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ABSTRACT petitive in meeting the expanding require-
mentsin the western UnitedStates for envi-

Sandia National Laboratoriesmanages the ronmentally benign, alternative energy
US Departmentof Energyprogramfor slim- sources. Slimholedrillinghas been shown to
hole drilling. The principalobjectiveof this reduceoil and gas explorationcosts by 25 to
programis to expandprovengeothermalre- 75%, but the more hostile conditions for
serves through increased exploration,made geothermal resources present technology
possible by lower-cost slimholedrilling. For challengeswhich must be solved before the
this to be a valid explorationmethod, how- cost impact there can be thoroughly evalu-
ever, it is necessaryto demonstratethat slim- ated.1 Once demonstrated,slimhole drilling
holes yield enough data to evaluate a geo- technology will have application to geother-
thermal reservoir, and that is the focus of real explorationand reservoirassessment in
Sandia's currentresearch, both the U. S. and internationalmarkets.

BACKGROUND RECENT ACTIVITIES

Although the vast majority of drilling tech- Sandia first established the basic feasibility
nology used in the geothermal industry is of slimhole exploration with in-house analy-
derived from the oil and gas industry, geo- sis, field experimentson existing geothermal
thermal requirements are qualitativelydiffer- coreholes,and collectionof an extensive data
ent. There are hard, abrasive, and fractured set from comparable drilling in Japan
rocks; high temperatures; and underpressured (collectionand analysis of the Japanese data
formations, frequently containing corrosive is an ongoingactivity.) We then negotiated
fluids -- all these factors createa morerigor- an agreementwith Far West Capital, which
ous environmentthan normallyfound in oil operates the Steamboat Hills geothermal
and gas drilling. The serviceanddrillingtool field,to drillandtest an exploratory slimhole
industries have little incentive to address on their lease. Steamboat Hills geothermal
these problems, since the number of geo- area is located about eight miles south of
thermalwells drilled in a year is about 0.1% Reno, Nevada, and currently supports two
of the correspondingnumberfor oil and gas. powerplants with a ratedtotal output of ap-
This lack of commercialR&D is the primary proximately36 MWe. Productionzones for
rationale for DOE's support of technology the power-plant wells are typically shallow
development. (less than 1000'); of moderate temperature

(~325°F); characterized by large, steeply
Drilling costs associated with exploration dipping, weU-connectedfractures in grano-
and reservoirassessment are a major factor diorite; and extremelypermeable- test data

= affecting future geothermal development, indicate values of transmissivity ex_g
The geothermal industry (utilities and opera- 1,000 da-fl. Wells previously drilled here
tors) needs to reduce these costs to be com- showed
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temperaturereversals(see Figure 1), withthe ploratorywell was drilledapproximately30
maximumtemperatureshallowerthan 1000', feet froman existing,butunused, production

Depth, k-feet well. The principalobjectives for the slim-
0_ --- _ _ __ hole were developmentof slimhole testing
.,i ..... _ methods, comparisonof slimhole data with

j/ thatfromadjacentproduction-sizewells, and
., ....... _ definition of possible higher-temperature

productionzones lying deeperthan the exist-ing wells.
•3 , ,

Duringthe projectwe suspendeddrillingfour
_,o ,_ ,,o ,_ ,,0 '_ "0 times for a series of production/injection

Temperature in le
tests, each time taking downhole (pressure,
temperature,spinner)and surface (wellhead

Figure 1 - Temperature log (with Sandia pressure and temperature,James tube lip
tool) in SNLG 87-29; Sept 22, 1993 pressure,flow rate) data. These test series

were done at well depths of 968, 1510,
however, a nearby power plant on another 2930, and 4000 feet. In general, the surface
operator's lease draws from a reservoirat data, including a comparison of different
approximately420OF,indicatingthat a hotter flow rate measurement techniques, were
resourcemight lie beneath the one currently consistent and repeatable. Downhole data
produced for the Far West power plants, were more difficult to compare because of
Extensive previous developmentin this field some malfim:tions in the logging tools and
meant that drilling conditions were reason- because the _o logging service companies
ably well-known, but because most of the useddifferen_tools anddifferentcalibrations.
existing wells are shallow, there was an op- By comparingthe downhole readings with
portunity for slimhole explorationin search the correspondingsurfacedata, andby com-
of a deeper,hotter reservoir, paring the service companies' tools with

Sandiatemperaturelogs, it appearsthat most
The exploratorywell (numberSNLG 87-29) of the ambiguities in the downholedata are
was specificallydesigned(see Figure2) for resolved.

7", 20 #/ft casing
175' ---

6-1/4" hole The results discussed below are based on
4.5", 11.5 #/It casing datafromthe first seriesof tests,conducted

524'--- duringAugust5-6, 1993, at a total well

Q (3.89") 815' was verified by spinner measurements to

L_ Open hole betheprimaryproductionzoneforthisseriesof testsandwasobservedaftercompletionof
4001' _ drilling to be the major feedzonefor the

4001' well. Hence,the flow and injection
Figure2 - WelldesignforSNLG 87-29 testsconductedduringthis first seriesare

representativeof theperformanceobservedin
extensiveproductionand injectiontestsso subsequenttestswhenthe wellwasdeeper.
that thoseresultscouldbe comparedwith
productionand injectiondata from existing Flow testing: In Figures3, 4, and 5 the
wellsin thisdevelopedfield. In fact,theex- temperature,pn.ssure,,andspinnerresponse
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are plotted versus depth. These measure- /IAQ into
ments were made at a total (liquid plus va- Ap =_-_ rw,
por) production rate of 7.1 kg/s (56,000

lb/hr). The liquid water flow rate was 100 whereAp is the pressure change, AQ is the
gpm at 192°F (6.1 kg/s, 48,000 lb/hr). Nu- changein volumetric flow rate, rw is the wellmerical flow simulationsare includedin Fig-
ures 3 and 4 for comparison and are dis- radius,and ro is the outer radius of the res-
cussed later. The spinner response, which ervoir.An arbitrary value of 100 m is se-

lected for the outer r_dius, recognizing that
clearly shows a feed zone at 815', is propor- the logarithmicterm makes the Dupuit for-
tional to the rotational speed of the impeller, mula relativelyinsensitive to this parameter.
but it was not celibrated as a quantitative Using the proper viscosity for these down-
measureof relativeflow velocity, hole conditions, the transmissivity is then es-

timated to lie in the range 160-600 da-m,
Wellhead pressures, measured during pro.. with an average value of 400 da-m. In reser-duction for all test series, are plotted versus
total mass flow rate in Figure 6. Mass flow voirs with much lower apparent transmissiv-

ity, application of the Theis equation would
rate and total enthalpywere calculated from bethe preferredmethodto estimate reservoirmeasurements made with James tubesof
various diameters. Unsteadinessof the two- properties.

phase flow in the James tube and flash tank It is informative to note that laminar,
created significant scatter in the measure- axisymmetric,creeping flow in a horizontal
ments of James tube lip pressure, flow rate,
and wellhead pressure.Nevertheless,the data fracture is described by an equation similar
in Figure 6 are typical of two-phase flow to the Dupuit formula if the transmissivity is
from a liquid-dominatedgeothermal well. replacedwith the quantity b3/12, where b isthe fracture aperture. Assuming flow occurs

in a single fracture, and using the same nu-Reservoir transmissivity: The fracture mericalvalues used to estimatethe transmis-
system at 815' has such large apparent per- sivity, the predictedfracture aperture lies in
meability that only very small pressure in- the range 1-4 mm, which is consistent with
creases were observed when relatively large fractures observed in the core samples, but
volumes of water were injected. Difficulties much less than the apparent size of the pro-with downhole instrumentationand with the

duction zone based on drilling data
injection equipment precluded an accurate

(drillstringdropped approximately 2', with-estimateof reservoirtransmissivity based on
out rotating, when it reached this interval).these injection tests, but we can estimate
This indicates that, although we may have

some reservoir propertiesby consideringthe penetrated a large void, a much smaller
downholepressure responseduring flow rate fracture can carry the amount of fluid pro-
changes in production tests.2 During the first duced. It also indicates that the wellbore
series of flow tests, very small, abrupt, diameter, not the reservoir, was the parame-
changes in downhole pressure were observed
when the flow rate was varied in relatively ter limitingflow rate.

small increments. For flow rate changes be- Analysis of spinner data: Spinner data, intween 6 and 16 gpm, pressure changes
ranged from 338 to 470 Pa. If we assume some eases, can be the most informative
steady-state conditions, the apparent effective measurement taken in a flowing well. In

holes which penetrate several potential pro-
transmissivity, or permeability-depthproduct duction or injection zones, it is frequently
kh, can be estimated from the Dupuit, or
Theim, formula3 difficult to analyze internal flow in the well-

bore, and good spinner data can be extremely
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useful in this aspect of interpretation.Inter- bore may be equallyimportant.We are cur-
preting spinner response is difficult, how- rently investigatingthe computationalpack-
ever, because the instrumentsarenot usually ages described below for numerical simula-
calibratedto give absolute flow velocity, or tionof flow in slimholes.
even velocity relativeto the tool, but instead
to give a number of counts that measures • GEM requiresinput of downhole pres-
how fast the impelleron the tool is rotating, sure, formation-temperatureprofile, and
In some instruments, such as those used in wellhead pressure, and then calculates
ourtests, it is not even possible to determine flow rate4. It allows simulationswith no
flow direction relative to the tool. slip in the two-phase region or with

either of the slip models proposed by
There are, however, two features of the test Orkiszewski5 and Hughmark.6 In GEM,
configuration which make it possible to, in heat conduction in the surrounding for-
effect, calibrate the spinner afterthe fact: (1) mation is simulated using firfite differ-
the logging line speed, or tool velocity, is ences.
known in all cases, and (2) total mass flow
rate is known and, in the casing where flow • WFSA requiresinputof downhole pres-
is single-phase, fluid velocity can be accu- sure, .formationtemperature, and flow
rately calculated. Combinationof the log- rate, and thenpredictswellheadpressure.
ging tool speed and absolute fluid velocity It allows for multiplefeed zones and the
gives the fluid velocity relativeto the logging effects of dissolved solids, is based on
tool, and repetitionof this procedureat sev- the workof HadguT,and uses a specially
eral flow rates producesa "calibrationcurve" developed two-phase flow model. Heat
for the spinner tool. In deriving these cali- transfer between the formation and the
bration curves, only the cases in which the wellbore is described with an analytical
relative fluid velocity was toward the bow of model.
the spinner tool were considered; generally,
we felt that the tool body shadowed the ira- Both of these codes Can be used to iterate a
peUerwhen relative flow was from the tool's series of solutions with varying initial condi-
stem. Use of these calibration curves to tions to produce a curve of flow rate versus
analyze flow test data revealed that flow wellheadpressure, along with the associated
from the major production zone at 815' is predictions of downhole pressure and tern-
divided, with the majority of the fluid going perature. This predictive capability can be
up the well and the remaindergoing down. scaledup to a largerwell in the same reser-
The down-going flow rate, whichvariesfrom voir, if we assume that the downhole pres-
approximately20 to 50 gpm, is a very weak sureremainsthe same. In this highly perme-
function of the wellhead flow rate. The able situation,that assumptionwas valid, but
down-going flow velocity was less than the in other reservoir types the pressure draw-
logging line speed, so that the relativeveloc- downduringproductionmight seriously dis-
ity of the fluid was toward the bow of the tort the predictedoutput. This phenomenon
tool. emphasizesthe need for a coupled wellbore-

reservoirsimulator.
Simulations: Numerical simulationof flow

in a weUbore is critically dependenton the GEM and WFSA were used for our initial
correlation or mathematical model used to simulations of flow in the slimhole. In Fig-
describethe two-phase flow regime.Depend- ures 3 and 4, the pressureand temperature
ing on well depth and temperature of the distributionswith depth, assuming adiabatic
surrounding formation,representationof heat flow, are compared with downhole measure-
transferbetween the formationand the well- ments for the first test series (well depth is
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968'). The GEM simulations used the interconnectionsbetweenfracturezones, so it
Orkiszewskitwo-phase flow model. Most of doesnot seem unreasonableto expect similar
the calculations are in good agreementwith production rates among nearby fracture
the measurements, but near the surface we zones. Based on a single test, simulationof a
suspect that unmodeledheat transfermecha- productionwell extrapolatedfrom a slimhole
nisms are responsible for the difference be- tendsto indicate a lowerwellhead pressureat
tween predictions by WFSA and observed a specifiedmass flow rate than that observed
temperature distributions. The two-phase experimentally. The results are, however,
flow correlation used in GEM apparently encouraging since the differences appear to
causes it to under-predictwellhead pressure, be within a normalrange of variation for the
as shown in Figures 4 and 6, and there is a experimental measurementsand the models
slight variation of temperaturewith depth in used in the simulations.
the single-phase region, shown in Figure 3,
as contrasted "_th the constant-temperature CONCLUSIONS
assumption in WFSA, otherwise, tempera-
ture and pressuredistributions predictedwith The last two conclusions are specific to the
GEM differ little from those predictedwith SteamboatHills geothermalfield, the others
WFSA. relate to slimholeexplorationin general.

1. Slimholes can be flow-tested, with suc-
The agreement among the computational cessful surface and downhole measure-
approaches and experimentaldata is reason- ments. Relativelycheap and simple sur-
able, consideringthe variability of the meas- face measurements(James tube and weir
urements involved and the sensitivity of the box) can give flow rate and downhole
simulations to the two-phase flow correla- enthalpy.
tions employed. These comparisons should 2. The strategyused for these tests appears
be viewed as preliminary since we are still to have producedthe necessary test data,
evaluating various approaches to the simula- taken with appropriate accuracy, to
tion of wellbore flows, evaluate the commercial potential of a

larger wellat this location..
Keeping all parameters except wellbore di- 3. Numerical simulation of flow in the
ameter fixed, GEM and WFSA predictions wellbore can yield a predictive curve of
were applied to a full size production well- flow-rate versus wellhead pressure, as
bore with diameter of 12.25 inches. For a shown in the slimholedata. Applied to a
mass flow rate of 62 kg/s, wellhead pressures larger diameter well, this same simula-
of 56, 66, and 55 psia were predicted, re- tion will give the same kind of produc-
spectively, with WFSA, GEM(Orkiszewski), tion curve, giving a measure of the reset-
and GEM(Hughmark). The flow rate of 62 voir's commercial potential. Extrapola-
kg/s corresponds to a 1990 test of the nearby tion from the slimhole data to the we11-
12.25" production well Hot Air-4 (HAg), bore diameter of a near-by production
which produced 900 gpm of liquid water at a well gave a reasonable estimate of the
wellhead pressure of 72.5 psia. When larger well's actual flow rate for a given
corrected for flashing, that measured flow wellheadpressure.
rate corresponds to a total mass flow rate of 4. It is desirable to develop a coupled well-
approximately 62 kg/s. The production from bore-reservoir simulator, and to extend
well HA-4 is associated with a production this exploration strategy into other reser-
zone at 729', which is somewhat shallower voir types, to validate the predictive ca-
than the slimhole production zone at 815'. pabilityof that model.
However, tracer tests in the Steamboat Hills 5. The deeper, hotter reservoir postulated in
geothermal field indicate pervasive this location was not encountered down
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to 4000'. There is, however, significant hole becausethey involve handlingmuchless
permeabilitybelow the 815' production fluid than a larger well. Finally, the same
zone, implying that water hotter than attributes that reduce the cost also greatly
300OF can be pumped from deeper reducethe environmentalimpact. As explo-
zones, or water from a powerplantcould rationexpands into new areas such as the
be injectedinto these zones. PacificNorthwest,this may become the criti-

6. The existing reservoiris extremelyper- cal criterionin regulatoryagencies'decisions
meable; calculations of transmissivity on whetherto issue permits. This technology
areprobablylowerbounds, appears to be the best hope of increasing

explorationin an attemptto enlarge the na-
RECOMMENDEDFUTUREWORK tion'sprovengeothermalreserves.
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If the resourceevaluation program calls for
production or injection tests froman explora-
tory well, these are also easier with a slim-
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Figure 3. Downhole temperature versus depth: field data and numerical simulation.
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Figure 4. Downhole pressure versus depth: field data and numerical simulation.
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Figure 5. Spinner response versus depth while flowing 56,000 lb/hr.
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Figure 6. Wellhead pressure versus mass flow rate: field data and numerical simulation.




