slx'lii ),

l. 'l']l_' N()I(IA-,qI' _,t,.i<'cl.til(, iilliSl. I_('ava.ilalJl(' ('illi('r _li_'('<'l,ly <,r I,y <lJl_lllili_l g l,ll(,
y,Iill 1't'(>('(_(l('.



2. Your user sul:_rolltines nlllSt be c<_llVl_iled.S_ll_rouLinesFI, UIDC, a.nd l"li'l_,J\l I_l_lst1,,,
supplied. Some o_era,ting syst,¢'llls will n<_tproduce an executable with unrcsolw.,d

external references (e.g., missing sllt_roul;ines) i1_wllich ca.se the user s_ll_ro_lt,ino._
" not, needed for your t)_rticular t_l)plication (i,e., EXTDE1 ? and CURVEn)must be

supplied (they need not conta.in troy executable sta|;en.le_|ts), lt is prefe,rM_le rx)
I_ include ali the user subroutiile, s in one file.

3. To crea,te tlm executa, ble, the main program from step 1 must be liuked wil,h l,l_c
user subrolltines in step 2. l..lnresolw_,dexI,ernM references, if allowable, should only

include the subrolltines EXTDEF a,nd (IUIWEn (where n is 1 through 6), ()t,h(,r
system-sul:,l)lied slll:,r_lltin(,s llse(l i!_ N()[UA-SP are, listed below.

(a) SAXPY-. a,_t,,lsa sca,la.r n_lt;il_le of a, vector to another vector.

(b) S(I',()PY -- COl:tiesa vector i_,_toanother vector.

(c) SDOT ....co_nlmtes a dol, l,_rod_lct of two vectors.

(d) SE(II()NI)--. ret_rns ela.l_Se,_lcpu time in seconds.

4. To execul;e, yo_ _m_sl,h_x'e yo_r input deck in a, local file named norin. The, o_l;p_lt

listing will I)e in the, loca,l til<_noro_t, and ii' an EXODUS tile is crea,ted, ii, will I-,e
cMlect nort_xo. The solvation file is named ta.pel9.

_Phe steps descril:,ed above ar_._shown below for UNICOS assumiug that the so_rc_,
co,le for NOI{IA-SP is i_l the, file n¢)ria.sl).f a.nd ali user-supplied subroutines are i_ tt_e
fil_ usersub.f. The execul, M)le will he named noriasp.x.

1. (,Oml.)_Icthe ma.in program' cf77-b noriasp.o noriasp.f

2. C,ompile the user subroutines: cf77' -b usersub.o usersub.f

3. C,reate the execut, M_le: cf77-o noriasp.x noriasp.o,usersub.o

4. l:htn the l_rogra,_n: noriasp.x



7 Sample Calculations

A sample calculation is provided in Ctais secl, ioll to demonstrate the coilJnla,_ld ca.r(ls

,l¢,scrihed in Section 6. This exa, mple illustrates so,_le,but, not all, of t,l_e salient t'ea,l,ll,'¢'._

¢,t' N()[¢IA-NP. User ma, nua,ls [or SA(IIIIAI_()(li;at(.,ll cl ,,l., 19S3), N()I¢IA (}:lixler, 1!)8.1),

a,l¢l MAHIAH (Gartling and I-lickox, 1980} ,lla.y II¢'ll) fa.nailiariz(' t,ll(, 11s(.,i'wil.ll solll(, _._1' #
tl_,' feat,,res of NOttlA-SP not (le,nonstra.ted Ii¢-,,'e.

7.1 Sample Problem 1

_l'llis sa,,lple allows co,llpa.ris_ll of ,'es,llts wil,l_ tile a.,,alyl, i_:a.I s(,l,lti,),l l,,'('s<,,,1,,'(t 1,5.

l"l_',llil,g (1986). The proble, ul consists ()t"(lowl!wa.r(I it,filtral,i(,l, illto a.ll il,itia.lly ,ll,sa.t,,l--

Iat('_l, vertical, otle--(limensiona,l c.ollllnn of l)orolls 1,1('_lia..'l'l,e I_r<'s_:I'il_¢',l1,i_l_<'-_lel_e_(l('l_t

iI_lilt ration rate is dcfine_t is_ sl_l_r_,uti_le (',Ill{\/EI. Sa.l,,_ral,i_,,i a._l_lc_,d_lcti\'il 5' arc eXl_,-

l_,Iliia.l f,_l_'tions of pot(, 13ress,_r_' a.lad are ca.l(:_la.I,_'_lil_ sl_l,t'ot_l,il_'s l"I.,I][l)(1 a._t Pii;I/M

r_,sl,_,cl,irely.

llser Subroutines for Sample Probleln 1

'1'11¢,,_ser s_broui;ine (',IIRVI';I is s,,1)plie(I in a.(t_litio_ t(,the re(l_ir¢",:l FIJI)II)(', a.l_d

subroutine fluidc(nelem,mat,nn,p,x,y,time,rhog,

1 cap,thm,phim, smr, thf,phif, sfr,th,phi)
C

dimension p(8),x(8),y(8),cap(8),thm(8),thf(8),th(8)
c

c: this subroutine calculates the moisture content and capacitance

c: units - kg,m,s
C

c. material 2, as specif:ied by the FlemJ.ng formula
<;

c. variables passed to routine:
C

c nelem element number

c: mat material number of thJ ::;_:.[e.men1: _.

c. nn number of nodes at which output is to be compu1.:ed

(: p effective pressure at eac.h node: rhog(phi -_. x)
c x x-coordinate value at each node

c: y y-coordinate value a-t; each node
c time solution,time

c. rhog product of water density and gravity
C



t

c VARIABLES RETURNED FROM ROUTINE:

c

c cap capacitance at each node

* c thm matrix moisture content at each node

c phim matrix porosity for this elementmaterial

c smr matrix residual saturation for this element/material

c

c Fracture and total variables need only be defined in the case of

c a composite model.

c

c thf fracture moisture content at each node

c phif fracture ''porosity'' for this element/material (zero if no

c composite model)

c sfr fracture residual saturation for "this element/material

c th total moisture content at each node

c phi total _porosity" for this element/material (= phim if no

c composite model)

c

c Other variables used'

c

c cond matrix material conductivity

c ph matrix porosity

c alpha, an, ce model parameters

c

data alpha, an, cond, ce, ph

1 /0.0046, 0.652, 1.9e-ll, 2.7182818, 0.II /

c for matrix material only ( no fractures) only define phim, smr, thin, and cap

phim=ph

smr = O. 0

do 100 j=l,nn

phm=p(j)/rhog - y(j)

if (phm.gt..-.O00001) phm=-.O00001

thin (j) =phim*ce** ( alph a*phm)

c-for composite model also define phil, srr, phi, thf and th

phif = le-20

- srr = 0.0

phi = ph

• thf (j)=1. Oe-20

th(j)=thm(j )

c compute the derivative of moisture content wrt psi / rhog

c cap ( j )= alpha*thm ( j ) /rhog

cap (j) =alpha*rh ( j ) / rhog
.100 continue
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C

return

end

C

C

subroutine perm (nelem,mat,nn,p,x_y,time, rhog,

1 akmll, akm22, akfl i,akf22,akll,ak22)

C

dimension p(8),x(8),y(8),akmll(8),akm22(8),akfll(8),akf22(8),

1 akll (1.0),ak22(8)

C

c. calculates permeability (m**2)

c units - kgra, m,sec.
C

C

c Variables passed to Routine:
C.

c nelem Element number

c ;nat Material number of this element

c nn Number of nodes at which output is to be computed

< p Effective pressure at each node

c x x-coordinate value at each node

c y y-coordinate value at each node

< time solution time

c rhog product of water density and gravity
C

c Variables returned from routine:

C,

<. akmll matrix permeability in the first principal-axis direction.

<: at each nod.e

, akn12.2 matrix permeabl]it, y in the second prJncipa].-axis direction

_. at each node

C .[.:'ractureand total valiab]es need on]..yh,e defined in the

,.: case. of a compos_te model

<.. akfll fracture permeab._].ity in the f].rst:p_incipal-a.xis

:: direction at each node ' '

_:. akr22 fracture permeab]lity in the second principal--axis

,': direction at each node

<



c akll total permeability in the first principal-axis

c direction at each node

C

, c ak22 total permeability in the second principal-axis

c direction at each. node

c
i,

c Other variables used:

C

c cond matrix material conductivity

c ph matrix porosity

c alpha, an, ce model parameters

C

data alpha, an, cond, ce, ph

1 /0.0046, 0.652, 1.9e-11, 2.7182818, 0.11 /

c remember to change 'this data statement in subroutine curvel

perms = cond*O.OOl/rhog

do 20 j=l,nn

phm=p(j)/rhog- y(])

if(phm .gt. -.000001) phm=-.O00001

akml i(j) =perms* cs** (alpha* (an+ i)*phm)

akm22 (j)=akml I(j)

c for composite model (phil not equal to zero)

akfll(j) = le-40

akf22(j) = le-40

ak11(j) = akmll(j)

ak22(j) : akm22(j)

20 continue

return

end

C

subroutine curvel (nelem,mat,nn,p,time,value)

dimension p(8)

dimension isidel(3),iside2(3),iside3(3),iside4(3)

data (isidel(i),i=l,3),(iside2(i),i=l,3),(iside3(i),i=l,3)_

1 (iside4(i).,i=l,3) /1,5,2,2,6,3,3,7,4,4,8,1/

data alpha, an, cond, ce, ph

1 /0.0046, 0.652, 1.ge-ll, 2.7'182818, 0.11 /

C

" alambda = cond/ph

value = - cond*(1-ce**(-alpha*an*alambda*time))**(i/an)

return

end



Input Deck for Sample Problem 1

$ 1-d comparison with analytical mode].; SI units
q

setup , I,3

water, I, I000.0, 0.001, 9.8

rock , 2, -2.45e7, 0.0

end

1,1,3,41 $ reg 1

0,1,1,0

-400,-400,0,0

end

jloop,20,2

quad8/4,2,1,1

jend

bc,ulvary ,1,39,3,1 $ velocity at left top

end

velocity,nodal

formkf ,

output, single, 1,2,3,4,5,15,16,17,18,19,20

unzipp,O.O,.180e.13,1.Oe-4,2000, ,4,.O,.06e13,.12e13,.18e13

end

stop, post

se] ect, i,saturation

times, specified, 3,0.06e13, .12e13, O. 18e13

end

t),lt, put File for Sample Problem 1

.,\ l(,1.al c_t'273 sec(,,J,t._ (,1' ('.ray X-.MI' ,',_1111,,ll,_'z'1.iln('. was r('q,lir('_l l,(, ,'¢_l,_l,,ll,,' l.l,i,_

_,,,I,lt,i,l 1.o a. l,i_ne of l.,_ x 1()l'z s. 'l"ll_, tola.l olll, l,Ut file for l,llis l_rol,le.l,, is i,,,_, l,.,i,g I'_,i'

_,l,a_i_,l, ill tills report, iN l,arl, ia.I li._tillg i._ ill_'l,l¢lt,¢l. Most oi l,lle C,lll, I)lll, ll_,111_.Iic']a.l.llr_'

:, s_,lf'-,l_',_:ril,tive; less a,pl:,arelll al'_, t'l_Is, _leii_ae_[ l_y e_ll_ati_,ll ,I.7, a_l_l _'wit, i.l,<, _ll,ll,,'v
#,
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Output for Sample Problem 1 (cont. 1)

the two-dimensional planar version of the element formutotlon was requested for this problenL

time in formkf - 0,778 seconds

time in pre-front= 0.0e777
b

properties of matrix s'ysterre---

number of deoreee of freedom----- 103
max front width_ 8
storage for max front--- 152
buffer space_ 194847

pressure fields were initialized by material with the following votues--

material no, 2 initial effective press -9.2450000e+08

output for the transient problem was obtained over the interval--
initial time= 0.0008000e+00
final time= 0,18000000+13
initial time step= 0,1000000e-03
integration was terminated when current time.ge,final time or when 2060 time eteps were token

initial conditions are the solution at time step no, = 1

current time= 6.10600000-g3 time step= 0,16060000-63 time step no.= 2
rms = 0.00000

max change in effec liq pres between time steps is 6,1410325e-18 in element 1 node 2

current time= g.260000ge-93 time step= 9,16600660-63 time step no,= 3
rms -. 0,00000

mo× change in effec liq pres between time steps is 0.1410325e-18 in element I node 2

current time= 0.366g0090-93 time step= 0.1600060e-03 time step no.= 4
rms :, 0,00000
new,ts 1 rms= g,g_00

max change in effec liq pres between time steps is 0.1J84989e--18 in element 1 node 2

cur rent time= 0. 10522B00¢09 t ime step= 0. '16322800+69 time step no,= 5
rn_,_ :- 0,00002
j*¢_l t= i rtr,s= 0.00602

max change in effec liq pres between time steps is 6.4463302e+03 in element 26 node 7

current time= 6,2533078e.f09 time step= 0,15007980+09 lime step no.= 6
rms = 0,00005 rmsnew= 0,00005
newit= I

max change in effec liq pres between time steps is 0.14473390+04 in element 20 node 7

current time,= _.43346510+69 time step= 0.1801572e+09 time step no,= 7
. ,'_ := 0.00009

!'_t_lt=: 1 rms=- 0,00009
max change in effec liq pres between time _teps is 0.25372200+04 in element 26 node 7

current time= 0.59709_30+12 time step= 0.2984525e+10 time step no.= 614
rm_ = _,00011
r_ewit=, 1 rms= 0.60011

• o_ change in effec liq p_es between time steps is 0.16637570+04 in element 14 node 1
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Output for Sample Problem 1 (cont. 2)

D

current time= 0.60006080+12 time step= 0,21096610+10 time step no = 615rms - e.eeeo6
newit= 1 rmo= 0.0_06

max chonge in effec liq pros between time steps is 6.96168700+03 in element 14 node 2 .

solution fields--

--nodes-

-1- -2- -3- -4- -5-- -6--

element 1
PRESS -0,24500000+B8-0.24500000+08 -0,2450OO0e+08 -0.24580000_08 -0.24500000+08 -0,24500000+08
TSAT 0,6378453e-04 0.6378453e-04 0.5817820e-04 0,5817820e-04 O,63784530-O4 0,6891690e-04
TCOND11 0.2229171e-17 0,22291710-17 0.19148620-17 0,1914862_-17
TCOND22 O 22291710--17 O.22291710-17 0.1914862e-17 O.19148620-17

element 2
PRESS -0 2450OO0e+08 -0 2450000e+08 -0.2450OO0e+08 -0,24500000+O8 -0,24500600+08 -0,2450000e+08
TSAT O 58178200-04 0 58178200-04 0.5306463e-04 O,5306463e-04 O,5817820e-04 0.55562620-04
TCONDll 0 1914862e-17 0 1914862e-17 0 1644871e-17 0,1644871e-17
TCOND22 0 19148620-17 0 19148620-17 e 1644871e-17 O,16448710-17

element 5
PRESS -0 2450000e+08 -0 2450000e+08 -0 24500000+08 -0,2450000e+08 -0,2450000e+08 -0.2450000e_08
TSAT 0 53064630-04 0.53064630-04 0 4840053e-04 0,48400530-04 0.53064630--0# 0,50678950-04
TCOND11 O 16448710-17 0,16448710-17 0 14129470-17 0,14129470-17
TCOND22 O 16448710-17 0.16448710-17 0 1412947o-17 0,1412947e--17

element 4
PRESS -0,2450000e+08 -0.2450000e+08 -0.2450000e+08 -0.24500000+08 -0.24500000+08 -0.24500000+08
TS_T O.4840053e-04 0.48400530-04 0.44146370-O4 0,4414637e-04 O,48400530-e4 0.46224530-04
ICONDll 0,14129470-17 O.14129470-17 0.12137240-17 O,12137240-17
TCOND22 0,1412947o-17 0 14129470-17 0.1213724e-17 0,12137240-17

element 5
PRESS -0.24500000+e8 -0 24500000+08 -0.2450000e+O8 -O,24500e00+08 -0,24500000+08 -0,24500000+08
TSAT 0 4414637e-04 0 44146370-04 0.4026613e-04 0,4026613e-04 0,44146370-04 e.4216163e--04
TCONDll 0 12137240-17 0 12137240-17 0.1042592e-17 0,10425920-17
TCOND22 0 12137240-17 0 12137240-17 0 1042592e-17 0,1042592e-17

element 15
PRESS -O 17459580+08 -0 17459580+08 -0 1252806e+08 -0,1252806e+O8 -0.1745958e+08 -O.15216310+08
ISAT 0 47923700-03 0 4792370e-03 0 4424857e-02 0,44248570-02 0,4792370e-03 O.13118060-02
iCONDll 0 6237676o-16 O 6237676e-16 0 24534610-14 0,24534610-14
TCOND22 0.6237676e-16 0 62376760-16 0,2453461e-14 0,2453461e-14

element 16
PRESS -0 1252806e+98 -0 I252806e+08 -0 9442894e+07 -O,94428940+07 -0,12528060+08 -0,1085159e+08
TSAT 0 4424857e-02 0 44248570-02 0 17173660-01 0,17173660-01 0.44248570-02 0.9282678e-02
T_ONDll 0 2453461o-14 O 24534610-14 0 23054030-13 O.2305403o-13
,_OND22 0 24534610-14 0 2453461e-14 0 23054030-13 O.23054030-13

element 17
PRESS -0 94428940+07 -0 9442894e+07 -0 74988820+07-0.74988820+07 --0,94428940+07 -0,83695090+07
[':_AT 0.1717366o-01 0.1717366e-01 0 3901210e-01 0,39012100-01 0,1717366o-01 0.27145470-01
TCON[)11 0,23054030-13 0,23854030-13 0.89415930-13 0.89415930-13
[COND22 O,23054030-13 0,2305403e-13 0,89415930-13 O.89415930-13

element 18
PRESS -0,74988820+07 -O.74988820+O7 -e,61644040+07 -0,6164404e+07 -0,74988820+07 -0,6778519e+07
TSAT 0,39012100-el 0.3901210e-01 0,6657037e-0t 0.66570370-01 0,39012100-O1 0.52247990-01
TCONDll 0,89415930-13 O,89415930-13 0.21617910-12 0,21617910-12
TCOND22 0,89415930-13 0,8941593e-13 0,21617910--.12 0,2161791o-12

element 19
PRESS -0,61644040+07 -0.6164404e+07 -0.51554490+07 -0.5155449e+07 -0 61644040+07 -0,5629643e+07
ISAF 0,66570370-01 O,66570370-01 0,9749981e-01 0,97499810-01 0 66570370-01 0.81'717650--01 .
TCONDt1 0,21617910-12 O,21617910-12 0,406057Be-12 0.4060578_-12
TCOND22 O.2161791o-12 0.2t61791e-12 0.40605780-12 0.40605780-12

element 20
PRESS -0,51554490+07 -O.51554490+O7 -0,43401050+07 -O,4340105e+07 -0 51554490+O7 -0.47286940+07
TSAT 0,9749981e-O1 0.97499810-O1 0,13039440+00 0.13039440+00 0.97499810-01 0.1137683e+00
TCOND11 0,4060578e-12 0.4060578e-12 0,6563888e-12 0.6563888e,-12
TCOND22 0,406057Be-12 O.40605'7Be,-12 0,656388Be-12 0.6563888e-12
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Output for Sample Problem 1 (c.out, 3)

. current time= 0,12000000+13 time step= 0,36395930+09 tlme step no.- 860
rmsp= 0,00000 rmsnew= e,eeeee
newit= 1 rms= e,ooeeo

max change in effec liq pre_ between time steps is 0,519415904.02 in element 9 node 2

solution field_--

---nodes--,.

-1- -.2 .... .3- -4- -5-- -6-

e ement 1
PRESS -0,24500000+08 -0,2450000e+08 -0,24500000+08 -O.2450000e+68 -0.2450000e+08 -0.2450000e+0_
]SAT O.63784530-04 0 6378453e-04 O,58178210-O4 O,5817821e-O4 0.63784530--_4 0,609169Oe-O4
lCONDll 0,2229171e-17 0 22291710-17 0,19148630-17 0.19148630-17
1COND22 0.22291710-17 0 2229171e-17 0.19148630-17 O119148630-17

eement 2
PRESS -0.2450008e+88 -0 245000Be+OB -0.2450000e+08 -0,24500000+08 --0,2450000e+08 --0,2450000e+0_
TSAT 0,58178210-04 0 58178210-04 0 53064730-O4 O,53064730-O4 0.58178210-04 0,55_62610-04
lCONDll 0,19148630-17 0 1914863e-17 0 1544076e-17 0,16440760-17
](:OND22 0,19148630-17 0 19t4863e-17 0 16448760.-17 0,16448760-17

e ement 3
PRESS -0,2450000e+08 -0 24500000_08 -e 24499960+O8 -O,24499960+00 -O.2450000e+08 -0.2450000e+08
TSAT 0.5306473e--04 0 5306473e-O4 0 4840144e-04 0.4840144e--04 0,53064730-04 0,50678880-04
1COND11 0.16440760-17 e 1644876e-17 9 14129910-17 0,14129910-17
lCC_D22 0,1644876e--17 e 16448760-17 0 14129910-17 0.1412991e-17
eement 4

PRESS -0 2449996e+08 .-B 2449996e_08 -.0 24499600+OB -O.2449960e+O8 --0.24409960+08 -0,245OO030+98
_SAT 0 48401440--04 0 4840144e-...04 0 44154620--04 0,4415462e-04 0,48401440-04 0,4622386e-_4
TCONDll O 14129910-17 0 1412991e-17 0 12140990-17 O,12140990--17
TC¢_D22 0 1412991e-17 0 1412991e-17 0 1214099e-17 O.1214099e-17

eement 5
PRESS -0.24499600+e8 -e 2449960e+08 -0,24496140+08 -0.24496140+08 -0.24499600+08 -0,24500310+e_
[SAT O 4415462e-04 0 44154620..--04 0,40339100--04 0,4033910e--040.44154620-04 0,4215547e--_4
TCC_D11 0 1214099e-17 0 12140990-.17 0,1045715e--17 0,10457150-17
lLON[)22 e 12140990-17 0 12140990-17 9.1045715e-17 O,10457150-17

eement 15

F'RESS -0,6004220e+07 -O 6004220e+07 -0 52210090+07 -O.52218090+O7 -0,600422Oe+07 --e,55958130_7
;SAI 0,1036944e+00 0 1035944e_00 0 1365516e4.00 0,13655160+00 0.10369440+00 0,11995890400
]CONDll 0.44955330-12 0 4495533e-12 0 70837570-12 0,7083757e-12
]COND22 0,44955330-12 0.4495533e-12 0 70837570-12 0,70037570-12

element 16
PRESS -0,5221809e+07 -0 5221809e+07 .-0.45542750+07 -O.45542750+07 -O,52218090+07 -0,40761240+O7
TSAT 0,13655160+00 0 13655_6e+00 0 17038060+00 0,17038060+00 0,13655160+00 0.15338680-fOe

1CONDll 0.70837570-12 0 7083757e-12 0 10210800-11 O.10210800-11
1C(_D22 0,7083757e-12 0 70837570-12 0 10210800-11 0,10210800-11

element 17
F'R[SS -0,4554275e+07 -0,4554275e+07 .-e 39683260_07 -.0,39683260+07 -0,4554275e+07 -0.425260_e+07
lSA1 O.1703806e400 0,1703806e+00 O 2846031e+O0 0,20460310+O0 0.17038060+00 0.18747340+0_
fCOND11 0 10210800-11 0,1021080e-ll 0 13815940.-11 O,13815940-11
T(:C)ND22 O 1021080e-ll 0,t021080e--11 0 1381594e-ll 0.13815940-11

element 18
P_ESS -0 39683260.07-.-0 39683260,_07 -0 34430820*.07 -0.3443082e+O7 -0,39683260+07 -0.3699096_+_/
)SAT 0 20460310+00 0 20460310+00 0 2387972e+00 0,2387972e+00 0.20460310+00 0.22172660_00

q
"tC(_DI1 0 1381594e-li 0.1381594e-ll 0 17834380-..11 0.1'7834380-11
_COND22 0 1381594e.-11 0,13815940-11 0 1783438e-ll 0,17834380-11

element 19
[:'R_.S_ -0.3443082e+07 -0,3443082e_07 -,0 2964639e+07-.-0.29646390+07 -9.3443082e+07 -0,319868504..O_

" ISA[ 0,23879720+00 0 2382q720.t.OO 0 2726503e+00 0.27265030+00 0.23879720+00 0,25578360-_(_:_
ICOND11 0,1783438e-ll 0.1783438e-.-11 0 2220111e-ll 0,22201110.--11
1C(_4D22 0.1783438e--11 0.1783438e.,.11 0 222O1110-11 0,22201110-11

_lement 20
F'I_ESS -0,2964639e+07 .-.0,29646390.407 --0.2523290e407 -0,2523290e_07 --0,29646390+07 -0.273981104_i'
'I_AT 0.27265030+00 0.2/26503e+00 0,3059293e400 0.3e59293e+00 0,2726503e+00 0,28937440_-(_{:_
IL,(_D11 0,2220111e-ll 0 2220111e-ll 0 2685341e--11 O,2685341e-ll
1(i.(:_4D22 0.22201110-11 0,2220111e-ll 0,26853410-11 0,26853410-11

61



,'\s a, t)a,rtial veri[ira.l.iol_ (.,[ the N()I{I/\ gl' ('_.,(1(:'.,tlle r_._lllt._ _.,t'tlli.'-; _a.llll;l(' ,_,(. ('(,lll-
pa.re(t v.,,itl_ t.he _-u_a.lyti(:_dsolution of Fl¢,nlillg iii l,"i_llr(' 7.1.

7.2 Sample Problem 2

t
'l"lli,_ l.,r_l,lelll w,_s l_a,rt c,I't,tlc' l'_,ri'_,rll_all(¢, :\,_._¢'_,_,_lll<'lll,(',.,It',ll.l,i_,lt_d I".x(,r_'i._' (I'A( ',I",)

(l/artla..r(I aald l)(,('kery, 1991 _,1_1 l)ykll_iz('ll _:1 ,l., 19til ). '!'t_(_ _,l,j(,('t _,t"l.l_(_I'A(II!', (,x-

(,r('is,:, wa,s tO d(welop l)erfc,r_a,_,('(,-a.,.;s(,ss___(.I,I, (,Xl,(,rl, i.'-.;('_.1,_(,_,_t.1,(' l,arl.i('il);_._ll,._(,t' 1.1,(,

'2 ('(,nsists of a. twc)-(li_e_si(.,_la.l (',l',osss(,<'t.i(,_ (,1"Y,_('(,,. M_,,_,l,a.i_l. '1'11(,i_il, i;tl sre.t(, (z(,r,,

il_till.rat, i,.,li) is perl, urb(.'d a.t, t,l_(' t<.,I, I,()l_(l;:ry _.',.,il.}_;_1_il_(l_lx _,i' wa.l.(,r <,t' -.:{.17.'15 × 1()....i:_

t,}_(,r_,.,lll,t.a.il_ wet(" m()(l_:_l(!.(1.A(l(lit;iolla.l iIl[(,l_llat.i_,l_ (,_ t,)_i.,.,l,r(,I,l('_,_ ('a_ I,(. t'_,,l_,(l i_
I)vl.,:l_iz(:',_ ,"g (d., 1!)!)1.

[]ser Subroutines for Sample Problem 2

'l'l,, we.Cef iufiltr_-_ti(.,, at. t.l_:: U)p ,,.,{'til(', r('.gi_,l_ is sl:,_,_:iti,_',tt,_, I,(, (_,l_._l.a_l,. iN(.,_:-;(,r

.'-;_l)r(,ltils(, is r(:.(t_lired for l,l_is (lua_lt,ity. a.'-: iii sm_l])l('. 1; il_._.:t,(,a,(l,it, i_-.:.Sl,('('iti('(l ,'lir('('l,l>'

i_ 1,11_i_lput (tc.ck TI. _(',lna.l,rria, l l)(_rrn(ml)ilit.y alt(l Ill()iSl, lll'(" ('*l])_'lCil.611l('("_ll'(' f'tlt_(:l,i(.,ltS(,f'

I,(,r(' I)r,_,sslire. a,s (h:_t]t_e(I}<y .sl_l,r(,_atitl(_.sl;'I.,[lIl)(! a_(t l'l']I{a\.l l'_,r tit(' _til_(, ,_:('t,l_,Kirllllit,.'.-;.

su.broutine fluidc(nelem,mat ,nn,p,x,z,tirae,rhog,

1 cap,thm,phiml ,smrl ,thf ,phifi,sfr,t;h_phi)
C

dimension p(8),x(8),z(8),cap(8),thm(g),thi(8),th(8)

dimension smr (13),phim(13),phif(iZ),alpm(iS).,betm(IS),alpp(i3),
1 lc(IS)

C

c this subroutine calculates the [[lo:[_:]I[:[]r6]content and the

(:. capacitance, units - kg,m,s
C

(:. VARIABLES PASSED TO ROUTINE' "

(-

,z nelem element number

c mat material number of tha.'s(-:].ement

c nn number of nodes a.twhich output is to be c()mi.,uted

c p effective i)ressure at each node rhog(phi + x)
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c x x-coordinate value at each node

c z z-coordinate value at each node

c time solution time

c rhog product of water density and gravity

C

c VARIABLES RETURNED FROM ROUTINE:

c

c cap capacitance at each node

c thm matrix moisture content at each node

c phiml matrix porosity for this element/material

c smrl matrix residual saturation for this element/material

C

c Fracture and total variables need only be defined in the case of

c a composite model.

C

c thf fracture moisture content at each node

c pllifl fracture ''porosity'' for this element/material (must be set

c to zero if no composite model)

c sfr fracture residual saturation for this element/material

c th total moisture content at each node

c phi total "porosity'' for this element/material (zero if no

c composite model) (phi = phif + phim • (i - phif))

C

c other variables used in this subroutine:

C

c betp water compressibility (beta prime)

c alpp rock compressibility (alpha prime)

c fc fracture compressibility

c sm saturation of matrix

c sf saturation of fracture

c

c for matrix material only ( no fractures) only define phim, smr, thm, and cap

c for composite model also define phif, sfr, phi, thf and th

C

c _** material properties used in this subroutine'

c

(_ mat 2, tcb

c mat 3, tpt-tn

c mat 4, tpt-tnv

c mat 5, tpt-tv

c mat 6, tpt-tm

IM



c mat 7, tpt-tml

c mat 8, tpt-td!

c mat 9, tpt-td

c mat I0, tpt-tm

" C

C

C

c rock properties for g4 and ue-25a #I

C

data(smr(i), i= 2,6) /0 125, 0 005, 0 150, 0 005, 0 100/

data(smr(i), i= 7,10)/0 050, 0 100, 0 150, 0 100/

data(phim(i), i= 2,6) /0 295, 0 36, 0 20, 0 04, 0 10/

data(phim(i), i= 7,10)/0 12, 0 08, 0 06, 0 I0/

data(phil(i), i= 2,6) /i 8e-5, 90e-5, 6 6e-5, 20e-4, 30e-5/

data(phif(i), i= 7,10)/30e-5, I 8e-5, 30e-5, 30e-5/

da'ta(alpm(i), i= 2,6) /0 003, 0 02, 0 03, 0 002, 0 005/

data(alpm(i), i= 7,I0)/0 01., 0 003, 0 004, 0 005/

data(betm(i), i= 2,6) /I 55, i 2, 2 2, i 7, 1 9/

data(herin(i), _= 7,10)/i 7, I 8, 2 O, I 9/

data(alpp(i), i= 2,6) /26.e-7, 5 8e-7, 12.e-7, 82.e-7, 6 2e-7/

data(alpp(i), i= 7,10)/26.e-T, 5 8e-7, 12.e-Z, 82.e-7/

data(fc(i), i= 2,6) /2.8e-8, 12.e-8, 5.6e-8, 19.e-8, 132.e-8/

data(lc(i), i= 7, I0)/2.8e-8', 12. e-8, 5.6e-8, 19. e-8/

C

c saturation function statement (van Genuchten/Mualem)

C

satfu(sr,al,ap)=(l-sr)*(!+ap)**(.-al) + sr
C

c derivative of saturation function statement

C

chfu(sr, al_ ap,bet, a,phm) =(l-sr)*al* (i. +ap)**(-al-l.)

1 *bet*a**bet* (-phm) ** (bet- i)/rhog

C

c total porosity

C

phi = phif(mat) + phim(mat) * 41 - phif(mat))
C

c fract_tre properties

C

sfr=O.04

alpf=l .28

betf=4.23

C
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c matrix properties

C

c water compressibility

betp=9.8e-7 .,
w

c

c evaluate moisture content

c

alm=(l.-I/betm(mat))

alf=(l .-i./betf)

C

c set values for use in computing fluxes and velocities

c

phiml=phim(mat)

phif l=phif (mat)

smrl =smr(mat)

C

c loop over nodes

c

do I00 j=l,nn

phm=p(j)/rhog- z(j)

if (phm.gt.-.O00001) phm=-.O00001

aps= ( alpm (mat) * (-phm)) **betm (mat)

apf= (alpf* (-phm))**betf

sm=satfu(smr(mat) ,alto,apra)

sf=satfu(sfr ,alf,apf)

c

c convert saturation to moisture content

c

thm( j)=sm*phim (mat) * (I.-.phif(mat) )

thf (j)=sf*phif (mat)

th(j)=thm(j) + thf(j)

c

c incorporate these compresslbilJty ef:fec.t;s into the capacitance t;erm
c

c Note; the compressibilities are shown here for completeness but

c are not used in this sample problem.

c

watcomp=betp*th(j)/rhog

rokcomp=alpp (mat) *th (j) /(phif (mat).+phi m (ma-_))*(sm-ph :i.f(mat)

2 *(sm-sf))/rhog

fracomp=fc(mat)*th(j)/(phil (mat) +phim(m_i_))* (sm-sf)/l-hog

c

c compute the derivative of satul-ation with respect to psi



C

chm=chfu (smr (mat) ,aim, apm, betm (mat) ,alpm (mat) ,phm)

chf=chfu(sfr ,all, apf,betf ,alpf ,phm)

C

c convert to moistu'.'e content and sum terms for total capacitance

C

cm1=chm_phim(mat)_(l.-phif(mat)) + chf_phif(mat)

C

c for steady-flow analyses, use cm(.j) = cml + constant

c for transient analyses, use cm(j) = cml + wat¢omp + rokcomp + fracomp

C

c cap(j)=cml + watcomp + rokcomp + fracomp

C

cap (j) =cml + I.Oe-5

i00 continue

C

return

end

C

C

subroutine perm(nelem,mat,nn,p,x,z,time,rhog,

1 akmll,akm22, akr II, akr22, ak].l,ak22)

C

c this subroutine calculates "the permeability (m**2) of the

c rock matrix and fractures in units of kg,m,s

C

dimension p(8),x(8),z(8),akmll(8),akm22(8),akfll(8),akf22(8),

1 akll (10) ,ak22(8)

C

dimension phil (13) ,all)la(13),betm(13)

dimension conm(13),conf(]3),cratm(13),cra'tf(13)

C

c

c Variables passed to Routine'

c

c nelem Element number

c mat Material number of this element

c nn Number of nodes at which output is to be computed

" c p Effective pressure at each node

c x x-coordinate value a't each node

c z z-coordinate value ac each node

c time solution time

c rhog product of water density and gravity



C

c VARIABLES RETURNED FROM ROUTINE'

c

c akmll matrix permeability in the first principal-axis direction

c at each node r

c 4

c akm22 matrix permeability in the second principal-axis direction

c at each node

C

c Fracture and total variables need only be defined in "the

c case of a composite model

c

c akfll fracture permeability in the first; principal-axis

c direction at each node

C

c akr22 fracture permeability in the second principal'axis

c direction at each node

c

c ak!l total permeability in the first principal-axis

c direction at each node

c

,c ak22 total perme%bi].ity in the second principal-axis

c direction at each node

c

c

c other variables used in this subroutine'

c

c phm matrix pressure head

c cratm conductivity ratio in rock matrix

c cratf conductivity ratio in fractures

c ratio is of conductivity in direction 22 (second

c principal axis) divided by conductivity in

c direction 11. (first principal axis)

c conm saturated conductivity of matrix

<: conf saturated conductivity of fractures

c

c

(]

c *** material properties used in this subroutine'

C

c mat 4, tcb

c mat 5, tpt-tn

c mat 6, tpt-tnv



c mat 7, tpt-tv

c mat 8, tpt-tm

c mat 9, tpt-tml

c mat 10, tpt-tdl

c mat 11, tpt-td

c mat 12, tpt-tm

C

C

C
i

C

C

c rock properties for g4 and ue-25a #I
C

data(alps(i), i= 2, 6)/ 0 003, 0 02, 0 03, 0.002, 0.008/

data(alps(i), i= 7,i0)/ 0 01, 0 003, 0 004, 0.005 /

data(bets(i), i= 2, 6)/ 1 55, 1 2, 2 2, 1.7, 1.9/

data(bets(i), i= 7,10)/ 1 7, i 8, 2 O, 1.9 /

data(phif(i), i= 2, 6)/ 1 8e-5, 90e-5, 6 6e-5, 2.0e-4, 3.0e-5/

data(phil(i), i= 7,10)/ 30e-5, I 8e-5, 30e-5, 30e-5 /

data(cons(i), i= 2, 6)/ 1 5e-ii,30e-12, 2 4e-6, 3 0e-12, 2.e-ll/

data(cons(i), i= 7,i0)/ 20e-ll_20e-12, 5 e-12, 20e-ll/

data(conf(i), i= 2, 6)/ 30e-5, 80e-4, 40e-4, 40e-4, 4.0e-5/

data(conf(i), i= 7,10)/ 40e-5, 40e-5, 40e-5, 40e-5 /

data(cratm(i),i= 2, 6)/ I O, I O, I O, i O, 1.0/

data(cratm(i),i= 7,i0)/ 1 O, 1 O, I O, I 0 /

data(cratf(i),i= 2, 6)/ I O, 1 O, I O, I O, 1.0/

data(cratf(i),i= Y,lO)/ I O, 1 O, 1 O, 1 0 /

C

C

C

c conductivity function statement

C

confu(al,ap)=(l. +ap)**(-al/2.),(l.-(ap/(l.+ap))**al)**2
C

c

c fracture properties

C

alpf=l. 28
betf=4.23

C

do 20 j=l,nn

phm=p(j)/rhog- z(j)

c
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c if pressure head becomes positive, permeability is calculated for

c a very small negative pressure head (i.e., approximately equal

c to the saturated value).

c

if(phm.gt. -.O0000i) phm=-.O00001

c 4

c calculate conductivity in the direction of the first

c principal axis using Van Genuchten/Mualem formulations

c

apm= (alpm (mat) *(-phm)) **betm (mat)

alm=(i-l./betm(mat))

apf= (alpf* (-phm))**betf

all= (i- i/betf)

com=confu (alm, aps) *conm (mat)

cof=confu(alf,apf)*conf(mat)

c

c convert conductivity to bulk permeability

c assume viscosity = 0.001

C

akmll (j)=(l.-phif (mat))*com*O. O01/rhog

akr Ii(j) =phif (mat) *cof*O. O01 /rhog

C

c calculate permeability for second principal axis

c allowing for anisotropy

c

akm22 (j)=akml i(j)*cratm (mat)

akf22(j)=akfll (j)*cratf (mat)

c

c calculate permeability of equivalent combined porous media

c

akll (j)=akml I (j) +akr II (j)

ak22 (J) =akm22 (j) +ak:f22 (j)
20 continue

return

end

'L.



s_l,,n't_tion (l/, = 0) tc) simula, te the wa,ter table. The top bounda, ry has t_ consta, nt l:lllx

of -3.1745 x 10-13 m/s (0,01 mm/yr). Note that velocities are to be computed a.t, t,l,c

nodal points. The calculation is to start _t time zero a,nd continue for 20 iterations or

until a, time of 1.0el5 s, whichever condition is met first. The initial time step is 1.0e-4.v

The defa.ult olitput is to be printed _tt a. c.,dcula.ted time of 1.0 x :lOs s. Ata EXO[)US file

is to be produced with s_tturtttion v_dues only at a time of 1,000 s.

$ two-dimensional 9 layer region; q=O.Olmm/yr

setup, I, 61 $ imax=61

water, I, 1000.0, 0.001, 9.8

tcb , 2, 7151050 , 0 0

tpt-tn, 3, 7151050 , 0 0

tpt-tnv, 4, 7151050 , 0 0

rpt-rv, 5, 7151050 , 0 0

tpt-tm, 6, 7151.050 , 0 0

tpt-tml, 7, 7181050 , 0 0

tpt-tdl, 8, 7151050 , 0 0

rpt-td, 9, 7151050 , 0 0

tpt-tm, i0, 7151050 , 0 0
end

1, 1, 61, 19, 1.06, 1.I0, 1.06, 1.10 $ ***** region 1 *****

0 O, 923 1, 923 1, 0 0 $ tcb

729.7, 729.7, 784.2, 841.2

1, 19, 61, 25, 1.06, 1 00, 1.06, 1.00 $ ***** region 2 *****

0 O, 923 I, 923 1, 0 0 $ tpt-tn

841.2, 784.2, 787.2, 850.9

1, 25, 61, 31, 1.06, 1 00, 1.06, 1.10 $ ***** region 3 *****

0 O, 923 i, 923 i, 0 0 $ tpt-tnv

850.9, 787.2, 797.3, 860.1

1, 31, 61, 37, 1.06, t 00,1.06, 1.00 $ ****_ region 4 *****

0 O, 923 I, 923 1, 0 0 $ rpt-tr

860.1, 797.3, 810.7, 868.6

1, 37, 61, 47, 1.06, 0 98,1.06, ().98 $ ***** region 5 *****

0 O, 923 i, 923 i, 0 0 $ rpt-tru

868.6, 810.7, 871.1, 930.2

1, 47, 61, 61, 1.06, 1 10,1.06, 1.10 $ ***** region 6 *****

0 O, 923 i, 923 1, 0 0 $ tpt-tml
930.2, 871.1, 1006.1, 1082.9

1, 61, 61, 69, 1.06, 0 98,1.06, 0.98 $ ***** region 7 *****

0 O, 923 I, 923 1, 0 0 $ tpt-tdl

1082.9, 1006.1, 10'73.7, 1148.2

1, 69, 61, 75, 1.06, 0 98,1.06, 0.98 $ ***_* region 8 *****

0 O, 923 i, 923.1, 0.0 $ tpt.-td
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1148.2, 1073.7, 1093.6, 1183.2

1, 75, 61, 85, 1.06, 1.10,1.06, 1..10 $ ***** region 9 *****

0.0, 923.1, 923.1, 0.0 $ tpt-tm

1183.2, 1093.6, 1116.4, 1200.6

end

jloop, 9, 2 $ ***** region 1 *****

1loop, 30, 2 $ tcb

quad8/4, 2, i, 1

lend

jend

jloop, 3, 2 $ ***** region 2 *****

iloop, 30, 2 $ tpt-tn

quad8/4, 3, i, 19

iend

jend

jloop, 3, 2 $ ***** region 3 *****

iloop, 30, 2 $ tcb-tnv

quad8/4, 4, 1, 25

iend

.]end

jloop, 3, 2 $ ***** region 4 *****

iloop, 30, 2 $ tcb-tv

quad8/4, 5, 1, 31

Jend

.] end

jloop, 5, 2 $ ***** region 5 *****

loop, 30, 2 $ tcb-tm

quadS/4, 6, 1, 37
Jend

] end

j]oop, 7, 2 $ ***** region 6 *****

_loop, 30, 2 $ tcb-tml

quad8/4, 7, 1, 47
iend

]end

jloop, 4, 2 $ ***** region 7 *****

iloop, 30, 2 $ tcb-tdl

quad8/4, 8, 1, 61
P

iend

.jend

j].oop, 3, 2 $ ***** region 8 *****

iloop, 30, 2 $ tcb-td

quadS/4, 9, 1, 69

72



lend

jeI:d
j].oop, 5, 2 $ ***** region 9 *****

iloop, 30, 2 $ tcb-tm

quad8/4, I0, I, 75

lend

jend

iloop, 30, 2 $ ***** top surface bc *****

bc, ulside, i, 83, 3, -3.1745e-13 $ infiltration rate in m/s

iend

i].oop, 30, 2 $ ***** bottom surface bc *****

bc, peffside, I, I., i, +7151050. $ pressure head approx, zero at water table

iend

end

velocity,nodal

formkf

output, single, I_2,3,4,5,1255,1256,1257,1258,1259,1260

unzipp,O.O , i.OeI5, 0.ie-3,20, , i, leI5

end

stop, post

select, l,saturation

time, specified_ I, le3

end

$

$ pace exercise g4 to ue-25a#1

$ 30 horizontal elements and 42 vertical elements.

$ Isotropic conductivity in all units.

$ First principal conductivity axis O-degrees clockwise from horizontal.

$ Water table at bottom boundary.

$ Infiltration rate = 0.01 mm/yr at top.

_ Run with NOR_sub.pace

$ In UNZIPP, eps = 0.00001 for convergence limits.

$.]in FLUIDC, compressibilities set for steady-state results only.

$ ]input lines for additional solid materials:

=



Output File for Sample Problem 2

The total output file for this problem is quite lengthy (500 lines), A partial listing
is included. Tile portion of the file which echoes tile input data has not been included.

I,

two-dimensional 9 layer region; q=e.eln_/yr

material properties

_fluid_

no, name density viscosity gravity

1 water teee,e i}, t eeeee-02 9.8000

_solid(s)_

no. name initial effective pressure alpha (degrees)

2 tcb e.71511e+e7 e,eeeee

3 tpt-tn e,71511e+e7 e.eeeee

4 rpt-fnr 0.7151te+07 e.eeeee

5 tpt-tv e.71511e+07 e eeeee

6 tpt-tm e,71511e+e7 e.eooee

7 tpt-tml 0.715110+07 o.eeeee

8 tpt-tdl 0.71511e+07 e.eeeee

9 tpt-td e.71511e+e7 e,eeeee

10 tpt-tm e.71511e+e7 e.eeeee

..... dote for 1260 elements hove been read ....

time in setup = 2,471 seconds

velocities will be computed at nodal points,

the two-dimensional planar version of the element formulation was requested

time in formkf - 5t.e71 seconds

time in pre-front- 11,7e941

properties of matrix system---

number of degrees of freedom-- 3925
max front width--,- 66
storage for max front--- 456e
buffer space--- 19_439
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Output for Ssmple Problem 2 (cont. 1)

q
pressure fields were initialized by moterlal with the following values---

materia no 2 inltio effective pres= e 715!0500+07
materia no 3 initia effective pres= e 7151050e+07
moterio no 4 initio eflective pres= e 71510500+07
malefic no 5 lnitio effective press e 7151B500+07
malaria no 6 initio effective press e 7151950e+87
malaria no 7 tnitio effective press 0 7151959e+97
moterio no 8 inttio effective press e 71510590+97
moteria no 9 initia effective press e 71519590+97
moterio no 19 initio effective press 9 7151959e+97

output for the transient problem was obtained over the intervol_
initial time= 0.0000000e400
final time= 0.1000000e+16
inltial time step= 0,10000000-03
integration was terminated when current tlme,ge,final time or when 20 time uteps were taken

-.._- = _ sl .=_ = = _* = -- " = = = = tc= = _ = " =_ m= " "

initial conditions ore the solution ct time step no, " 1

current time= 0.1000000e-03 time step= e,leeeoeee-e3 time step no. =' 2
fm. = e.eoeoe

max change in effec liq pres between time steps is 9,1172993e-le in element 1231 node 4

current time== 0,20000000--03 time step= e,1000009e-63 time step no.- .3
rm.q = 0. 00000

max change in effec liq pros between time _teps is 0.11720930-10 in element 1231 node 4

current time= 0,30000000-03 time step= 0,10000000--03 time step no.,= 4
rm_ = 0,00000
newi t= 1 rms= 0,00000

max change in effec ¢iq pree between time steps ie 0.11726930-10 in element 1231 node 4

cur rent t ims= 0 1032280e+09 time step= 0.10322800+09 time step no," 5
t'_ ..-: 0,00001
newi t= 1 ims= 0.00001

mnx change in effec liq pres between time oteps is 0.12092910+02 in element 1231 node 4

current time= 0.3042646e_-09 time step= 0.2010365e+09 time step no, = 6rm,_ = 0,00001
newi t= 1 rms= 0 00001

max change in effec liq pre_ between time steps is 0.22956880+02 in element 1231 node 4
t

current t ims= 0.6753037e+09 time step= 0,37103910+99 time step no." 7
fm_ = 0.00000

,. newtS= t rms= 0 00000

max change in effec liq pres between time steps is 0.40922010-01 in element I231 node 4

current time= 0.5867809e+t0 time step= 0,51925050+19 time step no.'- 8
r_ = 0.00001
r_ewi t-"= 1 rn_5--. 0.00001

max change in effec liq pres between time steps is 0.74625010+01 in elen_ent 1231 node 4
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Out, t)ut for Sample Probleln '2 (cont,. 2)

current time,, @.170771ge.11 time step,, • t12_J380+11 time step no.= g
fm= - 0,00002 11_
new0t- I rms= e,eeee2

max change in effec iq pres between time steps ii 0 3_82391e+02 in element 1231 node 4

current time- 0.3424880e+11 time step,, e 17171610+11 time =tcp no.= 10
rms - e.eeee4
newit- I rms- 0,00004

max change in effec iq pres between time steps is 0 6174092e+02 in element 1231 node 4

current time- 0,56371850+11 time step.. 0 22123050+11 time step no,N 11
rms = e,eeee6
newit= 1 rms- 0,00006

max change in effec iq pres between time steps is 0 85642040+02 in element 1231 node 4

current time- 0.82998520+11 time step= 0 2662667e+11 time step no.= 12
r_ - e,eese6
_ewit- 1 rms- e,eeee6

m_x change in effec iq pres between time _teps is 0 1015963e+03 in element 1231 node 4

current time= 0.11408990+t2 time step= 0 31091300+11 time step no.= 13
r_ = 0,00007
r_ew t= 1 rms= 0.00e07

mo_ change in effec iq pres between time steps is 0 t1113780+03 in element 1231 node 4

current time- 0115007950+12 time step= 0 3598961e.11 time step no,= 14
r_s = 0.00_07
_e* t= I rm.= e,eeee7

mox change in effec iq pres between time steps is 0 1167152e+03 in element 1231 node 4

current time- 0.19178330+12 time step=, 0,41793790.11 time step no,- 15
w_ = 0 00006
new t= 1 rms= e.eeee6

max change in effec iq pres between time steps is 0 11966810+03 in element 1231 n_de 4

current time= 0.24037250+12 time step= 0,4858920e.11 time step no,- 16
r_s = 0,00e06
new,tw 1 rms- 0 000R6

max change in effec iq pres between time steps i8 0 12060080+03 in element 1231 node 4

current time= 0.29729360+12 time step= 0.5692109e+11 time step no,= 17
,.,_ = 0.00006
Inewtt_ I rm_= 0.00606

ma_ chonQe in effec iq pres between time step_ is 0 11960110+03 in element 1231 node 4

current time= 0,36410800+12 time step= 0,6681_46e+11 time step no.- 18
rm_ = 0.00006
newit= 1 rm_= 0 00006

max change in effec liq pres between time steps is 0 11650050+_3 in element 1231 node 4

current time= 0.4423010e+12 time Itep= 0,78192970.11 time step no.- 19 "
rms = 0.6000_
r,ewit= 1 rm_= 0 00606

_ox change ,n effec iiq pie3 between time steps is 0.11199230+03 in element 1231 node 4
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Output for Sample |>roble_l 2 (c'(;]_i. :_)

current time- O.g385893e+12 time _tel:_ e 1_53172e+12 time step no,= 21
rmml_ e._7 rmsner_ 8,_7
neeitw I rml_ 0,0ee_7

max change in effe¢ tiq pres between time steps is 0,1025567e+_3 in Blement 1231 node

qP e=tended core required tor this problem ....

vector for condensed eqns ..... 2739ee
total ecs_ 32_521

nt_ber of dote blocks used in molution-- 3

time in unzipp = 694.615 geconds _nods=--

-1- -2- -3- -4-- -5-, --6--

el e_ent 1
PRESS O.7151eS_e+e? e,7151eS_e+e7 e.7151eSee+E7 e,Ttslesee.e7 e,715_eSee.e7 e.Tistesoe+_:
TSAT e.teeeeeee+e_ e. leeeeeee+el o.9953_13e+ee e.gg48549e+ee e.teeeeese+et e.g98346te+_
TCON011 e.5549719e-_9 e.55497_ge-e9 0,899344Be-ll e.B82e222e-ll
1CON022 e.5549719e-e9 e.5549719e-e9 e.Bgg3448e-.|l e,B82e222e-11

element 2
PRESS o.715|05ee+e7 e.7tSleSee+e7 e.7151eSOe+e7 g.715teSee+e7 e,715105ee+e7 o.?lst_see+e;
TSAT e.leeeeeee+el e._eeeeeee+et e.g956868e+ee e.es53e13e+ee e.teeeeeee+et 6.gg84794e+e9
TCONDtt e,5549719e-e9 e.5549719e-e9 B.9153392e-lt e.Bg93448e-lt
TCON022 e,554971ge-e9 e,554971ge--_9 8.9153392e,-11 e.sgg344Be-ll

etement 3
PRESS e.7151e_.+e7 e.7151eso®+e7 e.7151esee+07 e,TtSteSee.e7 e.7151esee+e7 e,Tistesee+e7
TSAT e.teeeee _,et e. leeeeeee+e_ e.e96e2e3e+ee e,9956868e+ee e. leeeeeee+el e.gg85946e+ee
TCO_011 e.554971', ,89 e,5549719e-.eg e 93ee692e-tl e,g153392e-lt
TCON022 e.5549719e-e9 e.554971ge-e9 e.g3_692e-ll e,9153392e-11

element 4
PRESS e.7151esee+e7 e.7151eSee+e7 e.7151esee+e7 e.7151esee+e? e.7151esee._,e7 e.7151esee+e7
TSAT ®.leeeeeee+el e,leeeoeee+el _9953egle+ee e.ee6o203e.ee eleeeeeee+el e.g98694_e+ee
TCON011 e,5549719e-e9 e.5549719e-e9 e.9436eege-ll e,e3eH_692e-ll
TCOND22 e.5549719e-e9 e.5549719e-e9 e. E435eege-ll e.93ee692e-11

element 5
PRESS e.7151eSee+e7 e,7151eSee+17 e 7151ese_+e7 e.7151esee+e7 e.715tosee+e7 e.TtSlesoe+e7
TSAT e.leeeeeee+el e. le_eeeOe_e_ e 996_s9_e+ee e 9963e91e,t_e ®.leeeeeee+®l e.gg878eBe+ee
TCON011 t,5549719e--_9 e. SS4971ge-e9 eg56ee2_e-11 e9436eege-11
TCOND22 e,5549719e-_ e.5549719e-e9 e.g56ee26e-11 e 94,36eege-,11

ele_en_ 1255
P_£SS e.71516e6e+e7 e.7_516e6e+e7 e.71721_ee_e7 e,7172235e+B7 e.71516e6e_-_7 e.7155552e_7
TSAT e,5415_67e+ee e.542$tTle+ee e5413e71e+ee e.54eB466e+ee e.5417818e+ee e,5411447e+_e
TCOND11 e. t77e243e-12 e.t779733e-12 e.176542?e-12 e,t756198e-12
TCON022 e.177e243e-12 e.1779733e-12 e.1765427e-12 _.1756198e-12

element 1256
PR[SS e.71516eSe+e7 _,715_6eTe+e7 e.7172131e.()7 e.71721Bee+e_ e.71516e6e+e? e.71_554ge+_7
TSAT e,542e171e+ee e.5424365e+ee e.5417178e+ee e,5413eTle+ee _,5422267e+ee e.54156e6e+ee
TC_011 e.1779733e-12 e.178823ee-12 e.t77369ee-12 e.1765427e-12
1COHE)22 e.1779733e-12 e._78823ee-12 e.177369ee-12 ®,1765427e-12

ele_ent I257

PRESS e.7151_o7o+e7 e.71516e7e+e7 e.7172887e+e7 e,7172131e+e7 e. TtSl6eTe_.e7 _.7155547_.,,.-_7
TSAT e,5424365e+,ee e.5428_ess+ee e.s42e838e+ee e,5417178e+ee e.5426234e+eo e.5419314e+_e
TCON011 _.|784_234_e-12 _,1795833e-12 _._781_83e--I2 e.t77369ee-12
TCOND22 e.t71_23ee-12 e.1795,833e-12 e.i781e83e-12 e.t77369ee-12

element 12_8
PRESS e,_Tt516eTe+_7 e.7t516ese.e7 e.7172e48e+e? e.717_B7e,_e7 e._1516e7e+e7 e. TtS_44_e
TSAT e.54281ese+e8 e,5431438e_e _.5424_1e+(_ e,54_338e+ee e.542977ee+ee e,5422618e_oo

' TCONDtl e.1795833e--12 e.18e2633e-12 e.1787694e-12 _.17811_t_e-.12
TCONO22 e.t7g$O33e-12 e. t84_2633e--12 e 1787694e-12 O.1781e83e--12

element 1259
PRESS O.7151608e.vQ7 0. 7151611e+_7 e.7171976e+G7 e.7172048e+O7 _ 7151607e+e7 e.715_7_,_ ;_
TSAT e,54314.._e+_l_ e.54344ege+ee e.5426978e+ee 8.5424101e+_ e.5432921e+.oe _.54255_Oe_t_
TCOMDlt _,18e2633e-12 e,18e_713e-.12 e.1793539=-12 =.1787694e-12
tCC_D22 e._Se2633e-12 e.18e8713e-12 e.17_3539e-12 e.1787694e-12

elemen! 126e
PRESS _.7151611e+e7 B.7151579e+,e7 _.717eg55e,H_7 e.7171976e+07 e 715159ee4-e7 e,lt_4j_Se_;
_S_T e.s4344e9e+ee _.5437e29e+e_ e.5428755e+ee 6.5426978e+ee @.5435715e+oe e 54271_7e(._-_
1C0h_11 e.lBO8713e-12 0 1814eB9e-12 e.179715ge-;2 _.1793539e-12
TCOND22 e.1868713e-12 e.18t4089e-12 _.1797159_-12 e.1793539e-12

T;
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8 Glossary

Basis function--one of a set: of functions _lsed to expand ail arDitrary t'llll_'li<_li. Ii_ til(' ii

Till element met.hod, the basis functions are defilled on elem,..nts and ,t_,]-J_,lldt,titvavial_lc:_

are exparided in therri [see Equat.ion (3.5) iii Sllbsecli,)li 3.:t].

I'/ilii_eaI ........refers to furictions that are linear in cacti of lwo variables, ill

l:;tt'eclive pl t"sslli¢'_......an expression for 1)i'essllr<' ,t_'till,',l t'cdl¢_wing F_qliatioll (2.2) iii ,.Sill:,..
s_,_'licJIl '2.3.

l';i_'iilt'lll ,'¢J,,lli,'ielll, lnalrix .....a lllati'i× ilia_ ,'_>ILl_il_,_It1_, coliivil,lltiolls 1<, lll¢:' glc,l_al c<,_,t'-

li<i_,lll lilatrix, t,liat is, the .lacol,iali lnall'ix _ls_._liii tli_, N¢,\vt._li il_'i'ai, it.,li l_r¢_ce¢llii'¢.', l'l'oil_

il_l_,r_<.,l_ll_','t.¢'d.Two adjacent t,l_,lil¢,lit.,sI_lay 1,_,c<_liliecl.ed, i._., l_ay allow i_lass lra.iisfer

:.ii<'assigll_',l i.t_tile c'lt'lllelllS.

(;;tllss poilll- a gliatlrai_lr_' l)¢,iIl( ill a s_.ilt'lllt' ,I<.visc,,I I)y (la_lss. (See "Quatlral_lre".)

(;l<,t_al coeflicielll ulalrix a _,.rlll list,_l I,t:'l_' tl,r ill_' .lac_l_iali liialrix _lsetl iii tile' N_,wi.<Jli

il <'rat iorl l)roce_tlli'e.

.Nal_lral _'t_or_tillat.e :_vst.eni ......a lei'lii ¢les,:'ril.,iiit_ llle c_¢_i'dinat.e systel_ iii t.lie Ilial_l_t,d

,t_,lllaill wilerea standard elem_'llllies (s_,¢, "Sial_taI'<l elelrielit."), llere, tile tiatliral <'t_-

,,l'_lillalt' sx'slelli is a l"eclalsgillar ('arl.esiall ,.'_,¢jr_liliat_'sy:<,t_,niaiid l.ll_' ll_al_l_('tl _loillaili

i::;,tt'tilw_l b\' a subparanit>lric <Jra_l is<_l_al'alllt'lri_ lllal_l_ilig <_fali elelil_'llt ill l ll_' origiiial

iill_',-_r _'_llia.li<Jil.-,. Tll,_' basis t',,r lli_' il_'r_lli ,ii I,_,,,,'_i_lr," i_ , 'l_vl,,r _'XlJ;lilsit_li i]i;ll is

l lliil,al_'_l afl_'r lilt. lilie;-tr lt'rill. :\t,tJlyili_ Nt.wl_.,ll'._ i!,.rali_,ll i_l__'_llls'_ , l_J a :_<.1t_f li_li-

,I,' t, i:_ 11it' ,"-,hll_' I'tS ;:i Nt'X'_'t,,II ii_'l';lii_ll.

['r_,_li_ItJr.-ct.lrl'_,clcH" _-tgt,ll_'l',hl c,:tl_.t.!)JlV ii Ii_lll_,'li<;|l liill,' i_l<.._.i<,i,.,ii :,,ll,'ll_,'.<; lll;ll iii.

\._,l','_.'_ tWl::l _.!<']JS. 'l'tl_ ' firsl slt'iJ is l_J l_l'<',ti__ i i;t' ,,,l_i!i,,il ;_l 11_,' I1_':.;I lili!,'l_l,|ll,'. It_,

t,l,',tl,'li,,i, i.', I,a,-,<,,llJll h. kli<,\vl<'_l:,l' <,1 I.t_,v, Iii,' ',:,lii_l,!,':- t_,.,' l:,'li;ix<'_t ,,',,r I,<_.1 iilil,

--i,-tJ:.. I'll,:' ,'lll'l't'_'ilJl' :<1_'1_I1_<'<" iil_' I.,r_',li,i,'_l v;llli_':-;ii lt_' ll,'w iili_'t_l;lli, 1_, iilil,i<,\<

li},,,li Iii<.' .<,,,llllitJii. <lll_' <'lJFl'l'l'l(ll' ,_l<'tJ ilillir,,t,': !,,,iii ilJ,' <":"ill;t' ,:11 ,t :1,_t,I]i_ ,,1 Iii,

,,\,'! nii l ilii_ :' iii! _'_l'al i<>li lll'_>ct"illl't'.

l>rili<il_al axes ilie ax<-'s ll.,,<.'_t l_, <t<'fiil_' i_ii ,,rtii<,ll_,l,i, l,l,.,I,, ii\'. l tl_ ,lli_.., ii,_ii.,, <,1 Itl,

l\v,, i._i'iil_'it,al a:;_'s ar_' ('lil>,s_,ll._lJ Iii;tj it_' l<'li_-.<,l ti_,<',l t_' ,t,,lil_, l l_,' ,,rll_,,Ir_,l_i, I_l'_ll_'ii\

i
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Quadrature .... a.general category of methods that serve to estinlate the values of integrals.

Residual--an equation that measures t,he degree t,o wllich ol_e of tile. governing equal, ions

is satisfied in some integral sense. Normally, residual equations are set equal to zero;

however, in practice they can only I_e set equa, l i,o approxilnately zero if they contaiil
nonlinear terms.

l_esidual mois(.ure congent- ......the mois(,ure con(,e:tl(, I.)elc,w wllich lnoisture is not free (,o flow

by pressure or densit, y gradien(,, or by gravity.

Standa, rd element- .....an element in t,he isoparametrica.lly or SUblm.rametrically mapped

ctoma.in. Sta_lda.rd elemeIlts have simple sha,pes (qlladrila,tcq'als in NORIA-SP).

Weak form .........a. term thai, originatetl fronl the topic of \'a.riatioilal calculus. There ar_'

several weak forms of a ditfereIltial equatioIl. One is l,he illt,egral of the product of

the diffe, rential equation with an arbit, rary function, which is referred to a.s a weighting

function. Other weak forms result fronl the apl_lication of (Ireen's l,heorem to this integra, l

e qu a,t io _l.

Weighting f_lnction .......an arl)it, ra,ry t'unctioll that a,pl)(_ars in l,lle weM( form of a diffe, renl, ial

equation. (So,{, "Weak form" )
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11 Appendix B

Information ft'mn the Reference Information Base
Used in this Report

This report contains no inforrna.tion from the Reference Information Base,

Candidate Information
for the

Reference Information Base

Tiffs report contains no candidate information fox' the Reference Information Base.

C,andidate Information
for the

Site & Engineering Properties Data. Base

This report contains no candidate informa, tion for the Site and Engineering Propert, ies
Data Base.
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