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ABSTRACT 

In this paper we develop and demonstrate a me- 
thod to estimate the reservoir pressure, a mass 
productivity index, and a thermal power produc- 
tivity index for vertical water-fed geothermal 
wells, from its production characteristic (also 
called output) curves. In addition, the method 
allows to estimate the radius of influence of 
the well, provided that a value of the reser- 
voir transmisivity is available. 
structure of the present method is: first, the 
measured wellhead mass flowrate; and pressures 
are transformed to downhole conditions by means 
of a numerical simulator; then, the computed 
downhole variables are fitted to a simple radi- 
al model that predicts the sandface flowrate in 
terms of the flowing pressure. For demonstra- 
tion, the method was applied to several wells 
from the Cerro Prieto geothermal field. 
found very good agreement of the model withthis 
ample set of field data. 
of our method are that it provides a way to re- 
trieve important reservoir information from 
usually available production characteristic 
curves, that it works from easily and accurately 
taken wellhead measurements, and that its re- 
sults address the two main aspects of geothermal 
resource utilization, namely, mass and heat pro- 
duct ion. 

The basic 

We 

The main advantages 

INTRODUCTION 

Production characteristic curves, also called 
output curves, are routinely determinated for 
most geothermal wells. These curves relatemass 
flowrate at the wellhead with the corresponding 
wellhead pressure. Their normal uses include 
gathering qualitative information about reser- 
voir properties (e.g. relative values of reser- 
voir pressure, temperature or gas content, res- 
ervoir permeability) and about effects of scal- 
ing in the wellbore (eg. Grant et. al., 1982); 
estimating discharge enthalpy from the maximum 
discharging pressure (James, 1970, 1980 a,b); 
and, of course, predicting mass flow rates for 
given wellhead pressures and vice-versa. 

Output curves contain mixed information about 
both the reservoir and the intervening wellbore. 
As pointed out, only qualitative information 
about the reservoir is ussually recovered from 
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these curves. 
James' maximum discharging pressure method to 
estimate discharge enthalpy, is based on the 
fact that at l o w  flowrates resistive wellbore 
effects are unimportant; that is, in this case 
the wellbore and reservoir information are al- 
ready separated. 

In this paper we develop and demonstrate, via 
field examples, a method to recover important 
quantitative information about the reservoir 
from output characteristic ccrves of water-fed 
wells. In a companion paper (Iglesias et. al., 
these Proceedings), we describe and demonstrate 
a similar method for steam wells. The method 
is based on unscrambling the wellbore and re- 
servoir contributions to the output curves, by 
means of a wellbore flow numerical simulator, 
and then fitting these results to a simple ra- 
dial model of the reservoir flow. The reser- 
voir information retrievable with our method 
can alternatively be obtained by traditional 
methods, which require bottomhole measurements. 
These measurements are difficult to take in 
high temperature wells which, more often than 
not, contain corrosive fluids. Noreover , the 
method presented in this paper uses as input 
data characteristic curves that have to be de- 
termined, anyway, for other uses. Our method 
is, therefore, an efficient way for retrieving 
important reservoir information from usually 
available wellhead data, without resorting to 
more difficult bottomhole measurements. No 
previous similar work is known to the authors. 

METHOD 

The method presented here requires production 
characteristic curves as input data. These da- 
ta are converted to the corresponding bottom- 
hole quantities by means of a wellbore flow nu- 
merical simulator. Then, the computed bottom- 
hole quantities are fitted with a simple model 
that predicts the sandface mass flowrate as a 
function of the bottomhole flowing pressure. 
The fit provides estimates of the reservoir 
pressure p , and the productivity index J of 
the well. eIf estimates of the reservoir Prans- 
missivity (kh/p) are available, the radius of 
influence of the well can also be estimated. 

The sole exception to this, 

Output characteristic curves are recorded dur- 
ing production tests. During these tests, the 
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wells are typically flown through several ori- 
fices of varying diameters. For each orifice 
the flow is mantained until stable or quasis- 
table conditions are reached. At this point, 
the mass flowrate and the corresponding well- 
head pressure are recorded. Liquid-fed wells 
in high enthalpy fields usually produce mix- 
tures of water and steam at the surface. In 
this type of well the data recorded are the 
steam and water flowrates, and the wellhead 
pressure. 
is diverted through another orifice of dif- 
ferent diameter, and the process restarts. 
Thus, for high-enthalpy water-fed wells produc- 
tion tests provide two related curves: water 
and steam flowrates versus wellhead pressures. 
These constitute the raw data of the method 
presented here. 

The wellbore numerical model (WELFLO) used in 
this work is described by Goyal et. a1 (1980) 
and references therein. WELFLO is a finite dif 
ference, one dimenssional, multiphase, steady- 
state geothermal wellbore flow simulator appro 
priate for vertical multidiameter wells. It has 
been extensively validated against field data 
(Goyal et. al., 1980; Arellano, 1983). Two fea 
tures of this code make it adequate for the pro 
blem at hand. First, the cappability to com- 
pute bottomhole conditions from wellhead input 
variables, as needed. Second, the assumption 
of steady-state flow in the wellbore. 
assumption is required because the stable or 
quasi-stable conditions attained during the pro 
duction test allow wellbore transients to die 
out. The input variables of WELFLO are the gec 
metry of the well (lenghts, diameters, extent 
of open or ranurated interval), total mass flow 
rate, wellhead pressure, and wellhead total 
specific flowing enthalpy. Conductive heat 102 
ses to the wellbore walls are unimportant in 
steady-state flow (Goyal et. al., 1980; Gould, 
1974) and were neglected in our calculations. 

After recording the data, the flow 

This 

Our method requires to transform each and every 
measured data point of the characteristic curve 
to the corresponding bottomhole conditions. Of 
the complete set of bottomhole variables compu- 
ted by means of WELFLO, we require only the 
flowing pressure and the total mass flowrate 
(which equals the wellhead flowrate, due to the 
steady state conditions of the flow in thebore). 
Errors of the wellhead input quantities affect 
the bottomhole flowing pressures (BHP's) compu- 
ted by means of WELFLOindifferent fashions, 
as follows (Goyal et. al., 1980). Computed 
BHP's are relatively insensitive to errors of 
the wellhead total mass flowrate. Errors of 
wellhead pressures have effects of the same 
order of magnitude on computed BHP's. Input 
enthalpies greater than the true value decrease 
calculated BHP's in approximate proportion to 
the error. Finally, computed BHP's are very 
sensitive to negative errors of the input en- 
thalpy. 

Once the output characteristic curves are re- 
corded, little can be done with respect to the 
errors of the mass flowrates and of the corres- 
ponding wellhead pressures. Fortunately, this 
is not the case for the flowing total specific 
enthalpy, the most sensitive quantity with re- 
gard to BHP's errors. The individual specific 
enthalpies corresponding to each data point of 
the characteristic curve are computed from the 
related water and steam flowrates and known 
separation pressure. These individual enthal- 
pies are affected by the random errors of the 
measured water and steam flowrates. Now, for 
liquid-fed geothermal wells the flowing total 
specific enthalpy is constant and independent 
of wellhead pressure or mass flowrate (e.g. 
Grant et. al., 1282). Therefore, we take the 
arithmetic mean hT, which is the best statis- 
tical estimate of the true value in a set of 
random measures, as the vclue of the constant 
.flowing specific enthalpy $. This approach 
minimizes the errors of the computed BHP's. As 
a further precaution, we check the set of indi- 
vidual enthalpies for possible correlations 
with wellhead pressures or mass flowrates. The 
existence of such correlations may indicate two 
-phase flow in the reservoir, which in turn 
would invalidate the present analysis. 

For the flow in the reservoir we chose a simple 
model suggested by experience: radial, horizon- 
tal, isothermal flow of a liquid through a po- 
rous, homogeneous, confined, cylindrical reser- 
voir of constant thickness. If the outer boun- 
dary condition is constant pressure, then 
steady state can be achieved. In that case the 
mass flowrate is given by 

kh ('e - 'wf) 
u In (re/rw) ' W = a -  

the well-known expression 3f Darcy's Law for 
steady-state radial flow, in massic form. Here 
a is a constant to accomodate different systems 
of units (nomenclature at the end of the paper). 
This steady-state model can approximately des- 
cribe three situations of interest, with the 
restrictions commented below. (a) Infinite ac- 
ting period, i.e. no boundary effects are felt 
during the time period At over which the output 
production data were collected; in this case At 
must be smaller than the time scale associated 
with the outward movement of the pressure per- 
turbation in the reservoir, for equation (1) to 
a valid approximation. (b) Constant pressure 
outer boundary condition, which may arise from 
the existence of a strong'rndinl recharge some 
distance away from the well; equation (1) is 
valid with no restrictions on At. (c) Finite 
reservoir, no-flow condition at r=r ; approxi- 
mation (1) is valid when At is smalfer than the 
time scale associated with the decrease of pe. . 

If the reservoir flow model summarized by (1) 
is valid for a given set of output'data (pro- 
duction characteristic curve), a plot of the 
computed sandface flowrates versus the corres- 
ponding flowing pressures should give astraight 
line'. From (1) the intercept of this line is 
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kh 'e 
v In (re/rw) ' a= a - 

and its slope is 

( 3 )  

The reservoir pressure is then easily computed 
from 

pe = -(a/b) ( 4 )  

A massic productivity index is naturally defi- 
ned as 

Then, from (11, (3 )  and (5) 

J = -b m 

(5) 

In geothermal applications a quantity of great 
interest is the thermal power of a given well. 
In analogy to (51, a useful power prntluctiirity 
index may be defined as 

( 7 )  J = h  J 
P T m  

for water-fed wells. In definition (6) we have 
used hT, the total specific flowing enthalpy, 
which is constant and independent of wellhead 
pressure and total mass flowrat-e. as mentioned. 
In practice, we estimate h 

teristic curve, to minimize errors. 

Finally, if the reservoir transmissivity (kh/U) 
is known, the radius of influence Of the well 
can be estimated from ( 6 )  as 

by $,the total speci- 
over the charac- fic flowing enthalpy averaged T 

r = r expI(akh)/(u v J)). (8) e w  

where we have replaced w=!.Iv, 
fic volume of the liquid at reservoir condi- 
tions. 
fic volume of saturated water at the computed 
bottomhole temperature. 

Estimates of r 
the existence gf a non-zero skin. 
cause the permeability k in equation (8) repre- 
sents the permeability "seen" by the well, 
which is not the reservoir permeability if 
there is a non-zero skin. In this case k 
should be replaced by the composite permeabi- 
lity 

with v the speci- 

In practice we estimate v by the speci- 

by this method are affected by 
This is be- 

Taking (rs/rW) 2 
assumed, it is easy to show from (9) that 

1 + E ,  with ~ < < 1  as usually 

(10) i; <k 

wether the skin is positive or negative. 
pression (10) implies that (8) overestimates r 
if the reservoir permeability (e  .g. as obtaine8 
from pressure tests) is used, when a non-zero 
skin exists. 
these errors may be important. 

FIELD VALIDATION 

For validation purpouses we k v e  applied Our 
method to 5 wells from the Cerro Prieto gee- 
thermal field. Figure 1 shows their location. 

Ex- 

Given the exponential form of (8), 

, \\ =.- nnnr 

. .  \\ . .  . 

. - -  
\ @  

?2 
0 WELLS REFEREO TO IN 

THIS PPPER 

* OTHER WELLS 

S C A L E  I 400CO 

Fig. 1 Location of the processed wells from 
the Cerro Prieto geothermal field. 

These wells were selected to satisfy the model 
assumption-that the reservoir flow is exclu- 
sively single (liquid) phase. At the wellhead 
however, all these wells produce water and 
steam. This is because the liquid water en- 
tering the wellbore enventually fi-shes in its 
way up, due to the concomitant pressure de- 
crease. During the production tests, from 
which t h e  production characteristic curves were 
recorded, the wells were flown over wide ranges 
of wellhead pressures and flowrates. Our compz 
tations showed that, with one exception (M-93), 
two-phase flow developed in the reservoir 
around these wells at the higher flowrates. 
The points on the production characteristic 
curves-corresponding to two-phase flow in the 
reservoir were discarded. All the results and 
figures in this section correspond to one-phase 
liquid flow in the reservoir. 

The original production output curves and their 
transformation to bottomhole conditions are 
shown in Figs. 2 to 6 .  The corresponding re- 
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sults are summarized in Table 1. The excellent 
fits, evidenced by the high correlation coef- 
ficients, are strong evidence of the validity 
of the method presented here. 

c 
\ 
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330 - 
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r = -0 9 9 5 8  
90 -7 

I O 0  110 120 130 140 150 160 

FLOWING BOTTOM-HOLE PRESSURE (bar) 

Fig. 2 (a) Characteristic curve of well M-110; 
(b) corresponding computed bottomhole 
variables, and fit to the steady-state 
radial liquid water flow model. 

A s  another check on our method, we have com- 
pared the inferred reservoir pressures with mea 
sured shutin (or nearly shutin) downhole pres- 
sures. These results are shown in Table 2. 
The measured downhole pressures p were cor- 
rected to the corresponding botto%$fe depths 

by addition of the hydrostatic heads due to the 
differences of depth. 
ties at the computed downhole temperatures were 
used in these calculations. 

Saturated liquid densi- 

w 
I- a 
5 s 
LA 

v) 
v) 

5 
a 

- 
L c 
\ 

C 0 
L - 

305 

205 

105 

The inferred reservoir pressures agree with the 
measured shutin, or nearly shutin, downholepres 
sures to better than 17% in average. The agree 
ment is good, considering the uncertainties in- 
volved, and the usual errors associated with al 
ternative methods to estimate reservoir pres- 
sures. The uncertainties include errors in the 
measured or assumed input quantities of the 

Table 1. Results of the method applied to hot water wells 
from the Gerro Prieto geothemJ field. 

J *  
P 

(MW bar-') 
Well Correlation pe Jm i;T 

Coefficient (bar) (ton hr-' bar-') (MJ ton-') 

M-110 
E-2 

M-93 
M-109 
M-102 

-0.9958 175.1 6.64 

-0.9610 212.1 3.53 

-0.9683 266.5 2.79 
-0.6737 316.0 2.53 

-0.97 18 235.9 1.50 

1411.1 2.60 
1484.3 1.46 
1332.5 1.03 
1323.0 0.93 
1488.1 0.62 

*Expressed in thermal MW per bar. 

-294- 



( a )  
w I I I I 

WELL M - 9 3  - a 
a ,  

5 170 
c 

m -  
m 

5 70 
a 

11 19 27 35 43 51 

WELLHEAD PRESSURE ( bar) 

( b )  
L 
Jz I I I 

L 

2 170 lA0 I90 2;)O 2;O 2;O 
I 

7 0  

FLOWING BOTTOM-HOLE PRESSURE ( bar 

Fig. 4 (a) Characteristic curve of well M-93; 
(b) corresponding computed bottomhole 
variables, and fit to the steady-state 
radial liquid water flow model. 

( a )  
r I I I 1 I 

3 5 0  

230 
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( b )  

r = -0 .8737 
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I I I I 1 

140 160 180 200 220 240 
FLOWING BOTTOM-HOLE PRESSURE ( b a r )  

Fig. 5 (a) Characteristic curve of well M-109; 
(b) corresponding computed bottomhole 
variables, and fit to the steady-state. 
radial liquid water flow model. 

2 5 0 4  I I I I I I 1 
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r = -0.9718 v)- 
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5 5 0  f I 
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I I I I 1 I 

Fig. 6 (a) Characteristic curve of well M-102; 
(b) corresponding computed bottomhole 
variables, and fit to the steady-state 
radial liquid water flow model. 

method, errors in the measured downhole pres- 
sures, and wether the measured downhole pres- 
sures represent reservoir pressures. As dis- 
cussed in the previous section, errors in input 
variables of the method such as wellhead pres- 
sures, flowrates and enthalpies, or in the as- 
sumed inside diameters of the wells (possibly 
arising from scale deposits), might originate 
percentual errors of the order of magnitude 
shown in Table 2. On the other side, the mea- 
sured shutin pressures, just like any other 
kind of measurement, are affected by instrumen- 
tal and human errors. Finally, downhole pres- 
sure measurements may not represent true reser- 
voir pressures, on two counts. .First, it is 
often difficult to asses whether the shutin time 
has been long enough for equilibration. 

not necessarily reflect reservoir pressure, 
except at the precise depth corresponding to 
feed points, even if shutin timesare long enough 
(Grant, 1979; Grant et. al., 1981). 

And 
second, geothermal shutin downhole prof i les  do 

The inferred reservoir pressures shown in Table 
2 appear to be systematically greater than the 
(corrected),measured pressures. This may be a 
random effect, masked by the relatively small 
size of the sample (5 cases), with the errors 
caused by the reasons discussed in the last 
paragraph. Alternatively, it may be a truly 
systematic effect introduced by the method pres 
ented here. 
to solve this question. 

More field data will be processed 

-295- 



Table 2. Inferred reservoir pressures vs. measured shutin 
(or nearly shutin) downhole pressures. 

MEASURED INFERRED DIFFERENCE 
(Pe - Pcorr)/?e Depth pcorr* 'e Depth Conditions 

(bar) (bar) (m) (%I (m) 
Pmeas Well 

(bar) 

M-110 163 1843 shutin 163.7 175.1 1854 
~~ 

+ 6.5 
E-2 166.5 1762 flowing by 178.1 212.1 1946 +16.0 

M-93 235 2553 flowing by 235.3 266.5 2558 +11.7 

M-109 223 2385 flowing by 223.6 316.0 2395 +29.2 

M-102 184 1900 shutin 189.6 235.9 19SO +19.6 

+=1" orifice 

+=l" orifice 

+=1/4" orifice 

corrected to bottomhole depth (see text). *Pcorr = Pmeas 

SUMMAF.Y AND CONCLUSIONS 

We have developed and demonstrated a method to 
retrieve the reservoir pressure p , a mass pro- 
ductivity index Jm, and a themalepower produc- 
tivit index J corresponding to vertical water- 
fed wells fro$ its production characteristic 
curves. If an estimate of the reservoir trans- 
misivity (kh/p) is available, our method provi- 
des a way to estimate the radius of influence 
of the well. 

We have successfully validated the method 
against an ample set of field data. The quali- 
ty of the agreement is very good. 

The main advantages of the method are as fol- 
lows: It provides a way for retrieving impor- 
tant reservoir information from ussually avail- 
able production characteristic curves; no extra 
measurements are needed. Unlike traditional 
methods that require significantly more dif- 
ficult bottomhole measurements to evaluate the 
reservoir pressure and the productivity index, 
the present method works from more easily taken 
wellhead measurements. Finally, the method pro 
vides important information concerning the two 
main aspects of geothermal resource utilization: 
mass and heat production. 

A distinctive feature of the method described 
in this paper is that it combines two of the 
most important aspects of the geothermal re- 
source, namely, mass and heat production. This 
useful feature is illustrated by the results 
presented in Table 1: reservoir pressures and 
mass productivity indexes on the one hand, and 
enthalpies on the other, are combined in a sin- 
gle parameter, the power productivity index. 

The results of Table 1 show that the mass pro- 
ductivity indexes are mostly independent of 
both the reservoir pressure and the specific 
enthalpies. These results also, show that the 
specific enthalpies of the wells are rather in- 
dependent of the corresponding reservoir pres- 

sure. Finally, there is a strong correlation 
(linear correlation coefficient= +0.9969) be- 
tween J and J . If representative of the 
whole fyeld, tRese results indicate that in Ce- 
rro Prieto the controlling factor for mass and 
heat production is reservoir transmissivity. 
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NOMENCLATURE 

a: 

b: 
h: 

hT : 

hT : 
- 

Jm : 

Jp : 

ks : 

k: 
- 

k: 

Intercept of straight line (ton hr-l) 
-1 2 

Slope of straight line (ton hr /bar ) 

Reservoir thicknes (m) 

Flowing total sprcific enthalpy ( M J  ton-') 

Flowing total specific enthalpy averaged 

over characteristic curve (W ton-') 

Mass productivity index (ton hr-' bar-') 

Thermal power productivity index (MW bar 

Permeability of skin zone (md) 

Composite permeability seen by the well 

when there is a non-zero skin (md) 

-1 
) 

Permeability (md) 
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pe: Reservoir pressure (bar) 
pwf: Sandface flowing pressure (bar) 

pmeas :Measured shu tin pre sure (bar) 

pcorr:pmeas corrected to bottomhole depth (bar) 

r : Radius of influence of the well (m) 
r : Wellbore radius (m) 

r : Radius of the skin zone (m) 

v: Specific volume of liquid water (m kg-') 

W: Mass flowrate (ton hr-l) 
a :  Constant to accomodate different systems 

of units 

p :  Viscosity (cp) 

V :  Kinematic viscosity (m s ) 

W 

3 

2 -1 
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