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This paper discusses the use of tracers as a 
reservoir engineering tool i n  fractured geqthermal 
reservoirs. me principle concern i n  injecting 
cooler spent fluids into a fractured reservoir LS 
that the fluids may wvc through high pemabi l i ty  
ChaMelS and return to the production wells after 
contacting a relatively -11 wlumc of rock. ;As a 
consequence of this rapid transport, the fluids 
vi11 be only partially reheated and af ter  a short 
period of time vi11 effectively nihe the heat €corn 
the limited v o l ~  of rock. me production -11s 
vi11 then experience a rapid and premature 
reduction in  thecaul output. Tracers can be used 
to  infer the existence of high mobility conduits 
between injection and production wells and t o  
monitor chemical changes of an injected fluid. 
Since t r ace r  a r r iva l  precedes thermal break- 
through, tracer tes ts  are a very useful forccast- 
ing tool. - 

Research in to  the develgment a d  use of 
tracers in geothermal reservoirs has been spon- 
sored by thc u.S. kpartraent of Energy since 1981. 
Tracer researeti ip  Npport of this DOE: program has 
been conducted bit the university of Utah mesearch 
Insti tute , Stanford university and tht Idaho 
National D.rgineering Laboratory. Investigations 
include the development of high perforaance 
t r ace r s ,  the analysis oE t racer  f low through - ~ 

fractures and the interpretation of tracer return- 
profiles. p he status of these research efforts 
and discussion of plishments is 
presented. 

Use of common ter tracers i 
thermal fluids is inappropriate because of hi@ 

Der iva t i zed ns a re  a s of 
tracers that appear to be suitable for geothermal 
applications, derivatives chosen by WXI for 
liquid-phase tracing were a r m t i c  hydrocarbons 
w i t h  moieties of t r i f luormethylr ,  sulfonates,  
e t h y l s ,  fluorides or carboxyls. %he derivatives 
-sen for gas-phase tracing were the perfluor- 
inated alkanes. 'ihc tests for the liquid tracers 
consisted of she ccqmnds in  dis t i l led 
water under or oxygen at temperatures 
ranging fran 00%. A t  200%. 26 Of the 
39 liquid-tracer: candidates survived for one n e k t  
a t  2SO% 15 survived. The mst stable compcx& 
=re the sulfonates, methylates and cartmxylates. 
The perf luorinated liquid-phase tracers decayed 
campletely a t  a l l  tuaperatures tested. 

The WURI gas-phase t racer  research has 
proceeded through the phases of i n i t i a l  experi- 

halide backgrouods instabfl i t  

mental design and tracer candidate selection to  
some i n i t i a l  hydrothermal tests. h e  perfluor- 
ha ted  shortrehain alkanes have been chosen for 
the i n i t i a l  tests. *is testing is current ly  
underway. 

Interpretation of tracer return profiles can 
indicate the speed of Dvnrewnt of the injected 
fluids through the reservoir and preferential flow 
between specific injection ud production wells. 
AMlysis of tracer transport is complicated by the 
fractured 'nature of nsny geothermal reservoirs. . 
Standard reservoir engineering techniques can be 
used to evaluate pressure distributions and the 
effects of production and injection on a reservoir 
scale. Kowever, the  f l a r  of injected f l u i d s .  
through high nobility channels in  a reservoir and 
the evaluation of heat transfer and geochemical 
interactions along these channels requires more 
detailed investigation. 

Severa l  models have been developed a t  
Stanford specif ical ly  to in te rpre t  geothermal 
t r ace r  t e s t s  in fractured reservoirs. ?hese 
uodels have k e n  verified by experimental tracer 
tes t s  conducted vith a x e  samples. me benefit  of 
these t e s t s  is t h a t  the experiements can be 
closely controlled and reservoir parameters can be 
raeasured directly. Tests 6 t h  unfractured core 
samples were used to confirm the re l iabi l i ty  of 
1abtaratary.proctdures. data collection, and data 
analysis  methods. fractured core tests e r e  
designed to emulate geotheml reservoirs  like 
Wairakei tn uMch mtrix permeability i s  respa- 
slble for only a small percentage of the total 
flow. The results of these tes t s  vere quite 
different frcrm the unfractured core tests. he 
s imi l a r i t y  between the laboratory results and 
tracer test data frem Wairakei indicate that the 
ewpcrinrntkipptopriately represent t ie ld  condi- 
tions. Use of thc Uatrix Diffusion model was 
found t o  provide 

experiments uas to verify the abi l i ty  of .tracer 
models t o  estimate fracture aperture. The 
aperture estimates vere compared t o  physical 
obsenraticns of the fracture cast. Differences 
between thc observed mean aperture of Me core ud 
the  estimated apertures are due to the models' 
assumption that a unffcrcn fracture aperture exists 
throughout the core to tracer adsorption a t  
low flow rates. 

Recent studies a t  I N ~  on the nature of flow 
and tracer transport through fractured media have 
made simulation of colnplexly frectured reservoirs 
feasible. hro techniques have been developed as  
the  b a s i s  f o r  t h e r e  inves t iga t ions :  dua l  
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permeability nodelling and fluid front tracking. 
The dual peraeability model, TRACSL, allovt 
simulation of flov, tracer transport and hest 
transfer in discrete fractures and the permeable 
reservoir reitrix. Particle tracking allows the 
fluid/trrcer front to be tracked, in addition to 
the pressure front in a reservoir. 

Laboratory d e l  studies of f ractures and 
m t r i x  systems have &en used by I N U  to identify 
the inportant physical processes which affect 
fluid and tracer flov. These studies have alto 
been used t o  validate numerical simulation 
techniques and to conduct sensitivity studies. 
The relationship of thermal breakthrough forecasts 
to detailed ft8CtUre system characteristics and to 
the interaction of fluid and tracers between 
fractures and the aatrix has been investigated. 
Critical elements of fracture flov and tracer 
transport have been identified and incorporated 
into rmwrical aobtlr. M agreement between 
tracer transport in a complex fractured reservoir 
and dual permeability simulations has been 
achieved. r)K relationship between the rate of 
advance of the thermal front and channeling in a 
restcvoir has been demonstrated. 
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Reinjection of field and p M r  station vaste 
hot water is the most important problem facing 
the geothermal reservoir engineer. Reinjection is 
necessary in all but a fev grotherset1 develop- 
ments as a means of vaste vater disposal. 
Geothermal wells i n  liquid-daninated geothermal 
fields prcduce a mixture of steam and water under 
turbine inlet conditions, and the water arrt be 
separated and disposed of since only steam i s  
useful in the turbine. Vapor-Qarfnated reservoirs 

- product ne vater at the wellhead, and therefore 
have only pocctr-station condensate to dispose of. 
Geothcraral rrater can rarely & discharged into 
surface vater conduits, since it is at high 
temperature and also contains dissolved materials 
(principally silica but frequently trace amarrnts 
of dangerous heavy metals, such as arsenic and 
mercury). The thermal and chemical pollution 
resulting from surface discharge wuld be 
unacceptable in most cases. pouer-station conden- 
sate is practically free of chemical pollutants 
but is still rbwe aJcbient tenperature. 

At the present t h e  reinjection is the m s t  
readily available alternative to surface dis- 
posal. Despite its widespread use in the 
geothermally-generated electric p e r  industry, 
reinjection is still subject to some serious 
engineering difficulties. lhtse probltnrs have 
become evident as the gcOtherMl industry has 
atcmarlated reinjection experience in an increas- 

. in9 mni$c r of fields. h&er, &'-seriousness of 
these diffinrlties has only been fully appreciated 
since the early 1980s. 

Reinjection may also be useful as a aeans of 
Providing pressure maintenance and enhancing 
recovery W extracting heat left in the reservoir. 
fawwements in productivity as result of 
reinjection have, for example, k e n  observed at 
Otake (I*tbOta and Aosaki, 1975). unfortunately 

reinjection can also have detrimental effects. AS 
the thermal energy in the rocks along the reinjec- 
tion path becanes depleted, the enthalpy of the 
water arriving at the production wells can drop. 
Such possible production losses are the rort 
serious problem associated with injection. In 
hlghly fractured reservoirs this phenomenon can 
happen quite early in the l i f e  of the pover- 
station. and is therefore a cause for serious 
concern. Ullfortwtely, aany geothermal f ields 
are in highly faulted and fractured volcanic 
rocks, and reinjected water a w e s  through the 

a matter of m l y  a few houcs. Such rapid reinjec- 
tion ptrforwmce was hitherto unexpected. & a 
result, several geothermal fields have experienced 
a loss in production due to tturnral interference 
caused by reinjection (Horne, 1982). The problem 
faced by the reservoir engineer is to quantify the 
probable interference potential in a particular 
field and design a devclopaent scheme accordingly. 

Tracers are particularly useful for the 
recognition and analysis of the rapid transport of 
reinjected fluid through fractures. When reinjec- 
tion first kgins, the reinjected vater (carrying 
the tracers) i s  reheated by the time it reaches 
the production wells. fhus  the arrival of a 
tracer front precedes the arrival of the subse- 
quent thermal front, and is therefore a useful 
forecasting tool. 

When the reinjection technology rescar& 
program was initiated by the us. &parmerit of 
Energy in 1981, there was capparatively little 
experience in the use of tracers in fractured 
reservoirs. %bere vas a l m  only a small .aorart of 
experience in thc use of tracers in the high 
temperature qeotherraal emrirmumt. mis paper 
nnamarizes progress to date in three- areas of 
research associated vith the use .of tracers in 
fractured geothermal rectrvoirc. These three 
areas are: the development of more reliable. 
hiqhec detectability tracers for high ttolperaturt 
geotheraal Use; the mechanisms of tracer flou 
through fractuces and fracture junctions; the 
interpretation of tracer return profiles, 
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totmations vith astonishinq rapidity, swtimes in 1 

nueERDEveroerrerr 
(University of Utah Research Institute) 

The tracers currently in use in high-tempera- 
ture environments fall into three major categor- 
ies: 1) radioactive isotopes; 2) salts of iodide, 
bromide, and chloride; ud 3) organic dyes. Each *' 
of these clascer of trrcecs has significant 
limitations. Radioactive Ssotop tracers such as 

i 3~ and 3 6 ~ 1  ruzt not used because they are 
natural-process tracers and vi11 confuse inter- 
pretation of the unexploited state of the system. 
In addition, the half-life of the tracer auSt k 
chosen such that errors fram decay corrections are 
not large. rnrthermre, because of the toxicity 
of the radioactive tracers special precautia 
mst be taken in their use. lodidc-131, despite 
being one a€ the more toxic radionuclides, has 
been used in the injection tests at the Wirakei 
and 8roadlands geothermal fields. The salt 
tracers are limited by the high halide bsckgrarnd 



i n  mny 9eotherm1 systems. and must k used i n  
large quantities for 
nigh conqntrations o 
of the injected soluti 
of the results wrc difficult. 

rn additional l i d t a t ion  
used tracers is their lack of diversity. vhich 
res t r ic t s  the numbrr of vells that can 
ually nonitore& i n  a producing field. 
9eother1~1 fields where many injection wells are 
in  use, i t  is not yet possible to  trace rimrl- 
taneoucly the nrrvcnrnt of fluid from a l l  of the 
injection -11s. Sequential tests using the same 
tracers run the risk of contaminating the reser- 
voi r  with the tracers, &ich lcners the credi- 
b i l i t y  of any interpretation. 

Xydrocarbons and their  derivatives are a new 
class of trIcers CWN king tested that my neet 
a l l  of the requirements of the ideal tracer. 
including the requirement of diversity.  The 
hydrocarbons that ycre selected for testing are 
variations of aryl acids. or short-chain organic 
ac ids  bttached t o -  a fora of benzene. mere 
compounds have been tested or used as  qrounhwatec 
tracers because they possess many of the  charac- 
teristics of ideal tracers. they are negative 
ions a t  the pHs observed i n  natural vaters and are 
therefore expected to be non-sorbing. fhey are 
1- in toxicity, especially a t  trace concentra- 
tions, b d  are available as a large suite of 
similar species. 

FIGURE 1 
Chemical names and structures of 

hydrocarbon der iva tives being te r  ted . * 

I 
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hame Selectiar 

At the inception of our pCOgCMI' relatively 
little vas known about the high*tcmperature 
khavior of derivatized hydrocarbons Or of the 
organic dyes, fluorescein and rhodamine nut, 
the first step in our research program vas to test 
a large number of capcwdr for sirrple therm1 
stability. mC ampounds selected foc study can 
be divided into five 9raups on the basis of their 
canporitions. hc nuno- and difluorinated benzoic 
and phenylactic acids (Pig. 1, A-CI.1 are resis- 
tant to bacterial decay and have been used as 
grorndvater tracers. hc degree of resistance is 
proportional to the mount of fluorine substi- 
tution. The trifluoromethylated benzoic and 
phenylacetic acids (Fig. 1, N-U) w r e  selected 
because they are readily detectable using a high 
pressure liquid chromatograph (HPLC) and an 
electron capture detector. The sulfonated 
benzenes (Pig. 1, V-Y) are highly acidic and have 
a high mleculac weight. which wkes t h e m  the most 
soluble in the liquid phase. h i s  makes them 
priae candidates as tracers for tht liquid phase 
in tuo-phase reservoirs. The methylated and 
carboxylated benzoic acids (Fig. 1, =-mi while 
not as soluble as the other canpounds were chosen 
for testing because they can be readily syn- 
thesized. The fifth group, (Fig. 1, 2-66] are 
completely fluorinated analogues of Lhe other 
groups. mese caapaundr ace Eaapletely protected 
from bacterial degradation ud have been used in 
~omc harsh groundvater cmrircrrments vith success. 

Tracers vith high volatilities will be 
required for use in vapor-dominated systems. 
Potential gas tracers include the perfluorinated 
short-chain alkanes. m r d  this end, prfluor- 
inatcd methane vas selected to calibrate the 
experimental techniques and equipacnt required for 
testing of gas tracers. 

Experimental Procedures 

The experinental runs vert designed to 
prodwe a rapid evaluation of thc t h e m 1  stabil- 
ities of these capunds. In the initial set of 
experiments five growxbter tracers were teste6 
at 125% and 150% to determine if any were 
the-lly stable at even &rate tezqeraturet. 
mse were tested in the presence of. M atnos- 
phcric as w e l l  as a nitrogen gas phase. Used on 
the success of these experiments, discussed blew, 
34 other conpmis were added on to the next set 
of expcriaents, which e r e  nm at 25OOc. mC 
250OC crpriacnts e r e  also run vith M a m s -  
phcric or nitrogen gas phase. subsequent expri- 
scnts =re nm in the presenee of only a nitrogen 
gas phase because of the rapid decay of the 
coaparndd in oxygen. 

The experiments at 125% ud 1SPC were run 
for one veek each. Langer tern runs have been 
performed at 200%, 250%, and 30OOc. Five of the 
ColPpoMdr initially selected were deleted from 
these e*periaents because it was felt that 
degradation products from their rapid decay were 
interfering with identification of the tracers 
during analysis. rtrese coupnu& were the penta- 
flu0 robenzoic, penta f luoroknrenesul f onic , p- 

( t r i f luorome thy1 )phenylace t ic , 3,s- bi s ( t r i - 
f lwramtthyl )phenylacetic. ud 2.6-difluorobentoic 
acids. 

Five experimental reaction vessels were put 
into operation during 1985. These vessels are 
housed at the University of Utah's Department of 
nctallurgy, me is capable of curtaining temper- 
atures up to 350%. Ihe w e  of multiple reaction 
vessels maker it possible to prfora experiments 
of relatively long duration on several different 
tracers or under different conditions simul- 
taneously. 

At. the beginning of each experiment, 30 ml 
aliquots of the solutions containing the tracers 
ace encapsulated in sealed quartz tubes. hc 
solutions consisted of either distilled watei or 
tart neca geotherml brine. utiich has a total 
dissolved solids content of approximately 5000 
ppm. The ampules are sealed in M oxymcthane 
flame. Approximately tu0 al of the MIplle are 
occupied by a gas phase during each experimental 
m. I h e  gas phases used for these experiments 
are etther pure nitrogen or ambient atmosphere 
(abut 20 volume 1 oxygen). mC solutions in the 

. experimental cwas vith nitrogen as the gas mse 
are p-rged vith nitrogen gas in the ampule for up 
to two hours. During sealing. the neck of the  
mpuld is aspirated to prevent oxygen contamina- 
tion from the o~ynrthane flame. oxygen concentra- 
tions Vtre rrasured for several solutions, and 
these-weraged 6.9 p p  0 2  in the atmosphere- 
equilibrated solutions, and from .27 to .OS pgm in 
the nitrogen-equilibrated solutions. depending on 

Several cxperiwnts e r e  run on the stability 
of fluorescein in the prtsence of altered rack. 
In these experiments, fluorescein vas a l l 4  to 
react vith altered quartz diorite at 250% for 112 
hours. Rackbmter night ratios of 0.0. 0.01, 
0.20, and 0.67 were wed. The mineral assemblage 
consirted of quartz. illite. chlorite, and 
epidote. This assemblage is typical of a felsic 
intrusive rock subjected to hydrothenaal altera- 
tion at 2000-250%. Adsorbed acygen vas reawved 
fraa the rocks prior to tmersion in the tracer 
solution. lhis was accanplished by M c e  boiling 
the rock in distilled vater un&r nitrogen until 
dry, and then .Ming the tracer solution. Ihe 
tracer solution was alto purged vith nitrogen 
before and after it vas added to the expericental 
vial. 

the pr'rge ti=. 

c 

-&xperimental vork on gas tracers has 
required the fabrication of sample vials that can 
be filled and evacuated without atmospheric 
cartadnation. -le vials that can be scaled 
under positive pressure and broken under vacuum 
have k e n  designed and fabricated for this work. 

1, 

hmlytic methods 

-lysis of hydrocarbon concentrations dam 
to 20 ppb can be achieved by direct injection of 
up to 0.2 al of sample into a high pressure liquid 
chromatograph. Q1-column enrichment techniques 
can k utilized to lover detection limits if 
needed (Stettenbach et a1.. 1982). Tor hi@ 



. pressure liquid .chromatograph analysis of the 
benzoic acids, the eluent buffer was prepared b~ 
adding sufficient phospho ti4 to reduce the W 
t o  1.9 with ace ton i t r i  ddcd i n  the 17-4St 
range. for analysis of k nesulfonic rcids, Cn 
ion-pairing reagent was added (tetrabutyl Mmoniun 
phosphate) and the pH adjusted to 6.0. A polper- 
based colum was used because it is more CeSiStant 
l o  degradation than silica-based resins. Detec- 
t ion was by W absorption a t  200-205 NO. Nuore- 
Scein was analyzed using a colorimeter and a 
fluorometer fo r  high and low concentrations, 
respectively. 

nultiple determinations were performed on 
each sample t o  e s t a b l i s h  ana ly t i c  e r r o r s .  
Standatd deviations vert calculated and ranged 
from 0.0 to  3.21, averaging 0.941. Recovery 
precision for these in i t i a l  studies has tentative- 
l y  been established a t  +/-IS\, a standard preci- 
sion for  chr 

' %e experiw 
of the organic CanpOMds tested as tracers can be 

- used i n  d e r a t e  to high temprature geothermal 
reservoirs. Of the 39 orgahic cwporrnds tested, 
26 have &en shorn to be stable for four veeks a t  
2UOOC and 15 for ttJ0 srceks a t  250%. The numkr 
of ccrnporrnds stable in  each of the groups tested 

-is s h  in Table 1. mC mechanisms responsible 
for the degradation of these tracers 
by Adarns e t  81. (13e6).  The 

,cxperilacnts conducted a t  300% are presently being 
interpreted. Our preliminary resul ts  indicate  - tha t  only a few of the coarpatndh tested are stable - a t  these te-ratures ud that additional research 
w i l l  be neided t o  develop tracers for use a t  
300% 

1 

24 I5 

OXYGEN SENSITIVITY 
itof-[ n~ . l l?Mul  xEy 

_ _  
Tempctiiure 

rIwm z 
rature for f ive  hydrocarbon 

derivatives in the presence of atrrospheric oxygen. 
See Pigure 1 for chemical namcs. 

Significantly. a11 of the canpaMds tested 
shaved high rates of reaction i n  the presence of 
laofemlar: w e n .  .Figure 1 rhovt the concentra- 
tions of five representative cupxnds af ter  king 
heated in  the presence of atmospheric oxygen for 
approxilaately ont wek. I t  is obvious from this 
figure that the concentration of oxygen in the 
injected fluid w i l l  have t o  k considered in any 
f ie ld  tracer test Over 1SOOc. To our knowledge. 
however, a l l  inject ion processes attempt t o  
exclude w e n  in order to avoid precipitation and 
to protect the well casing. 

The tecovtry ratios for f luo r t r c t in  i n  
experiments with quartz-diorite ranged frm 0.89 
to 0.86. These r e m e r y  r a t i9  are i&nt$cal to- 
those obtained-in bntrirl' experiments that did not 
involve rock. mC 101 loss is thought to result 

-- 

from residual oxygen i n  the autoclave' equipment. 
These experiments indicate that adsorption a t  high 
temperatures is not a s ign i f icant  factor  i n  
controlling the behavior of fluorescein. 

tluorescein tms also tested at  300%. A t  
this temperatuft fluorescein decays rapidly with a 

tion is f i r s t  

have conducted to date has 
the potential of derivatized 
e m 1  tracers in  lau-salinity 

peothecmal fluids.  while a larqe nuarber of 
caapaunds appear to be stable up to tempcraturer 
of 2SooC. and are thus suitable for mst geother- 

=LE 1 mal systems. addi t ional  experimentat ion is 
required t o  develop tracers for use in higher- 
temperature emrirorrnrents. rtK testing of addi- 
tional tracers will be init iated af ter  analysis of 
the recently conducted experiments is completed. 



h l t h g h  low to  dera te -sa l in i ty  brines do 
not appear t o  affect the stabil i ty of the hydro- 
carbons,  preliminary data suggest tha t  the 
analysis of the tracers nay be adversely affected 
by hypersaline brines typical of the Salton Sea 
g e o t h e r ~ l  field. Laboratory experinents designed 
t o  es tabl ish these e f fec ts  a re  planned. In 
addition. the effects of rock-tracer LnteractionS 
r equ i r e  evaluation. toss of t racer  due t o  
adsorption is not anticipated to k t ignificmt,  
but  aus t  be tested. A variety of rock types 
camonly found in geothermal systems vi11 be 
tested to document any possible interactions. 

f ield testing and developnnt of appropriate 
handlinu. DreSeCVation. and in9ectiar techniques 
for the' l ihid tracers are rcqucrcd. Because &St 
of the fluorinated tracer6, which are resistant to 
bacterial degradation, did not prove to be Stable 
in the geothernal enviraruwnt, biodegradation Of 
the tracers tetwen the rampling point and the 
laboratory aay be a problem. Potential preserva- 
tion techniques include the addition of acid. 
base, or bactericides. lhe suitabil i ty of these 
methods requires investigation. 

The perfluorinated short-chain alkanes hold 
particular promise as  gas-phase tracers. Mi- 
tianal experiments are required t o  establish the 
s tab i l i ty  of ,these tracers to temperatures of a t  
b a s t  250%. 

nK development of tracers Lhat vi11 parti- 
t ion into both the l iquid and vapor phase is 
r equ i r ed  f o r  two-phase -geothermal systems. 
sheraobynarpic data on liquid-vapor d is t r ibu t ion  
coefficients of organic compaadt a t  geothe-1 
teapcratures is ladring. suitable experimental 
techniques remain to be developed and tested 
before the necessary data can k obtained. 

A l l  of the liquid hydrocarbon colnpounds being 
investigated are w e l l  suited for on-site analysis 
using standard techniques on a high pressure 
l i qu id  chromatograph. Appropriate sampling 
ethodr for high-teaperature fluids au t  S t i l l  k 
developd. Additional rapid Md simple actha is  
designed to screen for the presence of hydrocarbon 
tracers also require investigation. 

usItrsIs GP lllw 
(Stanford Miversity) 

In  order to. quantitatively interpret tracer 
tests, a reservoir flow d l  ir required to adel  
the atchaniMs antrol l ing tracer transport. Due 
to  the  extensive fracturing cccuring i n  wny 
geothe-1 resewoirs. conventional convection/ 
dispersion models for flow i n  uniform porous Pedia 
were not considered applicable. r i e l d  test 
resul ts  =re also far different than those seen 
before in nore unifordy porous reservoirs. % b s e  
test results confirmed thc need for a d e l  vhich 
considers the extreme contrast betuten fracture 
ud aatrix properties in  these reservoirs. 

In response to this  need, several models have 
been developed a t  Stanford spec i f i ca l ly  t o  
interpret  these tracer tests. Generally, these 
models re la te  the test response to f rac ture  

aperture and tracer dispersivity. Mwever, some 
of the d e l  parameters are difficult  to reasure 
and when matching f ie ld  tests, the accuracy i n  
predicting reservoir properties cannot be veri- 
fied. This uncertainty turns Out  to  be cr i t ical  
in any fur ther  quant i ta t ive predictions. €or 
example, therm1 breakthrough calculations arc  
extremely sensitive to  the fracture vidth used in 
forecast -1s. This indicates the importance of 
assessing the models bCCUCaCy in estimating 
fracture properties. 

TO validate the accuracy of the tracer d e l .  
a tes t  must be conducted where reservoir charac- 
ter is t ics  are knovn precisely. l h e  heterogeneity 
and uncertainty found in nature mkes field scale 
ver i f icat ion of the tracer flow models iuiprac- 
tical. However, the d e l s  can k verified by 
cxperimental tracer tests conducted in a closely 
controlled, laboratory environment &re reservoir 
paraneterr can be directly measured on the core 
sample. flori d e l s  verified in  this my can then 
be applied. t o  interpret  f ie ld  tests, generating 
reliable reservoir property estimates for use in  
t h e m 1  breakthrough calculations. 

Thus, the objectives of the uork carried out 
vece divided into five tasks, namely; (1) avelop  
experimental techniques to simulate field tracer 
tests i n  a laboratory environmmt, (2) Conduct 
tracer tests on fractured cores, (3) halyze test 
resu l t s  v i t h  analytical mbdtls to evaluate the 
models abi l i ty  to match experimental results, ( 4 )  
Ueasure core properties and.carrpare vith d e l  
cstiaates from d e l  match parameters, and (5) 
W i r y  existing models -or propose new ones t o  
accurately estimate cote properties frcm t r ace r  
test results. 

Several experiments vith an mfractured core 
were caducted f i r s t .  mC unfractured core tracer 
response is w e l l  knovn and thus it served as a 
test of the experinrntal procedures and t r ace r  
detection techniques euployed. me tests also 
provided an estimate of rock permeability to  
distilled uater vhen ful ly  saturated vi th  water 
and a method of determining the tubing volume 
between t h e  measurement electrodes.  After  
evaluating the t e s t i n g  procedures using t h e  
wfractured samples, fractured cores e r e  tested 
next. The fractured core tracer respnse, which 
is not as vel1 turavn as the response of unfrac- 
tured samples, could then be determined v i t h  
confidence. Potassium iodide was used as the 
tracer i n  these tests. 

unfracturcd Core sanpler 

The unfractured core tests vere conducted 
v i t h  the  o r i g i n a l  d i s t i l l e d  water pump and 
pressurized tracer vessel which PuLrkarp ( 1985) 
had used. The core permeability war calculated 
from Darcy's lau. where 

(1) L & =  14.7 - 
A P i -  P. 

I 

v 
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as 13.6 cC. The 11 CC core pore volume is then 
subtracted from the 13.6 cc used to s h i f t  the tes t  
data so the peak coincides with a pore volume of 
one. %is leaves 2.6 cc for the tubing volume 

vhere 

> t I core katth cm 
t 

pi t core in lrr  pressure psin 

p. t ewe e& pressure psin 0 
0 

h Average permeability ws found to  be 13 ad 
w i t h  good agreement between a l l  the cases. %e 
equivalent slug tes t  responses for four of these 
cases arc plotted in  rigure 3. &e data is 
plotted on a pore wlum basis to allow for a 

t ime  scale. AS the plots shov, the curves are 
almost symntrical and effectively collapse to one 
mrve indicating that the response is independent 
of flow velocity. In this plot the tyamctrical 

direct  comparison of results on a dimensionless 0 

1 r: 
PV's Injected 

0 
tracer concentritiar profile- r e f l ec t s  -a cOmmOn 

porous wdia. %is property is reflected i n  the 
dimensionless dispersion coefficient, the Peclet 
mupkr. 

1 property of dispersion of ten fowd for uniform ' FIiXlFE3 

Pore volume p h t s  for wfractured core tests. 
(-)4 cc&n (+)-4 e-n t.l-7.6 cc/hrSn (t)-0.5 

which agrees vel1 w i t h  calculat ions made from 

Fractured Core ~ s t s  

P, = &naio&sx rcckt umber The i n i t i a l  f r ac tu red  core t e r t r  were 
conducted with r n  80-100 mesh sand as a fracture 
proppant. kolrnac of proppant was deliberately 

Kc kept as m a l l  as possible to.ainimize any flow 
rcstrictiars within the fracture. Unfortunately 
t h i s  proppant was only partially effective in 
keeping the fracture open. 'Ihc equivalent slug 
t e s t  response for this core (Figure 4 ttle 
response indicative of tuo flaw paths. 

I t  has generally k e n  obsenred for poreus 
d i a  t h a t  the medium dispersion toe f f i c i en t  %is is probably the separate response of the 
increases linearly vith flow velocity ond can k fracture and core matrix. A total  flow t a t t  ot 
calplated ignoring molecular diffusiar effects. 4.6 a l /h in  was measured a t  a 185 psi pressure 
Zhus, the ratio of the dispersion coefficient to drop. This indicates that the total core perar- 
the flov velocity, termed the medim dispersivfty, ab i l i t y  has k e n  enhanced froa 13 to only 20 al. 
is a constant for a uniforn porous Redim. this mtrix flow a t  this pressure drop is calculated to 
constant redia dispersivity has been o b s e d  to be 3.0 ec#n leaving 1.S as fracture flow. 
remove flow velocity as a system variable uhe %is degree of matrix flow agrees with the tvo 
tes t  results are displayed in  dimensionless fo peak concentration profile where the low storage 
The experimental data from this study exhibits fracture respondh f i r s t  and the amtrix l a t e r .  

Although these results are interesting, the core 
is obviatrly not representative ef flaw in aost 
geothermal reservoirs. For example, a t  Uairakei 
matrix permeability i s  responsible fo r  only a 
-11 percentage of total flow directly into wells 

ihc wfractured test results were further and fractures are the duninant flow corridors.  
examined to obtain a direct measurement of the This tvpe of system could be better cuulated i f  
tubing volume between the i n l e t  and o u t l e t  the fracture $ize (and thw permeability) were 
electrodes. The slug rcapozuie in Figure 3 should increased rubstantially so thc flaw through the 
reach a peak value a t  a pore volume of one. 
v o l w  used in generating these plots, correspond- 
ing t o  both pore and tubing v o l e ,  can k treated 
as a variable to adjust the x-axis. By sh i f t i ng  
this curve slightly to the right, the correct 
combined core and tubing volrnne can be estisated 

- c-n 
me Peclet mrmber is defined as 

4 equipnnt draviags. 
r l  (2) 

P.=- 

uhe re c 

0, = parous .radio &perah C0rll;cirnr - e' 

rrjroww&city 2% uc 
l=*h@ c*( 

e .. 
core aratrix is negligible. 
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F i r s t  fractured core tes t  with 
both fracture and matrix response. 

In general, the resolution of the data was 
good. Repeat t e s t s  were conducted a t  s imihr  
flowrates and near identical results were obser- 
ved. indicating the repeatability of the test. 
Test revecslbility was evaluated by conparing the 
step up and step down data in Figures 5 through 
10. Althoogh the cum shape and peak values are 
r ini lar ,  the plots are not mirror inages of each 
other. This suggests some hysteresis  in the  
tracer transport mechanism. ttouever, the remain- 
der of the analyses in this report centered on the 
reservoir equivalent slug test data (the 'step up" 
slug tes t s )  and the reverse test results arc l e f t  
as a subject for further study. 

me results of the fractured core slug tests 
are significantly different than those obtained on 
the unfractured core. me slug tes t  r e s p s e ,  the 
highest resolution plot, chows a great degree of 
asymnetry, similar t o  the f ie ld  results observed 
in  Wairakei. '%ere responses show the tame early 
steep rise and late t i m e  mtai ls"  characterist ic 
of the f i e l d  test  responses. The similarity 
ktween the labOrat0Cy and f i e l d  t e s t  r e s u l t s  
indicates that  the experixental geometry adequate- 
ly  emulates resenroir conditions. It vas there- 
fore considered justifiable to begin quantitative 
amlysis  of the experimental results. 

To increase the fracture width, a 20-40 rwsh 
sand was chosen as proppant ond inserted l i k r a l k y  
i n  a m fractured core sample. ctily one layer of ..- . - . proppant was inserted i n t i  the fricture i s  two 
layers would be unstable under averhurden pres- 
sure. me in i t ia l  flow tests using this nev core 
indicated that the larger proppsnt was effective. 
fhc fracture totally dominated the flow thcough & 

the core and calculated average permeability 
increased to 7800 ad. Mtrir flow was estimated 
a t  only 0.1% of the t o t a l  flow. The t r ace r  
response p ro f i l e s  l a t e r  confirred the lack -& 
aa t r ix  f lau a s  no secondary laatrix p l s e  vas seen 
i n  the core effluent tracer carcentration curves. 
This sample was subsequently used in  a11 fractured 
core tests. ' ' _  

As examples of the tracer amcentration data 
handlinq procedures, the entire suite of tracer 

shown in  Figures 5 through 10. h i s  includes 
the actual measured voltage data, the correspond- . ing tracer coruentratiar profiles and a l s o  the  
equivalent s lug test  response. The voltage FIaJRE S 
responses reasurd  during the step change injec- 
t ion tes t s  €or both the 'step up' a d  'step doun' 
tests are in Figures 5 ud 8, respectively. 5hc 
" s t e p  up' re fe rs  t o  the s tabi l ized flow of  a a dis t i l l ed  water as the backgcarnd fluid folloved 
by a switch to  tracer solution. mir case is 
representative of a continuous injection test i n  
an actual  reservoir. The -step dawn' is the 
reverse case retultinq uhen €1- of tracer as the 
background fluid is follow3 by a change back to 

and 8 w s  then used to comnrt to tracer coneen- aa 
concentrations are  in response to  cont inuws 
tracer injection and they were differentiated to 
yield the equivalent sluq test responses s h  in 
Figures 7 and 10. h i s  entire series of plots was 

shavn here i n  Lhe interest of brevity. 
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w i v a l e n t  slug tes t  for step davn*at 3.7 al/ioin. 
any further analysis of the data vas 

possible. it vas necessary t o  adjust  the time 
datum of the measured response to reflect the - n actual t i m e  of tracer entry into the core. I t  is 

- .  ilaportant t o  note the time scale for tigurcs 5 
through 10 reflects the s t a r t  of the data collec- 
tion clock and it is K7p time measured fram vhen 
the tracer entered the core. Thus, a sh i f t  of 

f 3  time datum by 20-200 seconds MS required depend- 
d L -  ing on the flw rate. %is t ime  datum correction 
u was estimated using the inlet  electrode response 
aJ as  follaws: 

0) 

k %, 4' 

P 

v, t, I tb + - G I -  
2 f 

dcnlated iinc &mm wtreuion UCI 

d M e r  e&crr& fua woccr &t rtnr MU l'iiiic (sccs) 
nClURE 8 

Voltage profile for s tep dovn a t  3.7 d M n .  

This time datum correctton then subtracted 
n 

E IOU 
from the measured t i e s  correcting the plots to a 
true time scale. 

8 f  6 W k I  &Ct?O& &?a 

for developing 
pore volaxne plots and i n  d e l  analyses. In fact. 
model analyses vera found to  be sensitive to  the 
actual test s t a r t  time and the sh i f t  parameter vas 
often used a s  a system variable. 



Results 

One of the objectives of the study was t o  
v e r i f y  the accuracy of the tracer model in  
estimating fracture aperture. h r e e  estimates of 
the Icacture aperture were made during the course 
of this work.  Fracture permeability calculations 
wrc made using the follaving cubic fracture flav 
equation: 

rtre results of these calculations provided an 
estimate of the fracture aperture (0.012 a). CJI 
estimate of the f r ac tu re  aperture was a l s o  
avai lable  from physical observations of the 
fracture cast. nae fracture cast, created with 
epoxy resin, indicated a mean aperture of 0.08 CA. 
finally, the tracer d e l  match parameters were 
used to  obtain tvo fracture aperture estiuntcs. 
Fracture aperture estimated fran the breakthrough 
time was 0.025 CUI, with an 85% standard deviation. 
Using both ratch p ramte r s .  an average aperture 
of 0.047 an vith a 45 % standard deviation in the 
data vas calculated. the differences between the 
estimates and the variation in the tracer model 
estimates can be explained by comparing the 
physical conditions of the tes ts  to  the assump- 
tiom inherent in the ecdels used to evaluate the 
f rrcture aperture. 

The aperture estimate determined using €1- 
rate and pressure drop ocasurcments i n  the cubic 
fracture aperture quatian asstares that a uniform 
fracture exists thratghout the core. Xn reality. 
proppant within -the fracture creates substantial 
restrictions irapcding flau. It is not surprising, 
then, that a lovcr value is predicted using this 
sisple cquation. %e equation d d  be adjusted 
to account for the fracture proppant by modifying 
the flov area to reflect this  flav restriction. 
This roughly works ou t  t o  a 25% increase in  
fracture aperture for a 50% reduction i n  flow 
area. Using this order of magnitude approximation 
and the visual observation that as .udr as 8040% 
of the fracture area is blocked by sand grains in  
the epoxy cast. a fracture apexture on the order 
of 0.05 an is more l ikely.  Another unknuun, 
influencing Lhe fracture penreability ertiaate of 
fracture aperture, is the pressure drop in the 
laboratory flav system. %e lw pressure drops 
across the fracture were not ini t ia l ly  anticipated 
ud the 0.2 to 0.5 psi head losses in the f l w  
system were considered negligible. In retrospect, 
this factor vould 1-r the actual pressure drop 
occurring vithin the core, increasing the aperture 
e s t h t e  by as arch as SO%. Ihc actual pressure 
drop is. however, diff icul t  to puantify due to the 
coupler mixing heads used in the core holder. For 
this  reason. a quantitative impact of flw system 
head losses is not possible. 

the fracture aperture indicated by the epoxy 
is probably a good estimate of the true fracture 
aperture. I h e  l o w  standard deviation of the 
acasured values suggests l i t t l e  error i n  the 
measurements. thmwer. the error i n  this estimate 

is not due to  the physical measurement system. 
n e  @in uncertainty i s  whether the fracture cast 
actually represents the overburden core condi- 
tions. or. i f  the fracture cart indicates t h t  
aperture once released fran overburden pressure. 
Considerinq this possibility. the core cast is 
most likely a good upper bavd on the fracture 
.perture. 

I h e  fracture aper ture  estimate from the 
tracer flw d e l  is the m i n  reason for t h i s  
study. me errors apparent when using the f i r s t  
breakthrough time alone t o  estimate f racture 
aperture actually are responsible for the majority 
of the uncertainty in the d e l  estimates. The 
variat ion i n  apertures arising from both wtch 
parameters is really not t h a t  extreme and the 
range of estimates is w e l l  vithin the magnitude of 
the average value. Reviewing the uncertain 
adsorption characteristics observed a t  the louer 
flowrates suggests a greater weight be given the 
higher rate cases. *is result  vould suggest the 
aperture is roughly 0.045 to 0.08 an, which agrees 
extremely vel1 with the physical observations made 
with the fracture cast. 

Based upon the experience gained i n  the 
study, it was possible to reach several con- 
clusions: 

1) Tracer tes ts  on fractured cores were conducted 
in the laboratory resulting i n  tracer response 
profiles s ia i lar  to those observed i n  fractured 
geothermal reservoirs such as wairakei. 

2) Laboratory tracer tests were analyzed vith hro 
analytical flow acdels. 5he Taylor Dispersion 
adel  vas found to be inappropriate for matching 
the data even a f t e r  ad jus t ing  the  mudel for  
experimental xonditiats.  5he Uatrix Diffusion 
d e l  vas found to match the test data rearonably 
and, m e  d i f i e d  for the tracer disprs ion in 
the inlet  of the equipacnt, gave a very accurate 
match of the measured data. 

3) parameters arising frrm the match of the data 
t o  the matrix Diffusion model were used t o  
astinrate core properties. Estimated fracture  
apertures were found to be 0.025 - 0.05 aa vhich8 
agrees w e l l  vi th other estimtes. The tracer/roek 
adsorption characteristics vert also defined. A 
value of 20 for the dimensionless p a r t i t i o n  
coef ficient was estimated. 
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4 )  rtre na t r ix  Diffusion d e l  r e a l i s t i c a l l y  
reflects tracer trursport uchanisms in fracture 
daninated, low porosity reservoirs. %e mdel's 

estimates of reservoir propert ies  such as the 
f r a c t u r e  aperture and tracer adsorption and 
Oiffusim characteristics. 

S )  Adsorption e f f ec t s ,  tvcn for  very veakly 
sorbing tracera. are significant and these effects 
should be included in fracture aperture estisutes. 

6)  Further studies of the reverse tracer tes ts  
should be conducted to gain valuable insight 

parameters  t an  be used t o  provide r e l i ab le  e 
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into the diffusion/adsorption of tracer i n  f ield 
slug tests. 

7)  future tests i n  laboratory samples should use 
a longer core length (50-60 an) t o  ainimite the 
effects of tracer airing prior to  enterinp the 
core. Samples of lover aa t r ix  porosity and 
permeability w i l l  be mote represent8tive of flow 
ra tes .  pressure drops, and f r a c t u r e  widths  
observed in the field. 

8 )  Tracer test mdels which can provide a unique 
fracture estimate in field tes ts  should be used to 
model the laboratory tests fraa this study. Ihe  
uncertainty in the e f f ec t s  of diffusion and 
adsorption effects on tracer transport could thus 
be eliminated. 

9 )  un t i l  a proven made1 'wttic 
fusion ud adsorption is available. the tiatcix 
Diffusion can be used to give a good es t imte  of 
fracture aperture. when estimating the fracture 
width. reservoir adsorption properties should be 
considered due to  Lhe strong pling of these two 
ter= in the d e l  solution, 

UECURNISnS OF fLM IN RES-IRS 
(Idaho Natiunal wincer ing  hhoratocy) 

In geothermal reservoirs which are  highly 
fractured. or which have significant matrix as . 
w e l l  as fracture pemeability, the transport of 
i n  jccted f lu ids  is influenced by interactions 
between fractures and beteen fractures and the 
a a t r i x .  Heat t ransfer  i n  a reservoir is a 
fwctiat. in part, of the thermal conductivity of 
t he  cock, the surface area contrctcd by the 
fluids, tht tenperature gradient rnd the f lu id  

rs tlm. *ire a few large fractures MY k the 
iswy conrrolling factors i n  fluid flow i n  a 
sesvoic. cecandary fractures and a permeable 

b a t c h  can represent-a much greater surface area 
far heat t ransfer  ud roclt-uater interactions. 
Highly fractured or porous reservoirs Ray a l s o  
support convective as well as axductive heat 

reservoir parameters can be defined. 

The eqhasis of the INa research program is 
on reservoirs &ere both fractures and the matrix 
p l a y  r o l e s  i n  flow dis t r ibu t ion  and t racer  
transport. mC basic dual permeability numerical 
r imlat ion approach is an frnpravearnt on homogen- 
eous porous aatrix approximations and discrete  
fracture representations.  rout matrix approx- 

imations require that the system be sufficiently 
large tha t  the effects of individual fractures . 
carmot be distinguished. ffiscrete representations 
provide SubStanti81 d e t a i l  about individual 
fractures, but due to coqmtational l imitations 
are restricted to sparsely fractured reservoirs. 
In the dual pemabi l i ty  approach to  reservoir- 
scale r imlat iom, primary fractures are d e l e d  
discretely and secondary fractures and the matrix 
a r e  modclcd us ing  representat ive elements. 
Representative elements provide the basis for  
simulating the e f f ec t  of f racture  and aatr ix  
permeability. Hydraulic and transport  charac- 
teristics of each element are determined fr- 
s tochas t ic  analyses of physical parameters.  
Unlike equivalent porous M i a  models, homogeneity 
of the ' representative elements is not required. 
The use of  reprecentative elements i n  dual 
permeability nodels has proven to be a poverful 
tool in modelling complex reservoirs and rig- 
nificantly reduces the cos t  and complexity of  
large-scale simulations (Clem, 19851. The dual 
permeability approach a l lows  eva lua t ion  of  
fractured reservoirs Vhich cannot be effectively 
represented tq a poraur aedia amroxiraation (mil 
and Clem, i n  pressi. %e influence of wmllcr 
fractures urd fracture-matrix interact ions on 
tracer return, snd on heat transfer and rock-water 
interactions in the reservoir, is preserved. 

A series o f  physical models of f racture  
systems and dual peratability reservoirs have been 
used a t  INEL to study tracer transport aechanirms. 
Tiie models for the  f rac ture  network stuii ies 
a i s t  of a se t  of otthogmal fractures oriented 
d iagonal ly  i n  non-porous or polyethylene.  
Constant head boundary conditions are riaintairled 
a t  the upstceaa ud dawnstream ends of the d e l ,  
w i t h  no-flow bornrdaries alcmg Lhe sides. 

- A collliaon assumption i n  solute tsansport  
s tud ie s  is t ha t  colpp1et.e mixing of the solute 
m r s  a t  fracture interscct'ions. This asnrmption 
effect ively &carplet the tracer transport from 
the velocity prof i le  i n  the fracture  and the  
tracer f m t  is assuned to suve a t  the average 
speed of the fluid. An alternate approach baser 
tracer transport an streamline flov under laminar 

- 

. .  

laboratqry using the fracture netwrk d e l  zhoni 
i n  rfgurt 11 to e assunptions and to 
validate transpor contained i n  the 
dual permeability This code can be 
used to r i d a t e  transient Ma' cteady-state flow 
i n  porous; f ractured and dual permeability 
reservoirs. the transport of conservative tracers, 
and rdvectivc t ransport  between fractures and 

k such, the code provides r useful tool 
i n  s tud ies  of t r ace r  t ranspor t  i n  fractured 
reservoirs. ? w a s L  coupUtes fracture and Ilatrix 
flows using a carmon head d i r t r ib t ion  for both. 
Tracer dispersion is t rea ted  mechanistically, 
combining Poiseui l le  p ro f i l e  advection with 
transverse diffusion. Dispersion in the aatrix is 
calmlated using the randoar walk approach. Ihe 
&e employs a particle tracking routine in which 
individual partidcs8 tagged w i t h  rpcific w t s  



of tracer. are driven & the flow distrib+on, 
dispersion and dlffurion. This rpproach avoids 
the numerical problems vhich are inherent i n  
direct solutions to  the transport equation (Hull .  
e t  rl., in press). 
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Tracer breakthrough profil t -e 224 in  the 
fracture network d e l ,  comparing assumptions that 
(a) tracer follows streamlines vith no mixing or 
(b) tracer travels a t  the average fluid 3peed i n  a 
fracture with complete mixing a t  fracture junc- 
t iom, and (e) the base case of streamline flov 
with diffusion. 

TI- 11 
rracture netwrk physical model. 

Ihe ML eode was used to  generate 2-0  
sirnrlations for comparison to  the fracture network 
tracer data under a range of flow a r s q t i o n s .  
me test f i t  t o  the laboratory data is bared on 
streanline transport vith transverse mixing by 
diffusion, both i n  the fractures and in fracture cowple t t  mixing of t r a c e r  at f rac ture  junctions. chi square values for the f i t  between intersections is not varranttd for a l l  condi$ions. measured and simulated data were 15.5. 3.6 and 
00.3 for the respective cases of streanlint flow, but vi11 depend on the fracture systefi geometry 
streamline with diffusion, ud cornplete mixing and local f l w  rates in the reservoir (mll, e t  
(Hiller and U l ,  1986). al.  , in press). fithatgh the 1.bOrdtory-data have 

demmstrated that l i t t le mixing OcNrs a t  fracture.' 
Figure 12 shows predicted tracer breakthrough junctions under Carey f l w ,  i n  systems *re the 

using the assumptias of streamline f l w  or cas- fracturc velocities are lw (lw Peclct numbers) 
and diffusion d c m i ~ t t t ,  advection CM k reason- Nett mixing. These t racer  prof i les  can be ably ridow udng eete 

canpared to the base case tracer return porfile in 
A dual permeability mica1 d e l ,  consist- T i p r e  12 vhieh rcprtsents the best €it to the 

laboratow data* It evident that assuming ing of a fracture netuork in a porous polyethylene 
matrix. vas used to stw the ihtecaction bemeen streamline tracer transport through the fracture 

system is not varranted and results in rmderes- fractures and the matrix and its influence on 
tracer transport. %e test data were also used to  t i o a t i n g  dispersion and the t i r e  t o  t r ace r  

b r e a k t h r m -  '*ratow lt*t results v a l i a t e  specific tracer transport algorithms in  
m.nCsL. Of p a r t i d a r  interest was the algorithm that diffusion In the fractures ud in fracture 

junctionr 'prtads the tracer laterally in the which siar la tes  advective and diffusive transport 
across the fracture-matrix interface. Sune dead- fracture s y s t e m  and tracer reaches points in the 

-Id not ~ s r i b f e  under streamline end fractures e r e  included in  the physical e l  
Of the tracer t o  emphasize t h i s  fracture matrix interaction. 

retards migration through the resewoir. resulting 
computer riarlations to head distributions f r m  a in a broader tracer return profile. 
ser ies  of hydraulic tests (Hull and Cltmo, in * tracer - in "Pre 12 for press). the tracer tests, tracer vas injected 

across  the aodel and withdrawn f ras  a fracture profile than the base case. %is profile indi- 

tracer d d  m e  through the system as  a plug. 
tracer tests illustrated the i&luence of The dispersion which actually occurred in the 

individual fractures in the reservoir and demon- l abra tory  tests is not rtprcsmted. It is this 
dirprsiM that . s t r a t e d  s igni f icant  f l u id  and tracer wement 

fomtion* resulting between fractures ~d the matrix. me correlation 
between siaulated and acasurcd pressure gradients in more heat transfer potential. 
in the raodcl vas, by design, excellent. f i e  
match k t n e n  the spatial distribution of tracer 
in the physical aodel ud the siaulations vas very 

- 

lhiS lateral 
fracture aprturcs ere dtttrPlined by Y' 

a s s u ~ t i o n  Of cow1ete 
cates that* WlnP this the injected near the -trem of the d e l .  

has a IuLrrwr into a M t r i X  block wfth a b c k g r d  f1w f ie ld  

injecfed fluids 

.I . 

I 
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90od ( f igure  13). Comparisons of the tracer Once the transport capability of CRACSL, had 
breakthrough profile at tvo points in the d e l  been successfully validated, the code vas used tor 
are shovn in figure 14. Some uncertainty i n  a series of studies to assess the sensitivity of 
fracture apertures resulted in a less exact match tracer/thermal breakthrough forecasts to sicnplify- 
to the laboratory profiles. Given the camplexity ing assumptions camwrly ured in simulations of 
of thc d e l ,  the dual permeability featUrCC Of fracture systems (Hull and Clem, 1987). %e 
the code which all- fracture-matrix transport did rtudles e r e  based QI a production and injection 
8 good job of Patching the laboratory data, well doublet in a fractured, liquid-dominated 
indicating that the basic transport 8SSUmptiOnS reservoir. me ells were spaced 1200 m apart, 

b. are appropriate. m e  results AIS0 illustrate that w i t h  a 90-m injection interval. This base case 
while the pressure response to injection was well- reservoir consisted of 22 fractures, some of which 
defined, it was not sufficient to analyze actual connect both wells (Figure 15). 
fluid movement in the system. 

Tracer and thermal breakthrough for this 
complex fracture system were canpared to rimla- - 1.1 tions of hydraulically equivalent reservoirs in 
which progressively mrc of the swller fr8CtUreS 
in the reservoir were replaced by a porous media 
representation. In the extreme, the erttire 5 

i; 
N.8 reservoir was simulated as UI equivalent porous 

wdia. A single fracture connecting the tug wells 
was also simlated. A correlation of the pressure 
profiles for each of the simulations indicates 
that incorporating a fev of the dominant fracturrs 

the pressure response in the reservoir (Hull and 
Clem, 1987). 

ii 
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TI- 14 
Comparison of predicted tracer breakthrough 

i (dashed line) to tracer breakthrough measured in 
dual peratability laboratory Etudes (solid line). 

tionr (b,d) after 75 minutes and 270 minutes (plan 
vitvJ. Tracer injection ceased after 76 minutes. 



.. . .. 

1 1 2 0 0  a - 
i IGuRE 1s 

Fracture distribution between injection well and 
production vel1 used as the base case for scnsi- 
tivity studies. 

figure 16 rhaut a comparison of the tracer 
breakthrough curve for the base case reservoir to 
predicted tracer breakthrough using quivalent 
porous media and single fracture appraxiaations. 
It can be seen that the method of representing 
permeability has a significant effect on tracer 
transport. rigure 17 demonstrates that including 
at least some of the dominant fractures in a 
simulation vi11 provide a better forecast of 
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tracer breakthrough curves for the base case 
fractured reservoir compared to the porous matrix 
and single fracture representations. 

tracer breakthrough. It is critical, however, 
that the rialatian still preserve the influence 
of slaaller fractures and the matrix on heat 
transfer ud rock-wter interactiau. 
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iIQJR& 17 
Tracer breakthrough Curves for the base case 
f ractured reservoi r compared to systems h e r e  
smaller fractures are replaced. by representative 
matrix. 

0 

mrther evaluation of the case where only the 
10 most duninant fractures in the reservoir were 
explicitly simulated can be used to assess this 
effect. Figure 18 shows tracer distribution in 
the fractures and the aatrix after 10 days of 
injection. Preferential migration paths are 
evident, both in the fracture system and in the 
matrix. The largest fractures are shown to 
transport aKh of the injected fluids and are the 
basis for much of the preferential migration into 
the matrix. Single fracture rilaulatians cannot 
account for the retardation vhich occurs in the 
matrix, while tquivalent porous aatrix representa- 
tions cannot represent the channeling due to 
fractures.which m r s  in the reservoir. 

PI- 18 
Spatial distribution of tracer between injecticn 
and production wells In a fractured reservoir with 
matrix permeability after 10 days in injection. 

Prelimtinary analyses of the rrovewnt of the 
t h e m 1  front based an these siaulations indicate 
the potential iapact of riqlifying arsrnnptians a~ 
decisions affecting geothermal nllfield opera- 
tions. Figure 19 chovr the advance of the cooling 
front in the base case reservoir after 2000 days 
of injection. Figure 20 shows the predicted 
position of the t h e m 1  frat if a single fracture 
connection is as& between the wells. Accord- 
ing to the prediction, therm1 breakthrough has 
ocmrred. Well placement decisions based on this 
prediction would be conservative, possibly 
unreasonable so. In the porous media approxim- 
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tion. the thermal front advancer very slowly 
ktveen the wells and use of these results uould 
greatly over estimate the time to therml break- 
through period. A more realistic representation 
of a fractured reservoir can provide a more 
reasonable basis for analyzing tracer data and 
forecasting therml breakthrough and vould result 
in anre efficient reservoir developnnt. 

.In conclusion, the study of tracer transport 
provides a basis for more realistic assessments of 
the effects of injection in complex fractured . 
reservoirs. Wch of the research at I N f L  has 
emphasized the influence of fractures and fcac- 
ture-matrix interactions on the spatial and 
temporal distribution of a tracer in a reservoir, 
a d  on the thaw o f  the tracer return profiles. 

0 

i 

With this basic understanding, analyses of tracer 
return profiles can then be used to provide 
inforoution on hydrcdynamic and thermal processes 
in geothermal reservoirs. 

- carclusionc 
t 
5 
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. The use of tracers in geothermal reservoirs 
provides a unique method to track the migration of 
injected fluids, to study heat transfer and 

L chemical interactions in the reservoir, and to 
forecast thermal breakthrough ktveen in jection 
and production wells. This information is 

c critical to effective vel1 placement and to 
efficient resource extraction. ?he objectives of 
studies spansored by the U.S. kpartnrnt of Energy 
are to develop tracers which can be used in 

- 
i! 
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fIGVRE 19 geothermal environments and to develop techniques 
mtent of cooling ktween injection and production to interpret tracer data and to relate tracer 
wells in the resecvoir after 2000 days of injec- breakthrough to thermal breakthrough. 
tion. 

The stabilities of 39 derivitired hydrocar- 
bons and fluorescein have been experimentally 
investigated 8t the University of Utah Research 
Institute. %e data indicate that m n y  of the 
compounds tested can be used'as tracers in 
laoderate- to high-temperature geothermal reset- 

t voirs. Of the  39 hydrocarbans tested, 15 are - 6 thermaUy stable at 250% while 24 are stable at 
200%. zhe large nrnakr of stable ampounds vi11 
make it possible to manitor many injection wells 
simltaneously: UmI i s  currently conducting 
theclwl stability experiments QI perfluorinated 
alkanes for use as gas-phase tracers. 

c c 

F L 

I t O Q  Laboratory tracer tests using unfractured and 
fractured core samples have been conducted by 
Stanford lkriwrsity to evaluate -1s of trans- 
port in fracture dominated, lcw porosity reser- 

WKJRE 20 voirs. Stanford's mtrix Diffusion d e l  provides 
Predicted extent of cooling after 2000 days based a realistic representation of tracer transport in 
on asstaxing a.singlc fracture aumectian between a fracture and can be used to provide reliable 
the injection a d  production wells. estimates of reservoir' properties. Experiments 

have shcun that consideration of tracer adsorption 
in the reservoir is- important in estimating 

a1 sensitivity studies of fracture location and 
the assumptions vhich €om the basis for heat Studies of fluid flow, tracer transport and 

heat transfer have been conducted at IN&L to sweep -1s; the developnent of more streamlined 
and cost-effective reservoir rimlation techni- investigate these processes in complex reservoirs 
ques; ud the incorporation of kinetics-based *re both fracture and matrix pc-ability m y  be 

1) rock-water chemical interactions in reservoir significant. Validation of the dual permeability 
siaulations. Field testing to verify application code'Fi7ACSL, using laboratory data has demon- 
of these analytical techniques is planned. rtrated its ability to siaulate these processes. 
Publication of a 2-D version of the  rFlACSL Sensitivity studies were used to investigate the 
reservoir code i s  planned €or early 1988, in uncertainty in the interpretation of tracer data 
conjunction with cooprative analysis efforts vith vhich is introduced by simplified reservoir 
industry. assumptions. Streamlined simulation techniques 

allow -re complex reservoirs to be orodeled and 
improve the capability to provide realistic 
forecasts of * thermal breakthrough in geothermal 
reservoirs. 

norizmttrl Oirtrncc I=) 6 

Future research at X r J a  is a fracture appertur is d e l .  
- 
8P 



W i n g  for this work vas provided by The 
Department of Energy, Division of Geothermal 
Technology, under contract numbers: DE-ACOf- 
76ID01570 (INEL), DE-AS07-84ID12529 (STANPDRD), 
and OE-ACU7-8SID12489 tWR1). 

Ref erences: 

Mams, n. C., Ahn, J. If., Bentley, H., nOOre, J. 
N., and S. Veggekrg, 1986. Tracer develop- 
ments: results of experimental studies, 
Proceedings, Eleventh Geothermal Reservoir 
fng inee r ing Conf e cence, 5 tanf ord Wive r s i ty , 
CA., in press. 

, 

Hot Water a t  Otake Grotherd Field, Proceed- I' 

ings of the 2nd U.N. Symposimn on Geothermal 
Energy, San franciseo, CA, Vol. 2, 1379-1383. 

&nd Physical nodeling.of Solute Transport in 
Fracture Junctions, in Geotheraml. Injection 
Technology Prograr~ Annual Progress Report: 
--OS, Idaho National mgimerinq Laboratory, 
xdaho falls, Id. 

pulskamp, 3. F., 1985. The Generation of Response 
Curves from taboratory Tracer C l o v  Experi- 
ments, Stanford Ceothemal Program Technical 
Report, SGP-TR-94. Stanford, CA, December 
1985. 

Stetzenbach, It. J., Jensen, 5.  L. and Ihanpsar, G. 
n., 1982. Trace enrichment of fluorinated organic 
acids used as ground-water tracers by liquid 
chcanatography, plvironmcntal Seience and Tecirnol- 

niller, J. D. and Hull, L. C., 1986. Mwerkal I 

w,, Vol. 16, 250-254. 

Clem, T. I%., 1985. Representative element 
modelling of frrcture systems based on 
stochastic analysts, proceedings, eleventh 
workshop geothermal reservoir engineering, 
Stanford lbivecsity, Stanford, Ca. 

&xpecLence in Japan, J. Petrol. Technology 
Horne, R. N., 1982. Geothermal Reinjection 

34, 495-503. 

Permeability nodel: Laboratory and M L -  
Validatiar Studies, in &otheram1 Injection 

- Technology Program &mual Progress Report: 
fy-86, Idaho National Engineering Laboratory, 
Idaho falls, Id. 

Analysis of Dual-Permeability Systems. 
Proceedings, melfth Gcotheraral Reservoir 
Lhgineering Conference, Stanford University, 
ca. 

Hull, L. C. and Clcw, T. R., in press. -1- 

H u l l ,  t. C. ud C l e m ,  T. n., 1987. Sensitivity 

Hull, L. C., Hiller, J. 0. and C ~ O ,  T. H., in 
press. Laboratory and Simulation Studies of 
Solute Transport in fracture atvorks. in 
Water Resources Research. 

K u b t a ,  K .  and Aosaki, K . ,  1975. Reinjection of 

DISCLAIMER 

This report was prepared as an account of work sponsored by an agency of the United States 
Government. Neither the United States Government nor any agency thereof, nor any of their 
employees, makes any warranty, exprcss or implied, or assumes any legal liability or responsi- 
bility for the accuracy, completencss, or usefulness of any information, apparatus, product, or 
proctss disclosed, or represents that its use would not infringe privately owned rights. Refer- 
ence herein to any specific commercial product. process, or service by trade name, trademark, 
manufacturer, or otherwise dots not necessarily constitute or imply its endorsement, remm- 
mendation, or favoring by the United States Government or any agency thereof. The views 
and opinions of authors expressed herein do not necessarily state or reflect those of the 
United States Government or any agency thereof. 

c 



A ma, 

LEGIBILITY NOTICE 

or purpose of the Technical Infor- 
mation Center is to provide the broadest 
possible dissemination of information con- 
tained in DOE’S Research and Develop- 
ment Reports to business, industry, the 
academic community, and federal, state, 
and local governments. Non-DOE originated 
information is also disseminated by the 
Technical Information Center to support 
ongoing DOE programs. 

Although large portions of this report 
are not reproducible, it is being made avail- 
able only in paper copy form to facilitate 
the availability of those parts of the docu- 
ment which are legible. Copies may be 
obtained from the National Technical Infor- 
mation Service. Authorized recipients may 
obtain a copy directly from the Department 
of Energy’s Technical Information Center. 




