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PROFANIR A TOUGH

1. INNGANGUR

Sidastlidid sumar lentu Helga Tulinius og
Grimur Bjornsson i ymsum erfidleikum vid
notkun hermiforritsins TOUGH 4 HP9000
tolvum OS. Erfidleikarnir pessir koma
(stundum) fram pegar TOUGH er notad
vid stér privid vandamadl (fjoldi bita ("elem-
ents") um og yfir 500 eda fjoldi tenginga
("connections") um of yfir 1000). Erfidleik-
arnir félust i pvi ad keyrslur ymist hrundu
eda purftu éedlilega langan reiknitima.

Hér ad nedan er lyst nidurstdoum préfana 4
TOUGH sem gerdar voru med pad fyrir
augum ad komast fyrir orsék pessara erfid-
leika. Nidurstédur préfananna voru sendar
til Karsten Pruess hofundar TOUGH med
tolvupésti og keyrdi hann sému demi 4
Cray t6lvu sina i Bandarikjunum. Hann
lenti { hlidsteedum erfidleikum og lagdi til
dkvednar breytingar 4  inntaksskrdm
TOUGH sem gera kleyft ad komast hjd
vandradum.

Préfanirnar leiddu 1 1j6s athyglisverdar upp-
lysingar um keyrslutima TOUGH fyrir ymis
vandamadl 4 nokkrum gerdum télva og koma
per fram hér ad nedan. Einnig er gerd
grein fyrir peim moguleikum sem nt standa
Orkustofnun til boda vid keyrslu 4 mjog
stérum vandamdalum.

2. UPPSETNING OG BREYTINGAR A
TOUGH

TOUGH var sett upp 4 HP télvum OS
haustid 1989. Utgafan sem sett var upp er
attud frda NESC (National Energy Software
Center) { Bandarikjunum. Hin midast vid
vandamdl med faerri en 500 bitum og 1000
tengingum. Pessi ttgdfa var préfud og
reyndist reikna rétt fyrir ymis vandamal sem
NESC dreifir med ttgdfu sinni af TOUGH.
Einnig bar TOUGH szmilega saman vid

SHAFT?79 pegar gamalt vandamal sem leyst -
hafdi verid med SHAFT79 4 Orkustofnun
var keyrt med TOUGH (mismunurinn sem
fram kom virdist stafa af villum { SHAFT79
en ekki TOUGH).

Upprunaleg ttgdfa TOUGH reyndist of litil
til pess ad rdda vid stér privid reikninet sem
skilgreind voru fyrir Hvithdlasvadid 1 Kréflu
sidsumars 1990. Keyrslur byrjudu ad hrynja
pegar fjoldi tenginga fér ad ndlgast 1000.
Virdist pvi skilgreindur hdmarksfjéldi buta
og tenginga { TOUGH bpurfa ad vera nokkru
haerri en fjoldi bita og tenginga { vandamal-
um sem keyrd eru.

Utbiin var ny ttgafa af TOUGH sem rad-
ur vid allt ad 1000 bdtum og 2000 tenging-
um. Fyrir pessa ttgdfu var TOUGH breytt
litillega pannig ad fjoldi bita og tenginga
ofl. er lesinn tr svokolludum "include'
skrdam. Petta gerir pad ad verkum ad litid
verk verdur ad fjolga biatum eda tengingum
i framtidinni, gerist pess porf.

Pegar pessi nyja ttgdfa TOUGH var keyrd
fyrir Hvithdla téku keyrslur mjog langan
tfma en nidurstddur, sem monnum entist
polinmeedi til pess ad bida eftir, virtust rétt-
ar.

2.1 PROFANIR

Fyrst var athugad hvort TOUGH hefdi eitt-
hvad laskast vid steekkun og breytingar frd
upprunalegri ttgdfu. Synidemi NESC (6
talsins) voru keyrd med bddum ttgdfum
TOUGH og voru nidurstddur edlilegar og
bar vel saman milli dtgdfanna tveggja.
Einnig var reiknitimi ttgdfanna samberileg-
ur. HP télvur OS reiknudu 10-20 sinnum
hagar en Cray X-MP/14 télva NESC og er
pad edlilegur munur. Pad var pvi eitthvad
sérstakt  vi0  Hvithdlareikninetid  sem
TOUGH tti { erfidleikum med.
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Til pess ad skoda betta ndnar var sett upp
einfalt deemi sem reiknar Theislausnina fyr-
ir fledi vatns ad borholu (p.e. einfasafladi)
i gropnu bergi. Damid var sett upp med 1,
2, 3, 4 og 5 ndkvaemlega eins 16gum. Pegar
pessi deemi voru keyrd kom { ljés ad reikni-
timi fér upp dr 6llu valdi pegar 16gunum
fjolgadi med mjog svipudum haetti og 1 Hvit-
hélademinu (sjd toflu hér ad nedan).
Reiknitimi meira en 150 faldadist vid pad ad
fiolga 16gum Gr 1 1 5. S6mu demi voru
préfud 4 VAX télva OS, en hin keyrir 3-6
sinnum hzegar en HP télvurnar. Reiknitim-
inn 4 VAX 6x med sama hrada og 4 HP
tolvunum eftir pvi sem 16gum var fj6lgad.

Nidurstédur { Theisdemunum reyndust eins
sama hversu moérg 16g voru notud og {
dgeetu samrzemi vid Theislausnina (sjd med-
fylgjandi mynd, punktar eru nidurstddur
TOUGH, samfelld lina er pekkt lausn, fra-
vik punktanna frd linunni stafa af éndkvaeem-
um gildum 4 seigju og fjadurstudli vatns i
pekktu lausninni).

Lysing 4 Theisreikningunum var send til
Karsten Pruess héfundar TOUGH vid LBL
med tolvupGsti (sjd medfylgjandi 1jésrit).
Hann keyrdi sému deemin 4 Cray tdlvu sina
og lenti { hlidsteedum erfidleikum med
reiknitima (sjd medfylgjandi lj6srit af svor-
um Pruess).

Pruess préfadi sidan ad breyta dkvedinni
steerd 1 inntaki TOUGH sem tilgreinir hvort
nota 4 "skolun" vid ad leysa jofnuhneppi
(MOP(17)=1 { stad 0) og gengu reikning-
arnir b4 vandraedalaust. Sjilfgefid er ad
nota skélun (MOP(17)=0) og gefur pad alla
jafna ndkveemustu nidurstodu. { sumum til-
fellum getur skélun hins vegar leitt til vand-
reda i reikningum og parf bd ad keyra 4n
skolunar (MOP(17)=1). Fram kemur i

svari Pruess ad ekki sé hegt med einféldum

heetti ad segja fyrir um bad hvenzer rétt sé
ad nota skolun og hvenaer ekki, heldur verdi
notendur ad préfa sig dfram.

Pegar pessi breyting Pruess var préfud
keyrdu baedi Theisdeemin og einnig demi
frd Hvithélum edlilega 4 HP t6lvunum.

TJ-90/02

Oll ofangreind demi voru jafnframt keyrd 4
nyrri IBM RS6320 vinnust6d 4 Reiknistofn-
un Héskdlans med TOUGH itgéfu sem sett
var upp par til pessara préfana. Nidurstod-
ur voru { gédu samraemi vid nidurstédur 4
HP télvum OS en reikningar gengu 5-10
sinnum hradar fyrir sig! Yfirleitt voru allir 4
ttprentadir stafir { nidurstédum eins. Stund-
um munadi 1-2 { sidasta aukastaf en munur
gat ordid meiri fyrir mj6g smdar steerdir
sem eru pvi sem naest 0. % synideemi 6 frd
TOUGH kom einu sinni fyrir ad munur sdst
4 pvi hvernig lengd timapreps préadist med
tima. Pad stafadi af 6llum likindum af pvi
ad sterd sem raedur pvi hvort timaprep er
lengt lenti neerri vidmidunarmérkum. Ad
6dru leyti voru nidurstédur edlilegar.

Pad er ad sjd af préfununum ad TOUGH
keyri rétt 4 HP télvum OS, en naudsynlegt
sé ad notendur préfi sig dfram med einfold
deemi og mismundandi gildi 4 inntaksbreyt-
um 4dur en steerri keyrslur eru settar af stad
til pess ad fordast vandraedi sem ella geta
komid upp.

3. REIKNITIMI

Eftirfarandi tafla synir reiknittma TOUGH
fyrir 61l deemi sem nefnd voru hér ad ofan.

Reiknitimi (s)

pemi | B+ B B HP 9800 IBM RS6320

bita teng tpr. M=0 M=1 M=0 M=l
Sam1 | 22 3 4 1 10 2 2
Sam2 | 8 80 20 500 404 62 51
Sam3 | 164 289 14 224 160 29 2
Sam4 | 50 49 50 141 101 18 12
Sam5 | 174 305 75 4423 4341 506 482
Samé | 91 90 100 2086 2004 236 224
Theis1 | 100 99 10 41 34 7 5
Theis2 | 200 298 10 151 76 24 12
Theis3 | 300 497 10 950 129 225 18
Theis4 | 400 696 10 2824 186 551 26
Theis5 | 500 895 10 6164 241 1865 34
Htull | 290 993 1 63% 354 168 81
Htul2 | 290 993 5 5944 1447 1262 314

Reiknitiminn var meeldur 4 HP9800 télvum
OS og 4 IBM6320 tslvu RHI bedi med og
4n skolunar (MOP(17)=0 og 1). T toflunni
kemur jafnframt fram fjoldi bita, tenginga
og timaprepa fyrir hvert demi. "Sam 1-6"
eru synideemi NESC. "Theis 1-5" eru Theis-
deemin med mismunandi moérgum 16gum.
"Htul 1-2" eru demi frd Hvithdlum annad
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med 1 timaprepi en hitt med 5. M { toflu-
hausnum er skammst6fun 4 MOP(17).

A Cray t6lvu Pruess purfti deemi Theis 1
hins vegar 3.2 sekiindur en demi Theis 4
16.2 sekiindur.

I 6llum synideemum fr4 NESC (nema e.t.v.
deemi 3) er reiknitiminn svipadur med og 4n
skélunar. Par er pvi edlilegt ad nota skélun.

I Theisdeemunum med mérgum 16gum sést
hvernig reiknitiminn med skélun er miklu
lengri en 4n skélunar.

Sjd md ad reiknitiminn pegar allt er med
felldu i raunverulegum demum (p.e. ad
Theis demunum slepptum, par eru reikn-
ingar éedlilega einfaldir og fljdtlegir) er ekki
flarri pvi ad vera i réttu hlutfalli vid marg-
feldid af fjolda tenginga og fjolda timaprepa.
P.e. fyrir HP télvurnar er reiknitfminn

cpupy = neny[(2-5).
Fyrir IBM vinnust6d RHI er hins vegar
CPUipm = nch, [(10-20),

bar sem cpuy,, og cpiip, er reiknitimi { sek-
tndum, n, er fj6ldi tenginga og n, er fjoldi
timaprepa. Pessar tolur er rétt ad hafa {
huga pegar TOUGH er keyrt. Ef reikning-
ar taka margfalt lengri tima en btast m4 vid
samkvemt formdlunum hér ad ofan pd er
liklega eitthvad ad.

4, RADLEGGINGAR FRA PRUESS

I svari Pruess kemur fram ad hann sé vanur
ad préfa nokkra moguleika 4 gildum ymissa
breyta { inntaksskrd TOUGH 4dur en hann
setur af stad stérar keyrslur. T pessu prof-
unum er ekki porf ad keyra nema 1 tima-
prep og purfa paer pvi ekki ad taka langan
tima.

Auk MOP(17) synist mér rétt ad huga ad
RE1 og e.tv. RE2. I keyrslu 4 Theisdzem-
unum kom fyrir ad sjdlfgefio gildi
RE1=1.0E-5 reyndist of stért og er ekki
dliklegt ad oft purfi ad minnka pad. Ef erf-
idleikar koma upp md lita 4 U, WUP, WNR
og DFAC. Rétt er ad keyra pessar préfanir
med fullri villudtprentun (MOP(i)=1,
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i=1,6) til pess ad heegt sé ad sja hvada dhrif
breytingar hafa. T pessu sambandi er haegt
ad hafa hlidsjén af pvi hvad reikningarnir
ttu taka langan tima samkvemt nidurst6d-
um um reiknitima hér ad ofan.

5. REIKNINGAR MED TOUGH OS I
FRAMTIDINNI

Reikningar med TOUGH 4 hinni nyju IBM
vinnust6d RHI eru éverulega haegari en 4
Cray (u.p.b. 50%). Pegar RHI fer enn af-
kastameiri IBM RS6000 tolvu sidar { haust
pé verda reikniafkost vid reikninga af bessu
tagi 4 télvum RHI fyllilega samberileg vid
afkost 4 Cray tolvum peim sem notadar hafa
verid vid TOUGH reikninga i Bandarikjun-
um. { sambandi vid préfanirnar sem hér er
lyst var TOUGH sett upp 4 IBM vinnust6d
RHIf og er TOUGH bvi til reidu par ef 4
parf ad halda 4n frekari vinnu vid uppsetn-
ingu. Tilt6lulega audvelt er ad flytja deemi
sem sett hafa verid upp 4 télvum OS yfir 4
tolvar RHI. Pad er ekkert pvi til fyrirstddu
ad reikna sterstu vandamadl sem sett hafa
verid upp fyrir TOUGH erlendis 4 nyju
tolvur RHI (gegn greidslu fyrir cpu- og
diskanotkun). IBM RS6000 télvur eru til-
tolulega édyrar og er ekki dsennilegt slik
télva verdi keypt til OS einhvern tima {
framtidinni. Tolvuafkost vid reikninga aettu
pvi ekki ad verda takmarkandi fyrir Gtreikn-
inga med TOUGH 4 OS { framtidinni.

HP télvur OS geta rddid vid minni og med-
alstér vandamadl sem taka upp 1 0.5 til 3 sdl-
arhringa i keyrslu. Pad svarar nokkur hund-
rud (jafnvel allt ad 1000) timaprepa fyrir
deemi med um 1000 tengingum. Hvort sem
HP eda IBM télvur verda notadar vid
steerstu keyrslur er ljést ad mestu timi not-
enda fer { uppsetningu vandaméla og prof-
anir til pess skilgreina sem best par spurn-
ingar sem svara 4 med stéru keyrslunum og
tryggja ad peer gangi vel. Pessi undirbin-
ingsvinna krefst engra stérra keyrslna og
rdda HP t6lvurnar pvi vel vid hana.

Pruess nefnir { svorum sinum ad nokkrir
TOUGH notendur hafi préfad med gédum
drangri ad skipta um undirforrit sem sjd um
ad leysa jofnuhneppi { TOUGH (MA28) og
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sett { stadinn nytiskulegri undirforrit og tl-
ar hann ad senda OS upplysingar um slikar
breytingar. Lj6st er ad villan sem kom upp i
Theis- og Hvithfladeemunum stafar af galla
4 MA28 eda notkun hans { TOUGH og veeri
vafalaust til béta ad nota eitthvad annad i
stadinn. Pegar reynsla af TOUGH og
hermireikningum er ordin meiri 4 OS kem-
ur til greina ad préfa ad nota undirforrit dr
SPARSPAK (sem til er 4 OS) i pessum til-
gangi. Pad krefst hins vegar nokkurrar for-
ritunar.

TJ-90/02
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Reykjavik, 11.09.1990
Dear Dr. Pruess;

Thank you for your interest in looking at the problem
with TOUGH that I described to you on the phone yesterday.

I installed TOUGH last year based on the code we got from NESC.
In order to get the code to run on.our HP9000 computers

(32 bit machines with 64 bit representation of FORTRAN

double precision variables) I had to change all definitions

of REAL variables to DOUBLE PRECISION and make a few changes

in the format of output. I also inserted a routine for measuring
CPU time. Apart from this no (intentionall) code changes have
been made in the version of TOUGH which is used in most of

the examples below. This TOUGH version can handle up to 500
elements and 1000 connections. This is not enough for the
largest problems (TOUGH aborts with an error message if the
elements more than 500. TOUGH crashes in many cases, if the
elements are close to 500 or if the connections are close to
1000. I have found the reason for the crashes to be that an
index in a work array in ma28 goes out of bounds). I have
installed another version of TOUGH for the largest problems.
This version handles up to 1000 elements and 2000 connections.
Both versions agree on every problem where they can both be

run and they both use approximately the same amount of CPU time.

I have run all 6 sample problems from NESC successfully with both
versions of TOUGH getting execution times which are between 10 and 20
times longer than the execution time reported by NESC on a Cray X/MP.

I have noticed that some problems seem to be very tough for
our version of TOUGH. 1 am not sure whether this is because
of an error in our implementation of TOUGH, some limitation
in our computers or perhaps some problem with the ma28 software.

I have been testing TOUGH in order to shed some light on this
problem lately and I have simplified the input as much as possible
in order to isolate the cause. The output of the test below is
supposed to be similar ‘to the Theis solution which makes it
possible to compare the numerical results to an analytical solution.

The model grid has 100 radial blocks starting at radius 0.25m with

uniform radial thickness of 0.25m. The grid has 1, 2, 3, 4 og 5 layers

with uniform vertical thicknesses adjusted such that the the total

vertical thickness of the model is 1m. The initial pressure is 100 Bars

and the initial temperature is 25 degrees C. There is pumping of 0.01 kg/s
equally distributed among the innermost elements. The grid is generated

with your grid generator rz2d. Output is generated at 10,20, ... 100 seconds.

The input file for rz2d for the 1 layer model was the following:
Fedkdededkdkdkdd Rk kkkd beg i mi ng

radii

1

0.25

equid

50 0.25

layer

1

1.0

Je e v e e e e e e e e e e e e em

for the 2,3,4 and 5 layer models the last three lines were:
e dededrdedede dede ke e de e beg i nni ng

layer

2

0.5 0.5

e e e e e e e e e e e e ek
layer

3 .

0.3333333333d0 0.3333333333d0 0.3333333333d0
e e v v e e e v v v e e e e ok

layer

4

0.25 0.25 0.25 0.25
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e de de e de e e de ke dedede ke ke
layer

5

0.2 0.2 0.2 0.2 0.2

e e e ok e ¢ 3 e e e e e dede e erd
'

The input file for TOUGH for the 1 layer model was the following:
e v v e e e e e e e de e de e e beQ i nni ng

*THEI* Debugging of TOUGH

ROCKS
LAY 1 2650.0 0.05 1.0E-14 1.0E-14 1.0E-14 0.0 0.0
LAY 2 2650.0 0.05 1.0E-14 1.0E-14 1.0E-14 0.0 0.0
LAY 3 2650.0 0.05 1.0E-14 1.0E-14 1.0E-14 0.0 0.0
LAY 4 2650.0 0.05 1.0E-14 1.0E-14  1.0E-14 0.0 0.0
LAY 5 2650.0 0.05 1.0E-14 1.0E-14 1.0E-14 0.0 0.0
START
PARAM ;
00 10 O 0111111000000000000000000
0.0E+00  0.0E+00 10.0 AA
1.07 25.0 0.0

RPCAP

1 .5000E+00 .5000E+00 .1000E+01 .1000E+01

1 0 0 1

*kikikkkxx ELEME and COMME blocks from rz2d were inserted here ekeddkdkddededkdeodokoddkook
GENER
AA  1PRO 1 MASS -1.0E-2

INCON

ENDCY
Kkdkkkkkkkkkkk® and

for the 2,3,4 and 5 layer models the GENER data blocks were the following:

v e s e 7k e e e v v o e e e e beQ i nn i ng

GENER

AA  1PRO 1 MASS  -0.5E-2
BA 1PRO 2 MASS  -0.5E-2
Jededed ek deddkddede oo N

GENER

AA  1PRO 1 MASS -3.3333E-3
BA 1PRO 2 MASS -3.3333E-3
CA 1PRO 3 MASS -3.3333E-3
Fededekkdededdededkokdekk

GENER

AA  1PRO 1 MASS  -0.25E-2
BA 1PRO 2 MASS  -0.25E-2
CA 1PRO 3 MASS  -0.25E-2
DA 1PRO 4 MASS  -0.25E-2
dkkkdk Rk hkkkkkk

GENER

AA 1PRO 1 MASS -0.2E-2
BA 1PRO 2 MASS -0.2E-2
CA 1PRO 3 MASS -0.2E-2
DA 1PRO & MASS -0.2E-2
EA 1PRO 5 MASS -0.2E-2

ek dkedkkddkdedkdedkdkdd em

With the default value of 1.0e-5 of the convergence criterion RE1,

1 noticed that the changes are so slow that here is no change

in the output after the first 5 time steps. Therefore I lowered RE1
to 1.0e-7 and 1.0e-9. With the lower valued of RE1 the agreement wWith
the analytical Theis solution is good. The agreement is also good for
the default value of RE1 for the first 5 timesteps.

The CPU times required for 15 model runs for the 5 different number of
layers and 3 different values of RE1 are shown in the following table:

CPU time in seconds on HP9000:

# of # of # of REl= RE1= RE1=
layers elem conne 1.0e-5 1.0e-7 1.0e-9

1 100 99 27 28 51
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200 298 67 105 187
300 497 310 793 1265
400 696 750 2310 3038
500 895 1360 ~10000 15000

vmHwWwn

The number of iterations for the 10 timesteps was 2,2,2,4,2,1,1,1,1,1
for the 5 layer model with RE1=1.0e-5 and 4,5,4,3,5,4,4,4,6,4

for the 5 layer model with RE1=1.0e-9. The time step was never
reduced.

The output was identical for the different number of layers for

each of the values of RE1, which means that there is no flow between
the layers. However there is an incredible increase in the the CPU
when the number of layers is increased, especially for the lower
values of RE1 (the last run for RE1=1.0e-7 has not completed when

I send this mail to youl). :

I wonder whether this behavior may occur for the default value of
RE1=1.0e-5 for other more complex problems where we have observed
excessive CPU requirements.

It would be interesting to see if you see the same behavior on
your computer and also to have some comments from you on this
problem if you have some idea of a possible explanation.

I do not send any output. 1f you want some specific part of my
output 1 can e-mail it to you.

Sincerely,

Tomas Johannesson

National Energy Authority

Grensasvegi 9

108 Reykjavik, Iceland

e-mail address: tjdos.is
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From rhi.hi.is!Csa2.LBL.Gov!pruess Mon Sep 17 20:34 EDT 1990
Received: from rhi.hi.is with uucp; Mon, 17 Sep 90 20:34:34
Received: by os.is (smail2.5)
id AA06071; 17 Sep 90 20:34:34 EDT (Mon)
Received: from isgate.is
by rhi.hi.is ¢15.11/smail2.5/03-10-88); Tue, 18 Sep 90 00:21:01 gmt
Received: from [128.3.254.1971 by isgate.is (5.61++/smail2.5/03-30-89); Mon, 17 Sep 90 17:05:34 GMT
Date: Mon, 17 Sep 90 10:10:35 PDT
From: pruessaCsa2.LBL.Gov (Karsten Pruess)
Message-1d: <900917100919.2581046faCsa2.LBL.Gov>
Subject: TOUGH-Theis
To: tjdos.is
Status: RO

Dear Dr. Johannesson:

I received your email with the information on the Theis problem (you
apparently mailed this twice). I understand what the problem is, but have no
immediate idea of why it arises and what to do about it. I Will set the
problem up here and will get back to you after my test runs. - One question:
You mention that your model grid has 100 radial blocks, starting at r = 0.25 m,
with uniform increments of delta-r = 0.25 m; however, your RZ2D input file
shows 50 blocks of 0.5 m starting at r = 0.5 m. Perhaps you could clarify
this point.

We just had a two-day workshop on TOUGH last Thursday and Friday. Several
people reported major code speed-ups for 3-D problems from replacing MA28
With other solvers. Excessive computing time on a 2-D problem is something
new to me. 1 am curious to "see what I will see" when running your multi-
layer Theis problem.

Sincerely,

Karsten Pruess
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From rhi.hi.is!ICsal.LBL.Gov!pruess Sun Sep 30 14:25 GMT 1990
Received: from rhi.hi.is with uucp; Sun, 30 Sep 90 14:25:05
Received: by os.is (smail2.5)
id AA28753; 30 Sep 90 14:25:05 GMT (Sun)
Received: from isgate.is
by rhi.hi.is ¢15.11/smail2.5/03-10-88); Sun, 30 Sep 90 14:21:05 gmt
Received: from sunic.sunet.se by isgate.is (5.61++/smail2.5/03-30-89); Sun, 30 Sep 90 14:17:59 GMT
Received: from csal.lbl.gov by sunic.sunet.se (5.61+I1DA/KTH/LTH/1.159)
id AAsunic28786; Sun, 30 Sep 90 04:50:01 +0100
Date: sat, 29 Sep 90 20:48:39 PDT
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Berkeley, September 29, 1990
Dear Dr. Johannesson:

Thank you for your two emails of September 22nd and 24th. 1 have
in the meantime run the Theis problem you described on the Cray X-MP
computer that I normally use for simulations. I used RE1 = 1.e-9 and
ran the problem with either 1 or 4 layers. The 1 layer problem performs
without problem, CPU time is 3.223 seconds on the Cray. For the &4 layer
problem I find that TOUGH goes into a terrible agony. During iteration
on the first time step it obtains enormously large increments for certain
grid blocks, so that subsequently primary variables go out of bounds
in EOS, and time step is repeatedly reduced. After burning up 3 minutes
of CPU time it still had not completed two time steps, and I stopped
execution. :

It is my experience that the appearance of huge increments during
the Newton-Raphson iteration process is usually due to severe loss of
accuracy in the linear equation solution, because of near-cancellation
of almost equal numbers. Although I did not udig" into the details of
the Jacobian matrix, some pathological numerical properties might be
expected for the multi-layer problem with identical behavior in the
layers.

’

Following up on the suspicion that the problem is in loss of accuracy
in the linear equation solution, I made a small change in the input deck.
1 changed MOP(17) from 0 to 1, i.e., I selected the "no scaling" option
for the Jacobian matrix. ("Scaling" computes a set of multipliers for
each row and each colum of the Jacobian matrix, in such a way that the
range of non-zero numerical entries in the Jacobian is "compressed".)
With the choice MOP(17)=1, the 4-layer problem ran without difficulty,
taking a CPU time of 16.162 seconds for the 10 time steps.

I have never been able to figure out simple rules when scaling is
preferable and when it isn't. AlLL it does is change the numerical con-
ditioning of the matrix. Prior to "production runs" for a certain problem,
I usually run a few time steps both with and without scaling, and
then select whatever works best.

Under separate cover I will send you a set of extended abstracts of
the papers that were presented at the recent TOUGH workshop. Several
of them deal with improvements in the linear equation solution in TOUGH,
and you may wish to contact their authors directly for further infor-
mation or possible code exchange. 1 am not aware of anyone who has
tried SPARSPAK with TOUGH.

A final comment: The possible variety of two-phase nonisothermal flow
problems with water and air is very large. It has been my experience that
for any given problem, slight modifications in the choice of parameters
and options may produce significant gains in simulation efficiency and/
or accuracy. '

I hope you will find these comments helpful.

Sincerely,

Karsten Pruess



