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ABSTRACT 

A Simple method to estimate both flow time of 
water traveling through a path connecting two 
wells and the Peclet number from well-to-well 
tracer tests is presented. For this analysis, 
only the first tracer arrival time and the peak 
concentration time of the tracer response at an 
observation well are used. The method was tested 
using actual field data, and the resuts show that 
this method is simple, accurate, and, with only a 
few limitations, can provide reliable information 
about water flow patterns and traveling time. 

INTRODUCTION 

In the geothermal field, well-to-well tracer 
tests are often carried out to evaluate the 
interference of reinjection wells with production 
wells. The traditional method of analyzlng the 
tracer response is to obtain the desired 
parameters by matching an observed tracer 
concentration/time curve with a theoretical one by 
the trial and error method. A simpler method to 
estimate both the average water traveling time and 
the Peclet number (water flow velocity times 
average water traveling distance/coefficient of 
hydrodynamic dispersion, ux/D) using only the 
first arrival time and the peak concentration 
time, is presented in this paper. First of all, 
some concentration/time behaviors are calculated, 
and from the results of these calculations, the 
relationships between the water traveling time and 
both the first arrival time and the peak 
concentration time with different Pe values are 
derived. The applicability of this method was 
tested by applying it to some tracer tests in the 
geothermal fields. 

MOVEMENT OF A TRACER IN A SEMI-INFINITE AQUIFER 

The partial differentioal equation governing 
the tracer distribution in a semi-infinite aquifer 
can be reduced to 
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and ( 2 )  can be rewritten in a form of relative 
concentration, C*, as a function of a,  Pe, and t, 
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CONCEPTUAL MODEL OF TRACER RETURN AND WATER FLOW 

To apply (2) to a well-to-well tracer test, a 
conceptual flow model like the one shown in figure 
1 is considered: a tracer solution released from 
the injection well, RW, returns with a return 
ratio of f ,  through the path to the production 
well, PW, mixing water of concentration Co, from 
other sources. C , C and Cs are tracer 
concentrations at tie released point, at the 
bottom and at the surface of the productjon well, 
respectively, and x is the average water traveling 
distance through the path between the two wells. 

MODEL CALCULATION OF THE TRACER RESPONSE 

To evaluate the effect of a and Pe on the 
concentration/time behavior, the model calculation 
of the tracer response is made by changing both a 
and Pe, where t is fixed as 0.2 (see figures 2 
and 3 ) .  It is clear from these figures that as a 
and Pe become smaller, the first tracer arrival 
time occurs earlier, and also the 
concentration/time curve becomes both sharper and 
with a higher peak. More importantly, for each 
combination of different values of a and Pe, we 
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Figure 1.  Conceptual model of tracer return and 
water flow 

obtain only one concentration/timc curve combining 
the first arrival time and the peak concentration 
time. This makes it possible to estimate a and Pe 
by using only these two field time data. Figures 
4 and 5 show the relationships between a and the 
first arrival time, to Ol(here chosen as the time 
of 1% of the peak cbncentration for practical 
reasons), and between a and the peak concentration 
time, t,. From these figures, it is clear that 
both to and t, have nearly linear relations, 
although-tie slopes are different. Figure 6 show 
the relationship between to. and t,. For this 
analysis, either figure 6 or goth figures 4 and 5 
together can be used. 
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Figure 2 .  C versus t curves at Pe=20 
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Figure 3.  C versus t curves at a =200 
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To evaluate the effect of t on to o1 and t , 
the latter two are calculated iy assigning tre 
following values: t =0.2,  1.0 and 3.0; a=10 and 
500; and Pe=5 and lob.  The calculation, tabulated 
in table 1, indicate that, within the arranged 
range of tl values, and tm do not vary 
greatly . 

Table 1. Effect of tl on and t, 
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&fq PROCEDURES 

A- 
The basic procedures to estimate a and Pe are 0. - 

as follows: 
1. read a and Pe in figures 4 and 5 at observed t - 

2. pl6t these values of a versus Pe on the same 0.002 - - 
graph and connect them with smooth lines 

3 .  the cross point of the two lines will give 
desired val.ues of a and Pe. 
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Figure 6 .  tm versus 

case, an error in the result of the estimation 
arises. The accuracy of the estimation will be 
evaluated by comparing the simulation curve with 
the observed data. 
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If more than one peak are clearly 
recognizable, more than one path are assumed 
between the two wells. In such a case, first, the 
estimation of a1 and Pel for the first path is 
made from the first arrival and the first 
Concentration peak times, to o1 and t, 1. Then, 
by subtracting the first sirnilation curvd with al 
and Pel from data, the estimation of a2 and Pe 
for the second path is made from the first arrivaf 
and the second peak concentration times, typ.ol,2 and t,,2, of the residue. The total simu at on 
curve, that is, the sum of the first and the 
second one, is compared with actual data for the 
verification of the result. 

As described above, in a multiple-peak case, 
and Pel can be estimated only if t, of the 

:ita is equal to the peak conccntratioh time of 
the first path (see figure 7 ) .  llowever, they are 
not always coincident as seen in figure 8,  where 
the t, value of the data is slightly larger than 
that d' the first path, because of the effect of 
the concentration/time behavior through the second 
path. If this method is applied to the latter 

APPLICATION 

This method was applied to the tracer 
response in some well-to-well tracer tests 
conducted in geothermal fields. Shown in figures 
9 and 10 are comparisons of the data with 
simulated concetration/time curves. In these 
figures, dots indicate the observed data, and 
solid lines the simulation curves, while the ' x '  
marks in figure 10 show the residues obtained by 
subtracting the first simulation curve from the 
data. Both simulated curves are closely compared 
with the data: one path in the former case and two 
paths in the latter. 

SUMMARY 

The proposed method to estimate the average 
water traveling time and the Peclet number by 
using the first tracer arrival and the peak 
concentration time, is much simpler than the 
traditional method, and can be used not only in a 
one concentration peak cases but also in multiple- 
peak cases. If, however, the first peak 
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concentration time is affected by a following 
concentratIon/time behavior, the application of 
this method results In an error. The solution for 
such a case is left to future studies. 
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Figure 9. Tracer test data (by It0 et al. 1977) 
and result of analysis 
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Figure 10. Tracer test data.(by NEDO, 1990) and 
results of analysis 

NOMENCLATURE 

a :  
c :  
c1: 

Co: 
C,: 

D :  
Gi: 
Gs: 
Gw : 
I :  
Pe: 
t :  

u :  
t1: 

vi: 
vs: 
vw : 
x :  

water traveling time (=x/u) [hl 
observed tracer concentratlon [mg/l] 
traccr concentration of released solution 
[ mg/ 1 
background tracer concentration [mg/ll 
tracer concentration observed at surface of 
production well [mg/ll 
coefficient of hydrodynamic dispcrsion [m2/hl 
flow rate of injected water [kg/h] 
flow rate of produced steam [kg/hl 
flow rate of produces water [kg/hl 
amount of tracer injected [kgl 
Peclet number (=ux/D) 
time [h] 
time spent to inject tracer [hl 
water flow velocity [m/hl 
spccific volume of injected water [m3/kg] 
specific volume of produced stcam [m3/kg] 
specific volume of produced watcr [m3/kg] 
average water traveling distance [ml 
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APPENDIX 

The return ratio, f ,  of injected water to the 
production well is essentially given by 

G r  

Gi 
f = -  (A-1) 

where Gr is the flow rate of the returning water. 
It is also obtained from the tracer return as 

G v  V v  c s -  co G w  vw C S '  

Gi Vi C-Co Gi Vi C' 

where Cs'=Cs-Co and C'=C-Co 
or G v  v v  Csm' G v  V w  Csm' 

where CI'=CI-Co and a subscript m means a peak 
value. Because Gw, Gi, Vw, Vi and C'I can be 
assumed to be constant, (A-3) is rewritten as 

f = - - = - -  (A -2 )  

( A - 3 )  f e -  - = - -  
C i  V i  Cm' G i  V i  CI' C'm 

C ' m = K  Csm' ( A - 4 )  

where 
G w  v w  

f Gi V i  CI' 
K =  

is constant. K can be obtained by comparing the 
peak of calculated relative concentration, Cm', 
with the peak of the observed data, Csm', and 
using the k, C* can be re-drawn as C' or C. 
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