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PREFACE

After the first Invitational Well Testing Symposium held at Berkeley,
California, October 1977 (Ref. LBL-7027), many participants and the
Well Testing Community as a whole expressed their interest in holding
a second Symposium which would. concentrate on a specific subject. It
was decided to devote the second symposium to the important topic
— injection of fluids underground — with the following sections to
round out the meeting:

. Measurements and Case Histories
. Analysis and Interpretation

. Chemistry and Physics

. Special Problems

As in the past the goals of the symposium were for professionals
in the fields of petroleum engineering, hydrology, and energy related
earth sciences to meet and exchange information, ideas, and solutions
to outstanding problems. The symposium was held to evaluate the state
of the art of injection of fluid underground, and its application to
geothermal systems in particular., The symposium was supported by
the Geothermal Energy Division of the United States Department of
Energy.

The Earth Sciences Division selected a second symposium organizing
committee, under the chairmanship of Professor Paul A. Witherspoon.
Members were Ron C. Schroeder and Werner J. Schwarz. The symposium and
the proceedings were coordinated by Werner J. Schwarz.

The symposium provided the over 120 participants a forum in which to
exchange ideas and present new information on fluid injection under-
ground The emphasis was on reviewing existing capabilities, identifying
current limitations, and generating new ideas for meeting the Department
of Energy/Division of Geothermal Energy goals of power-on-line by
1980. The introduction was chaired by Ron C. Schroeder, and Professor
Paul. A Witherspoon gave the keynote address.

The participants represented the major national laboratories Federal
and State Government, Industry, Utilities, independent Consultants, 5
- major Universities, France, El1 Salvador, Iceland, India, Italy and
Mexico. » -

Abstracts and papers from non Lawrence Berkeley Laboratory authors and
are being reproduced unchanged. Lawrence Berkeley Laboratory papers
were reviewed by the Earth Sciences Division's Publications Committee
and by the Technical Information Department.
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~ “cased to a depth of 560'm (1840 ft)."

INJECTION TESTING AT RRGI-4 RAFT RIVER, IDAHO
IDAHO NATIONAL ENGINEERING LABORATORY

W. L. Niemi and L. B. Nelson
. EG&G Idaho, Inc.
Idaho Falls, Idaho

INTRODUCTION

Injection testing of a 866 m (2840 ft) deep
well, RRGI-4, within the Raft River KGRA began in
March and concluded in June 1978. The purpose of
the testing was to determine the hydrogeologic
characteristics of an intermediate zone above and
adjacent to the primary geothermal producing
zone(s) and to ascertain the feasibility of inject-
ing "cold," unaerated water into a zone hydraulic-
ally connected to the producing zone(s). -This
paper discusses the results and conclusions drawn
from the longest duration test, conducted between

- May 30 and June 9, 1978, of the testing program.
Reservoir EngineerlngAhydrogeo]ogists consider the
data produced by this test to be the most repre-
sentative of that portion of the Raft River KGRA
penetrated by RRGI-4,. The results of all testing,
production, and injection conducted at RRGI-4 will
be published at a later date by EG&G Idaho,.Inc

The Raft R1ver faci]1ty is being developed to
assist in the commercialization. of moderate- ==
temperature geothermal -resources. The-ipitial -
Raft River power system will attempt to generate
five megawatts of electrical power from a 143 °C
(290 °F) resource by using a binary organic cycle.l

Geologic Structure :j: .7 'Q?, T

- Southern Idaho's Raft River valley (Figure 1) :

Ties in a north-trending basin, warped and down-'"
faulted in late Cenozoic time. The basin is filled
to an inferred depth -of 1800 to 2000 m-(5900 to
6600 ft).2 Faults located near the Raft River
facility (Figure 2)-include the Narrows Structure,
thought to be a northeast-trending normal fault,
dipping steeply toward the southeast, and the

~ Bridge Fault, a north- trend1ng fault d1pp1ng
.steeply toward -east.

RRGI-4 . (Figure 3) located 475 m. (1559 ft) 7
south of RRGE-1 is 866 m (2840 ft) deep and is
'RRGI-4- pene-
trates alternating sand, gravel, silt, and tuff"
(Figure 2) of ‘the'Raft River and Salt. Lake Forma-

- tions.” Geologic relationships {Figure 2} indicate -
~that ‘the Narrows ‘Structure shoild have ‘been pene-+

trated by RRGI-4,- No ‘evidence of ‘faulting was

revealed from return drill: cuttings to total depth
and borehole geophys1ca1 Todging -to ‘a depth “of
554 m (1820 ft): ‘Faulting is suggested by the - >
anomalously -high ‘temperature of 120 °C (250 °F) at
~=avdepth ‘of 560 L (1840 ft) :

We11 Construction 7

Table I 11sts construction characteristics of'

RRGI 4 -and the ‘observation wWells used during the

testing of RRGI-4. >:RRGE-T, ‘RRGE-2, and RRGE-3°
penetrate the geothermal resource. Monitor we]]s

“(MW) monitor pressure changes in aquifers’, above
the geothermal: resourcey whlch supp]y water for
1rrlgat1on ‘and domest1c uses.,

The variation in well depths and casing of
observation wells and the complex and heterogene-
ous hydrogeologic system did not facilitate the
interpretation:of observation well data. The pro-
duction, at various times, of RRGE-1, RRGE-2, and
MW-2 .and the drilling of RRGP 5 resu]ted in add1-
tional factors which had to be considered when
interpreting.the data. Observation well data were
unsuitable to‘calculate or estimate the aquifer
parameters: -intrinsic transmissivity kh, trans-
missivity T, storat1v1ty éch, and/or storage co-
eff1c1ent S.

xdrogeo1ogz

The spat1a1 configuration of the fault zones,
the Narrows Structure and the Bridge Fault, and
the hydrogeologic characteristics of the fault
zones and-the surrounding rock are only generally
understood with subsurface detail lacking.?

RRGI-4 appears to be on the downthrown side of the
Narrows Structure. Geothermal waters leaking from

- the fault zones migrate laterally toward the south-

east as part of the valley flow system. Hot water
can therefore be encountered in both the valley
flow system, immediately down gradient of the fault
zones, and in the fault zones.

-MWater chemistry data3 indicate two sources. for
water in the geothermal resource. RRGE-1 and RRGE-
2, which penetrate the Bridge Fault, represent one
chemical ‘type.  RRGE-3, USGS-3, and RRGI-4, of the
other chemical-type, are ‘thought to either pene-
trate the Narrows Structure or to be completed in
a.zone whose waters originate 1n the Narrows
Structure TR ; .

If RRGI 4 penetrates the Narrows Structure,
the ‘injection of water into RRGI-4 can be expected
to generate greater hydraulic responses -in the -
upper portion. of -the fault zone than in unfractured

‘rock. ‘Observation well USGS-3 appears to .be lo-

cated ‘in ‘the upper portion of the fault zone. -
MW-1apparently ‘monitors the pressure.in the un-
fractured rock adJacent to the Narrows Structure.

INJECTION TEST MAY 30 TO JUNE 9 1978

Method of Eva]uat1on

The Jacob stra1ghf¥1jne,modificatﬁon“ of the

,,Theis.Nonequilibrium Equation was applied in anal-

yzing pressure changes occurring within the Raft
River KGRA during the.RRGI-4 testing. The Jacob -
method-utilizes a semilogarithmic graph of pres-
sure: bu11dup on the arithmetic 'scale versus :the
time since ‘injection began on the ‘logarithmic scale.
The ‘pressure ‘drawdown or.buildup data, plotted as

a stra1ght line when u, the Theis var1able of inte-
gration, is-less than or equal ‘to 0.01. " This con-
dition occurred when the quantity of water being
released ‘from or ‘taken “into storage between the

f"injection ‘well and ‘the point of observation was

negligible compared to the changes in storage at a



TABLE 1
Observation Wells Used Durlng the Test1ng of ‘RRGI-4

Well | Rad1us*
RRGE-1 ' 1559 ft N
475 m
RRGE-2 5400 ft NNE
. 1650 m
RRGE-3' - 5300 ft SSE
: 1620 m
. - {not monitored)
- USGS-3 -2300 ft W
: - 700 m .
MK-1 700 ft SSE -
’ 210 m :
MW-2 1850 ft SE
560 m
BLM 4000 ft NNW
1220 m
‘BLM Offset 4000 ft
1220 m
'RRGI-4 S

" "%Distance in feet (ft) and metres (m) and d1rect10n from RRGI- 4 w1th N =
= West, SSE =

west, NNE = North- Northeast,v
“$Cased depth

radius greater than that of the observation point.
The u condition was satisfied in RRGI-4 after less
than one-tenth of.a minute of injection, when the
effective radius of RRGI-4 was assumed to be one
foot x .

When us1ng the Mod1f1ed Nonequ111br1um Equa-
tion, the change in pressure in pounds per square
inch (psi) per logarithmic cycle (s,g) is used to
calculate T (the product obtained by multiplying
the .aquifer thickness by its hydraulic conductiv-
ity, a measure of the ease with which water, under
field conditions, can be transmitted -through a
porous material) and kh (the product of the intrin-
sic permeability, k, of the aquifer and its thick-
ness, h). Due to the heterogeneous hydrologic
character of the Raft River KGRA, no T.or kh was
calculated. An apparent T and an apparent kh was
estimated to use-as a basis for comparing tests.
The apparent kh, expressed in millidarcy-feet
(md-ft), was estimated through the formula

“kh = 5759 Qu
n .. 8190
where - :
Q 2nae§tion rate 1n gal]ons per minute
apm H

TI water.v1scosity in cent1poises (cp) at
- ..120 °C, and

sy9 = the change in psi per ]og cyc1e.

The apparent T, expressed in- ga]]ons per day

per foot of buildup (gpd/ft). was estimated through -

the formula

Depth Casing’
5000 ft 3600 ft
1524 m 1097 m
6500 ft 4200 ft
1981 m 1280 m
5400 ft 4227 ft
1645 m 1288 m
1423 ft 900 ft

434 m . 214 m
1309 ft - 1200 ft

-399m '366 m

570 ft 540 ft
170 m 160 m
413 ft - o aae

126 m ‘ _ S

405 ft ' 65 ft
123m S20m.
2840 ft 1820 ft
866 m 555 m

North, NW = North-

South Southeast. and SE = Southeast

T= 1000 (I)( 3234147)

with.
_kh = the aquifer intrinsic. transmissivity
¥ .= the water density at 250 °F in pounds per
~ cubic foot {1g/ft), and ‘
u = the water viscosity at-120 °C in cp.

The apparent T and the apparent kh are not consxder-
ed to be factual hydrogeologic ent1t1es.

Data. Collection

Wellhead pressures were measured at RRGI-4 with

~ a Heise pressure gauge and a Soltec strip chart .

recorder.. .Injection rates were quantified by pass-

“ing the water through an orifice of known diameter

and measuring the pressure differential across it. -
The temperature of the injection water .and the in-
Jjection rate were recorded on continuous. recorders.

~ Surface instrumentation was used to monitor wells

RRGE-1, RRGE-2, USGS-3, MW-1, and MW-2. This in-

“strumentation consisted of a .digiquartz pressure

transducer model 2200-A-002 interfaced to a Hewlett-
Packard thermal printer model 5150 via a Parascien-
tific digiquartz pressure computer model 600. A
60-degree, V-notch weir was used to monitor changes
in artesian flow at the BLM well. A Stevens A35
water level recorder was used to measure the depth

~to water leve1 in-the BLM offset well.

Unsuccessful attempts were made to measure down- ‘hﬁv%

hole pressure changes within RRGI-4 with a Hewlett-
Packard temperature-pressure probe. The borehole



geophysical logging cable failed due to-electrical
shorting within the .cable, perhaps caused by the
corrosive and electrically conductive action.of
geothermal water leaking through the cable's teflon
insulation.$

Test Resu1ts

A 700 gpm (44 1ps) 1njection test was initia-
ted May 30 and terminated June 9, 1978. The test:
" was conducted for 13,300 minutes and was terminated:
because the water 1evels in RRGE-2, which supplied
water for injection, dropped to the level of the
pump bowls. Initial wellhead pressure at RRGI-4
was 25 psig, suggesting that the wellbore was
relatively cold. The shutin pressure followmng
injection was 298 psig. :

- The deviation of points from a Iinear'trend
during the initial 25 minutes of injection were -
related to fluctuations in the injection rate.

The injection rate varied as much as :10 percent.
The Towest acceptable.variation in the injection
rate during a test should be 3 percent, but great-
er control of injection rates could not be attained
with the procedures and equipment used

The increase. in pressure above .the 1inear ) ;

trend to the high point at 100 minutes is caused by

the density effects of injecting increasingly hot-
ter water of Tower density. The decrease in pres-
sure between 100 to 120 minutes is perhaps related
to aquifer adjustments to the lower viscosity 1nJec-
tion water, re1at1ve to format1on water. - -

Ten pump outages occurred during the test

* The effect of a pump outage on pressure buildup can
be seen -in Figure 4 after 120 minutes as data
points which 1ie below the 1inear trend

" An apparent kh'of 31 000 md- ft and’ an apparent
T of 2600 gpd/ft were estimated from 2 Jacob graph
of pressure buildup. = The placement of-the straight
1ine after 120 minutes may be slightly 1n error due
to pump -outages. . No analyzable pressure falloff
data was obtained due to failure of recording in-
struments c .

: Increased wellhead pressure was observed at
USES-3 after 500 minutes (Figure 5). Pressure -

pret due to water sampling of the well prior to -
RREI-4 injection. The pressure increase at USGS-3
after 10,000 minutes was apparently 2.82 times
greater than the increase at MW-1.
assumed an ‘initial pressure at MW-1 equal to an
earlier injection test. The larger response in-
-wellhead pressure farther from the injection well.

suggests a heterogeneous and/or an1sotropic aquifer

‘system, -

Discussion of\Resu1tS‘

" The temperature of injection water rose from

66 °C (150 °F), the minimum témperature of injection .

and transfer piping preheating, to 134 °C (273 °F) -
during the test (Figure 4). The temperature of
-water being driven from the wellbore into the
receiving zone(s) therefore depended on the time
since injection commenced.

This compariSon

““southeast.

Examination of Figure 4 reveals an upward de-

viation in the data occurring between 25 and 120

minutes. The deviation is believed -to be ‘caused
by temporally dependent densities and viscosities
related to temperature variations between the in-
Jection water, the water in the wellbore, and the
formation water.  Small temperature changes of the
water entering the receiving zone(s) can be expect-
ed for probably at least 10 minutes following the
initiation of injection. - Borehole fluid density
changes can al1so be expected to be small during
this period. Pressure buildup data collected at
the wel]head during the initial 10 minutes of in-
Jection can be: expected ‘to have re1ative]y small’

. EN‘OPS

“The 11near segment in Figure 4 from 0.45 to
25 minutes "implies that relatively 'small viscosity
and density effects were occurring during this
period, assuming no boundary effects. A large
portion of the point scatter in the first 25 min-
utes is.caused by variations in injection rate.:
Twenty minutes .is the time required to inject
approximately one borehole volume of water to a
depth of 710.m (2340 ft). The increase in pres-
sure, after 25 minutes, above the initial 1inear

: trend is_presumed .to be caused by.the decreasing
water density and viscosity of the hotter water as

injection progresses with viscosity. The 1inear
trend after 120 minutes has approximately the same
slope as the initial linear trend. - The authors
believe that thermal quasi-equilibrium was estab- .
1ished after 120 minutes. At that time the vis-
cosity and density of the injection water was
stabilized. The decline in wellhead pressure be-
tween 80 and 120 minutes 1s caused by the lower

- “viscosity of the higher temperature injection

water :

" The maximum upward displacement of the pres-
sure buildup above the initial linear trend appears
to be related to the wellhead pressure immediately
prior to injection. This wellhead pressure is :
strongly influenced by wellhead water temperature
and the extent of preheating of the injection well.
An injection test conducted on March 30, 1978
(Figure 7) did not show the. upward displacement of

‘pressure buildup as the well was thoroughly pre-

heated before injection began, as shown by the

" initial-wellhead: pressure of 66 psig

changes at Mi-1 (Figure 6) were difficult to inter- -
~ coNcLusTONS

COnclusions derived from the: May 30 to June 9,;

\ 1978 1njection ‘test at RRGI-4 include:

1. The response of the observation wells to injec-

-tion into RRGI-4 confirmed the hydrogeologic con-
“¢lusions indicated by geologic and geochemical

relationships -that RRGI-4 and -USGS-3 penetrate .the
same fracture or fracture system, the Narrows:Struc-

“ture.  The pressure responses in USGS-3, 700 m

(2100 ft) to the west of RRGI-4, were greater than
those in MW-1, 210'm (700 ft) to the south-

It §5 concluded that MW-1 does not
penetrate the fracture system but i$ in unfractured
rock-adjacent to and overlying the Narrows:Struc-
ture. RRGI-4 and USGS-3 are on the downthrown

side of the Narrows Structure with the structure
being penetrated at shallower depths in USGS-3 than
in. RRGI 4, .



2. No boundar1es were detected during 222 hours
of injection into RRGI-4. Although RRGI-4 pene- .
trates a fault zone, it is believed that no bound-
aries were detected as pressure responses were ..
integrated very rapidly w1thin the fault zone and
adjacent” unfractured rock.

3. The tempora11y dependent borehole fluid tem-
perature during injection is a significant factor
which must be considered when analyzing the pres-
sure buildup data. Downhole temperature-pressure
probes must be used to determine aquifer responses
during testing. The probe should be opposite the
top of the uppermost highly transmissive zone and
it should remain in the borehole until pressure
changes ‘occurring within the borehole correspond
with those at the wellhead.

4. The aqu1fer,parameters. jntrinsic transmissiv-
ity kh, transmissivity T, storativity ¢ch, ‘and
storage coefficient S, could not be determined
quantitatively due to the heterogeneous and complex
nature of the hydrogeology of the Raft River KGRA
and the variation in wel] depths and casing of
observation we11s ; ..

5. The wellhead and ‘the” 1njection water should
approximate aquifer. temperature before and dur1ng

injection testing, to prevent pressure changes
related to tempora11y dependent densities and vis-
cosities.
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INJECTION TEST FOR BRADY'S HOT SPRINGS,,NEVADA

Jacob M. Rudisill
Thermal Power Company

ABSTRACT

An evaluation of the resource at Brady's Hot
Springs, Nevada included a determination of the
suitability of existing wells in the field for the
disposal or injection of produced fluids. This
evaluation consisted of the following:

1. The determination of the suitability of
existing wells as injection or disposal wells.

2. The design of an injection test for the most
promising of the investigated candidate wells.

3. Performance of the injection test which
included:

(a) pre-test temperature and pressure surveys.
(b) selection and installation of a satisfac-
tory wellhead.

pre-injection differential temperature and
spinner surveys. o

injectivity test of well, measuring well-
head pressure versus injected flow rate.

temperature, gamma and spinner surveys
during constant, low flow rate injection.

spinner surveys at various flow rates and
locations to determine the relative ability
of particular zones of the well to accept
water.

(f) measurement of interference effects on
neighboring wells.

{c)
(d)
(e)
(f)

The data obtained in the field was analyzed and
interpreted to determine the well's suitability
as an injector. Such factors as the well's
present casing condition, the apparent exit
regions of the water, the relative volume of flow

leaving these exit points, and the well's drilling

record impacted the analysis. Various means of

correcting undesirable injection characteristics :°

of the well were considered from both technical
and economic standpoints.

The conclusion of the test was -that none of the
wells were suitable as an injector because of
pressure interference with the producer and the. .

subsequent concern of a short time thermal break-" =

through to the producer. Additionally, the cost
and risk of attempting to correct the cement .and
casing programs of the most:perspective injector
were found to be high. It was.therefore recom-
_ mended, in order of preference, to either drill

»vHerman:Dykstré
Petroleum Engineering Consultant

a new well, workover the perspective well to make
it suitable for injection, or utilize a disposal
pond temporarily before proceeding with the injec-
tion option to be chosen.

INTRODUCTION

Brady's Hot Springs is a hydrothermal area located
approximately 28KM northeast:of Fernley, Nevada.
Surface manifestations of geothermal activity
occur along a north-northeast trending fault zone
(herein referred 'to as the Brady Thermal Fault) at
the eastern margin of Hot Springs Flat, a small
basin. Since September 1959, Magma Power Company,

" its subsidiaries, and Union 0i1 Company (as Earth

Energy Company) drilled 11 wells in the area. In
1977, Magma's 160-acre lease in the Section 12 was
assigned to Geothermal Food Processors (GFP) for

the purpose of providing heat from the wells on

this acreage for the dehydration of food. GFP made
an application to the Geothermal Loan Guarantee
Program (GLGP) for assistance in financing the
effort, and consequently the GLGP office turned to
the U.S. Geological Survey (USGS) for a resource
evaluation. The USGS in turn recommended that a
pump flow test was necessary to truly determine

the ability of the acreage's wells to provide the
requisite water flow rate, temperature, and com-
position for the plant's operating life time of at
least 15 years. Consequently, Thermal Power Com-
pany was contacted and procured to design, arrange,
conduct and evaluate a pumped test program to
satisfy these questions. '

The USGS additionally recommended in their

original resource evaluation that injection wells
for the field be investigated as well as produc-
tion wells. A short term injection test was thus

-designed with the principle objective of finding

a well (or determining the work required to render |

“.such a well) suitable for injection or suggesting

acceptable alternatives.

DETERMINATION OF SUITABLE INJECTION WELL

From the results of a previous reservoir assess-

“-ment, Brady's Hot Springs reservoir appears to be

a frdactured reservoir fed by deep circulating
water. This water flows up the Brady Thermal
Fault (a normal fault striking N 19°E and dipping
70°-80° to the west) and out laterally, east and
west in the fractured zones of rock paralleling



the fault-(see Figure 1). ":During the production
test of Brady 8'(B-S);'pressure‘interference was-
manifested and measured in the form of dropping
‘water levels in the wells B-1,:B~3 and B-4. The™.
pressure response -in B-1 and B-4 (B-3 was plugged
" with calcite and thus had delayed pressure re- -
sponse) was immediately reflective of changes in-
the ‘production rate of B-8.: When the production
test was terminated, water levels rose:in a log- .
arithmic manner to their original levels. These
results; coupled with the geological evidence, ~-+

lead to the-conclusion that Brady's highly fracs |

tured and highly -connected reservoir would supply
sufficiently hot water to the GFP: plant for 1ts -
expected’ 15-year 11fe., o

As shown in Flgure 1 al of the we?ls in the f1e1d
save B-8 and ‘Earth Energy-1 (EE-1) are very:
shallow with correspondingly shallow ca51ng B
points, “"EE-1 did ‘not have a measurable pressure’.
response, “howevér, dur1ng the production. tests-

and testing of B-8. Additionally, EE-1 is the -
deepestwell available to GFP.::The well's cond1-~
tion is presented schematically in:Figure 2. -
EE-1 has: proven production from slots:at depth:
(4820 ft. --5050:ft.):of 120 gpm.and suspected :
production from perforations at 3600 ft..=-3700 -
ft. and 3200 ft. - 3300 ft. It has a casing pro-
gram which, given a good primary cement job, might
be satisfactory for use as an injector. Since
production from B-8 was determined to be from a
region around 700 - 800 ft., then injection in .
EE-1 at the +3200 ft. plus zones was thought to be
sufficiently separated from production in B-8 to
prevent temperature breakthrough. None of the
other wells available to GFP possessed any of
these characteristics; on the contrary, the other
wells' shallow casing programs and direct com-
munication with the producer rendered them unsuit-
able as injectors. Thus EE-1 was selected as the
most suitable possible injector.

DESIGN OF INJECTION TEST

A short term injection tést was designed to answer
the following objectives in a time constrained and
cost effective manner:

1. Determine the injectivity of,EE-lf

2. Determine the zones in the well which accept
water during injection.

3. Determine as quantitatively as possible the
relative ability of each of these zones to
accept water, .

4. Use the data gained above to ascertain the
suitability of EE-1 for GFP on a product1on
basis.

To accomplish these objectives in a expeditious
manner it was decided to store fresh water on ‘
site, inject water:in the well at an intially

varying rates, log the well while injecting at a
constant rate, and then re-test the injection of
injectivity of the well to determine -whether any
changes of the well's injectivity had occurred over
time. Neighboring well's water levels were to be
measured/throughout the testing of EE-T.

E PERFORMANCE OF THE INJECTION TEST

- The performance of the 1nJect1on test consxsted of

the follow1ng actions i,

(a) Static temperature surveys

Static temperature surveys were run with
Kuster type-wireline tools as well as sin-
gle-conductor surface reading instruments.
i- Three surveys were studied.and are shown in
.., Figure 3. The 3 surveys showed very large
~differences “in:nominal_temperatures but dis-
played the .same relative chagnes in tempera-~
ture. The-presence -of the shallow acquifer
. ' at 700 ft.-was clearly shown as well as a
. -possible-additional :.water source.at 1900 ft.
+ - Interflow between the perforations-at 1900
- .ft. and 3250 ft.- was -also clearly shown

7(b)fWe11head se1ect1on and 1nsta11ation

Because of - the f1e1d s sub hydrostat1c pres-
sure, wells in the Bradys Field did not
have valve-operated wellheads.: Due to .
safety considerations, a Series 309 9-5/8-
in. by 8-in. casing head was selected for
and welded onto EE-1, It was then felt
that the wells were equipped to safely sus-
~tain any unforeseen pressure.buildup during
the injection test.

(e) Pre-1n3ect1on surveys

D1fferent1a1 temperature and spinner surveys
‘were run in EE-1 previous to the injection
~of any water. The differential temperature
‘portion of the log was not diagnostic. The

spinner survey disclosed that a small amount

of -an interflow was occurring in EE-1 be-
tween the perforations of around 1900 ft.

and those of around 3200 ft .

(d)‘lkqectiv1ty tests

sWater was next inJected in: EE 1 wh11e pres- ‘

sure at the wellhead was measured. The
.~ results -are plotted iin Figure 4. The well

. .accepted water on a vacuum up . to 300 gpm,
at which point pressure rose at a rate of

- 0.4 psi/gpm. Maximum wellhead pressure
encountered was '160-psig at.700 gpm. . Test-
ing beyond this point did not occur because
strong pressure: response .in.B-8; .the pro-.
ducer, was noted at 700 gpm .

- o : el O B R



{e) -Injection surveys.

Spinner and gamma surveys were run in EE-]
during a constant 1n3ect1on rate of 150
gpm. After the response in B-8 had been -
noted, it was ‘deemed very important to find
out where the water was exiting EE-1. It
was determined from temperature surveys
that all injected water left the well -
through regions above 3290 ft. Through
spinner and gamma- surveys, it was deter-
mined that water was leaving at the lap

of the 9-5/8-in. and 7-in. casings at 371
ft. - 493 -ft.-as well as at the perfora-
tions at‘1920 ft.

Survey at var1ed f]ow rates

1%

*Splnner and gamma surveys were taken at

various flow rates to .determine what per-

~ centage of the flow was leaving at the 3
o regions"of-interest. It was determined

~that the upper regions above 1940 ft.

* accepted proportionately more water as the
flow rate increased. -As -shown in Figure 5,
the percentage of flow -existing above 1940
ft. was about 40% at 100 gpm and rose to
-almost 80% at 700-gpm. Of that propor-
tions accepted about equal:-amounts at 150
gpm, but at higher rates the liner lap
“accepted proportionately more.
Interference effects.

(9)

Water Tevels at wells B-1, B-3, B-4 and
B-8 were taken during the injection test.
B-3 and B-4 sustained no measurable inter-
ference affects. B-1 displayed a reaction
to the start of injection but not to
differences in flow rates over such a short
period of time. B-8 showed tremendous
response when flow rates approached 600
gpm. In fact, the well commenced to flow
" when injection rates in EE-1 rose above
~-600 gpm. Figures 6 and 7 displayed res-
pectively the water levels of the 4 wells
during the test and the water level of B-8
~in relation to the injection rates.

EE-1'S SUITABILITY AS AN:INJECTOR

From the field work, it was apparent that EE-1 in
jts present condition did not accept the design
injection rate of 700 gpm without pressure inter-
ference at B-8, the producer. Water injected
down EE-T- leaves the we]]bore through 3 exit-
points:

1. the 9-5/8-in. - 7-in; lap at 371 ft.
2. the perforat1ons at 1880 ft - 1940 ft.

3. the perforations at 3200 ft. - 3300 ft.

10

It appears that the upper regions are causing the
interference with B-8. - Accordingly, the injecting
of water.in zones above 2000 ft. must be avoided

if EE-1 is to -be used as an: injector. Referring to
the schematic of EE-1 in-Figure:2, this could be
accomplished by running smaller pipe into the 4%-

" in. liner below 2000 ft. and cementing back to

surface. The tremendous pumping penalty imposed
prevents this course of action from being a viable
option. A]ternat1ve1y, one could consider pulling
the #%-in. liner, ream1ng -out-a larger hole below
the 7-in., and running a somewhat larger casing
through the 7-in. down to the preferred depth.
This -operation poses a h1gh drilling risk as well
as a rather severe pumping penalty, and was. thus
a]so deemed a less-than- preferab1e action,

Two other alternat1ves appeared available to GFP

A temporary surface disposal system could be
cleared with the applicable Nevada State-agencies.
This system could be employed until GFP determined
the ultimate course of action to take - whether to
drill a new injection well, or attempt to rework
EE-1 in the latter manner detailed above. It was.
recommended to GFP to pursue-all-alternatives with
the ultimate objective of dispos1ng the water

: underground
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EXTRACTION-REINJECTION AT
AHUACHAPAN GEOTHERMAL FIELD

+

'Gustavo Cue]]ar, Marlo Choussy and Dav1d Escobar
Comisign-Ejecutiva Hidroeléctrica del Rfo. Lempa
Superintendencia de Recursos Geotérmicos
s San.Salvador - E1 Salvador ... .

:ABSTRACT

A rev1ew of the geoﬂogy and thermodynamics of
the Ahuachapan Geothermal Field is given.  The .
intensive mass.extraction-of the steam-water mix-
ture -started. after the: first. un1t began.operating.
The total mass extraction until August 1978 reached
50,478 ki1otons.m ‘A continuous program of measure-
ments was made in order to obtain a.complete
history of pressures, temperatures, and chemistry
changes of the reservoir fluids as a result of the
controlled extraction-reinjection system. - :

f INTRODUCTION -

“In order to 1ncrease the product1on of elec-
tric energy in El Salvador, .a_program of .geothermal
studies was started in 1965. -1t allowed: the. deve]-
opment of the Ahuachapan Geothermal Fie]d )

- The first result of- such invest1gat1ons was
the 1nsta1]ation of two 30MW medium pressure units.

s The f1rst un1t was comm1ssioned in May ]975
and the second in June 1976. They provided during
1977 32.3% of the total electric energy generated
in the country, proving their reliability, and
increasing .interest. in the use of the underground
steam as a source of energy production

At the present t1me, the th1rd unlt, of 35MW
capac1ty, is being installed and is expected to be
in operat1on in- January 1980 e

“ New geotherma] areas are presently under
invest1gat1on ‘where .recent ‘drillings.have proved
the .existence ‘of temperatures up to 300°C and
extens1ve fractured .zones. r

: In thls paper ‘is presented a. serles of data
~from-the Ahuachapan Geothermal Field in production
stage, ‘which will give an: opportun1ty for better
understanding of the reservoir characteristics
after a tracers -study and the development .of a

mathemat1ca1 mode] are 1mp1emented

GEOLOGICAL SETTING

The genera] geo]ogical structure of El
salvador has beeninterpreted as a major structural
-~ trough which .cuts: approximately east-west.across.
the southern part of the country. This trough_has
since:been largely filled by Quaternary cones that
compose the main volcanic chain of the country..
Structurally the country can. thus:be divided into
three units: a tilted. block bordering the Pacific
Ocean and dipping towards it, a median valley of

‘oriented along three main directions:

variable width, and an up11fted northern ‘zone -com-
“posed of a number of complex fault blocks.

The
simple features assumed by Williams and Meyer Abich
(1955), although probably true 'in general terms,
are .in .fact more complex than is apparent from this
model. . In particular, the form of the median
va11ey is not a simple parallel-sided rift. The
uplifted southern and northern sides represent a
series of blocks which have been faulted and tilted
to give the present day structure.

The Ahuachapan Geothermal Field is associated
with the southern flank of the central Salvadorean
graben median ‘trough, the northwestern sector of '
the Cerro Laguna Verde volcanic group. This group
constitutes a complex extrusive structure developed
during Quaternary times near the Pliocene tectonic
block of Tacuba-Apaneca, the-regional faults of
which ‘have controlled first the sinking of the
graben and subsequent]y the emanat10n of vo]can1c
products.”

The f1e1d and its north and northwest exten-

'sions.up to ‘the Paz River, which appear to be a

Sube111pt1ca1 basin filled by the most recent vol-
canic rocks, ‘are -lower to’ the north and northwest,
reflecting the subs1dence of the graben.

" The geotherma] ‘field, partly def1ned SO far
by deep well drilling, is located in the southern
part of the above ment1oned bas1n.; e

“'Both the reg1ona1 and the local structure are
controlled by systems of faults and fractures
to an E-W
system, Which is approxlmately the trend of the’

" ‘main graben, belongs a series of steps faults:
- which limit ‘the field to the north.
field is bound by a second system of faults wh1ch

To the W, the

strike NE. " Finally,-superficial hydrothermal
activity is associated with-the most recent system

- of faulting and fracturlng which has a NNW trend.

-This youngest fau]tlng probably has -an important -

function in that it rendered permeable the reser-

W;voir format1ons of Ahuachapan Geotherma] ‘Field.

.15

carea is described as follows:

" The stratlgraphlc sequence of the Ahuachapan
“{see Fig. 1.) -

Laguna Verde vo\can1c complex: “Andesitic
. ‘ilava flows and’some pyroclastics (Holo-
‘ i_cenes) Thrckness up to 200 m.

S o Tuff and lava format1on “Tuffs prevai]
““in the upper part and lava .intercalations
in ‘the lower part (P]e1stocene) “Thick-
ness up to 500 m.



- Young agglomerate: Volcanic agg]omerate
with occasional lava intercalations
(Pleistocene). Thickness up to 400 m.
It is essentially impermeable and forms -
the caprock of the geothermal reservoir.

- Andesites of Ahuachapan: Lavas with pyro-
clastic intercalations (P11o Pleistocene).
Thickness up to 300 m. It is the reservoir
producer formation: It has a typ1ca1
secondary -permeability caused in part by
the columnar jointing related to cooling
and in part by the contact surfaces of

. the different formations, but mainly de-
rived from tectonic fracturing.  In Fig. 2
c?n be seen the top of the Andesitic forma-
tion.

- Ancient Agglomerates: Agglomerates with -
breccia intercalations.in the lower part
Thickness in excess of 400 m.

HYDROGEOLOGY

Shallow Aquifer. . The shallow.aquifer consists
of tuffs and detritic-talus pumices covering the -
-lavas. of the.Lagnua Verde complex. This is an
unconfined aquifer recharged by rain water infil-
tration, feeding several springs on the slopes of
the Laguna Verde and Laguna de Las Ninfas vol-
canoes, located at the contact with the underlying
lavas which constitute the aquiclude of this
system.

The variations in flow rate are controlled by
precipitation, showing very fast response. The
waters are generally of calcium carbonate type,
locally sulfatic with residues beTow 0.5 gm/liter.
This very shallow aquifer is of local interest
only in the uphill area of the geothermal field.

Saturated Aquifer. The saturated aquifer
consists of fractured lavas and pyroclastic depo-
sits of the tuff and lava formation, while the
young agglomerate, of low or no permeability, .
represents the impermeable basal stratum. Recharge
takes place by direct infiltration which gives
origin to a shallow free surface, tapped by several
wells for domestic purposes and surfacing at
several springs on the plain north of the geother-
mal area.

The piezometric surface in the ‘area of the
plain exhibits a concave shape which is open toward
the north, having a gradient (and therefore -a
principal flow component) in a northern direction.
The response of the piezometric level to the varia-
tions in rainfall is much slower than 1n the case
of the shallow aquifer,

- The water is of calcium-sodium.carbonate type,
w1th residues generally below 0.4 gm/1iter. An
exception to this rule is a group of springs, of
which the most important one is the Salitre Spring,
with a-flow rate of 1000 11ter/sec, and a tempera-
ture of 70°C. It differs in the chemistry of its
water (sodium-chloride type) and its much higher

" along- fractures

~and 591 m.

‘of about 150 m.

residues (06-1.7 gm/liter). These differences

relative-to the general properties of the saturated

aquifer are attributed to admixture with waters

from the underlying saline aquifer which migrate gh;,
- The Saline Aqu1fer The saline aquifer cor-

responds to the geothermal reservoir of the Ahua-

chapan Field and consists of a sequence of ande-

sitic lavas (andesitic Ahuachapan formation) where

‘the geothermal wells were dr1]1ed

The permeab1]1ty of the Ahuachapan andes1tes
is predominantly secondary, due to fractures, which
explains the circulation losses observed dur1ng
drilling operat1ons The permeability of the
aquifer is therefore extremely anisotropic and
variable; however, it is logical -to assume'that -
the zones of highest transmissivity are oriented .
along the previously ment1oned fault and fractured
pr1nc1pa1 d1rect1ons

CHARACTERISTICSVOF THE AHUACHAPAN WELLS

Up to this time, 29 wells have been drilled
in the Ahuachapan Field with depths between 1524 m
A1l the wells are located in an approx-
imate area of 4 km®, the zone of the production
wells being only 2. 0 kmZ, with a minimum spacing-
"No-significant interference among
them has been detected.

- The wells are distributed as follows:  ten
production wells provide steam for the first and .
second unit, three wells will provide steam for
the third unit, two production wells are kept as
stand by, four wells for reinjection purposes,
and ten as exploratory wel]s

A typical complet1on of product1on and rein-
jection wells is shown in Fig. 3 which, according
to a good knowledge of the geological cond1t1on,
has been standard1zed for the whole field..

The characterlst1cs of the product1on wells
are presented in Table 1, including depths and
elevations of the top of Ahuachapan andesite forma-
tion. From the production characteristics it can
be observed that there exists no relation between

" the well depth and mass discharge; however, they.

are associated with the elevation of the top of

the formation, since the wells which go through

the structural high show discharges with enthalpies
correspondIng ‘very closely to the water adiabatic
expansion at 230°C (initial temperature in the
reservoir) and to the reservoir pressure.

It is worth pointing out that the wells with
higher steam percentage, Ah-6 and Ah-26, corres-
pond exactly to the structural high of the reser-
voir. ‘Both of them show that 78% of the steam

' fraction is from the reservoir and 22% from the
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adiabatic expansion of the reservoir water. This

does not apply to the well Ah-24, however, which is
located ‘in the same structural h1gh (Fig. 2).

This discrepancy is believed to be due to the )
sealing of only the more superf1c1a1 fractures -
dur1ng the dr1111ng process P ‘h.j



Table 1. Characteristics of the production wells.

Well  Separator

Mass discharge‘raté'(kg/séc)

Enthalpy :Steam rate/ Total = Top of andesitic

pressure - " e — (kcal/kg) total rate : depth . formation (meters
(kg/;m?g) Total -  Steam  MWater SN . (m).- - above sea level).

An-1 . 5.4 85.08 - 12.50 | 72.58 235 0.15° 1205 300

Ah-4. . B.9%, .. 99.46 © - 23.33 © 76.13 . 281 . - 0:23. 640 - 315

Ah-5 5.4 . 49.97  5.56 44.41 27 0 . 952 ¢ 2g4

An-6 5.5 32.96  13.61  19.35 _ 367 . 0.41 - 591 - 383

Ah-7 5.3 T 4498 . 7.64 37.34 245 0.7 950 ' 285

AN-20 < 5.3 S 47.28 - 1M.94 - 3534 286 0.5 600 370

An-21" 5.6 8222 .94 70.28 . 235 0.15 849 350

Ah-22 5.4 '70.68 - °16.34 . 54,34 277 0.23  659.5 315

Ah-24. ... 5.3 . 51,93 . 7,50 .. 44.43. 233 0.14 850 - 380

Ah-26"" 5.3 - 21.44 . .8.89.  ° 12.55 367. - 0.41 804 . 391

COTOTAL: . 886,00 119.25  466.75 S SERERE o
L cemented down to the top of thé reservoir and;
REINJECTION

1. Réiﬁjection Pfograml'

~ .The search for a béttérfwéy4t6 dispose-ofjthe

hot-saline water .and to maintain the reservoir-
* pressure at stable conditions;-led to -the starting
of a.reipjection program.

bfThefkeinjectidn pbogfam~staffediin?August']975 ’

when Ah-2 {a'well for: production purposes but with
Tow -permeability) was .converted to-reinjection by
using residual water-of well Ah-4 at atmospheric -

conditions. Under these conditions a flow of 126

ton/h had -been injected into well Ah-2.  In

" January 1976, injection .tests under:pressure were.
started between well Ah-7 as producer, and well .
Ah-8, being injected. . Separating pressure -was -
used-as a driving force between the wells with

water without any contact with the atmosphere, thus

avoiding silica scaling,:allowing the reinjection
_at higher temperatures {+160°C),.and increasing
the reinjection capacity. -In April 1976, the.
" system Ah-1, Ah-29 with A-29 as a reinjected well,
was put-in operation, and in October the system :.
Ah-6, ‘Ah-21 with A-17-as a reinjected well was:put
in operation. It is important to point out here
that well Ah-17 received at the beginning waters -
" from Ah-6 and, since it showed great absorption
capacity, accepted water-aiso from Ah-21.: - -

2. -Completion of the Reinjection4we1ls s

- The reinjection wells have, at the;presént )
time, two kinds of completion:~ i) the ones which -
-were designed for production purposes and trans-

" formed lately to reinjection wells (Ah-2 and‘Ah-B);?;7
These wells still keep their completion, having -~ -

the production casing cemented down to the top
of the reservoir and the-open hole to the bottom.
ii) Wells with double-purpose (production-
reinjection):which have the production casing

after, ‘hanged casing down to the bottom of the
andesitic formation. . L C

-.:Regarding their location with respect to the
production wells, reinjection wells Ah-17 and
Ah-29 (double purpose) -are very close to the
production wells and their lithological columns
show a considerable reservoir thickness (400 m .
and 325 m, respectively). However, wells Ah-2
and Ah-8 are farther away from the production zone,
showing a shorter reservoir thickness (105 m and

75 ms respectively).:

3. Reinjection Well Capdcity

.. The-capacity of the reinjection wells is
closely related to the formation's permeability
and -to -the reinjection pressure. In Ahuachapan,
three of -the .wells (Ah-29, Ah-17, and Ah-8) show
absorption capacities greater-than the -actual

Tab1gf2: Summary of the total reinjection program
5. . for Ahuachapan reinjection wells.

Well -~ Asof -~ -
<o (date) .- Reinjection . Mass Total
B pressure ‘- =capacity- capacity
- {kg/cm2g)... (ton/hour) -(ton/hour)

_An-2 . Aug. 1976 . atm. . 130 130
“Ah-8 © Jan. 1976 4.9 .. 200.4 . 330.4
- Ah-2 _ . _Mar. 1976 6.0 114.9% 445.3
. "Ah-29  “Apr. 1976 5.1 306.4. 751.7
Ah-17 ~ Oct. 1976 5.9 167.1 918.8
Ah-17 .. Dec. 1977 6.1 306.1* 1224.9

*Increment with respect to initial well
reinjection capacity.




amount of reinjected fluid, whereas well Ah-2
started absorbing, at atmospheric pressure, only -
126 ton/h and later, using the separation pressure
of well Ah-4, increased to date to-245 ton/h. The
quantities of reinjected f1u1ds are illustrated in
Table 2.

4. Reinjected and Extracted Mass

To more clearly understand reservoir behavior,
we can divide the extraction in the Ahuachapan .
Field into two periods: the first period includes
the development of the field, extending from -
August 1968 to July 1975; the second period
includes the field product1on from July 1975 up
to now.

The total mass extracted and re1n3ected dur1ng
the above periods is shown in Table 3

As can be seen from Table 3, the re1nJected mass
has been, up to the present time, 29.5% of the
total mass extracted and 39 9% within the produc-
tion per1od

5. Reinjection»Controlv»

:Several questions arising from the reinjection
program led to the elaboration of a: program to: .
study injection effects on the field condition. As
a part of the program, measurements of temperature
and pressure in the production and non-production
wells were taken. Results are shown in Fig. 4,
where an immediate pressure response to the varia-
tions in the reinjection-extraction can be found.
However, the temperatures show slow variations and
are probably masked by other kinds of changes. In
order to detect small pressure changes, a contin-
ual record1ng pressure gauge has also been in-.
stalled in well Ah- 25 These data are still to be
processed. .

Study of the chemical monitoring in the well
discharge has been very useful because the concen«
tration in the injected water hints at its prefer-
ence -path. Change in permeability has been
detected with Spinner equipment in the reinjection
well to detect the absorption zones. As observed
in Fig. 5, well Ah-2 has permeability in the zone
between 200 and -250 masl and none in the bottom.
Well Ah-7 absorbs all the injected water immedi-
ately after the bottom of the hanger liner. This
can be interpreted as water circulation through .
the annulus ring going to the total lost circula-
tion zone. In the open hole the formation has a
low permeability. Well Ah-29 shows permeability
through its whole free~co]umn, even though the

water may flow to the annulus ring, but to a
sma11er extent than in we11 Ah-17.,

6. Effects of the Remaectwn-Extractwn Rate

The different changes in the or]g1na1 condi-
tions of the reservoir are due to the different
reinjection-extraction rates operated on the field.
The reservoir behavior during production has been,
according to experience in other places, typical
of a water-dominated field. However, the general
trend depends on the reinjection rates.

In this paper, we are going to make some com-

ments on the effects caused by the extraction-

injection rate following changes of pressure, tem-
perature, “and chem1stry of d1scharged fluids.

© 6-a. Pressures

Figure 6. il1lustrates the reservoir pressure
changing as a function of the accumulative net .
mass extraction, showing the two. periods mentioned
above. At the: beginning,  the reservg1r has a pres-
sure (at 200 mas]? close to 36 kg/cmég, which 1is
greater than the saturation pressure at the measur-
ing temperature (232°C); then, as a result of the
extraction, the pressure reached new equilibrium -

" values depending on_the extraction rate, having a

value of 35.6 kg/cm?g in July 1975. During this
period, strange values were detected in 1971,

which are possibly due to the first anection tests.v

Pressure variation of only 0.4 kg/cmeg.-in spite
of the large amount of mass extraction suggests
the presence of recharge. .

During the production period, the pressure
decreases rapidly, reaching values close to the
saturation pressure; then follows a stabilization
period controlled by'the reinjection effects, and -
the developing of a steam zone - in the reservoir.

Figure 4 presents in more. deta11 the changes'
in pressure during the-production period, showing

-also the different extraction-reinjection rates.

The dependence of pressure.on the reinjection and
extraction rates and therefore on. the net mass
extraction can be clearly seen. With the starting
of intensive production, pressure decreased but
tended to stabilize once the new equilibrium state
was reached as a consequence of reinjection and
the development of a steam zone in the structural
high of the reservoir. It seems difficult to
determine whlch of the two effects is the dominant
one.

. Pressure distributions in the reservoir before

and after the start of intensive extraction in

Table 3.
a Ahuachapan.

Extracted and re1nJected mass ‘during development and production periods at

Mass ’ I.

_Development period
V(Aqgust 1968-July 1975)

Total

“I1. Production period v
(both periods)

(July 1975-present)

7 Extracted (tons) - 23,317,800
Reinjected (tons) 1,850,060
21,467,740,

Net extracted (tons)

48,228,933 71,546,733
19,218,384 21,068,444
29,010,549 50,478,289




July 1975 areshown in Fig. 7. ~The pressure spreads
southward where more permeability has. been found.:
Toward the east and west, where lack of permeabil-
ity limits the reservoir, the pressure response
has been minimal. .
6-b. Temperature
The maximum temperatures measured in the -
reservoir are shown in Fig. 8. Such distribution
is somewhat influenced by well depth, by reinjec-
- tion, and by the development of the steam zone in
the structura] hxgh : : ‘ ~

A low temperature zone is seen:in- the reg1on

of well Ah-6, corresponding to the structural high -
The phenomenon has taken p1ace -

of -the reservoir.
.in a remarkable way here, due to the pressure:
decrease, even though reinjection well Ah<17 'is -
very close. It is believed that the predomxnant
effect is due to boiling, since the temperature
decreased in the-zone before the operation of the‘g
reinjection well. The above distribution also ’
shows that temperature increases (1) inithe:SW
“direction, which seems to be associated with the "
zone of greater recharge, and (2)
tion, corresponding to a smaller permeability
whére the convective process of heat transfer
p]ays a bigger role. '

6-€. Chemical Indlcators R

1. §Jljgp_}gmperature_jn_thg_geserygjr_'
The silica temperature has been ca]cu]ated
. from the silica concentration in the reservoir
during the years 1975 and 1978.

Figure 9 shows that in-1975 the 230°C iso-
thermal 1ine included all the production wells,:
but in 1978 all of them were outside of the same
.lsotherma1 line except we]]s Ah-7, Ah 21 and i
Ah '

_ Re1n3ect1on of waste water at 160°C with a
high saline concentration has some chemical and
thermodynamic effects. A.slight water.cooling

" in the reservoir is noticeable; -on the other hand, .~
because of the h1gher silica concentration of the':j*'

. injected water, the solubility equilibrium is

. the central field, and partly eastward..
" observed cooling. effect is produced by the injected

established at the real reservoir temperature.

2. Chloride in the Reservoir

—— e e

The isochloride lines in the reservoir are

”presented in Fig. 10, illustrating the preferential

path taken by the 1nJected water in wells Ah 17

and Ah 29,

The 1nJected water in Ah 29 goes partly toward
If the

water; then it can be concluded that the injection

"~ 1in Ah-17 affects the reservoir temperature the

,most. since. the preferentia] ‘path of the water
:coming from -Ah-17 is toward the center of the

' -field. .

in the SE d1rec-_f

In-conclusion, as.indicated by the ‘increase
in- sal1n1ty of the discharge-from the wells, the

- injected water in Ah-17 and Ah-29 goes partly
~-to- the center of the. f1e1d .

CONCLUSIONS

The conc]us1ons resu1t1ng from the 1ntens1ve '

"1’extract1on can be summar1zed as follows:

-ff1;"The_reservoir pressure decreased below the -

-.saturation pressure corresponding to the
reservoir temperature. This causes the
beginning-of a boiling process in the forma-
tion, developing a steam zone in the struc-
tural high.

-2, _The temperature reaches equ111br1um in response

19

to the new pressure

A decrease is observed in the total mass
extraction as a consequence of the decreasing
‘pressure; however, this does not indicate a
~ remarkabie decrease in the amount of available
---Steam,:

4. A tendency toward stabiIization of pressure is

observed as a result of both control of the

: ’r,reinJection rate and deve]opment of a steam

'zone

\
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A CASE STUDY OF A SALTON SEA GEOTHERMAL BRINE DISPOSAL WELL

John G. Morse
University of California

e

Lawrence Livermore Laboratory

"Work performed. under the auspices of tﬁe
U.S. Department of Energy by the Lawrence
Livermore Laboratory under contract number

W-7405-ENG-48."

An injection pressure history was compiled
_ for the Magmamax #3 (MM3) well located in the
Salton Sea Geothermal Field. 'MM3 is used for

the disposal of spent brine from the SDG&E Geother- . .

mal Loop Experimental Facility (GLEF). During
two years of operation from 5/3/76 to 4/13/78,
2.1 X 108 gallons of cooled hypersaline (210 000
‘ppm TDS) brine was injected into the well.” The
well was operated intermittently over the two-
year period with a cumulative operat1ng time

of 7886 hours. The operating time is composed
of 33 flow periods with four periods greater
“than 700 hours and one in excess of 1000 hours.
The wellhead injection pressure required for an
average flow rate of 443 GPM varied from 100 to
500 PSI during the two years of operat1on.

Productlon wells used to supply brine to

. the GLEF are Magmamax #1 (MM1) and Woolsey #1
(WW1). .The Magmamax and Woolsey wells shown in
Figure 1 were drilled in 1972. MM2 is a stand-
by injection well and MM4 is an observation well.
During the period from 5/3/76 to 4/13/78 MMl was
the primary production well contributing over
2/3 of the total brine production for the GLEF.

-In 1973 and 1974 two short production tests .
were conducted using brine from MM1. 1.8 X 100
gallons and 1.6 X 106 gallons, respectively, were
injected into MM3. During these tests, high
"scaling rates were observed in the surface equip-
ment and a high suspended solids load observed
in the brine. WKhen initially operated, MM3
~ required no surface injection pressure for
injection flows of 600 GPM. The weight of the
cooled brine in the wellbore was sufficient to.
push the fluid into the formation.

In May of 1976, when the GLEF was put into
operation, MM3 required a surface pressure of
100 PSI or greater to inject flows of 600 GPM.
Brine injection during the 1973 and 1974 tests
produced significant impairment of the MM3 well.
The principal impairment mechanism being the -
plugging of the well bore injection interval by
scaling and deposition of suspended solids.

MM3 is completed to a depth of 3065 ft. with
a slotted Tiner from 2600 to 3065 ft. Temperature
logs taken after shut-in show fluid to be entering
the formation over a 200 ft. interval from 2600
to 2800 ft. Several spinner surveys run toward
the end of the first year show fluid leaving the
well bore over only a 4 ft. interval. of the
slotted liner indicating that most of the liner
had been plugged. The injection interval had
been underreamed prior to setting the slotted
liner creating an annulus around the well casing.

l This annulus abpéars to permit continued injection

over a 200-ft. interval of the formation with
only a 4 ft. open interval 'in the well bore.

Three 1n3ect1on pressure fall-off surveys
were conducted on the well. .The first two surveys

- -were conducted on 5/14/76 and 3/2/77 respectively, -
- with a relatively low resolution logging tool.

The third survey was conducted on 4/13/78 with a
high resolution HP logging tool. A1l surveys
reached the end of well bore storage effects at
approximately 100 minutes following shut :in. The

. third survey showed the permeability of the in-

Jjection interval to be between 150-1000 md with
strong evidence that the -reservoir is naturally
fractured with both fracture and matrix flow. A .
detailed plot of the latter portion:of the third
survey is shown in F1gure 2. The three surveys
show successively increasing well impairment or
dimensionless ."skin" factors of +110, +153, and
+163 respect1ve1y
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DETAILED PORTION OF MM# 3 FALLOFF SURVEY

During the first year of operation, the spent From 112 to 1260 minutes after shut-in
brine was.untreated prior to injection. During 56 — —
this. period, the injection temperature was B Y g w QA5573.8 10" 1000 md

~ between 93-99°C and the well head injection pres- - - & Moo ~
sure -increased from 100 to 500 PSI. During the s R @ = 400gpm = S0gpm
second year several workovers were conducted on CMSELL hezoortare
the well and the brine was partially treated Ly RE0A-02e

using settling tanks (2-3 hours residence time)

prior to injection. During this period, the vsaf oo 0l LTeny e N =
injection temperature was between-77-82°C with L Inflection. Chara:teristic :
an injection pressure that ranged from 175 to - Fafffm?*“'*

300 PSI. The net effect of the partial treatment

1S3t
and workovers was to reduce the rate of increase

-{ Slope m=2.2 |-

-PRESSURE IN PSI AT 2650 ft IN MM# 3

" in .injection pressure and to maintain the pressure- -
within an acceptable operating range. The effect 2 R . ;
of these remedial measures is also seen in the ‘ﬁzr Sopemdd] - N0 =
smaller increase in measured skin damage between ' '
the second and third fall-off surveys described [ ‘
above. _ ‘ _ nsf - [Beginaing
) . ) Wellbore Reheating .
. The 1njection pressures shown in Figure 3 e o . |Effects
" have a rather distinctive pattern during the i o 5 O oy
second year of injection. When injection is first: = "g——u %7 n 3.0 3.
started 400 to 500 PSI is required to "breakover" o , ‘ wmofnminnmmtﬁ
the well. ‘The injection pressure then drops to CneT ‘
about 175-200 PSI for a 443 GPM flow rate. As : Figure 2: :Details of. Latter Portion of Pressure
injection continues the required pressure rises - © . Drop-off Survey Conducted in Magmamax
steeply. A detailed look at the last 1000 hour. S #3 on 4/]3/73' '

period of continuous injection shows the injection
pressure to be increasing at a rate characteristic
of a 10-50 md reservoir (see Figure 3). This

" Yapparent" permeability is probably due to the
severe nature of the wellbore damage and resulting
reduction in effective “h“ near -the wellbore from
200 to 4 feet.

Figure 3: Plot of Magmamax #3 Ihjection Pressure from
5/3/76 to 4/13/78 for Flowrate of 443 GPM.
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.There_are poss1b1y three mechanisms affecting
the injection pressure. When the well is shut-in,
suspended solids settle out and possibly plug
available flow paths in the wellbore and on the
sand face. Fractures may tend to close with the
reduced pressure.: When injection is resumed this
plugging needs to be "broken over” and fractures
reopened requiring an initially high injection
pressure. The second mechanism is a permanent
"skin damage" in the well bore and at the sand
face, causing a pressure loss at the wellbore of
175-200 PSI. "This skin is due to scaling of the
slotted Tiner and filling of the annulus outside
the wall with solids. Well workovers and acid
treatments ‘are not able to correct. this skin. .
damage. The third mechanism is a possibie zone
of reduced reservoir permeability away from the
well bore caused by precipitation of super-
saturated silica.

: In this study, lifetime of a well is defined
as the-operating time until.the.injection pressure
exceeds on-site pumping capability (500 PSI).

Data from MM3 indicates that with no brine treat-
‘ment, well lifetime is about 150 days and with-.
settling tanks about two years. This estimate

is in close agreement with results of membrane
filter tests conducted using Saiton Sea brine
(Owen, et al., 1977). Recently, Magma Power and
Lawrence Livermore Laboratory have shown that a
reaction clarifier used in conjunction with
pressure filters can significantly improve inject-
ability of Salton Sea brine (Quong, et al. and
Tewhey, et al., 1978). Using this treatment
Pprocess dissolved silica is reduced to below
saturation and suspended solids are reduced to
Tess than 5 ppm (1 ym in diameter) (Quong, et al., -
1978). With this type of pre-injection brine )
processing Salton Sea injection well lifetime
could be increased by an order of magnitude to
between 20 and -30 years.
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ABSTRACT

In view: of the rising costs for fossil fuel

and ‘the realization ‘that ‘such fuels are ‘exhaustible,

increasing attention has been focused on the
earth's heat as a 'source of-energy. It has been
estimated that geothermal resources in.the United
States alone could produce 140,000 megawatts of
power over a-1ife expectancy of 30 years. "This is
the equivalent of 140 nuclear generating units.
_However, .there are unsolved problems associated

with utilizing geothermal brines to produce energy.

Recent test work conducted at the Imperial Valley,
‘California, provides a solution to one of these
major problems.

A treatment system has been developed in
which spent geothermal brines from a flash-tank.,
heat-extraction plant are stabilized to permit"
reinjection of the treated-brine while maintainlng

the integrity.of the wells over an extended period.

This treatment system is both.cost-effective and
environmentally sound. It incorporates the fol-
low1ng unit._process operatlons' P .

® Reconstituting the minerals which were
’ dissolved. from the .geothermal .strata forma-
tions in a Reactor-Clarifier by sollds ‘con-
“tact precxpitation reactlons.sé,g e,
.0 Polishing of. the clarifier effluent ina-
‘ grav1ty dual-medwa f)lter ‘

0 Th1cken1ng and storage of sludge produced in
the Reactor-Clarifler

" o Dewatering of the sludge to an opt1mum cake
moisture suitable for handl1ng .and. land
disposal

INTRODUCTION

A progect was lnitlated 1n July l975 at the
Salton Sea:Known Geothermal Resource:Area in
Imperial Valley, California, to demonstrate the
viability of converting the underlying geothermal
brines to energy. .The project includes four wells
drilled by Imperial Magma. Two of the wells,
Magmamax #1 and Woolsey #1, are production wells;

“the other two, Magmamax #2 and Magmamax #3 are

injection wells. -Brine: from Magmamax #1 now feeds
a four-stage “flash heat-extraction plant at the ..

.Geothermal Loop: Experimental ‘Facility, operated by

the San Diego-Gas & Electric ‘Company.and the
Department of Energy. : Spent.brine .from the flash
systemis transported by -pipeline approximately
5,000-feet to Magmamax #3 well ~and inJected back
1nto the format1on

) The spent brine at the po1nt of inJection is
supersaturated with respect to heavy .metals and
silica (Table.1), whose:precipitation, along with-
plugging of -the strata with discrete suspended
solids in the brine, has.adversely-affected the -
integrity of the 1nject1on well. The viability of
the complete project is: in jeopardy unless cost-
effective methods can be-devised to. stabvllze the

spent brlne before inaectlon. 5

Table 1. - Chemical analysis of spent geothermal

. - brine treated 1n pilot plant reactor-
T ¢larifier, : _
Const1tuent Concentrat10n - ppm
Sodium 53 276 :
Potassium 10,259
Calcium 22,414
Chloride 134 483 .
Iron . 1272
Manganese . . T ; 685
Zinc . oo o207
CLead ... .. .. . 53
Copper . .. . T ool
Barium - o e 129
Silicon as Si0p - R . 293 .
“Magnesium : ‘ AT
Total Dissolved Solids 228,448
LPH. . o 5.6
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Temperature range _'i” " '180°F-200°F

'82°C- 93°C




In December 1977, personnel of Imperial -
Magma and Envirotech Corporation met to discuss
methods of treating the spent brine to produce a
non-scaling liquid suitable for well injection.

At that time, it was conceived that auto-
prec1p1tat1on of minerals in the spent brine could
be achieved in a solids contact clarifier, pro-
ducing an effluent of stable saturated levels of -
silica and heavy metals.

Accordingly, a pilot plant Reactor-Clarifier,
furnished by Envirotech Corporation to Imperial
Magma, was installed adjacent to Magmamax #3 . .

“injection well and operated continuously 24 hours,
per-day, 7 days per week from February 28, 1978
to April 12, 1978, constituting the first phase of
test work. :

REACTOR-CLARIFIER

The fundamental component of the spent geo-
thermal brine treatment system . is the Envirotech
Reactor-Clarifier, which is a tank of 8'0" diameter
x 10'6" -sidewater depth. . ‘All external surfaces are
insulated to minimize heat loss of the spent brine.
Area of the clarification zone is 37.7 square feet.
The unit operates .on the principle of solids-
contact clarification. ‘Large volumes of sludge .-
(10 to 15 times the volume of feed) are recircu-
lated internally through a draft tube/impeller
arrangement to a reaction well. Previously pre-
c1p1tated sludge recirculated in this manner comes
in intimate contact with the feedstream in the
- reaction well, providing seed nuclei on which dis-
solved. solids -in the feedstream precipitate under
controlled:conditions of temperature, reaction
time, and solids concentration.

The resultant 1iquid/solid mixture flows from
the reaction well into the clarification compart-
ment, where 1iquid and solids are separated by
gravity. Treated 1iquid overflows into collection
launders at the upper surface of the unit. Rake
arms move the settled sludge to a thickening cone
at the bottom center of the tank, where the
thickened - sludge is discharged by gravity or
pumps.. ‘

The resu]ts of ‘this test work have led to a
contract for a 55'0"-diameter Envirotech Reactor-
Clarifier having 2,375 feet of total surface area,
able to treat the total flow of spent brine from a
10-MW, two-stage, flash heat-extraction demonstra-
tion plant.

DESIGN EXPERIMENT

The first-stage test program was designed . to
develop a viable and cost-effective system for
treating spent geothermal brine and for handling
and disposing of sludges produced in the treatment.

The -objectives of the design gxpériment,wére>
to: . . ) :

e Test the original concept of auto-precipitation’

of minerals in the spent brine.

liDetermine design criteria of the Reactor-
Clarifier for sizing on a commercial scale,
including:

- Upflow rate
“«. = Reaction-well retention time
- 'Solids concentration in reaction well.

¢ Measure the silica andvturbidity concentra-
. tions of the effluent from various designs
- . of Reactor-Clarifiers.

- @ Measure the quantities of solids precipitated
in and d1scharged from the Reactor-C]ar1f1er

o Determine the thickening and dewatering char-
acteristics of sludge produced, and the best
dewatering equ1pment ‘to use.

e Correlate all data collected to:

- = Determine design criteria for the Reactor-
- Clarifier that would most efficiently pro-
_duce stable saturated levels of silica in

-the effluent.

‘- Establish cr1ter1a for po]1sh1ng the Reactor-
Clar1f1er effluent.

. Determine sludge hand11ng and d1sposa1 re-,
quirements. : ;

- Estimate order of magn1tude costs for spent-
_ brine treatment and-sludge hand1ing and
“disposal for a 55 M{ ‘geothermal energy plant.

“PILOT PLANT TEST RESULTS

Summar

Average test data from the pilot plant,
presented in Fig. 1, are summar1zed for opt1mum
design criteria as follows: =

o No chemicals are required in the treatment
of spent geothermal brines.

¢ Upflow Reactor-Clarifier Rate = 0.72 GPM/Ft2.

e Solids Concenfration in Reaction Well = 2.5%.

-@ Reaction Time in Reaction Well = 17 minutes.

. o Effluent Quality at Design Criteria
- Silica - 172 ppm - .
~ = Turbidity - 15 NTU (44 ppm s.s.)

) S]udge‘ProdUCéd:
- 1.7 1b/day per GPM

¢ Sludge Characteristics:
- From Reactor-€larifiers
- From Thickener - -
- From Filter Press -

: 4,5% solids
:-10% solids
: '65% solids

Details of these summary results follow.



: solids concentration held in the reaction well.

o 172 oom sitia As shown in Fig. 2, a stable solubility level of
L—'E?FT?;EES"' 172 ppm:Si0, is achieved when the solids concentra-
- tion in the reaction well approaches 2.5% solids

by weight. -Further increases above the ‘design

concentration range :do not markedly improve silica

removaT

Upfiow Rate

0.72G6PMIF2

V 2.5% Solids Conc.

The capac1ty of a Reactor-Clarifier is depen-
17 Min. Retention

dent -upon the settling rates of precipitated solids.
in the .unit. : It cannot be operated at an upf]ow
rate greater than the settling rate of the precipi-
tated solids; otherwise, clarification would not
occur.  In accordance with the Kynch theory, solids
in hindered settling exhibit settling velocities
~inversely proportional to the solids concentration
in the zone through which they settle.. This is
1Verif1§d in Fig. 2 - Upflow rates as high as 1.33
GPM/ft4 can be mainta1ned in the Reactor-Clarifier
when relatively Jow solids concentrations in the
reaction-well are held at ‘approximately:1.2% solids
by weight.  As these concentrations are increased,
upflow rates must be reduced accordingly; down, for
example, to .a measured low of 0.62 GPM/ft2 at a
solids concentrat1on of 2.63%.

27GPM
{No Chemicaial | .

. 45% Solids Cone, - -
#5.2 Lbs/Day Sofids

v . In achievang a cost-effective process, there
e Sl L exists a compromise between the continuous produc-
Fig. 1. “Summary of pilot plant results. tion of stable saturated effluent from the Reactor-
: : ) - S S Clarifier and the maximum permissible upflow rate
' i o ) L . in the unit. Test data show that an optimum:
Brine Treatment - ' s AR solids concentration of 2.5% by weight can be

. . maintained in the reaction well while perm1tt1ng
.- Test results indicate that the quantity of . a maximum design upflow rate of 0.72 GPM/ft2 to
silica remaining in -solution.in-the Reactor- - : - produce the desired stable saturated effluent of
C]arlfier effluent 1s a funct1on of the insoluble 172 ppm Si05.
. 300 = . R . . - .18

T enml—ty— - Upflow Rate

Silica In Soluti

Duign Rm 8

SILICA IN SOLUTION ~ PPM

| UPFLOW RATE - GPD/FT2

220 - I T - o
200 ~ - 06
180
!.7-2-. e o - e st e e s s it ot e s sy ——
160 .- 3
1 T T T o T 0
° 05 1.0 15 20 25 20 35

i “PERCENT WEIGHT SOLIDS IN REACTION WELL

fig:>2§ Removai.of silica by solids contact clarification.
processing.
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Sludge Hand]ing and Disposal

Inso]ub]e solids produced jn the Reactor-
Clarifier by auto-precipitation (no addition of
foreign chemicals or seed material) were collected
from the Reactor-Clarifier sludge blowdown and-
analyzed. A proximate chemical analysis of these
insoluble solids is presented in Table 2. Silicon
is the major constituent of the total insoluble
solids, representing approximately 90% by weight,
as silica and possibly other complex silicate
forms. . Heavy metals including iron, strontium,
manganese, lead, and copper appear to precipitate
as sulfide and oxide m1nera1s and, perhaps, as
'other comp]ex forms.

Proximate chemical analysis of insoluble

Table 2. |
: ' "solids in Reactor-Clarifier sludge.
Constituent - ‘Weight-% solids ppm
Silicon as Si "~ (42.82)

as S$i0p - 91.75
Silver ‘ 97
Copper 0.13
Nickel 23
Manganese 0.31
“Magnesium 0.08"
Lead 0.18
Tron 0.85
Cobalt : 4
Chromium : 18
Arsenic 85
Calcium 7.92
Aluminum 0.02
Barium 6
Boron 0.02
Cadmium 2
Rubidium 0.01
Selinium 73
Zinc 0.06
Strontium 0.63
Cesium , 33
Sulfur 1.06

Total constituents weight: 103.05%

1. A1l concentrations greater than 100 ppm are
expressed to nearest 0.01% solids by weight.

2. Total constituent we1ghts are greater than
100%, possibly -due to some silicon being in
complex forms other than S102

.

The quantity of solids ‘produced in the Reactor-
Clarifier, as measured by sludge blowdown under
optimum conditions, is 1.7 1b/day per GPM brine
fed to the unit.

An Envirotech-Shriver Filter Press was used
near the end of the first-phase ‘test work to
determine the dewatering characteristics ‘of the
sludge on this device. These tests showed that
the sludge could be dewatered easily, produc1ng
a filter press cake of 65% solids by weight.:

- greater than 50% solids by weight.

Earlier test work indicated that centrifuges and
vacuum drum filters could produce a cake no
:At the same
time, the filtrate from the filter press was

© . essentially free of suspended solids, while the

centrate from the centrifuge contained as much

as 1% solids by weight. The filtrate/centrate
must be returned to the Reactor-Clarifier. .High
solids concentrations in this recirculated stream
could adversely affect the performance of the
Reactor-Clarifier. .

Test work to date has indicated that disposal
of filter press cake at 65% solids in lined ponds
is the most cost-effective and environmentally
sound ‘alternative. It is possible that metals
could be recovered from the filter press cake,

. which offers some savings in the overall costs of

- is’continuing.

‘a spent-brine treatment operation.

SPENT GEOTHERMAL BRINE TREATMENT SYSTEM

Sufficient data have been collected from the
phase-one test program to prove the adequacy of
design of a spent geothermal brine treatment sys-
tem for any given capacity.’ Test work, however,
The following tests are planned:

e Phase 2 - Pilot plant operations including a
_Reactor-Clarifier, Gravity-Sand/Anthracite
Filter, Sludge Thickener, and Filter Press
on the same pilot scale as reported above (to
be started approximately Ju]y 15, 1978)

‘Order of magnitude costs for spent brine

Table 3.
treatment and sludge handling and dis-
posal for a 55-MW geotherma] generating
station.
Process Present _ Unit Costs
worth -
($1, 000 ,000) ¢/1,000 Mills/
gallons KWH
Brine treatment
Reaction, Clari-
fication & 15.2. n 0.9
gravity filtra-
tion:
Sludge handling &
disposal
Thickening & .
dewatering 8.4 6 0.5
Disposal 3.1 2 0.2
" Sub Totat - - - 1.5 8 0.7
TOTAL 26.7 19 1.6
Notes -
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“Includes 1nsta11ed capital costs and 08M .costs.
Life of plant = 30 years.
On-line plant factor = 90%.




REACTOR —~ CLARIFIER

. RECYCLE
- %0 FLASN TANKS

“ THICKENER D0

1thr 3;

e Phase 3 - Demonstratlon plant operation .
ncluding a Reactor-C'lar1f1er, Gravity Sand/
.- Anthracite.Filter, ‘Sludge Thickener, and :-
Filter Press to treat spent geothermal brine
. from a 10-M{ heat-extraction plant fac111ty
- {To be started approx1mate1y February 15
’ 1979

The. br1ne treatment systems “used for both
Phase 2 ‘and Phase 3 test programs w111 be as shown
in the simulated flowsheet -in Fig. 3. "Commercial
"operat1on ‘of ‘a spent geotherma1 brine treatment
system is expected at- this time to be the same as
,that shown on the flowsheet .

1

;ORDER oF MAGNITUDE COSTS Len e e

, Based upon test resu]ts presented above and
:upon cost 1nformation derlved*from projects of

SVG FILTER

TO REINJECTION WELLS
7\ N

O

C

.. [EZZE3 seturated Bring — Clusified
.. L1 saturatod Brine — Filtorsd -
""" Pracipitated Studge . .

' [EXTT Filer Prass Cake

" FILTERPRESS

YO LANDFILL OR
MINERAL RECOVERY

LA (O TBAR LR AR

:Stabilization offspent‘geothermal,brines.

yod

s1m11ar nature and s1ze, order of magn1tude costs
for spent-brine treatment and sludge handling. and
disposal for a. 55-MW geotherma] generat1ng station

. .are.presented in Table 3.

‘As shown, it is estimated that the ‘Uit cost
on .a present-worth basis for brine.treatment is

 11¢/1,000 gallon brine treated (0.9 mills/KWH).

Est1mate for sludge handling and disposal is

8¢/1,000 gallon brine. treated (0.7 mil1s/KWH) for
a total treatment cost 'of 19¢/1,000 galion brine
treated (1 6 mills/KWH). Chem1ca1 costs are not

- included in this analysis, in that it is felt that
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chemical addition in any form is not required to
produce the required effluent qualitiés. If-
chemicals were to be:used, 2¢ to 5¢/1,000 gallon

’br1ne treated shou]d be added to these est1mates



RESULTS OF TWO INJECTION TESTS'AT THE EAST MESA KGRA

Donald G. McEdwards and Sally M. Benson
Lawrence Berkeley Laboratory
Berkeley, California 94720

INTRODUCTION

‘In 1977, in accordance with contractural work
for the U.S. Bureau of Reclamation and the Depart-
ment of Energy, Lawrence Berkeley Laboratory per-
formed two injection tests on two wells in the East
Mesa KGRA. - These wells were Republic Geothermal
Well 18-28 and Bureau of Reclamation Well 5-1.
The East Mesa KGRA 1s located in the Imperial
Valley of Sourthern California and contains, at
present, 15 geothermal -wells. 'The average reser-—

voir temperature in the completion intervals (1500-

2700 meters) of the existing wells'is_approximately
180°C. The injection tests were carried out to
determine the ability of these wells to dispose -

of the spent brine that is produced from the exist-

ing production wells.

Well 18-28 was monitored continuously for
four months with a Hewlett-Packard downhole press-
ure and temperature gauge. Three separate injection
episodes were monitored. The first two were each-
four—-day tests with step changes in the injection
rate. The third injection period lasted approximat-
ely 40 days and also included step rate changes.

Well 5-1 downhole pressure response during
injection was monitored for five days using a
silicon o1l filled capillary tiube connected to a
paro-scientific pressure transducer. The injection
rate schedule consisted of 6 step changes.

This paper will discuss the reservoir para-
meters (kh/n, ¢chre ) obtained from the analysis of
transient pressure data and the skin values asso-
ciated with the individual wells. The quality of
the data obtained using a silicon oil-filled cap-
illary tube in a cold injection well will also be
discussed.

WELL 5-~1 INJECTION TEST
Well Characteristics and Injection Scheme

~ Well 5-1 is completed with 7 4/8 inch casing
to a. total depth of 1828 meters. . It is perforated
or slotted from 1237 meters to 1828 meters. Fluid
injected into Well 5-1 is geothermal brine prod-
uced from nearby BuRec Well 6-2. Fluid is stored
in a six-acre holding pond where it is cooled to
approximately 20°C. The pond fluid is then fil-
tered, acidized and pumped into a holding tank at
the 5-1 wellhead. Two positive-displacement
injection pumps of 150 and 220 gpm capacity, res-
pectively, may be used singly or in combination
for fluid injection. Downhole pressures are moni-
tored utilizing a 1280 meter, .054"I.D. stainless
steel tubing filled with silicon oil. The down-
hole pressure response is transmitted through the
0il in the tubing to the paro-scientific trans- -
ducer (resolution .01 psi). Surface printout
equipment can record the pressure data at one
second or longer intervals depending on the rapid-
ity of the pressure change.
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Test Design

For each test segment, the step rate change
in injection was initiated upon achieving a stable
downhole pressure at the previous rate. Pressure
data was then taken at close intervals following
the rate change and the data gathered was analyzed
using pressure transient analysis techniques. In
this manner, several well tests could be conducted.
Each test segment consisted of a relatively small
flow rate change and each lasted approximately one
day. Flow rate changes were accomplished by
changing injection pumps or using them in combin-
ation. A total of six test segments were performed
in the 5-1 injection test. Table I lists the flow
rate change, the time of duration, the total fluid
injected and the cumulative injection to that time
for each injection test segment. Table II is a
summary of the results of these six test segments.
For each segment, the date, type of analysis used

"~ for the pressure data, the test results and comments

regarding the tests are given. In addition, an
injectivity index is listed that is derived from
stabilized downhole pressures and current flow
rates for each test segment.

Integpretation and Discussion of Transient Pressure
Data

As Table II clearly shows, the values of trans-
missivity vary from 18,000 md-ft/cp to 100,000 md-
ft/cp. The injectivity index, not surprisingly,
also varies and tends to be larger at the higher
levels of injection than-at the lower levels of
injection. The value of dchrez,_which is a measure
of well damage, is quite small on the average,
indicating ‘a large positive skin for nominal values
of the lumped parameter gch. . This anamolous be-
havior among well test results may be explained

by postulating the existance of a vertical frac-
ture in the well, Two direct lines of evidence
support this theory. Excerpts from the BuRec. 5-1
injection log of January 27, 1976 shown in Figure
1, give a brief survey of events regarding Well
5-1. In summary, the wellhead .pressure dropped
from 1200 to 450 psi within 10 hours on that date.
A wellhead pressure of 1200 psi, when added to the
static head is sufficient at a depth of 5,000 ft
(opposite the perforations) to fracture the reser-
voir rock. Emperical data support this conclusion.
The other .pilece of evidence supporting the vertical
fracture theory is the results of a spinner survey
taken immediately after:the 5-1 injection test

was completed. The spinner survey comprised three
injection rates; 150, 220 and 370 gallons per min-
ute. For each survey going to 6,000 ft,, it is
clear that no flow was entering the perforations
below 4400 feet. Only one stop of the spinner

tool indicated flow, and that was at the very top
of the perforations. Figure 2 shows the results

of these 3 spinner surveys. At the present time,

a dilation mechanism due to increased flow rate

is being considered as a possible cause for the

O



SUMMARY OF WELL 5-1 INJECTION TEST

TABLE 1.
FLOW RATE (gpm) | 40(gpm) ,~T°f§lgﬂgg“5 Fluid Injected | Cumulative Injection
150 | -1502' T 144,000 gals | 148,000 gals-
220 C20 |22 | 290,400 gals | 434,400 gals
0 220 |2 0| 434,400 gals
370 370 20 | 532,800 gals | 967,200 gals
220 1 150 o 316,800 gals 1,284,000 gals
150 a0 7 63,000 gals  |1,347,000 gals
o 1 =150 | shut in e 1,347,000 gals
S i ~ total injection

. TABLE HI. SUMMWARY OF WELL 5-1 INJECTION TEST AND RESULTS

2.
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Date “Injection Rate | Test’| :4Q | Type of kh/ u “gchre Comments 11
T ; . ¥ o Analysis - . A Q/DP
2177 . ,
01618 150 - 150 .- - “- No analysis due to -
: RN affect of cooling of

“the well or the pressure

data.
1272/17 . .
1003 220 1 70 MDH 18,000 .088

| .Two Rate B .
(Mathews) 19,000 - | .12589 _.886
12/3/17 , ' : . . e
80932 - 0 2 «220 .- - - Well not shut in long
: - ' : ‘enough to measure res- .088

ervoir response. .
12/3/1 L : - o) ;
-@1005 - - . 370 3 370 -“MDH. -] 42,000 1.01x10 Not shut in long enough 7

: - Two Rate 5.25’000 . 3'37“0-5 g it:g!"ore well was opened .867 A
e g : i o
21000 - - 220 . -4 } «150| MOH 100,000 5.3x107 - L
‘ ~ Two Rate| 90,000 | - 5.01x10°8 2.0
12/5/71 150 - | s | -70] mow 32,000 | 5.61x107° 972
8940 iy o . ROt N ,
wsmo | o 1| -150] MW 39,000 | 530734, - |Pressure data available |
1646 - . Two Rate 37,000 5.8x107°°. " J'only for 120 minutes after |.508
: e R ehyt-in due to” the heating
of the ofl in the tubing.




wide range of values of transmissivity among the .
individual test segments. It should be remembered
however, that little is known about the pressure- ™
transient response of cold water injection into.a
fracture in a hot reservoir. 'Acknowledging all

of the above difficulties in interpretation it
does seem significantly clear, that in spite of

the presence of the vertical fracture, the well ~
has been damaged as indicated by the very small-
values of gchre2. It is felt that the damage to
the well and fracture is probably caused by chem-
ical incompatibility of injected fluids and fluid

present in the fracture,-and/or particulate plugging

Also complicating this analysis:is the res-
ponse time of an oil filled capillary tube to large
pressure changes in the well. This response time’
is roughly 20 minutes for oil :at’ 70°F and: 4200 .feet
of tubing (see paper by C. Miller and J. Haney
this proceedings). The validity of this response
time calculation is clearly seen in Figures 3, 4
and 5 which display pressure versus log time for
test segments 3, 4 and 5. It will be seen on each
figure that the semi-log straight-line portion.
begins approximately 20 to 30 minutes after the
flow change initiation. The straight line is,
however, convincing enough for analysis purposes.

WELL 18-28 INJECTION TEST
Well Characteristics and Injection Scheme

Well 18-28 is completed with a 7" casing to
a total depth of 2440 meters. Roughly 75 meters
of this length are jet perforated. A spinner sur-
vey indicates that fluid enters the reservoir only
through this 75 meter interval. It is believed
calcium carbonate scaling is responsible for the
plugging of the remainder of the perforated sec-
tion. The fluid injected into Well 18-28 is geo-
thermal brine produced from Well 38-30 or Well 16-
29. The fluid is pumped from the production well
to the injection well by a positive displacement
pump. . Downhole pressure during injection was
obtained with a Hewlett-Packard downhole pressure
gauge located at 1520 meters. Pressure data was
recorded by a thermal paper printer at intervals
between 40 seconds to 10 minutes. The temperature
of the injected fluid at the wellhead ranged from:
65°C to 93°C. The Hewlett-~Packard tool was also
used to monitor downhole temperature. The injected
fluid had -increased .in: temperature approximately
14°C downhole. Figure 6 shows a plot of the flow
rate from-38-30 and 16-29 that was injected into
Well 18-28 as well as concurrent pressure readings.

Test Design ‘and Interpretation . ~

The 18-28 injection test was run concurrently
with a series of production tests and interference
tests on several Republic Geothermal wells. Thus,
the tests were not designed specifically to obtain
the type of data ammenable to transient pressure
analysis. " Flow rates were highly variable and
downhole pressures were not stabilized prior to
rate changes. Nevertheless, from two different
methods .of -analysis consist t results were ob-
tained.” Pressure data were first analyzed using a
least squares computer matching program. This
analysis yiélded a'kh/u of approximately 70,000
md-ft/cp with increased value of skin for successive
segments of the test. The second type of analysis
consisted of analyzing falloff data from three
successive segments of the test (either Miller-
Dyes-Hutcheson technique or the two-rate analysis
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~ of these analyses.

Figures 7, 8 and 9 show the results

As seen from the figures, these
analyses also yield values of approximately 77,000
md-ft/cp with increasing values of skin for suc—
cessive segments of the test. This increase in the
value of skin is consistent with evidence of in-
creasing scaling inthe well as seen by increasingly
large injection pressures. These increasingly
larger injection pressures, however, never approach
values that would indicate fracturing of the form-
ation at depth.

SUMMARY

BuRec Well 5-1 is fractured at the top of the
perforations. The average transmissivity value
for this well is approximately 43,000 md-ft/cp.
The well appears to have been damaged even after
fracture had occured. The mechanism for damage
is most likely the.same one responsible for the
presence of the fracture in the first instance.
This experience with Well 5-1 has shown that the
fracturing of the well in a geothermal reservoir
will not necessarily increase its injectivity.
This is becuase the mechanism of plugging or
scaling is not abated permanently when a well is
fractured and the fracture becomes progressively
damaged as did the well bore itself previously.

Well 18-28 is being progressively damaged
under injection. This is seen in the increasing
values of positive skin values. 1Its transmissi-~
vity value of 70,000 md-ft/cp has been gbtained
from several types of | analysis. The well is:not
fractured from evidence on hand at present. The
rapid increase in skin value between injection
tests indicates ;something of a chemical nature
is occuring in the well, again, probably similar
to the 5-1 chemical incompatibility problem between
the injected fluid and the geothermal brine at
depth.

technique).

WELLKEAD
TIME GPM PRESSURE COMMENTS
1200 100 1200 At 1245 lowered gpm to 90,

’ wellhead pressure 900 psi.
1400 90 1000 At 1410 increasec gpm to
1600 |95 . 350 To raise Tevel in tank put

. diesel on idle at 1730.
2200 w00 | e50 Cannot bring pressure ‘to
’ 1000 psi due to injection
tank pumping too much (2215).
At 2330 injection tank almost
empty. Shut down to allow it
to fill up.

c‘Droﬁ in wellhead pressure from
"1200 to 450 psi at same f]owrate :
indicates fracturing

Fig. 1. Excerpts from BuRec 5-1 injection log,

1/27/76.
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5000 o . 0 0

| 5400 . 0. 0o 0
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Open intervals 4061' to 5276' perforations
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Fig. 2. Spinner surveys taken in well 5-1.
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Downhole pressure ( psia)

ses00 M"ﬂ/’
[
535.00 P
.injection test burec well 5-1 data from
1273777 1050 hes. "
485.00 a1 19 12
m = 48.0 psi/cycle
Q= 370 GPM
435.00 kh _5574.1x 370 |
".".F m 260 = 43,000 md-ft/cp
385.00 I
33500
285.00
235.00
185.00 -
5500 ,I\,/’
1.000 : TINE(HTS) 10.000

585.00
565.00
©
s ~
a .
~  545.00
L4
-
3
o
»
@
et
(=%
o 525.00
°
£
c
k3
o
[=]
505.00
485.00
1.000

XBL 789-2063

Fig. 3. Test segment three, 5-1 injection test.

Injection test Burec well 5-1 data from (2/4777 at 10 00 hrs.

m = B.4 psi /cycle

Q = {50 GPM

kh 5574.1 x 150
’ 8.4

7 2 = 100,000 md- ft/cp.

10.000

TIHE(MTS) 100.000

XBL 7892064

Fig. 4. Test segment four, 5-1 injection test.
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Downhole pressure (psia)

610,00

490,00

470,00

450,00

430,00

I‘nicc'i'on test Burec well 5-1 data from 12/5/77 at' 940 hvrs.:

£

Q = 70 GPM
k 5574.1 x 70
6.9

m = 6.9 psi/cycie =~ )

= 57,000 md-ft/cp

|
|

(PSIA)

DOWNHOLE = PRESSURE

40.000 TINE (nT1§)

100.000

XBL 789-2067

- Fig. 5. Test segment five, 5-1 injection test.

2500.0000

-~ TIME - {DAYS)
WELL '18-28 INJECTION TEST

_ a }
2400.0000 b— 800.00
- 2300.6000 F— 602.90
=
: 0.
2200.0000 |— e O
Ll
. -
- B
ol .
e a
" 2100.0000 . ' 200.00 S
w
2000.0000 l ; - 8,00
27 171 7/16/77 T/0/TT QST T 8/307T7 - 88,

8L 7810-11833 A

Fig. 6. Pressure and injection rate during 18-28 test.
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Test no.t /18/77

2220 T
q * 230 GPM
5 m= 16.6 psi n
kh 5574 x 230
m 16.6
2200 |- =77,000md-ft/cp -~
$20.28 (@ chrd =0.002)
= » .
a .
Testno.2 7/30/77
2180 2220 i J i L ] 1 T T
7 9, 455 GPM )
2210 q, * 222 GPM o .4
: ul y -1 . . ﬂ'w 73,000 md-ft/cp
; ", 2200} ) Ll o . :
, o . s = 0.29 ($chry = 0.002)
2160 |- - 2190k _
] 2180+ -
10 minutes " 100 ] 1000
‘ P -
XBL7812~2198
2160
: 34
) tog (1388)+ 32 oon
Fig. 7. Test segment no. 1, 18-28 production oI oo
test. : XBL 7812-2199
Fig. 8. Test segment no. 2, 18-28 production
test.
Test no. 3 8/25/77
2200 T
* q = 430 GPM
m= 3.0
- * kh_ 5574x430
n 31.0
.= 77,000 md-ft/cp
21801 s = 1.96 ( chr2=0002)
310 ' x
@
(-8
260 -
X%
.. 2140} —
1
0 minutes 100 - 1000
XBL 7812-2197

"Fig. 9. Test segment no. 3, 18-28 production

test.
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. DEVELOPMENT OF A HIGH RESOLUTION DOWNHOLE PRESSURE

INSTRUMENT FOR HIGH TEMPERATURE APPLICATIONS

"E. P. Eernisse
T. D. McConnell

f A. F. Veneruso

;;,,Saﬁdia'Laboratories - Division
Albuquerque, New Mexico 87115

ABSTRACT

- As part of ‘the Geothermal Logging In-
strumentation Development Program being
conducted by Sandia Laboratories for the
Department of Energy's Division of Geother-

mal Energy, high resolution, quartz crystal

based, downhole pressure instruments are
being developed. Under.a joint no-cost
contract, Sandia and Paroscientific, Inc.,
of Redmond, Washington, are working to up-
grade a Paroscientific transducer for oper-
ation at 275°C. In addition, Sandia Labo-
ratories has been investigating various
design configurations and fabrication tech-
niques for high temperature quartz resona-
tors and their associated electronic cir-
cuits. SR S

The goal of these . efforts is to
achieve a resolution of 0.01 psi in a 0 to
‘7000 psi.range and in temperatures up to
275°C. The progress and plans for this
project will be reviewed and -hardware
samples will be displayed.

INTRODUCTION

The assessment of geothermal energy
resources by means of well logging instru-
ments is hampered because the downhole
high temperatures, which are typically
over 200°C, far exceed the operating re-
gimes of ordinary electronics and trans-
ducers. A similar difficulty occurs in -
deeper oil and gas wells and steam injec-
tion wells for tertiary recovery. One of
the most useful borehole measurements for
well ‘testing is a high resolution, pressure
logging tool,1?2 This instrument is essen-
tial in correlating well flows with pres-
sure or fluid level changes' and drawing
inferences about the reservoir's production

.potential.and: its ability ‘to transport and
store fluids. Presently, the highest pres-
sure résolution measurements-are made with
commercially available quartz resonator
transducers.3’* . However, the present tech-
nology of devices is limited to operation
below 125°C; also the measurement's reso-
lution is severely impaired by temperature
gradients typically encountered by instru-
ments moving downhole,.

To correct these technical deficien-
cies, development activities are underway
as part of the Geothermal Logging Instru-
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mentation Development Program being con-
ducted by Sandia Laboratories for the De-
partment of Energy's Division of Geother-
mal Energy. Specific goals for the pres-
sure transducer are. 7000 psi full scale
‘capability, 275°C upper temperature limit,
and a resolution of 1 ppm, i.e., a minimum
detectable fluctuation of about 0.0l psi
on top of a full scale pressure background.
Also, it is desirable to have measurement
hysteresis in the measurements less than
1 ppm (i.e., the change in reading when
approaching a given.pressure from above
and below). S e
e

One approach taken.at Sandia _is simi-
lar to the Hewlett-Packard design3; this
is a thickness-shear mode plate resonator
with a uniform force, proportional to pres-
sure, acting around the perimeter of the
resonator plate. As discussed in the fol-
lowing pages, numerous technological
changes are necessary, however, to move
the temperature range up to 275°C.

: Another approach being investigated
is that of the Paroscientific* flexure

"mode transducer“; this offers higher pres-

sure -sensitivity, but lower frequency
stability than"the resonator plate
approach. R

: This article reviews the two concepts
and then discusses -the basic technology
considerations of the Sandia design. Pre-
liminary results of pressure measurements
with the Sandia design at 275°C are pre-
sented to demonstrate viability of high
temperature operation.-

TRANSDUCER CONCEPTS

- As described in Figures 1 and 2, the
quartz resonator pressure transducer oper-
ates on the principle that mechanical
resonance frequencies, which are linear
elastic phenomena, are shifted by non-
linear effects. Thickness mode quartz
resonators have extremely-stable mechani-
cal resonances {i.e., frequency variations
less than 1 x 10-10 per month) due to the
high purity of quartz, to cleanliness of

*paroscientific, Inc., 4500 - 148th Ave.,
Redmond, Washington 98052



DIGITAL QUARTZ PRESSURE TRANSDUCERS
Paroscientific, Inc.

COMMERCIAL WELL LOGGING TOOLS
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UTILIZING QUARTZ RESONATOR TRANSDUCERS ISOLATOR MASS
4 A A -
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Barometric tracking.

'FIGURE 2
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 Stabilities of 1 x 10~
of hours are now routlne for thickness

‘fabr1cat1on and packaging, and to careful

resonator design for obtaining well de-

fined, high Q mechanical resonant modes.
The flexure mode crystals are somewhat

less stable because of lower mechanical Q.
Frequency stabilities in environments
where temperature is constant and there
are no mechanical biases (initial stresses)
acting on the resonator plate have been
observed up to 2 x 10-12 over. a 10 second
period for the thickness mode. designs ‘and
1 x 10°% for the flexure mode designs..

over time perlods
"The

modes and 1 .x 1077 for flexure modes.

“high resolution of quartz resonator trans-

ducers comes from this inherent frequency
stability and the fact that pressure in-
duced stresses can reversibly shift the
resonant frequencies as much as 1 x 10-3
for the thickness modes,¥*6 and 1 x 10-1
for the flexure modes.

The proposed Sandia pressure trans-
ducer concept is shown in Figure 3. A

~ ROTATED XCUT
RESONATOR
END CAP @ 8

QUARTZ RESONATOR PRESSURE GAUGE
FOR GEOTHERMAL WELL LOGGING

PIECE PARTS

ASSEMBLED
WITH GLASS-
CERAMIC SEALS ™

FIGURE. 3

“circular resonator plate is enclosed by -

two hollowed-out quartz end caps of the =

‘same crystallographic orientation as the
‘resonator plate. -

The net force on the -
resonator due to-the pressure is.radially
directed and uniformly distributed around
the perimeter. This gauge concept is simi-

"~ lar to that offered commerc1a11y for lower
‘temperature applications.3

‘These.'radial.
forces. cause frequency shifts "through non-

-1inear elastlc behav1or of the quartz crys-

tal

The ParOSC1ent1f1c transducer, shown

" 'in Figure 2, is another promlslng candi-

date for high temperature operation. Fre-
quency shift for this approach arises from
the ‘influence of the axial force on the:
mnatural frequency . of the vibrating beam
(1ike the tuning of a guitar string).

.shear ‘mode of vibration.

flexure mode approach* has inherently
higher sensitivity to pressure than the
shear mode approachl3used by Hewlett-Packard.
Under a joint no-cost contract, Sandia and
Paroscientific are working to upgrade a
Paroscientific transducer for operation to
275°C. Key areas under development are
fabrication and bondlng techniques for high
temperature operation.

TECHNOLOGY FOR SANDIA DESIGN

The Sandia Quartz resonator design,
shown in Figure 3, was made to explore
frequency variations due to initial stresses
and temperature changes. This configuration
was also used to investigate the suitability
of different electrode materials, crystal
bonding agents, and fabrication procedures.
Each of these important topics are examined
in detail below.

Frequency vs. Temperature Effects

Unfortunately, small changes in tem-
perature can shift the resonant frequencies
by amounts comparable to the stress-related
frequency changes,: partlcularly for the
thickness mode designs. It is therefore
necessary to-choose the resonator design
(crystallographic orientation of the reson--
ator structure) such that temperature
effects are small compared to stress ef-
fects. ‘This means operation, as shown in
Figure 5, for a thickness mode design, at a
turnover point in the frequency-temperature
(f vs T) characteristic of the resonator so
that the linear, or first-order, temperature
effects-are eliminated. The thickness shear
vibrational -modes of plate resonators are
the most useful plate modes because they
exhibit turnovers in their f vs T character-
istics. . All of the high frequency stability
accomplishments in the past have come from
plate resonators operating in the thic¢kness-
The commercially
available plate resonator transducer of
interest here3 utilizes the common BT-cut
resonator with a parabolic f vs T. For.
high temperature operatlon at 275°C, the
curvature of -f vs.T (second order effect)
is large and equal to 0.19 ppm/°C2. Thus a
temperature change of 1° C causes a frequency
shift af/f of 1,9.% 10-7 Slnce 0.01 psi
causes a Af/f shift of 1'x 1079 in most
transducer designs, this high curvature
places stringent requirements on the tem-
perature environments.

One of the first steps taken in
develppmentnof this high temperature tech-
nology was a search for crystallographic

.orientations where temperature effects of

f were minimum around 300°C.

The rotated
X-cut was identified -as the most:useful ori-
entation. The details of th%s orientation
have been recently published It is identi-
fied as the (xyt) o orlentatlon in standard
notation® (see Figure 4). A typical f vs T
plot is shown in Figure 5. The f vs T char-

-acteristic of the common AT-cut is included

"This
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in Figure 5 for comparison. As seen in
Figure 5, the overall frequency shifts are




FIGURE 4.
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markedly less for the rotated X-cut and the
curvature at the 275°C turnover point is
less as compared to the AT-cut. The rotated
X- cut has. a curvature at 275°C of 0.04 ppm/
°C? as compared to 0.12 for the AT-cut and
0.19 for the BT-cut. It is clear that the
rotated X-cut has distinct advantages for
oven-controlled applications where tempera-
ture cannot be controlled.

Response of Resonator Plate to Initial
Stresses -

The response of the thickness mode res-
onator plate to radially directed forces can
be .calculated at room temperature with the
publ1shed values for the third-order elastic
coefficients. This has been done for numer-
ous crystallographic cuts including the ro-
tated X-cut and published in the'frequencg

The shift is given by

Af _
e KT
where T is the uniform initial stress caused
by the -symmetric force-due to pressure and K
is dependent on crystallographic orientation.
Figure 6 shows K for the technologically im-

AT-CUT

_ISOTROPIC STRESS

[~}

STRESS COMPENSATED SC-CUT

#=35° BRANCH OF
ZERO TEMPERATURE COEFFICIENT
SHEAR WAVE RESONATOR CUTS

ROTATED X -CUT

n
1

1 I i | I 1

K, STRESS COEFFICIENT (10712 pyn~! cmd)

w
o
ey =

.8 12 16 20 24 28 30
@ (DEGREFS)
FIGURE 6. Stress coefficient .for the im-

. portant .(yxw2)¢, 34° branch which
.. contains the widely used TA-, IT-,
s SC-, and’ ‘the Rotated X-cuts.

portant. famllya ‘of thickness- shear mode cuts
(yxw2)¢, o which have a turnover- point in
their f vs T characteristics. The rotated

~ X-cut is in this family and 'is given by -

“(yxws) “30°, o. As seen in Figure 6, ‘is has
a K value of +1.54 x 10°12, which is magni-
tude-wise one of the largest to be obtained”
in quartz (compare this value to the others
in Figure 6). The BT-cut, which ison the

other technologically 1mportant branch of

the (yxwg)¢, o family with e = -49°, is the

" -only other ‘thickness shear mode cut of in-

4

terest.

It has a K value of 2.7 x 10-12,

o



Electrode Considerations

Conventional electrode technology for
quartz resonators used at low temperature
involve Au electrodes on the acoustically
active regions and Au electrodes with a Cr
underlayer for the bonding areas. The hy-
brid circuit community has shown that Cr
migrates at 300°C and loses adhesion. Un-
fortunately, separation of the Cr/Au elec-
trode from substrates (usually Al0z cera-
mics) and wire bond failures are common.
Considerable effort has therefore been
spent on electrode technology; both Mo/Au
and Nb/Au sputtered electrodes have been
investigated.

Although the Nb/Au electrode system
maintains adhesion after repeated cycling
to 300°C in air, Rutherford backscattering
studies show that 02 migrates through the
Au and reacts with the underlying Nb. If
such electrodes are used on or near the
~acoustically active region, they will lower
the. resonant frequency and cause continuing
downward drift in frequency of an order
comparable to the frequency shifts due to
pressure. The Nb/Au system was therefore

abandoned in favor of Mo/Au.

The Mo/Au system has provided excel-’
lent adhesion to quartz in repeated tem-
perature cycling and does not have the 0
reaction problems of Nb/Au. - Typical elec-
trodes are keyhole patterns with 500 R of
Mo followed by 3000 X of Au. :

'~ For the Sandia design, the Mo/Au elec-
trodes are used for both the acoustically
active reglon and the bonding areas.

Bonding Agent

The bonding agent chosen for assembly
of the quartz pieces was Pyroceram 89
applied by silk screening or the equivalent
VITA Tape applied as a tape on the mating
surfaces. These are glass/ceramic materi-
als with an organic binder. --The binder is
first burned out-in a vacuum furnace.
_perature is' then raised to-just below the
melting. point of the-glass bonding agent _
(400°C§‘and the. system: is repeatedly ‘evacu-
- ated and backfilled with He or.Ar.- Then
~the temperature is raised to above the
melting point .of the.glass.to 455°C, the:
parts ‘are-mated, and-the seal is ‘made.
The. temperature is ‘then. held at 455°C for
one hour to cause crystallization of ‘the
bonding agent.: The resulting bond is a

ceramic with a melting point far in excess .

of the sealing-temperature and of any
expected .operating ' temperatures.::The
glass/ceramic was chosen because of this
ability to make the initial seal.as-a ..
glass and then convert to a. mechanlcally
stable ceramlc form.

: It has- been found: that the bondlng
agent dessolves the Mo/Au electrodes.
region where the electrode tab passes

The
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. throuﬁh the bond is therefore protected by
5000 X of Cr deposited in a separate depo-
sition. The Cr/bonding agent and Cr/Au

Tem-

FRACTIOMAL FREQUETICY SI'FT #/5 (rom)
A
3

interfaces have been found to hold up to
temperature cycling, in contrast to the ad-
herence failure of the Cr/quartz interface
under, temperature cycling. The results to
date: on this -fabrication procedure have
been satisfactory. Preliminary testing

»has not turned up any s1gn1f1cant problens.

: Measurements of pressure at 275° C have
been accomplished. The rotated X-cut
transducer was suspended from two electri-
cal feedthroughs on the inside of a pres-
sure bomb filled with silicone oil. This
assembly was .then heated in a furnace to
275°C. Wires from the feedthroughs were
connected to an oscillator circuit outside
the furnace. - The. oscillator's. frequency
was monitored as the bomb was pressurized
with a hand pump. . Independent pressure
measurements were :taken with a Paroscien-
tific ‘Model 600 Digiquartz Pressure. Com-
puter and Model 75K gauge located outside
the furnace and connected into the pressuré
line with a "T" junction. The Paroscien-
tific gauge has been checked in our stan-
dards lab with a dead weight tester to
approximately 1 psi resolution (5000 psi
full scale).

Results are shown in Figure 7 as

50
TEMPERATURE 275° C -I
00 o

700 R l
-800 L L 1 : l
0 w R 300 - 1000 1200

.- PRESSWRE Gl .

FIGURE: 7 -

fractional frequency shift vs absolute pres-
sure. : Data repeatability and hystere51s
effects were approximately 4 psi at 275°C
and 2 psi-‘at room temperature. - These rela-
t1ve1y high values seem to be related more
to time-dependent flow of the viscous oil
in the tubing of the experiment and temper-
ature - changes in the pressure bomb due to
cold 0il being pumped in durlng pressure
increases than to effects in the quartz
resonator itself.. More careful design to
limit the oil Volume around the transducer
and to preheat the 0il durlng pressure-up




‘will be necessary to demonstrate the full
capability of the:quartz resonator gauge.

CONCLUSIONS

This ‘article is an interim report on
the progress of technology developmerits
for geothermal qualified quartz resonator
pressure transducers. The feasibility of
such devices is demonstrated in laboratory
tests up . to 275°C. Major areas under in-
- vestigation are: - crystal characterization
at high temperature, design of pressure
transducer configurations for geothermal
use, and fabrication and bonding for high
temperature operation of the crystal and
other transducer components.

A v1ta11y important aspect of this
development work is the technology trans-
fer to industry and the commercialization
of geothermal qualified pressure transdu-
cers. For this, the ongoing developments
have been closely linked with parallel
activities in private industry, where simi-
lar transducers and complete tools are
built and operated for petroleum logging.

REFERENCES

1. P. A. Witherspoon. "Well Testing, A
Recapitulation o £ the Development,"
Proceedings, Invitational Well-Test-
ing Symposium, October 19-21, 1977,
Berkeley, California. Lawrence
Berkeley Laboratory, LBL-7027,
published March 1978.

2. H. J. Ramey, Jr., "Petroleum Engi-
neering Well Test "Analysis--State
of the Art", Proc., Invitational
Well- Test1ng Symposium, October 19-°

- 21, 1977 LBL 7027, March 1978.

3. H. E, Karrer and J. Leach, op Quartz-
Resonator Pressure Transducer" IEEE
Trans. Ind. Elec. and Control Instr
IECI-16, p 44 (1969)

4. J. Paros, "Digital Pressure Trans- -
" ducers", Measuréments and Data, Issue
56, Vol. 10, No.: 2, March-April 1976.

46

5.

E. P, EerNisse, "Quarti Resonator
Frequency Shifts Arising from Elec-
trode Stress', Proc. 29th Annual

.Frequency Control Sympos1um, P- 1

'«*(1975)

‘Proc.
Frequency ‘Control, p.

A, Ballato E. P EerN1sse, and T.

Lukaszck, "The Force-Frequency Effect
in“Doubly Rotated ‘Quartz Resonators",
31st Annual Symposium on
8 (1977).

E. P. EerNisse, '"Rotated X-Cut
Quartz Resonators for High Tempera-
ture Applications'", Proc. 32nd
Annual Symposium. on Frequency
Control (1978).

"Standards on Piezoelectric Cry-
stals", Proc. IRE 37, p.. 1378 (1949).



NUMERICAL MODELING STUDIES IN WELL® TEST ANALYSIS
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Donald Mangold T N. Narasimhan, Karsten Pruess and Ron Schroeder

Lawrence Berkeley Laboratory
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INTRODUCTION

Conventional well test analysis methods are
commonly applied to well data from geothermal

fields despite the isothermal assumptions of’ these .

“techniques. - At ‘LBL we are involved in & series of
studies in which we use numerical models to:inves-
tigate the effects seen at a well producing from
or injecting into a heterogeneous, non~isothermal
system, ~This paper 1s‘a’progress report on what

“we have learned. In the next section, the numeri-
calimodels used for these studies will be briefly
discussed. " The following section is devoted to*
the description of and results from different = -~
cases studied using these models. Implications
for the analysis of geothermal well data in light
of these results will also be presented

Numerical Models Used

In this work we use three: reservoir simula~
tors which were developed at LBL, - These are a)
Terzaghi, b) CCC and C) SHA¥T78. They all use a
numerical ‘technique known-as the Integrated Finite
Difference method and are all designed to model
complex three~dimensional systems. The first
numerical model (Terzaghi) is an isothermal model,
“while the other two are non~isothermal, i.e. in~
clude both heat and fluid flow calculations., The
model. CCC specializes in liquid phase systems,
while SHAFT78 is a two-phase code modeling steam~
water flow. The capabilities of these three nu-
merical models are summarized in Figures 1, 2 and
3. ‘Both Terzaghi and CCC have been validated
against many analytical-solutiona’. SHAFT78 fs a -
more recent model whose validation will be dis-
cussed at. the Stanford Workshop (December 1978).

Cases Studied and The Results g

“A ‘number of cases have been studied using the
“three numerical models desctribed above.  In this'
section’ we shall describe them and discuss the -
results._ :

'Case 1" PUMPING TEST IN A TWO—LAYERED SYSTEM

e I this case we studied the effect of a tem=
»perature gradient in a two—layered geothermal-

‘reservolr system on the pressure distribution.

7. The initial temperature ‘profile of ‘the different -

layers and their properties are given in Figure 4
and Table 1, The upper ‘and lower constant bound-
aries were assumed to be closed to fluid flow. A
fully penetrating well was placed in the lower
aquifer at the center of the system producing at
a constant rate of a 100 tonnes per hour. The
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Case 23"

94720

resulting pressure response was observed in the

lower and upper aquifer at a distance of 12.76
meters from the axis. The results obtained from
the numerical studies using CCC are given in Figure
5 and Tables 2 and 3. i

In the 1ower pumped aquifer at a node located
at a radial ‘distance of 12.76 meters from the axis,
the pressure changes in the’isothermal and non-

-igothermal analyses are almost 1dentical, especial-

1y at earlier times. - The observed drawdowns com(l)
pare reasonably well. to values given by Hantush's
analytical solution (for.B ='5'x 10-3), using the
same reservoir’ parameters. Hantush's beta solu- '
tion  (which is valid for small values of time' (in
our case t < 1115 days)) “assumes that’ the flow is
horizontal in the lower aquifer and vertical in

the shale break. 1In the upper unpumped aquifer

‘there are some minor differences at early times

between the pressure drawdown determined in the
non-isothermal and isothermal cases. -However, this
differenc’ percentagewise diminishes with time

(see Table 3).° Reasonable agreement was obtained
between the computed drawdowns in the upper aquifer
and the corresponding analytical solution of

Neuman and Witherspoon'4/, Generally the results
indicate that isothermal data analyses of pumping
tests performed in non-isothermal systems are

warranted under the conditions:

: The ‘fluid properties used in the analysis
" gshould correspond to the averaged values
of the producing aquifer.

1.

The mass flow should be essentially
“horizontal in the pumped aquifer.
*~towards ‘the producing well.

NON—ISOTHERMAL RESERVOIR TEMPERATURE
- DISTRIBUTION

In this case we assume ‘that areally the reser-
voir has a hot spot- at a center represented by an
area with radius 100 meters within which the
temperature is-250°C. “‘Outside of this radius the
temperature goes down to a 100°C.  The pumping

‘test 18 carried out in 'a well at the center of

the 250°C hot-spot. - The pressure change versus
the log (time) is plotted in the next.figure
(Figure 6). From this plot one may notice a
normal Theis straight:line at early times, then a
change in-slope is observed as the cold and hot
water interface moves towards the-wellbore. - This
break ‘may be mistakenly interpreted as the presence
of an imperfect barrier.



Case 3: COLD WATER REINJECTION PRESSURE

There 1s a practical need to know the reser-—
voir pressure response due to the injection of
cold water into a hot geothermal reservoir, In

the present study we assume a uniform hot geother- .

mal reservoir in which cold water is injected into .

a single well, The differences in viscosity and
density between hot and cold water are quite
significant and cannot be ignored. The results
based on numerical model CCC are shown in Figure

7 where the pressure change 1s plotted against

log (t/r2) where t 1is the time and r is the
radial distance from the well. We have assumed an
injection temperature of 100°C and an initial
aquifer temperature of 300°C. Thus at early times
the pressure change follows the normal Theis solu-
tion corresponding to the original reservoir tem-.
perature, Then at a later time it begins to take
off from the 300°C Theis straight line and follow
a line which is parallel to the 100°C Theis line.
This is reasonable because at the beginning the
observation point in question is surrounded by
the hot reservoir water and so the pressure re-
sponse follows the 300°C reservoir hot water move-
ment. Later on when the cold water front as
arrived the fluid mobility has changed to the
value corresponding to the lower temperature. and
consequently the 100°C Theis line will be followed,
Hence, at very large times the expected pressure
has a slope like the 100°C Theis line, but with a
value substantially lower.,

Case 4: PRODUCTION-INJECTION~PRODUCTION PRQCEDURE

For this case we employed CCC to study the
transient pressure response during a production-
injection-production sequence. For this analysis
a 100-m thick, 1,000-m radially symmetric reser-
voir is considered. . The initial temperature and .
pressure as given by Figure 8 were used, with a
flow rate of 2,5 x 106 kg/day.

The well is first pumped for five days (total
time, t = 0-5 days): this is followed by five
days of injection of 100°C water (t = 5-10 d);
finally the well is pumped for another 15 days
(t = 10-25 d), The pressure changes obtained at
the center of the reservoir, 1.5 meters from the
axis of the system is shown on Figure 9b, The
pressure decreases normally during the first
pumping period (t = 0-5 d); no temperature changes
are observed. During injection the pressure in-
creases as expected (t = 5-10 d); the temperature
almost immediately drops as the cold water is
injected. :

During the final period of production (Figure
9b, t = 10-25 d) the pressure begins falling much
faster than during the first period of pumping.
Then it stabilizes to a more or less constant :
pressure value before continuing to decrease. .The
last part of the curve appears to be a continua--
tion of ‘the curve corresponding to the first
pumping period, - This response .can be explained
by studying the temperature and/v1scosity varia-
tion observed during this period (Figure 9a).
During almost the first two days of the second
pumping period the temperature remains low, then
it slowly increases as the hotter water replaces ’
the cold water being produced at the well, On
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-eight days the temperature in the

the other hand, the viscosity of the 1iquid is high
at the beginning and then rapidly decreases as the
temperature rises.

For the same flow rate, the higher initial
values of viscosity result in larger pressure
decreases. As the.temperature increases, and the
viscosity decreases, the pressure stabilizes and
then finally begins to drop again as a more or less
constant temperature is attained. After about
reservoir is
similar to that prevailing during the initial
pumping period (t = 0-5 d). This explains why for
later times the pressure curve for the second pro-
duction period is almost a continuation of the
dashed curve corresponding to the initial period of
production (Figure 9b). .

If we assume that the pressure during the
initial pumping period (t = 0-5 d) are the observed
pressures during a normal well test, we can perform
a typical constant-temperature Theis well-test
analysis. We find that we reproduce the reservoir
parameters correctly so long as we use the density
and viscosity constant corresponding to the average
reservoir temperature. - This justifies to a certain
extent the application of usual pumping well-test
methods to geothermal systems.

'On the other hand, as discussed above, a very
interesting pressure response curve is found when
the well is pumped after a period of injection of
colder water. This opens the possibility of using
injection-production well tests to establish some
of the thermal properties of the reservoir. We
are in the process of making such a study.

Case 5: FRACTURED SYSTEMS

Many aquifers possess fractures. The numeri-
cal model, Terzaghi, which was developed at LBL,
has the capability to model fluid flow through a
fractured porous system., Thus the pressure re-
sponse in a well intercepting fractures may be
calculated numerically. To validate such a numeri-
cal model we have applied it to a simple case,
where a well with a constant flowrate intercepts
a vertical fracture. This problem has also been
solved analytically by Raghavan(3) The results
are indicated in Figure 10 in a log-log plot.
Three sets of calculations were made: the first
with an infinite conductivity fracture; the second
with finite conductivity fracture, and lastly the
case of an infinite conductivity fracture with a
6" diameter well. Thus, the last set of calcula-
tions includes not only the effect of the fracture
but also the effect of -the wellbore storage. As
can be seen from this graph the two sets of calcu-
lations compared very well with the Raghavan solu-
tion where it is-applicable. This model will be
used to examine more complicated situations where
analytical solutions are not available, Examples
include cases where the well intercepts more than
one fracture and also cases where the fracture may
be of varying aperture.  Thus reservoir parameters
may be estimated in these complicated cases where
conventional well test .analysis is not applicable.



PRODUCTION FROM A TWO-PHASE GEOTHERMAL
RESERVOIR

Case 6:

Geothermal systems are often two-phase either
initially or after extensive production from an
initially liquid system, In order to model the
response of a two-phase reservoir, the code SHAFT-
78 was developed at LBL, We ran the code on a set
of problems simulating ‘the response of a homogen=
eous reservoir to a constant mass withdrawal when
the reservoir was initially uniformly-two-phase
(saturations of .1y .5, ,9).” :Previous published
results by Garg(4) indicate that under these B
assumptions the total kinematic mobility of the

- fluid near -the- wellbore* TR

#

((—9 ——-p + o, })
T 2 £ uv

Scan be inferred from a plot of P vs log t, and in
ffact if m 1s the slope.of the .curve, then

(55’ ; an

v/T = 1.15q

“wheére "

q= l%L-(mass withdrawal rate) o

The SHAFT78 simulations were done with param-
eters tabulated in Table 4. Results are given in
Table 5 and the accompanying figures (11, 12, 13).
These results confirm the hypothesis.
pressure was plotted as a function of log (t/r2)
and resulted in a straight line curve with slope
close to that of the well pressure vs log (t) plot.

This indicates that observation well data
could be used to infer (K/v)T in a two-phase sys-
tem, hence agreement between (K/v)g at an observa=
tion well and at the producing well would be evi-
dence that the field was two-phase rather than
single phase with flashing near’the production -
well bore. T T

In addition, saturation vs log (t/rz) was
plotted. As shown in Figire 15, no steep satura-
tion gradients are produced-as’a result of pro=—
duction. ~Rather, ‘a diffuse, broad front propa-

gates out with a velocity proportional t& /e, ="
Changing the relative permeability curves (Figure -

14) has .a.very slight effect on the saturation
front, indicating that the result 1s not sensi-
tive to the parameter governing liquid/steam

transport ifn the similation and "that drawdown att o

a well in-a two-phase system - should be .seen
throughout the system. P

' The final figure (Figure 16) shaws a plot of

well head pressure vs Tog {(time) in an initfally "~

liquid system, Once again, a straight line de-
velopes as exploitation progresses, resulting in

a predicted (K/v)§ value of ,86E-8 (as compared

to actual values which range from 1.4E-8 to 1.9E-8).

“’/ * Here K is permeability, y is viscosity, and

1iquid and vapor phases are denoted by the
subscripts 2 and v respectively,

In addition,A

In addition, the flash front propagates at a velo-
city proportional to /t. However, plots of pres-

- sure vs log (t/rz) result in a family of similar

curves generated as each successive element flashes.
Consequently qualitatively different pressure re-
sponses to the drawdown are found at observation
wells located in the:two~phase region and observa-
tion wells located in the-liquid region. This
supports the previously stated conclusion that
observation well data can be'used to distinguish
between two-phase and flashing systems,

-5 Y e ‘WL,MT, _—

L In this work we have used numerical modeling
to study a series of problems related to well test -
analysis. By looking at difference schematic

cases we demonstrated: :

(a) In certain cases effects (such as
“temperature boundaries) normally
not included are important and thus
care should be taken when analyzing
geothermal well test data.

(b) By making use of numerical modeling
more complicated procedures or situ-
ations may be analyzed, thus enriching
: . the well test analysis method that can
el .. be used.._ -
We are currently continuing with these studies with
the hope of establishing new methods of reservoir
evaluation,
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Table 1

PUMPING TEST SIMULATION

Material Ptopﬁtties Used

“Table 3

PUMPING TESTS SIMULATION - LARGER SYSTEM:

"PRESSURE DRAWDOWN. (IN PASCALS) ‘IN THE UPPER AQUIFER

LOWER SRALE | ~ UPPER
AQUIFER BREAK AQUIFER CAPROCK
" ‘ : ~ TIME ISOTHERMAL
Intrinsic . . °
Permeability (nd) 80 0.57 N 50 0.005 (days) (363.6; © NONI.SOTHERHAL
10 2.93 x 10 2.74 x 10t
Porosity .22 40 .20 .40 2 2
: 30 6.32 x 10 5.99 x 10
. 4 4
Spectf - - - . .
(:Eg ic Storage 10-4 1.6x10 3 10 4 1,6x10 2 100 1.21 x 10 1.16 x 10
S ' 204 “4.75 x 10 4.62 x 104
- . 5 5
Thermal Conductivi - - - - 406 ) . 0
callsoc Conduceivity 10x1073 7.5x107> 10x10 3 6.0x1073 1.20 x 10 1.9 x1
Heat Capacit » : :
YR i 0.250 0.230 0.250 0.230
Table 2
PUMPING TEST SIMULATION ~ LARGER SYSTEM; PRESSURE DRAWDOWN IN THE LOWER AQUIFER
' DIMENSTONLESS
AP (PASCALS) NUMERICAL ANALYTICAL
NUMERICAL ANALYTICAL ISOTHERMAL (343.6°C) .
i Isothermal o : * “Isothermal * - PD tp PD
(days) - -+ (343.6°C) Nonisothermal (343.6°C) .
10 0.1418 x mg 0.1422 x 10§ 0.1380 x m: 382 3.26 352 3.17
30 0.1599 x 10¢ 0.1604 x 10¢ 0.1576 x 10, 1055 3.67 © 1055 - 3.62
100 0.1750 x 10g 10.1756 x 10¢ 0,1749 x 10¢ 3518 .02 3518 4.02
406 0.1919 x 10 0.1927 x 10 0.1915 x 10 14270 L 4.1 14270 4,40
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Table &

RADIAL GRID DIMENSIONS -

ar, = ar,

Arlz'- 1.2A'r11 e e Arso = 1.2Ar49

1 c b= im

ROCK PROPERTIES

Prock - < . = 2.65% 10° kg/m
: {eie = o
'crock 1000 J/Kg C
o
Kok - 5.25 Wa'c
; ’ «13 2 -
Permeability = 10 n° (100 millidarcy)

Porosity - = 2

Table 5

RESULTS FOR TOTAL KINEMATIC MOBILITIES (k/\')t

INITIAL SATURATION . (S,) o o e v
T e o . (k/ Yq FROM (k/ )p FROM | e -
"‘PRESSURE (P,,) P vs L0C. (¢) PLOT = |- P-vs LOG (e/r2) PLOT |. ~(SEC) ACTUAL VALUE OF (k/ )p
p, = 8.5 HPa e L S . 0. 2.3117 x 1007
. : : -1 : -7 1889, 2.2119 x 10
. 2.6 x 207 C2.4265 x 1077 ety 2 7154 x 107]
So -9 - 10184, 2,2105 x 10
P, = 8.6 WPa ~ 0. 1.2633 x 1077
R iR - il 3775, - 1.1596 x 107
. 1.1610 x 10 1.2266 x 10° 7033, 1.2479 x 107
: - 19268. 11404 x 1077
5, = .3 . 45883, ©1.1314 x 10
P, = 8.6 M 0. 5.5535 x 1077
; , , , : 2336, 4.-947 x 1077
‘ -7 T 19327, 3.9283 x 10°
3829 x 1000 oode L ABEL X100 gesag. T 3.8568 x 102
: . 142060. 3,7956 x 10_,
5, = .1 o] nmoe 37866 % 10
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TERZAGHI

THREE-DIMENSIONAL SIMULATION OF FLUID FLOW IN
HETEROGENEOQUS SYSTEM WITH COMPLEX GEOMETRY.

USE INTEGRATED-FINITE-DIFFERENCE NUMERICAL TECHNIOUE.

CAN HANDLE:

POROUS-FRACTURE MEDIA . o

FRACTURE MEDIA

WELL BORE STORAGE

SHAFTT78

wee e SUSTMULTANEQUS -HEAT -AND FLUID TRANSPORT"

® THREE-DIMENSTONAL, STEAM-WATER, NON-ISOTHERMAL FLOW-
THROUGH POROUS MEDIA WITH COMPLEX GEOMETRY.

@ EMPLOYS lNTEGRATED-FlNITé-D!FFERENCE METHOD.

CAN SIMULTANEOUSLY HANDLE'

1. CbNDUCTION, TWO-PHASE FLOW IN AQUIFER SYSTEM.

2. TEMPERATURE DEPENDENCE OF ROCK AND FLUID PROPERTY
PARAMETERS . ;

3. GRAVITATION EFFECTS.

MATERTAL PROPERTIES DEPENDING ON

STATE OF STRESS

4. SPATIAL VARIATION IN AQUIFER PROPERTIES.

5. INJECTION AND WITHDRAWAL.

Figure 1
Figure 3
_cce
CONDUCTION-CONVECT 10N-CONSOL IDAT 10N
- NUMERICAL MODEL (LAWRENCE BERKELEY LABORATORY) .
MODELS 3-D WATER-SATURATED POROUS SYSTEMS
SOLVES FLUID AND HEAT EQUATIONS .SIMULTANEOUSLY BY 1FD a -
CINTEGRATED FINITE DIFFERENCE METHOD)
CALCULATES CONSOLIDATION USING 1-D THEORY OF TERZAGHI
R o CAN HANDLE:— S— e .- e e e o et e e
: ; ?
1. HEAT CONDUCTION AND CONVECTION BETWEEN RESERVOIR CAPROCK AND aepaocx.
2. FLOW OF WATERS OF DIFFERENT TEMPERATURES.
--3. REGIONAL GROUND-WATER FLOW. ;
e 4.7 SPATIAL VARTATIONS OF AOUIFER PROPERTIES, 777 ™"« 7 77t nen s
'5. TEMPERATURE AND PRESSURE DEPENDENCE OF ROCK AND FLUID PROPERTIES.
6. VERTICAL CONSOL!DATION OF - SATURATED FORMATIONS (DEFORMATION MAY BE NON-LINEAR
. AND NON-ELASTIC).
2 : ;
: " 7. DIFFERENT BOUNDARY CONDITIONS. :
ST - i 8;”’@&AV1%ATIONAEF#EETS. ' T T T e s e )

Figure 2
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Fig. 4. Two-layer system. -
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Fig. 6. Hotspot drawdown curve (100 m radius).
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Fig. 5. Two-layer system.
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INITIAL CONDITIONS

30 e 235°— 48205 N/mR——
CAPROCK (MATERIAL 1)
&z 2475°—5.61%10° N/m?
-
5 RESERVOIR 250° - 600x0°N/m?
= {MATERIAL 2) KA
T 100 252.5°—6.39x106N/m?
BEDROCK (MATERIAL 1) .
° 2__1_..— B
o5 55 265" L 76 XI0°N/m? oL 380
RADIAL DISTANCE (m} -
XBL 773-5213"
Fig. 8. Production-injection-production.
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Fig. 9. Production-injectioneproduction

simulation.

Pressure response ina consiom- rate well
intercepting a vertical fracture

0 T T I
I _j_" analytic solu.ﬂon. Raghavan, 1977
. Xy — T e } numerical, Narasimhan
Fs .-u o
- 0 Xk
o'+
¥ )
/
,l
/’ A c) s
s |§IJ”‘S‘5' | 1 d’%s.l ]
1078 104 1003% 2 o™ 10~
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: XBL 794-7399

Fig. '10A). Finite conductivity fracture; 10B) Infinite conductivity fracture; 10C) Infinite conduc-
tivity fracture with a 6" diameter well.
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Production drawdowns from a two-phase reservoir.
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RELATIVE PERMEABILITY
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Fig. 13. Production drawdowns from a two-phase reservoir.
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1 INITIAL VAPOR SATURATION =.9

Ty=.63x 10¥s6C v
AF Tp= 1.2x 104 SEC .
- 13 18 x |o4 SEC
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Fig. 15. Saturation profiles during production from a two-phase reservoir.

9°-D T 1 ) ]
h G’ G 14 B L4 G L G [ LY a
[ ] .D
80 : '.. -
it}
%
2 1t .
£ %
[ .a
: o I
-8 5°r EXPLANATION , L
o= : * 0]
o ® SHAFT T8 : % g,
[ ]
sol. G CARC | . 8]
_ 1 1 1 1
0 10 102 103 104 105

TIME (SECONDS )

XBL 794-7397

Fig. 16. Production drawdown from a flashing reservoir.
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Recent Developments in Well Test Analysis for Fractured Wells

H. Cinco-Ley
"Stanford University

Hydraulic fracturing is commonly used to increase well
productivity or well injectivity. Oue to high pressure in.
Injection wells the formation is sometimes fractured inadvertently.

The behavior of a reservoir can be affected drastically If

" fractures are presént; for Instance,‘fracture compass orfentation is

a key factor in the reinjection process because early breakthrough

may occur under certain conditions.

The literature over tﬁe last three decades contains a
large amount of information concerning well test analysis, with
special attentiod given to the aﬁaleis methods fdr fractured wells,
Techniques are now available for interpreting pressure transient
data influenced by several facfors, such as fracture conductivity,

fracture damage, and weilbore’storage, to name a few.
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PRESSURE FIELD PROPAGATION. AND DENSITY CURRENTS
Gunnar Bodvarsson -
School of Oceanography
Oregon State University

The 1nject1on ‘of fluids into the subsurface
results in pressure and flow transients which propa-
gate through the formations. At moderate pressure
- amplitudes, the pressure field propagation in Darcy

type porous media is governed by the well known
simple diffusion equation with the diffusivity =
‘a = bjic where b is the permeability of the form-
ation, u the absolute viscosity of the fluid and ¢
the total compressibility of the fluid saturated
formation. The primary physical parameter involved
in the diffusion of pressure fields of angular.
frequency 1n such megla is the skin- depth that is
- given by d (2b/qu)

The propagat1on of pressure fie1ds with wave °
numbers k in'a single fluid filled plane fracture
of width-h, where the inequality hk<<1 is sat1sf1ed,
is governed by the equation

p(1 + KhS)(B + Rat)p - hSV%p = s(a "+'R)f (1)
where p is the fluid pressure in the fracture, p
the density of the fluid, x the compressibi]ity of
the fluid, R a resistance operator, S the stiffness
operator for the half-space bounding the fracture,

f 15 a source term and -v3 is the two-dimensional
Laplacian. -~In the case of laminar flow regimes’

R = 12v/h2, where v is the kinematic viscosity of
the fluid, and for Hookean half-spaces of infinite
extent, the stiffness operator is def1ned by the -
somewhat unusual express1on B

5= (3/2(1 o))(- va)*

where G is.-the shear modulus, and ¢ the Poisson
ratio of the material.

(2)

Cons1der1ng ‘the homogenous form of equat1on .
(1), pressure- flelds of wave]ength L -and assuming
that i

h<<(]-0)L/nKG

such- that the compressibi]ity of the: fluid ¢an be
neglected, we can distinguish between two different
types of regimes of pressure propagation.
case of oscillating fields with the angu]ar fre-
quency w, the cond1t1on L :

w<<'|2v/h2 o

implies a resistance dominated or diffusive fie]d
propagation with the skin depth ‘

d = h[6/3u(1-0)172 (5)

In the .

whereas, on the other hand, the condition

ws>12v/h? -(6)

implies an inert1a dominated wave propagation with
the phase ve1oc1ty

= [hkG/20(1-5)]2. N

Moreover, assum1ng that both (3) and (4) ho]d
equat1on (1) can be simplified to

b = (W/oR)SVEp = (1/p)sf (8)

- wh1ch is a d1ffus1on type equat1on for the pressure

f1e1d

Density currents are of particular interest in
Darcy type porous media. Consider the case of a
fluid-saturated half-space at temperature T con-
taining a° ‘spherical thermal-anomaly at zero temp-
erature. This situation can result from the in-
Jjection of .cold water into the half-space. "Because
of gravity, the spherical anomaly will sink with an

cinitial velocity (SI-units) of

* 1Bodvarsson, ‘G.

| ;is>';

(4)
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where o is the thermal expans1v1ty of the fluid,

g the acceleration of gravity, Cf and Cp the volume
heat capacities of the fluid and rock formations
respectively, and vi and ve are the kimematic
viscosities of the fluid inside respectively outside
the thermal ‘anomaly. The spherical anomaly will

be deformed dur1ng descent.

Reference

1970 Confined fluids as strain

- meters. - J Geophys Res 75(14) 2711-2718.



PRESSURE TRANSIENT ANALYSIS FOR GEOPRESSURED GEOTHERMAL WELLS

‘S, K. Garg, T. D. Riney and J. W. Pritchett

Systems, Science and Software
. P. 0. Box 1620
La Jolla, California 92038

ABSTRACT

Analytical so]utlons presently ex1st which
form the basis for practical analysis of pressure
transient data from isothermal single-phase
(water, 0i1) and isothermal two- phase (0i1 with
gas in solution, free gas) reservoir systems. A
numerical model embodying the jmportant mechanisms
operating in geopressured geotherma] reservoir

“systems has been appliéd in a series of. parametric
calculations simulating well drawdown/buildup to
assess the applicability of the classical petro-
Teum engineering/hydrology analysis procedures to
geopressured systems. More specifically, the ef-
fects of irreversible formation compaction and
methane saturation (and the associated changes in
porosity, absolute permeabi]ity.and/or total
mobility) are studied. - It is found that. conven-
tional well test analysis may be expected to
yield reliable formation permeability (or mobil- -
ity) .data even when compaction occurs and methane
evolves out of solution, but storativity estimates
will be unreliable, Drawdown and buildup test
data together can be used to diagnose irreversible
compaction response of the formation.

INTRODUCTION

Geopressured strata underlie a band along the
Gulf Coast of the United States about 750 miles .
Tong from the Rio Grande to the Mississippi
estuaries which extends about 50-100 miles inland
and a similar distance offshore (Fig. 1). The
zone in which geopressures are most commonly
found begins at a depth of about 10,000 feet and
extends downward to about 50,000 feet. These
strata contain undercompacted clays and sand-
stones, with interstitial fluids bearing the bulk
of the total overburden pressure. The fluid pres-
sure is generally well in excess-of hydrostatic.
Further, these waters are at elevated tempeatures
and the high pressure, high temperature pore water
is generally believed to be saturated with dis-
solved natural gas (principally methane).

The geopressured zones contain an enormous
amount of energy in three forms:

‘1. Thermal energy in the fluid and sediments.

2. Mechanical energy in the geopressured
fluid,

3. Chemical energy in the natural gas.

If only a small fraction of the total energy re-
source is economically recoverable, the geopres-
sured zones would still represent a potentially
enormous energy source,

The u. s. Department of Enerqy has undertaken
an extensive’ deep drilling and well testing pro-
gram to help evaluate the geopressured energy re-
source. Over 20 wells are planned. for Texas and
Louisiana sites dur1ng the next few years. The
first of these, in Brazoria County, Texas, is cur-
rently being drilled and well test data should be-
come available in early 1979.: .

In preparat1on for these data, Systems Sc1ence
and Software (S3) has performed well test simula-
tion studies to determine whether classical well
test analysis techniques are likely to be applic-

able to geopressured reservoirs. ' This paper:will
present the results of. these. pre11m1nary studies.

BACKGROUND

In petroleum engineering and groundwater
hydrology, well tests are routinely conducted to
diagnose the well’'s condition and to estimate for-
mation properties. A .major concern of well test- -
ing is the interpretation of pressure transient
data. Practical procedures present]y exist for
analyzing pressure transient data from isothermal
single-phase (water, 0il1) and isothermal two- Bhase
(011 with gas in solution, free gas) systems.

The assumptlon of isothermal flow invoked in these
analyses is justified for .the test1ng of geopres-
sured wells. However, a second major assumption

"~ invoked is that the format1on compaction is small

enough such that any associated changes in forma-
tion thickness and permeability may be neglected.
This assumption is most Tikely inappropriate for
geopressured systems, It is generally believed
that geopressured reservoirs contain undercompacted
sandstones/shales which will undergo substantial
(and possibly irreversible) compaction upon fluid
production; the formation compaction will be ac-
companied by significant changes in porosity and
permeability. We will present a series of draw-
down/buildup calculations designed to assess the
applicability of classical petroleum engineering/
hydrology procedures to geopressured systems; more
specifically, we will examine the effects of .ir-
reversible formation compaction and changes in
porosity and permeability. Before presenting the
calculations, we will review the classical theory

.and its possible extension to geopressured forma-

tions.

CLASSICAL THEORY
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We consider a fully penetrating well located in
the center of an infinite reservoir of thickness h,

We will neglect any variations in either formation

or fluid properties in the vertical direction (this
is a common assumption in pressure transient
analysis). The geopressured reservoir may either
be single-phase (1iquid water with or without
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Figure 1.
[from Jones, 1975]

dissolved gas), or .two-phase (llquid water w1th
dissolved gas, and free gas) .

_ S1ngle-Phase Flow -

We shall consider the isothermal flow of a
1iquid of small compress1b111ty Assuming that
(1) the pressure gradients are small, (2) the
1iquid has constant viscosity and (3) the forma-
_ tion has constant compressibility, and constant
and hor1zonta11y isotropic permeability, the
governing equation for radial Darc1an flow can be
written as follows:

32 _1. iuc EE S (1 -
“ar r ar T 9t
where - N o
¢ = fluid combkéésﬁnﬁy - '
:.Cm formatlon compre551b111ty A
) CTf? tota\ compress1b111ty i——il C + Cf‘if
« = pemesbility |
p = prégsufé’h
,f'r“‘=;radiqscg el
ot o= time
$ = pofosity
u = fluid viscosity

Geopressured zone 1n M1ocene deposxts, northern, Gu]f of Mexico basin’

We are 1nterested in the solution of Eq. (1) for
the case of flow into a fully penetrating well (1o0-
cated in an infinite reservoir of thickness h) at
a constant volumetric rate of production (q). The
basic solution for constant rate of production in
conjunction with the principle of superposition,
can be made .to yield solutions for arbitrary rate
histories., -In this .case, the solution for the
well-bottom pressure (py) at an instant of time t
after(the start of the production at constant

rate q can be expressed as:

Pu = Pj —q_thrkh %E‘('-

¢uCTrw

ke 2)} :

. (2)

4kt

»Fdr > 100, Eq (2) is c]osely approx1mated
uCyr W

by

P, =Py - lﬁk lflog]0 F+ 0. 35]] (3)

Equation (3) forms the basis of many well data
interpretation techniques, e.g., pressure drawdown
and buildup tests.
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Drawdown. If we produce the well at constant

volumetric rate q for some time t, then Eq. (3)
implies that the plot of versus logjgt should
be a straight line. The slope (mq) of the semi-
log straight line yields the permeability k (as-
suming h is known): ,

K = 1.15 qu

= (4)
2rh my

Equation (3) may then be utilized to determine the -

storativity (¢h Cr) and, if ¢ and h are known, -
total compressibility Cy. ’ ~

‘Buildup. - If at time t the flow rate is sud-
denly dropped from q to zero, the well-bottom
pressure begins to build up from its drawdown
value. An expression for the buildup pressure
during this period (time > t ) can be easily ob-
tained from Eq. (3) by-superposition:

- 1.15 qu
Py = P = " kR 19910

where t denotes the buildup time.. Equation (5)
implies that a plot of p, versus logjo[(t+at)/At])
(usually called a Horner plot) should be a
straight line. Let mp be the slope of this
straight 1ine; then we have

_ 1.15 qu
k= b,

In the limit (t+At)/At = 1 (very large buildup
times), Eq. (5) implies that p, + p; from below.
For the sake of clarity, we shall denote this
limit by p*. Note that p* = pj only for infinite
reservoirs; for finite reservoirs p* is in general
different from p;. ’ ' '

t + At

At (5)

(6)

Two-Phase Flow

A theoretical framework for analyzing iso-
thermal multiphase pressure tests in oil/gas re-
servoirs was developed by Martin.* Assuming that
(1) the liquid and the (free) gas have constant
but small compressibilities, (2) pressure and gas
saturation gradients are small, (3) the capillary
pressure is negligible and relative permeabilities
depend only upon the gas satuation, (4) the
Tiquid and the gas have constant:viscosities, and
(5) the formation has constant compressibility,
and constant horizontally isotropic permeability,
the governing equation for radial Darcian flow can
be written as: :

3D (k/u)y 1_22.+'§E§ (7) -
ot ¢ CT roar ar
where
R2 R
(kfu)p = k= + 4| = total mobility.
My Mg
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= absolute permeability

RZ(Rg) = relative .permeability for ‘1iquid (gas)
uy(ug) = Tauid (gas) viscosity”
\ ) e o (1-
CT = total compress1b1r'l?ty’-u-(—$$;l Cm + Cf
Ce = f1uid'compressibi1ity=(1-s)c£+scg
h (1-8)p, o
oy g 9%
s Dg ap
S = gas volume fraction ,
Cz(cg) = liquid gas compressibility
@, . = mass of dissolved gas per uﬁit mass

of Tiquid. ,

It is straightforward to write down solutions
for Eq. (7) by noting the correspondence between
it and Eq. (1). Thus the well-bottom pressure for
constant volumetric rate of production is given by
Eqs. (2) and (3) with k/u replaced by (k/ugT. The
interpretation of pressure drawdown and buildup
data for single-phase flow also carry over to the
two-phase case with this substitution.

POSSIBLE EXTENSION OF THEORY

Application of the classical theory to wells
drilled in geopressured strata requires special
considerations of four characteristics of geopres-
sured systems that may violate the assumptions on
which the theory is based.

1. Formation compressibility (Cm) is very
large. ' -

2. - Finite changes in porosity and, hence,
permeability may be expected, i.e.,
'k = k(¢) rather than a constant.

3. Formation compressibility may be different
on loading (3p/dt < 0) and unloading
(sp/at > 0). '

Two-phase flow effects are not well de-
fined. The solubility of methane at the
temperatures, pressures and salinities
~occurring in geopressured strata is un-
certain and data governing the relative
permeabilities of-the gas and liquid-
components of the fluid are unavailable.

The objective of this étddy‘ié to'fnvestigate the

_extent to which classical well :test-interpretation

techniques may be applied to geopressured systems

_in spite of these special problems.

A possible extension of the classical theory
may be readily obtained if we assume the irrevers-
ible compressibility of the formation is bilinear:

C

- for 3p/at < O

CmL

ch’for ap/at > 0

&_.j

‘haJ



and, for the time being, ignore the other three
spec1a1 characteristics of geopressured systems,

Then the interpretation of pressure drawdown data

is unchanged except Cy is replaced by CuL. If we
further assume that formation compressibility dur-
ing. ‘buildup-is given by Cyy throughout the reser-
voir (this is not strictly true as pore pressure

may be declining in parts of the reservoir distant’
from the borehole), the bottom-hole’ pressure can o

be approx1mated by

i} 1 15 qus " Sii1s et
Py ° p o kh ‘°910 a —'Elzn K 1°910
where - - 5 e S S

cTJ ‘,¢ ch tle 3= L.

Equation (8), 11ke Eq (5), imp11es that the for->'
, ~Given -
the initial pressure pj, and the slope my, Eq. (8)

mation permeab111ty k is given by Eq. (6).

may be solved to yield the ratio CTL/CTy. We
shall show in the fo]10w1ng that estimates for

CTL/CTU obtained in this manner are only approxi-‘

- mate due to the assumptions involved (i.e., use of
Cmu to characterize formation compress1b111ty

rdur1ng bui]dup, superposition in“deriving Eq. (8)

and ignoring the other special non1inear effects
in geopressured systems)

“We note that as (t+ At)/At - 1 (veny 1arge
.bu11dup t1mes) Eq (8) imp11es that L

“ . Pwri'*,.P* = P + mb 109]0 CT

rather than pw - p* = p from be]ow as was the :
case for reversibie compressib111ty. This will be
shown to be a useful diagnostic for detecting ir-
reversible formatlon compress1b111ty from we]l
test data < v :

In order to 1nvest1gate the app11cab111ty of

this extension of the theory to analyze pressure

transient data in the presence of nonlinear forma-

tion behavior and two-phase flow effects charac-

teristics of geopressured strata, the $3 computer s
model MUSHRM was exercised in its one-dimensional

‘4?”{)(9)

radial mode for a series of calculations designed =~

to simulate pressure drawdown and buildup tests. .

MUSHRM includes treatment of all of the important
fluid/rock response mechanisms, and their inter- -
actions, that are believed to be operative in
Gulf Coast geopressured reservoirs. A detailed

presentation of the theoretical formulation upon -
which the geopressured reservoir version of MUSHRM

is based and the numerical procedures it employs
is provided elsewhere.5
buildup histories simulated with MUSHRM include
treatment of all four of the characteristics of .
geopressured systems listed ‘above.
histories represent.simulated experiments against

which the applicability of the extended’ 1nterpre-' -

tation techniques w111 be 1nvest1gated

The pressure drawdown-and

The ca]cu]ated A
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DESIGN OF‘SIMULATED*NELL TESTS

In the MUSHRM ca1cu1at1ons, 1arge variations
in formation compressibility ‘are treated by using
an incremental relationship to calculate changes
in porosity with pore pressure.' For the bilinear
case,

Finite ChangeS'éf‘permeability with the large
changes in porosity, k = k{¢), are represented by
the Carman-Kozeny velation:

SCIE

The finite ‘difference method used in MUSHRM pro-
vides the required radial resolution of the pres-
sure history thoughout the reservoir so that Cyp
is used in regions undergoing -loading (3p/3t < 0)
and Cpu.is used in reg1ons undergo1ng unloadlng
(ap/at > 0).

(11)

" The equation of state used for ca1cu1at1ng the
thermodynamic ‘behavior of water-methane mixtures
has been described elsewhere.5 Because of the un-
availability of relative permeability data for

.geopressured systems, two formulations were util-

jzed in-the calculations involving two-phase flow.
One formulation, the Corey equations, assumes no
gas flows until a critical saturation is exceeded,

"':_' 4
. ,Rg_" (SE) o
= (-2 (1 K2 -
Rg = (1 - $3) (t,-‘sz ) (12)
whehe

Sz = (S!?, - Sf.r)/(] - Sf.r‘ - s’gr‘)A

1-5

(2]
]

»Slf =70.§, ng'é 0;05.

. The’ second, a hybr1d formulation, assumes free gas
~flow'at any gas. saturat1on (s > 0),

~ 1-s-s, )Y
'R‘Q:v—"r—:—'s—— fOY‘]-S>S

or
=0 otherwiSe (13)
. 2. ey
R =5°/(1 - Sgr) for1-S§ >‘Szr

1 otherwise.



The resérv01r rock is taken to be a sandstone
with the fo]low1ng propertles

2.65 gm/cm3
= 0.2

LS

~ Rock gra1n density op
Initial rock porosity ='¢

Rock grain thermal conductivity Kp = S.ZSX105
ergs/sec-cm°C
7 ergs/gm°C

-10

Rock heat capacity cf =10
= 1.754 x 10

Compressibility CmL
: P . EE N
for 5t < 0

cm2/dyne§

- = variable (see Table 1)

for%%zo

Absolute permeab111ty ko (at ¢ = ¢ )
=.0.2 x 1072 cm (v 20 md)

Formation thickness h = 5,000 cm.

The initial formation temperature is 150°C and
the initial pore fluid pressure is 750 bars.
Pressure drawdown and buildup histories were simu-
lated forthe seven cases listed in Table 1. The
pore fluid is assumed to be pure water for four
cases (single phase flow); the other three cases
treat pore fluids consisting of water/methane
mixtures and involve two-phase flow (1liquid water-
with dissolved methane, free methane gas). One
calculation is designed to validate the classical.
interpretation methods against simulated well test
data for characteristics typical of normally pres-
sured formations (Case 1). Three simulations
test the applicability of the extended theory for
formations exhibiting irreversible formation
compressibility (Case 2), porosity-dependent
permeabitity (Case 3), and both variable compres-
sibility and variable permeability (Case 4).

Three simulations test the applicability of the
extended theory when two-phase flow occurs. under
different assumptions for the gas mobility
{Cases 5, 6 and 7).

Parametr1c well test simulations (pj =

SIMULATED WELL TEST ANALYSIS

The mass withdrawal rate in the simulated well
tests is assumed to be 70 kg/sec (i.e., 14 gm/sec-
cm over the formation thickness) for t <~ 1800
sec and 0 kg/sec for.t > ~ 1800 sec.. The MUSHRM
calculations used a radial. grid with finer zoning
near- the wellbore (effective well radius of 13 cm).
A detailed descr1pt10n of the zoning is presented
elsewhere. v

In Case 1 (Base 1-Phase) the formation is as-
_sumed to exhibit identical compaction behavior
during loading and unloading, and -the permeability
is taken to be independent of porosity; note that
these are also the assumptions involved in deriv-
ing Eqs. (2), (3) and (5). The drawdown and build-
up simulated histories for this case are shown in
Figs. 2 and 3, res?ect1ve1y, the’ permeab111 ¥
values gle .9 x 10-11 e¢m2 and 19 3 x 10-1 } in-
ferred (assuming h =.5,000 ¢cm; M = 70 kg/sec, p=
0.954 gm/cm3, u = 0. 198x10'2 po1se) are in reaso?-
able agreement with the actual value of 20 x 10'
cm?. ‘At least a part of the difference between
the inferred and actual values is caused by changes
in porosity (9) and, hence, formation thickness h
during the s1mu1ated drawdown/buildup. For
example, during drawdown, porosity changes from
0.2 at t = 0 sec to 0.184 at t ~ 1800 sec; this
implies that h (Ah/h = A¢/1-¢) decreases by ap-
proximately 2 percent. As remarked earlier, given
k, Eq, (3) may be utilized to determine the total
compress1b1]1ty, the value of total 80mpress1b111ty
obtained in this manner (v 7.95x10-10 cmé/dynes)
is also in sat1sf?8tor¥ agreement with the actual
value of 7.49x10- /dynes. ~Extrapolation of
the straight 1ine in Fig. 3 -to (t + At)/At =
yields p* ~ 748 bars; the slight difference between
p* and pj (= 750 bars) is due to the inapplicabil-
ity of the semi- 1og approx1mat1on in the vicinity
of (t +A t)/t = It is also worth noting here
that the simu1ated buildup data lie above the
straight line as (t + at)/at + 1.

The next simulation, Case 2 (C-variable),
treats a formation that exhibits irreversible com-
paction. In this case, the formation compressibil-
1ty dur1ng loading (CyL) and a11 other physical

750 bars, Ty = 150°C, CyL = 1.754

Table 1.
10-10 cm?/dynes).
Simulation /¢, | & TR ~R£? Ry

#1 Base 1-Phase = + k0 0 - ---
#2 C-Variable 2 ko 0 - ——

83 k-Variable |- 1 k) | o [ - —
#4 C,k-Variable 2 ko) | o i - -
#5 Base Z-Phase B ko 0.75 . 0.0058 Corey (Sgr'= 0.05)
#6 High . ; 1 kg 0.90 0.049 Corey (sgr = 0.05)
#7 High R, - 1 ko 0.61 0.0001 | Hybrid (S . = 0)
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parameters are the same as for Case 1; the inter-
pretation of the drawdown history is the same as
illustrated in Fig. 2. The formation compres-
sibility during unloading for Case 2 (CmL/Cpy = 2)
is different from Case 1 (Cp/Cny = 1), however,
- and the interpretation of the buildup history

_ tests the applicability of the extended theory,
Eqs. (8) and (9).  The buildup behavior for Case

2, illustrated in Fig. 4, differs in one essential

respect from that of Fig. 3; the buildup pressure
lies below the straight 1ine as (t + at)/at + 1.~
This is predicted by Eq. (9). . The slope of the
straight line in this 5ase infers a permeability
value (19.1 x 10-11 cm2), in good agreement with
the actual value (20 x 10-11 cm2). Substituting:
the values for pij and p* (~ 755 bars) into Eq. %8)
yields CTL/Cty ~ 1.6 (the actual value is ~ 1.9).
‘The Tack of good agreement between the inferred

-~ value of Ct/CTy and the actual value is not sur-

- the total compressibility Ct.

prising in view of the assumptions invoked in de- .

riving Eq. (8) (e.qg., applicability of the
semi-log approximation in the neighborhood of

(t + At)/At = 1 and use of CyU to. characterize
formation compaction throughout the reservoir even
though 3p/at < 0 at large radial distances).

In any event, appearance of p* greater than
. pi is indicative of irreversible compaction be-"
havior., Furthermore, the difference between p*

and pj .increases with the degree of irreversibil-

ity (see Garg, et al.® for further discussion of
this -question). :

In Case 3 (k-variable), the formation perme-
ability is assumed to change with porosity.by the
-Carman-Kozeny relation (Eq. (11)) and, conse-
quently, to change with fluid pressure in accor-
dance with Eq. (10). Drawdown and buildup data

. 5)

are plotted in Figs. 5 and 6, respectively. It is

apparent from these figures that no unique straight

Tines exists in this case; as a matter of fact,
several straight 1ines may be drawn depending upon
one's choice of data points. This is really not
surprising in view of the fact that permeability
changes significantly during the test. -The per-

. meabilities obtained from the straight lines (Figs.
5.and 6) are in good agreement with the actual

values in the simulated well tests at appropriate
times (corresponding to the‘pressure at the mid-
point of each straight line), and ‘may be utilized
to construct the formation permeability-pore pres-
sure relationship. Although it is possible to in-
fer permeability changes with fair accuracy from
drawdown and buildup data, such is not the case for
Calculated values
for Cy from the slope of.th? str%ight lines (Fig.

?nd Eg. {3) are 11.8 10~ 0 cm /dynes and 25.4
10-10 em /dynes; these va1ue§ are much larger than
the actual value of 7:49 10-10 cm2/dynes. This
implies that in case the permeability is a function
of porosity (and hence pore pressure), the use of
classical techniques to estimate reservoir .
storativity (¢CT h) would lead to too high values.

Combined effects of pressure dependence of -

permeability and irreversible formation compaction
are investigated in Case 4 (C,k-variable). As
might be expected, the.drawdown behavior is simi-
lar to that of Case 3. The buildup behavior for
this case is shown in Fig. 7. The straight line
drawn through points corresponding to Iarge values
of (t + At)/At yields k ~ 15,4 x 10-11 em® (actual
value ~ 17.3 x 10-11 em2), p* = 764 bars, and
CL/Cry v 2.5 (actual-value ~ 1.9). Once again,
the appearance of a p* > pj.can be used to diag-
nose irreversible formation compaction. The

800
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: k = ko

760

740

720

Pressure (bars)

700

"7 'slope implies

; X ~19.1x10" 1 cn?
680}
ee0| .. o . °
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Figure 4. Buildup history for Case 2 (C-variable).
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straight line passing through points for large
buildup times, however, gives anomalous values
for permeability (21.0 x_10-11 cm2 against actual
value of 18.3 x 10-11 cm?) and p* (751.6 bars).
Use of the latter value for p* would indicate
little or no irreversible compaction. The selec-
tion of the proper straight line portion is thus
of critical importance in analyzing buildup data.
Based on the analysis of the cases examined here,
it appears that the straight 1ine segment for
intermediate values of (t + At)/At (v5< (t + At)/
At <~ 200 is likely to give the most reliable
information.

In Cases 5-7 the formation compressibility
(CmL/Cmu) and absolute permeability (k = kg) are
held constant dGring both loading and unloading
but the pore fluid is two-phase ?i.e., liquid
water with dissolved methane and free methane -
gas). Case 5 (Base 2-Phase) treats reservoir
fluid in which the methane mass fraction (0.0075)
corresponds to an initial gas saturation (Sg,i =
0.0058? much smaller than the residual gas
saturation (Sqp = 0.05) used in the Corey equa-
tions. Case & (high Sg,i) is identical with
Case 5 except the initial gas saturation is
(Sq,i = 0.049) is very close to Corey residual
gag saturation (Sgr = 0.05). Case 7 (high Rg) ,
employs a hybrid relative permeability function,
Eq. (13), with zero residual gas saturation and
assumes a pore fluid with methane mass fraction
selected to approximate 100 percent saturation
without any free gas (actually Sq.i = 0.0001).

These three pressure drawdown/bugfdup simulations =~

were chosen to investigate the effects of the
presence of free methane in the pores. and the use
of different relative permeability functions.

In all three cases, the free gas, initially
immobile, becomes mobile during the simulated well

Buildup history for Case:4 (C,k-variable).

tests; however, most of the production comes from
the 1iquid phase such that q7 ~ qg and (k/u)T ~

. (k/u)g.. As a result of production (and consequent
pressure drop), the gas volume fraction goes up in
the pores (Case 5; from S = 0.0058 at t = 0 to § =
0.067 at t ~ 1760 sec; Case 6: from S = 0.049 at
t=0toS=0.074 at t ~ 1800 sec; Case 7: from
S =0.00014 at t = 0 to S = 0.0093 at t ~ 1730
‘sec); the main effect of this increase in gas
saturation is to decrease the liquid (and total)
mobility without substantially increasing the gas
mobility. Drawdown histories. for these cases are
shown in Figs. 8 through 10.  The total mobilities
calculated .from the slope of the straight lines
are in _good agreement with the actual range of
mobility values (Figs. 8-10).. Case 6 (high Sq,i)
is especially interesting insofar as it is possible
to draw at least two straight lines (this is not
unlike Cases 3 and 4 wherein permeability was as-
sumed to vary with porosity). The total compres-
sibilities inferred from the slope of the straight
line and Eq. (3) for Cases 5 and 7_{(C7 ~ 7.6 x
10-10 cm2/dynes and 8.2 x 10-10 cm2/dynes respec-
tively) comBare favorably with the actual value
(7.6 x 10-10), The inferred ?ota] compressibility
values for Case 6 (9.6 x 10-10 ¢m2/dynes and
12.7 %x"10-10 cm2/dynes), however, display poor
agreement with the actual value (7.9 x 10-10 cm?/
dynes). This latter result is in agreement with
out earlier remark (c.f,, discussion of Cases 3
and 4) that whenever permeability changes sub-
stantially during the test, the calculated compres-
sibi];ty {and hence storativity values) will be in
error)., .

CONCLUDING REMARKS
From the results presented here, it is possible ‘Hﬁj

to draw three tentative conclusions regarding the
applicability of the extended classical well test
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theory to undercompacted sandstone/shale sequence

found in geopressured zones along the U. S, Guif

Coast:

1. Classical procedures will generally
yield a good value for mobility (or
permeability.

2. Storativity estimates will be subject
to large uncertainties.

3. Buildup (and drawdown) tests may be
used to diagnose irreversible forma-
tion compaction.

Whether the procedures in fact prove practical
must await the ava11ab111ty of pressure transient
data from wells completed in the geopressured
zone.
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" FLUID FLOW IN NATURALLY FRACTURED RESERVOIRS

T. 'D. Streltsova-Adams*:
" ‘Rice University, Geology Department
: : - Houston, Texas

SUMMARY

Ana]ys1s ‘of f1u1d flow -in naturaI]y frac-
tured reservoirs is discussed. Field records -~ -
of pressure behavior-in fracture ‘formations :
reveal ‘a variety of reservoir responses. These
include the "bending of the pressure curve" type,
the "specified 1n1t1a1 ‘slope” Lype, ‘the "homo-
geneous reservoir® type the ' two-asymptotlc
Tines" types, the "reverse distance-drawdown"
type,-etc. The characteristic behavior of frac=
tured formations is not readily recognized and ' -
the” d1vergence in ‘interpreting the fracture flow
behavior s well known. = An apparent diversity

of the ‘fractured reservoir performance is dis~" ‘f i

cussed here by analyzing the characteristic-
pressure response -of a.double porosity model.

A general approach for deve10p1ng a fluid flow '
model is considered first. - The pressure draw-
down ‘is presented then for two constituents of

a double porosity media--fractures and matrix.
The 'sotution for the fracture flow is an alter-
native to that given by Warren ‘and:-Root (1963)."
A conclusion is reached that a ‘unique interpre- -
tation of ‘the diversive response of a naturally -
fractured reservoir requires: 1ndependent 1nfor~‘
mation that adequately spec1f1es the reservo1r
properttes

' INTRODUCTION

‘Analyses of known natura]ly fractured R
reservoir rocks show that fractures, having

- much greater conductivity to fluids "than the

intact rock, increase the overall permeab111ty

of the fractured rock mass. Enhanced f1u1d
recovery, ‘rapid pressure interference with '
distant wells, erratic productivity and d1verstty
of the well pressure response are ‘basic qualita-
tive characterlstlcs of ‘the naturally fractured.
reservoirs. - -Quantitative analysis, which is: ~

provided by well testing, results in the’ effec- f

tive, or thickness-weighted, reservoir permea-.

‘:blllty ‘which depends on: permeab111ty of both the
“fractures and the porous bYocks {matrix). -
permeability of ‘an individudl ‘fracture considered
‘as a-linear channel is proportlona1 to the frac-

If the

ture width, Gcm’ such that Rf = 6% x7108/12

darcys (Muskat, 1946, Eq. 2, p. 425), the frac- -
ture permeab111ty of ‘a reservozr is determxned

as SEURREE : RSN
s , _— (als)kf ¢fkf ;;(1)

where s is’ the fracture spac1ng and ¢f is the frac-
ture poros1ty defined as 'y (h/s) 8/h-=6/s, h

being the thickness of the'reservoir and (h/s)6 -

the total thickness of all the fractures in the

*Presenf aaaress Reservoir Division, - '
“« “Exxon Production Research Co v
- P. 0. Box 2189, Houston‘,Texas.

" _greater -than the fracture permeability.

‘Borevsky. et al
-Crawford et al.

. Barevsky et al., 1973; Streltsova, :1976).

reserv01r Effective permeab111ty is thus
influenced by the fracture pattern as well--its
density, continuity, size, and orientation.

- The’ dwvers1ty in:the fracture pattern and
the fracture-matrix propertles js manifest in the
reservoir performance which displays a variety of
responses to an-induced pressure change. It

“includes the characteristic. s-shaped transient
. pressure. response with two.asymptotic parallel

straight lines in a-conventional semilogarithmic
plot (Pollard, 1959; Warren and Root, 1963, 1965;
1973 Strobel et al.: 1976
1976) Responses a]so include
the pressure: pattern similar to that of a homo-
geneous formation (Odeh,-1965), or the pressure
behavior -consisting of :-two distinct segments of -
different slope (Adams.-et al., 1968; Eagon and
Johe, 1972), or the erratic pressure behavior
with the drawdowns greater in more remote wells
than in the nearer ones-(Vecchioli, :1965;

Pecu-
1iarities and-nonconformityﬂof the fractured -
reservoir performance -have given rise to a
divergence of :views on the fractured reservoir
behavior and ‘the arguments on the flow. 1nterpre-

tation are we]l known

: Two const1tuents of a fractured formatton,
matrix and fractures, each having its distinct
porosvty and permeabv]rty, have been recognized -
in developing .the fractured reservoir flow models.
The basic assumption in viewing the fractured
medium is usually,that the permeability-of a
fractured reservoir is due largely to the frac-. .
ture permeability, while the fluids are contained
primarily . in-the intergranular. porous material,
the matrix. = Such is one of the assumptions put
in the so-called-double porosity model (Warren .-
and Root, 1963); used in representing a:fractured
reservoir.. -In.some cases, however, the matrix -
permeability .can be quite comparable, if not
~ In some -
other .cases;, ‘the fracture porosity, which usually.

- is very -low, may also be comparable to the matrix

porosity. -There are.in fact unlimited ‘variations
in the fracture and-matrix:properties, the whole:
range of which:is not accounted for by the doubler

'.por051ty mode1,
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Flu1d f]ow in:a double poros1ty mode1 s
detailed below.. The medium is assumed to consist .
of.randomly distributed fractures break1ng up ‘the
matrix :into porous blocks of irregular.size and
shape. . A general ‘approach in developing a flow
model} is-discussed:first. = The pressure.drawdown :
distribution-is then presented :for two consti~_
tuents -of the media--the fracture :and the porous .
block. -The selution for the fracture flow is an -
alternative;to that given by Warren :and: Root (1963).
An apparent diversity -in the performance of ‘a -
naturally fractured -reservoir.is then discussed



on the basis of analysis of the characteristic
pressure response of a double porosity media.

Symbols used are specified where they first
appear. A system of units commonly referred to
as Darcy units is adopted here. To apply the
results to oil field units the quantities q/4nTf

and Tf/¢fcfh in Darcy units are to be replaced
by the quantities 70.6 q/T, and 0.00633 Tc/¢ccch
in practical oil field units, respectively.

A GENERAL APPROACH -FOR DEVELOPING FLOW MODELS IN
A ‘NATURALLY FRACTURED FORMATION = o

Two different theoretical approaches are used
in the study of fractured fluid-saturated rocks.
One is concerned with individual fracture behavior,
fracture criteria, and parameters of -fracturing by
laboratory measurements, core analysis, electric
logs, use of tracers, etc.” The second is concerned
with the overall behavior of the fractured rock"
treating it as a continuum. The concept of a
continuum as applied to the 1iquid flow in a porous
media considers the macroscopic or averaged quan-
tities of an arbitrarily located, but representa-’
tive, elemental volume in the flow domain. ' Charac-
teristics of the interconnected pores are assumed
to be independent of the point of consideration,
and the pore-fluid pressure is a continuous function
of position. Fractures, as planes of mechanical -
discontinuity in a rock, strongly influence its
hydromechanical properties. The response of fluids
in fractures to pressure changes is almost “instan-
taneous, whereas that in porous material is much
slower. Therefore, there are two different pressure
distributions, one in the fracture system, another
in the matrix. During drawdown, the differential
pressure response results in a flow from the matrix
to the fractures. This matrix-to-fracture flow is
time-dependent and produces a new equilibrium
between the matrix and fracture pressures. Thus,
two porosities with two different permeabilities
could explain the features of flow in a fractured
formation as the result of the reequalization of
this pressure differential. Pollard (1959, p.42)
has assumed the rate of flow "from the fine voids
into the coarse fissures" to be proportional to
the pressure difference in pores and fractures.

The hydrodynamic aspects of flow in naturally -
fractured reservoir rock were first considered

by Barenblatt and Zheltov (1960) and Barenblatt
et al. (1960). Two overlapping continuum media,
-porous and fissured, each filling the entire )
flow domain, were assumed to represent a frac-
tured formation. . “Unlike the classical seepage: -
theory, for each point of space, not .one liquid
pressure but two, p; and pz, are introduced. The
pressure p; represents the average pressure of
the liquid in the fissures in the neighborhood

of the given point, while the pressure p, is the
average pressure -of the liquids in the pores in .
the ‘neighborhood of the given point™ (Barenblatt
et al., 1960, p. 1288). To obtain-the represen-
tative average pressure values, an elemental
volume characterizing the medium's properties

was assumed to be of the size of a sufficiently
large number of porous blocks traversed by an . -
extensive network of fractures. The volume of
the 1iquid:v which flows .from the porous blocks -
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viscosity.

into the fissures per unit volume of rock was
assumed on -the basis of analysis of dimensions
(Barenblatt et al., 1960, Eq. 1.2, p. 1289) to be

v= (a/u(p2 = P1) (2)

.where .o was termed a new dimensionless character-

istic of the fissured rock, p being the liquid's

The Barenblatt et al. (1960)- theoretical
approach was analogous to that developed earlier
by Rubinstein (1948) in considering the tempera-
ture distribution in a heterogeneous material
composed of two or more substances, such as a
uniform mixture of a gas and a solid. In the
latter study the flux of heat within each phase
was assumed to obey Fourier's law.. However, the
flux of heat between the phases was assumed to
obey-Henry's law.. The approach applied by
Barenblatt and Rubinstein in analyzing a hetero-
geneous medium is an application of a general
theory called the theory of interacting media or
the theory of mixtures. Application of this
theory has also been made in chemistry, specifi-
cally in studies of the diffusion of chemical
species and mixtures; in soil mechanics,specifi-
cally in developing a theory of effective stress;

" in thermodynamics in studying multiphase media.

A general mathematical development on interacting
media, including thermodynamics and mechanical
effects was developed by Truesdell in the late
1950s. However, it seems that the Truesdell
statement concerning his priority ("...So far as

I can learn, in my note of 1957 and in an un-
published report by H. Grad written about the

same time are the first suggestions that the
constituents of a flowing mixture of continua

need not have a common temperature," Truesdell,
1969, p. 88) is not correct. Petroleum engineers
had certainly developed these ideas some time
before. The roots of this approach to analyzing
heterogeneous systems go back even further.

Perhaps the first work on the theoretical aspects

of interacting media was that of Anzelius (1926)

who considered the heat exchange between a fluid

and solid constituents randomly distributed in

the fluid. .Each point of the space was repre-
sented by two temperatures: one for the solid
constituent, another for the surrounding moving
fluid. . In 1938 Tichonov et al. (1946) independently
arrived at the system of equations analogous to that
of Anzelius (1926) in describing the dynamics of the
gas adsorption on a porous adsorbent.

Models developed by Warren and Root (1963),
Odeh (1965), Kazemi (1969), Wiison and Witherspoon
(1970, 1974) have basically followed the same
approach in considering-a‘fractured:formation as
two coexisting systems of porous blocks and frac-
tures. Warren and Root (1963) and Kazemi (1969)
assumed a regular pattern of fractures breaking a
rock mass into a systematic array of identical
rectangular parallelepipeds. Odeh (1965) assumed
a "homogeneously" fractured reservoir, with frac-
tures arbitrarily distributed in a rock mass having
porous blocks of various size and orientation. The
fractured medium was assumed-to have fracture perme-

_ability many times of -the matrix permeability, while

matrix porosity to be much greater than that of the
fracture. Fluid flow was assumed to take place only

o



through the system of fractures. Matrix, as a
uniformly distributed fluid source, was assumed. to
release fluids to fractures, not contr1but1ng
immediately to the wellbore. Eq. (2) was adopted
to describe the interaction between the matrix and
fractures as the matrix to fracture flow. In the
Warren and Root (1963) notations this equation was
written as (Warren and Root 1963 Eq. 9 p.248):
.
¢1C -21 ok (Pz - Pl)
B

where subscr1pts 1 and 2 refer to the matrlx and’
the fracture, respectivély, and the parameter o
has the d1men510ns of rec1procal area.

A model based on the assumptlons spec1fied
above will be referred to 1n the following as -
the double porosity model.  Subscripts "f" and..
“m" will be referred to as “fracture" and "matrix";

respectively.

-FLUID FLOW IN A DOUBLE POROSITY MEDIUM

An alternative solution to that of Warren
and Root (1963) is ~described below.: The sub-
scripts denoting fracture parameters and matrix
(porous block) parameters are correct here, but
reversed in the original paper (Stre]tsova, 1976).

Fiée 1. Rock nass'broken,up;1ntd blocks ‘of
o 1rregu]ar s1ze by fractures

A<natura11y fractured formation (Flg 1) 15;;
zassumed to.consist .of a large number of randomly -

distributed; sized and oriented.fractures. break-

ing up the reservoir rock into porous -blocks .of - ;

irregular size and shape convent1onally termed :
matrix. Flow to the wellbore in such format1on,
:bounded from above -and below by impermeablie
boundaries, s -assumed to take place only through
the system-of fractures.
release fluids to the fractures.
equation - for the fracture flow to the well 1s in

“this case
,,.;g : 8r2 o ar o

where v is the: flow rate, 1 e.. vo]ume of -fluid :
released by ‘the matrix per. unit reservoir volume -
per unit time, into the fracture: flow and cf is
;the fracture total compressibvllty

.+ . This ‘volume-of fluid, v, which results from
the matrix elastic response to the pressure
difference between-the points-within and outside
the porous blocks, is assumed to be proportional
:to:the pressure gradient across the .block and to
the porous block conductivity:

o (3)_

The matrix is assumed to
The differential

- 7'3’

v f ZJ' (rx) ’1 . l.i;—r‘(l+x2)- :

! ap k p p
V=g, —=2 Lt ", (5)
i ot ph 2
or : o
Wy Ky - N
— (pf pm) = ay(pg - b)) (6)
8t po.c he R

where 2 is-a l1near parameter and u}‘= k /u¢ Cm he.

‘Eq. (6) is a first order linear equat1on, _
prov1ded that a; is a constant, the solution of
which is :

“ t’apf - (t-1) -
-fo—-e e Q)

PPt o

Multiplying the above by a;¢.c. to determine

v from Egs. (5)-(7).and subst1tut1ng it into
Eq.:(4), the general differential equation for
the :fracture. flow becomes: :

kf(apf 1rapf< _
N ar2 ar
ap S rrepe mop(ter)
¢f f + “l@ C f — e dt, (8)

ot

where the rlght hand side integral term represents
the time- dependent matr1x-to fracture flow contri-
bution.

This equat1on is analogous (except for nota-
tion) in the form to that obtained by Boulton
(1963, p. 471) for the-flow to a well discharging
at a constant rate, q = const, from an unconfined
aquifer, the so]ut1on for whlch has been found.
Adopting this solution (Boulton, 1963, Eq. 14,

p. 479), the fracture pressure drawdown may be
wr1tten as

a3 "Apf‘ 4nT

(9)

. [cOSh(?ltc) + "(1 x2) sinh (ultc)] o
iz,v. A\ L2 . \.2/J\x
where B = (k;/ay0,c )% = (kehe/k )’5 = 0y n, )”(10)

2(115

o= [n2(1+x2)“’ - 4nx"’]si
V2= (n - 1)/n (12)
n=1+ K/ cm/¢fc (13)
8= 4 Tftlefcfhr (14)
- Te = keh/p : (15)
and J, is the Bessel function of the first kind

of zero order.
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Fig. 3. Pressure drawdown function We = 4anApf/q,

(Eq. 9), n = 10, plotted in semilogarith-
mic coordinates.

Values of the pressure drawdown function,
wf = 4an Apf/q, computed from Eq. (9) for n = 10
and assumed values of parameters r/B and 6 = 4tD
4Tft/¢fcfhr2 are shown plotted in the logarithmic

and semilogarithmic coordinates in Fig. 2 and
Fig. 3, respectively. For sufficiently small
values "of time, t, when t tends to Zzero, Eq. (9)
gives

we(rm, o) = [ 20, (I x) X
0 B / x3+1

{1 - exp [-ulnt(x2+1)]}x

e[

(16)
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If there were no matrlk B», ~the pressure
drawdown function, Eq (16), w1ll be further
reduced to

We(0) = f exp (-x) = a7
1/6° :
which is.the exponehtia]rintegral, wf(e) =

- Ei(-1/8), with the argument, 0, based on the
fracture parameters. ~This curve is the left-hand
side Timiting curve on the Fig. 2, or the left
straight-line. segment 1n F1g 3.

For large time, for the case when n tends to
infinity, Eq. (9) gives

T R (T

exp
[_ 'gr/BQsz] }
4(x2+1)

(18)

which- when t tends to 1nf1n1ty further reduces to -

W(o') = f

which is the exponential 1ntegra], w(e') =
- Ei(-1/8'), with the argument, 6!, based on
the fracture transmissibility, Tf, and the

combined, fracture and matr1x storage
capacity:

exp (-x).-i5 % (19)

6' =8/n=47 t/(¢fc + 6un Ihr2 (20)

The exponentlal integral curve (19) is the
rxght-hand side limiting curve on' the Fig. 2, or
the right straight-line segment in Fig. 3. It is
displaced from the left-hand 31de curve (17)
horizontally by the amount n.” The two asymptotic
curves, the initial one (17) and the 'final one (19)
are connected by the ‘intermediate ‘s-shaped (r/8)
curves, the horizontal asymptotes of wh1ch are
given- by

wf(r/B) = Apf/(q/4qu) = 2K°(r/B),_ (21)
where K is the modified Bessel function of zero
order. . ’ ’ o :

The fracture drawdown behavior described is
analogous to that obtained by Warren and Root
(1963), except the solution described is given
for the whole range of the time variable, from
zero to infinity, while:the Warren and Root.(1963)
solution is approximated for v > 100. Parameters
of the Warren and Root (1963) solution are
related to those cons1dered here as follows:

1/w =1+ Ol /¢fc (22)
T =,’akmr2/kf = rzkm/kfhz = (r/B) 2. (23)
a= all(km/u¢mcm) = 1/h2 (24)
T=t;=0.250 (25)
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“where n, B and 6 are deflned by Eqs

(13), (10)
and (14), respectively. s

The.pressUre drawdown distribution in the
matrix, the ‘second component of the fractured
medium, has been obtaxned by Streltsova (1976)
in the form S

—9—w(r/e o :
e T |

m .. 0v1 B v f >1f31 DR

gty aze‘““ Sa(ee)

s, @)

.(e""“"lt + aje b ea’~""lt + a6 “‘t)] dx
1+a, : 1+a2 : X

‘where a; = 0'5[c- (1+x2)], az = -0. 5[c+n(1+x2)]

-and ¢, 9 and n are def1ned by Eqs (11) (12) and
(13), respectlvely

An ‘alternative and equlvalent form of Eq
(26), obtained by application of the Laplace:
transform to Eqs. (4)-(7) has been obtalned in
the form (Vandenberg, A., and Hardy, Jo
private communlcatlon 1977) .

=9 W (r/B, e n) (27)

4nT £

el

.v[cosh (“ltc) * ﬂ(1+x2) sinh
. 2 ¢ B

_%.ﬂ(1+x2)
(a,‘tc)] dx
2 B X !

.e. the fracture and matrix pressure drawdowns
(Eqs 9 and 27) differ only in the sign of x in
the coefficient of sinh (0.5 ultc)

..-Values of the pressure drawdown functlon,
= 4anAp /q, computed from Eq. (26) (or Eq.

27) for n = 10 ‘and assumed values of parameters
r/B and 8 are shown plotted in Fig. 4. To show
the trend of the function behavior with the in-

- crease of-n, the dashed lines depict: the two - '+
, 11m1t1ng curves, r/B = 3.0 and r/B = 0.05, for

| The solution for n = « has been'given by
Barenblatt et al. (1960, Eq..5.21, p.1301) under:
the assumptlon of the negllg1ble flssure compres-
sibility, cf .

'Hydrology Research D1v1s1on Water Resources
Branch, Dept. of the Env1ronment Ottawa, ‘

_Ontario, Canada,

2physics Dept Carleton Un1versity, Ottawa,
Ontario, Canada . )
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;PreS§uré:drawdown function W = 4nT}Ap'/q,
“(Eq. 26 or 27), plotted ‘in logar1thmic
coordinates.

Fig. 4.

ANALYSIS OF FRACTURE- FLOW DRAWDONN ‘BEHAVIOR -IN A
DOUBLE POROSITY MEDIUM '

Fracture pressure drawdown in .a double
porosity medium has a distinct behavior: the
initial -and late time pressure segments (Eqs.
and 19), parallel and displaced by an amount -

17

‘n(Eq. 13) are connected by a transitional -curve

which at early ‘time deviates from the initial
segment approachlng a horizontal (deflned by

Eq. 21), then inflects from it merging at a later
time with the fina) segment of the pressure
curve. . The pressure curve to the left and below
the inflection point is described by Eq. (16),:
the pressure curve to the right and above the
inflection-point *is described by Eq. (18), Zero
slope of the transitional curve, with the inflec-
tion point at a horizontal, is pronounced when

n has a large finite value (str1ct1y it is for

n tend1ng to 1nf1n1ty) .

"

“'Table 1. Calcula 1ox/of the
-1 parameter for assu ed
values of ¢ /¢f

brx:¢ /d;f (cm+c§F<(cf+c Y n |

200, o
150, \30\
T e
50 "
20. R
10, 2 3l
1. 02 12

Assuming some average values for compres-

751b111ty of a fractured reservoir, the n-values

may be assessed as ranging from about 50 to a
little over 1. Table-1 shows the calculated
n values for a-given ratio of fracture and
matrix porosities and assumed reservoir matrix
pore vo]ume compress1b1]1ty, ¢ = 10 -5 p51"‘
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(ran?ing usually from 2 x 1076 psi -t to 15 x 107
psi~t, Jones (19752), fracture compressibility,
¢¢ = 9 x 1075 psi~! (according to Jones (1975),

fracture compressibility is about an order of mag-
nitude greater than that of the matrix) and oil
compressibility, ¢ = 1075 psi~t. The conclusion

then follows that if ¢m/¢f is less than 50-20, the

limiting two asymptotic pressure lines are too
close (n is 11-5) for-a transional curve to develop
a.recognizable zero slope. The smaller the n value,
the less pronounced is the curvature of a transi-
tional curve. The displacement of the initial and
final pressure drawdown segments and the slope of
transitional curves are affected not only by the
fracture and matrix capacitances, but by factors
which are not encompassed by the double porosity
model. . These -factors are: the relative permeabil-
ities of the fracture and matrix (the double poros-
~ity medium considers only fracture permeability),

the contribution of the matrix flow to the wellbore

and the non-steady state matrix-to-fracture

flow. Some discussion on the effect of these
assumptions may be found in Boulton and Streltsova
(1977 a,b; 1978) and Streltsova-Adams (1978).

Response of a fractured formation, which has
limitless combinations of the matrix and fracture
properties, may thus range from a pressure curve .
with zero intermediate slope to an almost unin-
flected curve with the slope determined by the
closely spaced initial and final pressure seg-
ments. . Therefore, the characteristic behavior
of a fractured formation may not readily be
recognized. It is not easy to relate the pres-
sure data of an individual test to a conceptually
known reservoir performance, which displays a
wide variety of curve shapes. The problem of
determining the fractured reservoir parameters
is not unique. The reservoir behavior, dependent
on variations in the fracture and matrix proper-
ties which are limitless, may be uniquely inter-
preted only if these properties are known independ-
ently. The study of rock properties changes during
the production is of particular importance in
analyzing the fractured reservoir performance.
Pressure and temperature changes immediately affect
the fracture permeability. Inelastic deformation
of fractures may lead to the fracture closure
with the result that fractures -become ineffec-
tive for fluid flow. A combined drawdown and
buildup test may give an insight into the com-
paction response of a formation. The use of
multi-well pressure interference tests in
combination with single well drawdown-buildup
tests and core data information may eliminate
step by step the uncertainties in interpreting
the diversive behavior of a fractured formation.

REFERENCES CITED

‘Adams, A. R., Ramey, H. J. Jr., and Burgess,
R."J., 1968, Gas well testing in a fractured
-carbonate reservoir,. J. Pet. Technol., 20,

- 1187-1194. . e .

Anzelius, A. k;; 1926;VUBér:Erw5fﬁung durch-
stromender medien, ZAMM, August. -

Barenblatt, G. I., and Zheltov, Yu. P., 1960, .
Fundamental equations of filtration of

homogeneous }iquids in fissured rocks, -
Dokl. Akad. Nauk USSR, Mech., 132(3),
522-525. o

Barenblatt, G. I., Zheltov, Yu.-P., and Kochina, .
1. N., 1960, Basic concepts_in the theory
of seepage of homogeneous liquids in fis-
sured rocks, J. Appl. Math. Mech. (USSR) . -

. 24(5), 1286-1303. B T

Barevsky, B. V., Samsonov, B. G. and Jazvin, L. S.,
1973, "Metodika Opredelenia Parametrov
Vodonosnich Gorizontov po Dannim Otkachek"
(Aquifer Parameter Determination. from Pumping
Test Analysis), Nedra, Moscow (in Russian).

Boulton, N. S., 1963, Analysis of data from non-
equilibrium pumping tests allowing for delayed
yield from storage, Proc. Inst. Civ. Eng., 26,
469-482. . R

Bodltoﬁ; N. S.; and Sire]tsdva,rT, D:, 1977a, Un-
steady flow to a pumped well in a two-layered
‘water-bearing formation, J. Hydrol., 35, 245-

© 256. o ‘ S ‘

Boulton, N. S., and StreltSova;’T.'D., 1977b, Un-
steady flow to a pumped well.in a fissured
water-bearing formation, J. Hydrol., 35,
257-269. C D D

Boulton, N. S., and Streltsova-Adams, .T. D.; 1978,
Unsteady flow to a pumped well .in an uncon-
fined fissured aquifer, J. Hydrol., 37,
349-363.

Crawford, G. E., Hagedorn, A. R., and Pierce, A. E.
1965,  Analysis of pressure buildup tests in a
naturally fractured reservoir, J. Pet. Tech-
nol., 11, 1295-1300.

Eagon, H. B., and Johe, D. E., 1972, Practical
solutions for pumping tests in carbonate-rock
aquifers, Ground Water, 10(4), 6-13.

Jones, F. 0., Jr., 1975, A laboratory study of the
effects of confining pressure on fracture
flow and storage capacity in carbonate rock,
J. Pet. Technol., 1, 21-27.

Kazemi, H., 1969, Pressire transient analysis of
naturally fractured reservoirs with uniform

- fracture distribution, Soc. Pet. Eng. J.,
12, 451-462. :

Muskét,,M.,v1937, “fhe Flow of Homogeneoué Fluids
through Porous Media,” McGraw-Hill, New York.

Odeh;'A. S.,'1965, Unsteady~state behavior of
naturally fractured reservoir, Soc. Pet. Eng.
J., 3, 60-64. : ) . .

“ Pollard, P., 1959, Evaluation of acid treatments

76

from pressure build-up analysis, Trans. AIME,
216, 38-43. o

Rubinstein, L. N., 1948, K voprosy o protsesse
raspredelenia tepla v geterogennich sredach
(Process of conduction of heat in hetero-
geneous ‘media), Iz2v. Akad. Nauk SSSR, Ser.

Geogr. Geofiz., 12(1), 27-45(in Russian).



Streltsova, T. D., 1976, Hydrodynam1cs of ground-
water flow ln a fractured formation, Water
Resour. Res., 12(3), 405-414.

Streltsova-Adams, T. D., 1978, Well hydraulics in
heterogeneous aquxfer formatlons _Adv.
Hydrosci., 11, 357- 423 .

Strobel, C. J., Gulat1, M. S., and Ramey, H. .,
Jr., 1976, Reservoir limit tests in
naturally fractured reservoir - a field case
study using type curves, J. Pet. Technol.,
9, 1097-1106.

Tichonov, A. N., 1946, O-stanovienii electri- -
cheskogo toka v odnorodnom’ provodiaschem
poluprostranstve (Electrical .current :in a
-uniform sem1space) Izv. :Akad.  Nauk:SSSR,
- Ser. Geozr. Geof1z . 10(3) (ln Russian). :

Truesdell €. 1969 "Ratlonal Thermodynamics, e
McGraw~H111 Book Company : Ny

Vecch1o]1, .,~1965, Durectlona] hydraullc o
behavior. of fractured-shale aquifer in

New Jersey, Symp. Dubrovnik, Int. Assoc. .
Sci. Hydrol:, §%§f§23. o ]

Warren, J. E., and Root, P. J., 1963, The
behavior of naturally fractured reservoirs,’
Soc. Pet. Eng J., 9, 245 255

Warren,»J. E., and Root,. P J., . 1965, D1scuss1on
on "Unsteady-state behavuor of natura1ly
fractured reservo1r" by A. S. Odeh Soc

Pet. Eng..J., 3, 64-65.

Wilson, C. R.; and- W1therspoon, P. A, 1970 VAnJ
Investlgat1on of Laminar Flow in Fractured

Porous Rock," Publ. No. 70-6, Dept. Civ..
.Eng., Unlv of California, erke]ey 7
Wilson, C R " and Witherspoon, P. A., 1974,

Steady state flow in rigid networks of . -
fractures Water Resour Res Y 10(2), 328-335.

77



GEOTHERMAL BRINE INJECTION EVALUATION METHODOLOGY

R. QUONG, L. B.

OWEN AND G, E. TARDIFF

- UNIVERSITY OF CALIFORNIA, LAWRENCE LIVERMORE LABORATORY
LIVERMORE, CALIFORNIA :

Introduction

Utilization of liquid-dominated geothermal
resources in the U.S. will require subsurface
injection of spent effluents as the most
environmentally acceptable means of disposal.
In many instances, the energy conversion cycle
will cause processed geothermal fluids to
become supersaturated in various chemical
species which can subsequently precipitate.
Direct injection of raw effluents, therefore,
may, over the long term, be unacceptable
because of wellbore and reservoir plugging
resulting from deposition and continuing
precipitation of solids. Injection evalu-
ations have to define the requirements for
both reservoir parameters. and effluent quality
before the potential for long term injectivity
can be established. This paper describes
standard o0il field methodology we have adapted
to establish brine quality and pre-injection
processing requirements to insure long-term
injectivity of Salton Sea Geothermal Field
(SSGF) effluents. The brine processing work
was completed in conjunction with a joint
Magma-LLL reservoir evaluation program!-

Standard o011 field methodology consists of
preliminary coreflooding, filtration and
chemical stability tests to establjsh the
potential for reservoir impairment4-12,
Identification of impairment mechanisms leads
- to subsequent development of processing
systems which consist typically of deaeration
and treatment with inhibitors to control ‘
casing corrosion, addition of inhibitors to
control biological and inorganic scales, and
removal of particulates. Pilot facilities are
installed and injectivity of the process fluid
is evaluated again by combinations of core,
membrane filter and chemical stability tests.
These procedures minimize damage to injection
wells during initial field development and
permit estimates to be made of the expected
operating lifetime of disposal wells.

The injection evaluation methodology is
summarized in Figure 1. Injectability of
fluids is established in the field on the
basis of core and membrane filtration tests.
The long-term post filtration chemical
stability of effluents is established by
incubation tests at injection temperature.
Compatability of effluents with injection
formation waters can be established by jar and
incubation tests if connate waters are
available. 1In the same fashion, adverse
reactions between injected effluents and
formation matrix materials can also be
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resolved if representat1ve core materials are
available for testing. - = -

If the feas1b111ty of direct 1nJect1on of
raw effluent-is indicated by the initial ‘field
evaluation, a full-scale injection test can be
carried out. If, however, effluents must be
conditioned prior*to injection, additional
work is required to define and implement a
pretreatment processing system. Following
development of the pilot pre-injection
processing -system, injectivity tests are
repeated to establish the cost benefit to be
realized from installation and operation of
the full-scale process.

InJect1v1ty Tests

_ Work at the SSGF has led to the deve1op-
ment of apparatus and procedures ffr {2p1d
assessment of effluent injectivity
Typical experiments have been performed at
nominal injection temperatures of 900C.
Membrane filtration data, which can
subsequently be used to estimate long-term
injection well performance, are especially
easy to acquire. We have successfully
emp loyed ana15t1c models developed by Barkman
and Davidsonl® to evaluate injection well
perffrmanCe based on membrane filtration
data Core tests are also extremely
useful, especially in the evaluation of
potential reservoir impairment stemming from
reactions between processed effluents and the
reservoir matrix material.

Long-term incubation tests (2 to 30 days)
were a key element in injectivity evaluations
at the SSGF. The incubation tests were
carried out at injection temperature (900C)
to establish the potential for precipitation -
of silica and other phases. These tests were
also used to establish the stability of
processed effluents. The primary advantages
of incubation tests are: a) identifies
potential for precipitation; b) leads to
estimate of mass of precipitate formed ‘and
rate of formation; c) precipitating phases are
identified; d) no need to rely on calcula-
tional techn1ques for estimating precipitation-
potential. At present there are no proven
techniques for establishing the precipitation
rate of amorphous iron-silicates from SSGF-
type brine.because of the lack of data on
temperature-dependent solubilities and
kinetics.



Pre-Injection Process Development

An essential part of preinjection
processing-is the proper conditioning of the
fluid and solids in preparft1on for clari-
fication and/or filtrationl®. Conditioners
include inorganic coagulants such as Fep.
(S04)3, A12(S04)3 and FeCl3 and

polye ectrolytes. Polyelectrolytes are water
so1ub1e polymers that ionize to form multiple
positively or negat1ve1y charged active
sites. The primary function of coagulants is
to neutralize the charge on the surface of
particles. Once the particles are destabi-
lized, then aggregation and growth can .occur,
as well as adsorption onto filter media.
Further agglomeration and enhancement of .
settling properties can be realized through
use of inorganic or organic _flocculants. The
organic compounds are long chained, high mole-
cular weight polymers with active sites for
adsorbing and attach1ng onto the particles.
This bridging action .is an 1mportant factor in
enhancing sed1mentat10n.

Processing needs are initially investi-
gated on a bench scale by conventional jar
testing and analyses of critical species in
incubated samples. Appropriate chemical
treatment is first established by jar testing,
followed by pilot scale testing =

Fluids which are supersaturated w111
require sufficient holding time to allow the
precipitation process to proceed in appro-
priate solids handling equipment. Solids
contact clarifiers accelerate the precipi-
tation process by surface activation in
addition to separating the bulk of the
precipitated solids. Overflow from the
clarifier can be polished tobelow 1 ppm
suspended solids levels by methods such as
multi-media granular or precoat pressure
filtration. Chemical treatment is usually
necessary, although some fluids may be
adequately filtered without use of chemicals.
Fluids which are undersaturated and contain
low levels of suspended solids can be directly
filtered, again with or without chemicals

depend1ng on the characteristics of the f1u1d ,

and solids.

SSGF Results

" The methodology diécussed has been applied ‘

"to -Salton Sea Geothermal Brine effluents.
Scaling caused by loss of -silica from
sopersaturated SSGF brine effluents and -

plugging by deposition of silica particulates

were identified as the causes of ‘(SSGF) :
reservoir-impairment. Conventional effluent
~ treatment processes were investigated tolower

silica to saturation rapidly by sludge contact,

followed by coagulant aided clarification. and
final polishing by filtration. - Particulate

concentrations in the processed effluents were

reduced to 1-2 ppm and brine injectivity
confirmed by core and membrane filter methods.
The cost of brine processing was estimated to
be 20¢/1000 gallons based on a 50 MW plant
producing 10 Mgd effluent.. The methodology
used to evaluate injection of SSGF brine is
applicable to any geothermal resource.
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USE OF TRACERS IN GEOTHERMAL INJECTION SYSTEMS
) by 0. J. Vetter °
_ Vetter Research
Costa Mesa, California

SUMMARY

The use of tracers is critical in geothermal
* injection systems. The hydrodynamic break-through
of reinjected brine can be monitored in a very
precise way using tracers. No other method is
known which allows produced brine monitoring with
the same precision. . Thus, precalculated and moni-
tored break-through profiles can be compared and
the expected temperature front can be estimated
in a very precise way. This use of tracers can
be considered a ' pre—warning system.

The choice of tracers for geothermal reser—
voirs is rather limited. Tritiated water, intro-
duced into the reservoir in-a.controlled manner,
is the best choice. However, this monitoring
technique eliminates the use of naturally occur-

" ring tracers for reservoir studies., The pros and
cons for the use of naturally occurring tritium
and other tracers are described.

Man-made tracers, particularly tritiated

.water, can be-utilized to.obtain .quantitative data

on reservoir parameters not available by other .’
means. Pressure transient testing and tracer in-
jection are complementary methods from which one
can obtain the maximum information about eritical
reservolr parameters.

Present tracer. techniques are hampered by a
lack of information on the dispersion coefficient
of .the tracer in the flowing brine and the .precise
adsorption characteristics of the tracer on the
rock material. . Better’ quantitive. evaluations of
various reservoir characteristics will be possible
1f further research is. conducted on the most )

-critical adsorption properties under reservoir
conditions.,e

INTRODUCTION

The ‘new school of thought favors reinjection

of. heat-depleted brine into geothermal reservoirs.

Proper. reinjection of ‘brine into geothermal reser-
voir can significantly extend the life of the .
reservoir. and thereby 1ncrease the amount of re-
coverable energy. compared to.a simple- production
of the, reservoir without reinjection of the heat-
depleted brine. The. present trend. is towards re-
injection and away from the disposal of the brine
-into -a reservoir. different from-the producing
zone, .. .- e : .

The advantages of proper reinjection have .

"already been indicated1 2,3,7,8 and are;, there-,
fore, omitted from this presentation. However,
in reinjection there are some' real: dangers:
faulty reinjection can ruin a‘reservoir and its
operation within a very ‘short time. Unexpectedly
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'ditionsrof’the'previous example ($1010

-such as fractures, high permeability

high permeability flow channels caused by the
generally unknown rock heterogenieties of a pro-
ducing reservoir can lead to these problems. - For
example, if a premature break-through (hydraulic
front) occurs within ten years instead of the
calculated twenty' years, the critical temperature
front may arrive at the producing wells within
fifteen years after start of reinjection instead
of the calculated thirty years. The detrimental
effects are obvious. Assuming the reservoir con-

tains a recoverahle energy of $1010 (approximate-
ly 1000 MW and 30 years life), the financial loss

would ‘then be on the order of $5 x 109.

The financial loss can still be enormous
even if the reinjection problems are not as
serious as those mentioned above. . For example,
if the decrease of the recoverable energy due to
"faulty” reinjection is only 1%, the financial
loss can still be significant. .Assuming the con-

total re-
coverable énergy; 1000 MW; 30 years 1ife) the
loss due to the 1% decrease is still $100 Million.

The industry is thus faced with a dilemma:
reinjection problems ruin a reservoir within a
very .short time and no reinjection at all will
result in a drastic decrease of the recoverable
energy. The financial losses can be substantial
in both cases. The only economically feasible
solution to the problem would be the correct or
optimized (i.e., non-faulty) reinjection of the
heat-depleted brine. Unfortunately, the present
uncertainties in determining the precise reser-
voir parameters which can lead to‘a "faulty" in-
jection system, e.g., ‘reservoir’ heterogenities
-streaks,
faults, etc., make it impossible to design:the
absolute optimal reinjection system. Injection
well spacing, location and completion are vital
design features. In many instances these are
still left to rough estimates because of the pro-

‘blems encountered in- determining the precise
Wlocation of the ‘above-mentioned reservoir heter-

ogeneities.’ Various types of pressure test
methods (e.g., pressure pulse and interference
testing) do not normally yield information exact
enough to overcome these problems. For example,
extremely high permeability channels in an other-
wise "perfect" reservoir may be indicated by con-
ventional pressure test work.  However, only very
rough, estimates can be made regarding the precise
locations, geometry and conductivity of these
channels. .If the reservoir consists of a highly
fractured rock formation such as the hard rock in
the Geysers ‘(California), the Bacca field (New
Mexico) o6r the Cesano field (Italy), the evalua-
tion of the pressure tests data may become too
coarse and may become technically of little value.



It is the opinion of the author that a work-
able approach to solving the problems can be made
with well designed tracer tests. These can pro-
vide the most viable means of avoiding the possi-
bility of major disasters in any reinjection

systemg. Monitoring of the tracers' concentra-
tions in the produced brine will allow the opera-
tor to stop any "faulty" reinjection operation
immediately upon arrival of the tracers in the
producing wells. This early warning system will
allow an opportunity to re-design or modify: the -
entire injection system before a major financial
disaster occurs. : In addition, more sophisticated
tracer teste can give a host of information about
critical reservoir parameters which cannot be
measured by any other. available method. These
sophisticated tracer tests consist of more than
"just sticking any tracer" into the injected
brine and looking for the first appearance of the
tracer in the produced brine. This common
"break-through determination" may still be ade-
quate in some situvations. However, additional
and more useful reservoir data can be obtained
with the same level of effort using more sophis-
ticated ‘tracer techniques. These techniques are
not suggested as alternatives to the conventional’
transient analysis.:

It is not suggeSted that reservoir tracer
tests - no matter how sophisticated -~ should
replace the more conventional pressure test work;
on the contrary, tracer and pressure test work
should supplement each other in the field. Pres-
sure tests can provide specific information on
the near wellbore region and average reservoir
data on the far wellbore region.. The tracer
tests can allow us to analyze and interpret reser-
voirs at locations very remote from the wellbore.

BASIC CONCEPTS OF WELL TO WELL TRACER TEST WORK

The literature contains a large number of -
publications dealing with various types of tra-
cers and tracer techniques in subterranean reser-—
voirs. Most of these referenced publications
deal with only one objective for well to well

reservoir. tracinglz-l4. The majority of the pub-
11cations are concerned only with'

l)i,The recharge of the reservoir through
- the injected brine and/or through any
- other water source (nearby aquifer and
surface water).

: Z)N’Injection brine break—through determina-
. tions.

, The .break-through determinations are by far
the most frequent subject of.the referenced pub-
lications. This concept is very simple: a

_tracer is added to the brine (or naturally occur-

ring tracers in the brine are used for this pur-
pose). to determirie the time required for the
tracer to occur in one or more producing wells.,
Only very few publications are concerned with’
quantitative evaluations of the tracer ‘break-
. through data.

Properly designed tracer tests can yield
much more data than that of simple "break-
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through" determinations. Tt can be shown that
some of the vital reservoir heterogeneities (such
as dimensions, conductivities, directions and
locations of fractures and/or high permeability
streaks) can be determined in a rather quantita-
tive manner through tracer tests. In addition,
sweep efficiencies, drainage radii and a number
of other reservolr parameters can also be analyz-
ed through more sophisticated tracer tests.

Basically, one can categorize reservoir
tracer tests (well to well) into two major groups

1) General tracer tests for reservoir moni-
toring or verifications.

2) Diagnostic tracer tests to evaluate
specific reservoir problems or to obtain
‘very specific information on certain
reservolr parameters.

Different concepts may have to be used de-
pending upon the various field conditions and the
goals to be achieved through thé tracer test
work. - In addition, tracer tests can also be
operationally divided into two different basic
categories:

1) Pulse (slug) injection of tracers,

2) Continuous tracer-injection.

Here again, different objectives can be
achieved depending upon the type of tracer injec-

tion.

Tracer Tests for General Reservoir Monitoring

.reservoir problems.
- venient but "incorrect' unit.

-unit.

~ Normally, very little information on some
critical reservoir parameters is available when
a new refnjection system is started. The same

‘lack of concrete information 'is evident for a-
‘sometimes prolonged time period after the start-

up of a new reinjection system. Adding a tracer,
e.g., tritiated water, to the first water in-
jected into the reservoir will load the reservoir
with tracer. The subsequent constant monitoring
of the produced water for this tracer would auto-
matically allew a very convenient and economical
reservoir verification method.  In other words,
this general tracer test at or soon after the
start of a reinjection system can be considered

a prewarning system: any hydraulic advance of
the injected water faster than that expected or
calculated would allow the necessary changes of
the entire injection system before a temperature
front is experienced in’ the producing wells.’

This would prevent major temperature damage to

a reservoir due to missing the accelerated ad-
vance of the hydraulic front? :

A plot of the: tracer concentration in the
produced brine vs. time will indicate many
Actually, time is a con-

The cummulative
production instead of time should be used. . How-
ever, if the brine injection and production rates
in the field are kept constant after the tracer
injection, the time unit becomes a "correct"

Two "typical" tracer elution profiles are
indicated in Figure I.



o

The interpretation of these elution profiles
is’ hampered by a number of problems:~ -

1) The most obvious question is: what in-
'jection well contributes how much tracer
to the total tracer concentration in the
brine of any given production well?

2) - The quantitative interpretation of the
tracer elution profile, even if it would
stem from only one injection well offers
great difficulties.

The data obtained chrough this general tra-
cer technique will not permit the precise deter-
mination of many critical reservoir parameters.
It will, however, allow some estimates as to (a)
which general areas of the field are particularly

endangered and (b) the type of problems to be:

expected in the prolonged reinjection within -
these endangered reservoir areas. The main ad-"
vantages of this method are: .

1) It provides an early warning ‘system if
any severe sweep problems exist in the
reservoir. Major damage due to pre-
mature break-through can be prevented
at the earliest time. :

2) " This test is'rery economical and re-
quires funds negligible compared to the
- value of the information.» :

'3) The informatfon from this general tra-
" cer test is of vital importance for de-
signing the required subsequent reser-
voir tracer testqwork.

As the main conclusion, the author believes
that this. general tracer technique should:be an
integral and routine feature of any newly started
reinjection system. - oL :

Specialized Ttacer Tests

‘A new situation exists if a given reservoir
area shows ‘definite sweep -efficiency problems. .
These problems can be indicated by.

1) A general tracer test.

2) Any type of pressure test work

3) Production monitoring (brine composi-f
: tion and temperature). E

™ The operator must now determine the extent
of the problems;’i.e., the location, direction,

“conductivity and geometry of the high. perme- .

ability streaks leading to the undesired decrease
in sweep efficiency. This 4s.a: very difficult
task. As mentioned- before, pressure test work "
15 not.sulted to complete this task with .the re~
quired precision, {i.e., a different technique .
must be used: to obtain these -data.

A traCer test of :a different;nature can be
utilized to gather the needed information.: For
example, a different tracer.can be injected into
each injection well within the suspected pro-
blem areas. Monitoring of the various tracers
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in the brines produced from various production
wells will now allow the determination of flow
patterns and flow barriers (e.g., faults) within
the ‘troubled reservoir area. However, the
quantitative interpretation of these single tra-
cer elution profiles is still rather difficult
if not impossible as outlined in the following
paragraphs.

Qualitative Tracer Tests. Tracer techniques
are most commonly applied to the "determination"
of an injection brine break-through. A tracer
is added to the injected brine and the produced
brine is monitored for the occurence of this
tracer. A number of simplifications is commonly
applied in this technique'

1) “'No adsorption of the tracer s assumed,
" _even though by 'nature, every.chemical

used as a tracer must exhibit adsorp- -

tion properties in any reservoir. )

“2) -The accuracy and precision ‘of the
 analytical determination of the tracer
concentration in the produced brine is
commonly ignored or grossly over-
estimated, This ignorance or over-
estimation mayfgive misleading "results",

3): Stability of tracer.

‘ Both assumptions-or simplifications (adsorp~
tion, analytical and stability problems) will be
discussed 1in more detail below and in later re-

ports -and publicationslo. 1. Presently, we will
assume that each tracer exhibits different ad-
sorption properties and.that most conventional
tracers (e.g., nitrate, aldehydes, thiocyanate)
,cannot be determined with the required accuracy.
Therefore, most of the conventionalytracer stud~
ies give only a "yes or no" type ansver, i.e.,
tracer is or is not detected in the produced
brine. : .

An apparent "break-throug " could be mean-
ingless as the following example shows. 1f

100,000 m /day ‘of the brine 1s reinjected and

one (1).m /day channels to_ the producing wells
within three months, a.break~through determina-

- tion would indicate a severe problem. .In-

reality, no alarming situation exists because‘;;

‘the ‘other 99,999 m /day of - injection brine may"
show a perfect sweep ‘pattern in the ‘feservoir.
On the other hand, 1if none -of “these 100 000

m /day will channel to the: producing wells with-
in-a year, . no break-through would be indicated -~
‘but the ‘entire hydraulic front could arrive in-.
the .producer within three:.years vs. the calcu-
lated twenty years.. Even though no. break-through
was -indicated. in the latter example, a major
problem exists in.the reservoir..

: ngntitative Tracer Tests. The quantitative
evaluation of tracer elution profiles as shown
in Figure 1 are rather difficult. The various
peaks in these curves indicate various flow
channels within the reservoir. High permeability
streaks must exist in the reservoir if the pre-




dicted elution profile (based on uniform reser-
voir permeability) does not match the measured
tracer elution profile. - These high permeability
streaks can be divided into two basically differ-
ent categories‘

'l) Horizontally oriented streaks.
2) Vertically oriented streaks.

Figures 2 and 3 illustrate the basic differ-
ences ‘between the two types of high permeability
streaks.

In order to differentiate between the- two
types of streaks (horizontal and vertical), the
tracer appearence must be analyzed in the pro-
duction wellbore fluids as a function of depth.
Even if this feature is added to a tracer test,
it will not indicate the difference between the
two types of high permeability streak orienta-
tion in reservoir locations further away from
the bore of the production well because of mix-
ing.

Another problem experienced in a quantita-
tive evaluation of tracer elution profiles is
the difficulty in determining the dispersion of
the tracer in the reservoir fluid as the tracer
front advances toward the production well. Many
factors will affect this dispersion or mixing of
advancing tracer with reservoir fluid. Diffu-
sion, tortuosity of the porous medium and mixing
due to the microscopic flow velocity profiles
of the mobile -fluid phase along the immobile
(stagnant) connate water layers are only a few
factors-effecting the dispersion coefficient.

The different arrival times of the various
injected fluids in the producing wellbore will
cause various degrees of mixing (see Figure 4).
This mixing through different arrival times will
add to the degree of dispersion.

Sorption effects of the tracer introduce
still another problem in quantitatively evalua-
ting tracer tests. The various sorption char- -
acteristics of the tracer on the solid phase
(rock material) will make it difficult to per-
form a-quantitative interpretation of the tracer
elution profile. ‘'One must be aware of the fact
that there exists no nonadsorbing tracer. Even
tritium, one of the tracers causing the least .
adsorption problems will: adsorb on the rock to
an appreciable degree.

The -chemical analyses of the produced fluids
for their content of tracer is also an -important
consideration. The tracer must be detectable
in concentrations under less than 1 mg/l or hugh
masses of tracer will be required for an’actual
field tracer study. Figure 5 shows the implica-
tions of this requirement. The sensitivity and
accuracy of many analytical methods commonly used
for tracer test work are not sufficient to-sat-
isfy the needs of a quantitative field tracer
study.’

Finally, the chemical stability of many - -
tracers ‘in the hot geothermal reservoir may pose
serious problems. Many tracers used for the much
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cooler oil reservoirs are not stable enough at
the high- temperatures of a geothermal reservoir. -
Thus, - the choice of useful tracers becomes rather
limited.

‘ Summarizing; one can state'that the present
tracer technology (well to well tracing) provides
semiquantitative data at best.

Suggested Improvements of Present Tracer

Techniques

Multiple tracer injection could solve some
of the problems outlined so far. 'Multiple"
can refer to different tracers being injected
into different wells of the same field or differ-
ent tracers injected into the same well. Figure
6 shows that ten tracers are sufficient for a
field with a geometric location of wells to
achieve both objectives: '

1) Two different tracers injected into each
injection well and

2) A different tracer combihation for
different wells. .

If the ten tracers have different adsorption
properties and if these adsorption properties
are known, the principles of conventional liquid
or gas chromotography could be applied to obtain
quantitive results on various reservoir para-
meters through such a sophisticated tracer study.
The principles of this new tracer technology will

be outlined in a future paperll.r
&
CHOICE OF TRACER AND TRACING TECHNIQUES

The choice of a tracer for any tracing job
mainly depends upon the.tracing technique, which
in turn depends upon the objective of the tracer
study. In many instances,.there are more than
one objective for a tracer study, thus creating
a number of problems for choosing the proper
tracers and tracing technique.. For example, a
chosen tracer technique for a given objective
may require the use of man-made tritiated water:
as a tracer, whereas other tracer objectives in
the same reservoir may require the utilization
of naturally occurring tritium.” Naturally, the
utilization of man-made tritium as.a tracer will
"contaminate" the reservoir, thus preventing any
future use of naturally occurring tritium as a
tracer in this reservoiri: In these and similar
cases, a decision must be made as to which one
of the tracers is most desirable to fulfill the
various objectives of tracer studies and reser-
v01r management., - :

I

n-Made Vs. Naturally Occurring Tracers

Naturally occurring tracers can be used at
least theoretically to determine a number of
important reservoir parameters: :

1) Age determination of the reservoir water -
through tritium determinations if the . Q‘sj
intruding water consists of "recent"

surface water.



2) Natural recharge of the reservoir with-
water from another aquifer or with sur-
face water. ‘

3) Flow patterns within a reservoirrlf the
various waters in the reservoir have
distinctively different compositions.

' 4) Break-through of reinjected water into
the producing wells/

The first parameter- (age determination of
‘the reservoir water) requires that the naturally
occurring tracer is trifium, whereas, any other
tracer or tracer combination can serve for deter-
mining the other three: parameters.

In most attempts using naturally occurring
tracers for reservoir studies, an obvious pro-
blem exists: "if the -operator wants to conduct
a tracer study involving man-made tracers,  the
man~made and naturally occurring-tracers cannot
be the same. -As sSoon asthe man-made tracer is
introduced into the reservoir, it will be very
difficult or impossible to distinguish between
the man-made and naturally occurring tracer if
the two tracers-are .the same. - This means, the
operator has to make a decision as to his pre-
ference: he must either use a man-made tracer
different from the naturally occurring tracer or,
if for.any reason both tracers must be. the same,
he must then decide which type of tracer test
is more important for his operation. The latter
decision must be made more . often than commonly
expected. This decision can be very difficult
because of the many pros and cons for the "con-
tamination" of a producing reservoir with man-
made tracers. In addition, this "contamination"
can be irreversible, particularly if the most

important tracer for geothermal injection systems,

namely tritium, is used as a man-made tracer.

The decision as to what tracer and what type
of tracer test:to apply requires a thorough
evaluation of advantages and disadvantages in=-
volved. In most cases, a compromise has to be
made. To help the operator in making this de-
cision,. a critical evaluation of the various
naturally occurring.tracers and tracer tests in-
volving .these tracers is’ given in the following
paragraphs. - o

Age Determinations Through Tritium Measure-~
ments. Age determinations through measurements
of the concentration of ‘naturally occurring '
tritium in reservolr brines: are frequently sug-
gested. :Even though theoretically possible, the
‘authorsdo not believe in the validity and tech-
‘nical usefulness of : this method .and “the accumu-
lated data. The reasons for this statement are
‘manifold:

~1) If tritium has recently entered the
"~ reservoir in the form of surface water,
any age determination is limited to
approximately fifty years (see Figure 8).
This limitation is not given by a lack
of accuracy of the tritium determination
of the enriched samples (by conventional
standards), but the rapid decay of the
- tritium: (half-1life time 12.35 years).
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'For example, Mercadot’

After approximately four life cycles,
the tritium concentration becomes so low
that even excellent counting procedures
(¥1%2) .do not provide a measuring accur-
acy required for precise age determina-
tion (see Figure 2), i.e., only instru-
ment background but not tritium will be
measured.

2) If mixing between "recent" and old water
" occurred in the reservoir, the age de-
termination becomes meaningless. Any
recent recharge of the reservoir with
surface water will cause mixing of old
and recent water in the reservoir.

3) The tritium content of the water origin-

- ally penetrating into the reservoir must
‘be known for any age determination.
This tritium concentration will depend

"~ upon the time of entering the reservoir.
Any water entering the reservoir before

- 1945 (start of atomic bomb testing) will
have a much lower tritium content than
water entering the reservoir during the
height of the atomic bomb testing.
"Prebomb" and "Afterbomb" surface waters
- have:again totally different tritium
concentrations.

4) It must be assumed that the tritium in
the surface water, penetrating through
the soil and porous overburden layers,
remains constant and does not become
adsorbed on the porous medium on its
way into the reservoir. This assumption
is wrong since the upper 20-30 cm of
soil already act as a "sink" for atmos-
pheric tritium.

5) No pick-up of tritium in the reinjected
water is allowed if age determinations
are planned. For example, atmospheric
air is blown through the cooling towers
in the Geyser:field.  Any pick-up will
greatly disturb later conclusions about
the age of the reservoir water.

The author believes that using naturally
occurring tritium for ‘age determinations.cannot
be:justified considering the above assumptions.
Preventing the 1njection of. man—made tritium
into the reservoir to "save" it for age deter-
minations using natural tritium is a very short—
sighted measure. : - :

Utilization of Naturally Occurring Tracers.
Naturally occurring tracers besides tritium can
be extremely useful in a-few.isolated cases,

v repurts'a'casé:where
potassium/sodium ratios of the produced brine
from different producing wells was used to

_ detect -thief zones in the reservoir.(see Figurn
7).

Other reported cases ‘are the detection of
casing leaks in producing wells by analyzing the
injected, produced and native reservoir fluids.

Another argument often ueed in favor of
using naturally occurring tracers is the analyses
of producedrend 1ujected‘f1uids and subsequent




comparison of the two compositions. The inten-
tion is to determine the arrival of the hydraulic
front through this comparison. This idea has a
major- shortcoming: i1f the injected fluid has the
same ‘composition as the produced fluid or if only
slight compositional differences between the two
fluids exist, the indicative changes in the pro-
duced fluid will be either non-existent or too
small to be detected.

Radiocactive Vs. €Chemical Tracers

The author prefers radioactive over chemical
tracers. This preference is dictated by a num-
ber of reasons: .

1) - -Less-tracer has to be injected because
of - the much higher. sensitivity and
“accuracy of the radioactive tracer in
‘the required analyses of the produced
fluids (see Figure 5).

2) The price for the radioactive tracers
is much lower -than that for an equiva-
lent amount of chemical tracer (see
Figure 5).

3) .Handling and other .logistics are much
easier in the case of radioactive
tracers due to the comparitively small
amounts of tracer required.

The disadvantages of using radioactive
tracers are:

1) A special license is required.

2) Only highly-trained personnel are allow-
ed to handle the .tracer.

3) No accident is allowed.

CONCLUSIONS

1) = General monitoring of geothermal reservoirs
can be accomplished -through the use of
tracers. The tracer should be injected
immediately after starting the reinjection.

2)  Tritiated water is the most suitable tracer
to accomplish this general reservoir moni-
toring and verification.

3)  The conventional tracer technique of well
to well tracing needs considerable improve-
ment to allow a quantitative interpretation
of the tracer elution profiles.

4) Measuring of the,precise adsorption/desorp—
tion characteristics of the applied tracers
nust be known.

5) - Tracer chromatography is 'a new technique
which will allow a better interpretation
of tracer elution profiles.

6) This chromatography technique must be proven
in the laboratory and in tne field.

7) Man-made tracers are better suited for reser-
voir tracing than naturally occurring
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tracers. .-

8)

9)

Age determinations through measurements of

\_’;

naturally occurrlng tritium are ambiguous
at best. :

Radioactive tracers are superior to chemical
tracers.
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TRACER BREAK - THROUGH DATA

(TYPICAL ELUTION CURVES IN WELL TO WELLTRACING)
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" TRACER REQU(R}EMENT‘
(150 MW GEOTHERMAL POWER PLANT)

ASSUMPTIONS:

1.) Reiniection: 1.31x 108 Lt/Day
20102 % Of Reiniected Brine Must Be Found In Produced Brine

3.)Tracer Slug: 24 Hours
~ &.)Analytical Sensitivity:

A.) Tritium: 2 OPM/ml

B.)Chemical: 1mg/Lt
* 5,)Cost/Unit:

A.)Tritiuom:  $ 50.-/Curie

8.)Chemical: $ 0.30/Keg

TRACER JOB:

1.JRequired Amount Of Tracer: ]
A)Tritium: 2.62x 101° OPM : 1178 Curies
B8.)Chemical: 1.31 x 106 Ke

2.)Total Cost Of Tracer:

Q) Tritiom:  $ 58.900.-
B.)Chemical: $393.000.-

Uik

Figure 5
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CROSS-FLOW OR THIEF ZONES INDICATED BY NATURALLY OCCURING
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expensive stage.
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Lawrence Livermore Laboratory
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ABSTRACT

Placing an upper bound on reservoir compac-
tion requires placing a lower bound on the reser-
volr effective compaction modulus. Porosity-depth
data can be used to find that lower-bound modulus
in a young sedimentary basin. Well-log and sample
porosity data from a geothermal field in the
Imperial Valley, CA, give a lower-bound modulus of

7.7 x 103 psi. This modulus is used with pressure
drops calculated for a reservoir to determine an
upper bound on reservoir compaction. The effects

-of partial reinjection and aquifer leakage on

upper-bound subsidence estimated from the compac-
tion are illustrated for a hypothetical reservoir
and well array. )

INTRODUCTION

Systematic and large-scale withdrawal of
fluids from subsurface reservoirs carries with it
the potential for reservoir compaction and surface
subsidence. It is desirable to have a method of
estimating subsidence magnitude. Subsidence
effects have been observed in association with oil
and water withdrawal, and furthermore, have been
identified as possible consequences of hydrother-

mal fluid production from geothermal reservoirs%-
For example, in California's Imperial Valley, hot
brines will be produced from a geologically young
sedimentary sequence of sands and shales and
cooler fluids will be reinjected. The compaction
of this aquifer and layers above and below due to
fluid pressure reduction may propagate to the sur-
face in the form of subsidence, and may affect
natural or man-made drainage systems.

Little is known about the potential for sub-
sidence in geothermal areas. Some data exist for
Wairakei, New Zealand, where production of geo-
thermal fluids has caused local subsidence of more
than 15 feet in 10 years, and involved a surface

area 3000 feet in diameter.> Wairakei is in a
volcanic geologic setting and no fluid has been
reinjected there. The experience with subsidence
caused by o0il and water production may be more
applicable to geothermal areas in sedimentary
basins. Unfortunately,' the magnitude of subsi-

dence in these areas has often been greater than

predicted.4

Before new and ambitious subsidence model
development is:considered, it would be useful to
have an approximate method of estimating the

_.greatest possible subsidence and surface tilting
. which could occur due to production at a particu-

lar field. If these maximum possible surface
effects are acceptable, then the subsidence model-
ing effort could be terminated at an early and in-
For example, that would be the

Paul W. Kasameyer
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-activity.

A METHOD OF USING IN SITU POROSITY MEASUREMENTS TO PLACE
AN UPPER BOUND ON GEOTHERMAL RESERVOIR COMPACTION

James A. Cheney
University of California
Davis, California

case if the maximum possible subsidence caused
smaller surface effects than natural tectonic

If the maximum possible surface effects
are'adversely large, then more accurate models
must be developed to predict the actual subsidence
to be caused by production.

To estimate subsidence, we must determine how
the reservoir rock compacts as its pore pressure
is reduced. The systematics of the mechanical
deformation of porous sedimentary rock and soil

are very similar.5 Therefore, we adopt some of
the concepts of soil mechanics for the following
discussion. During a virgin loading increment,
the material (rock or soil) deforms inelastically
in response to a static load, and has a small
modulus which we call its normal consolidation
modulus. Recovery during an unloading increment,
and recompaction during successive cycling up

to the preconsolidation load is primarily elastic,
and the material is much stiffer, deforming with
its recovery modulus. To estimate reservoir
compaction, we must find the reservolr effective
modulus defined as the ratio of the production-
caused pore pressure drop to compaction. For our
purposes, we wish to place a lower bound on the
reservoir effective modulus, because that is the
one consistent with an upper bound for compaction
and subsidence.

A common method of estimating the reservoir
effective modulus is to subject a sample of rock
in a few hours in the laboratory to the change in
effective stress expected in the reservoir, and to

measure its compaction.l"3’6 Unfortunately, this

procedure does not lead to an upper bound for
compaction because, in the field, long-term
(measured in years) and large-scale mechanisms
(effect of cracks, joints, faults, fluid flow,

and tectonic stress) decrease the effective modu-
lus substantially. Furthermore, it is difficult
to determine in situ stress accurately, and if

the rock is brought to less than its in 8itu pres-
sure, further error is introduced in the direction
of too large a modulus. The neglect of these
factors possibly explains why many subsidence
predictions are too small. To estimate an upper
bound for compaction in a manner consistent with
our desire for simplicity we choose, instead of

- laboratory measuremerits, an ‘interpretation of
-available field data for porosity as a function

of .depth.. The ‘compaction curve thus established
can be used to estimate the reservoir effective

~ modulus,

- Estimating the Reservoir Effective Modulus

Consider the case of a geologically young
sedimentary environment as discussed above. After
sediment is deposited on the surface, its porosity

I3
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‘from a z vs £n ¢ plot as shown in Figure 1.
_example, for’a depth of 3000, feet and an average

decreases with depth as it is buried by new.sedi-
ments above. The decrease in porosity results
from mechanical consolidation caused by the in-
creased effective stress plus additional porosity
loss due to other mechanisms such as chemic¢al
deposition. If we could observe the porosity of
a particular packet of sediment through time as
its depth of burial-increased, we could . put a
lower bound on the effective modulus of that
material, . Assuming that, -on the average, the
sediment type ‘varies:little with time, and that
the material ‘deposited in pores is either negli-
gible or increases monotonically with-depth, we
can find that lower bound on. the.effective. modu-
lus for the:entire reservoir from the present
porosity vs depth curve. This procedure for
finding a lower-bound reservoir effective modulus
is correcteven 1f-the reservoir is preconsoli~
dated or cemented.a

The assumptions required by the above proce—
dure for a lower bound on modulus are: (1) ap-
proximately constant material type and (2) in-
creasing deposition with depth. With a longer
1list of assumptions: - (1) constant.material type,
(2) no depositiony: (3) no cementation, (4) no

. preconsolidation, and (5) no ‘tectonically-caused

porosity changes, our bound is the actual reser-

voir effective ‘modulus.

Extensive porosity vs depth data are often
not available as direct measurements. - To 1llus-
trate our method, we use resistivity vs depth as

.interpreted from electric logs from a geothermal .

field. Then by using Archie's law for the case of

highly saline water combined with salinity vs

depth measurements, a porosity vs depth relation—
ship may be determined. . Results are shown in
Figure 1, along with porosity determined by other
methods for comparisom.. .

At'anyfdepth in”Figure’l; the porosity has
considerable scatter in value. . This is perhaps
due to differences in initial porosity upon depo-
sition and uncertainty in porosity estimates.
However, despite this scatter, a.definite trend
is observed over an interval of several thousand
feet. . We choose to fit this trend with a loga-
rithmic porosity law such that the reservoir

;effective modulus is given by

s S : : i = ;
b= @ ¢/az) e o )
where
wr¢;f% uporosity, _ e
Y, = _average bouyant density of overburden,
L and . o
‘z = depth from surface.,

: Tnis type of functional form has received consi-

derable prior use and: justification An the .

development -of models of porous rock compaction.5
The value .of ¢ on ¢/6z can be determined directly
For

overburden bouyant density of 75 pounds/cubic foot

b= 7.7 x 10° psi R )
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near the Salton Sea Geotherma] Field.

There are reasons why the seemingly small
(as compared to-hard rock) value of b given by
Eq. (2) is a reasonable value for predicting an
upper bound on treservoir compaction. For example,
“the value in Eq. (2) is within a factor of two of
the . moduli of sandy soils as measured in the

laboratory at an applied pressure of 1500 psi.
Also, similar valueg were used with some.success
»to match subsidence at the Wilmington Oil Field,

' Long Beach CA, from pressure reduction data.8

e Laboratory measureménts on outcrop rock that
is considered to be’ similar to reservoir rock -
give L : N

B = 3 3 x 106 psi T ,r;' (3)

a value more than two orders of magnitude greater
than Eq. (2). The test was a one-dimensional
compression test at 3000 psi confining stress.
‘Clearly, preconsolidation or cementation has
"given the outcrop rock a large modulus. This ¢
< laboratory test demonstrates an extreme case of
the-need to be wary of -determining reservoir
éffective modulus- from laboratory tests. As a
less extreme but more useful case, it would be
desirable to do a laboratory compaction test on
true reservolr rock, and to maintain pressure




for several weeks or more (our test had a dura-
tion of several hours). Then, the magnitude of
time-dependent effects could be observed. Fur-
thermore, if reservoir compaction data becomes
available, laboratory-to-field size effects
might be investigated.

Example of Estimation of Subsidence

The estimated upper bound of surface subsi-
dence resulting from a calculated pressure drop
distribution is obtained by

_ h AP
- AP @)
where
h = thickness of aquifer, and

AP = pressure drop due to flow (assumed to
equal change in effective stress).

The factor of three reduction appearing in the
denominator of Eq. (4) is a crude estimate of the
reduction of surface subsidence caused by bulking
and arching in the layers between the reservoir
"and the surface. Because of uncertainties in
this factor, and our simple method of calculating
subsidence from reservoir effective modulus, we
have less confidence that Eq. (4) gives an upper
bound to subsidence than we have that Eq. (1)
gives a lower bound to reservoir effective modu-
lus. Also, no attempt is made to account for
thermal contraction due to the cooling of a geo-
thermal reservoir. For these reasons, the re-
sults of this section should be viewed as an
example of the application of our method of
placing a lower bound on the reservoir effective
modulus for compaction, rather than a precise
calculation of an upper bound on subsidente.

The upper-bound subsidence estimates shown
in Figure 2 a-d, have been calculated for a hypo-

thetical aquifer and well array.9 We choose to
illustrate the possible effects of reinjection
percentage and aquifer confinement on subsidence.
Thirty years of production is assumed. Nine
wells penetrate fully into an aquifer which is
200 m thick with a permeability of 200 mD and a
fluid viscosity of 0.6 cp. The aquifer is
assumed to be totally confined in Figures 2a and
2b and confined by a "leaky" 200 m thick, 5 mD
aquitard in Figures 2c and 2d. The six produc-
tion wells, located at.the outside of the array,
each have a liquid production raté of 0.04 m”/s.
Upper bound reservoir compaction is calculated
using the modulus of Eq. (2) for calculated
pressure drops. A recovery modulus 20 times
larger is used for the region of pressure
increase near the injection wells. Subsidence
is calculated using Eq. (4). o

Several observations can be made for this
example. TFor a fully confined aquifer, injection
significantly reduces the area and depth of the
upper bound expected subsidence bowl. If the
aquifer is leaky, then the area and subsidence
due to aquifer compaction are not 'so strongly
affected by injection Trate. - Of course, in this
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case, compaction within the aquitard should also
be evaluated, and we have not done s0.

~ In the results shown in Figure 2, the maxi-
mum land tilt is about ‘70 cm/km (after 30 years).
This can be compared to observed natural tilting-
rates of about 0.8 cm/km/year in the vicinity of

the Salton Sea.10 If these natural rates are

extrapolated to thirty years, they would result
in a tilt of 20-30 cm/km. Thus, natural tilts
(due presumably to tectonic activity) and our
estimate of an upper bound on production-caused
tilts for the hypothetical aquifer and array are
comparable. We would say, that.for this situa-
tion, geothermally-caused subsidence could not
produce any adverse effects that could be dis-
tinguished from presently occurring natural
processes. However, we could no-longer say this
for very different reservoir, array, or produc-
tion conditions, such as a significantly higher
production rate.

parison to Measured Subsidence at Wairakei

The production history at Waitakei has been
previously modeled in two dimensions based on a
reservoir crosgs section with: considerable geologic

input.3 The calculated pressure drop in the area
of maximum subsidence is compared to subsidence in
Figure 3. Although our assumption of a young
sedimentary basin does not apply to the volcanic
setting of the Wairakei field, it is’interesting
to consider the Wairakei experience with respect
to the difficulty in obtaining the appropriate
reservoir compaction properties for long-term
subsidence predictions.

The Wairakei work indicates:

® The ratio between pressure drop and sur-
face subsidence changes with time,
suggesting that the deformation of the
reservoir and overlying rocks involves
time delay and inelastic behavior.

e A modulus for the reservoir based on
the average subsidence over twenty years
corresponds to a rock modulus ten times
larger than measured in the laboratory.

. If the factor of three in Eq. (4) is
assumed to apply, and it is noted:that
the rate of subsidence has not slowed,
even though the rate of pressure drop
has decreased, then the difference be-

_tween field results and laboratory
‘tests are greater than a factor of
thirty, and this factor will increase
as subsidence continues.

e The ratio of pressure drop to the upper
bound for subsidence (= 3b/h from Eq.

" (4)) based on the Imperial Valley data
of Figure 1 is 2.2 bars/m. At Wairakei,
the ratio established during twenty
years of production is 12 bars/m; subsi-
dence is continuing, and ‘the ratio will
probably decrease with time. These

. values are surprisingly similar,
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considering the differences in rock type
and geologic history in the two areas.
The modulus derived from in situ measure-
ments at: the wrong location works better
in this case than the modulus based on
laboratory measurements on the "right"
rocks.. This coindicence illustrates how
difficult it can be to determine the
appropriate reservoir modulus.

35 T T T T

Pressure drop (bars)

0 0.5 1.0 1.5 2.0 2.5

Surface subsidence (m)

Figure 3. Reservoir pressure droo vs subsidence
at the Wairakei Geothermal Field (from Ref. 3).

CONCLUSIONS

The method of evaluating a lower-bound res-
ervoir effective modulus for compaction that is
outlined here can be coupled with a detailed
reservoir pressure simulation model to obtain an
estimated upper-bound to long-term subsidence
resulting from reservoir compaction. The vali-
dity of our method is supported by observations
and discussion concerning the inelastic proper-
ties of porous rocks and soils. A model includ-
ing thermal effects and aquitard compaction, a
more accurate estimate of compaction propagation
to the surface, more data on long-term rock com-
paction, and input from monitoring surface
elevation during production could improve the
estimate.
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AN EXAMPLE OF FLUID MIGRATION BETWEEN THE LAYERS ON
THE CERRO PRIETO GEOTHERMAL FIELD
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ABSTRACT

This paper shows a field example of fluid
migration- between the" layers of the Cerro
Prieto Geothermal Field. ' The first part
present rs=sults for well M-15." Measure-
ments of. the Na/K index are used to de--
monstrate the mixing of relatively warm
water of  the upper layer with the hotter
water of the lower layer. The second
part shows results for well M-21 and its
replaceizent M-21A, completed at the upper
layer. L )

INIRCDUC”]ON

The Cerro Prleto Geothermal Field is lo-
cated about 30 kms south of Mexicali, Ba-
ja California, México. In this f1e1d CFE
has drilled a total of 55 wells, eighteen
of ‘which are now ‘being used for eletrici-
ty generation at the first 75MW geother-

moelectric plant that has been continuos- '

ly operated since 1973. - Some of these-
eighteen wells were drilled more than ten
years ago, and have shown collapse and related
problems, cau51ng the need- for repair.
jobs. Several of these jobs have not
been successful - and the wells were plu-
gged. ' Due to the fact that is was desi-
red to use the same surface facilities of

the plugged wells, replacement wells ‘were

drilled Close to the origlnal wells.zfj

The average spac1ng of “the flrst produc—
tion wells is 200 m, and field measure-
ments have ‘shown interference- between the
‘wells. ‘Recently drilled wells to be used
for the 'second 75MW plant to ‘start opera-
tion in 1979, have a: ‘spacing -of 1400 m; it

is expected that this will decrease 1nter

‘ference effects.,r

Since Cerro Prleto reservoir is of 11—‘"

"*quld dominated’ type, a great hot water_,

volume with high salt content is - wasted.

Reinjection is. ‘being considered as an al-

‘ternative for the disposal‘ of ' the brine.
Several authors have shown. that the réser
voir if a two ‘layers ‘system.lr2.3 “This
has" to be considered in any modellng and
‘field testing of reinjection. ' This paper
',shows a field example of fluid migration
‘between the layers of the reservoir. Re-
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wells

main layers.!s2,

Samaniego
Eléctricas

were obtained from measurements at
M-15, M-21 and their replacement
and also well M-39.

sults
wells,
GENERAL BACKGROUND'

Reserv01r engineering studles commonly a-

ssume that the reservoir consists of a
single layer, and has constant rock and

fluid ‘properties throughout. The actual occu

rrence of such reservoir is almost" impposible.
The ‘environment in which ‘sediments are deposited
is very ‘complex, and there are many possible che~
mical and physical chandes that can occur, causing
heterogeneities, some of them not necessari
ly ‘obvious in the reservoir behavior. Per
haps ‘the most common type of heterogenei-~
ty that ‘we ‘come across with is that which
results from various cycles of sedimenta-
tion-a set of heterogeneous layers. The=-
re are two possible situations for these
layers which have been thoroughly ‘discu-
ssed 'in the- pressure transient ana1y51s
literature:5¢67 7 89.-

a)cross flow exist’ between the layers, -
and 'b) no-cross flow exists between the
layers -due to impermeable lamination. For
the caseé of the layer system with no-
cross flow, the only communication is by
means of the common wellbore. It is well
established that the behavior of the two
cases 1s qulte different.

The Cerro Prieto Geothermal Fleld is a hete
rogeneous systemékcomposed of at least two
/%< Pig. 1 presents an
areal view of the field.’ Shown in this -
figure are wells M-15 and M-21, which are
the subject matter of this 'study. It is

‘Intented to .show how chemical -and physi-

cal meaSurements can be used to interpret
the fluid mixing of the different layers"
ocurring in ‘the reservoir. This field -
seems to fall'on category b) of heteroge-
neous -layer systems previously discussed.
As will ‘be shown :later in this paper, com
pletion and mechanical problems in the -
production pipes cause that fluid migra-
tes from one layer to another, this being

~in some cases a severe problem, like the

scaling caused ‘by ‘the mixing of ‘hot and
relatively warm water of the two main la-
yers. ;



DISCUSSION

This section presents results for well M-
15 and M-21. First results are discussed
for well M-15, This well was drilled to a
depth of 1286 m, developing problems dur-
ing completion, like casing collapse. Re-
pair jobs were carried out in 1970 and in
1973, when a 5" casing was cemented to a
depth of 775 m. Due to the previously men
tioned problems, the job was .not success-
full and the well was abandoned, filling
it with mud to a depth of 809 m where the
well was blocked up.*/10-

After the lost of well M-15, it was deci-
ded to drill a replacement well, M-15A.
This is located about 27 m from the .ori-
ginal M-15 well, and its depth is 1264 m.
bue to the closeness of the two wells, to the ac-
tual abandomment situation at M-15, and to the la
yer characteristics of Cerro Prieto,it is expectéd
that same sore of interference auicunmmiaﬂuon
between the wells M-15.and ¥-15A would .occur. Fig.
2 shows data of M-15A of the variation
versus time of: a) temperature of fluid
produced, b) Na/K index, and c¢) flashed
steam production. The temperature of the
fluid produced (Fig. 2.a) decreased sharp
ly at the beginning and then took a more
gradual descense, until reaching an al-
most constant temperature flow in 1976.

It is important to notice in this figure
the difference between the measured bottom
~hole temperature before the start of pro-
duction (point (1), 308 °C) and the tempe-
rature after two years (point (2), 258°C).
The sharp reduction on temperature is re-
flected in a sudden rise of the Na/K in-
dex (Fig. 2.b) in the third of 1974
and after a peak in mind 1975, it decrea-
ses slowly. . With regard to steam produc-
tion, the well produced 92 ton/hr in Au-.
gust, 1974, and went down to 60 ton/hr in
three months (Fig. 2.c), finally stabili-
zed flow was reached after two and a half
years -of production, and is about 44 per-
cent of the -initial steam flow of the.
well.

Table 1 shows data of the variation of
the Na/K index and wellhead flowing pre-
ssure versus time for well M-15A. Also
shown is data of the orifice used for the
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well. It can be observed that at beginn-
ing the Na/K index had a value of 7 units,
in accordance with temperature data mea-
sured before the start of production for
the deepest layer. After 20 days of pro-
duction the index is 9.4 units. This is

‘explained as been caused by migration of

relatively warm water of average tempera-
ture of 214 °C coming from the upper la-
yer of well M-15,

Fig. 3 presents a visualization of the
situation at well M-15 and M-15A. Since
the blocking of well M-15 was not caused
intentionally, it is possible that some
fluid move away from .the upper relatively
warm layer to the hot deeper layer at
well M-15., Furthermore, this fluid of
average temperature of 214 °C could flow
through the deeper layer toward well M-
152 just 27 m apart, and affect the tem-
perature of the fluids produced.

Fig. 4 presents a more detailed visualiza-
tion of the .situation between these wells.
The Na/K index for the temperature of

277 °C at well M-15A is of 7 units, and
combined with the Na/K index of 12u for
the relatively warm fluids coming from
M-15, gives an average Na/K index for the
fluid produced of 9.5 units. This is an
arithmetic average of the indices of the
two fluids. The downward flow in well
M-15 can be caused among other things by
difference in pressure between the la-
yers or the higher density of the relati-
vely warm fluids of the upper layer with
respect to the lawer density of the hot
fluid of the deeper layer.

Table 2 shows the variation of the steam
rate -and. the water~steam ratio versus ti-
me, It is observed that at the beginning
(Fig. 2.c) the high steam rate had a wa-
ter ratio of 2.7, but it increased, with
some oscillations, with time. This situa-
tion has been already discussed to be a

possible consequence of the mixing of re-
latively warm water with hot water. Ano-
ther explanation for the decrease in the

steam rate could be the presence of sca-

1ing detected at well M-15A by mechanical



measurements.  Fig. 5.illustrates the
completion details at well M-15A. Casings
of 11.3/4" and 7.5/8" have been cemented.
This last casing has a slotted portion at
the bottom, and besides the scale problem
there seems to be others, like sand slough
ing or casing collapse shown in this’ figu—
re. The scale deposition‘may be"- explained
by the mixing of different composition
warm water with hot water. This scale
appears to be even covering part of the
bottom of the open ca51ng.

Field data that support the existence of
fluid migration between the layers is ob-
tained from well M-39 (Fig. 1) located
about 200 m from well M-15A. Fig. 6 shows
a visualization of the 1nteract10n between
these wells. In Fig. 6.a well M-39 is
shut-in and M-152 is flowing with a steam
rate of 40 ton/hr. 1In April 1976 (Fig.6.
b) well M-39 starts production, while M-15
is producing 41 ton/hr. This causes that
not .all of the low enthalpy fluid go to
well M-15." This is shown in Fig. 6.c, whe
re steam production at M-15A has increased
up to 51 ton/hr.  ~In Fig. 6.4 production
at well M-39 has decreased, causing that

" more low enthalpy fluid flow toward well
M-15a, decreasing the steam production to
its previous 1eve1 of 41 ton/hr.

With regard to well M-21, it was drilled
to a depth of 1505 m, cementing casing up
to a depth of 1080 m. As previously dis-
cussed for well M-15, well M-21 also de-
veloped problems during drilling and com-
pletion, like sand sloughing and tubing
collapse.*710. After unsuccessfull repair
jobs, the well was plugged up to about
1000 m, remaining open in the. lower part
comunicating with the liner. After the
lost of well M-21, its was decided to
drill replacement well M~21A, located at
only 21 m apart. This well was drilled
to a depth of 1300 m, and has been a good
producing well. - Again, due to the close-
ness of the two wells, to the actual aban
donment situation, and to the layer cha-_
racteristics of Cerro Prieto, it is expec
ted that some interference and communica—-
tion would occur between the wells M-21,
and M-21A. :
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-the upper layer toward well M-21A.

Fig. 7 shows data for well M-21A of the
variation versus time of: a)water-steam ra
tion, b)steam production, and c)Na/Kindex.
The water-steam ratio (Fig. 7.a) increased
with time. At short times, it hasa value
less than one, an uncommon value for a Ce-
rro Prieto well. A plausible'explanation
is that steam from the deeper layer (Fig.
8) migrates through well M-21 which is not
completely blocked up, and then through
Fig.
7.b shows the flashed steam production ver
sus’ time; as seen, it decrease with time,
reaching approximately stabilized condi-
tions at the end of 1976. Fig. 7.c shows
the variation of the Na/K ‘index, which ran
ges from 6 to 7 -units. '

Fig. 8 showing a detailed visualization of the si-
tuation at well M-21, can be used to ex-
plain the value of the index for the ‘fluid
produced. The fluid of the deeper layer at well
M-21 have a Na/K index of 5-units, while the fluid
at M-21A had originally a Na/K index of 7
units, which approximately averaged ‘gives
an index of 6.5 units, which is ‘the index
‘of the produced fluids. Thus, fluid mi-
gration between the layers could again explain
the Na/K index behavior. Also the early

~ high rate of high enthalpy steam can be explained

by the migration of steam coming from the
the deeper layer through the liner of M-21. For
later times, the decrease in the steam ra-
te and the increased in the water-steam ratio
can p0551bly be‘explained by scale deposi-
tion in the reserv01r caused by flashing.

CONCLUSIONS

The main purpose of this study has been to show
a field example of the fluid migration between,
the layers of Cerro Prieto Geothermal Field.
From the results of this warl' the following
czmclu51ons have been drawn :

1. Fluid migraticn exists bebneen the layers of
_the reservoir. For well M-15, this is
: indicated by measurements -of - the Na/K
index, enthalpy and flow rate, which change
due to migration fram the upper warm water -
layer®to- the lower hot-water layer.

2{“The Na/K index can.be used to. analyze
- the structural properties of the reser-



voir and f£fluid migration characteris-
tics. This information can be useful
for reinjection purposes. .

3. Field measurements indicate that the 6.
replacement wells are affected by the
original wells due to f£fluid migration.

4. Well spacing of. 200 m show interferen-
ce effects.

5. For well M~21, fluid migration is from
“the hot lower layer to the warm upper
layer. This flow consists mainly of
steam. )

6. There are at least two producing la-
yers with different physical and che-
. mical characteristics.
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TABLE 1/ Na/K Index for the Produced Fluids at Well M-15A

o S RSP R psi__
July 10,74 7.2 i/2» 686
July 15,74 7.0 3 " 563
July 15,74 7.6 3 " 526
July 16,74 7.5 4 1/2" 395
July 16,74 7.8 398
July 17,74 7.9 51/2" 300
July 17,74 7.7 -6 " 293
July 19,74 - 8.6 - 6 " 300
July 22,74 8.7 6 " 298
July 29,74 9.4 6 " 321
Aug.,15,74 R ,
Aug.,30,74 ° - 9,47 51/4" 280
Jan,,15,75 9.1 7 -5.1/4" 212
Mar.,11,75 9.1 5-1/4" 200
Sept.,9,75 S

Sept.11,75" 10.7 8 " 158
Nov.,10,75 9.9 .8 " 100
Mar., 8,76 9.6 .8 " 97

- May 24,76 9.4 -8 " 102

pp— —_— s o o, e e i i b e i S e A o, e e s e i S

TABLE 2. Variation as Time of Steam Rate and Water-Steam

Ratio
Date - - . Flashed Steam . Water-Steam
Rate, ton/hr “ Ratio
August 1974 92 =~
Sept. = 78 2.7
Oct.. . 73 3.0
Nov. ‘ 60 -
Jan. 1975 . 60 3.1
May . 52 - 3.4
July 44 3T
Oct. 47 - 4,5
Nov. 44 3.8
Jan. 1976 40 4.1
April : 41 4.1
Aug. 53 3.2
Oct. 41 4
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FIGURE 6.
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DEPTH CONSTRAINTS ON THERMAL STORAGE WELLS

. G. 0. Morrell and R. E. Collins
The University of Houston, Houston, TX 77004

INTRODUCTION

At the recent (10-12 May 1978) DOE Workshop on
Thermal Energy Storage in Aquifers, held at Lawrence
Berkeley Laboratory, Berkeley, Californiz, downhole
pumps were suggested as providing satisfactory produc-
tion capacity for aquifer thermal storage wells. This
problem of assuring adequate production capacity for
aquifer thermal storage wells is intimately related to the
problem of water flashing to steam and associated scale
formation within the well production tubing and in the
aquifer. This note addresses these related problems and
defines depth constraints on aquifer storage wells to
assure successful pumping operations.

WELL BORE PRESSURES DURING PRODUCTION
CYCLE

Assuming that the aquifer being used for thermal
storage functions as a laterally unbounded aquifer the
pressure distribution within the aquifer will be
essentially uniform at the original hydrostatic pressure
after a brief shut-in period upon termination of an
injection eycle. During the production cycle at volu-
metric rate, q, the pressure distribution within the
aquifer will be as shown schematically in Figure 1.

FIGURE |. PRESSURE AS A FUNCTION OF
DISTANCE -FROM THE WELL AFTER CONSTANT
PRODUCTION FOR A PERIOD OF TIME.

Here P0 is original aquifer pressure, r
well bore radius and L) is the radius defining a

"damaged” zone of lower permeability about the well.

The temporal history of this pressure distribution will be

determined as the solution of the differential equationl
k1l 2 P

® Frweme §

provided that the water remains llqu:d.

The solution of Eq. (1) can be approximatedz, for
the permeability distribution of Figure 2, to yield the
temporal evolution of the pressure at the well bore as

2

_ ‘ ¢
o)) Pw(t)=1>u-,2§|§‘,;(..1n_-)+175r!,aT Ei (- —r— b D)

is the-
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FIGURE 2. SCHEMATIC DIAGRAM OF
AQUIFER NEAR THE WELL SHOWING
THE DAMAGED REGION.

Here k is the pe;}néability of  the aquifer, kD the

permeability of the damaged zone, h is aquifer
thickness, ¥ the water viscosity, ¢ the porosity, ¢ the
effective compressibility and t the elapsed time. Van

Everdingen2 calls

k, 'D
(3) A | Y
kp Ty

the "Skin Factor" of the well.

For values of ¢ucr12)/4kt less than 0.5, Equation (2)
is well approximated by

~-p -_4gu -
4) . P,=Pg m(zsnn—-z Y)
U erp
where Y=.577216 is Eulers constant.

In order to prevent water flashing to steam, the
pressure at the well must be greater than the vapor

.pressure of water at the storage temperature3 T, hence
the mequalxty

) 1:'w i Pboiling(T)

must be satisfied.
In normally pressured aquifers the original ambient
pressure, Po is the sum of the atmospheric pressure and

the weight of a vertical column of water of length equal
to the” depth of the formation, d; thus the original
pressure is

(6) Py=Pogd+P

atm

where o is the original density of water in the
formation,'g is the acceleration of gravity, and P atm is v
atmosp_herlc pressure.



From Eqixations 4, 5, and 6 it is found that in order
to maintain the liquid phase within the well bore at the
aquifer the depth of the formation must satisfy

(T)-B,, g

borh qu . 4kt -
(m d> 5— LU (2S+ln e =y)
o og flnkhpog 4",”"1)2 . 3

Hence the minimum depth depends upon two main
factors: The storage temperature fixes the first term in
Eq. 7, while formation properties, water properties and
production variables enter into the second term."

Using the density of pure water for po‘ and
converting to field units (pressure in psi, flow rate in
gal/min, viscosity in .centipoise, permeability in milli-
darcies, lengths in feet, compressmlhty in psrl and
time in hours) Eq. 7 becomes

P (T) - 14.7
boilin,
(8) vdz- T35
+5584.1 % (2S +1n(.0010547 ---7) 'Y)
: - ¢uch
4 The viseosity is temperature dependent aceording

to" : '
© - u=10% 2404 xm[247.8/(T+l33.15)]

which is valid for liquid water along the steam-water
boundary of the phase diagram from 0°C to 300°C.
Using this in Eq. (8) the curves of Figures 3, 4 and 5 were
computed. These curves show the minimum depths
required at different storage temperatures to prevent
- steam” formation within the well bore, at the aquifer
face, for flow rates of 500, 1000, and 2000 gal/min. with
values of other parameters as given in Table I. -~

"TABLE L.

permeability =100 to 600 md

aquifer thickness = 230 feet

Skin factor =2.5 to 25 .

time of production 16 hours )
porosity = C 6 1
compressxbxllty of water = 5, 00 x 107 psx
radlus of damage =1foot .. -

0SS ~~unox

]
U

‘The tlme of. productnon used was 16 hours in order to
simulate an 8 hour storage/ls hour retrieval operation, as

contemplated by us for diurnal storage of solar energys.
The curve for zero flow rate (the uppermost solid line)
reflects the increase in the vapor pressure of water with

“increasing temperature. Also shown in these figures are

power requirements for pumping water to the surface. .

" A first order estimate of the power required for

the downhole “pump at a given depth and storage

temperature was made by requiring that the pressure at

the wellhead be greater than the vapor pressure of -

i water, . : s
L Prop > Pboiling‘T) /

Since the pressure at the top is given by
w Prop=Pw* A Ppump -pgd-APgy, > P boiling(T)

where AP

pump is the pressure increase across the pump,

pgd is the static head of the liquid column and APM & is

the pressure drop due to flow in the production tubing,
and we require

(2) - P, >Py oiling(T)

then we have the requirement for the pump

13) APpump >pgd+ AP, . ..

The power is given by

(14) Power = APpump'q> pgdq +q*APp. .

The dotted lines of Figures 3, 4, and 5 show the depth
above which a pump of the des1gnated power could be
used at the given fiow rate if Aan c is negligible

compared to the static head pgd. The increase in depth
with temperature exhibited by these curves is due to the
decrease in the density of water with increasing
temperature.

The dotted lines of Figures 3, 4, and 5 show the depth
above which a pump ‘of the designated power could be
used at the given flow rate if APfri e is negligible

compared to the static heat pgd. The power needed to
lift against the static head is given by the power
requirements of Curvel (q=0) for each figure. The
increase in depth with temperature exhibited by these
curves is due to the decrease in the density of water with
increasing temperature.

The power requirements for injection into the
aquifer can be found by the same methods as used above.
However, to a good approximation, the injection pumping
power for an eight hour storage period and an injection
flow rate of twice the withdrawal rate is given by the
difference in power requirements of Curvel and the
curve with the desired ‘values of the skin factor and
permeabxllty. The correct figure to use in this procedure
is the one with the flow rate equal to the injection rate.
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DISCUSSION

The most striking feature of these three figures is
that for equal changes in k, S, and q, the additional depth
required at low: temperatures is greater than at high
temperatures. Hence for some conditions a high temp-
erature storage system could be operated at less total
depth than could a low temperature system. - This can be
understood from the forms of Equations (8) and (9).

According to Equation (9) the viscosity decreases
by a factor of about 3.5 as the temperature increases
from 100° C to-350° C. Thus increased storage temper-
ature reduces the viscosity and therefore reduces the
pressure drop required for pumping. This viscosity effect
on the pressure drop in the aquifer tends to counteract
the effect of the increase in vapor pressure with
temperature thus enhancing the viability of high temper-
ature storage as compared to low temperature storage.

The exact constraint ~on depth for an aquifer
storage system depends upon the specific parameters of
the well-aquifer system. . Once a storage temperature
and maximum flow rate have been selected the most
important variables are the permeability and thickness of
the formation and the value:of the skin factor, S.. The
value of S will in general depend upon drilling and
completion techniques used to install the well.

It is important to note that the permeability was
not varied with depth in these calculations but was
varied over a range of 100 to 600 md. Higher
permeabilities  'generally ‘exist "at’ shallow depths.
However the trends exhibited in these figures still hold
true. It should also be noted that these curves were
computed for a fixed aquifer thickness of 230 ft.
Aquifers used for hot water storage should have as large
a permeability-thickness product as possible in order to

~ minimize the depth required.
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The skin factor S is of course dependent upon a
particular well and aquifer. From Eq. (3) it is seen that
the value of S is determined primarily by the reduced
value of the permeability near the “wellbore. Water
flashing to steam in the damaged region will result in the
deposition of dissolved materials which are soluble in the
hot water but relatively insoluble in steam. This can
result in a further reduction in permeability, and
increased skin factor, and hence an increased occurrence
of flashing.

For example at 300°C and 1246 psi, silica, the
prineipal constituent of sandstone, has a solubility of
0.068 weight per cent. If the flow rate is 1000 gal/min.
and all the water flashes to steam then silica is being

2

deposited at a rate of 2.6 x'10 ft3/min. For continuous

‘flashing and deposition at this rate, the total pore space

would be filled up in a few days of production. Of course
effects of mineral deposition would become noticeable
much earlier as the permeability in the damaged region
would decrease, hence the Skin Factor would increase
and the flow rate would drop. ’

Power requirements of the downhole pump depend
upon the depth, flow rate and storage temperature. For
example at-300°C and a flow rate of 2000 gpm using
typical aquifer properties the minimum depth required is
5000 ft. and the pumping power is more than 25% of the
net electric power which can be generated from the
retfieved hot water. An aquifer with zero skin factor
and very large permeability would still have to be at
least 2800 ft. deep and the pump would need sbout 9%
of the available power.



At lower temperatures the minimum depth and
power required are reduced but the dependence upon the

variables is much stronger. At 150°C and a flow rate'of

500 gpm the minimum depth ranges from a few hundred .~ .- " ‘

.feet to a few thousand feet depending upon the aquifer
properties. ' Power requirements could be very small or
as much as 15% or more. Iy

In summary then, aquifer-storage at high temper-

atures requires the use of downhole pumps with large:

power requirements. Therefore it appears that aquifer
storage will not-be competitive for heat storage for
subsequent electric power generation.
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Abstract

An analysis was done on the transmission of a
pressure change through a fluid filled capillary
tube. The effects of viscosity (u), compressibil-
ity (c¢), and temperature changes with time
(3T/3t) on the signal propagation were investiga-
ted. For small disturbances (less than 1% of the
bulk modulug), the propagation of the pressure
signal, P, was characterized by a diffusion like
equation,

where R is the tubing radius and B8 is the volu-
metric expansitivity. For large disturbances,
compressibility effects are more important and a
wavelike equation with damping results. An experi-
ment was run to test the numerical model and excel-
lent agreement was found. Recommendations were
made as to the best operation of the tool. -

Introduction

Well testing is an established method of
assessing reservoir properties. However, accurate
pressure measurements are essential. Due to the
harsh environment of a geothermal well (high tem-
perature and high content of dissolved solids and
gases), most existing downhole pressure measure-
ment devices cannot be used. For single phase
flow in the wellbore, down-hole pressure changes
can be obtained from wellhead measurements by
taking into account gravity effects and frictional
losses. For two-phase flow in the wellbore, the
modeling of the flow is not yet sufficiently
accurate to obtain downhole pressures from well-
head data. One device that can measure and record
pressure at high temperatures (700°F) is the Kuster
pressure tool.l However, the tool has several limi-
tations: the accuracy and resolution is less than
desired; downhole pressure cannot be monitored at
the surface; and it does not have the capability
to record pressure for longer than 12 hours. The
tool is also subject to mechanical problems.

A method of continuously monitoring dovmhole
pressures in geothermal wells was proposed by
Fournier“. This method utilizes a fluid filled
capillary tube downhole with a pressure gage at
the surface, The fluid used can be either a gas
or a liquid which does not undergo a phase change
at the temperatures and pressures of the system
and is usually less dense than water. The stain-
less steel tubing presently used by LBL in
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geothermal well tests is approximately 8,000 ft.
in length with an 0.D. of 0.094 in. and an I.D. of
0.054 in." Tubing with an I.D. of 0.026 in. has
also been used. The tubing is attached to a lar-
ger chamber downhole. The large chamber minimizes
changes in the brine/fluid interface level, provi-
ded this interface remains in the chamber. The
chamber, used at LBL, is 10 ft. long. Changes in
downhole pressure are transmitted through the
fluid to the pressure transducer located at the
surface and are recorded with ‘the Sperry Sun or
Hewlett Packard System. Tt is important to
specify, however, that care be taken in using the
data obtained. <Changes in downhole pressure are
not sensed simultaneously at wellhead because of
the compressibility and/or viscosity of the fluid.
High frequency signals are attenuated more and
have a greater phase lag than lower frequencies.
Because transient pressure signals are just a sum
of ‘different frequencies, a signal waveform gener-
ated at one end of a capillary tube will arrive as
a different waveform at the other end. The amount
of distortion depends on'the signal shape itself.
Any temperature changes in time along the tube
create additional pressure signals which further
distort the downhole signal. These effects must
be corrected to obtain the desired, accurate
pressure measurements,

This problem has been considered previously
because there are many applications in which a
fluid is used to transmit pressure signals, e.g.,
fluidic amplifiers. One of the first delineating
papers on the subject was given by A.S. Ibera113,
who considered the attenuation of oscillating
pressures in instrument lines. A number of other
researchers (Brown4, Kantolas, Karems, and
Schuder’) have considered this problem of the
response of a general pressure transient signal.
Unfortunately, they have dealt with small distur-
bances, and they have not included outside tempera-
ture effects. (A small disturbance has been de-
fined as a pressure step change of less than 1% of
the bulk modulus.) When oil is the fluid, pres-
sure changes as large as 2,000 psi still qualify
as a small disturbance. On the other hand, when
gas is used, the pressure change must be less than
(.01)P when P is the pressutre in the tube. For
a pressure level of 2,000 psi, a pressure’change
of only 20 psi would qualify as a small distur-
bance.

This paper gives the equations and solution
procedures for both small and large disturbances.
The problem is solved numerically, although an
analytic solution can be obtained in some cases.



These will.be presented in a future report.. For .
the small disturbance case, a ‘diffusion-like equa-
tion results. For the large disturbance, the.. '
equation is similar to a wave equation with damp- ’
ing. .In both of these.cases, the environmental
temperature changes, which occur in ‘the geothermal
well, have been- included in the’ solution. .

Using the solution procedure developed at
LBL this paper will look at the: effect of the
capillary tubing on the downhole pressure signals.
It will consider. the effects of tubing size, type.
of fluid (nitrogen versus silicone oil), and
temperature effects. e )

Defining Equations - s ‘ntjz?wfilwik' B

In general to determine the fluid response

in the. tube, the Navier-Stokes equations of momen~- -

tum, mass, .and_energy must be solved. Because the-
capillary tubing is so small, the fluid at any
point inside the tube will be assumed to. be.at.

the same temperature as the water or water/steam
‘mixture surrounding. the:tube in the well. Tempera-
ture changes are controlled then by the. geothermal,
fluid, Given the changes in time.of the tempera-
ture profile along the well, only the equations . .
of mass.and momentum need be solved. . .

One-dimensional transient flow along the X=
axis is assumed. The continuity equation is

39 3 (pu) _ AR
3t * o 9x (1)
The momentum'equation 1s
9 (pu) 3 (pu ) o r du),
at +ax x S ax ~Pg- u[r ar ar ] @

Because the tube diameter is so small, the radial
gradient term will be larger than the axial term
in most cases. Then the viscous term can be ap-
proximated as a friction factor times an average
veloclty squared:
l.é_rﬂ'=l__fou2
? r or ar] 2 D

This form is 'a good'approiimation“for'a fully
developed profile.
developed profile results for a given pressure
gradient if vt/R2 >°0.5.% For R'= 7 x 10™%m,

v = 5 %10"° m?/sec (gas); this condition 1s true
when t > 107% sec. -Because ‘time changées of inter-
est are greater -than 10f'2 sec, a fully developed -
profile is assumed at all times for both the* -
laminar and turbulent cases. The momentum equa-
tion now is IR

. . 4 - . 2 -
B fedy 2 feuT) - Bpe_ o L fpu”
- ‘-ax( )+ ox ( Z) T PETT

.For the 1aminar case, the friction factor, f,-
is 64[Re ‘where Re is the Reynolds number. (Re =
uD/v). ;For-the turbulent case (Re->:1,760), an
equation for.f.as.a.function of Re for a smooth..
tube was determined to be o

For “the laminar 'case, a fully *
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£ = 0.18 Re~0¢2 (1,760 < Re < 107).

Also, since it is only changes in pressure that
are of interest, the static gravity balance is
subtracted out.  The pressure is written as p, +
P' and the density as pg + p' where dpo/dx = -pog.

The downhole chamber
gage 1s at x = L.
.the fluid is"quies-

The tubing length is L.
is at x = 0, and the pressure
The initial condition is that.
cent, u(x, t=0)=0, and only a ‘static -gravity pro-
file exits in the tube, po(x) = —éx pogdx + Py
The boundary conditions are .

WL, >0 =0
PO, >0}
s or ‘15 specified,
TR @, e 0)
T (xg.f 2 Ql:‘ is known from the

fluid in the well.

Small'Disturbance:‘lﬁ‘,” o

A small disturbance will méan that the flow
is laminaf and that convection effects in’ the mo-k
mentum equation can be neglected. This is true,
as stated, for a disturbance that is less than
1% of the bulk modulus. For a gas to satisfy
these conditions, AP < .0lP. - However, for a
liquid a AP of the order of 1,000 psi can usually
be described as a small disturbance because the
changes in density are so small. The momentum and
continuity equations can be simplified further so
a diffusion—like equation results.

TFor a small disturbancé, u will be small as
well as Ap. The continuity equation reduces to

du
3x

1l @

P a3t

if second order terms (uaplax in this- equation)
are neglected S ..

The derivative of the momentum equation 1s
taken with.respect to x and 3u/3x is replaced by -
Eq. 4.

32?' o

©9 . 3u. - N ap 8u du
Pl = o B T2 (5

-

The left hand side is 2nd order and is neglected
Then .

An equation of 'state 1is used .to relate: density to
pressure and temperature: .

B-dp'= BdT + cth (6)



where B is -volumetric expanstivity and cy is the
isothermal compressibility. (The temperature
changes must be known.)

.,
% SR YURNY VY S )
T =8 Yo IBr et
X R
or
et _ B2 9% goaT  R% 3t
3t - - Buc, .. 2 . ¢, 9t + 8uc, -9x ™
g Tt oax t t .

The first term is the diffusion of a pressure
pulse down a tube with a diffusion coefficient

of R /8uct. The second term gives the pressure
pulse generated by any temperature changes in
time. The last term is due to changes in the
balance of gravity effects in the tube and for
01l in the tube, it is quite small. The solution
to the equation subject to the stated boundary
conditions is straight forward when the pressure

is given downhole. . The solution is not so simple .

if the pressure at wellhead is given and one must
determine the downhole signal. Nevertheless, to
make a comparison of the effects of different
fluids, tubing sizes, and temperature changes,
the downhole pressure was assumed and the result-
ing pressure signal arriving at the second end
was calculated. Equation 7 was used to simulate
the o1l in the tubing.

Large Disturbance

For a gas filled line, most transient respon-
ses will be larger than 1% of the bulk modulus.
(For an ideal gas, the bulk modulus is equal to
the pressure.) Compressibility effects need to
be included as well as damping effects. Simpli-
fications used above for small disturbances
cannot be made.. The equations to be solved are
the continuity, momentum and equation of state
(Eqs. 1, 2, 6). A numerical solution was used
throughout.

To solve the three equations numerically,
the equations were combined to provide a solution
for the new pressure. From this pressure, the
new density was determined, and then the fluid
velocity. The equations were combined by taking
the 3/3x of the momentum equation (Eq. 2) and by
subsituting -3p/3t for 3(pu)/dx from the con-
tinuity equation:

éigé_z__(puz)q.a_zl’..;. ap_'_ 3 [fii‘;‘.z.]
2 2 2 T E8%x T 27D
3t X 9x

(8)

For laminar flow, the last term is rewritten as -

1 3 2y .8 3 puy _8u 13 puidp
2D 3x (fpu”) g2 ¥ (p ) R [ p 3t pZ Bx]

using f = 64/Re.  Similarly, .for turbulent flcw,
the last term reduces to

0.0 72 1.8w% % %  (uwl®

f 11 - - )

D1.2 P ot le

when f is approximated by 0.18 Re~0-2. To relate
changes in density to pressure changes, the equa-
tion of state is used.

This set of equations 1, 6, 8) was solved
using a finite difference approximation. The
pressure terms were evaluated in a implicit manner
to avoid time step limitations. To eliminate sta-
bility problems, the friction'effect was also eval-
uvated implicity. Because of the large dissipating
effect of the tube walls, shock waves (discontinui-
ties) will not form. However, since increases in
pressure ‘are directly related to increases in
dissipation, these two effects must be considered
in a similar manner. To facilitate the program—
ming, convection terms in the momentum equation
were evaluated at old time steps, so a time limi-
tation was imposed here. The pressure is deter-
mined by Eq. 8. "Then the density is determined
from the known imposed temperature and the new
pressure. The new velocity is determined by Eq. l
where 3(pu)/3x is evaluated implicitly. -

The finite differenced equation for the
pressure for a buildup is given below. The con-
tinuity equation is similarly ‘differenced.. The
pressure, temperature and density are evaluated
at node points while the velocity is determined
at half node points. The resulting equation for
the pressure is : - B

241 £+1

- rlPig YRl

[1+2r+s}pf+1

£ Ax L
(1+s)Pi - TR [pui+% - pui_%] +

2 2
r[pu - 2pui 3 + puy_ 3/2]

P, -P, L
ghx - £ _ Arouy | i+l 41T
T 5 [y - S5 [ )

+1 B
(el (1P -1y £

where r = (At/Ax) (l/pc ), and s = (8u/R2) (At/p),
and where 1 denotes the spatial position and £
denotes the time step. An upwind difference scheme
has .been used for the convection terms.

Both the small and the large pressure dis-
turbances can be handled. First, the solutions
will be compared to experiments, and then a con-
sideration of the effect of different tubing and
different fluids will be considered.

E§2eriment
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To determine 1f the equations developed do
describe the fluid transmission line, an experi-
ment was run. The experiment was done for the iso-
thermal case. The capillary tubing used in the
field was filled with nitrogen for one test, and
with 10 centistoke silicone o0il for the second
test. - The tubing was 8,000 ft. in length with an
inner diameter of 0.054 in. The-pressure was re~
corded at both ends, one with-a Hewlett Packard
gage, and the second with a Sperry Sun gage.



" distorts the signal.

The tubing was filled with either nitrogen or oil
and allowed ‘to equilibrate at some initial-pres-
sure. The pressure at one eénd was then increased
by Ap and held constant; The pressure:was recor-
ded at :the second:-end. - A nitrogen filled bottle
_at high pressure was used to ‘provide the step.
change:in pressure. ..Figure:1 is a sketch of :the-
‘actual ‘pressure measuring system. - For the experi-
ment; the downhole ‘chamber was replaced with the.
nitrogen tank and:a valve.. The -comparison between
~the experiment and the: calculated response is
shown in Figures 2,73and 4.

T ." E? Pressure gage
at we!lhead

l— 1.0. = 0.054" -

8000 feet

CHANSER PLACED DONRHOLE

e b

0Oil or nitrogen
' o 10 feet-

Geothermel
, brine
. h————d

"anialo-zlln" :

"¥igure 1. Schematic of downhole pressure
I ; measuring system. .

Figure "2 shows the isothermal response of
the tubing system to a step change in pressure
for the oil filled tubing. ~The three cases shown
are (1) pi = 1109 psia with &p = 490 psi; (2)
pi.= 1598 psia with 4&p =.478 psi; and (3) pi =
2075 psia with 4Ap = 12 psi. On the graph, “the
step function 15 plotted along ‘with the pressure
measured at the second end.: The tubing clearly
The response of the tubing

is about 20 minues.. The small disturbance equa-
tion matches the data quite well in all three
cases.  Figure 3 shows the- résponse of the oil
S filled” tubing at very low pressures, py = 14.7 psia
with Ap =-1000 psi This -match is not good at “the
low pressures., It is likely that a gas bubble was
“trapped in the tube at the beginning of the experi-
ment, and this bubble was the cause of the slow
pressure response. : On the whole, the small dis-
turbance equation gave an excelleat match. with
the experiment, and this equation will be used
to model the oil filled tubing. !

Figure 4 shows the experiment and the calcu-
lations for the nitrogen filled tube. Again, the
experiment was run for constant temperature. The
cases considered were (1) py = 587 psia with Ap =
454 psi; (2) py = 1520 psia with Ap = 820 psi; and
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(3) pi = 1520 psia with Ap = 103 psi. The large
disturbance equation was used to match the data.
Again, the agreement is excellent. To illustrate
that the small disturbance cannot be used, the cal-
culation was done for case (1) using Eq. 7. Curve
(c) in this figure is this calculation. - It does
not match the experiment at all., The calculated
response is too fast. In deriving Eq. 7, some
compressibility effects were neglected. These
effects are important with the gas filled tubing
and so the full set of equations (1, 2, 6) must be

used, i :
i ) 1 T T T T 1 T T (d)
10 P2075 psia m
o
so0 ta) B
= o2s0 - ‘ .
8 P;= 1598 psia
a -
of imposed pressure |
NUC S O Chinge. Pressur
gl {b) pressure response
C (b} L . | sotuti
2:50 - P, + 1108 psi i( numerical solution = |
. ) *o experiment .
ol 1 L 1t L | s
) o 20 3% O 0o 20 30 03510
’ Time (minutes)
XBL 7610 -~ 2099
Figure 2. ' Response of oil filled tube to step
- change in pressure; both experimental
measurements and calculations are shown.
: |, I(o) I [ T
e e o e = - --—q
1000 i~ hnposed pressure chonge :
800§
e " {b)
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L= ' -
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- p ® 14.7 psia
‘a
g 400§ -
h ez pyumerieal soluﬂon
200} “ou oxperiment -
', i 1 ]
o 10 20 30 ‘40
Time (minutes)
XBL 7810-2097
Figure 3. Response of oil filled tube to step

change in pressure at low pressures;
both experimental measurements and
calculations are shown.
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Figure 4. Response of nitrogen filled tube to
step change in pressure; both experi-
mental measurements and calculations

--are shown.

The experiment has shown that the small dis-
turbance method is accurate for the oil filled
tubing, However, for a nitrogen filled tube, the
full set of equations need to be solved. The
equations will be used to look at the effect of
the tubing on typical downhole pressure signals.

Isothermal Pressure Signal Response

For the isothermal case, the effect of the
tubing with the different fluids on a typical
drawdown curve will be considered. - Figure 5 gives
a simulated downhole pressure change g 7§rated by
the equation py . . = 1980-180(1-e"t

15 In[(t+10)/10] shown by curve (a). The first
term in the equation is'the initial pressure, the

~ second ‘term simulates a drop in pressure due to
wellbore storage, and the third term approximates
the straight line semilog plot that results at
later times and i1s indicative of the reservoir
itself. This is the typical shape of the pressure
drawdown curve. A very small wellbore storage
constant is being approximated, because it is the
sharp changes in pressure which are distorted the
most by the pressure measuring system.

2000 T T " T T T

. {a). actual downhole pressure response

o/

\\ .+, With fluid filled copillary tube

[ {b) 356°F, 10¢s oil -

1900 H ) ) ~
S |I\ (c) nitrogen

‘w A {d) 70°F, I0¢cs ot
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a

e — T

1700 | I ! 1 1 ! i
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' . XBL7810 2102
Figure 5. Comparison of the effect of different
fluids in the downhole pressure measur-

ing instrument on the measured pressure
signal.

‘The other three curves shown:in-the figure
are what would be-measured at wellhead with the
capillary tubing (0.054 in. tubing was used for
this simulation). - Curve (b).gives the response
for 10-cs silicone o0il at -356°F. - The measured
curve matches the actual downhole signal after
approximately 5 minutes. :Curve (c) shows: the

-response ‘for the nitrogen. This:matches after.

about 10 minutés.: Curve (d) 'shows the response -

.at “low temperatures with.10 cs-silicone oil.- The

response is quite slow,; taking at least 30 minutes
for the measured signal to- approach:the actual -
downhole signal. The delay in response between
curves (b) and (d) is due to the large increase
in the viscosity of the oil when the temperature
of the oil is lowered. There is an order of
magnitude increase in.the viscosity of the oil for
a temperature change from.350°F to 70°F. For the
oil filled tubing, the response is controlled by
the diffusibility, R /8uct. As the viscosity

increases, the damping effect is increased. From
this comparison, one sees that the oil filled
tubing should not be used at low temperatures un-
less the tubing radius is increased substantially.
The nitrogen is strongly dependent on pressure.

If pressures much lower than 1,000 psia are meas-
ured, the nitrogen response will be much slower.
Of course, .these comparisons are made for the iso-
thermal case. Temperature effects will be con-
sidered in the next section. ~

Since the measured pressure signal is usually
plotted on a semilog plot of p vs log time, the
graphs in Figure 5 have been replotted in this
manner and shown in Figure 6. The slow response
of the tubing is quite evident here. All three
signals eventually approach the semilog straight
line. However, some configurations do faster
than others. Because of this one might pick an
incorrect straight line. This problem is espe- 1t
cially evident from the low temperature oil
filled tubing curve. As the measured response
approaches the correct semilog straight line,
the measured distorted signal is almost straight
itself. If the test is stopped at this point,.

a slope too steep would be chosen.. This same
problem of two regions where the measured signal
appears to be a straight line on the semilog
plot is seen also with the high temperature oil
curve, After 7 minutes, the measured curve
approaches the actual downhole pressure.  If
the test was stopped at this point, an incorrect
straight line might be chosen. 'For. the iso-
thermal case, an estimate of when the .measured
signal will have responded to a given pressure
change.is when t > 10L2/4k, where k = RZ/8uc,.

“For the low temperaturée oil, the ~signal takes at
least 40 min. until the downhole and measured

 'signal match. ~No additional Tesponses can be
'tolerated during this time. R
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Figure 6.: Comparison of the effects of the dif—-v

ferent measuring systems.on the meas-.
" 'ured signal graphed on seml logiplot.

With this measuring system, the very early "
time data of either pressure drawdown or buildup
curves, is due to the measuring instrumentation
and not -due to the well itself.- Figure 7 .shows
the signals obtained in the isothermal case with
the oil filled tubing using two different early
time drawdown curves. Curves 1 and 2 show the
simulated drawdown curves, one with an early time
drop of -180 (l-e~t/5) and the second with a
change of -180 (1-e~t/50), The pressure signals-
calculated are given by 1' and 2' respectively.
One might take the response curve 1' and try to
analyze it like a wellbore storage effect. Actual-
ly,: the slope of the curve is greater than 1 which
should alert one to this error. What is being’
seen is the storage effect of the measuring tube.
The flow rate out of the bottom of the tubing is
not constant, so .the slope of this:measuring
instrument storage will not be on a 1 to.1 plot.
The actual data is not as smooth as that plotted,
and. this problem might not be evident immediately.
Also, the large difference between curves 1 and 2
becomes much smaller with-1* and 2', This means-
that if one 1is trying to obtain the actual down-
hole pressure from the measurements, any slight
error in the data is magnified. For example, one
might try to use curve 2' as the boundary condi-.
tion at the top of the tube,: ‘and then try to
obtain the downhole signal from 1t, Actual
measured data will be scattered around curve 2',
If an experimental point were chosen closer to
curve 1' than 2' because of the scatter in the
data, the downhole signal obtained _would be curve
1 instead of 2. There is an order of magnitude

-difference in the assumed storage constants -
between the two curves.  This would be a. signifi~
cant error, when the error in the measurement was
small.
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Figure 7.

-- sponse.
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Comparisen of the measured signal of
different downhole pressures on a log-
~log plot.

From the isothermal comparisons, one sees
that the high temperature oil gave the best re-’
-However -at these pressures; the nitrogen

is not too bad. In either of these cases, the
“tubing resporse must not. be" interpreted as’ the

"re5ponse of the well itself.

aNon-Isothermal ReSponse R

At high temperaturés, the 0il: looked like. it

“WOuld respond faster than the nitrogen.” This:is
altered when temperature effects are considered.-
Because the oil ' is almost incompressible, any in-
creases in temperature are seen as large: increases
“in pressure at that point. The pressure signal -
‘generated is (B/c¢)dT/3t.  “This means that, even
though ' the preSSure is ‘dropping at one end, the’
measured signal’ may actually increase for awhile.
"This has beén seen in field data (sée Ref. 9).
‘alleviate this problem, the well is flowed until

“-the ‘change ‘in temperature with time 1 less than

say 1 C over 1 hour. 'Thén, the flow rate is-
changed. “Even in tliése circumstances, small
temperature changes still take place in the geo-
thermal well because of changes in heat loss out
of the well and because of changés in -the flash
level.  This will alter the measured pressure
signal. Figure 8 ‘shows this effect for the oil
filled tube. .In .this graph curve (a) is the
desired signal and curve (b) is thelsignal
measured- for the isothermal case. - Curve (c)

is now the measured signal when the” temperature
at a point changes an average of 2. ,7°F .over 10
minutes, i.e., in 10 minutes: thé- temperature

the bottom, the temperature is constant in
time. The AT at other points in the well is
Just proportioned over -the length of the well.
This is a typlcal temperature change for a
flow rate change of: 100 gal/min to 200 gal/

min. The'actual temperature used was
-t/ (150 sec) _ 13°C
T(x, t) 2400 e 400m x + 181°C

The pressure response increases and:then slowly
decreases. Still, for this relatively small AT,
the measured signal takes 10-20 minutes instead
of 5 minutes to approach the desired signal.
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Figure 8, ' Temperature effects on the measured
signal for an oil filled tube.

‘Figure 9 shows the :same plot for the nitrogen
filled tubing. The pressure increases very slight-
ly at early time and then approaches the downhole
signal in about 15 minutes, For the very small-AT
chosen, the oil filled tubing responds much slower.
This is because of the term B/cy. Although the oil
filled tubing can respond faster for a given pres-
sure change, the pressure at a point is increased
about 25 times more with the oil for a given AT.
The oil filled tubing at these pressures then looks
much worse for small AT's.:. Of course these calcu-
lations are done assuming.that the fluid heats up
at the same rate. In the well itself, where the
total heat capacity of ‘the fluid is small compared
with that of the fluid in the well, this assumption
is valid. Above ground temperature changes in the
fluid may not be at the same rate for both the oil
and nitrogen. Still, this temperature effect can
be controlled while that in the well cannot.

1 | 1 T T

(a) downhole pressure

(b} measured pressure

1810 - 'signal-isothermal (356°F) |

] Ne
] {c} measured pressure signal :
~ 1800 with average AT=27°F
° Ng, Ty= 356°F
"
17
@ 1790
a
1780 I [ L
o 5 10 15 20 25 30
Time {minutes)
XBL 7810~ 2101
Figure 9. Temperature effects on the measured

“signal for a nitrogen filled tube:

Geometry Effects

Because the small tubing diameter has such a
large effect on the signal, the pressure response
Figure 10 shows
the signal for oil filled tubing and Figure 11 for

was analyzed for different sizes.

the nitrogen. Diameters of 0.026", 0.054" and
0.108" were considered. The non-isothermal case
was run with the average AT = 2.7°F as this is
typical for drawdown tests. One sees that the
smallest diameter tubing produces very large -
distortions in both cases and should not be used.
The larger diameter tubing produces good results
for both nitrogen and o0il and should probably be
used instead of the 0.054" tubing. However, the

larger the diameter of the tubing, the greater the

brine/fluid pressure sensing interface will move

for .a given pressure drop because more fluid must

exit the capillary tubing. When this interface

moves, the pressure is actually measured at differ-
This is-a greater problem with nitro-
gen than oil because of the larger density differ-

ent points.

ence. :The chamber diameter cannot really be in-
creased because of the difficulty in getting it

downhole. - . = -
wo[ T T T
230 (a) downhb1g pressure ]
(b)—(d) measured pressure-signal
(0i1 as fluid, 356°F, AT change of
220 21°F) . -
.= DIAMETER OF TUBING
2 (b) 0.108"
. 20K (c) 0.054" I
w @) o0.026"
-
a
= 200
(-
190
180 1 i ! 1 1
0 10 20 3
TINE (MIKUTES)
XBL 7811-2172
Figure 10. Effects of diameter on the measured

* . signal for an oil filled tube.
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{a) Downhole pressure

(b)-(d) measured pressure signol
(Nitrogen as fluid, AT change of 2.1°F) |
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Figure 11. Effects of diameter on the measured
: signal for an nitrogen filled tube.
Conclusions

A method of calculating the pressure response
of a fluid filled capillary tube has been deter-
mined for both large and small pressure disturban~
ces.” For a small disturbance and for constant
temperature, the data will be the actual downhole
signal when t > 10L#/4k for a given pressure change.
If there. is a temperature change or if the distur-
bance-is large, another time estimate must be
made. This has not been done yet.

(1) When the fluid filled capillary is
used to measure downhole pressures,
the signal 1is distorted. - High fre~
quencies are damped more than low
frequencies.

(2) Any tempereture changes, even slight;
say 1/2°C, increase this distortion.

(3) Onermust be careful that the instru~
ment response not be interpreted as
the response of the well itself.

4) The capillary tubing of 0.026" I.D.

. -distorts ‘the downhole signal signifi-
“e¢antly and should not be used. The
tubing of 0.1" has a shorter response
time and 1s still -flexible. This
size tubing would probably be the -
best: for this type of instrumentation.

(5) 1f the temperature at the surface
! is controlled then a recommendation
of the best fluid is oil when the
temperature is high but not varying
in time, and nitrogen when the
temperature is low or for high
- temperatures when the temperature
" varies significantly with time.
At low pressures and low tempera-
tures, the tool should not be used.
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) As ‘the response of the tubing has been deter-
mined, the actual downhole signal can be obtained.
However, the exact time of the flow rate change
must be known; and for the non-isothermal case,
some idea of the temperature change with time is
necessary. Given this information, one could
guess the downhole pressure in a systematic way
until the calculated pressure matches the measured
signal. An analytic method for the small distur-
bance equation.is being developed which would make
the inversion simpler. No method, though can
correct the signal without the necessary informa-
tion on the temperature changes; and for that
case, early time data cannot be used

Nomenclature
D = capillary tubing diameter
¢y = 1isothermal compressibility of fluid
£ =  friction factor
g = gravity
Py = initial pressure
Ap = pressure change
P =  pressure
Po = static pressure
p'. = p-po
P, = ~ reservolr pressure
r = radial direction
R = . radius of capillary tubing
Re == Reynolds number, puD/u
t = time
T = temperature
X = ~axial direction
u =. wvelocity in axial direction
8 = . yolumetric expansivity
[ = .density
) p9 = static density
Pt = p-po
v = kinematic viscosity
M =" absolute viscosity
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TWO AND THREE DIMENSIONAL FlNITE-ELEMENT SIMULATION
OF GEOTHERMAL ‘EXPLORATION WITH REINJECTION i

6. F. Pinder;* C.-1. Voss#
Princeton University

The impact of cool water reinjection wells on the energy
output of a producing 'geothermal well can be effectively simulated
using an iterative finite-element reservoir model. While a correct
system representation requires a three dimensional formulatlon, the
system can also be described. approximately using an.areal two-dimen-
sional model Comparlson ‘of the “two resulting solutlons provide
insight into the limitations of the vertlcally {ntegrated model.

-The geothermal reservoir simulator employs several unique
features in lts formulatnon An . asymmetrlc weightung function s
‘used in conjunction with the energy convection term to provlde an
upstream-wenghted effect. A block iterative finite-element scheme,
similar to LSOR, ls used along with.the total increment method to
solve the resulting set of non-linear algebraic equations

%Present address: Stanford University
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- -THE EFFECT OF - THERMAL DISPERSION - &u—f
~-ON INJECTION OF HOT WATER IN AQUIFERS

1.7, Sauty®, A.C. Gringarnten™, P.A. Landel®

ABSTRACT

\ ~ Two series of experiments on hot water injection, .
: storage and recovery have been performed in France in

" 1976 and 1977. Analysis of temperature profiles in the

. aquifer and temperature spot measurement in the cap-
rock provided détailed knowledge of the thermal behavior
of the reservoir. The 1976 data were used to calibrate
a numerical model that was then able to accurately pre-
dict the results of the second series of experiments
performed in 1977. .

The results give strong evidence of the existence of
heat dispersion during injection and recovery operations
with a resulting apparent thermal conductivity in the ’
aquifer much higher than the one measured usually by
conventionnal methods. .

This phenomena is important for predicting the
efficiency of heat storage or low temperature geothermal

projects and cannot be neglected.

1 - INTRODUCTION

The use of the classical heat conduction theory
for analyzing heat transfer experiments in aquifers
yields abnormally high thermal conductivity coeffi-
cients when calories are transported by a fluid
with a high enough velocity.

In two experiments conducted in different loca-
tions hot water was injected at constant rate into
a well, then produced immediatly from the same well
at a higher flow rate. Average conductivities equal
to 4.5 and 2.4 cal/m/s/d° were obtained (CLOUET,
LEDOUX, 1975) : respectively 7.5 and 4 times the
usual value (A = 0.6 cal/m/s/d°) for a saturated
sand and gravel formation.

Similar analysis of .a serie of 4 successive hot
water storage experiments performed by B.R.G.M. in
the year 1377 lead to a still higher apparent con-
ductivity A of 12 cal/m/s/d° (20 times the expected
value) .

Characteristics of these various experiments are
summarized in table I.

*
Bureau de Recherches Géologiques et Miniéres,
Orléans, France

£33
formerly B.R.G.M. ; presently FLOPETROL, Melun
France

Such ‘anomalies are explained in this paper by
taking into account a kinematic dispersion effect
in addition to thermal conductivity.

The numerous data accumulated during our expe-
riments on the Bonnaud site allowed us to determine
with precision a value of dispersivity from the
calibrated apparent conductivity. It was found
that this parameter was of the same order of magni-
tude as the dispersivities measured in the same
field by means of chemical tracers, thus strongly
conforting this concept suggested for porous media
by GREENS, 1963 and BEAR, 1972. The fact that
BEAR concluded to the small importance of disper-
sion relatively to thermal conduction appears to
be due to the small dispersivity value measured
in laboratory experiments while we are considering
aquifer in situ behaviour where dispersivities
are much higher (macrodispersivities).
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L : -Injection . Production Thermal |Apparent
Aquifer . Stor nductivity| o
thickness |temperature Q4 ty p t orage ) conductivity A/A
© (m). 1 e¢c 71 (@3/hy |Guration (mg/h) durbtion|Redivs
A , : ol : (m) (cal/m/s/d°)
(@ @ e ,
ensmp* - ,
BURGEAP CER TR :
at. Newlily IECTIE N B CLER T 3 30 3 8 4.5 7.5
1974
ENSMP"f”” : ,
BURGEAP"" . : . S ;
at Noisy 30 200 115 3 130 | 3.7 12 1.8 4
1974
BrGM*** s , : g r g 12 : :
at Bonnaud 2.5 34° 2 3.4 3.4 12 . 20
1977 ’ ) 6 6 10
v 6 6. 10 -

TABLE -I - Characteristics’cf several experiments of hot water storage

11 - PROPOSED THEORY

When water is injected into an aquifer at a
different temperature, transfer of heat takes place
in many different ways 1n the aquifer and in the
confining layers :

(A) in -the aquifer, the average bulk movement of
the liquid causes. heat convection (forced
- ‘convection induced by wells and/or advection
by a regional flow of groundwater) - -

(B) Differenciations in the movement of each water
particle results in kinematic dispersion ;. the
differences in velocities are dué either . :

i. to Oelocity distribution inside each pore
‘tube (at the scale of one single pore) P

2. to the tortuostty of .the stream paths
" -around the solid matrix {at the scale of
several -pores), with diffusion (or thermal
-“conduction) :contributing -to- exchanges between
-adjacent pathlines '; . -

and -3, to differences in the mean vélocities bet-
‘ ween zones of different permeabilities (scale
. superior to that ‘of local aquifer permeabi-
lity heterogenettws)

(C) Heat is exchanged inSide the aquifer between-
the water and the porous matrix. In fact, it
is admitted - (HOUPEURT, 1965) that’ temperature
equilibrium is reached almost 1nstantaneously
“(in less than 1 'sec. for a $§ 1mm grain, "1 min.
" for '@ lcm and 2 hrs for @ 1dm). ‘Considering’
the ‘linear laws for heat conduction; the ef-
.fects of the various heat exchanges with the
solid matrix are similar to those of a linear
instantaneous and reversible adsorption =~
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desorption reaction with mass transfer : the

final result is a delayed transfer which in-
-creases the time scale in the ratio of heat

capacities (fluid capacity versus aquifer ca-

pacity). However, the conductivity. inside the
~'grains introduces a difference with respect

to chemical adsorption, but this effect can.be

included-into-the global conduction term inside
" the raquifer.

(D) Natural heat conduction can result from densi-
-ty differences between warm and cold water. We
‘do not take this. factor into account as we
..consider shallow and generally anisotropic:
~ aquifers -and limited temperature constrats.

() Finally, heat 1s transferred by thermal
-... conduction from the aquifer to- the surrounding
'layers.«“ S R

Global: partial differential: equations for des-

'cribing heat transfer within the aquifer can then

simply be ‘obtained -from the ones describing mass .
transport by. replacing the ¢concentration C. (mass-
per unit:of water .volume) by prCp 0 . (thermal

' energy per unit of ‘water: volume) in-the convective

and dispersive terms and’ the solute mass storage
by the heat energy variation of-the aquifer :

PaCa 8/3t (SAUTY, 1977).

* Ecole Nationale Superieure des Mines de Paris
Paris, France"

*% Bureau de Géologie Appliquée, Neuilly, France

%%% Bureau de Recherches Géologiques et Miniéres,
Orléang, France )



The result is :

B.l @ IvlchF+xA)$e BESE yFo) (1)
at - paCp PaCa
with @ : temperature l
t 't time )
PFCFp : heat capacity of water
paCp ¢ heat capacity of aquifer (matrix+water)
&A :+ heat conductivity of aquifer
v : DARCY's flow velocity
T : dispersivity tensor

It is possible to define an apparent thermal
conductivity tensor within the aquifer :

- A 0 O @, 0 O
X=10 A& 0 +pCp.R [0 op O} {v| - R
0 0 LI (2)

R being the rotation matrix from velocity axes
into reference axes ;

ar, and ap being respectively the longitudinal
" and transversal dispersivities.

In the direction of flow, the apparent thermal
conductivity tensor reduces to :
. |9 (3)

A=A 0+ O . pFCF

111 - FIELD EXPERIMENTS

Several heat storage and heat transfer experi-
ments were performed in the years 1976 and 1977
in an alluvial, sand and gravel aquifer located at
Bonnaud, France (North of Lyons). The aquifer was
confined and well defined between two layers of
clay (fig. 1). It had been devised previously
for extensive tracer tests experiments in the
period 1973 to 1975 (GAILLARD et al., 1976).

The heat transfer experiments included constant
rate injection of hot water in one well and pro-
duction at the same rate from another well (dou-
blet), and two-series of heat storage experiments
from a central well C.

The first series of storage experiments consist
of three successive injection and production cycles
performed in 1976 ; they were used (1) by Ecole
des Mines de Paris for evaluating the aquifer
thermal characteristics from information obtained
only at:central well C and a few temperature point
measurements in the caprock (LEDOUX, 'CLOUET d'ORVAL,
1977) ;.and :(2) by B.R.G.M. for modeling the whole
aquifer ‘and confining layers, with the help of
temperature logs collected in eleven wells within
13 m from the central well C. .

After calibration, the model -was used to pré-
dict the results of the second series of single
well storage experiments, performed in 1977. These
consisted in four successive hot water injection
and production cycles.'
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The model used by B.R.G.M. was axisymetric with
a limited number of different layers (fig. 2).
Although the real system was-slightly anisotropic,
a reasonable average thermal behaviour was obtai-

“ned as a function of the distance from the central

well and it was possible to correctly reproduce

the actual temperatures in the eleven observation
wells and at the nine points of measurements in the
caprock, with only nine model of parameters.

In addition, a three-dimensionnal model was
built and calibrated against both the doublet and.
the single well storage experiments. The values of
the physical parameters used in the calibration of
that model agreed well with thosed used in the axi-
symetric model, and indicated that the non exactly
axisymetric heat and temperature distributions in
the actual single well storage experiments were
due to transmissibility heterogeneities ; these
might be a consequence of local increases of per-
meability in the wecinity of some wells, following
clean-up by air-lift.

The numerical code (ESTHER) used in the axisy-

'metric model was checked against analytical solu-

tions derived by RUBINSTEIN, 1972 for the injection
phase and was found to give ‘excellent results
(fig. 4). This indicates that integration of

P.D.E. is accurate, free of numerical dispersion,
and that the parameters obtained from the calibra-
tion coarrespond indeed to the correct physical
parameters of heat capacity, heat.conductivity

and dispersivity. - -

IV - MATHEMATICAL MODELING

Comparison between observed temperature varia-
tions at the central well and the simulations ob-
tained with two different physical hypotheses is
shown by figure 5 for the storage experiment per-
formed in 1977 :

- First hypothesis : In equation (3), the disper-
sivity ar, is constant and uniform. The best ca-
libration was obtained for ap = 1 m
(interrupted line).

- Second hypothesis : Dispersivity ap is still
constant with respect to time, but varies spa-
tially with the distance r to the central well,
so that : aL/r = constant. BAs a result, the pro-
duct “lel and the apparent conductivity (equa-
tion (3)) are uniform for.radial flow(because
velocity distribution in radial flow is such
that |¥] . r = constant). The best calibration
was obtained for a =.0.18 R (reinforced inter-
‘rupted line), which yields an apparent .conduc-
tivity of 12 cal/m/s/d° (see table I).

The model.gives an excellent match, except
for some minor differences during injection ;
these are due to the fact that in the model an
average temperature is calculated in a cylindrical
node with a 2.7 m radius, while in the actual ex-
per iment the temperature is measured inside the
well, ' '




Q.ij

- The apparent conductivity coefficient is much
higher than the physical one ; this is caused by
local heterogeneities of permeabtility. in the ver-
tical planes (which are apparent on the temperatu-
re:logs) as well as in the horizontal plane.

The second hypothesis (dispersivity as a linear
function of distance) corresponds. to the case of
a multilayer aquifer, without exchanges between
the -layers (HALEVY and MERCADO, .196.). As the dis-
tance from the injection well increases, however,
vertical exchanges result in stabilization of the
global dispersivity over the entire aquifer thick-
ness (MARLE et -al., 1967) (fig. 6).-

In the particular case of the Bonnaud aquifer,
this stabilization occurs at a distance of about
30 m, For distances less than 20 m, a linear varia-
tion of the average dispersivity over the whole
thickness is-a.good approximation (PEAUDECERF and
SAUTY, 1978).

The calculated dispersivity (1.m on average for
a storage radius of the order of 10 m) in in good
agreement with the values obtained in similar con-
ditions on the same site with chemical tracers.
(1.6 m with an experimental distance of 13 m) ;
although, it would seem logical that heat dispersi-
vity due to permeability heterogeneities be.some-
what smaller, as heat conduction has a stronger
effect on transverse exchanges than does molecular
diffusion and transverse dispersion on solutes.

‘Spatial variation of dispersivity with respect

to the distance to injection well is an interesting

feature to introduce in dispersion models based on
FICK's law : the same model would then be applica-
ble to various distances whereas the use of a
uniform dispersivity would only be valid for. the
distance over which an averaging parameter has

been determined, unless all distances investigated
are greater than the local scale of heterogeneity.
In the present case, we obtained an excellent match
of the thermal behaviours at the central well, as
well as at-observed distances up to 13 m.

Introducing this spatial variation of dispersi-
vity appears to be a good solution for using FICK's
law when local heterogeneities are not directly
measurable but induce dispersion effects that-are

‘not negligible. This is then equivalent to using a
purely convective three~dimensionnal model (at this.

scale microscopic dispersion is negligible) with a
statistical permeability distribution : FICK's-law
with a spatial distribution of dispersivity is ac-
tually a statistical consequence of local changes
in velocity around the mean value which causes
convection.

V - HOT WATER STORAGE BY A SINGLE WELL

A general study of the inflﬁence of various
physieal parameters on hot water storage has been
performed by B.R.G.M. (FABRIS et al., 1977 ; SAUTY
et al., 1979).

It has been shown that the thermal behaviour
of an aquifer with confining rocks of infinite ver-
tical extent can be characterized by two dimension-
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Pe = ppCp + Q/ (A
A = pgCp ..PpCx + Oh/ (Ag . PxCp . D?)

less parameters :

Pe chF oQ/(AA . 27 . h)
A = (ppCp)2. W%/ (Mg . pECy + ty)

providing_the following dimensionless independent
variables are used :

tr o=ty

Br = (8 = 85)/(8; ~ 8,)

with- (fig. 7) :

ppCp ¢ heat capacity of injected fluid

pACp : heat capacity of aquifer

peCr : heat capacity of ‘confining layers

Ap ¢ heat conductivity of aquifer

Ag : heat conductivity of confining layers

h : aquifer thickness

Q : injected flow rate through the total aqui-
fer thickness

ty :. duration of injection ;

.ty =p,Ch . ™ . RZ . h/(PECp.. Q)

R : thermal storage radius

t : time :

] : temperature produced at well bore

8o ¢ initial reservoir temperature

83 : injected temperature

As dispersion may increase the apparent conduc-
tivity value by an order of magnitude, the Peclet
number may be divided by a factor of 10. After
several successive cycles of hot water injections,
the water  temperature during the production half
cycle can then be sensibly reduced. This is illus-
trated on figure 8 from FABRIS et al., 1977 for
A =10, and two values of Peclet number : Pe = 10,
Pe = 1 ; figure 9, from SAUTY et al., 1979b, gives
another illustration for A = 100 and Peclet numbers
which are respectively 100 and 10.

It is clear that disregarding this factor may
result in overly optimistic prevision of heat
recovery. :

V1 ~ GEOTHERMAL ENERGY PRODUCTION

Geothermal energy production with a doublet has
been studied by B.R.G.M. (LANDEL,.SAUTY ; 1978 ;
SAUTY et al., 1979¢)for different possible values
of reservoir and exploitation characteristics (fig
10). .

‘Only two dimensionless‘parameters are required:
.. h) ’

with the dimensionless variables :
tg =3 .. pCp o Q. t/(m . p,Cp s p2 .. n)
Br = (8 - 65)/(8y “8g) '

where D is the distance between injection and
production wells..

As in heat storage, dispersion may be an impor-
tant factor. If, for instance, we consider a dou-
blet of average characteristics drilled in the
Dogger formation near Paris, taking into account
the thermal conductivity alone yield a Peclet num~
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ber of 440 ; if we now take a high macroscopic”
dispersivity of 100 m (possible value in a fissu-
red aquifer with wells 1000 m apart), the Peclet’
number becomes 3.

‘The’ temperature behaviour at the production
well will then be much different -(fig. 11), but
the additional @iffusion is not necessarily a dis-
advantage, however : breakthrough occurs much ear-
lier, but the variation in temperature is slower.
If some loss in energy level. is acceptable, the
doublet can be used for a longer time. A 20% re-
duction, for instance, will increase the example
Dogger doublet lifetime 2. 7 tlmes, compared to
that for Pe «,  fw,
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Example of Parision Dogger
mema= 110, Pe 3440 (heatconduction)
meemms A0, Pe:3 (conduction + dispersion)
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Fig. 11. Effect of Peclet number with apparent conductivity on geothermal doublet breakthrough curves.
Theoretical type curves and example of exploitation in Parisian Dogger formation.
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