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ABSTRACT.

Transient pressure analysis methods were
applied to analyze the results of injec-
tion tests carried out in a recently com-
pleted geothermal well in Los Azufres
Geothermal field in Mexico. Potential use
of those methods (employing injection, two
rate injection and fall off tests) is
ilustrated in obtaining important well and
reservoir parameters at the well completion
stage and in predicting future well perfor
mance. Also, based on the experience
obtained with this well and other similar
wells, suggestions are made on the type

of analysis which is most applicable.

INTRODUCTION.

Injection tests are carried out as a part
of completion procedures of geothermal
wells in the Los Azufres Geotherinal Field,
Michoacan,Mexico. The main purpose of these
tests is to obtain early information about
the well and reservoir parameters in order
to predict future well performance. Injec-
tion tests are considered especially use-
ful to achieve this objective, as the prob-
lems associated with two phase flow condi-
tions observed during draw-down and build-
up tests are avoided, making the eventual
analysis simpler.

Moreover, injection tests are easier to
carry out than the drawdown and build-up
tests.

In this paper the application of different
pressure analysis methods to the results
of several injection tests carried out in
a geothermal well in Los Azufres is illus-
trated; and the potential of these methods
in reaching the above objective, even
with inconplete data, is demonstrated,

GENERAL BACKGROUND.

Los Azufres Geothermal Field is located in
the State of Michmacan in Central Mexico.
It is on the E-W oriented nec-voicanic axis
and is covered by neo-quaternary volcanic
deposits overlying a basement ot lutites
and sands. Microgranular andesites form
the lower part of the volcanic formations
and are overlaid at places by riolites and
pyroclastics.

Alteration zones and thermal manifestations

are clearly related to tectonic activity
and are located near faults and fracture
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463 3° piso.

zones. The wells so far drilled in this
area are sited near the known major faults
in order to encounter secondary permeabil-
ity associated with them.

The main production is thought to come
through fractures.

The completion of the well is shown in Fig.
1 which also includes the data on circula-
tion fluid losses and percentage core re-
covery.

It was drilled almost completeley in frac-
tured andesitas. The fractures were usual-
ly filed with silica, chlorite and epidote.
‘The portion of the well below 2200 m was
highly fractured and fragmented as was
observed from the last two cores taken and
as confirmed by very poor core recoveries.

The well was drilled using bentonitic mud
from surface up to 1500 m arid with water
from 1500 m downwards.

The circulation was totally lost at 2224 m
€or one hour, then partially recovered and
was lost again completeley at about 2332 m.
The last part of the well was drilled with
total loss of circulation.

The first series of tests were carried out
when the well was at 2404 m, after a core
had been taken at this level. Here when
the first attempt was made to core, it was
found that there was an accumulation of
cuttings 50 m thick at the bottom, and
after several trials these cuttings were
cleaned with a batch of mud.

The second series of tests were run after
deepening the well to 2450 m and putting
a liner as shown in Fig. 1. The well was
stopped at this depth for reasons of well
safety, problems with water supply and
materials.

—FEST PROCEDURE.,

Before the injection tests were run two
temperature surveys had heen carried out
{5 and 7 Lours after circulation stuppedjio
determine the distribution of the permeable




Type Curve Matching Using the Curves of
Earloughcr and Kersch. (3).

The results of the analysis with this
method are also presented in tahles II
and III.

Although two or three different matches
could be made for earch test, an average
of the parameters obtained with different
matches give a reasonable indication of
the order of values sought. One can also
observe that the average values obtained
by this method compare reasonably well
with the average values obtained by the
log-log method.

With Semi-lLog Method.

In order the confirm the conclusions
obtained by the log-log analysis semi-
log standard plots of data were also made.

It was found that wellbore storage effects
were dominating almost all or a very large
portion of the data; and either the semi-
log straight line data were lost com-
pletely (because of not having sufficient
clock time) or only the beginning of the
required data were recorded. Therefore, it
was impossible to analyse the data by this
method.

However, the semi-log plot of the results
of the first test (the longest recorded
test) are presented in Fig. 13 as an
example. It can be seen that towards the
end of the data semi-log straight line
conditions are being reached, and the
slope of the drawn lines may give an idea
about the lower limit of the transmissivity
value. One can also observe a high skin
effect,

Other methods of analysis were also tried.
In Figure 14 one can see the results of
the conventional two rate analysis (2) of
the second test. It will be noted that the
roper straight line portion of the data
ad not been reached.

The method suggested by Gladfelter et al
(4) for the data dominated by wellbore
storage effects, was also applied to the
results of some of the tests.

Although it was possible to obtain reason
ably good semi-log straight lines in every
case, the transmissivity obtained was very
low (in the order of 1.60 d.m./cp) compa-
red to the values shown in tables II and
IIT. However, in plotting the graphs, a
figure of 0.0351 m3/m (0.0672 bbl/ft) was
used (as calculated using the actual hole,
casing and pipe dimensions during the
tests) for casing capacity. This figure
gives a C value of 0.1551 bbl/psi., On the
other hand the tests results indicate a C
value of about 6,250 bbl/psi.

When a correction was made to the casing
nnnnnnn in +h Ta+r+tsanv svralava t rac
\,ut‘ab;u, usSin tnis latter vun.u\/, 1 wWas

found that the slope of the semi-log
straight line diminished giving transmis-

-177-

sivity values slightly smaller than those
obtained by type curve matching methods.
Also it has been observed with the method
that unless one uses very small time
intervals (one or two minutes) one gets a
large dispersion of points.

It was also found that with this type of
wells one can not use methods of analysis
employing logarithmic pressure change
versus time. This is probably because the
late time.transients are short and the
early time transient data are masked by
wellbore storage effects. Thepefore, it
is very difficult to select the plot which
gives the right straight line for the
evaluation of the parameters sought.

In the case of the five tests considered.
usually there were not any late time
transient data, and when they were recor-
ded either they were not sufficient or
they could not be used for analysis for
the above reasons.

DISCUSSION.

Although the results obtained by the type
curve matching methods vary from match to
match and from one method to other, they
are all of the same order and give a good
indication in what range the actual values
lie. In fact the average values obtained
by both type curves agree very well and
give a very good idea about the parameters
sought.

It seems the log-log method pives results
with less dispersion and for the data used
appears to be superior to the other as
it also enables us to calculate the sto-
ritivity.( # hce).

It will be noted that the second series of
tests indicate a transmissivity 10%higher
than the value obtained by the first se-
ries of tests. This is quite logical as
the additional drilling of 40 m after the
first series of tests, through an obvi-
ously fractured formation, must have
increased the transmissivity by increasing
the h.

The skin damage appears to he high, but
understandable when it is remembered that
almost 220 m were drilled with no return
of the circulation fluid and the cuttings
were obviously pushed into the fractures,
causing a skin damage. It clearly lies
hetween 5 and 10.

The storage coefficient indicated by both
series of tests is about 0.250 bbl/psi
which is about twice as high as the value
calculated taking into account the profile
of the well (0.1578 bbl/psi). The discrep~
ency may he due to the fractured nature

of the tested formation, with the frac-
tures acting as a part of the well storage.

This may be supported by the increase in
cfnr1+1v1r\r after the r‘ppnnn'lno aof the
well by4n m. It will be noted that the
storitivity is nearly doubled after this




zones along the well depth. The results of
these tests are plotted in Figure 2. It
can be noted that although the formations
below 2200 m were generally permeable,
several well defined zones had higher
permeability and might be associated with
fractures and/or fractured zones. The best
permeable feature appears to be the zone
where the first total loss of circulation
was observed (at about 2224 m).

Also a pressure-depth survey was made to
determine the standing water level in the
well. 1t was found to be at about 672 m.

The tests were carried out using a Kuster
pressure gauge to monitor the pressure
changes. Three-hour clocks were used as
clocks of larger capacities were not
available.

The first series of testing consisted of
three tests as follows:

I.- With the pressure gange at 1472 m,
injection at the rate of 500 litres/
min., for 370 minutes, then recovery
for 236 minutes.

11.- With the pressure gauge at 1472 m,
injection at a rate of 1000 litres/
min for 75 minutes and then raising
the injection rate to 1500 litres/min
and injection at this rate for 45
minutes. At the end of this period
water was injected at a rate of 2050
litres/min and there was a partial
return of water after about 4 minutes.

I1I.-With the pressure gauge at 1500 m,
injection at the rate of 800 litres/
min for 136 minutes.

The second series of tests were carried
out as follows:

I1.- With the pressure gauge at 2000 m,
injection at 800 litres/min for 258
minutes, and then recovery for 140
minutes.

11.-With the pressure gauge at the same
level, injection at 1000 litres/min,
(bata monitored for 124 minutes).
During this test, the injection could
not be kept constant.

The results of these tests are platted in
Figures 3 through 7.

ANALYSIS OF THE RESULTS.

With Log-Log Method.

Although, almost always the tendency is to
analyze the results hy means of the semi-
Log method, it has been found with similar
tests that in almost all cases the well-
bore storage effects dominate and mask a
large part of the data, and it is diffi-
cult to define the proper semi-log
straight line.

the results were first
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Therefore;.

plotted in a log-log form, and analysed by
means of the'"Type Curve Matching" techni-
que using the type curves of Ramey et al
(1)senlarged versions of the curves presen
ted as Fig. C.6 in monogram Vol.5 of the
SPE (2).

The matching procedure for four tests
tusing the log-log plots is illustrated in
Figures 8 through 12. The well amd'reser-
voir parameters were calculated using the
formulae for dimensionless pressuresdimen-
sionless time and dimensionless storage
coefficient,as shown in apendiX A. The
results of the analysis are presented in
tables II and 111.

The results of the last test were not
analyzed for the reason that the injection
rate during this test was not constant.

With the .results of some tests one could
obtain more than one good match, In these
cases the best match was selected by
comparing thevalue of the storage coeffi-
cient obtained by the formula 3 in Apendix
A with the value obtained by using the -
data on the unit slope parts of the log-
log graphs and the formula 4 in Apendix A.
In some cases, however, it was difficult
to select the best match amongst two
matches and the parameters obtained by
both matches were presented in tables II
and 111.

In the case of the analysis of the recove-
ry part of the first test the differences
between the C values indicated that the
beginning of the recovery was. perhaps 3.7
minutes later than assumed. The data were
adjusted taking this time difference into
account and a new match was obtained. The
results of the new match are not signi-
ficantly different from the previous match.

The results calculated by this method
indicated that with the data used, semi-
log straight line should start about 3
hours after the beginning of the test, It
was clear that in some tests the useful
part of the data for semi-log analysis
was lost during the period when the Kuster
gauge was raised and relowered, after
re-winding or changing the clock; and in
others only the beginning of the semi-
log data was recorded within the fir.st 3
hours of clock tine.

It is well known that the "Type Curve
Matching Techniques' are especially use-
ful when the wellbore storage effects

last a long time and early time transient
data exist, as it was the case with the
tests carried out. However under these
circumstances the methods give only
aproxirnate values.

Therefore, the results were analyzed by
means of another"Type Curve Matching"
technique, using the type curves of
Earlougher and Kersch (3). (Larger scale
versions of the curves presented as Fig.
C.7 in Monograph Vol. 5 of the SFE (3).




additional drilling, indicating that the
additional 40 m were highly fractured
forming a psuedo-porous medium.

The storitivity value obtained from the
first series of tests is quite acceptable,
because if one assumes 0 = 0.1 and c¢ =

5.7 x 10-5 (Kg/cm2)-1 one gets h = 298 m
which is very close to the permeable inter=-
Val observed (2410 - 2200 = 210 m).

The tests during which late data were
registered do not show the typical fractu-
red reservoir behaviour, indicating that
the formations are behaving like porous.
However, typical semi-log curves of frac-
tured formations were observed with the
data of another well in the same field.

Finally, if the flow efficiency is calu-
lated using the results of first and
fourth test, a value between 0.51 and 0.52
is obtained. When one takes into account
that when the well was eventually induced,
it produced 63 t/h, it indicates that if
the skin damage can be removed the
well will produce about 123 t/h.
CONCLUSIONS.

I.- Injection tests can be successfully
used to determine well and reservoir
parameters at the completion stage
of a well and the results can be

analysed with the established meth-
ods.

They are easy to perform and Kuster
pressure gauges are sufficient to
record the pressure changes. However
clocks of at least 6 hours period
are required to register all the
necessary data.

111.- Injection data are usually dominated
by well bore storage effects and the
parts which can be analysed by semi-
log methods are short. For this
reason it is absolutely necessary to
make log-log plots to define the data
which can be analyzed by the semi-
log methods.

IV.- In cases where a large part of the
semi-log straight line data is
missing, or too short to be identi-
fied, the type curve matching techni-
ques using the type curves of Ramey
et al and Earlougher and Kersch can
be successfully used to analyse the
early Eime transient data. Although
the results obtained are approximate
when several tests are carried out
reasonably reliable average values
can be determined.

The log-log analysis with the type
curves of Ramey et al are iikely to
give more consistent results.

Experience with this and other wells
indicate that the methods of analy-
sis using log pressure-time plots

are not recommendable for fhese wells.
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TABLE 1

NOMENCLATURE
units
Symbol Meaning Conventional Metric
K Effective average permeability milIidarcy darcy
h Net formation pay thickness ft. m
- 2
P Pressure psi kg/cm
q Injection Rate 880
W t/h
r. Viscosity centipoise centipoise
t time hour hour
B Formation volume factor -
reservair volume/standard volume = ¥e—)
Vee
¢ porosity fraction of bulk volume
Ct Total system effective
isothermal compressibility (psi)-l (Kg/cmzfl
rw welbore redius ft m
¢ Wellbore sturage coefficient 1/psi ma/Kg/cm2
g (L ou7RE85E 2 2615  m3/Kg/em2)
p
s} Dimensionless pressure
t.. . . .
D* Dimensionless time
CD Dimensionless storage coefficient
A..F' Pressure change psi KQ/Cm2
At Time change hour hour
) - 2
in Slope of Semi-log . psi/log cycle Kg/cm /log cycle
Straight line
41
Vvsc Specific Volume at standard
conditions ms/t
Vr Specific volume at reservoir conditions m3/t
near the in ection (assumed to be 1.043S rn3/t
in all calculations)
s Skin effect (dimensionless)
Aps See equation 7.
P Volumatric average plessure psi. Kg/cmz

within drainage volume
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TABLE II
RESULTS OF THE ANALYSIS OF THE TESTS
WITH THE WELL AT 2,404 M .

Type of Test Analysis Kh. ¢hct C S M
Method d.m/cp maft/cp m/Kg/t:m2 ft/psi  bbl/psi
Injection Semi-log There are not enoughdata.
500 litres/min 5 5 +
Log-Log 14.34 2 49018 ?  7.46x1C_ ? 1.72%10 12 B:5a1 20 2
(Ramey) 8.72 28620 7.39x1070 170107 0.236 10
EK 7.65 25088 0.290 12.39
7.02 23027 0.290 3.18
7.33 24057 Q0.290 7.79
Reccvery, after Semi-log 549 ? 18013 ?
|_rl~J’e~c.t|0n vylth 412 ? 13518 ? O.350+
500 1itres/min -3 -3
Log-Log 8.01 26281 8.32x18_5  1.92x10 . 0.269 10
(Ramey) 8.01 26281 7.00x10 1.61x10 ~  0.280 10
0.235
E- K No good match
Injection Semi-log There are enough datsyg, 0‘245"‘
with 1,000 -3 3
litres/min Log—Log 8.58 28151 6.10x10 1.41x10 0.198 10
(Hamey)
E- K 4.63 15193 0.190 3.39
11.23 36860 0.199 14.68
7.93 26026 0,195 314
Injection Semi-Log There are not enough data. 0.298"
with 800 -3 -3
litres/min Log-Log 6.31 20703 8.4x18 1.94x10 0.272 5
(Ramey) 9.38 30776 B8.0x10 1.84x10 0.261 10
E- K 9.81 32193 0.2%4 10.15
5.34 17510 0.248 4.41
7.57 24852 0.251 _7.28
Average _3 -3
Representa 8.00 26248 7.36x10 1.70x10 0.250 8.82
tive
Values

+ Calculated using the data on the unit slope part of the log-log plots.

NOTES

by assuming @ = 01 and c

2 Figures undglined are the averege values obtained using Earlougher + Kersch curves.

t

- 1 E-ti stand for analysis using Earlougher + Kersch curves (2). . Skin values were obtained
=57 x 103 (Kg/em?)-1 . h =910 m

-181-




TABLE IIT
RESULTS OF THE ANALYSIS OF THE TESTS

WITH THE WELL AT 2430 M.

Test Analysis Kh/r' g hey c s
Wethed d.m./cp md. ft/cp m/kg/cm2 ft/psi  bbl/psi
Injec_H]on Semi-log There are not enough data
wi
800 0.262
litres/min Log-log 9.38 30776 13.66 x 10~3 3.15 x 10-3 0.256 10
(ramey)
E~-K 6.20 2035'1 0.210 3.55
15.25 50151 0.230 18.45
8.53 27577 0.220 6.96
10. 00 32826_ G-220- B85
Recovery Semi-log There are not enough data
after in- 0.260%
Jjection Log-log 6.75 22145 15.52 x 1073 358 x 10-3 0.267 5
with 600 {Ramey)
litres/min
E-K 9.14 30000 0.255 5.73
0.9 29500 0.236 5,77
3,07 29750 0.246 5.75
Injection E -K 932 ? 30590 2 0.345 7 4,787
with 1000
litres/min 0370 ?
Average 8.90 28856 14,59 x 10-3 337 x 10-3 0248  7.31
Representa-

tive Values

* calculated using the data on the unit slope part of the log-log plots.

NOTES: 1. E-K stand for analysis using Earlougher + Kersh curves (2). Skin values were obtained by
assuming B = 0.1 and c¢= 57 x 10-5 {(Kg/em2)-"', h = 250 m.

2 Figures underlinec are the average values obtained using Earlougher + Kersch curves.
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Appendix A:

Formulae Used :

Conventional Reservoir
Engineering Units

Pp = _8pkh
141.2 qBp

0,0002637 kt
¢}4- Ct h r2w

tp

5.6146 G
2 PCLhrdy

o
o
n

C =0B At

24 Ao

m = 162.6gM8B

Kh

t = (200000 + 12000 s)
(kh/p )

Flow efficiency = p - pwf - Aps

B - pwf

bps = 0.07 m.s.

(2)

(a)

(4)

(s)

(s)
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Metric
Units

Pp = 2.1891_Apkh

sc W B,‘-

= 0,3485 kt

@ prcerg

= C

=W Vsc B At
ao

= 0.5258 Vsc g B)A
Kh

= (200000 + 12000 s)
3281 (kh//.s)




