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ABSTRACT

The Nagqu geothermal field is a single-phase,
liquid-dominated system at reservoir condi-
tions, having a high gas content. This field
is located at an elevation of about 4,500 m
(asl), in the vicinity of the City of Nagqu.
which is one of the most important cities of
Tibet. The reservoir rvock is made of a highly
fractured., low-permeability sedimentary se-
quence, During the iwmplementation of the
study described in this paper., fluid produc-
tion was mainly obtained from two out of four
possible productive wells. The main fault
systems are located in a NE-SW and E-W di-
rections., which seem to control fluid move-
ment at depth. The geothermal field is re-
stricted to a small area wheve hydrothermal
manifestations are located., Reservoir ten-
perature is 114 °C. gas countent 1is in the
range of 0.5 to 0.6 percent by wmass, being
mainly C€O,. Reservoir transmissivity in the
area of %he wells is very high. Reservoir
response to changes in flow rate in any of
the producing wells could be detected almost
immediately in the obsevvation wells. which
were distant between 300 to 900 m, depending
on the production-observation well artvaunge-
ment..

Calcium carbonate scaling was present in
producing wells. This deposition was con-
trolled by the CO, partial pressure. De-
scription of well tésting results is provid-
ed, as well as the therwmodynamics and geo-
chemistry of reservoir fluids.

all

INTRODUCTION

The Himalavan Mountain Range is about 250 to
300 kin wide and nearly 2.000 km long. There
are over 400 areas of active hydrothermal m-
anifestations in the whole zoune, including
hydrothermal eruptions such as craters. gev-
sers. fumaroles, boiling springs. hot and
warm springs, etc.. Surge of geothermal wman-
ifestations is strictly controlled by active
tectonics.

Nagqu geothermal field is located in Northern
Tibet, two kilometers southward of Nagqu Town
(see Fig. 1), at an altitude ranging between
4,500 to 4.700 m (asl). The area is charact-
erized by plateau-type worphologv with rela-
tively broad flat topography and limited
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differences in height (100 to 200 w). Hyd-
rography is well developed in the surround-
ings of the geothermal field and is repre~
sented by the Nagqu River and its trvibutar-
ies, which originate from the northern moun-
tain area and flow southward into the Nujang
water system., The vivers flow 1tates vary
greatly with the seasons., The Ciqu river flow
rate at Naggu Town is 69.6 w /s during the
rainy period and cau be totally absent during

the dry season. According Lo meteorological
records from 1981 to 1986 (F1. Des. Tust. of
SW China. 1989). the aunual average tewpevra-
ture is about -2°C, rainfall is about 400
and the relative humidity is 50%.

GEOLOGY

Stratigraphy

The basement of tlie geothermal field is -~
ainly represented by Middle-Jurassic wuwidsto-

nes and sandstones, (Geothermal Geological
Team. 1989). In 1eference to the straligraphy
disclosed by wells, mudstones arve prevailiug
in SW and NE sectors of the geothermal field.
muds tone-sandstone interlaverings are pre-
vailing eastward and silicified, fractured
sandstoie are present in  the NW part. Uppet
Cretaceous magmatic rocks are scattered ovea
the area; thev are wmainly represeuted hy
mediun-acidic volcanics, wltich under went
dynanone tamorphism  showing lamiinated and
blastic textures: radiometiic data revealed
ages ranging f{rowm 30 to 101 Ma. Neogeui.
sediments forwmed by conglomerate in the lowe:
part with sawlstone-conglomerate interbed-
dings in the upper lavers oulcrop in the arvea
of thermal wanifestations. Quartervary e-
posits ave widespread and are vepresented by
the following sequence:

- Lower Pleistocene lake and swamp depusils
- Middle Pleistocene glaciofluvial deposits

- Upper Pleistocene glaciofluvial and all-
uvium
- Holocene alluvium and diluviwm with s-

wampy deposits.




Structure

The most important structural feature in the
geothermal field area is represented by an
anticline, whose axis trends NE 70°, with dip
angle of strata varying from 40 to 60°. After
the folding stage, tectonic events of Hiuwa-
layan stages produced two main faults systems
trending NE-SW and E-W: the latter event is
older than the NE trend and shows . evident
compressive characteristics. The NE-SW
trending faults are more widespread being
produced by tensile stresses, These two tec-
tonic trends have been the most significative
alignments in wore recent stages of Himalayan
tectonics, and even at the present time they
represent the active fault belts along which
the hydrothermal activity is developed.

Moreover, in the area of the geothermal field
a NW trend is present which is strictly con-
nected with the geothermal nanifestations

(Fig.2). consisting of warm and hot springs.
thermal swawmps, steaming grounds and deposi~
tion of hydrotermal wminerals such as kaolin-
ite, silica. pyrite, sulphates and carhon-
ates.

GENERAL BACKGROUND OF FIELD CONDITIONS

A total of 15 exploratory wells have been
drilled in the Nagqu Geothermal Field (Fig.
1). Well depth 1is ranging between 80 and
about 400 w, with the exception of wells
ZK1005 and ZK1203., drilled down to 503 and
708 m, respectively. Wells ZK1005, 1007, 1105
and 1203 have a 9 5/8" or a 13 3/8" produc-

tion casing set at depth ranging between 37
and 94 m. Wells ZK1104 and 1303 are completed

with borth a surface casing and a 9 5/8" pio-
duction casing, whereas 1in all rewmaining
wells only a conductor pipe has been in-
stalled.

Six wells have been drilled in the produc-
tive area, which has a surface of about
600,000 m“. Among them well ZK001l., the sha-
llowest one, did not reach any productive

zone but showed high temperature

(about 110 ©C at 80 m ); the other wells,
ZK1005, 1104, 1105, 1203 and 1303 are com~-
pleted with a casing head flange and a master
valve as static well head pressure ranging
from 3.9 to 5.2 bara is present. Well ZK1105
can not be used for production purposes as it

is damaged by a fish with top located at
about 104 m. The four productive wells were
tested by Chinese experts after drilling

completion and for about one week, during a
production test of the whole field. During
the field survey conducted on this study.
only two wells were tested, ZK1203 and 1104.
Wells ZK1005 and 1303 were used as observa-
tion wells during all field activities.

RESERVOIR FLUID MAIN CHARACTERISTICS

Tables 1 and 2 show the water and gas
sitions, respectively.

compo-
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Table 1. pH value and chemical composition

(mg/kg) of reservoir water.

pH 5.8 co, 5240

Nat 1004 (#23) HCO, 2000

K 66 ( 4) sohz' 200

ca’t 225 c1” 248

ng 2t 6.0(£ 0.7) F_ 8 (£ 1)
a1t 0.035 B 9 (£ 0.5)
Fe+ 0.05 N, 6

Lit 2.7 sio, 75

Table 2. Average dry gas composition (Vol %)
and gas/water ratio (molar).

co, 99.5
i, 0.0018 + 0.0006
cH, 0.25 + 0.06

co 0.000005 + 0.000001
st* 0.024  * 0.012

N, 0.21 + 0.08

Ar 0.0035 + 0.0020
He 0.0013 + 0.0005
gas{ (total HZO) = 0.0022

* A concentraction of 0.04% was measured
in samples analized in the field and is
considered as most reliable

As it can be seen from this table, CO, is the
main component of dissolved gases. “Thermo-
metamorphism can be considered the main pr-
ocess for the occurrence of CO2 in this th-
ermal are

Measured ~~C content of - 1.6 * 0.6 % con-
firmed this hypothesis, since a CO concen-
tration of this order can normally be con-
sidered as linked to a crustal origin from
sediments with no organic or volcanic (man-
tle) components. This conclusion is supported
by the fact that plotting the measured N, -
Ar - He concentrations . on a triangular %ia—
gram (Giggenbach et al., 1983) the position
of this point is located along the line con-
necting the imeteoric component to the He
corner, suggesting a crustal component in the
order of 75%.

The carbon monoxide content can be used to
estimate the CO partial pressure using the
so called water<gas shift reaction (Chiodini



and Cioni, 1989), by maing the following ch~
emical equilibrium:
CO2 + H2 = C0 + H20
arranging the expression of the equilibrium

constant by introducing P(H20), the following
relation is obtained for a pure liquid phase:

log P(COZ) 2 0.491 + 192.4/T + 0.979 log T +
log (COIHZ) + log B(CO) - log B(Hz)

where B(i) is the distribution coefficient
for each gas species. From gas composition a
value of PCO = 11.6 bar is obtained.
2

For productive wells, where the gas/(total
H,0) and the reservoir temperature are known,
thie maximum value of P(COZ) in the aquifer
can be computed, assuming “a pure liquid ph-
ase, by the following equation:

log P(COZ) = log (COZIHZ) + log B(C02) +

log P(HZO)
In our case for well ZK1203 a value of 12.8
bar is obtained. Gas composition can be used

to compute equilibrium temperature. Two in-

dipendent chemical equations can be used:

CH 4CO + 2H,0

4 2

CHA + 2H20 = AHZ + CO2

+ 3CO2 =

the derived geothermometric equations for a

pure liquid phase are:
41og (CO/COZ) - log (CHQICOZ) =
4,73 - 12913.84(T + 0.719 log T - 4log B{(CO)

+ 31log B(COZ) + log B(CHA)

4log (H,/H,0) - log (CH,/CO,) + 4log P(COZ) =

-15.35 - 3952.8/T + 4.635 log T +
4log A(HZ) + log A(COZ) - log A(CHA)

where A(i) 1is a term related to the vapor
fraction with respect to total water in the
reservoir and the molal distribution coeffi-
cient B(i), (D'Amore and Truesdell, 1985).
The computed temperature are respectively
110°C and 112°C for a P(CO,) = 11.6 bar.
Reservoir fluid temperaturés were also com-
puted based upon both the thermal equilibrium
of mineral assemblages and the application of
some empirical geothermometers.

Computer program WATCH2 (Arnorsson et al.,
1982) was used to perform calculations of
dissolved species in thermal equilibrium with
alteration minerals. Calculated reservoir
equilibrium temperature by this method was
118 * 6°C, with the following mineral assem-—
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blage: kaolinite, calcite, quartz, K-felds-
par, Ca-Mg-Na-K montmorillonites, Mg-K-illi-
te, K-mica, Mg-chlorite, fluorite, magnetite
and goethite., Most of the minerals used in
the mineral assemblage calculations perfomed
have been found in the study of the local
aquifer (Geothermal Geological Team, 1989).
The low enthalpy of fluids from the Nagqu
geothermal system was confirmed by the ap-
plication of some selected empirical geoth-
ermometers (average temperature 125 % 9°C).
Using gas composition (CO,. H,S, H2 and CH,)
and the geothermometer of“D'Amore and Panicﬁi
(1980) a temperature of 123°C was obtained. A
summary of results obtained from the appli-
cation of several empirical geothermometers
follows:

Table 4. Computed temperatures with different
geothermometers,

)

Geothermometer Source T,9€C

114
122

Na-K-Ca-Mg fournier {1981}
Quartz({mo steam loss| Fournier and Potter (1982

K-Hg Giggenbach et al. (1983) 123
Na-Li fharaka et al. {1982} 137
Hg-Li Kharaka and Mariner 11983) 132

Stable isotopes water composition

For both wiéls the following average Deute-
rium and 0 O contents have been measured for
the brine sampled at sepavation temperature
of 96%1 °C:

oD = 149.8 * 0.5 (% VS. SMOW)

618

0 =18.0 £ 0.05 (% VS. SMOW)

Fig. 3 reports measured values as points A,
Line B-C represents the local meteovic line
drawn using data from Nyingzhong and Yangy-
ixiang thermal areas for cold waters (Aquat-
er, 1989). Point NZ11 corresponds to a lake
located at ah altitude of 5,050 m (asl).
Point YX8 is the isotopic composition of a
river whose recharge area is located at an
average altitude of about 5,500 m (asl). On
the other hand, 1line A-D has been drawn
considering the theoretical isotopical
composition produced by evaporation at 115°C.

No major effects of water-rock interaction
have been accounted  for considering the low
enthalpy of the system. According to this
assumption, point D would represent the
isotopical composition of meteoric walgr
recharging the geothermal system. Since ¢ 0

m
and

values change of about 0.3 units every 100
and considering the elevation of YX8

NZ11l, the recharge area indicated by point D
has an average elevation of about 5,600
(asl).




The absence of tritium in the water suggests
a long residence time of the meteoric water
in the reservoir, with an age exceeding 30
years. Then, we may exclude any mixing with
local shallow waters. This can explain the
good agreement between measured and computed
temperatures using water composition.

Fluid Scaling Tendency

Produced fluids
scaling tendency.
mainly. Scaling

at Naggu exhibited a high
Scale was made of CaCo

tendency was evaluated by

means of the saturation index, IS (Corsi,
1986):
++ 2
[Ca”  JAlk
I, = log ~=-——=—~=r—=o- +10.22 +
§ P
T yco2
2.739E-2 T - 1.38E-5 T - 1.079E-8 B, -
2521 2 4 0,019 1
. ++ .
where I, [Ca '] and Alk are expressed in
mol/l of water, P in Pa and T in °C. 1I_>0
indicates a supersaturated scaling solution

and I_<0 an undersaturated solution.
The méle fraction of C02, yCO was calculated
from Dalton law: 2

P =y P
002 002 T

Calculated I_ value at reservoir conditions
was 0.28: meanwhile at atmospheric conditions
was 3.45. From these results, it is evident
that produced fluid at reservoir conditions
is slightly supersaturated, while at the end
of the isoenthalpic flashing process shows a
high scaling tendency. In fact, during the
production tests carried out substantial
diameter reductions were observed both in the
surface lines and downhole.

PRODUCTION TESTING

Carbonate scale deposition.
productive wells in the Nagqu Field, affects
both the production technology and the
measurement procedures. As routinelly per-
formed in productive wells of the Yangbajing
field, located about 220 km south of Nagqu,
carbonate scale deposits are mechanically
removed using a heavy pipe lowered downhole
by means of an electric winch. According to
the experience gained in operating Yangbajing
power plant, the method is effective for
shallow wells when the scale build-up rate is
not severe. In Nagqu wells, because of higher
CO, partial pressure, the scale depositiou is
quite fast and the mechanical cleaning seems
to be necessary each 2 to 4 days.

characteristic of

performed during this
study using the well known "lip method”
established by James (1966). The output
_curves were determined with 3 production
steps that lasted about 2 days each. Before

Production tests were
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each step, well ZK1203 was cleaned using the
mechanical device, whereas well ZK1104, that
produced previously only for testing purpos-
es, was not cleaned. Different lip pipe
diameters were used for the 3 steps (4", 5"
and 6") on each well. A fourth production
step on both wells was carried out mainly for
interference test purposes.

During the processing of flow rate data, both
the gas content of discharged fluid and the
scale build-up at the lip pipe were accounted
for, the former being the most important. The
gas content in the pre-flashed fluid was
estimated to be about 5,300 to 5,700 ppm in
wells ZK1203 and 1104, respectively. Pub-
lished methods to correct the lip pressure
readings were applied since the effect of CO
partial pressure at lip conditions was prove%
to be quite high. 1In fact, although the gas
content is not so high if compared with other
geothermal fields, its effect becomes impor-
tant because of low fluid enthalpy. Liquid
enthalpy was calculated at flash conditions

to be about 470 kJ/kg; thus the vapour phase
mass fraction at 1lip conditions (pressure
ranging between 1.10 and 1.79 bara) was very
low, between 0.029 to 0.012 The gas mass
fraction in the vapour phase was relatively
high, ranging from about 0.18 to 0.41, with
gas partial pressure between 0.09 to 0.40
bar.

These figures were computed by simulating the

isoenthalpic fluid flow from conditions at
the producing zones, to atmospheric pressure
(0.6 bara).

A thermodynamical package based wupon the

method proposed by Sutton (1976) and wupdated
later by 0'Sullivan et al, (1985) has been
used with minor modifications as an equation
of state for the H20—C0 system. To correct
the lip pressure readings several methods
were tested: James (1970), Karamarakar and
Cheng (1980), Grant et al. (1982a) and Grant
et al. (1982b). The first three proved to be
quite consistent in the range of measured lip
pressures, whereas the last one gave a higher
correction. It was decided to use the method
suggested by Karamarakar and Cheng, as it is
based on a theoretical assessment of James'

method made using two-phase flow models at
the 1lip pipe. According to this method,
correction to measured 1lip pressures are as

follows:

PlipC = Plip (1 - Y/m)
where:
Y = ratio between the mass of gas and steam

in the vapour phase at lip conditions;

m = 2.4 - 9.6E~4 (Plip - Patm) + Y
Corrected lip pressures were about 92 % and
77 % of original readings at lip pressures of
1.10 and 1.79 bara, respectively.

influencing flow rate
scale build-up inside

Another factor
surements was the

mea-—
the



lip pipe. Average scale thickness measured
after two days of production was ranging
between 2 and 7 mm; the thickness was higher
in the smaller diameters. As a first approx-

imation, a linear increase in scale thickness
during production steps was considered to

evaluate the actual lip pipe inside diameter
to be used in James' equation.

PRODUCTION TESTS RESULTS

Production output curves determined on wells
ZK1203 and 1104 are shown in Fig. 4 (Aquater,
1990).

gases is
profiles

The effect of non-condensible
evident in Fig. 5 where pressure
recorded in well ZK1203 under static condi-
tions and during production steps of the
output curve are plotted. Two-phase flow is
clearly present above 100 m during the
highest tested flow rate.

Temperature profile T3 vrecorded at the same
time of P3 is also shown. The profile shows
the quite wuniform temperature distribution
down to 700 m, with temperature ranging
between 111.5 to 113 ©C.

The effect of CO, content on boiling pressure
can easily be seen in Fig. 6. It illustrates
P-T data collected during dynamic surveys at
well ZK1203, vcompared with the pure water
saturation line if no dissolved gases were
present. Taking into account the accuracy of
P-T measurements, the departure from a nearly

isothermal flow can be detected at a total
pressure of about 14.5 % 1.0 bara. Good
agreement is obtained with the data measured

in well ZK1104, which indicated a boiling
pressure of about 16.0 * 1.0 bara as well as
with the values obtained through the proces-
sing of chemical data. The CO partial
pressure at boiling conditions is“between 8
and 9 times the steam pressure, which is not
a very common feature.

WELL TESTING

Pressure buildup tests

For the characterization of the reservoir,
buildup tests were conducted at the two
producing wells. Downhole pressure changes
were measured by means of mechanical, Ame-

rada-type pressure sensing-recording devices.

An extremely fast pressure recovery was
observed in all tests performed, which
coupled with the 1limited accuracy of the
mechanical type of sensors used, did not

allow the recording of enough quality data to
perférm either adequate type-curve or semilog
analyses.

Heavy leaks of fluids at the wellhead pre-

vented a complete shut-in of the wells, and
increased the difficulty of the analysis of
the well tests.

Preliminary diagnosis analyses by means of

log-log plots of both pressure-difference vs.
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time and pressure derivative function vs.
time were performed. Matching of pressu-
re-difference vs. time data to type-curve was
not feasible due to the extremely short
stabilization period and also the small range
of pressure differences involved. On the
other hand, matching of the pressure deriva-
tive function vs. time was not either poss-
ible due to the large scatter of data points
even after performing several attempts of
pressure derivative calculation using dif-
ferent smoothing parameters. Fig. 7 shows
data from one of these tests. Type curves
published by Bourdet et al. (1984) were used.

Interference Tests

To carry out interference tests, the two
extreme wells ZK1005 and ZK1303 were chosen
as observation wells, while internal wells

ZK1104 and ZK1203 were active wells (see Fig.
1). Wellhead pressures and smoothed produc-
tion data during the test are shown in- Fig.
8. To ensure that wellhead measurements would
provide reliable data, recordings of such
measurements on well ZK1303 for one week
previous to the start of the interference
test were carried out, excluding in this way
the possible effect of any gaseous column
inside the well.

Interpretation of interference tests was
carried out by means of type-curve matching
procedures, using both a homogenous system
and a naturally-fractured reservoir system
models, applied to pressure response produced
by a single production step, without accoun-
ting for the effect of previous steps.

A) Type-curve matching using a model for a
homogenous system.

For this purpose, the type-curve for a

homogeneous system published by Ramey (1980)

was used. Interpretation equations for this
model are as follows (nomenclature at the end
of paper):

kh @ 141.2 qu(PD/AP)M

0.000264 k h At
¢c h =------go-m-—- (- )
t 2 i M
ur tD/lD 2
Units in these eqs.are: k(mdj. h(ft),
q(STR/day), P(Psi), B(STB/bbl), n(cp),
r(ft), t(hr)., ¢(fraction).

Fig. 9 shows the match of field data with the
published type curve obtained for test period
IT2 shown in Fig. 8. Table 4 below shows
results obtained from matches during flow
periods IT1 through IT3 of Fig. 8.

B) Type - curve matching using a double -
porosity, naturally fractured system
model.

Taking into account that from geological




Table 4. Results of field data matching with
a homogenous reservoir model.

FLOW kh (dm) | ¢ c.h (m bar 1)

PERIOD

IT1 402.1 269 E-5

1T2 455.7 343 E-5

T3 338.5 53 E-5
evidence, reservoir rock consists of
fractured-sedimentary vrock, the use of a
naturally fractured, double-porosity model
seems justified. The model published by
Deruyck et al. (1982) was used for the
interpretZE?BﬁT_It was found that the model
that assumes transient interporosity flow
between the system of fractures and the

matrix blocks, better fitted measured field
data and so it was the one selected.

Interpretation equations are as follows:

a)

kfh =

For the log-log analysis:
141.2 q B u(PD/ AP)M

0.000264 kfh
( oV Ct)f T oSTmTms oo ( _______ )M

(o v Ct)f h

( ¢ v ct)f+M h: __________________
o

b) For the semilog analysis

Fig. 10 illustrates the match obtained for
data from period IT2. A summary of results of
fitting field data with the published
type-curve is given in Table 5, below.

Fig. 11 shows a semilog plot of data from
period IT2. From the slope of the straight
line in this figure the following values for

reservoir parameters are obtained:

kfh =288 (d m)
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Table 5. Results of field data matching with
a double - porosity, naturally fractured
system model.

k.h

Flow ;

period

. -1
{d ) (¢V”tH+MM"b” )

287
3
299 t

I
m
I3

—
w o>
;e

0
NSy
—
~3
- S

The test was too short and no
from the matrix was yet evident.

response

(0 Ve h=68.2 E-4 (m bar )
As it can be seen by comparison with results
of the type-curve matches given in Table 35,
the k . h value calculated with the semilog
method agrees well with those calculated by
the type-curve procedure; meanwhile. the
storativity value is somehow lower.

Therefore, it can be concluded that the high
transmissivities obtained from the type-curve
analysis., confirm the presence of a highly
fractured system, with transmissivity ranging
between 338 to 456 d m if a homogernous systen
model is assumed or from 287 to 314 d m if a

naturally fractured system wmodel is consid-
ered. Based upon geological evidences, the
later seems to be more realistic. In this
model the fracture system acts as the main

fluid conduits, while the matrix
the main source of fluid storage.

represents

FITTING OF INTERFERENCE DATA USING SIMPLE
LUMPED PARAMETER MODEL

As can be seen in Fig., 8, the response of two
observation wells seems to be very similar.
The two sets of data showed a linear rela-
tionship with a unit slope and a standard
deviation of 0.0099 bar. This result suggests
that the effect of fluid extraction was to
produce a quite wuniform decline of pressure
throughout the reservoir. In this case the
use of lumped parameter models to interprete
the interference data was considered suit-
able.

As a first approach the assumption of a
steady state recharge to the reservoir from a
supporting aquifer was evaluated according to
the Schiltuis equation (Olsen, 1984). In this
approach a mass balance takes into accowit
three main contributions: the fluid produced
from the system, the recharge to the system,
and the liguid expansion in the reservoir due
to the lowering of average reservoir pres-
sure. )

According to the Schiltuis assumption

water recharge 1is directly proportional
the pressure drawdown in the reservoir.

the
to
The



aquifer will supply amny rate extracted by the
wells after an initial drawdown during which
there is a pressure decline depending on the
rate of production and reservoir storage
coefficient. According to the conceptual
reservoir model, the vertical recharge
through faults and highly fractured zones was

modeled considering a linear aquifer re-
charging the reservoir. Examining the vre-
sults, it was concluded that this model was

not able to provide a good fit of field data.

Next approach was to consider fluid recharge
to the reservoir under transient conditions.
Under these conditions reservoir behaviour is
described by a material balance equation and

a simplified solution to the diffusivity
equation. The solution used was that pre-
sented by Hurst (0Olsen, 1984 - Brock, 1986)

for an infinite linear aquifer recharging the
reservoir.

The characteristic parameter defined by Hurst
for a linear system is a ratio of aquifer and

reservoir parameters and a geometric factor.
It is defined as follows:
Ao -_8la___
1 Cr Py
The general solution to be used 1is as fol-
lows:
I 2
Po - P(tn) = B % AW, MCA® (¢, -t .))
. i D Dj
i=0
where:
1 2
2
M(A tD) = —-=- (e A % erfe(} Jfb) -
2 AVE
D
L4 =omen 85T
a
ka
ty = Tomemmomsmoes t
¢a Yo Ca
for a linear infinite reservoir;
" c
B = ———mm a__.a_ ___
k
a v gRCR
For a given value of A parameter, it is

possible to determine the B parameter through
a linear regression analysis using the least
square criterion. The standard deviation of
calculated pressure drops respect to the
measured ones is determined at the same time.
The solution is represented by the couple B~
A that gives the minimum standard deviation.
Considering the data recorded at Nagqu field,
the plot of standard deviation vs.A does not
show any wminimum but it stabilizes around
0.023 bar for A greater than about 0.1 -1,
slowly decreasig for -=>Q0-
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As pointed out by Brock (1986), under these
conditions it is not possible to determine
reservoir parameters, but by using a high

value of A in the flattened part of the
curve, a history match and a prediction can
still be performed. Under these conditions,
the size of the reservoir can be considered
as small compared with the size of the system

(reservoir+aquifer), so that the reservoir
has practically no influence in determining
the system behaviour. Although this fact

seems to be in good agreement with geological
data suggesting 2 limited reservoir exten-
sion, it must be recognized that production
period was short and that perhaps data
collected under longer production history
could show some features not evident during
the period tested.

The history match is shown in Fig. 12,
calculated and measured pressures are plot-
ted. Even if the history match can be con-
sidered satisfactory from the point of view
of matching accuracy (standard deviation was
0.023 bar), the interpretation still has to
be considered as a preliminary oune. In fact,
the interference test covers a short period
of about 580 hours and a small amount of
fluid extracted, about 48.6 Mkg, with a
maximum pressure drawdown of only 0.43 bar.

where

PRELIMINARY "ASSESSMENT OF RESULTS

Eventhough the reservoir is liquid dominated,
the high partial pressure of non-condensible
gases can be very important in determining
both the natural reservoir state and future
reservoir behaviocur under exploitation. From
analysis of data collected, it 1is evident
that in the central part of the field, where
vertical upflow of fluid at nearly constant
temperature is present, boiling conditions
should be reached at depths ranging from 100
to 120 m. This means that a two-phase zone
could evolve in the upper part of the reser-
voir. If this two-phase shallow zone should
be present, the reservoir compressibility
would be higher than that coming from a
liquid phase only, because of liquid vapor-
ization as pressure decreases. This mechanism
could furnish a support to pressure
stabilization in addition to that supplied by
the recharging aquifer.
The above mentioned
important in altering
respect to that of a pure 1liquid phase in
case of long term industrial production. A
mass rate extraction of about 80 kg/s has
been estimated necessary to produce about 0.9
MWe with an air cooled binary cycle plant.
The continous extraction at this level could
produce an important reservoir depletion,
extending downwards the two-phase zone.

To properly assess the feasibility of the
preliminary results obtained in this study,
longer production tests at rates close to 80
kg/s should supply additional data very
helpful in assessing long term reservoir
behaviour under industrial exploitation level

mechanism could be
reservoir behaviour




rates.
CONCLUSIONS

Based upon the analysis of the data collected
from the tests performed at wells from the
Nagqu Geothermal Field and the analyses
performed at the -fluid samples collected, the
following conclusions can be withdrawn:

1. The area of geothermal field and its
surroundings do not present any evidences of
volcanic activity able to produce an anoma-
lous thermal gradient. According to the
values achieved with drilling, it can be
noted that the thermal gradient decreases
sharply outside the area of producing wells;
Furthermore the values of the thermal gradi-
ent are controlled by structural trends. 1In
fact wells ZK1403 and ZK903 located 0.8 to
1.2 km respectively away from producing wells
show gradients varying from 4.2 to 7.6 °C/100
m, while ZK807 located 2 km away from pro-
ductive wells, bhut closer to an active
tectonic trend shows a gradient 14.5
°¢/100 m (Geothermal Geological Team, 1989).
The producing wells tested pratically exhibit
no gradient, with temperature almost constant
from about 200 m down to total depth and
values between 113 to 115°C. This fact
demonstrates the uprise of geothermal fluids

of

along fault planes and lack of anomaly far
from those planes. Crustal origin of dis-
solved gases 1is a further demonstration of

the absence of any magmatic-type heat source.

. 2. According to the data provided by the
Geothermal Geological Team (1989), cap 1rock
and reservoir formations can not be distin-

guished. In fact the Quaternary deposits does
not present any cover characteristics; below
these depeposits, drilling of geothermal
wells crossed mainly Jurassic formations
representéd by mudstone, siltstone and
sandstone with very low to null primary
permeability. Tectonic activity can produce
fractured sandstone layers, which can act as
storing levels for geothermal fluids; but
limited lateral extension of such layers away
from the faults. confines the interest of
these reservoirs to the surroundings of the
active faults. Such a conclusion is proved to
be valid by the thermal gradient distribution
obtained in the drilled wells.

3. The reservoir tapped by weans of the wells
drilled at the Naggu. field corresponds to a
liquid dominated reservoir containing compr-
essed water at a measured temperature between
113 and 115 ©C. Estimated reservoir fluid
temperatures from water rock equilibria and
empirical geothermometers arve in good agree-
ment with measured temperature.

4, Produced fluids at the surface are
two-phase with a steam content in the orvdev
of 5% at atmospheric conditions, and high gas
content of about 5,500 ppm in total . fluid.

-124-

The pH in the reservoir has been computed as
5.8. Water is bicarbonate-alkaline and shows
a strong scaling nature with deposition of
CaCo, .

3
5. From the hehaviour shown by the reservoir
during the interfevence test performed, a
reservoir volume of limited extension could
be inferred.

of
that

6. Matching of measured data by means
lumped-parameter models have shown
pressure drawdown in the reservoir wunder
exploitation will be dependent on aquifer
recharge. Recharge in the reservoir seems to
be controlled by the uplift of hot fluids
through vertical fractures.

7. Results obtained from the
of the well testing program carried out in
the field have shown , that the reservoir
behaves as a high-permeability, double
porosity, naturally fractured system.

interpretation

8. Preliminary forecast of future reservoir
behaviour based upon the small awmount of
production data available and the high gas
content, indicates that pressure drawdown at
the reservoir induced by exploitation, could
favour the eveolution of a two-phase zone in
the wupper portion of the reservoir, as
exploitation tiwe proceeds.

9. For the two producing wells tested. the
flashing zone under the flow rates ranges
covered in determination of the character-~
istic production curves, was located between
100 and 130 m ( from ground level ).

10. The estimated boiling pressure
between 14.5 to 16.0 = 1.0 bara.

ranges

11. A crustal origin has been identified for
gas produced from both, the “C content in
CO, and the relative position of the produced
gas composition in a HZ—NZ—He diagram,

12. An underground circulation time greater

than 30 vears for the produced f£luid was
confirmed from the absence of tritium Ié“
fluids sampled. Departure of 8D vs. & 0

data from the meteoric straight line can be
explained by a steam loss from the reservoii
prior to well production. Presence of nuweer-
ous swall thermal manifestations all over the
field seem to confirm this conclusion.
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