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ABSTRACT As travel tlmes between wells become longer, 
tte Increased resldence tlme permits greater 

lhe objectives of the phystcal modellng + thermal equllibratlon between lnjected flulds 
effort are to: (1) evaluate and reservolr rock. However, 'inthalpy loss 
lnjectlon-backflou testlng for fractured can stlll occur after several years-of plant 
reservolrs under condltlons of knoun operatlon. such as at Dnlkobe and Otake ln 
reservolr parameters (poroslty, fracture Japan (Horne, 1982). It 1s lmportant to be 
wldth, etc.); (2) study the mechanlsms able to predict such effects in advance. 
controlling solute transport In fracture Uhere resldence tlmes ln the reservolr are on 
systems: and (3) provlde data for valldatlon the order of several months or more, 
of numerlcal models that expllcltly SlmUlate lnteruell tracer tests may not bc feaslble. 
solute migration in fracture systems. Single-uell tracer tests, combined ulth 
fracture network is 0.57-m vide, 1 . 7 4  long, tradltlonal reservolr assessment methods, can 
and conslsts of tuo sets of fractures at provide Informatton on flow rates and 
right angles to one another vlth a fracture reservolr poroslty that can be used to 
spacing o f  10.2 cm. predict future thermal breakthrough. 
Injectlon-backflou tests, slmllar to those 
performed at the Raft Rlver Geotherm'l field. Hethodology for lnterpretatlon of tnterwell 
vas conducted. These included variable tracer tests l s  well establlshed (Lenda and 
volume lnjectlon and lnjectlon-backf lou tests tuber, 1970; 6rove and Beeten, 1971; Vetter 
vith varylng qulescent perfods betueen and Zlnnou, 1981). Slngle-well 
Injectton and backflou. Thls latter series lnjectlon-backflow tests have been used to 
of tests vas conducted vith a range of flow study the dispersion and adsorptlon 
flelds passlng through the model. Tracer characterlstlcs of porous medla reservolrs 
recovery l s  related to the flow fleld in the (Sternau et al., 1966; Drever and HcKec. 
physlcal model and model parameters. Longer 1980; Plckens et al., 1981). Recently. 
qutescent tImes and greater flou flelds methods have been developed to study 
result In a lower tracer recovery. A plot of lnteruell tracer tests in fractured 
the fractlonal tracer recovery agalnst reservolrs uhere well connectlons are along 
qulescent tlme results In a stralght llne. one or a feu major fractures (Fossum and 
.Thls relatlonshtp, combined 4 t h  classlcal Horne, 1982; Horne and Rodrlguez, 1983). 
reservolr englneering data, can be used to Ground-water flou rates can be measured ln a 
predict aquifer flou rate and poroslty from borehole uslng tracer lnjectlon techniques; 
knoun Injection volumes and tracer recovery. houever thIs flou rate could be very 

mlsleadlng ln a fractured reservolr. 
IKTRODUCTION paper dtscusses a method for determlnlng 

reservoir flou rate and poroslty for a flnlte 
Injectlon of spent geothermal flulds for volume of reservolr and demonstrates Its 
envlronmentai purposes or to malntaln effectlveness usIng data collected from a 
reservolr pressures can also have the laboratory-scale physical model of a frac.ture 
detrlmental effect of lowerlng the enthalpy ne tuor k. 
of production fluids. 
Walrakel ln Neu Zealand and Kakkonda and METHOD DEVELOPHENT 
Hatchobaru tn Japan, interconnection betueen 
lnjectlon and productlon uells appears to be For lnjectlon .into 
along hlghly transmlsslve fractures (Fossum aquifer or into a planar fracture zone, the 
and Horne, 1982; Horne, 1982). Rapld plume of Injected fluid moves out radlally 
breakthrough of tnjected f lulds at productlon from the Injection vel1 (Flgure 1). If the 
uells has resulted ln slgnlflcant enthalpy well I s  shut In after the plume has been 
decllnes and requlred modtflcatlons In fleld tnjected. the flou fleld ulll begln to carry 
operatlons. Such sltuations. where lnterwell :he plume away from' the vell. h e n  the well 
travel tlmes are on t h e  orler of days. C d D  l s  pumped. after a qulescent tlme. not all of 
readily be studied uslng trecer tests between the tnltlally-Injected fluid I s  recovered 
wells. after an equal volume has been puinped from 
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the well. The fractlon of  the fluld 
recovered l s  represented ln Flgure 1 b 
shaded area where the two clrcles overiap. 
The fractlonal recovery l s  glven by: 
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F c fractlonal tracer recovery 

A, = area of overlap 

jd(Sd - = 2[R2 cos-l 
d(R2 - d ) 1 

I AT L ,  area of Injected plume 
< 

= mR2 bb ( 3 )  

Replaclng A, and AT In Equatlon 1 by 
Equattons 2 and 3 and slnpllfylng glves: 

where 

E = d/R. ( 5 )  

The relatlon between t: and f 1s not llnear 
over the entlre range of t from 0 t o  1. 
However. for the range 0 < t: < 0:6. the 
relatlon between E and f 1s well descrlbed 
by the equation: 

E = 0.825(1-F). ( 6 )  

Lateral dlsplacement of  the plume i s  2d and 
equa 1 s : 

2d = Vtq ( 7 )  

where 

, v I flow-field veloclty 

tq = qulescent tlme. 

The radlus of the lnjectlon plume l s  
proport)onal to the volume of water Injected. 

R = ($$)“2 
where 

V volume of water lnjected 

h aqulfer or fracture zone thlckness 

( 1 - F )  = 0.605 v (A) -1/2 t q .  

By conductlng a serles of equal volume 
Injection-backflow tracer tests wlth various 
qulescent tlmes. a llnear relatlon should be 
descrlbed between fractlonal tracer recovery 
and qulescent tlme. The slope of the 
relatlon 1s proportlonal to flow-fleld 
veloclty and reservolr porosity. 

Equatlon 9, unfortunately, stlll contalns two 
unknowns. poroslty and flow-field veloclty. 
However, combtnlng data collected from 
lnjectlon-backflow tests wlth tradltlonal 
reservolr englneerlng data provldes 
sufflctent lnformatlon for ldentlflcatlon of 
both unknowns. 

from geophyslcal logs, the th’lckness of the 
aqulfer or fracture zone (h) can be 
estimated. Pump tests can then provlde the 
hydraultc conductlvlty of the formatlon. If 
the hydraulic gradlent of the reservolr ln 
the vlclnlty of the well can be estlmated, 
then the speclftc dlscharge can be calculated 
froa Darcy’s Law. 

q -KI (10) 

where 

q = v e  = speclflc dtscharge 

K = hydraullc conductlvlty 

I = hydraullc gradlent. 

Thls glves two equatlons and two unknowns. 
and a unlque solutlon for reservolr 
flow-fleld veloclty and pOrOSlty can then be 
de termlned. 

Two factors ulll compllcate the use of the 
above outlined procedure and llmlt the 
condltlons under whlch Equatlon 9 can be 
used. In the presence of  a flow fleld, the 
Injected plume wlll become dlstorted. wlth 
the dlstance to the Upstream edge of the 
plume belng shorter than the dlstance to the 
downstream edge. Thls ut11 decrease the 
quantlty of tracer recovery. Thls effect can 
be mlnlmlzed by Injectlng and backflowlng at 
a rate that dornlnates the flow fleld In the 
reservolr. 
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and the natlve reservolr fluld. lntermlxlng 
between the two flulds produces a gradual 
lnterface rather than the abrupt lnterface 
shown In Flgure 1. 

e = porostty. Equatlon 9 may be easlly used If Its relatlve 
slmpllctty Is retalned. Includlng the 
effects of tracer dlsperslon and dlstortlon 
of the plume by the flow fleld would add 

fractlonal recovery can be related to 
reservolr parameters by comblnlng 
Equatlons 5 ,  6 ,  7 .  and 8 to Slve: ‘ 
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Flgure 1. 
lnjected plume due to a flow fleld In the 
reservolr. 

cocplexlty and decrease rellablllty by addlng 
addltlonal unknown parameters. The effects 
of plume movement and tracer dlsperslon 
durlng tnjectlon and backflou can be quantj- 
fled by conductlng a test vlth no qulescent 
perlod. Effects of dlsperslon and movement 
of the plume durlng lnjectlon and barkflou 
can be accounted for I f  tracer recovery 
durlng thls no-qulescence test 1s used as the 
basis for calculatlng fracttonal recovery 
rather than the orlglnal quantlty of tracer 
Injected. All tests. therefore, must be of 
equal volume and equal lnjectlon-backflov 
rates. Not accounted for, l s  the dlsperslon 
of tracer as it moves under the Influence of 
the flow fleld durlng qulescence. 
latter factor is of secondary Importance 
unless flow-fleld velocltles are quite high. 

Schematlc shoulng movement of an 

Thls 

PHYSICAL HODEL 

To test thls reservolr evaluatlon method, 
data uere collected from a laboratory-scale 
fracture netuork. Injectlon-backflow tests 
vere conducted at constant rate and volume ln 
a simulated fracture netvork. The series of 
tests uas carrled out for a range of 
qulescent tlmes for each o f  three dlfferent 
flow flelds. This provided data to be 
compared to theory under clrcumstances uhere 
all reservolr parameters uere knoun. 

Oescrlption of Physlcal Hodel 

The fracture network vas bullt by cuttlng 
orthogonal fractures 0.32-cm ulde and 1.91-cm 
deep tnto a 2.54-cm thlck sheet of plexlglass 
(Flgure 2). 
and fractures tntersect the boundaries at 
45  degrees. 
aperture and spacing. Plexlplass vas 
selected as the materlal for model 
constructlon to allou for vlsual observatlon 
of tracer movement and because the M t r l x  
materlal t s  impermeable. 
dlstrlbuted to fractures at the lnlet and 
collected from fractures at the outlet by 
manlfolds. Ptezometers and conductance 
probes are lnstalled at vatlous 10CatlOnS 
throughout the model t o  measure hydraullc 

Fracture spaclng i s  10.16 cm, 

All fractures have unlform 

Flov l s  evenly 

gradlents and tracer concentratlons. 
respectlvely. 

The flou fleld in the model Is controlled by 
head loss between tvo constant head 
re8ervolrs and measured vlth a flow meter. 
Reservolr fluld Is dlstllled vater, dyed 
yellou. vlth a specjflc conductance of 
10 ps. 
syrlnpe pump, and backflow by a thlrd 
constant-head reservolr and a second flov 
meter. 
chlorlde solutlon, dyed blue, wlth a 
conductance o f  about 60 ps. 

Inject\on l s  controlled by a 

The lnjected fluld Is a dllute sodlum 

Conductance electrodes embedded ln the 
fractures measure the breakthrough curves for 
the Injected sodlum chlorlde solutlon. A 
computerlzed data acqulsltlon system allows 
potnt measurements of conductance to be made 
vlthln a feu seconds of each other. Oata are 
recorded o n  a Hewlett-Packard 1000 COmpUter 
and stored on magnetlc tapes tfiat can be 
transferred to the Cyber 176 computer for 
analysts. 

Hodel Testlnq 

Hydrologlc testlng vas performed to determlne 
the hydraullc conductlvlty of the model. 
Injectlon-backflov testlng was performed to 
obtatn t\me varlatlons ln tracer 
concentratton data. A serles of tests vlth 
varlable qulescent perlods was run to 
determlne If reservolr flow veloclty and 
poroslty could be determined by the method 
out1 lned prevlously . 
The hydraullc conductlvlty of the model vas 
determtned to be 25.65 i 2.73 c d s e c .  
Hydraullc conductivity for a set of parallel 
fractures I s  glven by (Freeze and Cherry, 
1979): 

y = speclflc welght 

li t dynamlc vlscoslty 

N I fracture denslty 

2b = fracture aperture. 

Equation 11 l s  also valid for two sets of 
fractures havlng equal apertures that meet at 
90 degrees. The calculated hydraultc 
conductlvtty for the p h y s k a l  model l s  
28.46 cm/sec at 25'C. There l s  an addltlonal 
head loss of about 1oX tn the model over that 
predlcted by theory. 

. 

Five tests, each vlth a dlfferent qulescent 
perlod, vere run vlth three dtfferent 
flow-fteld velocltles In the phystcal model 
(Table 1). Results from the test sertes 
conducted at a flow field of 1.57 cm/mln are 
shown ln Flgure 3. For an Injected volume of 
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Ftgure 2.' Fracture network used for varlable qul&cent tlme lnjectlon-backflow tests. 
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TABLE 1. QUlESCENCE TESTING SUHHARY 

InJ ec t l on- 
Inj ec ted Backf low 
Volume flow Rate 

(cm3) (cm/mln) ( m l n )  (cm h l n l  
Fleld pulescent Tlmes 3 

120 0.77 0. 1. 7, 15, 19 20 

120 1.57 0, 3, 6, 10, 14 20' 

120 4.35. .o, 1, 3, 3i33, 5 20 --- 
I T h e  0 = Baglniilng of bacltflow 

1 I I J 
0 3 4  . :  c 

Flgure 3. Tracer recovery curves at the 
lnjectlon-backflow port for dlfferent qulescent 
tlmes. Reservolr flow fleld l s  1.57 cm/mln. 
T h e  I 0 refers to the beglnnlng of backflow. 

120 cm3, the radius of the plume i s  25 cm. 
Wlth a flow fleld of 1.57 cm/mtn, i t  takes 
16 mln for the plume to  move away from the . 
Injectton well. From Flgure 3, t t  can be seen 
tnat as qulescent tlme Increases. the 
concentratton curve drops off mare ra;!dly. 
a qutescent tlme of 14 mln. the dropoff 1 s  

A? 

lmnedlate. -lndlcatlng that the plume has 
already moved past the lnjectlon-vlthdrawal 
port. Thls dlfference l s  due to dtstortlon of 
the Injected plume by the flow fleld. 

Because the curves drop off more rapldly with 
lncreaslng qulescent tlmes. fractlonal tracer 
recovery decreases. Tracer recovery vas 
determlned by lntegratlng the area under the 
normallzed tracer breakthrough curves. The 
zero qulescent-tlme curve was deflned equal to 
1003c, and fractlonal recoverles calculated 
relatlve to that value. 

Data collected from the physlcal model are - 
plotted in Ftgure 4, along with predlcted 
relatlons based on Equatlon 9 using known model 
parameters. To determlne how well the data flt 
the model, llnear regresslon was used to 
determlne the best ftt slope for the three sets 
of data polnts. A velocity was calculated from 
the best flt slopes and compared to the known 
flow-fleld velocltles. The dlscrepancy between 
calculated velocltles and known flou-fleld 
velocltles 1s t30X for 4.35 cm/mln and t2W for 
1.57 cm/mln. There 1s no slgnlflcant 
dlfference between known and calculated 
velocltles for 0.77 cm/mIn. 

One of the assumptlonr upon vhlch the 
derlvatlon of Equatlon 9 I s  based 1s that the 
lnjectlon plume vlll be roughly clrcular. That 
Is, the dlstortlon caused by the presence of 
the flou fleld vlll be mlnor. Thts was not the . 
case for the physlcal model tests wlth flow 
flelds of 1.57 and 4.35 cm/mln. The head 
change at the 
lnjectlon port l s  on the order of 2 x 10-2 cm. 
The heaC loss across the model for flow 
fields of 4.35. 1.56. and 0.77 cm/mln 1s 
3.1 x 10-2, 2.0 x 10-2. and 0.5 x 10-2 cm- 
Therefore, at the two htgher flow rates, the 
lnjectlon plume l s  slgnlflcantly dlstorted 
durlng lnjectlon. The successful appllcatlon 
of the method, therefore, depends on 
domlnatlng the reservolr hydraullc gradlent 
with the cone of lmprerslon (depresslon) 
during lnjectton (backflor). 
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Flgure 4. 
between fractlonal tracer recovery and 
qutescent tlme for three flow-fleld 
velocl tles. 

CONCLUSIONS 

Slngle well lnjectton-backflow tests ustng 
tracer solutlons can provtde valuable 
reservolr Informatlon vhen tnterwell tracer 
tests are not feastble.. A method for 
determtning reservolr flow-fleld veloclty and 
porosity has been developed and tested 
agatnst data collected from a laboratory- 
scale physlcal model. Agreement between 
measured and predlcted values I s  excellent 
when the Injectton-backflow rate l s  much 
larger than the reservolr flow field. 
reservolr flow rate equals or exceeds the 
\nJec t \on-backf low rate, reservolr flow 
veloclttes are overest\mated and porositles 
underes t b a t e d .  

Predlcted and measured relatlons 
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